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PPEFACE

For a little over a two&; there has been considerable public and scientific interest in the
question as to whether man can inadvertently modify the stratosphere and in particular the
ozone layer allowing biologically harmful ultraviolet radiation to reach the ground. Specific
reports on the Impact of emission by the supersonic transport in the stratosphere and the
release of chlorofluoromethanes in the troposphere '-we been published by individual nations,
the Commission for the European Communities, th ' •.,iani-tation for Economic Cooperation and
Development, the United Nations Environmgr:t Prog(ain, and the World Meteorological
Organization. In December 1900, officials from the World Meteorological Organization and three
United States government agencies, the National Aeronautics and Space Administration, the
Ft:deral Aviation Administration, and the National Oceanic and Atmospheric Administration agreed
to sponsor jointly a scientific workshop to summarize the present state-of-knowledge of the
stratosphere and to assess the totality of man's impact.

The Goddard Space Flight Center of the National Aeronautics and Space Administration was asked
to organize the workshop, which was held May 18-22, 1981. The workshop was Centered around
three working groups corresronding to the three chapters in the report. These three were a
Trace Species Working Group chaired by Dr. Dieter Ehhalt of the Institut fur Chemie der KFA,
lulich, Federal Republic of Germany, a Multidimensional Aspects Working Group chaired by Dr.
lames Holton, Washington University, Seattle, Washington, LISA, and a Trends and Predictions
Working Group chaired by Dr. Julius Chang, Lawrence Livermore National Laboratory, Livermore,
California, USA. Five pre-workshop meetings were also held to address specific problems or to
organize the written inputs to the workshop. These were a Modeling Working Group under the
chairmanship of Dr. Chang, a Trace Species Working Group under the chairmanship of Dr.
Ehhalt, a Solar Flux Working Group under the chairmanship of Dr. John Frederick, Goddard Space
Flight Center, USA, a Trends Working Group under the chairmanship of Dr. Julius London,
University of Colorado, Boulder, Colorado, USA, and a joint NASA/CODATA Working Group under
the pint chairmanship of Dr. William DeMore of the let Propulsion Laboratory, California, USA,
and Dr. 1. Alistair Kerr, University of Birmingham, United Kingdom. The findings of the Solar
Flux Working Group and the Reaction Rate Working Group have been placed in appendices to this
report. The overall' direction of the workshop was under the joint chairmanship of Dr. R. D.
Hudson of the Goddard Space Flight Center and Dr. Rumen Rojkov of the world Meteorological
Organization. Dr. Richard Stolarski, Dr. Marvin Geller, and Mrs. Edith Reed, all of the Goddard
Space Flight Center, and Dr. Robert Watson, Upper Atmosphere Program Office, National
Aeronautics and Space Administration were the co-chairman for the workshop and for the
production of the report.

Each working group was further subdivided and prominent scientists active and expert in strato-
spheric aad mesospheric studies were asked to prepare position papers to cover selected topics
of research. In addition to the prepared position papers, pre-meetings, as discussed above, were
held to assemble some of this material into a cohesive report. The position papers and these
prepared reports were furnished to the participants before they carne to the workshop. An
important aspect of this work was that the modeling groups agreed on a common set of
scenarios to study so that reaiistic model comF.,nrisons could be made at the workshop.

Over 100 scientists representing most of the institutions in the world engaged in upper
atmospheric research attended the workshop. A complete list of the position paper authors and
,he participants in the workshop and in the pre-workshop meetings is given in an appendix. At
the end of the workshop each working group prepared a summary document and these have been
assembled into this report. Thus this report should represent current knowledge as of tune
1981.
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The bask theme for the workshop and the report was the comparison of theory and
measurement. Thus in Chapter 1 measurements of trace species are compared with theoretical
estimates; the similarities and the differences between these two sets of results are discussed in
terra of the implications to the assessments found in Chapter 3. In Chapter 2 the available
satellite data are compared with the prediction of two-dimensional and three-dimensional
models. In Chapter 3 the theoretical predictions are compared with long tern trends in both
column content and altitude profile of ozone as observed from ground-based and satellite
instruments. It should be stressed that this is not a consensus document. If more than one
conclusion coidd be maintained by the scientific data, then both of these conclusions have been
quoted. It is, after all, a significant test of the present state-of-knowledge if more than one
scientific conclusion can be drawn from the same experimental data.

The World Meteorological Organization, the National Aeronautics and Space Administration, the
g Federal Aviation Administration, and the National Oceanic and Atmospheric Administration wish

to express their thanks to the working group chairman, the position paper authors, and the
participants at both the pre-workshop meetings and the workshop for the time and effort that
they contributed to the preparation of this report.
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CHAPTER 1

TRACE SPECIES

INTRODUCTION

The elements of a qualitative understanding of the stratosphere date back more than half a cen-
tury to Chapman's pioneering work that explained the existence of the stratospheric ozone
Layer: Photolysis of oxygen in the Herzberg continuum, recombination of O with 02 to form 03,
ozone photolysis from about 240 to 300 nm thereby heating the stratosphere and inverting its
temperature profile, and the odd-oxYeen destruction reaction, O + 03 -• 02 + 02, four reactions in
all, sufficed to provide a general picture. Extension and elaboration followed, first In 20-year
intervals and then more closely spaced: HOx chemistry by Bates and Nicolet in 1960, NOx
chemistry by Crutzen (1971) and by Johnston in 1971, CIOx chemistry by Stolarski and Cicerone
(1974) and Wofsy and McElroy (1974), until the present time when the number of chemical species
has passed 35 and the number of reactions 130.

The story is both interesting and familiar, at least in historical outline. As a truly global problem
of potential anthropogenic pollution of the atmosphere it has captured our imagination. A series
of possible sources of pollutants has been considered: supersonic transport engine exhaust
(NOx), chlorofluoromethane photolysis and degradation (CIOx), nuclear bomb tests (NOx), rocket
engine exhaust (CIOx), fertilizer-induced N20 (NOx), and diverse nalocarbons (CIOx, RrOx)•

The perceived threat of an anthropogenic reduction of the Earth ' s ozone shield generated an
active program of research in many countries, directed both towards a fuller understanding of
the natural stratosphere and of its perturbation. This program faced the formidable task of
bringing together and elucidating many different aspects of the problem: to help understand the
transport and dynamics of the stratosphere, its complex chemistry and photochemistry, the
intensity and variability of solar radiation, to describe the delicate interplay of these disciplines
using mathematical models, and then to verify this understanding through elaborate field measure-
ments of trace species concentrations. Even so, it is not enough to examine the stratosphere in
isolation, since both its dynamics and its chemistry are linked with those of the troposphere.
This requires the understanding measurement, and modeling of tropospheric processes as well.

The outpouring of work on all aspects of this large problem during the past decade has been
remarkable and its progress has been summarized and reviewed at regular intervals (CIAP 1975b,
NAS, 1975, 1976 and 1979, NASA 1977 and 1979). It revolves principally, but not exclusively,
around ozone, its formation and removal toy catalytic sets of chain reactions whose net effects
are equivalent to the odd-oxygen distribution steps:

0+03  - 202

03+03 -i 302

The families of trace species involved in these processes are best characterized in terms of three
categories: source gases, active radicals, and sink gases. The active radicals take part directly in
the odd oxygen rerncval processes, they are produced from relatively stable source species, and
they are themselves removed via the formation of more or less stable sink gases that are ulti-
mately removed from the atmosphere. For the NOx trace species the active radicals are NO
and NO2 and the principal catalytic cycle is the well-known sequence:

1-1
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NO+03 NO2+02

NO2 +0 -+ NO+02

Net 0 + 03 -+ 202

The source ps is N20 and the main sink gases are HNO3, HN04, and CINO3. For CIOx trace
species, the list of source gases is long, including CFC13, CFM, CCV, CH3C1, CH3CC13, and
other halocarbon compounds, the active radicals we Cl and CIO, and the sink gases are HCI,
HOCI, and CNO3 . The catalytic cycles are interlocked through fast exchange reactions, and the
sink gases are capable of regenerating active radical species through chemical and photolytic
steps.

Examples of radical interchange reactions are

CIO +NO -+CI+NO2

H02 + NO - HO + NO2

and of radio regeneration reactions

HO+HCI - H20+CI

HNO3 + by i HO + NO2

To set the stage for the critical discussion of the measurement of trace gas species and for the
comparison with mathematical model calculations it is desirable to provide a framework that
permits one to recognize which of the catalytic cycles and chemical steps are more or less impor-
tant to our overall understanding of stratospheric processes. Figures 1-1, 1-2, and 1-3 show the
source, radical, and sink species for the HOx (Figure 1-1), NOx (Figure 1-2), and CIOx (Figu re 1-3)
cycles and their reactive interconnections. The numbers within the boxes are the molecular
concentrations of the species in molecules /cO. The numbers within the arrows are the reaction
fluxes in molecules/c -sec. Both sets of numbers refer to an altitude of 30 km, noon local
time, and mid-latitude. The relative magnitudes of the concentrations and of the fluxes permit
us to appreciate at a glance the importance of species and of specific processes. The lifetime of
any species for a given process is obtained by divid ing the species concentration by the flux for
that process. The chemical and photochemical rate parameters used in this calculation are those
of the most recent recommendation by the NASA/CODATA Panel for Data Evaluation of
Laboratory Measurements given in Appendix A of this report.

The relative contribution of the various catalytic cycles to the removal of odd oxygen as a func-
tion of altitude is shown in Table 1-1, based again on one-dimensional model calculations. Each
column lists the local rate of a given removal process normalized to the local rate of odd oxygen
production by oxygen photolysis. The column headings indicate the ree-limiting step in a given
catalytic cycle. For example, in the NO x cycle, the NO + 03 rate is much larger than the NO2 + 0
rate, since NO2 photolysis regenerates odd oxygen. The rate of odd oxygen destruction due to
the NOx catalytic cycle is therefore 2kN Op2 (NO2 ) 101 where the square brackets denote molecular
concentrations and IN is the rate conftant for the 0 + NO2 reaction at the temperature corre-
sponding to that altitude. The factor of two arises from the destruction of 03 by NO + 03 in the
completion of one cycle in the homogeneous catalysis.
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Table 1-1
Relative Contributions of the Major Rate limiting Chemical Reactions for the Catalytic Destruction of

Ozone (24-Hour Average)

Altitude
km

It (0) (03)
M

It (NO2) (0)
(`Xo)

k (CIO) (0)
(%)

(H02) (0)
N

k (H02) (03)
(^)

50 25 7 4 52

45 29 24 10 31

40 IS 53 16 10

35 11 68 13 4 1

30 10 69 8 2 3

25 12 78 5 1 8

20 11 70 1 1 26

Note: All percentaps are relative to t1w photolytic production rate of odd oxypn and do not include
transport sources or sinks. At the upper altitude rang, the contributions from a catalytic cycle
involving (H, HO, H02) wort not tabulated.
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The fractional destruction rates add up approximately to unity at each altitude as they must in a
steady-state model calculation. The apportioning among the different catalytic cycles cannot be
used, however, to calculate the effect of increasing source gas concentrations, because the
addition of one given trace species family affects the distribution of all other families among its
radical and sink species.

The presentation of stratospheric measurement data is predicated on certain principles of critical
evaluation and selection. To be included in the graphs to follow, data had to be obtained by
well established and properly documented measurement techniques. Moreover, it was required
that these techniques were continuously used and checked in series of experiments to show
instrumental reproducibility under field conditions. For those trace species where many data sets
meeting these criteria were available, a representative subset of all data may be shown in the
interest of clarity of presentation. The important question of measurement uncertainties is
treated individually in the various sections of this chapter. To provide a feel for measurement
variance, the graphs show individual, original data points wherever possible.

Finally, while it is unfortunate that ozone concentration monitoring alone cannot be relied on,
due to its extreme spatial and temporal variability, to permit the assessment of pollution effects,
the rich harvest of our understanding of atmospheric processes justifies the large scientific
effort. As this chapter shows, the present requirements are rigorous: to identify, understand,
predict, and measure all the important trace species and thereby to attain a detailed insight into
the chemical and dynamical properties of the stratosphere.

TROPOSPHERIC SOURCE GASES

The purpose of this section is to update the information previously published in NASA RP 1(49.
The information is summarized in Table 1-2, with short comments in the text where appropriate.
The fourth and fifth columns contain the best estimates of representative values for the two
hemispheres. In many cases, the value for the Southern Hemisphere is obtained by a combination
of a relative latitude profile with one or a few absolute determinations at a northern site. For
some of the more exotic gases, only one or a few measurements exist; these cases are called out
in the remarks column. The references are not comprehensive, and are intended as an initial
guide to the literature.

NITROGEN COMPOUNDS

Two major questions regarding N 20 were debated but could not be resolved in NASA RP 1049.
These were (1) what is the absolute concentration of N20 in the troposphere, and (2) is it
changing steadily?

In the recent past the background tropospheric N 20 concentration has been measured to be
between 290 and 350 ppb. While no firm agreement exists a majority of investigators currently
report N20 levels in the range of 295 to 315 ppb. The notable exception is the data of Rasmussen
et al. (1981) who report N 20 levels of 330 to 335 ppb. A number of investigators are now
updating their earlier data and report N 20 levels between 300 to 305 ppb. Given the direction of
change it is reasonable to suggest that the best estimate of the background N 20 concentration is
in the range of 300 to 310 ppb.

More important than the question of absolute concentration, is the nature of the temporal
trends. Until early 1980 no conclusive evidence of either an increase or a decrease in N20
concentration was available. It was, however, evident from available data that the change in N20

i
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levels over the last 3 or 4 years was less than t0.5%/year. N 20 levels appeared to be uniform
around the globe with d possibility of slightly higher N 20 values in the Southern Hemisphere.

The recent availability of N20 data from Weiss (1981) has provided a more rigorous quantitative
relationship on the growth and the hemispheric gradients of N20. Figure 1-4 shows the
distribution of N20 in the two hemispheres. Ail data are normalized to January 1, 1W8. Figure
1-5 shows the N20 trend over the last two decades. Weiss (1961) draws the following
conclusions:

• N20 levels in the Northern Hemisphere are on the average greater than the Southern
Hemispheric levels. The difference is statistically significant and is estimated to be 0.8 t 0.2
ppb.

• Atmospheric N20 concentration is increasing slowly. During the period 1976 to 1980 a rate of
increase of 0.5 t 0.1 ppb/year (for January 1, 1978) or 0.2%/Year was determineu.

• With the help of a simplified model it is estimated that the N 20 concentration in the
preindustrial unperturbed troposphere was between 281 and 291 ppb or about 3 to 5% below
its current value. The concentration of N 20 by the year 2000 is projected to be 5 to 7% above
the present value (i.e., 315 to 320 ppb).

Weiss presents limited evidence that N20 is emitted by certain combustion sources. But there is
little doubt that the dominant source is biological, and this source too has the potential of
increasing with time.
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Figure 1-5.	 Growth of nitrous oxide over the lost two decades.

Understanding of N20 has improved considerably over the past 2 years. Indications are that the
biological source is dominated by nitrification (oxidation of NH4) rather than denitrification
(reduction of NO3). The yield of N 20 referenced with respect to oxidation of NH 4 is about 0.03%
at high oxygen levels, but more than 10% at low oxygen levels, a nonlinearity which deserves
continuing attention. The growth rate is thought to include contributions both from combustion
and biological oxidation.

SULFUR COMPOUNDS

Concentrations of COS, CS2, S02 and H2S are given in Table 1-2. The tropospheric distributions
Of S02 (Maroulis et al., 1960) and COS (Torres et al., 1980) are shown in Figures 1-6 and 1-7.
Reaction with HO is thought to Drovide the major sink for H 2S and for S02 in remote areas (e.g.
Sze and Ko, 1980; Logan et al., 1979). Sources and sinks for COS and CS2, and sources for
background S02 are not well understood at present. Recent kinetic measurements suggest that
the rates for reaction of HO with COS and CS2 are rather slow (Ravishankara et al., Wine et al.,
1980; lyer and Rowland, 1980), in contrast to earlie r studies (e.g., Kurylo, 1978). If the new
measurements are correct, reaction with tropospheric HO provides a negligibly slow removal
mechanism for CS2 and COS. The uniform distribution of COS in the troposphere (see Figure
1-7) is consistent with a rather long lifetime for the gas. However concentrations of CS 2 arw
highly variable (Maroulis and Bandy, 1980) suggesting a short lifetime for this species. Reaction
of CS2 with atomic oxygen (Sze and Ko, 1981) and reactions of electronically excited CS 2 (Wine et
al., 1961s) have been proposed as sinks for CS 2 and sources for COS. These proposals are
speculative, and the budgets of the sulfur species remain poorly defined.
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Figure 1 -6.	 Plot of the individual free troposphere S0 2 data points as 3 function of latitude (Maroulis et al.,

1980) .
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Figure 1 . 7.	 A plot of the GAMETAG COS data as a function of latitude (Torres et al., 1960;.
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HALOGENATED COMPOUNDS

Information about halogens in the atmosphere was reviewed recently by Cicerone (1981) and
jesson (1980). The concentrations of the halocarbons are given in Table 1-2. Recent measure-
ments and budget analyses of different species are summarized below.

Methyl Chloride (CH3CI)

Singh et al. (1979) found concentrations of CH3CI nearly uniform with latitude during a Pacific
cruise in November 1977. They reported concentrations of 615000 pptv. Measurements by
Rasmussen et al. (1980b) over the Pacific Ocean suggest that the concentration of CH3CI is
higher in the boundary layer than in the free troposphere (--780 pptv vs. —620 pptv) at equatorial
latitudes. Concentrations measured over the North American continent, however, were indepen-
dent of altituoe. Observations of CH3CI at several remote locations (Alaska, Oregon, Hawaii,
Samoa, the South Pole) are consistent with data from the latitudinal surveys (Rasmussen et al.,
1980b). There is no evidence for a temporal trend in CH3CI (Rasmussen et al., 1980b); Singh et
al., 1961).

The major sources for methyl chloride are thought to be the world's oceans and the burning of
vegetation (Lovelock, 1975; Singh et al., 1979; Watson et al., 1960; Rasmussen et al., 1980b).
Yields of CH3CI measured relative to CO2 in a forest fire (Crutzen et al., 1979) and in laboratory
combustion experiments (Rasmussen et al., 1980b) vary by two orders of magnitude. Elevated
concentrations of CH 3CI have been observed in volcanic emissions (Rasmussen et al., 1980b).
Industrial manufacture of CH3CI provides a small fraction of the global source strength. Methyl
chloride is removed from the atmosphere by reaction with HO, with a lifetime of -r1 year accord-
ing to current models for tropospheric chemistry. The global removal rate for CH 3CI by reaction
with HO is 5x1012 gm yr 1 (Logan et al., 1981). This estimate is within the range of source
strengths given by Watson et al. (1980), who favor the ocean as the dominant source for CH3CI.
The observed yields of CH33CI in combustion may be combined with figures for global biomass
burning (30015 gm C yr -T Crutzen et al., 1979 • Logan et al., 1981) to estimate a range for the
associated source of CH3CI, 2.50010 to 2.5001 gm yr 1 . Hence combustion could be a major
source. More work is needed to resolve the question.

Chlorofluorocarbons (CC1 2F2, CC13F)

Measurements of CC12 1`2 and CC13 F in the troposphere taken over the past decade are
summarized in Figures 1-8 and 1-9. The concentrations of both compounds continue to increase
at a rate of about 10% per year. Data from individual research groups are shown by different
symbols in the figures. Discrepancies between different groups (e.g., Rasmussen et al., 1%la,b
and Singh et al., 1979) were discussed in NASA RP 1049. The majority of the data for the
Northern Hemisphere were taken at mid-latitudes. The locations of the scuthem measurements
include Brazil, Australia and the South Pole. Two programs have been established to monitor
concentrations of CC1 3F and CC12 F2 in remote locations; the Atmospheric Lifetime Experiment,
sponsored by the Chemical Manufacturers Association, and the NOAH-GMCC program. These
networks have been operating since 1978 and 1977, respectively. The data have not yet been
published.
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Figure 1 .8.	 Measurements of CC1 3F in the Northern and Southern Hemispheres as a function of
time. Each symbol represents data from a different group of investigators; • (30 -W), o (0.30),I , Lovelock (1971, 1972, 1974), Lovelock at al. (1973), Pack at al (1977), NASA RP 1(49
11979); • (30*-W), v (0.30) Wilkness at al. (1973, 1975s, 1975b, 1978); ® Zafonte at al.
(1975), Hester et al. (1975), 0 Heidt at al. (1975; n Singh at al_ (1971, 1977b, 1979);
♦ Grimsrud and Rasmussen (1975), Robinson at al. (1976), Cronn at al. (1977), Pierotti at al.
(1978), Rasmussen at al. 0981a & b); X Fraser and Pearman (1978); + Tyson at al. (1978)

V Krey at al. 0977 ► : a Goldan at al. (1980). The solid lines show results of the model
calculations of Logan at al. (1981) which use release rates for CC1 3F and CC12 F 2 given by Bauer
(1979). The model assumes that 90% of the release takes place in Northern Hemisphere. Model
results are mean hemispheric values.
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Figure 1 9 Measurements of CC1 2 F 2 in the Northern and Southern Hemispheres as a `unction of
time, each symbol -epresents data from a different group of investigators; 0 (30 90'), J (0 30),

f . I_RV914+ ,k (1971, 1972, 1974), Lovelock et al. (1973), Pack et al. (1977), NASA RP 1049
11979); • (30'-90)	 10-30'1 Wrlkness et al. (1973, 1975x, 1975b, 1978); ® Zafonte et al.
11975). Hester et al. ( 19 ';5), a Heidt et al. (1975, 	 n Singh et al. 0971, 1977b, 1979);
♦ Grimsrud and Rasrt.vysen (1976), Robinson et al. (1976;. Cronn et al. (1977), Pierotti et al.

(10 7P. ), Rasatussen et al. (1981a & b); X Fraser and Pearman (1978); + Tyson et al. 11978)

• Krey et al. (1977); • Goldan et al. (1980). The solid lines show results of the model

calcuiavons of Logan et al. (1981) which use release rates for CO 3 F and CC1 2 1` 2 given by Bauer

119791. The modal assumes that 90% of the release takes place in Northern Hemisphere. Model

;esuits are ine9n hemispheric values.
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Data for industrial production and for release to the atmosphere of CC V2 and CC h F am watt
by McCarthy at al. 19?7 (me Batter, IW% for vomit cortectkins). Recent figures for production
and tekww are shwa below M Table 1-3 (CMA, 19M).

TAM 1J
heeinc = sad gMMe RMn of FC•11 and FC-12

Yew
	 (FC-12)

1975 323.5 3129 418A - 4120
1976 3499 304.1 449.8 395.7
1977 3322 306A 424A 376.5
1978 321.2 2910 414,1 347A
1979 302,0 2720 4003 3380
1980 3421 257A 393 A 333.7

unit: 109 sm yrl

Annual release of CC13F and CC12F2 has been decreasing slowly since 1974. Production of these
compounds in the U.S. decreased 4S3 between 1974 and 1979.

The major removal process for CC13F and CC171`2 is photolysis in the stratosphere. Tropospheric
removal processes of comparable efficiency have not been identified. A recent report concluded
that destruction of these species by either photodecomposition or thermally induced decom-
position on desert sands is unlikely to be important (NAS, 1979). Measum4nents of the increasing
atmospheric burden of CC13F and CC121`7 are generally consistent with this view, but some
uncertainties remain. [data for CC1 jF from Mauna Loa and Tasplania were analyzed by Hyson et
al. (19M) using a two-dimensional transport model. They concluded that the rate of increase of
CC13F in the past 2 to 3 years exceeds that which should have occurred given the rein ase data.
Simila.iy, an analysis of budgets for CC13F, based on a four-box model indicates that t1w release
data cannot quite account for concentrations measured in recent years by Rasmw ien and
coworkers (Lagan et al., 1951; see Figure 1-1 and 1-9). Neither theoretical study allowed for
trW,spheric loss of chlorofluorocarbons. fliscrepancies between these models and recent
measurements are less than 10%.

Mathyl Chloroform (CH3CC13)

Measurements of CH 3CC13 are shown In Figure 1-10. Absolute calibration problems are mare
serious for methyl chloroform than for the chlorofluorocarbons. The measurements of Lovelock
in 1975-1976 are clearly Inconsistent with the work of Rasmussen and coworkers. Later mea-
surements by Rasmussen and by Singh are significantly higher than the results of Rowland and
coworkers.

The chemical industry provides the only known source for CH 3CC13 (Neely and Planks, 1978).
The gas is removed from the atmosphere primarily by reaction with tropospheric HU, and
measurements of CH3CC13 have been used to deduce mean concentrations for NU (Singh,
19774, b; Lovelock, 1977). Preliminary analyses of data for CH3CC13 suggests that the lifetinne for
the gas is 3 to 11 years (Lovelock, 1977; Singh, 1977x, b; Derwent and kggleton, 1978; McConnell
and Schiff, 1976; Neely and Plonks, 1978; Chang and Penner, 1978).
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Figure 1 10. Measu:?-ments of CH 3CC1 3 in the Northern and Southern Hemispheres as a function of time.
Each symtx,l iepr isents data from a different group of investigators. • Lovelock (1974, 1977):
\` Rasmussen et al. 0 981 a & b)' ♦ Grtmsiud and Rasmussen (1975), Cronn et al. (1977), Prerotti
et al (19?8), -W (henTisphei c mean), D (rang.,, 0 30.)., (range, 3n 6Q ), Singh et al. (1979),
n Singh et al (1977a, 1977b). -W (1978, inid latitude mean; 1979, hemispheri c mean) Rowland et al.
(1980) The Imes show results of model calculations (Logan et al., 1981) which use release rates for
CH 3CC1 3 gNen by Neely and Plonka (1978). It was assumed that 95`b of the release takes place
in the Northern Hemisphere. Model results are mean hemispheric values. The arrows ( = ) show the
range of concentrations hom the model tot mot latitudes and the tropics. The solid Imes give the
results of the standard model. The troposphere is divided into four latitude zones of equal area with
boundaries at 30N, 0" and 30•S. In each latitude zone a mean HO profile is derived from marine and
continental profiles, weighted by the appropriate area in each zone. The dashed curves show results
in which HO exxicentratwns hum the standard model are multiplied by 0.5 while the .lotted curves
are for HO concentrations multiplied by two. The dot dash curves show results for an infinite tro
pospheric lifetime for CH 3 CC1 3 (HO concentration - 0).
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Recent laboratory studies have resolved earlier discrepancies in knowledge of the rate constant
for the reaction of HO with CH3CC13 (Kurylo et al., 1979; Jeong and Kaufman, 1979). The
accuracy of the reic_-te rates provided by Neely and Pionka (1978) is difficult to determine as
they do not account for release in Eastern Bloc countries (H. Farber, Dow Chemical, personal
communication). Concentrations calculated for CH3CC: ,% using these release data and model
distributions for HO are somewhat smaller than observed -:oncentrations of CH 3CC13 (Logan et
al., 1961; Derwent and Eggleton, 1961). An underestimate in release rates of 25% would bring
model results into agreement with some recent observations for CH3CC13.

The release rate of CH3CC13 increased exponentially between 1960 and 1975. The present day
concentration of the gas is linearly proportional to the release rate, but depends less strongly or,
the removal rate. Hence it is difficult to place strict bounds on the globally averaged con-
centration for HO from an analysis of da-ta for CH3CC13, given the uncertainties ir % absolute
concentrations and in the release rate (Logan et al., 1 981). Measurements of CH3CO3 appear to
be consistant with a lifetime of 5 to 10 years, and with globally averaged HO concentrations of

7005 molecules cm-3.

Carbon T•trachWi 19 (CC14)

Measurements for CC1 4 are given in Figure 1-11. Again, there appear to be serious cai;bration
inconsistencies between different research groups. The data in Figure 1-11, and measurements
made in England (Penkett et al., 1979) and the western U.S. (Singh et al., 1979) suggest that the
concentration of CC14 is increasing slowly.

1970	 72	 74	 76	 78	 1980	 1970	 72	 74	 76	 78	 190C

S H	 YEAR	 N H

Figure 1 . 11. Mwasurements of CC1 4 in the Northern and Southern Hemispheres as a function of time. Each sym-

bol represents data from a different group of invtK ♦ tors. The symbols are defined in Figure 1-8.
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There are no known natural sources for CC1 4. Estimates for industrial production and release are
subject to considerable uncertainty (Altshuller, 196:6; Singh at al., 1976; Galbally, 1976). Only a
small percentage of the total production is released to the atmosphere, and production figures
are unavailable for many countries, including the U.S.S.R. and China. Production of CC14 in the
U.S. has been decreasing since 1970 (U.S. International Trade Commission Reportr).

Other Halocarbom

Observations of other halocarbons are summarized in Table 1-2. Two of these compounds, CF4
and CHCIF 2 (FC-22) have concentrations larger than SO pptv. Industrial sources have been
identified for all the halocarbons listed in Table 1-2 with the exceptions of CHC12F, CH3CI and
CH31. Halocarbons which are unsaturated or contain hydrogen atoms are removed from the
atmosphere by reaction with tropospheric HO. Kinetic data (Atkinson et al., 1979) may be used
to estimate that the lifetimes of CHC12F, CHC13, CH2C12, CC12CC12, CH3Br and CH2BrCH2Br are
between 2 years and a few months. The lifetime of CHCIF2 is about 12 years while that of
CHCICC12 is a few days. Methyl iodide is removed from the troposphere by photolysis within a
few dur, s (Chameides and Davis, 1980).

The aluminum industry is thought to be an important source for CF4 (Rasmussen et n , 1979;
Cicerone, 1979). Elevated concentrations of CF 4 and C 21`6 have teen observed in aluminum plant
plumes (f enkett et al., 1981). The atmospheric lifetime of CF 4 is expected to be extremely long
(>10;n00 years). The major loss process for Om gas is photodissociation at 121.6 nm in the
mesosphere (Cicerone, 1979).

Global rates for release of CHri1--- 2 are given by lesson (1980). The lifetime of the gas should be
determined by reaction with HO in the troposphere (Atkinson et al., 1979). Rassmussen et al.
(1980b) used the release data to estimate that the global burden of CHCIF ? should be --35 pptv
if the atmospheric lifetime of the gas were infinite. They conclude from their measurements of
--45 pptv that the release rate hay been underestimated.

Measurements by Penkett et al. (1980) using a gas chromatograph/mass spectrometer combination
indicate that CHC1 2F in the clean troposphere is virtually unmeasurable (<1 pptv). Concentra-
tions of CH38r and CH3 1 are emley low (a few pptv). Methyl iodide is thought to be
produced by marine organisms (Lovelock et al., 1973). Chameides and Davis (1980) recently
reviewed -he budget for CH 3 1, and estimate that the source strength for the FAs is about
1-2x1012 gnu yr 1.

Halocarbon auepets

The halocarbon budget for the troposphere may be estimated from the data presented above.
These data indicate that the organic chlorine content of the troposphere was —3.0 ppb in late
1979, while the organic fluorine content was — 1.25 ppb (see Tables 1-4 and 1-5). The temporal
trends in organic Cl and F derived from the major halocarbons are shown ir. Figure 1-12.
Contributions from minor halocarbons are omitted because of lack of information concerning
their time history.

Berg and Winchester (1977) measured gas phase organic chlorine concentrations of — 1.9 ppbv
near the shore in the Gulf of Mexico. Their technique involved trapping the organic species on
activated charcoal, followed by spectrophotometric analysis for Cl. This method was developed
further by Berg et al. (1980) to measure the total halogen content of the lower stratosphere.
Neutron activation analysis was used to detect Cl and Br, which were found at concentrations of
2.7!0.9 to 3.2±0.7 ppbv and 734 to 40t11 pptv, respective:y. No iodine was observed, but an
upper limit of <3 pptv was calculated. The total chlorine data are consistent with the Cl content
derived from the individual species, given the uncertainties in each estimate.
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Table 14
Concentrations of Major Halocarbons in Late 1979. a

N.H. S.H. Global

CHA 620±20 620

CF2Cl2 315±6	 28216 300
CFC13 184±5	 164±5 175

CC14b 136±18	 125±6 130

Cl (3CC13 125120	 94112 110

a Concentrations are given in pptv, and are taken from Figures 14 to 1-11.

b Avenge concentratinn for 1976-1980, from Figure 1-11.

i
Table 1-5

Tropospheric Budgets for Organic Halogens in 19792

F Cl Br I

CH3C1 .62
CF2C12 .60 .60
CFC13 .17 .52
CC14 .52
CH3CC13 33
Other CHXXyb .49 38 <0.02 <0.005

TOTAL (ppb) 1.26 J	 2.97 1 <0.02 1	 <0.005

aConcentrations are given in ppbv.

bCalculated from Table 1-2.

A temporal trend in the F content of the atmosphere may be inferred from measurements of HF
above 30 km (Zander, 1981). These data are presented in Figure 1-12. The concentration of HF
calculated from a time dependent 1-D model (Sze, 1978) is shown also. The trends in organic
fluorine in the troposphere and HF in the stratosphere are similar.
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Figure 1 . 12. Temporal trends in chlorine and fluorine species. The solid lines show the time history of Cl and F
present as major halocarbons in the troposphere of the Northern Hemisphere. Methyl chloride and
CCI 4 were assumed constant, at concentrations of 620 pptv and 125 pptv respectively. Average
values for CH 3CCI 3 were deduced from the data in Figure 1-10. Values for CFC1 3 and CF2C12
were taken from the model results in Figures 1 .8 and 1 .9, which provide a good representation of
the data after 1975. Concentrations of Ci ( ♦) and F (•) from minor and major halocarbons are
shown (See Tables 1 .4 and 1-5). Other symbols are as follows: • totoal organic Cl near sea level
(Barg and Winchester, 1977); + total organic Cl in the lower stratosphere (Barg et al., 1980);
® HCI, 0 HF above 30 km (Zander, 1981); X model calculation for HF (Sze, 1978). The
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HYDROCARBONS, CO AND H2

The atmospheric data on selected hydrocarbons, CO and H2 are listed in Table 1-2. Limited data
suBgests that at about 40'N, the background concentration of C21I6 , C2112 , and C 7114 is about
1.6 ppb, 0.2 ppb, and 0.06 ppb respectively (Singh et al., 1979; Harrison et al., 1979; Cronn and
Robinson, 1979). Because of the high reactivities of C 2112 and CA , atmospheric gradients at
least as large as those due to C2H6 can be expected. As an example, the C 2H2 concentration is
reported to be 0.23 ppb at 37'N; 0.03 ppb at 9' and 0.02 ppb at 9?S.

The global sources of CH4 were reassessed by Ehhalt (1979) to be of the order of 590 to 930 Mt
CH4/yr. The lower boundary of this estimate is in good agreement with the sink provided by HO
radicals based on recent estimates by Singh (1977a) and Volz et al. (1981b). The resulting turn-
over time of CH4 is around 7 years. Recent measurements by Rasmussen and Khalil (1981)
indicate that the tropospheric CH 4 concentration increased in 1979 and 1980 at a rate of 2% per
year. The series of measurements performed at NCAR since 1%5 (e.g., Ehhalt and Heidt, 1973a,b,
1974; Ehhalt, 1974; Heidt et al., 1980) with proper corrections to the old measurements (Heidt
and Ehhalt, 1980)' indicates that this increase does not constitute a long term trend but must be
considered either a medium scale fluctuation or a very recent disturbance of the CH 4 cycle.

The natural sources of CO appear to be much greater than previously believed (Hanst et al.,
1980). This is largely because of a higher than expected yield of CO from oxidation of terpenoid
materials. Hanst et al. (1980) estimate that nearly 50% of the atmospheric CO in both
hemispheres arises from oxidation of non-methane organic matter. The asymmetry of this CO
source (5.1x1014 g/year in NH; 2.50014 g/year in SH) is comparable to the asymmetry in the CO
levels in the NH and SH. There is now an increasing awareness that the hemispheric gradients of
CO are only partly the result of man-made sources. The asymmetries in natural sources are
significant but remain poorly characterized.

Molecular HydroRen, H2, is one of the most abundant trace gases, in both the troposphere and
the stratosphere. Its tropospheric distribution is rather uniform. The observations showed no
significant vertical gradients, except for a few regional perturbations (Ehhalt et al., 1977). There
is, however, a slight interhemispheric difference: The average mixing ratio in the Northern
Hemisphere is 0.576 ppmv, that in the Southern Hemisphere 0.552 ppmv (Schmidt, 1978).

It appears that most of the major sources and sinks have been identified. According to Schmidt
et al. (1980a) global tropospheric H 2 sources and sinks are in balance. The present agreement is
based on (1) a substantially reduced estimate of the main sink, microbial uptake by soils; (2)
more recent measurements of the deposition velocity of H 2 on various soils by Schmidt et al.
(1980) which give lower values than previously measured by Liebi and Seiler (1976). Obviously the
errors are still sufficiently large to accommodate further substantial sources or sinks. It is noted
that both production and destruction of H 2 are higher in the Northern Hemisphere which pro-
vides two-thirds of the total budget. The total amount of H 2 in the troposphere is 170x012 g,

with a turnover rate of about 2 years.

TROPOSPHERIC MEASUREMENTS OF HO RADICAL

The hydroxyl radical plays a key role in the chemistry of the troposphere (Levy, 1971). Because
of low concentrations and potential interferences as discussed below, absolute measurements are
difficult and subject to considerable uncertainty.
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FoLr methods have been employed for the detection of tropospheric HO:

• Aircraft-borne laser induced fluorescence wherein a contained atmosphere sample is passed
through an enclosed detection chamber and is probed by a pulsed laser tuned to the (1-0)
band of the A-X transition at 282 nm. Fluorescence is observed at 309 nm (Davis et al., 1976
and 1979).

i • Aircraft-borne laser induced fluorescence using an 'open' optical arrangement in which a
telescope is used to observe the backscattered fluorescence outside the boundary layer of the
fuselage but in the near vicinity of the aircraft (Wang et al., 1990a).

• Measurements of carbon 14 labelled CO oxidation rates by HO in which the sample is drawn
into a teflon coated vessel of 10 liter volume. All reported observations were taken in the
boundary layer (Campbell et al., 1979).

• Long path (7.8 km) absorption of laser radiation of 308 nm (the Q(2) line of the A 2 E *, V's
0, X2 It V" s 0 transition). The experiment employs a double pass (3.9 km per degree)
optical arrangement in which the beam is returned by a spherical mirror to a double
monochromator located at the laser (Perner et al.,1976, 1981; Wang et al., 1981b).

Table 1-6 summarizes the recent tropospheric measurements of the HO radical. With the
exception of the data from Wang et al. (1981) and one data point from the 1977 GAMETAG flight
(Davis et al. 1961a), all the data presented are within the Earth's boundary layer. The majority
of data presented was taken using the technique of laser induced fluorescence. These data have
been questioned by Ortgies et al., 1960, who contend that in a region of high water vapor and
ozone concentrations, the production of HO within the time duration of the laser pulse can
dominate the HO in ambient air. Their calculations, however, make the assumption that at least
one of the HO radicals, formed from the reaction of H2O and O(1 D) is rotationally thermalized
within the laser pulsewidth. There are, however, no measurements as yet of the rotational
relaxation rates within the ground state. Davis et al. (1981b) have recently published
experimental results measuring directly the interference due to laser generation of HO. Tiw4r
results indicate very little thermalization of the rotational levels during the pulse even at
atmospheric pressures. They have measured the interference due to the artificial production of
HO within the boundary layer to be on the order of 25 to 50% depending on the atmospheric
conditions. Theoretical calculations are consistent with these values (Davis et al., 1981c). Wang
et al. (1981) report that under their experimental conditions artificial HO was lower than the
detection limit of their instrument. Davis et al. (personal communication) also report that there
is little interference under the conditions of the free troposphere. It is dear, however, that this
is a problem that must be considered carefully in all measurements of HO by laser induced
fluorescence.

The GAMETAG results represent the first effort at a simultaneous measurement of most of the
parameters which affect the steady-state concentration of HO in the tropesphere. In addition to
HO, solar UV flux, CO, H2O, 03 , HNO3 and temperature were also measured. Modeling of these
results showed good agreement with the measured HO, which would indicate that the model is
not substantially in error, but the uncertainties in the HO measurements as well as the input
parameters in the model are large enough that significant changes can be made in the model and
still obtain agreement with the measurements.

It is also worth noting that the measurements of Campbell et al. (1979) are in general lower than
the GAMETAG and other measurements but a comparison of isolated measurements separated by
time and location without information about the different photochemical conditions is not
particularly fruitful.
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Table 1.6
Recent Maawrarnents of HO in the Tropospbere

Altitude HO Estimated
location Date Time (km) Molecules/(10-6cm -3) Uncertainty

Davis et al. (1979) - Laser induced fluorescence

Rocky Mtns. 7/16176 1000-1020 6.9 2.9 40%

Four
Comers. NM 1030-1115 2.1 4.7 40%

Davis et al- (1981a) - Lesser induced fluorescence

2.50N. 170'W 8/26/77 1136-1148 .465 8.0 44%
8'S, 1690W 8/28/77 1116.1146 -334 9.1 33%
24.505, 1720W 8/31/77 1218.1336 .430 10 29%
2.505, 1701N 9/1/77 1026-1040 .532 13 32%
130N, 161V 9/2/77 1056.1110 300 7.5 45%
15.S N, 169`W 5/2/78 1341-1359 .334 4.1 SI%
90N, 171'W 5/3/78 1043-1120 340 7.5 35%
1 05, 1720W 5/3/78 1424-1456 342 1.7 S3%
30°5, 1740E 5/6178 1258-1311 .270 3.1 719E
3305, 1730E 5/11/78 1233-1249 .280 3.4 65%
14.505, 1770E 5/12/78 1050-1108 .207 4.8 54%

Campbell et al. (1979) - 14CO oxidation

46.70N 10/11;79 1350 Ground 3 —
46.7'N 1/27/78 1458 Ground 33 24%
46.7° 7/25/78 1244 Ground 3.4 18%
4405 4112/78 1409 Ground (1.0 km) 0.5 60%
44"5 4/4/78 1248 Ground (1.0 km) 0.6 --
350N 8/13/78 1325 Ground 2.0 --
3571 8/13/78 1421 IGround	 I 3.4 3%

Wang et al. - Laser induced fluore=no.e

San Bemadino,
California 3/27/79 1350.1430 10 20 301.Y

San Diego,
California 3/28/79 1030-1130 lob 10 40%
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TROPOSPHERIC PHOTOCHEMISTRY

An understanding of the processes which control the composition of the troposphere is
necessary for analysis of many problems In stratospheric chemistry. Firstly, the troposphere
serves as a source region for a large number of gases that play important roles in the photo-
chemistry of the stratosphere. Since the concentrap ions of several of these gases are controlled
by chemical sources and sinks in the troposphere (e.g., N20, CH3CI, CH3CC13 , CO, CH4 and
other hydrocarbons), global changes in the chemical composition of the troposphere may alter
the fluxes of these species to the stratosphere. The most important sink for many of these
species is reaction with HU. Any large-scale changes in tropospheric HO densities may therefore
affect fluxes to the stratosphere. Secondly, changes in tropospheric chemistry may alter the
tropospheric burden of radiatively active gases (e.g., % , CH4 , S02 ) and thereby affect tropo-
spheric and stratospheric climate. Finally, increases in tropospheric ozone would contribute to
changes in the total column of ozone. It is therefore essential to understand the processes
which control ozone and hydroxyl distributions, and how they might respond to changes in
sources of gases such as CO, NUx, or CH4.

The hydroxyl radical is produced by the photolysis of ozone:

03 + b y	0(l D) +02 (X<310 nm)	 (1)

followed by O( 1 O) + H2O HO+ HO	 (2)

HO is removed by reaction with CO and CH4

CO + HO — H + CO2	 (3)

H + 02 + M H02 + M	 (4)

HO + CH4 CH3 + H2O	 (5)

with reaction (3) dominant over (5).

HO may be regenerated through the following reactions,

HG2 + NO HO + NO2	gib)

H02 + 03 HO + 202	(7)

or H2O2 may be formed through the reaction:

H02 + H02 H2O2 + 02	 (8)

Photodissociation of H2O2 reforms HO

H2O2 + by - 2HO	 (9)

while the reactions

H2O2 + HO H2O + H02	 (10)

H2O2 + rain y washout	 (11)
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act as sinks for tropospheric odd hydrogen (H, HO, H02 , H2O ). H2O2 has a high solubility in
water and should therefore be removed efficiently by rainfall. Logan at al. (1981) estimate
reactions (10) and (11) to be the main tropospheric sinks for odd hydrogen, the gas phase
reaction (10) being the more important of the two. This reduces the dependency of HO con-
centration on the removal rate of H2O2 by heterogeneous processes. The removal rate of soluble
gases by precipitation is one of the more uncertain parameters in current models of tropospheric
chemistry. Similarly, the effects of chemical reactions occurring in droplets or aerosols on the
gas phase composition of the troposphere is not well understood.

Another major uncertainty in analyses of tropospheric problems results from the lack of data for
NOx (NO+NO2). Recent measurements of NOx indicate that concentrations in the remote tropo-
sphere may be extremely low, ranging from a few to a few hundred parts per trillion (Noxon,
1978; McFarland et al., 1979; Kley et al., 1991; Helas and Warneck, 1961). Production of HO
occurs mainly by reactions (2), (6), (7) and (9) in the lower troposphere (e.g., Logan et al.,
1981). Reactions (6) and (7) occur at comparable rates for concentrations of NO of-10 pptv. The
concentration of HO is independent of NO for NO at 10 pptv and is an increasing function of NO
for NO between about 10 pptv and 500 pptv (Fishman et al., 1979a). Production of odd oxygen in
the troposphere is also a sensitive function of NO (see below).

Odd hydrogen production from the oxidation of hydrocarbons (HC) in the atmosphere may also
play a significant role for the HO distribution, particularly in the lower troposphere over conti-
nents. Ti is production is usually initiated by a reaction of the type:

HO + HC ..... a - H02 + products	 (12)

where a denotes the number of odd hydrogen released in the subsequent reactions. A large
number of primary hydrocarbons, some of human, some of biogenic origin, are released to the
atmosphere. Odd hydrogen production depends on the type of hydrocarbons, and on the con-
centrations of species like NO. Hence, considerable uncertainty is attached to the calculations of
odd hydrogen production from these species.

Uncertainties in the current understanding of the chemistry of HO are discussed in more detail in
recent papers by Chameides and Tan (1981) and Logan et al. (1981). These papers and others
(Rodhe and Isaksen, 1980; Volz et al., 1981x) present recent calculations for the distribution of
HO as a function of latitude, altitude and season.

Analysis of the budget for CH 3CC1 3 has been used to test models for the global distribution of
HO. Earlier estimates of globally averaged HO concentrations (3-1000 5 molecules cm-3, Singh
1977a, b; Lovelock 1977; Chang and Penner, 1978; Neely and Plonka, 1978) must be revised upward
by a factor of about 1.7 to take account of recent kinetic data for the reaction of HO with
Cl13CC13 (Kurylo et al., 1979; leong and Kaufman, 1979). Two recent calculations of the global
distribution of HO Rive a lifetime for methyl chloroform of 5 years (nerwent and Eggleton, 1981;
Logan et al., 1981). However both models underestimate concentrations of CH 3CC13 after 1975
(see Figure 1-10), suggesting that calculated concentrations of HO are somewhat high. The
usefulness of the CH3CC13 budget as a test for models of HO is hampered by discrepancies in
absolute concentrations of CH3CC13 and uncerta;nties in the emission rate. The measurements
Of C113CC13 are consistent with lifetimes in the range 5 to 10 years, and globally averaged HO

concentrations of 5-10005 molecule cm 3.

A reliable model for tropospheric HO provides useful information on the magnitude of the loss
rate for other trace gases such as CO and CH4, whose sources are extremely difficult to
quantify. Recent studies of the budget of CO in the context of models for FIO (Logan et al.,
1981; Volz et al, 1981a; Pinto et al., 1981) indicate that there are large sources for the gas other
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than combustion of fossil fuels and oxidation of CH4 . likely candidates are sources from
oxidation of non-methane h-drocarbons and biomass burning, as proposed by Zimmerman et al.
(1978), Hanst et A. (1990), and Crutzen et W. (1979). Measurements of CO in the literature
before 1981 are reviewed by Logan et al. (1991), while Seiler and Fishman (1991) present a
detailed analysis of tropospheric profiles for CO.

Volz et al. (1981a) have modeled the distributions of 14CO and 12CO by using a 2-D model. They
showed that in order to balance the sources and sinks for both species, an 'average' tropo-
spheric HO concentration of (6.5 3 2.3) x 105 cm-3 Is required, in agreement with the values
deduced from the CH3CC13 budget. The definition of this 'average' HO is different from the
'average' HO inferred from CH3CC13 because of the different reaction rate constants and
tropospheric distributions of the two tracers. Volz et al. (1961a) deduced a biological 14CO
source (excluding CH4 oxidation) of about 125000 12 g CO/yr. This is consistent with
conclusions reached by considering the global CO budget (Logan et al., 1961). The 2-13 model
study of Isaksen (1980) required such a source to give agreement between observed and
calculated CO concentrations at low latitudes. Pinto et al. (1981) have modeled the distribution
of 12CO by using a 3-D general circulation model. They derived an 'averaged' trop%herlc HO
concentration equal to 7x105 cm-3 and a biological source of 12CO equal to 1300x1012 g CO/yr
(excluding CH4 source) in excellent agreement with the above mentioned studies.

TROPOSPHERIC OZONE

the origin of tropospheric ozone has been a controversial subject for some time. From earlier
analyses of the ozone distribution, lunge (1962) accepted the classical view that ozone is trans-
ported from the stratosphere and destroyed at the surface. This 'dynamical control' view con-
tinues to be favored by Pruchniewicz (1973), lunge and Cceplak (1969), Fabian and Pruchniewicz
(1977), Chatfield and Harrison (1977), Singh et al. (1978), Hussain et al. (1979) and Routheir and
Davis (1980). On the other hand, Chameides and Walker (1973), Crutzen (1974), Fishman and
Crutzen (1977), Liu (1977), Stewart et al. (977), Chameides (1978), and Fishman et al. (1979b)
have argued that gas phase photochemical production and destruction of ozone in the tropo-
sphere may be more important than injection of ozone from the stratosphere.

Ozone may be generated in the troposphere by the oxidation of CO:

CO + HO - H + CO 2	(3)

H + 02 + M - H02 + M	 (4)

H02 + NO - HO + NO2	(6)

NO2 + by - NO + O	 (13)

0 + 02 + M ^ 03+M	 (14)

Net: CO + 202 + b y - C01 + 03	 (15)

Odd hydrogen (H, HO, H02 , and H202 ) and NO, act as catalysts in producing ozone from CO
and 02 . The efficiency of this cycle depends on the concentrations of these species in the atmo-
sphere. However, low concentrations of NO allow competition for the H0 2 radical by reaction
(7). Thus the efficiency of ozone production depends critically on the amount of NO in the
atmosphere.
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Below a certain critical value of the ratio of (NO)/(031, ozone loss through the sequence:

H02 + 03 HO + 202	 (7)

CO + HO -► H + CO2	 (3)

H+02 + M H02 +M 	 (4)

Net: 03 *CO ' CO2 + 02	(16)

dominates over the production discussed above. For typical background ozone concentrations
photochemical loss by (16) dominates the production by (15) when NO concentrations are below
approximately 10 ppt. Ozone may be produced also in the photo-oxidation of CH 4 (Crutzen,
1974). The key steps are conversion of NO to NO2

CH300 + NO -+ CH30 + NO2	(17)

followed by reactions (13) and (14). The dominant sinks for odd oxygen (0+0 3) in the
troposphere are reactions (2) and (7). Current models indicate that photochemical production of
ozone by (6) and (7) and loss by (2) and (7) (and other minor processes) are in approximate
balance for NO = 30 ppty (Fishman et al., 1979; Logan et al., 1981).

To assess the impact of tropospheric chemistry on the ozone distribution, it is essential to
determine the global distribution of nitrogen oxides, and in particular the distribution of NO.
The data mentioned earlier indicate that concentrations of NOx in the :smote troposphere be in
the range of 10 to 200 pptv. NO coi,centrations are related to NO x (the sum: NO + NOD through
reaction (13) and the reverse reaction (6), (17) and (18):

NO + 03 - NO2NO2 + 02 .	 (18)

The ratio NO/NOx is larger in the upper troposphere than in the lower troposphere, a con-
sequence of the signficant temperature dependence of (18). The major loss mechanism for NOx is
through reaction (19)

NO2 +HO+M HNO3 +M
	

(19)

followed by heterogeneous loss of HNO3.

HNO3 + rain - Loss
	 (20)

The lifetime of NOx with respect to reaction (19) is about a day in the lower troposphere. It is
probably somewhat longer in the upper troposphere and at all altitudes in winter and mid- and
high-latitudes. Concentrations of NOx are highly variable, depending on both the source distri-
bution and the rates of reactions (19) and (20).

Levy et al. (10W) argue that injection from the stratosphere could provide a dominant source for
NOx in the upper troposphere. Kley et al. (1961) derive global distributions for NOx from a 1-D
photochemical model and the tracer distributions of Levy fA al. (1980). Based on these results,
and low concentrations of NO over the Pacific Ocean (_4 ppty, McFarland et al., 1979) Liu et al.
(1980) conclude that the upper troposphere is the dominant region for photochemical production
of ozone. Fishman (1961) on the other hand points to several other observations which indicate

a

i



TRACE SPECIES	 1-27

considerably higher NOx concentrations in the lower troposphere than suggested by Liu et al.
(1990). Fishman (1981) finds ozone production in the lower troposphere WS km) to be signifi-
cant.

Model estimates of tropospheric ozone roductiorposp p depend critically on profiles adopted for NOx.
Logan et al. (1981) estimate NOx production from natural sources to be of the order of 10 Tg
(N)/year. This is considerably higher than the <1 Tg (N)/year which is estimated to be trans-
ported downward from the stratosphere (Levy et al., 1980). It should be noted that there are
large uncertainties in the production rate of NOx in the lower troposphere, and in the removal
rate of HNO3 by heterogeneous processes. Production by lightning, possibly an important source
of NOx above the planetary boundary layer is known only within an order of magnitude. Present
estimates suggest that it is in the range 2 to 15 Tg (N)/year (Dawson 1990; Hill et al., 1980).
Another controversial question is the contribution, of anthropogenic NOx released at ground level
to the free tropospheric NOx burden. Releases from fossil fuel combustion are rather well known
(^20 lg (N)/year). Sources of NOx from biomass burning are very uncertain (Crutzen et al.,
1979). It is likely that a large fraction of NOx from combustion sources is oxidized to HNO3
within the planetary boundary layer (reaction 19), making its contribution to free tropospheric
NOx very difficult to assess at the moment.

Some of the uncertainties in the budgeted tropospheric NOx and ozone would be resolved by
measurements of the distribution of NO x in different environments. Although photochemical
production of ozone depends critically on NO, photochemical loss of ozone is almost indepen-
dent of NO (Fishman, 1979). Current estimates indicate that photochemical loss of ozone is
comparable to ozone transport from the stratosphere anc + ozone destruction at the ground
(Fishman et al., 1979; Liu et al., 1980; Chameides and Tan, 1961; Logan et al., 1981).

The foregoing discussion reveals several important areas where improvements are necessary
before tropospheric chemistry can be understood to the point where reliable estimates of human
influences can be made.

Some of the key areas of uncertainty caused by limitations in atmospheric measurements and in
the treatment of radiation, dynamics, and chemistry are listed below:

1. Measurements of the global distribution of species which show large spatial and temporal
variations such as NOx, non-methane hydrocarbons (NMHC) and H2O are lacking.

2. Budgets of important gases such as NOx, CO, CH4 , 03 and NMHC are not well understood.
We note that the production of NOx by lightning, release of NMHC and CH4 from biogenic
sources and production of CO and NOx by biomass burning are very uncertain.

3. Liquid phase removal rates of water soluble gases, as well as surface removal rates are poorly
known. These processes are very important for H2O2 , CH302H , S02 , NOx , CH2O and
HNO3.

4. The effects of clouds and surface albedo on the UV fluxes need to be studied.

5. Large-scale tropospheric: distributions of key species like ozone and CO are strongly in-
fluenced by dynamical processes. Realistic representation of these processes in the
troposphere is likely to require a fully coupled three-dimensional dynamical-chemica! model.
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6. Tropospheric effects of anthropogenic and biogenic species (NOx NMHC, 90 2) in the
planetary boundary !ayer depend strongly on the efficiency of exchange processes. A realistic
representation of the exchange of lases between the boundary layer and the free tropo-
sph-re has not yet been applied to global studies in the troposphere.

STRATOSPHERIC DISTRIBUTION OF SOURCE OASES

NITROUS OXIDE, FC-1 q , FC-12, AND METHYL CHLORIDE (N20, CC13F, CC12F2 AND CH3C1)

Since 1975 a number of measurements have been made of the stratospheric concentrations of
N20, CC13F and CC12 F2 . Four field programs have been particularly extensive, all involving
laboratory analysis by gas chromatography of air samples collected by balloon-borne samplers.
The few measurements made by in situ balloon-borne infrared techniques (Farmer et al., 1980)
are consistent with these data. The four research groups are:

NOAA Goldan et al. (1980, 1981). Balloon-borne evacuated grab samples.

NCAR Heidt et al. (1975). Balloon-borne cryosampler.

KFA	 Volz et al. (1981b). Balloon-Larne cryosampler.

Ames Tyson et al. (1978); Vedder et al. (1978); Inn et al. (1979); Vedder et al. (1961);
Balloon and aircraft-borne cryosampler.

The results obtained by grab-sampling with evacuated containers and by cryosampling give
consistent results, although the potential sources of error are appreciably different for the two
methods. The evacuated grab sample technique collects relatively small amounts of air in a period
of 20 to 30 seconds. Altitude resolution is good because of the short collection time. However,
surface contamination or reactions can be important because of the low pressures in the
vessels.

The cryosampling technique on the other hand provides much larger air samples but periods as
long as 20 to 30 minutes are required for collection. Altitude resolution can only be maintained
through slow changes in balloon altitude, carrying with it the possibility of sample contamination
from the outgassing of the balloon. These problems are more severe for CC1 2 F2 and CC13F and
for collections made during the balloon-ascent and float phases, and such contamination is
clearly present in a number of samples. For this reason, all data collected during ascent and
float have been excluded from consideration. Most of the errors in the laboratory measurements
themselves are essentially the same as those for tropospheric air samples. The mixing ratios
found in mid-stratospheric air are lower than those in the troposphere, so that the percentage
errors increase with increasing altitude. The observed concentrations fall below the available
sensitivity only for CC1 3F at altitudes in the region above 30 km.

The results from three of these groups, compared over narrow latitude bands, are shown for
equatorial latitudes in Figures 1-13, 1-14, 1-15 and mid-latitudes in Figures 1-16 through 1-21.
They are in good agreement with one another. The grab-sample data of Heidt et al. at 32°N
provide altitude profiles which are consistent with the latitude differences in the troposphere
shown in Figures 1-4, 1-8, and 1-9 but no data for these latitudes exist from any of the other
grab sample experiments. The two single altitude profiles obtained by infrared techniques at 32ON
and WS also fall in between the trends shown in Figures 1-16 through 1-21. The data for CC13F
and CCl2. F 2 hav^ been corrected for the well-established secular increase in each using the
tropospheric measurements described in Figures 1-8 and 1-9.
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A common feature of the data ill Figures 1-16 through 1-21 is the increased scatter of data at
higher altitudes. The high degree of correlation among all three components in individual
samples at these altitudes demonstrates that much of this variability wises because of transport.

With each of the three molecules the concentrations fall off more rapidly in mid-latitudes than in
the tropics. This behavior is expected from the known metaoro#'ogial patterns through which
upward mixing into the stratosphere occurs preferentially in tropi cal latitudes, followed by
poleward mixing within the stratosphere itself. The change in mixing ratio with altitude is more
rapid at both latitudes for CC13F than for either CC121`2 or N20. This difference in relative
concentration is indicative of more rapid decomposition of CC1 3F, consistent with higher
absorption cross sections for solar ultraviolet radiation in the 190 to 230 nm wavelength range.

The vertical profile of CH3C1 as obtained from gas chromatographic measurements on cryogenic
samples from balloon flights over Southern France (441N) is shown in Figure 1-22. The data,
although largely scattered, clearly show a very rapid decrease from 600 ppt at the tropopause to
about 20 to 40 ppt at 30 km indicating the short lifetime of CH3CI.
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Figure 1 .22. Vertical profile of CHP at 440 northern latitude. The data were measued by CC-FID
and GC-MS (Penkett at al., 1979) from samples collected cryogenically during a joint
balloon program (Fabian at al., 1979).

CARBON-CONTAINING SPECIES

Carbon Dioxie-'.0O2)

Vertical profiles of CO2 have been measured routinely at NCAR using a volumetric technique,
achieving a precision of 33 ppm. About the same precision has been achieved at the KFA using
gas-chromatography. The precision of the ga. -chromatographic measurements has recently been
improved to l4.5 ppm (Volz et al., 1981b). Additional measurements have been made by Bischof
et al. (1980) using the infrared absorption technique, and by Mauersberger and Finstad (1984)
using a balloon-borne mass spectrometric method.

The individual profiles of CO2 are plotted in Figure 1-23. As can be seen, the older volumetric
and CC-data show a large scatter but no significant gradients of the CO 2 mixing ratio in the
stratosphere. However, from the more recent data (Volz et al., 1981b) and from the
measurements by Bischof et al. (1990), a weak but significant gradient is obsa-ved in the lower
stratosphere, namely the CO2 mixing ratio is found to decrease by about 6 to 7 pprn between the
tropopause and 20 km altitude. From a time series analyses of CO 2 profiles measured a.-,r the
past decade, Volz et al. (1980) found approximately the same terr»poral increase of CO 2 in 'fie
upper stratosphere as is observed for the troposphere.

The measurements by Mauersberger and Finstad (1980) show the mixing ratio of CO 2 to increase
rapidly with altitude in the upper stratosphere in contradiction to all other measurements, a
finding which cannot be explained within our present knowledge.
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Figure 1-23. Vertical profiles of CO 2 at mid-latitudes. Some of the scatter is due to the observed secular
increase of CO2 in the stratosphere (Volz at al., 1981 b) during the time the different
profiles were measured.

Carbon Monoxide (CO)

Since the appearance of NASA RP 1049, little progress has been made in establishing the vertical
profile of CO in the mid-stratosphere. The sampling techniques are suspect as CO could be
produced in the sampler in the presence of high 0 3 concentrations (Fabian et al., 1961). Some
effort has been made by the MPI-Lindau, MPI-Mainz, and KFA-lulich groups to overcome this
problem by destroying 0 3 at the intake of the sampler using copper and silver catalysts.
Laboratory tests show that 0 3 can be destroyed efficiently without production or destruction of
CO. However, more laboratory tests are required to prove beyond doubt that the contamination
problem caused by 03 can be solved completely. Due to this contamination problem, only CO
data from in situ sampling below 22 km and above 40 km where the 03 concentration is
sufficiently low have been included in Figure 1-24. In addition to this very limited data set, two
sets of remote measurements are included, one from Farmer et al. (1980) between 22 and 30 km,
and three total column measurements made by Zander et al. (1961) above 30 km.

Although the experimental data are extremely limited, the measurements cover the vertical profile
of CO between the tropopause and 50 km. The combined data in Figure 1-24 suggest a decrease
of CO across the tropopause and in the lower stratosphere up to 20 km. Above this altitude the
CO mixing ratio is constant, at 10 ppb, up to 30 km. It then increases to 40 ppb around 40 to 50
km altitude. More reliable measurements of CO in the middle and upper stratosphere are required
to establish the vertical profile.
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HYDROGEN-CONTAINING SPECIES

Molecular Hydrogen (H2)

Recent stratospheric measurements of H 2 are summarized in Figure 1-25. The profiles obtained at
three latitudes show little vertical and latitudinal variation.

The data at 40 to 60'N show a clear decrease with altitude, from 0.55 ppm at the tropopause to
0.45 ppm at 35 km altitude (Ehhalt, 1978; Fabian et al., 1979). A similar trend although with a
much larger uncertainty can be deduced from the data at 60 0N. No significant trend is sound for
the data at 3rN over Palestine, Texas. It should be noted that the absolute calibration of the
NCAR data is about 10% lower than that of the KFA. It has been shown by Ehhalt and Tonnissen
(1980) in a qualitative way that elevated levels of stratospheric H 2 are associated with, and
probably caused by, increased concentrations of CH4.
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Figure 1 .25. Vertical profiles of H 2 at different latitudes. The NCAR data are published by Pollock et al. (1980)
and Ehhalt at al. (1975•, b), the KFA data by Volz et al. (1981b), and Fabian at al. (1979, 1981).
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Medum (CH4)

Vertical profiles of CH4 have been measured since 1965. Most of the sampling flights were per-
formed at 3rN, 44'N, and SrN. Only data from two flights exist for latitudes >60r (NAS) and
only one profile for the tropics. Measurements were performed either by gas chromatography on
grab samples and cryogenic samples collected In situ during balloon and aircraft flights or by
using long path infrared absorption from balloons. In Figure 1-26 the results are plotted
separately in four latitude bands. All NCAR measurements made prior to 1974 were multiplied by
a factor of 1.2 (Heidt and Ehhalt, 1980).

s0 	 .. „- - - --^ - #--. 	 . T . r- - —

CK MOLE FRACTION

Figure 1-26. Vertical profiles of CH 4 at different latitudes. The NCAR data by Pollock at al. (1980),
Ehhalt and Haidt (1973a,b), Ehhalt at al. (1974, 1975m, b); the NOAA data by Bush at al. (1978);
and the KFA data by Volz at al. (1981b), Fabian at al. (1979, 1981). The NCAR data prior to 1975
were corrected by a factor of 1.2 (Heidt and Ehhalt, 1980).

At first glance, only the tropical profile deviates significantly from the others, showing a
much weaker gradient in the stratosphere. This behavior, which is also confirmed by the profiles
of other long-lives: trace gases such as N 20 and FC-12, signifies a considerably stronger upward
transport in the tropics than in mid-latitudes. A closer investigation shows some minor but still
significant differences among the mid-latitude profiles. The average profile at 32 ON shows only a
very weak gradient between 20 and 30 km, and on several occasions, profiles with a well-mixed
layer in this altitude range were observed. This behavior can be explained by the stratospheric
brae,-h of the tropical Hadley circulation displacing air from the tropical mid-stratosphere with a
weak CH4 gradient into the lower stratosphere at 30•N, (Ehhalt and Tonnissen, 1980). On some
occasions, layers of almost constant mixing ratio were also observed at 44N. In addition, from
the individual profiles collected at 44'N, there is a slight hint of a seasonal variation of the
stratospheric CH4 concentration, especially above 25 km, where the average profile shows a
relatively large variability compared to lower altitudes. At higher latitudes, the data though
sparse indicate a more or less linear decrease of the CH4 mixing ratio with altitude above the
tropopause.
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In principle there is good agreement between the remote and the in situ measurements, except
E ( for one profile by Ackerman et W. (1978) obtained in October 1975 over Southern France (43'N).

This profile shows a much steeper gradient of CH 4 than is found by both In situ and the other
IR observations. A similarly steep gradient was also observed during a flight over Texas (3rN) in
tune 1975 (Pollock et al., 1960).

Etharn, Propane and Acetylene (C2H6, C3H8, anti CA)
Only three of the hydrocarbons present in the troposphere have been observed In the
stratosphere; ethane, C 2H6 , propane, C31 18 : and acetylene, CA . The tropospheric background
mixing ratios of these species are quite low; around 1 to 2 ppb for C2H6 and up to several
hundred ppt for C 3H8. In addition, they show a strong latitudinal gradient with even lower
values at the Equator. The C 2116 mixing ratio at the Equator is lower by about a factor of five;
C 3 118 and CA decrease by a factor of cen (Rudolph et al., 1979; Singh et al., 1979; Harrison et
al., 1979; Cronn and Robinson, 1979). Because of their low tropospheric concentrations the
fluxes of these gases into the stratosphere are small and their impact on the stratosphereic
carbon and hydrogen budgets is negligible. Singh and Hanst (1981) have proposed that oxidation
products of ethane and propane are important carriers of reactive nitrogen.

C 2H6 and C 3H8 react rapidly with atomic chlorine, Cl, and can decrease the Cl concentration
significantly in the lower stratosphere (Aikin et al., 1980; Rudolph et al., 1981). Measured
profiles of C 2H6 have been u-4ed to deduce the vertical profile of Cl atoms in the lower
stratosphere, where direct observation of Cl atoms is not yet feasible (Rudolph et al., 1981).

The measured vertical profiles of CA , C 21+2 , C3H8 are shown in Figures 1-27 through 1-30.
All of these gases exhibit a strong decrease in the mixing ratio wit! altitude. The measured
profiles of C2H2 and C 3H8 agree reasonably well v th those predicted from a one-dimensional
steady-state model. In contrast C 2H6, which is destroyed by reaction with Cl, decreases less
steeply than predicted. This has been interpreted to indicate substantially lower CI-atom
concentrations in the lower stratosphere than predicted b y models (Rudolph et al., 1981).
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Figure 1 .27. Vertical profiles of the C2H6 mixing ratio in the stratosphere over Southern Fran p: MAN
latitude (Rudolph at al., 1961). The stippled area shows the range of Beta by Donn and
Robinson (1979) over San Francisco Bay area (3fN) in April 1977.
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STRATOSPHERIC WATER VAPOR (H20)

Introduction

Ellsaesser et al. (1980) discussed the knowledge of the physical and chemical properties of
stratospheric H2O in 1979. In that work, a compilation of measured profiles was given in
graphical form and a number of conclusions were drawn. In general, the basic Brewer theory of
tropical 'freeze drying' within the rising equatorial branch of the Hadley cell was thought to be
valid. However, a number of questions remained.

• Are there significant long-period trends in lower stratospheric mixing ratio, suggesting
changes in circutitt ion or tropical tropopause temperatures?

• Is the decrease in mixing ratio with height just above the tropical tropopause as identified
by Kley et al. (1979) during their only tropical sounding a regular feature of the
stratosphere?

• Are there latitudinal gradients of the mixing ratio? If so, are they poleward-directed or
equator-directed?

• Are there increases in mixing ratio with height? If so, can the increase be fully accounted
for by CH4 oxidation.
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Although only 2 years have elapsed since that survey, some progress has been made in the
measurements and the conceptual aspects of water vapor exchange between troposphere and
stratosphere. The 11 20 (nixing ratios are graphically represented in Figures 1-31 through 1-35. An
attempt has bean made to separate the data according to latitude. A shaded band indicates the
range of e%peri,Ttwntal results obtained from several flights.
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Figure 1-31. Altitude profile of H 2O between 30 and 35'S latitude. If more than one flight was made by a

certain group, the stippled area represents the range of their measurement.

50

10°S-10°N

100S 100 N K Kunn (Non ITC7) 119801. K(ITCZ)

	

40	 KL. Kley et al (19791
All Maxtenbroolr 11968)

F m

+
+ M1

K L • ^^

	

TO
	

*+	 KIITCL

K

1CIL

r

U L
7	 7	 l	 5	 a	 1 a L 10	 M

H 2O VOLUME MIXING RATIO (ppmv)

Figure 1 -32. Altitude profile of H 2O between 10'S an,d 10'N latitude. It more than one flight was made by a certain

group, the shaded area represents the Ienge of their measurement.

50

4u

E 30

0t
H
4 '[0

10

C

III



1-42
	

ME STRAMY'HFRE 1%1: THFORY ANO MEASUREMENTS

50

40

E 30Y

Q
r—

J
Q 10

10

E

30 35 0 N
N

L0

O	 _ F

P	 +N

t\`
	

S	
* 	 FI

+

320N P: Pollock at al. (19801
Fi	

F1. Fischer at al 119801
N. N,ple et el. (1980)
F: Farmer (19801
L Lou snard et al (1980)

0 1	 2	 3	 4	 5	 6	 a 0 10	 20

H 2O VOLUME MIXING RATIO 1pumvl

Figure 1 . 33. Altitude profile of H 2O between 30 and 35 oN latitude.

su
 ^ ^-	 T—T-T—10 - 55 N

	

L	 L L P
10	 O	 .o

L	 O	 O	 PO •
Fi

E 30	 M1	 ^•
Y
W	 O

O	 0	 0
H
H
J
Q

20	 O	 n

K 

M2	 400 550 KL Kley et at ( 19801
10 M1 Mastentxook (1968)

M2 Mastenorook (19791
P Pollack et al (1960)
F F ncher et al 119801

L ! ouisnard •::I 0 980s. W

0 1	 2	 3	 4	 S	 B	 7	 a ! t u	 20

H 2O VOLUME MIXING RATIO (PPmvi

Figure 1 34. A,Utude profile of H 2O between 40 and 55'N latitude If more Lhan one flight was made by a

Certain group, the banded area represents the range of their measurement.



TRACE SPECIES	 1-43

f

W
O
7H
J

at "ON

a
0
O

O•

•

e1 r	 •

•• • • Mt

0

O P

650N MI:  Masanbrook (1966)
P: Pollock at al. 1960
O: O'Brien & Evans (1961)

0,	
R	 a	 7 a A to

HZO VOLUME MIXING RATIO (Ppmv)

Figure 1 .35. Attitude profile of H 2O for attitudes greater than 65°N.

Satellite Measurements

Water vapor profiles have been obtained by the LIMS instrument, extending from the tropopause
up to-50 km, for a number of specific occasions, and generally show a fairly gradual increase of
mixing ratio with height over this range. An example of this data is corrip3red in Figure 1-36 with
profiles obtained simultaneously by two balloon-borne instruments: an infrared radiometer from
the Atmospheric Environment Service (labelled AES), and the WIRS instrument of the National
Physical Laboratory. The data agree closely giving encouragement that at least in the lower
stratosphere, the LIMS data appears to agree well with independent observations.

In the case of SAMS, full-scale processing has also yet to commence. However, recent work
(Colbeck, personal communication) has produced the vertical profile shown in Figure 1-37, which
is the average of about five orbits of data. 1 - h* most interesting feature is the increase of mixing
ratio with height, up to a peak at about S0 km. In addition, a poleward-directed gradient of
mixing ratio is observed in the limited SAMS data set so far studied.

Othbr Measurements

Virtually all the observations shown in Figures 1-31 through 1-35 show an increase in H 2O mixing
ratio between the tropopause, or in some cases a somewhat higher level, and 30 or 40 km
altitude. The satellite observations and some of the earlier measurements (O'Brien and Evans,
personal communication; Radford, 1977) seem to indicate a marked peak in the H 2O mixing ratio
at the 55 to 60 km level. However, Rogers et al. (1977) and Waters et al. (1980) have reported
constant mixing ratios, centered around 4 ppmv at these altitudes. Since there are no theoretical
arguments for large mixing ratios peaking around 55 to 60 km, confirming measurements are
needed before those results can be considered real.
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Figure 1-36. Measurements of H 2O mixing ratio over Palestine, Texas on November 8, 1978 by two balloon-
borne in situ instruments MRS and AES) compared to the LIMS profile retrieved with the
operational algorithm (Gille and Russell, personal communication).
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ment (after Colbeck, personal communication!. Data in a latitude band from 55 to 5 N are averaged
together for April 4, 1979. The error bars increase at the nigher levels due to the lack of information
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A search of Figures 1-31 through 1-35 for latitudinal gradients of water vapor does not provide
valuable information. If the Brewer mechanism Is conceptually valid, none would be expected.
However, since in this concept other constituents enter the stratosphere (together with water)
at the tropical tropopause, methane would be injected and slowly oxidized on its poleward
transport so that the stratospheric column density of water vapor would be expected to increase
toward the poles. The increase of the mixing ratio with altitudes shown on all of the Figures
1-31 through 1-35 Is not sufficient proof that the methane oxidation mechanism has been
detected. It is probably safe to assume that any latitudinal effect due to CH4 oxidation is
masked by errors, relative and absolute. We must wait for more latitudinal sum-L-vs, preferably
done with the same instrument. As already stressed (Ellsaesser 1980) those surveys must be
made from platforms operating well above the tropopause, such as satellites.

Louisnard et al. (19811a,b) have measured H2O and CH4 simulataneously using IR absorption
spectroscopy and obtained values of the ratio CH4/1120 shown in Figure 1-38. l:,ey conclude
that the slight increase in H2O observed above 28 km is compatible with the CH4 source, but
that the faster increase between 20 and 28 km cannot be attributed to this source. Pollock et
al. (1980) report measurements of CH 4 and H2O as did Farmer et al. (1980), and these results are
also shown in Figure 1-38. Figure 1-38b shows the ratio R, where R is given by:

R = 2 A[CH4]/ &!H201

where the differences, A, are calculated from the value at the lowest level of observation.

This ratio, R, should equal unity if CH4 oxidation is the only source of H 2O in this height
interval. Figure 1-38a indicates reasonably good agreement in the ratio CH 4/1-120 between
observers giving values of-0.2 to 0.3 at 25 km to--0.08 to 0.15 at 35 km. Although the scatter in
the ratio, R, (Figure 1-38b) is much worse, the values are universally 0.0; this implies that the
increase in H2O with height is larger than would be expected front CH 4 oxidation alone.
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Figure 1 .38. is) The ratio [CH4 ) /[H 20] taken from Farmer st al. 11980), Pollock at al. (1980), and Louisnard
at al. (1980b).

(b) The ratio, R, (sae text) formed from the some data. The differences were obtained by subtracting
the mixing ratio at the lower level at which both H 2O and CH4 were observed, from the values at
higher levels. in the case of Pollock et al., a single average of many measurements is shown.
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A new in situ device, developed by Kley and his associates (Kley et al., 1979; Kley and McFarland,
1980) has now evolved as a powerful technique. These authors have bulk a sensitive instrument
with a fast response time for balloons and aircraft which can resolve tens of meters In the
vertical. Measurernents of H2O and temperature in mid-latitudes (Wyoming) generally show
undersaturation in the upper troposphere although on one flight in Brazil (Kley et al., 1979)
saturation was observed at the tropical tropopause. The results of the Brazil flight are shown in
Figure 1-39. However, previous observations by Dobson and coworkers (Brewer, 1949; Dobson et
al., 1946) over southern England (-5281) have shown cases of both saturation and
undersaturation below the tropopause. Saturation would indicate a contradiction to the Brewer
model. Even super-saturation has been observed (Dobson et al., 1946; Kley et al., 1980). It was
pointed out by Kley et al. (1979) that tropical stratospheric air has a minimum mixing ratio at
about 60 mb or 19 km (see Figure 1-38). This is well shove the tropopause. Robinson (1960) has
found more examples from literature studies. These observations indicate that the simple Brewer
mechanism needs to be refined.

The second aspect of the work of Kley et al. is the structure observed in more recent soundings
(Kley et al., 1980). larger structure (the 'fine structure') on a 1 to 2 krrj width and structure on
a scale of 200 to 400 m (the 'micro-structure') were observed (Figure 1-40, Kley et al., 1980).
This layering should be confirmed by other groups, however, since fine-structure and
micro-structure was repeated on ascent and descent it suggests that the structure was real.
Other soundings (Kley et al., unpublished results) gave microstructure that was different on
ascent and descent. It is possible that, due to swinging of the payload, extraneous water from
other parts of the payload could have contributed to the observed micro structure on those
occasions. Kley et al. also find a significant correlation between water and ozone in the lower
stratosphere. This is discussed in detail in Chapter 2.

Another set of water vapor data are the frost point measurements of Mastenbrook that are being
continued by NOAA. In a recent paper (Mastenbrook and Daniels, 1980) data from four flights
over Washington, D.C. during the early part of 1979 are reported. A map of annual variations of
stratospheric H2O over Washington, D.C., based on 12 years of data, is presented here in Figure
1-41.

The composite water vapor profile of Figure 1-41 is recommended for chemical modeling
purposes in the lower stratosphere at mid-latitudes (z<20 km). In the higher stratosphere, up to
the stratopause, no such recommendation can be given at this time. Mastenbrook's instrument
tends to produce altitude independent mixing ratios whereas Kley's instrument normally gives a
moderate increase of 1 to 3 ppmv between tropopause and 32 km at mid-latitudes. The issue is
unresolved and, therefore, most of the data collected in Figures 1-31 through 1-35 should be
considered of equal weigh* at this time.

For the equatorial lower stratosphere it is suggested that Figure 1-39 be used. This profile is
similar to earlier ones by Mastenbrook (1968) but shows the hygropause clearly. It should be
noted that it is the minimum in water vapor some 3 km above tropical tropopause that was
referred to as hygropause by Kley et al. (1979).
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Figure 1 .40. Measurements of water vapor on January 5, 1981 over Wyoming, during ascent and descent, ?Ilus-
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by Mastenbrook and Daniels (19$0;.

COMPARISON OF MEASUREMENTS AND MODEL CALCULATIONS FOR STRATOSPHERIC

During the last 2 years, considerable progress has been made in the development of two-
dimensional (altitude plus latitude) chemical models of the stratosphere. The 2-D models are
approaching the completeness of 1-D models, with complete chemical species, diurnal effects,
multiple Rayleigh scattering, etc. A description of the st y ucture of many of the existing 2 -13
atmospheric models is given in Table 2-14 of Chapter 2. Singe measurements of long-lived source
species are available for several latitude regions, only 2-D models will be used for comparison
with the observations.

Several two-dimensional modeling groups participated in the Workshop (Oxford, NASA Ames,
Canada AES, Univ. of Oslo). In this report calculations obtained using the AER (Ko et al., 1981)
and the Du Pont (Miller et al., 1981) 2-D models will be given as examples of the current 2-D
results. These two models differ considerably in their model structure and transport data base
(see Table 2-14), so their use allows a first-order assessment of the sensitivity of results to
these features of the model formulation. Both models used the most recent NASA/CODATA
(1981) chemical reaction rate set.

Several long-lived trace species, such as N 20, CH4, H2, CFCs, CH3C1, and CO, are primarily of
tropospheric origin. These species are the sources of the free radicals and other relatively
short-lived species in the stratosphere. Since the photochemistry of these source species is
relatively simple and thought to be fairly well characterized, the latitudinal and vertical distribu-
tions of these species are strongly dependent on the parameterization of transport processes.
Because of this, these specie, (particularly N20) are often used to derive the vertical diffusion
coefficient KzZ in 1-D models or to tune the transport parameterization.
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Atmospheric measurement programs have led to a significant increase in our knowledge of the
variation of the vertical distributions of these long-lived trace species with latitude. It is now
possible to make detailed comparisons between the measured and calculated latitudinal varia-
tions. These comparisons can test the 2-13 models' ability to reproduce the important features
of atmospheric transport. Although such comparisons clearly cannot 'validate' the models, they
provide the first step in assessing the utility of the 2-D models as diagnostic and predictive
tools.

NITR0US OXIDE (N20)

The observed N 20 vertical profile for the equatorial region is shown in Figure 1-42, along with
the calculations. The Du Pont calculations Include a band giving the range of the modeled
results over the latitude band in question and the seasons of the year, while the AER calcula-
tions are for July and are shown as the dashed profiles.
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Figure 1-42. N20 vertical mixing ratio profiles in the tropics. Points are observations. Solid lines give the range
of values over seasons from the Du Pont 2•D model ( C. Miller et al., 1981). Dashed curve gives results
of AE R 2•D model Wo at al., 1981) for summer.

Figure 1-43 gives a similar compilation for mid-latitude observations. The N 20 concentration falls
off with altitude much more rapidly at mid-latitudes than at the Equator, with values at 30 km of
60 ppb and 200 ppb, respectively. The mid-latitude observations also seem to show considerably
more variability, perhaps due to seasonal changes in transport. Both of these features are qualita-
tively reproduced by the models. The smaller vertical gradient in the tropics is a manifestation
of the rising mean circulation, which carries tropospheric air up into the stratosphere. The
seasonal variations are enhanced at rrud-latitudes due to both greater seasonal differences in the
mean transport and to seasonal changes in the N 20 photolysis rate.
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Figure 143. N20 vertical mixing ratio profiles near 45 `N latitude. Points are the summer observations. Solid
lines are range of seasonal variations in the Du Pont model. Dashed lines give AER profiles for
July; upper curve - 30*N, lower curve - WN.

The AER model exhibits somewhat better agreement with the measurements at mid-latitudes, with
calculated mixing ratios in the 30 to 40 km region about a factor of two lower than that in the
Du Pont model. This is probably due to a slower effective vertical transport rate at mid-latitudes
in the AER model.

METHANE (CH4)

The observations and model calculations for methane are shown in Figure 1-44. Most of the
observations are from 25eN to 6(PN. In this region, the Du Pont model fits the data quite well,
while the AER model is somewhat !ower than the mean. The differences between the various
measurements are somewhat larger than the 2-D models would calculate on the basis of annual
variations, particularly around 30 km in the 25°N to 35N band.

As with the 1 •D models, it is difficult for a 2-D model to simultaneously fit mid-latitude vertical
profiles for both N20 and CH4 with the same transport parameterization. This may be due either
to an inaccurate description of the photochemistry of these two species or to the inability to
accurately parameterize the eddy diffusion of all species using the same diffusion coefficients.
(See the discussion in Chapter 2).

There unfortunately exist few high-latitude or low-latitude CH 4 measurements. The only
measured vertical profile in the tropics shows no gradient between 25 and 35 km, while the
models calculate a decrease by a factor of four.
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Figure 1 .44. CH4 vertical mixing ratio profiles for selected latitude bands. Observations are the points. Solid
and dashed curves give seasonal variations in the latitudinal regions obtained with the Du Pont and
AER models, respectively.

MOLECULAR HYDROGEN (H2)

Measurements of H2 are essentially limited to mid-latitudes. As shown in Figure 1-45, the
measurements are characterized by a constant mixing ratio from ground level up to 30 km, with a
decrease above that altitude. Data above 40 km are needed to verify this decrease. The spread in
the observations is greater than calculated by seasonal variations in the model, particularly near
30N.
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Figure 1 .45. HZ wsrtical mixing ratio profiles fcx selected latitude bands. Observations are the points. Solid
curves give seasonal variations calculated with the Du Pont model.
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Pt is the case with 1-D models, the 2-D models seem to show a slightly more rapid decrease
with altitude above 30 km than the observations suggest. This is most evident in the comparison
with data at 30N, where a discrepancy is implied if the measurements are correct. Since H2 has a
photochemical source throughout the atmosphere, it is possible that the differences between the
models and the observations may be due to a remaining Inaccuracy In the chemical scheme.

MONOFLUOROTRICHLOROMETHANE (CC13F, FC-11)

The atmospheric measurements discussed in this section were obtained by several groups during
the years 1976-1979. During this 3-year period, the tropospheric concentrations of the chlorine
species CC1 3F and CC121`2 increased by about 30%. In this section, the vertical profile measure-
ments presented earlier in this chapter for FC-11 and FC-12 have been temporally scaled to
represent mid-1980 values.

The equatorial measurements and calculations for CC1 3F are shown in Figure 1-46. The observa-
tions are characterized by a decrease in the mixing ratio between 20 and 30 km by a factor of
about 30. The calculations also show a rapid decrease, but at 30 km they fall somewhat above
the observations. The mid-latitude comparison is shown in Figure 1-47. Here the models over-
estimate the CC13F mixing ratio by about an order of magnitude at 30 km, as do the 1-D models.

A possible cause of this discrepancy may be an underestimate of the photolysis rate of CC13F.
FC-11 photolysis depends sensitively on the penetration of radiation through the
Schumann-Runge region of the molecular oxygen spectrum. Frederick and Hudson (1980) obtained
more penetration of UV in the Schumann-Rungs region than previously calculated. Observations
obtained on a balloon flight indicate that the penetration is even greater than calculated by
Frederick and Hudson (Hudson, personal communication, 1981).
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Figure 1-46. FC-11 vertical mixing ratio profiles in the tropics. Points are the observations, scaled to mid-1980.
Solid lines give range of seasonal variations in the Du Pont model. Dashed curve gives summer
profile from the AE  model, Model calculations are for the year 19W.
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An alternate suggestion is that the mid-latitude discrepancy for FC-11 may be due to an
inaccuracy in the transport parameterization. If Kyy in the lower stratosphere were reduced, the
mid-latitude verticao' gradient for FC-11 would increase. It is possible that such an adjustment
could decrease the discrepancy for FC-11, which has a relatively short atmospheric lifetime (^-60
years), without adversely affecting the currently better agreement between models and observa-
tions for longer-lived species like N 20 and FC-12.

DIFLUORODICHLOROfMETHANE (CC1 2 F2, FC-12)

Figure 1-48 gives the comparison between the calculations and the observations or FC-12 in the
equatorial region. The agreement between the different experimental groups and the models below
30 km is quite good. Above 30 km, the few measurements cover a large range of values, with the
model calculations falling at the upper end of the observations.

At mid-latitudes, (see Figure 1-49), the observations exhibit a spread by a factor of five above 30
km. This is somewhat greater than the factor of two variation calculated to occur over the lati-
tude range from WN to SON. Both models predict too much FC-12 above 25 km, with the
discrepancy apparently increasing monotonically with altitude. The AER model, due to its slower
vertical transport, seems to fit the observations somewhat better.

The contribution to FC-12 photolysis from the Schumann-Runge region is important. Some of the
discrepancy between models and measurements for FC-12 may be due to an inaccurate ralculation
of Schumann-Runge penetration.
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METHYL CHLORIDE (CH3CI)

Methyl chloride (CH3CI), like CH41 is removed from the stratosphere primarily through reaction
with the HO radical, although photolysis accounts for about 30% of the destruction rate above
30 km. Since the HO concentration is sensitive to changes in the chemical data base, the calcula-
tions for this species are somewhat uncertain. As shown on. Figure 1-50, the models predict
about three times as much CH3CI at 25 km as the limited observations.
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Figure 1-50. CH 3CI vertical mixing ratio profiles near WN. Points are the observations, taken in June.
Solid curve is Du Pont profile for 44°N June. Dashed curves are AER model results (upper
curve = 30°N, lower curve = 50'N) for summer.

WATER VAPOR (H20)

Water vapor is a highly variable constituent of the lower stratosphere, with the complex
dynamics of troposphere/stratosphere exchange being important. Most current models fix the
H2O concentration in the troposphere, and some fix it throughout the stratosphere as well.
Latitudinal variations are small. Both the 1-D and 2-D models that calculate stratospheric water
vapor show an increase of a few ppm from an altitude of 20 km to 50 km, due to methane
oxidation, consistent with the mean of the observations.

CARBON MONOXIDE (CO)

Carbon monoxide is distributed nonuniformly through the troposphere, and its lower-
tropospheric removal is primarily through reaction with the HO radical. Figure 1-51 compares the
limited set of observations presented earlier in this chapter with the calculations. The calcula-
tions, which have a specified ground-level CO distribution with latitude, give the qualitative
shape of the vertical profile at mid-latitudes and fall near the upper end of the observations.
The calculated increase of CO in he upper stratosphere is due to photolysis of CO2.
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SUMMARY

The long-lived trace species can be divided into two categories: those which are destroyed
primarily by reaction with the HO radical (CH 4, CH3C1) and those which are destroyed by
photolysis (N20, FC-11, FC-12). Although it may be fortuitous, due to transport tuning in many
models to fit N 20, the agreement between models and observations is better for longer-lived
trace gases than for shorter-lived species. Of the species destroyed by HO, methane is better
modeled than methyl chloride.

For the species destroyed by photolysis, the agreement clearly is worse for the shorter-lived
FC-11 than for FC-12 or N 20. FC-11, especially at mid-latitudes, is the source species which
exhibits the largest and best established discrepancy, with the m-)dels overpredicting the mixing
ratio by an order of magnitude at 30 km altitude. If, as suggested above, this is due to an
inadequate parameterization of the Schumann-Runge band absorption, then a more accurate
treatment of UV penetration may improve both the 1-D and 2-D model calculations for FC-11.

The two-dimensional models reproduce the qualitative features of the latitudinal changes in the
vertical profiles of long-lived trace gases, e.g., the slower vercical decrease at the equator and
more rapid decrease at higher latitudes. They have not yet solved the problem, also evident in
1-D models, of fitting the mid-latitude profiles of N20, CH4, and H2 with the same parameters.
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STRATOSPHERIC DISTRIBUTION OF REACTIVE TRACE SPECIES

ODD OXYGEN

The principal oxygen radicals are 0(3 P), O(1 D), 020 p ), 020 E b 02 (other excited states) and 03
While it is feasible in this section to critically analyze all of the available data on the first five
species, a thorough discussion of 0 3 is obviously of such magnitude that it warrants special
treatment (see Ozone Section). Given that the intention of this document is to describe the
current state of our understanding of global ozone this group is obviously unique. Atomic
oxygen in the 1 D level is of critical importance for establishing the oxidation rate of source
molecules which enter the stratosphere such as CH4, N 20 etc., but there currently are no obser-
vations of (01D) in the stratosphere. The electronically excited states, 020 6) and 0 20 E I have
been observed but the data base is small. The remaining electronically excited states of 02
(A3B^, C3 ^u, CE-) have not been observed.

Atomic Oxygen (0(3P))

There are six observations of 0(3P) in the stratosphere, all obtained using a parachute-borne, in
situ atomic resonance fluorescence instrument, the results of which are shown in Figure 1-52.
Experimental accuracy is t30% and experimental precision 310% for each measurement (Anderson,
1975).

Several points are apparent from Figure 1-52. First, there is both local structure within and
absolute displacement among observed distributions which exceed respectively the precision and
accuracy of the measurements. It should also be noted that the local structure does not appear
consistently. For example the profiles observed on October 25, 1977 and December 2, 1977 display
a small degree of local structure, typically less than t20% variation over an interval of t1 km
above approximately 34 km. Below that altitude significantly greater iocal structure is apparent,
though seldom more than 60%. On the other hand, the remaining four observations exhibit at
least one example of major (factor of two) variation over a t2 km interva l with an increasing
structural development below the 33 to 35 km interval.

For one observation of atomic oxygen, the ozone concentration was obtained simultaneously,
using a modified Dasibi instrument (see Robbins and Carnes, 1978). The two instruments were
mounted approximately one meter apart on the descent platform. The results of that
observation, which encompass the altitude interval 28 to 42 km, are shown in Figure 1-53.
Observations were made with a solar zenith angle of 500 at Palestine, Texas, 32 ON latitude on 2
December 1977.

The atomic oxygen-ozone ratio was determined from those observations for each 0.5 km interval
and the results are compared in Figure 1-54 with the calculated ratio from the diurnal model of
Logan et al. (1978) for a solar zenith angle of 50°. The accuracy of the (0( 3 P)) and (03)
observations is t25%. An inspection of Figure 1-54 indicates that with the exception of the two
lowest points at 28 km, the calculated and observed ratios lie well within the experimental
uncertainty. Although obviously a single observation cannot be offered as proof, the meas ►ire-
ment strongly suggests that O and 0 3 are in photochemical steady state and that the photo-
dissociation of 0 3 and the three body recombination dominates the exchange between the majcr
odd oxygen species. The question of the atomic oxygen -ozone concentration ratio is currently
being addressed using instruments of significantly improved sensitivities and accuracy since a
careful examination of this question must precede use of satellite observed ozone profiles to
deduce local atomic oxygen concentrations and thus global O x destruction rates.
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Ozone 103)

This section will discuss in situ profile measurements; satellite and Umkehr measurements are
discussed in Chapter 2. Ozone profiles are obtained routinely from Dobson spectrophotometer
observations of the blue zenith sky as the solar zenith angle varies between 36° and 90 1 (sunrise
or sunset). A discussion of errors is found in Chapter 2; a list of stations making such
observations is found in Appendix C. Ozone profiles are being obtained by instruments on small
meteorological balloons up to 30 to 35 km, by more complex instruments on research balloons up
to about 40 km, and by means of rocket-borne instruments up to about 60 km. Each year there
are several hundred small balloon ozonesondes, 10 to 30 ozone sensors on research balloon
flights, and on the order of 30 to 50 ozone rocket flights. Profiles from the small balloon flights
are reported routinely to the center for Ozone Data for the World, maintained by the Canadian
Meteorological Service (Toronto, Ontario, Canada) in cooperation with the World Meterological
Organization. Reporting of profiles from the research balloons and rockets tends to be sporadic
and informal. The International Ozone Rocket Intercomparison group, sponsored by WMO, has
collected a comprehensive set of rocket profiles from individual experimenters. Hilsenrath
(personal communication) and Mateer et al. (1980) have recently analyzed balloon and
rocketsonde profiles for use as a 'first guess' in BUV and Unikehr retrievals.

Small Balloon ozonesondes

The small balloon ozonesondes consist of an ozone sensor attached to a standard radiosonde
for air pressure, temperature, and tropospheric humidity. They provide ozone density as a
function of pressure altitude; potential altitude may be inferred from the hypsometric integration
of the observed pressure and temperature. Dobson observations of total ozone are usually
available for each flight and are sometimes used to normalize the balloon data.



Most ozonesondes use a bubble sensor conceived by Dr. A. W. Brewer (U.S. Patent no.
3,329,599) of the University of Toronto and licensed to the Mast Development Company. It is
based on the electrochemical reaction which takes place when air containing ozone is bubbled
into a potassium iodide solution. The resulting exchange of electrons is directly proportional to
the quantity of ozone introduced by the air supplied to the sensor by a constant-volume
reciprocating piston pump.

The Electrochemical Concentration Cell (ECC) was developed by W. D. Komhyr and T. B. Harris
(1971) and is based on an iodine/iodide redox cell in which ozone is consumed in the oxidation
of iodide ions to molecular iodine. The latter is quickly converted back to the Iodide form in a
reaction driven by the iodide concentration differential that exists between the cell anode and
cathode. The cell is made of two bright platinum electrodes immersed in potassium Iodide solu-
tions of different concentrations contained in separate cathode and anode chambers, linked
together with an ion bridge. Again air is bubbled through the system by a small constant
volume pump. An earlier version is based on a carbon-iodine system (Komhyr, 1964).

In all of these instruments, the sensor is placed in an insulating box (expanded polystyrene) and
attached to the train of a standard meteorological radiosonde; the signal from the cell is inserted
into the radiosonde's telemetry through a sequencer.

Five variations of these two basic bondes (Brewer-Mast sonde and the Komhyr-ECC sonde) are
presently used. Observations made with each method are adjusted to the simultaneously
measured total column ozone (Dobson measurement) by using a single correction factor. For
this purpose the ozone amount above the balloon burst level is calculated by assuming a
constant mixing ratio above the top of the flight if it reaches 18 mbar (27 km). If the burst is
at a lower altitude the ozone amount to be added to the flight's integrated total is obtained from
climatological means. (It should be noted that this latter procedure distorts the profile
information used for trend computations). The correction factor is, in the mean, 1.1 to 1.2 for
the Brewer-Mast sonde and about 1.0 for the Komhyr-ECC sonde and similar instruments. The
vari,nce of the correction factor, however, is about the same for both instrument types.
Although ozonesonde intercomparisons (Attmannspacher and Dutsch, 1970) have shown that the
one-factor correction yields, on the whole, good agreement between different sonde types, it is
nevertheless a source of uncertainty because it propagates measurement errors from one layer to
the other. An alternative procedure being evaluated at NASA-Wallops Flight Center is to
calibrate each sonde prior to flight by comparison with a Dasibi Ozone Monitor.

Another source of error is a change in pump efficiency with decreasing pressure, especially above
20 mbar, (-25 km), for which only a mean correction is available. In addition to the uncertainty
in single soundings introduced by this problem, a bias in the mean values around 10 mbar (-30
km) and above may be introduced. Comparisons with rocket ozonesonde data indicate that at
the top of the soundings (30 to 35 km) the balloonsondes yield values which are too low, an
error which would be connected with smaller errors of opposite sign at lower levels due to the
single-factor correction.

For the above reasons, the expected random error of the small balloon ozonesondes is about t8
to 10% in the troposphere; is least (t4%) between the tropopause and 20 mbar (26 km); and
increases upward to about t8% at 10 mbar (31 km) and above. As indicated, there is also the
possibility of a systematic negative error of around 10% at 10 mbar and above.

In the two intercomparisons at Hohenpeissenberg (Attmannspacher and Dutsch, 1970), the
ECC-sonde_ gave ozone concentrations in the lower troposphere which were about 10% higher
than those obtained with the other instruments. This was probably due to the higher con-
centration of the iodine solution which was used in the sonde. Since the recommendation
regarding solution concentration in the ECC-instrument has changed from time to time, care
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must be applied in trend calculations using such data. In the case of the Brewer-Mast sonde a
change in launch time could simulate a change in tropospheric ozone because of the diurnal
variation of the pollution affect at certain stations (highest pollution in the morning).

Ozone Sensors on Research Balloons

Some large research balloon payloads include ozone sensors, sometimes as a piggy-back
experiment, sometimes as a desirable correlative observation needed to attain the primary
objectives, and, occasionally, in conjunction with other ozone sensors for intercomparison
purposes. The large balloons (generally larger than 4,000 m 3 volume) permit inclusion of ozone
sensors of considerable complexity and weight (up to 50 kg and more). These sensors (see Table
1-7) are still under development in that changes are made from flight to flight with
corresponding changes in precision and accuracy.

The Dasibi instrument, first flown on a balloon by Hilsenrath and Ashenfelter (1976), uses UV
absorption photometry. The ozone concentration is determined by measuring the amount of light
absorbed at 254 nm by an air sample flowing through an absorption cell. The absorption can be
measured with an accuracy of about 0.2% for ozone densities encountered near 25 km altitude.
Errors in measurement of cell and ambient temperatures and pressures, path length, and ozone
cross section add an uncertainty of 2 to 3% to the value of the corresponding atmospheric ozone
number density or mixing ratio. Loss of ozone to the walls of the inlet system are known to be
small (tenths of a percent) at atmospheric pressures, but are expected to have a p-2/3 pressure
dependence and may be a substantial source of error at 40 km (Ainsworth et al., 1981).

Table 1-7
Ozone Sensors for Large Balloon Payloads

Type Experimenter

Dasibi Ainsworth (and Hagemeyer, 1980; Maier et al., 1978)

Robbins (1980-,... and Carnes, 1978; Mauersberger et al., 1981)

UV solar Simon (and Peetermans, 1981)
spectrometer

Mentall (et al., 1980)

11dar leaps (et al., 1981)

Mass spectrometer Mauersberger (et al., 1981)

Chemiluminescent Drummond (1977; et al., 1979)
(NO)

Chemiluminescent Aimedieu (et al., 1980, 1981)
(methyl-2-butane-2)



TRACE SPECIES
	

1-63

extensive flight experience, having
these flights were made with the

he two instruments agreed over the
er above 35 km. (Mauersberger et

The Dasibi instrument from NASA-JSC (Robbins) has the most
measured 20 profiles in the stratosphere since 1978. Three of
mass spectrometer of Mauersberger et al. (1981). Data from t
altitude range of 20 to 35 kn% with the Dasibi data being low
al., 1981).

Four of the recent multi-sensor intercomparisons have been based on the use of a large balloon;
also included were ground-based sensors, small balloonsondes, rocketsondes, and aircraft-borne
sensors.

The last flight of the Stratcom series, organized by the Atmospheric Sciences Laboratory at the
White Sands Missile Range, New Mexico, was in September 1977. A summary from the Stratcom
VIII report (Reed, 1980) is given in Table 1-8. It is perhaps significant that ozone values derived
from the UV solar absorption instruments are consistently larger than those derived from the
various in situ measurements.

The LIP (LIMS Instrument Package) series (five flights between June 1978 and April 1979) was
organized by the Nimbus Experiment Team for the LIMS instrument on Nimbus 7 (Lee et al., 1952;
Remsberg et al., 1980). Data from one of the flights is shown in Figure 1-55. From the data
given in the report it is not possible to separate errors in the ozone sensors from errors in the
pressure sensors. Each of the ozone sensors had a pressure sensor associated with it. For the
ECCs, altitude is inferred from the associated pressure and temperature data, for the JSC Dasibi
instrument, altitude is inferred from the measured pressure and the U.S. Standard Atmosphere,
'1976. Figure 1-55 is typical in that for all of the five flights, ozone values from the JSC Dasibi
instrument were generally less than those from the ECC-type sensors.

The SABE (Solar Absorption Balloon Experiment) series consisted of three flights (September 1976
- April 1980) and was primarily for a study of the detailed relationships between UV energy
fluxes and atmospheric ozone densities (Reed et al., 1981). To be certain of the ozone content
several types of ozone sensors were included in the second and third payloads; ECC sondes
were flown independently; Dobson and other spectrophotometers were used for observations
from the ground. On the large balloon payload were the GSFC and 1SC Dasibi instruments, a
modified Rocoz photometer, a modified ECC sonde, Drummond's NO c heini luminescent sensor,
and a solar-pointed Fastie-Ebert spectrometer. Ozone data from one of these efforts are given in
Figure 1-56 and Table 1-9. Again, the atmospheric pressure is measured independently by each
ozone sensing system; the differences in these profiles reflect errors in both ozone and pressure
values. The Rocoz profile used the same pressure profile as did the GSFC Dasibi.

An extensive campaign for intercomparison of various techniques for ozone profiles was
coordinated by M. L. Chanin (Service d'Aeronomie du CNRS) and was conducted June 9-26, 1981
in southern France. A number of ground-based and balloon-borne techniques were included as
can be seeit from Table 1-10.

Ozone Sensors on Aircraft

Several types of instruments have been used on aircraft to obtain informatinn related to strato-
spheric ozone, namely, UV absorption photometry (Dasibi), solar UV absorption, NO-chemi-
luminescence, and ethylene -c hemi I umine s cence.

The Global Air Sampling Program (RASP) was conducted by NASA-Lewis Research Center
(Cleveland, Ohio, USA) from March 1975 through June 1979. A package including a Dasibi ozone
monitor and instruments for CO, particles, clouds, condensation nuclei, water vapor, and filter
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Table 1.8
Ozone Data from the Stratcom VUI Effort (Reed, 1980)

Total O one Density molecules m3
20 km 25 inn 30 km 35 km 40 kmSource (atmcZ

Dobson (No. 86 at ASL) 0.279

SenTran (Simeth) 0.282

ECC (NASA-WFC) 0.280 3.95(18) 4.30(18) 2.74(18) 1.40(18)

MAST (ASL) 2.3 (18) 4.0 (18) 2.6 (18)

Dasibi (Ainsworth) 5A (17)•

Chemilum (A-balloon)
Ascent (Randhaws) 3.7 (18) 4.0 (18) 2.6 (18) 13 (18) 5.0 (17)
Descent (Randhawa) 0.92(18) 63 (17)

Chemilum (Arcas) 2.8 (18) 4.0 (18) 2.0 (18) 13 (18) 6.7 (17)
(Randhawa)

UV spectrometer (Mentall) 13 (18) 6.2 (17)

UV spectroirradiometer 2.8 (18) SA (18) 2.9 (18) 1.5 (i8) 8.0 (17)
(Sellers)

ROCOZ (Super-Loki) 3.14(18) 5.19(18) 3.84(18) 1.91(18) 6.77(17)
(Krueger)

SAS-11(Loewenstein) 3.0 (18)

Avenge 0.280 3.1	 (18) 4.5 (18) 2.8 (18) 1.4 (18) 63 (17)

Std. Dev. % 1 18 14 22 21 16

*Corrected for wall lases (J. Ainsworth, personal communciation)
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Figure 1 .55. Data from the LIP flight of October 30, 1978 from Palestine, Texas. HALDECOM is an ECC
sonde with enlarged anode and cathode reservoirs; JSC Sensor is the Robbins Dasibi instrument;
Captive ECC is a standard ECC sonde; these three were on the large balloon payload. Free Flyer is
an ECC sonde on a standard meteorological balloon released at 0345 GMT (Lee at al., 1982).
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Table 1.10
Ozo s So naturs Used June 9-26,1981, Southern Fromm and Vicinity

Senior Location Responsible Individual

Laser - differential absorption Obeervatorie de Haute Provence G. hiegie

Infrared Spectrometer (S.I.SA.M.) Chiron (O.HP.) P. Jouve

Dobson Spectrophotometer Chiron (O.H.P.) P. Jouve

High Resolution UV Spectrometer Chiron (O.H.P.) P. Jouve

Microwave Spectrometer Chiron (O.H.P.) Max Planck Institute, Landau

Microwave Spectrometer Observatoire de Bordeaux P. Dierich

Dobson Spectrophotometer Aross, Switzerland

Chemiluminescent Sonde LAW Balloon P. Aimedieu

Brewer Mist Sonde (EERM) Large Balloon P. Aimedieu

DWbi (NASA-JSC) Large Moon D. Robbins

UV Solar Absorption Large Balloon P. Simon

UV Solar Absorption (Rocoz) Large Balloon A. Krueger

ECC Ozone Sondes (NASA-WFC) Small Balloons, O.H.P. and Gap L.. Trout

Brewer Mast Sondes (EERM) Small Belloor.-, Biscarosse

TOMS Nimbus 7 A. Krueger

SBUV Nimbus 7 A. Krueger

TOYS Ttros-N Cayla, WIler, Chedin



TRACE SPEC!FS	 1-0

The ARC (Ames Research Center) stratospheric air sampler (SAS) for nitric oxide and ozone has
been flown frequently on the U-2 high altitude aircraft. The ozone measurements, based on NO
chemiluminescence, are generally between 18 and 21 km altitude. The data hzve been used in
studies of seasonal variations (Loewenstein et at., 197.5, 1978x, b), in a study of the effects of a
total solar eclipse (Starr et al., 1980), compared with other ozone sensors (see Table 1-8), and
usrd in the 1977 Intertropical Convergence ?one Experiment (Starr et al., 1979).

During the CIAP program, Hanser et al. (1978) constructed a UV spectrophotometer with a
12-position filter wheal for the measurement of overhead solar fluxes. When flown on a large
oaiioon, the altitude changes in flexes are interpreted in terms of an ozone profile (see Table
1-8). When flown on aircraft (WB-57, CV-990, NCAR' s Electra), the fluxes are interpreted in
terms of total overhead ozone (Hansen et al., 1948, Hanser and Sellers, 1990).

Two D3sibi instruments and a Columbia Scientific Industries ethylene-chemi luminescence
analyzer were r. ,ounted in the NCAR Electra during the Gametag flights during 1977-1978 (Davis,
1990; RouLhier et al., 1990). Large-scale anomalies of the ozone content at tropospheric altitudes
have been related to a folded tropopause (Danielsen and Hipskind, 1990).

In a ;oint program between the Institute of Applied Physics at the University of Berne,
Switzer"a-d, and the Max-Planck-Institute for Aeronomy at Katlenburg-Lindau, Germany,
Hartmann et al. (1981) used a microwave sensor on board a German research aircraft tuned to
the strong resonance of ozone at 142 lz to obtain an ozone mixing ratio profile between 25 and
60 km. Measurements of an 02 resonance at 53.6 GHz provide a simultaneous temperature
profile.

Ozone Sensors on Rockets

Although ozone sensors have been flown on small rockets for more than two decades, there is
no ene system that can be considered as 'operational', i.e., procured, deployed, analyzed and
reported according to detailed and well established procedures, a, are the meteorological data
Sondes. Each of the various rocket ozoneso..des requires continuing t c :entific and engineering
oversight and intervention to improve aad maintain reliability and data quality. In Table 1-11 are
listed groups that have been active in recent years.

Rocketsondes employing ch(^miluminescent dyes have proven to be useful when the surfaces are
prepared and calibrated with sufficient care, providing ozone profiles between 60 and 20 km with
an absolute accuracy of about 02% and a precision of about t6% (Hilsenrath and Kirschner,
1980). They are especially useful for studies of diurnal variation and during the polar winter
(Hilsenrath, 1971; Heath et al., 1974; Hilsenrath, 1990).

In the daytime, between about 60 and 100 kn:, the photolysis of ozone in the Hartley band is the
primary source of 0204), which then emits at 1.27 ym. Ozone profiles may then be deduced
from the altitude profile of the overhead intensity as measured by a rocket -borne infrared photo-
meter. Errors of the resulting ozone profile approach 20%, increasing towards the end of the
altitude range, but entirely adequate to show the layered structure of ozone in this region
(l.leweilyn and Witt, 1977).

Solar ultraviolet absorption has long been used by rocket-borne ozone sensors. Filter photo-
meters are often used because of their simplicity and relatively low cost. Limitations to the
accuracy include: knowledge of the filter transmission, especially in the long-wavelength wing;
measurement of and compensation for changes of the direction of the optical axis with respfct
to the Sun; correction for the scattered light contributions at altitudes below at-out 30 km; znd
adjustment of the ozone absorption coefficient for air temperature for wavelengths near 300 non.
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Tdble 1-11
Ozone Sensors for Small Rockets

Principle Responsible Group References

Solar UV Absorption B. Horton and J. Lean Lean (1981)
Filter Photometer Physics Dept. U. Adelaide Ryas (1980)

Adelaide, Australia

1.27µm from 0,)( 1ag) E. Llewellyn, B. Solheim, W. Evans Llewellyn and Witt (1977)
Infrared Photometer University of Saskatchewan, Saskatoon

York University
Atmospheric Environment Service
Downsview, Canada

Solar UV Absorption B. H. Subbaraya and S. Lal Acharya et al. (1979)
Filter Photometer Physical Research Labe ratory Subbaraya et al. (1981)

Navrangpura, Ahmedabad
India

Solar UV Absorpiton T. Ogawa and T. Watanabe Ogawa and Watanabe (1980)
Filter Photometer Uni,.c -sity of Tokyo Tohmatsu (1977)

Tokyo, Japan

Chemiluminescence on j	 t:. Hilsenrath Hilsenrath (1980)
Rhodsmine-B Surface I	 Goddard Space Flight Center Hilsenrath and Kirschner (1980)

Greenbelt, Maryland, USA

Solar UV Absorption A. Krueger Wright et — (1979)
Filter Photometer Goddard Space Flight Center

Greenbelt, Maryland, USA

Chemiluminescence V. Konkov, V. Kononkov and S. Perov Konkov, et al. (1981)
State Committee for Hydrometeorology
and Control of Natural Environment

USSR

Optical N. Brezgin, A Chizhov, and 0. Shtyrkov Brezgin et al. (1981)
State Committee for Hydrometcorology
and Control of Natura l. Environment

USSR

Optical Y. V. Somayajulu, S. Sampath, and Somayajulu et al. (1980)
Filter Photu..,eter K. S. Zalpuri

National Physical Laboratory
New Delhi, India
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A scanning UV spectrometer would be more costly, but exchanges the problem of internally
scattered light for the problem of the measurement and stability of interference filters. Under
the best conditions, the change of column content over an altitude interval of 1 km can be
measured with an uncertainty smaller than 5%. At the extremes in the altitude range, errors can
easily approach 20'x. When these ozone profiles are expressed in terms of waxing ratio versus
pressure attitude, the errors in estimating the relevant air ternperature and pressure must be
included in the associated estimated error.

The first six of these groups listed in Table 1-11 participated in an International Ozzne Rocket
Intercomparison (IORI) October 21 to November 4, 1979, sponsored by the World Meteorological
Organization. (Sundararaman et al., 1990, Sundararaman, 1981). In this effort, each type of
sensor was flown several times over a short period of time such that both the repeatability of
the instrument and its bias with respect to other types of instruments could be determined. A
detailed report is expected shortly, but preliminary data are given in Table 1-12.

Table 1 -:2
Preliminary Mixing Ratios (ppmv) for Three Midday Flights

IORI - October 21, 1979

Altitude (km)
25 30 35 40 45 50 55 b0Sensor Type

8.77 7.66 4.85 2.70 1.35 0.77
Optical 9.02 7.89 4.71 2.9
Horton and Lean 8.4 6.88 4.56 2.47 1.83 0.46

1.45 0.4
infrared 1.03
Llewellyn at al. 1.29 0.78

6.87 6.40 5.87 4.13 2.84 1.85
Optical 5.63 5.6 4.85 3.83
Subbara a and Lai 5.98 5.68 5.27 3.81 2.51

8.97 438 2.61 1.71
Optical 11.05 9.95 5.82 3.32 2.13

wa and Watanabe 9.87 7.61 4.82 2.89 1.92
r 8.06 9.72 9.59 7.56 4.8 2.57 1.53 0.89

Chemiluminscent 7.06 9.43 9.71 7.72 533 2.5 1.19
Hilsenrath 7.5 9.24 9.2 7.78 5.04 3.14 1,62 093

5.51 8.71 9.98 8.49 5.02 2._
Optical 539 8.71 9.58 8.45 5.18 2.42
Knuiar 5.24 8.93 1	 9.58 8.72 5.' 2.7

Awrap 6.46 8.14 8.75 7.58 4.77 2.70 1.58 0.77
DIV. 19 19 18 1' 11 20 ' 1

ECC-911 r.62
ECC-1017  8.80
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Systematic Differences

From the intercomparisons mentioned thus far and from some other studies the following points
can be made:

• When compared with profiles of better altitude resolution, Umkehr profiles tend to under-
estimate the ozone densities at the main maximum, especially if it is situated within layer 4
(20 to 24 km), e.g., see Figure 1-56. The Umkehr profile compensates for this by giving
values that are too high in the lower stratosphere (layer 2, 10 to 16 km) and, to some extent,
around 10 mbar (layer 6, 28 to 33 km). This compensation is evident in a comparison of
Umkehr measurements at Arosa (about 20 profiles per month) with ozonesonde (small
balloons) measurements from Payeme about 200 km away (about 10 flights per month). The
annual variations computed for each station are given in Figure 1-57; comparisons of
concurrent observations are given in Table 1-13.

• Profiles from small balloonsondes tend to cross over profiles from rocketsondes (mostly
Krueger optical sondes and Hilsenrath chemiluminescent sondes) near 30 mbar (24 km), with
the balloons giving larger values below 24 km and smaller values above. A study of
coincident rocket and balloon soundings from Wallops Island, Virginia, showed that at
5 mbar (36 km), the average rocket ozone profile was 30% higher than the average balloon
profile (Hilsenrath, personal communication, Mateer, 1980). However the mean rocket and
balloon profiles used in mid-latitude ozone models (Krueger and Minzner, 1976) agreed within
5% between 28 and 34 km.

t • The Krueger optical sonde provides larger values above about 35 km than does the Hilsenrath
chemiluminescent sonde; at lower altitudes the reverse is observed (see Hilsenrath et al.,
1979 and Table 1-12). In other comparisons (e.g., Tables 1-8 and 1-9) solar UV absorption
methods tend to give larger values for ozone than do in situ methods.

In the lower stratosphere, the best profiles available are generally from small balloonsondes.
Above the ozone density maximum, (25 km) errors due to pump efficiency, wall losses, and
pressure sensors become increasingly important. Above the ozone density maximum (--25 km)
the chemiluminescent and the optical (solar UV absorption) measurements are probably com-
parable in validity. The systematic bias with balloons is not as yet explained. Above —60 km
one must resort to the indirect method using the 1.27 um emission from ozone photolysis by
solar ultraviolet fluxes. It is to be noted, however, that only in situ methods are effective at
night unless one uses faint UV sources such as the moon, stars, or air glow. UAehr profiles,
being of such low altitude resolution, are not really comparable to balloon and rocket profiles
except as noted above; they should be classed with profiles from such systems as mm-wave
receivers (e.g., Wilson and Schwartz, 1981).

j%fodel and Reference Ozone Profiles

A mid-latitude ozone profile based on data prior to 1972 is included in the U.S. Standaid
Atmosphere, 1976 (also see Krueger and Minzner, 1976). Seventeen carefully selected rocket
profiles (12 day and 5 twilight) from sites between 30' and 60°N and a number of balloon profiles
from sites between 41° and 47N were used. The rocket profiles were from several different
experimenters with the majority based on Solar UV absorption.
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Table 1-13

Comparison of Concurrent Umkehr-Ozonesonde Observations
over Arosa/Payeme CNMO, 1981).

Umkehr Umkehr Ozonenonde Differ- Lower	 dary
Layer 241	 oints ence Atm Pressure Approx.
Number M (mbar) Altitude (km)(nbar) (nbar)

9 1.96 43
8 3.9 38
7 7.8 33
6 83.5 73.8 13.1 15.6 28
5 120.4 122.3 -1.6 31.25 24
4 116.6 139.7 -16.5 62.5 20
3 82.4 85.5 -3.6 125 16
2 62A 37.6 66.5 250 10.4
1 27.9 24.0 163 1000 0

Because the algorithms for the inversion of BUV and Dobson (Umkehr) radiance data require a
'first guess' ozone profile, existing balloon and rocket profiles have been analyzed for these
purposes. Total ozone and latitude zones (30° wide) are used as keys for selection of a specific
profile. Initial analyses were by Hilsenrath (1979) for use in the BUV algorithm. Mateer et al.
(1980) have recently repeated this for use with Umkehr data (see Table 1-14 and Figure 1-58). It
is to be noted that these data are significantly primarily for altitudes below about 40 km; total
ozone and latitude are not proven predictors for ozone values in the upper stratosphere and
mesosphere.

Diurnal 'variations

The diurnal variations of the ozone profile have been observed by various methods: Aimedieu et
al. (1981) analyzed balloon observations for a change in ozone immediately after sunrise (see
Table 1-15) and found consistent evidence of a decrease in ozone column content ab ,-)ut 40 km,
with a 5% local depletion at 42 km. At higher altitudes, the diurnal variations become much
larger. Observations of the mm-wave ozone emission line at 101.737 GHz show more than a
factor of two daytime decrease in the ozone column above about 76 km (Wilson and Schwartz,
1981). Data from the Australian optical rockets launched during the IORI are summarized in
Figure 1-59, comparing the daytime and nighttime flights (Lean, 19161). These are consistent with
earlier rocketsonde day-nighc comparisons, e.g. a daytime increase near 42 km and a large
nighttime increase above 60 km (Hilsenrath, 1911; Heath et al., 1974). The balloon data
(Aimedieu et al., 1981) do not compare midday with midnight, but show the transient occurring
at sunrise, which theoretical studies show to be negative, e.g., Herman (1979), Groves and Tuck
(1980), and Prather (1981).
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Figure 1 .58. Standard ozone profiles for low latitudes (left) middle latitudes (canter), and high 19,Jtudes
(right). The ticks on the ordinate axes inciate the upper and lower bounds of the layers.
Layer-mean ozone partial pressure (nanobers) is plotted at the mid-point of each layer
(Mateer et al., 1980).

ODD NITROGEN

Nitric Oxide (NO)

Introduction

NO has been the most extensively studied stratospheric odd-nitrogen species. The last decade
has seen numerous measurement programs apply a variety of experimental techniques at many
different altitudes, locations, and seasons. Thus, the problem in establishing a picture of our
best current experimental understanding of stratospheric NO is not a scarcity of data, but rather
of making a proper assessment and selection of the data.

-altitude Profile

There have been a large number of measurements by many different groups of the NO mixing
ratio as a function of altitude. The techniques employed in these measurements fall into two
classes: in situ and remote. While the long-path, vertical-column measurements from the latter
technique have provided some of the best information regarding the seasonal and latitudinal
variations for NO, 0-e determination of a detailed height profile from long-path data involves
deconvolution at solar zenith angles near 900 in order to obtain the maximum number of
absorbing molecules along the sight path. The rapid NO - NO 2 and NO2 — NO conversions at
sunset or sunrise complicate the comparison of these data with model predictions.

As a conse4uence, in situ measurements are used here to establish the NO height profile. A
limited number of midday long-path measurements are also included. The result is a more nearly
homogeneol s, relatively high Sun profile that should afford a better defined comparison between
observations and theory. The exclusion of the results of the remote techniques dces not unduly
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restrict the size of the data set on which the present height profiles can be based, since there
are a sizable number of in situ measurements made by several groups using a variety of
techniques: chemiluminescence deployed with balloons (Ridley and Howlett, 1974; Drummond et
al., 1977), aircraft (Loewenstein et al., 1975), and rockets (Mason and Horvath, 1976);
photoionization mass spectrometer (Aikin and Maier, 1978), spin-flip laser absorption (Patel et
al., 1974). A balloon-borne pressure-modulated radiometer (Chaloner et al., 1978) has been used
to obtain midday long-path information.

N

I

	

70 0 	 2	 4	 6	 8	 10	 12	 14	 16	 18	 20	 22	 24

LOCAL TIME (hours)

	

Figure 1 59.	 Data from the Australian optical sonde flights during the International Ozone Rocket Inter-
comparison at Wallops Island, Virginia, in 1979, related to the nighttime flight at 0427 local time

(Lean. 1981).

4ssuming instrumental reproducibility, the variations in the results from a series of flights
employing the same instrument are the best indicator of natural seasonal and geographic trends,
since it is likely that differences between the results o f different research groups and/or
instrument packages can be dominated by unknown systematic instrumental discrepancies.
Consequently, the approxh used is (a) to examine separately the data of each group that has
accrued sizeable sets for possible seasonal and geographic effects, and (b) then to combine the
data of all of the groups into an appropriate profile.
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Figure 1-60 shows the balloon-borne measurements of Ridley .and coworkers (Roy et al., 198U;
Ridley and Schiff, 1981; Ridley and Hastie, 1961) made in Octowf, 1977 and thereafter. All six of
these flights were made with a chemiluminescence instrument tie r, incorporated an Improved
Inlet and in-flight calibration procedure (Ridley and Schiff, 1981). The internal consistency of the
data set in Figure 1-60 strongly suggests that a sizable part of the much larger variation that this
group observed earlier from flight-to -flight was instrumental. For example, the nearly coincident,
half-filled symbols represent data gathered from three flights at the same place and season
(320N, fall), but in two different years. In addition, the data taken on two flights at the
corresponding Southern Hemispheric latitude, but different equivalent season (SH, summer), are
only slightly lower than the NH results. Lastly, measurements from the summer flight at 51°N lie
whclly within the 320 data set. Since the differences between the results of the flights are very
nearly equal to the variations within any one of the flights, these data present no evidence of
systematic patterns over the given parameter ranges: summer and fall, 50' to ArN and 30°5, solar
zenith angle 37 to 75°. Therefore, they present no reason not to take a factor-of-three-wide band
of NO mixing ratios as representative for these parameter ranges and for the indicated altitudes.

Figure 1-61 shows the rocket-borne chemiluminescence measurements made by Horvath and
Mason over a five-year period at one location, 39°N, and four seasons, (Mason and Horvath, 1976;
Horvath and Mason, 1978; Horvath, personal communication, 1981). There is good agreement
within the data set. The later measurements (1980 and 1981) have better precision because they
were taken on parachute descent, rather than rocket ascent. No clear seasonal trend emerges
from this data set. The data set's homogeneity does, however, establish a factor-of-three band
of NO mixing ratios at these altitudes, which are generally higher than those reached by Ridley
and coworkers. The chemiluminescence data sets of Drummond et al. (1977) and Weiler and
Fabian (1960) are not sufficiently large to per-nit internal consistency tests and are not included.

The measurement bands corresponding to the two extensive NO mixing ratio data sets are repro-
dticed in Figure 1-62. The width of the indicated ranges includes essentially all of the individual
measurements and their estimated uncertainties. The results of four other measurement series
are shown. The first is that of Loewenstein and coworkers, whose chemiluminescence
instrument has been flown extensively at two altitudes aboard U-2 aircraft (Loewenstein and
Savage, 19,75; Loewenstein et al., 1975, 1977, 1978a, b). The rectangles in Figure 1-62 represent
the range of NO mixing ratios found in spring, summer, and fall and over latitudes from 5° to
50°N. Measurements were also made in winter at mid -latitudes and above 50N. A pronounced
winter variation was found and is discussed in detail below. The winter variation, it^ excluded
from the data in Figure 1-62. The second measurement series represented in Figure 1-62 is a
short one, namely, two flights by Patel and coworkers, who used a spin-flip Raman laser to
detect NO in absorption in a multipass cell (Patel et al., 1974; Burkhardt et al., 1975). Although
only two flights were performed, the results, taken in the fall of 1973 and the spring of 1974, are
in remarkably good agreement for several hours at float altitude. A single data point,
representing the noontime mean, is given in Figure 1-62.

Figure 1-62 also includes the mass spectrometer data of Maier et al. (1978). Unfortunately, the
instrument was used only on this one flight. Also given in Figure 1-62 are the pressure-
modulated radiometer data of Roscoe et al. (1981). An earlier flight (Drummond and larnot,
1978) produced consistent results of considerably less precision and these are not used here.
The data of Roscoe and coworkers are the only daytime long-path NO height-profile information.
The uppermost datum is particularly valuable since it is at an altitude where there is only one
other set of measurements.

^3
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Figure 1-60. In situ NO mixing ratio measurements of Ridley and coworkers. All of the flights were made with
instrumentation that incorporated a new inlet and flight calibration procedures.
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Figure 1-62.	 In situ NO mixing ratio measurements of several series of flight yielding self-consistent results.

As Figure 1-62 shows, the data sets are in gr->d agreement. Even though there are some
discregNancies, there is nevertheless substantial overlap. There are, of course, some in situ and
remote measurements that have been excluded from this comparison and that conflict with the
data in Figure 1-62. It is worth stressing here that these exclusions were based on the reasons
given above and not on the fact that they conflict. Furthermore, some of the excluded
measurements agree with those in Figure 1-62.



1-62	 THE STRATOSPHERE 1981: THEORY AND MEASUREMENTS

The lowest altitude mass spectrometer and pressure modulated radiometer data have been
excluded. This seemed justified on the basis of the relatively large uncertainties attributed to
these data and the fact that they are significantly, different from a well-established body of data
obtained with various techniques. While one cannot rule out the possibility that mixing ratios
outside of the Individual range may indeed occur, one can say that there is no compelling
experimental evidence at the present that contradicts the range given in Figure 1-63. As a
consequence, this area is thought to represent the best current experimental status of the NO
Wtitude profile for northern (and perhaps southern) mid-latitudes (the equatorial zone is
excluded) and all seasons except winte •. The variation between extremes is typically a factor of
three at the lower altitudes. Howr,.ver, the uncertainty is considerably larger above 40 km.
Furthermore, because of the substantial difference between the results of Horvath and Roscoe
at 50 km and since the latter has only one data point at these altitudes, the uppermost limit on
the observed NO mixing ratios is quite uncertain above 50 km. The profile in Figure 1-63 is the
one against which the predictions of 1-D models can be best compared at the present. The
equatorial exclusion arises because of the paucity of data and the possibility of significant
differences from the equatorial latitudes. The winter and the high-latitude exclusions arise
because measurements have indicated that there are subttantial differences in the profiles at this
season and location, as described below.

Diurnal Variation

Observations have confirmed all of the major NO diurnal variations expected from the
stratospheric odd-nitrogen chemistry: essentially no NO at night, a rapid increase at sunrise, a
slow increase during the daytime, and a rapid decrease at sunset. All of these features have been
observed in detail with both in situ and remote techniques.

The most extensive set of observations are from the in situ stud's:s of Ridley and co-workers, who
used their balloon-borne chemiluminescence instrument. Figures 1-64 and 1-65 show sunrise and
sunset data, respectively. The sunrise 1975 flight employed two separate chemiluminescence
instruments (Ridley et al., 1977), neither of which had the improved inlet calibration procedures
adopted in 1977 (Ridley and Schiff, 1981). Although it might be fortuitous, the NO mixing ratios
are, however, in accord with those from their later flights (see Figure 1-60). Figure 1-65 shows
this group's sunset measurements (Ridley and SchiF 1951). Both sett of data reveal these
rapidly changing events in remarkable detail and Figure 1 . 64 clearly shows a slow NO increase
during the daytime.

Patel and coworkers have also examined these variations in situ, as is shown in Figure 1-66
(Burkhardt et al., 1975). The detail is less and no one flight covered the whole period, but the
use of an entirely different technique, spin-flip laser absorption, provides valuable corroboration
of the chemiluminescence results.

Long-path remote studies of the total column density of NO, thu3 far limited to sunrise and
sunset observations, show the early-morning and late-afternoon difference. Mankin and
coworkers have used Fourier transform absorption spectroscopy aboard an aircraft to measure
the daytime column density of NO above 12 km (Coffey et al., 1981). Their extensive
measurements, which are presented in detail below, show a factor of two larger NO column
density near sunset when compared to that observed after iunrise. However, Girard and
coworkers, using an IR spectrometer in a similar fashion, failed to find such a daytime variation
(Fontanella et al., 1975; Girard et al., 1978/79). The !eason for the discrepancy is not clear and
further comparisons of the result of Girard and coworkers with those of other groups are made
below.
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Figure 1 .
63. Current best observed NO mixing ratios in the northern and southern mid-latitudes in spring
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nescence instruments simultaneously flown on May 15,1979 near 33•N, 106'W.
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Figure 1 .66. The sunrise and sunset in situ NO measurements of Burkhardt at W. (1075) obtained with a

spin-flip infrared absorption instrument flown at 32'N, 96-1061111.

Loewenstein and coworkers have used their U-2-borne chemiluminescenee instrument to study
the 'diurnal' behavior of NO at 20 km during the 2b February 1809 total solar eclipse (Starr et
al., 1980). Figure 1-67 shows the results. During the eclipse maximum, the NO mixing ratio was
at or below the 0.003-ppbv detection limit. Although it is not related to this 'diurnal' behavior,
the equilibrium NO mixing ratios before and after the eclipse were about 0.1 ppbv, which, for the
20 km flight altitude, are lower than the spring-through-fall profile in Figure 1-b7. Whether this
is a winter pattern or a dynamics-controlled 'event' is not certain.

Scasondl 1 
'
aridtit»i

The variation of NO with season necessarily requires an extensive measurement program.
Fortunateiv, several such studies have been conducted with different techniques. The various
results are in reasonable harmony.

The most extensive of such investigations are those of Loewenstein and coworkers using a U-2
chemiluminescence instrument. The studies have revealed two major seasonal effects. The first
of these stems from a 4-year flight series at 21.3 km during all months of the year. The results
are shown in Figure 1-611 (Loewenstein et al., 1977). A rather sharp winter minimum and a
broader summer maximum is apparent. The ratio of the maximum and minimum concentrations is
about six. T he reproducibility of the pattern over 4 years makes it difficult to doubt its reality.

Furthermore, the same trend, although defiled by less data, has been found at 18.3 km.
Apparently, there are no other in situ or remote NO measurements that have been made at
raid-latitudes in December or January that could offer corroboration of the magnitude of this
effect. Although not directly comparable, vertical-column measurements do show slightly more
NO in the summer than in the. winter in mid-latitudes, but the ratio is only 1.4 (Coffey et al.,
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Figure 1-67. The in situ measurements of Starr at al. (1960) obtained with a chemiluminescence
instrument flown during a total solar eclipse at 20 km and 47 0N, 112V. The solid line
is a smooth representation of the data.
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1961). However, as noted in more detail below, these winter measurements were in mid-
February, which is somewhat later than the time at which the U-2 flights indicate the minimum
NO concentrations.

The second striking seasonal variation discovered by Loewenstein and coworkers is shown in
Figure 1-69. The data are from several summer and fall flights at 18 km altitude and from 5'N to
W N latitude. North of about 50° or 601, the NO concentration exhibits a marked seasonal
variation; the summer values are an order of magnitude larger than the fall values. There were no
winter or spring high-latitude flights, so only a summer-fall comparison is possible. The fall
high-latitude values are nearly zero; therefore, the winter values cannot be much lower. At 21
km, the high-latitude data are sparse; hence, the spring-fall difference seen at 18 km could not
be investigated.

Remote measurements have shown se-w of these seasonal features, but to a lesser magnitude.
Figure 1-70 gives the vertical-column values of Coffey et al. (1981), made by Fourier transform
Infrared absorption spectroscopy from an aircraft platform. The summer values are somewhat
higher than the winter values. Furthermore, there is a distinct reduction in the NO column at
S(pN in the winter, much like that found in the in situ data. The more limited measurements by
Girard et al. (1978/79), who used a similar absorption technique, do show a winter, high-latitude
reduction, but these observations were made in an earlier month. The values for the NO vertical
column above about 11 km obtained by Coffey et al. (1981) and Girard et al. (1978/79) are about
3.50015 cm-2 and 5.0x1015 cm-2, respectively. The difference is about equal to the combined
uncertainties.

Latitudinal I 'ariations

Between 5°N and about MYN, there is substantial evidence that the latitudinal variation of NO is
not large. Figure 1-69 shows the north-south variation for summer at 18 and 21 km altitude
measured by Loewenstein et al. (1978a). These data are typical of those obtained from their
other north-south transects. The largest 5N-to-RM difference is about 2.5, the values
increasing in a northern direction. Figure 1-70 has shown that the vertical-column data of Mankin
and coworkers (Coffey et al., 1961) exhibit only a small latitudinal variation between 5°N to 45°N,
approximately 1.3 at most. Moreover, the studies of Girard and coworkers (Girard et al.,
1978/79), which employed similar absorption technique,, found the same trends.

Othe p I ariatioNS

Although the height profiles of Ridley and coworkers have shown little change from one year to
another, there is some evidence that suggests that NO can vary considerably. Ackerman et al.
(1975) have reported order-of-magnitude differences between height profiles inverted from
long-path absorption data. No lengthy series of remote measurements of NO have been made,
however, and it is difficult to assess whether large changes occasionally occur in the
stratospheric NO mixing ratios.

Nitrogen Dioxide (NO2)

bitroductio ► 1

Several extensive flight and ground-based measurement programs have established a better
picture of stratospheric NO 2 in recent years. NO 2 is a rather variable constituent, both in time
and in location, and some of its now recognized variations, such as the winter minimum at high
latitudes, are an unanswered challenge to theory.
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Figure 1 . 70. The vertical-column measurements of NO above 12 km made by Coffey et al. (1981) with a
Fourier transform infrared absorption instrument in 1978, 1979, and 1980 at west longitude 80 to
119 degrees.

Altitude Profile

There are virtually no in situ measurements of NO 2 in the stratosphere; hence, essentially all of
the information about the NO2 altitude profile has come from remote techniques. Most of these
methods have required the long path associated with the rising or setting Sun, obtaining the
vertical variation of the NO 2 mixing ratio by unfolding it from the change of the slant column
density as a function of the viewing angle. Thus, the majority of the NO2 altitude profile
measurements are grouped into either sunrise or sunset profiles. The sunset mixing ratios of
NO2 are larger than those at sunrise, the increased NO 2 having been formed from the photolysis
of N205 . In addition to this sunrise/sunset difference, there are marked seasonal and latitudinal
variations in the vertical column of NO2 . As noted in detail below, the NO2 vertical-column
values increase with increasing latitude and are larger in the summer than winter. Therefore, the
large number of profile observations must be gathered into subgroups of certain times, places,
and seasons, in order to have a well-defined, homogeneous profile. The largest of these is the
subset of sunset profiles. This subset is examined here to see if they also show latitudinal or
seasonal trends.

Figures 1-71, 1-72 and 1-73 show observed sunset profiles at approximately 32°, 48', and SS'N,
respectively. Each profile is made up of at least two flights. The error bars reflect the reported
uncertainties.
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Figure 1 . 71. Remote measurements of the sunset altitude profile of NO 2 made at 32 to 33`N latitude.
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Figure 1-71 contains the results of the extensive flight series of Murcray and coworkers, who
employed infrared (Murcrav et al., 1974; Blatherwick at al., 1990 and visible (Goldman at al.,
1978) absorption techniques from a balloon platform launched in the southern United States.
Accompanying these data are the results of the two recent flights of Fischer and coworkers
(personal communication, 1961). The data set includes winter, spring, and fall flights, but there
are no obvious seasonal differences between the profiles. This lack of variation is in accord with
the vertical-column observations, which (see Figure 1-78 below) find little seasonal variation at
latitudes below 3511. However, the lack of a summer flight precludes the most sensit ive test,
namely, a summer/winter comparison.

Figure 1-72 gives the results of flights that were made in the early 1970s using infrared absorp-
tion on balloon (Ackerman and Muller, 1973; Ackerman et al., 1975) and aircraft (Fontanelle et
al., 1975) platforms in France. The 16x10"9 value of Rigaud et al. (1977) at 37 km in May of 1976
seemed too large to warrant inclusion. Three seasons are represented (winter is missing), but
the small data set and the experimental uncertainties complicate the examination for seasonal
trends.
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• Fontanelle at al. 11975)
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Figure 1 . 72. Remote measurements of the sunset altitude profile of NO 2 made st 45 to WN latitudes.
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Figure 1-73. Remote measurements of the sunset altitude profile of NO 2 made at 51 to 51N latitudes.

Figure 1-73 shows the results from flights made over a 3-year period in Canada using visible
absorption techniques (Kerr and McElroy, 1976; Evans et al., 1978). Two sets of results are
shown. T he data of Evans et al. (1978) summarize the results of four flights. All five flights
occurred in the summer.

The data in Figures 1-71, 1-72, and 1-73 are in good agreement within each latitude range. The
high-latitude mixing ratios are up to a factor of two larger than the mid -latitude values in the
range from 15 to 30 km, as a comparison of Figures 1-71 and 1-73 shows. Since the
concentrations associated with such profiles reach a maximum value at about 25 km, these larger
high-latitude values cause the associated vertical-column value to be larger. Although the
uncertainties are relatively large, this 2.40015 cm-2 difference, which is a 50% increase
corresponding to a 2 (P change in latitude in the surlymr, is in good agreement with the change
that has been observed in vertical-column svidies of the latitudinal dependence of NO2 in the
surrxner. Unfortunately, no one research group has data represented in two or more of Figures
1-71 through 1-73. Therefore, it remains possible that the agreement may be fortuituous,
particularly since the 45° to 5^1 vertical-column datum does not fit very well into the trend. It
is nevertheless reassuring that the associated vertical-column values determined from these
profiles agree fairly well with those directly measured (see Figures 1-78 an.i 1-79 below).
Furthermore, the forthcoming SAGE satellite results (McCormick, personal communication, 1981)
are quite consistent with these data.

One-dimensional model and observations can probably best be compared usi.ig the 32 to 33N
profile in Figure 1-71. However, the large zenith angle associated with these sunset
measurements implies that a m.-cmingful comparison will not be straightforward.
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Figure 1-74 contains the results of measurements that were made in full daytime and nighttime.
The daytime studies are from the long-path pressure modulated infrared radiometer of Roscoe et
al. (1981) and the in situ matrix isolation collector of Mihelcic et W. (19a8). Earlier daytime
long-path studies (Harries et al., 1976; Drummond and Jarnot, 1948) had considerably less
precision and are not included here. The nighttime study is the long-path absorption
investigation of Naudet et al. (1980), who used a star as light source.

LXurnal Variations

Both vertical-profile and vertical-column measurements have defined the diurnal variation of
NO2. Figure 1-75 shows the morning-evening difference reported by Evans et W. (1978), who
averaged the results of four flights. The decrease from evening to morning is about a factor of
two, which agrees with vertical-column measurements. Figure 1-76 shows the results of Mankin
and coworkers (Coffey et al., 1981), who used infrared absorption spectroscopy aboard an
aircraft. Noxon's ground-based absorption spectroscopic technique (Noxon et al., 1979; Noxon,
1980) shows a factor of two larger NO2 vertical column density at night when compared to
daytime values, which is consistent with the above studes. Girard et al. (1978/1979), using
similar techniques, did not initially find a sunrise-;unset difference; however, recent, more
precise measurements (Girard, personal communication, 1981) have found this difference.

Seasonal Variations

The seasonal variations of NO2 are best illustrated by the extensive ground-based measurements
of Noxon (1979). Figure 1-77 shows the results of 4 years of vertical-column measurements at
various northern latitudes. The winter minimum and summer maximum is extremely regular and
the ratio is as large as a factor of five at the higher latitude. Girard et al. (1978/79) report the
same seasonal trend, but it is less well defined in their smaller data set. Other vertical column
measurements have also been less extensive and some unusually large values have been reported
(Pommereau and Hauchecorne, 1979).

Latitudinal Iariations

Vertical column measurements have demonstrated that NO2 increases with northward latitudes.
Figure 1-78, which gives the airborne measurements of Mankin and coworkers, shows an increase
of 50% between SN and WN, independent of season (Coffey et al., 1981). This lack of a strong
seasonal variation at 3001 is consistent with the profile data in Fi g ure 1-71. The vertical column
value of Ogawa et al. (1981), 70015 cm-2, from a 4001, May, balloon flight is in good agreement
with the summer data of Coffey et al. (1981).

At the higher ;atitudes, however, there is a pronounced seasonal effect. This is best illustrated
in Figure 1-79, which gives the measurements of Noxon (1979), who first noted this unusual
effect. In the summer, the NO2 continues to increase with increasing latitude. However, in the
winter, the polar NO2 is very low, changing aL uptly at about 45'N. The Southern Hemisphere is
found to ritirror the Northern in this regard (Noxon, 1978).

Other Variations

Noxon et al. (1979) have found that the vertical column density of NO2 can change a factor of
two within the time span of a few days. Figure 1-80 illustrates this phenomenon. On 26 April
1976; the NO2 abundance increased sharply, ut0y to fall within a day or so. The effect has been
related to transport. This obviously implies that a single NO2 profile cannot always be associated
with a given location and season.
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Figure 1 .78. Latitudinal and seasonal variations of the late-aftemoon vertical column of NO 2, as measured by
Mankin and coworkers using aircraft-borne infrared absorption techniques (Coffey at al., 1981).
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re 1-79. Latitudinal and seasonal variations of the late-afternoon vertical column of NO2, as measured by
Noxon (1979) using ground-based visible absorption techniques. The values represented by the
open and filled circles should be multiplied by 1.6, all others by 1.25 (Noxon 1980).
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Figure 1-80. The daily variation of the vertical column of the nighttime, late-afternoon, and early morning
NO2 at MO N in April and May 1976, as seen by Noxon at al. (1979), using ground-based
visible absorption spectroscopy. The abundances should be multiplied by 1.25 (Noxon, 1980).

Nitric Acid MNO3)

bitroduction

HNO3 has been studied with a variety of in situ and remote techniques. The main features of the
height profile have been established and much of the latitudinal variation is now well
established. The current status is summarized in the section below and the details are contained
in the remaining sections.

^lltitude i'rOfile

The altitude profile of nitric acid in the stratosphere has been established experimentally by in
situ and remote techniques at Northern Hemispheric mid-latitudes and is shown in Figure 1-81.

Two in situ methods are represented. The first is that of Lazrus and Gandrud (1974b), who used
a filter collection technique on balloon and aircraft platforms. The second in situ method is the
rocket-borne ion-sampling technique of Arnold and coworkers (1980, with which the HNO3
mixing ratio is deduced from the observed ion concentrations and the ion chemistry leading to
their formation from the ambient HNO3.

The remote measurements have employed the long path associated with the rising or setting Sun.
Since HNO3 has a long lifetime, the time of the day at which the measurement was made is not
as critical a parameter as it is for NO and NO2 . Thus, both in situ and remote measurements can
be meaningfully intercumpared in Figure 1 -61. Both infrared emission (Evans et al., 1978; Harries
et al., 1976; Murcray, personal communication, 19W) and absorption (Fontanella et al., 1975; and
Fischer, personal communication, 1960) have been used. The data of Evans et al. (1978) represent
the mean of the results of four flights. All of the data in Figure 1-81 are in good agreement, with



1-98	 THE STRATOSPHERE 1991: THEORY AND MEASUREMENTS

the exception of the lower-altitude results of lazrus and Gandrud (1974b) which tend to be
lower than the other measurements.
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O MAY 1979 31"N	 O	 NORTH
c FES 1979 31,,N
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EVANS ET AL 119781
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Figure i•81. In situ and remote measurements of the HNO 3 mixing ratio at northern mid-latitudes.

There is no obvious seasonal trend in these profile data. lazrus and Gandrud (1974b) reported
that their winter and spring measurements showed higher HNO3 concentrations than did their
surtuner avid fall measurements, but the data were too sparse to be able to make a mole positive
statement. The vertical column density associated with these profile measurements in Figure 1-81
is (8.6 2 4.0) x 1015 cm-2, which is in fair agreement with the vertical-column measurements
discussed below.

Ulu rnal I 'ariation

No change in the HNO3 abundance as a function of the time of the day has been observed.

Seasvrval I 'ariativry

At latitudes less than about 4011, there is no strong evidence to support a large seasonal
variation. The vertical-column measuvements of Mankin and coworkers, who used an
aircraft-borne infrared absorption instrument (Coffey et al., 1981), found essentially no
summer-to-winter change, as Figure 1-87 shows. lippens avid Muller (1981) found the slightly
higher value (1.8 10.4) x 10 16 cm-2 at 4011 in April.
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Figure 1-82. Evidence for the lack of seasonal variation in the vertical column density of HNO3
at latitudes less than 40° as measured by Coffey at al. (1981) using infrared absorption.

Latitudinal I 'ariation

The latitudinal variation of the vertical column of HNO 3 is well documented (Murcray et al.,
1975, Coffey et al., 1981). There is a strong increase in the vertical-column density with
increasing latitude, both in the Northern and Southern Hemispheres. Figure 1-83 shows the data
of Murcray et al. (1975). Above about 50 to 60 1N latitude, there appears to be a pronounced
seasonal variation. At these high latitudes, the winter HNO3 concentration is high (see Figure
1-82) and in the early summer, it seems to be much lower, as the data of Murcray et al. (1978) in
Figure 1-84 show.

Other I 'ariations

The observational program of Murcray and coworkers has also found that the vertical column of
HNO 3 has short-term variability, as Figure 1-85 indicates. Within a few days, changes of 60%
occurred, presumably due to atmospheric dynamics.

Nitrogen Triw kle (NO3)

A single height profile is available for nighttime NO3 (Naudet et al., 1981). The measurements
were made at 43'N in September from a balloon. They are based on absorption in the visible
region using Venus as the light source. The derived profile and stated uncertainties are shown in
Figure 1-86.

The corresponding column abundance between 20 and 39 km is(3.5 t 1.2)x10 13 crn-2 . This
appears to be consistent with Noxon's estimate of about 1014 cm-` the spring and an upper
limit of 40013 cm-2 in the summer.
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Nitrogen Pentoxide (N205)

There have been no new measurements of N20S. This situation remains as reported in NASA RP
10+9: A tentative detection of 2 ppbv at 30 km a few hours after sunrise by Evans et al. and an
upper limit of 1.20015 cm -2 above 18 km in February by Murcray.

Peroxynitric Acid (HO2NO2)

Despite the recent interest in this species no detection of its presence has been reported. 'The
upper limit remains at 0.4 ppbv as reported in NASA RP 1049.

ODD HYDROGEN

Hydroxyl Radical (HO)

Hydroxyl has been observed in the stratosphere by four independent techniques:

• Solar flux induced resonance fluorescence observed by a rocket-borne spectrophotometer
(Anderson, 1971a; Anderson, 1971b) which provides a local concentration measurement by
determining the change in total column emission rate as a function of altitude.

• Balloon -borne in situ molecular resonance fluorescence using a plasma discharge resonance
lamp to induce fluorescence. The fluorescence chamber is lowered through the stratosphere
on a parachute to control the altitude and velocity of the probe (Anderson, 1976; Anderson,
1980).

• Ground-based high resolution solar absorption by a PEPSIOS (Poly-Etalon Pressure Scanned
Interferometer) instrument which resolves a single rotational line in the (0-0) band of HO at
309 nm. The total column density of terrestrial HO between the instrument and the Sun is
observed, dominated by the altitude interval 25 to 65 km (Burnett 1976, 1977; Burnett and
Burnett, 1981).

• Balloon-borne laser induced detection and ranging (IIDAR) in which a pulsed laser system
coupled to a telescope is used to observe the backscattered fluorescence from HO. The laser
is tuned to the 1-0 band of the A-X transition at 282 nm and the fluorescence at 309 nm
(the 0-0 band) is observed as a function of time following the laser pulse (heaps and
McGee, 1961).

Rocket-Borne Solar induced Fluorescence

A single rocket-borne 110 observation (Anderson, 1971b) constitutes the only observation of this
radical above the stratopause and because of the importance of this region to the interpretation
of ground-based data, we must treat the accuracy and precision of the method.

The technique employs a high resolution scanning spectrophotometer ma^unted in the nose of the
rocket, looking vertically as the rocket ascends. The spectrometer is polarized and rotated about
the roll axis of the rocket to discriminate against Rayleigh scattered light from N 2 and 02 (which
is polarized) that otherwise masks the fluorescence emission from HO (which is not polarized).
As the instrument ascends, the total column emission above the rocket is measured. That column
brightness, 4,r I, is related to the HO column concentration, N, by the expression:

4 it J = n F n e2 A fNs

mc2
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where it F is the solar flux at each rotational line of the (O.0) hand of the A-X transition of
HO, a Is the wavelength, f is the oscillator strength of thi transition and e, rr , and c have their
customary definitions. Collisional deactivation is exF .-s;cd by B , the ratio of the radiative rate
to the sum of the radiative rate and the rate of collisional deactivation. Experimental uncertain-
ties are surnmarized in the table below:

Quantity	 Uncertainties

Solar Flux, rr F	 330%
Oscillator strength, f	 320%
Quenching coefficient, 8	 t15%
Background subtraction 	 t30%

A root mean square uncertainty of tN% is adopted in this report.

Balloon-Borne In Situ Resonance Fluorescence

This method employs the allowed transition between the A 2 Eand the X2listate of HO at 309
nm. HO resonance radiation is obtained from a low pressure plasma discharge in helium and a
trace amount of H 2O vapor. This radiation is collimated and passed across a flowing sample of
stratosphere air created by lowering the instrument through the stratosphere on a stabilized
parachute. Photons resonantly scattered from the beam by HO are counted by a photomultiplier
observing the axial region of the flow which is passed through the core of an aerodynamically
shaped vessel. The vessel both contains the flow, to allow controlled chemical conversion to be
carried out, and isolates the detector from the radiation environment of the stratosphere.

The instrument is calibrated in a laboratory flow reactor which is capable of forming a known
concentration of HO at pressures and flow vciocities appropriate to the stratosphere
observations. Because the instrument is reproved from the laboratory system and flown without
change, it is necessary only to determine the proportionality factor relating observed count rate
to the absolute HO concentration for a given photon flux. Thus, the accuracy of the calibration
depends only on uncertainties in the absolute HO concentration in the laboratory system.

A detailed account of experimental uncertainties (see Anderson, 1975) implies an overall
experimental uncertainty of t30%.

Ground-Based High Resolution Ultraviolet .4 bsorption

The Poly-Etalon Pressure Scanned Interferometer (PEPSIOS) instrument developed by Burnett and
Burnett (1981) for the detection of total 1 10 column density uses a single rotational line in the
(0-0) band at 309 nm. Given that the rotational line is fully resolved by the instrument, and the
absorption cross section is a carefully measured an:i well known Quantity, the major
experimental uncertainty results from the proper subtraction of the background radiation. While
this process is complicated to some degree by stray light in the instrument a careful anal ysis by
Burnett and Burnett (1981) implies an accuracy of t25% for the reported results.

Balloon-Borne Lidar Detection of HO

The lidar technique for the measurement of HO radicals in the stratosphere consists of a laser
tuned to excite the radicals, and a telescope to detect the resonance fluoresence. The laser is a
frequency doubled tunable dye laser which is pumped by the second harmonic of a Nd-YAG
laser. The laser is tuned so that the UV output is coincident with either the P1(2) or Q1(2) lines
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(at 261.9 nm or 282.06 nm respectively) of the (1, 0) manifold of the A-X transition In HO. The
laser has a bandwidth of 0.0025 nm and a temporal pulsewidth of 9 to 10 nsec, with an energy
of 1.0 to 1.5 ml/pulse. Because of collisions, fluorescence from the radical originates from
both the v' = 1 and v' - 0 and a band of fluorescence 10 nm wide centered at 310.0 nm is
detected. This includes both the (0,0) and (1,1) emission manifolds. Photon counting electronics
are used to collect the signal. Time gating of the detectors allows for measurements at various
distances away from the package. The photon return can be expressed as follows:

/' R2P = IT NOH^ °abs 0C fl J	 e- OR dR
R1

Where IT is the transmitted flux in photons/pulse (350% uncertainty)
A is the area of the receiver (<1 %)
Y is the efficiency of the receiver and electronics (t10%)
G abs is the absorption cross section of the transition taking into account the laser and

absorption lineshapes and widths (t25%)
0 is the HO population in the appropriate rotational level in the ground state (0%)
cfl is fluorescence efficiency term (6%)
R is the range from the balloon (<1 %)
e-a R is attenuation of the transmitted beam due to 03 absorption (t1 %).

This term is measured simultaneously using a differential absorption Lidar technique.

The estimated contribution to the uncertainty of the extracted HO concentration by each
parameter is included in parentheses. It should also be noted that in the instance where the
signal is collected near to the balloon, an additional term taking the lifetime of the excited state
into account is required (Heaps, 1980).

The ranging capability of the Lidar system enables uncontaminated air to be sampled. But this
fact also renders calibration more difficult since absolute quantitative spectroscopic data are
required to interpret the returned signal. Errors are therefore introduced from uncertainties in
absorption cross section (McGee and Mcllrath, 1982) and collisional transfer and deactivation
rates (German, 1975, 1976; Lengel and Crosley, 1975). The efficiency of the detector chain
(telescope, spectrograph, photomultiplier tubes and counting electronics) is determined using a
calibrated star source with 10.0 nm bandpasses centered at the detection wavelengths of the
system. The total systematic error in the HO concentration from all the above sources is
estimated to be t57% (IIMS).

Figures 1-87 to 1-90 present data from (a) the upper stratosphere-mesosphere rocket data from
Anderson ('1975) (Figure 1-87); (b) the stratosphere balloon data using in situ resonance
fluorescence (Anderson, 1980), and LIDAR (Heaps and McGee 1961) (Figure 1-88); and (c) a
composite of the two data sets with an upper limit on the mean tropospheric HO concentration
taken from the methyl chloroform lifetime studies and the tropospheric laser experiments (Figure
1-90).

Figure 1-89 presents the diurnal data taken with the LIDAR instrument on October 20, 1980. The
data from the figure is summarized in Table 1-16. It should be noted that the midday values are
2 to 3 times lower than Anderson's values and the evening values do not drop as rapidly as
might be expected. A simplistic model based on HO-4102 chemistry predicts HO values in the
neighborhood of 24005 molecules/cc which is somewhat lower than measured, but due to the
large errors associated with the measurements, they do not appear to be totally inconsistent with
the model. Artificially produced HO (initiated by the dissociation of 03 by the laser pulse),
appears to be insignificant.
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Figure 1 .87. Rocket-borne measurements of HO radical in the mesosphere and upper stratosphere
(Anderson, 1971b).
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Figure 1 .89. Diurnal vatiation of HO radical at 34 to 36 km. Vertical error bars are one standard
deviation due to counting statistics (Heaps and McGee 1961).
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Table 1.16
Balloon UDAR Hydroxyl Measurements at 34 .36 km

Local Time (CDT) (HOI in Molecules/cc

1347-1410 4.9(6)t6.4(6)
1459-1534 5.2(6)343(6)
1841-1853 2.9(6)33.8(6)
1856-1926 3.5(6)±1.2(6)
2005-2015 3A(6)±1.9(6) 
2050-2119 7.8(5)±63(5)

Several features of the profile will be referred to throughout this section. First the total column
concentration of HO determined from an integral of the in situ observations and an estimate of
the upper mesospheric profile is 6.9x1013 cm-2 . The fractional contribution for each 15 km
Interval between 0 and 90 km is given in Table 1-17.

Second, the altitude interval over which the balloon and rocket data extend from 30 to 70 km,
encompasses all but 13% of the total column concentration. Thus the ground-based observations
provide an excellent cross check on the absolute concentration determined by the in situ
techniques.

The total column density of HO has been observed by the PEPSIOS and reported in Burnett and
Burnett (1981). Based upon a total of 270 observing days extending from December 1976 to
December 1979, the midday abundance of IiO averaged over all seasons is 5.700 13 cm-2. All
reported PEPSIOS observations were made at Fritz Peak Colorado, 40'N latitude. Given the cited
uncertainty of the in situ observations of *40% and of the total column observations of 325%,
the observed absolute concentrations are consistent and are summarized in Table 1-18.

All observations by PEPSIOS were taken between a solar zenith angle of 70° following sunrise
through noon to a zenith angle of 70' prior to sunset. The period of observation was from
1976-1979 with a total of 270 observing dA-vs which yielded 900 data sets with equal to or less
than one hour time resoisition. The diurnal 'behavior of the column density was fit to a curve in
sec X which is characterized by an overhead Sun maximum of 7.1x1013 cm-2 decreasing to
4.9x1013 cm-2 at sec X -2 (solar zenith angle 6(P). The following systematic departures from the
mean were observed:

1. An annual increase of 1x1013 cm -2 in total column.
2. A gradual decrease of about 25 to 30% between spring and fall.
3. Diurnal oscillation observed with systematic changes of 30 to 40% which show a clear

solar flux dependence on both a diurnal and annual basis.
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Table 1.17
Contribution of Each Altitude Interval to the Integrated Column

Altitude Contribution Fraction Integrated
Interval To Total Of Total Column

Integral Integral Density

0.5 1.5 x 10 12 0.02

15-30 3.4 x 10 12 0.05

30-45 3.2 x 1013 0.46 6.9 x 10 13cni 2

45-660 1.9 x 10 13 0.28
6075 8.8 x 10 12 0.13
75.90 4.3 x 10 12 0.06

Table 1-18
Summary of the Comparison Between the int:s#ted In Situ Results from Balloon and

Rocket Data and the Ground-Based Total Coin: •. n Observation

Composite of the In Situ HO Data Ground-Based Total Column HO

6.9x10 13 cm-2 :5.7x 1013cm2

Uncertainty t 40% Uncertainty t 25%

Conditions: Midday, 32*N Conditions: Midday, 40'N
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The observed and predicted diurnal behavior of total column HO is summarized In Figure 1-91. A
representative data set is shown in Figure 1-92, indicating the scatter about the mean.

A reanalysis of the December 1976 data (from Burnett, 1977), using more advanced methods for
baseline determination established a mean of 3.1 s 0.6x1013 cm-2 for midday. Figure 1-93 shows
the evolution of the monthly mean from December 1976 to December 1979. There Is an apparent
increase of approximately 1x1013 cm-2 per year during that 3-year interval. Correlating such an
increase to the 11 year solar cycle was suggested by Burnett and Burnett (1961) but such a
dramatic change seems difficult to rationalize and will require more extensive data coverage and a
far more thorough analysis of solar cycle flux variations with an associated mechanistic
hypothesis before it can be accepted.

The seasonal behavior in the total column of HO is a recurring and extremely interesting feature
of the data in Figure 1-93. There is a clear suggestion of a springtime maximum in HO and a fall
minimum. One very important advantage to be gained from a more extensive geographic coverage
with such ground-based observations would be an examination of this seasonal behavior as a
function of latitude. The correlation of this dependence with other constituents such as 03,
H 2O, NO2 and CIO would be significant.

An unexpected and as yet unexplained aspect of the ground-based observations involves the
appearance, particularly in the 1978 summer data set, of a zenith angle dependence (Figure 1-94).
There Is a distinct minimum in the observed column following local noon. The early afternoon
decrease shows an abrupt drop of 4-5x10133 cm 2 with a subsequent increase of 3.5x1013 cm-2
followed by the conventional decrease toward sunset. The authors believe that it is not an
artiract of the data reduction or of instrumental performance. The oscillatory behavior shown in
Figure 1-44 persisted into the late summer of 1978 but was not apparent in the 1979 data sco
which was taken with the same instrument at the same site using the same data reduction
method. There was also a systematic progression of the position of the maximum and minimum
through the 1978 season.

In summary, an analysis of balloon and rocket data of HO in the stratosphere and ground-based
total column observations leads to the following conclusions:

1. There is substantial agreement among the three: techniques; the in situ data provides a
consistent picture of the altitude dependence of HO between 30 and 70 'un implying a peak
concentration at 40 km of 2.4007 cm-3 and a total column density at midday of 6.9x?013
cm 2. The midday total column abundance determined from the ground is S.700 13 cm-2 as
summarized In Table 1-18.

2. There is a systematic increase of approximately 1x10 13 cm-2 per year between December 1976
and December 1979 and a suggestion of a yearly spring maximum and fall minimum. The
spring to fall decrease is approximately 30X•

3. It is clear that a knowledge of the HO distribution between 15 and 30 km is of the highest
priority. This need results not only from the fact that HOx becomes an increasingly
important component of the odd oxygen destruction rate below 30 km but also because the
photochemical parritioning of chlorine and nitrogen depend on the HO concentration.

Hydropwoxyl Radical ("02)

Two techniques have thus far been used for the detection of H02 in the stratosphere.
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• Balloon-borne cryogenic matrix isolation followed by laboratory detection of H02 by Electron
Paramagnetic Resonance methods. The experiment is carried out by drawing a stratospheric
sample into an evacuated flask, collecting the sample on a 'cold finger' at a given balloon
float altitude, closing the flask and returning it to the laboratory for analysis (Mihelcic et
al., 1978).

• Balloon-borne chemical conversion followed by molecular resonance fluorescence detection.
H02 is converted to HO by the rapid bimolecular reaction H0 2 * NO - HO • NO 2. The
product HO is then detected by molecular resonance fluorescence using a microwave
sustainea plasma discharge lamp to induce fluorescence in the (0-0) band of the A 2 E - x2iT
transition at 309 nm. Chemical conversion and detection is done within a chamber lowered
through the stratosphere at a controlled velocity on a parachute (Anderson, 1980; Anderson
et al., 1981).

A total of four H02 observations have appeared in the literature, one by the matrix isolation
technique and three by the resonance fluorescence method. Those observations are summarized
in Table 1-19 in chronological order.

As noted in Table 1-19, the sample collection of Mihelcic et al. (1978) was initiated immediately
following sunrise at a solar zenith angle of 85% The conversion to midday for comparison with
models and other observations was carried out using the diurnal calculation of Logan et al.
1978. That correction factor is significant - a factor of two - and attempts to account for the
period over which the sample was collected.

The data summarized in Table 1-19 are presented graphically in Figure 1-95. There is significant
scatter evident in those observations which should not be attributed to atmospheric variability
until:

• The signal-to-noise ratio of the observations is improved;
• Simultaneous observations of photochemically related species such as HO or 120

demonstrates a correlation in concentration fluctuations.

Atomic Hydrogen (H)

There are no reported observations of atomic hydrogen in the stratosphere either direct or
indirect, nor have any upper limits been reported.

Hydrogen Peroxide (H2O2)

The only reported observation of 11 2:)2 is the tentative result reported by Waters et al. (1981)
using the Balloon-Borne Microwave Limb Sounder (BMLS) to observe the purely rotational
emission of 11 202 at 204 GHz. All aspects of the experimental hardware and uncertainties
analysis are identical to that discussed in the RMLS section of the CIO discussion.

ODD CHLORINE

Chlorine Oxide (CIO)

Four i.*thods have been successfully applied to the detection of stratospheric CIO:

1. Balloon-borne in situ resonance fluorescence methods (Anderson et al., 1977; Anderson et
al., 1980; WeinstoT_et al., 1981).
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Table 1.19.
Summary of Experimental Parameters for the H02 Observations

launch Sola Reference/
Date/ Zenith Experimen-
Lad- Angle tal Uncer-
tude tainty Observed Data

Altitude0b„) 31.8

Observed
1x10.10

818/76 85' Mihdeic
53'N et al., HO2 mixing

1978 ratio
Factor
of three Corrected

to midday

Altitude(kin) 37 35 33 31 29

Observed9/20/77 41' Anderson
et al., resonance 17 9 13 8 2
1980 fluorescence
± 45% SHO2

HO2 mixing 71x10-10 1.84x10-10 8.5x10- I I 58x10- 1 l 7x10-11
ratio JHO21
IMj

Detection
threshold 1.1x10.10 8.2x10.11 7.0x10.11 7.6x10- 11 6.4x10.11

Altihade(km) 37 35 33 31 29

Observed10/25/77 45' Anderson
32'N et al., resonance 3 3 9 5 —

19W fluorescence
s 45% SHO2

HO2 mixing 3.6x10-10 3.7x10.10 6.9x10-10 2.Ix10- 10 <1.Ox10.10
ratio (HO21
IMI

Detection
threshold 1.6x10-10 1.5x10- 10 1.5x10-10 1.0x10- 10 1.OxIO.10

Altitude(km) 37 35 33 31 29

ObservedAnderson
12/2/77 )0' et al., resonance 33 25 20 22 16
32'N 1980 fluorescence

± 45% SHO2

HO2 mixing
ratio IH021/ 3.4x10.10 23x10.10 4.2x10.10 3.4x10- 10 1.7x10.10
(Mj

Detection
threshold 8.1x10-11 6.0x10- 11 4.6x10-11 8.8x10.11 8.7x10-1I
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Figure 1-95. Vertical profile of H0 2 from balloon-borne resonance fluorescence measurements

(Anderson et al., 1981).

2. Balloon-borne laser heterodyne radiometry for the remote observation of CIO at, and
immediately following, sunset (Menzies, 1979; Menzies et al., 1%1).

3. Ground-based mm-wave emission spectroscopy of the CIO total column at 204 GHz (Parrish
et al., 1981).

4. Balloon-borne mm-wave emission spectroscopy of CIO at 204 GHz (Waters et al., 1961).
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Although a clear consensus has yet to emerge on many crucial aspects of stratospheric chlorine
chemistry, significant advances in our perception of several first order questions has evolved from
the comparison of results obtained with the techniques cited above. In the following sections,
results from those independent investigations are reviewed in order to first isolate those points
upon which agreement has been reached and second, to identify the key questions which remain
unanswered.

Discussion of Analytical Techniques

Balloon-borne in situ resonance fluoresence. The in situ CIO results reported here employed the
detection of atomic chlorine using05/2 - 2P3/2 transition of atomic chlorine at 118.9 nm
following the conversion of CIO to Cl using the rapid bimolecular reaction:

CIO + NO -i Cl + NO2

Detection is accomplished within a hollow, aerodynamically shaped 'pod' lowered through the
stratosphere at a controlled rate (40-10Om/min) by a stabilized parachute deployed from a
balloon over the stratopause (44 km). The high velocity flow thus passes unrestricted through a
detection chamber within the pod. This isolates the detector from the beam of resonant photons
used to induce fluorescence and from the radiation environment of the stratosphere and
contains the flow so that controlled, chemical conversion can be effected within the flowing
sample.

The observed detector count rate from Cl atom fluorescence, under optically thin condition=.
appropriate to these experiments, is given by the expression

SCI =1 fF (A)a(A)dA 	 ETn}t[CII	 (21)

where the integral is the convolution of the lamp flux and the atomic absorption cross
section; E is the detector collection efficiency, equal to the ratio of the photons collected to the
total number scattered from a point within the region defined by the intersection of the lamp
beam and the detector field of view; T is the optical transmission of the detection optics; n is
the quantum efficiency of the detector; t is the length of the lamp beam intercepted by the
detector field-of-view; and [CI) is the atomic chlorine density. For a more detailed discussion
of the optical geometry see Anderson et al. (1990). Note that for a given lam flux F the
right-hand side of (21) is a constant

C(F)= J 	 da^icTn^1	 (22)

times the Cl atom density, so that

SCI = C(F)[CII 	 (23)

Three independent methods are used to determine C(F):

1. A chemical technique in which a known Cl atom density is formed in a flowing sample and
Cchem(F) is determined from (23) given the count rate SCI resulting from that Cl
concentration.
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2. A photometric technique In which each quantity on the right-hand side of (22) is measured
and the product then calculated to determine Cphot(F)•

3. An absorption technique in which the fractional absorption of radiation at 134.7 nm (2P3/2
2 P3/2) is measured across a flowing sample which is simultaneously probed with the flight
instrument so that (23) can be used to determine directly the proportionality factor Cabs(F)
a A SCVICII, where A SCI is the difference in the count rate determined in the absence and
presence of a measured amount of Cl in the flowing sample.

A brief summary of the individual quantities contributing to the experimental uncertainties for
each method is given in Table 1-20:

Table 1-20
Summary of the Major Experimental Uncertainties in the Determination of Cchem, Cphoto, and Cabs.

Quantity and (Measured Value) Uncertainty (E Ui2)1/2
Method Value for C(F) When Appropriate Ui, % %

Chemical Cchem(F)` I Ax 10-7 Concentration of injected NO (variable) ±10 325
(c/s)/(atm/cm3 ) Effect of uncertainty in concentration of ±15

residual 03 (see text)
Ratio of pressure to total flow in call- ±10
bration (4x10-3 to 4x10-4 mbar/(scc/s)

Variation in Doppler temperature of 312
lamp emission line 8003200K

Photometric Cphoto(F) = 2.1x10-7 Line center absorption cross section at 330 350
(c/s)/(atm/cm3 ) 118.9 nm (oo= 3.9x10.13 cm2)

Absolute lamp flux (F(2D5/2) = 320
73x10 10 phot /s)

Overlap of lamp emission line and 312
absorption cross section of atom
(800 3 200K)

Detector quantum efficiency (n = 0.17) 315
Detector collection efficiency 320
(c=1.2x10-3)

Optical transmission (T = 0.08) 310
Scattering length	 I = 1.0 cm ±20

Absorption Cabs(F) = 1.5x10-7 Absorption cross section at 134.7 nm 325 328
(c/s)/(atm/cm 3 ) (co = 5.2x10.13 cm2)

Doppler width of lamp emission line 312

C is the calibration factor
c is counts from the detector

i
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While the uncertainty associated with the photometric technique is dearly the largest, that
determination provides an extremely important upper limit to the absolute sensitivity of the
experiment so that while the method is not used on a flight -by-flight basis to establish the
absolute calibration, it is a key piece of evidence linking observed count rates to absolute
sensitivities based on 'first principles.' The reason Cphot is somewhat larger than Cchem and
Cabs is that the Doppler width of the lamp emission line is somewhat greater than the Doppler
width of the atomic absorption cross section at stratospheric temperatures.

In summary, the uncertainty in the absolute CIO concentrations cited in this document is s30X.

Balloon-Borne Microwave Limb Sounder (BMLS)

This instrument is tuned to measure thermal emission from the 11/2 -9/2 CIO rotational transition
at 204.352 GHz. Multiple filter banks perform special analysis of the signal over an interval of
about 300 MHz. The interval is encompassed by nine 32 MHz resolution filters, thirteen 8 MHz
resolution filters and thirteen 2 MHz resolution filters. Within the bank, the set of filters with a
given resolution is centered at the line frequency; adjacent filters have curves which overlap at
approximately their half power points. This filter arrangement provides much greater detail close
to line center while simultaneously detecting the emission background over a significant spectral
interval to either side of line center. The first heterodyne down conversion is to 4 GHz inter-
mediate frequency.

The antenna system is an offset Cassegrain with a 50 cm diameter main reflector and measured
beamwidth (full angular width between half power points) of 0.3% The antenna beamwidth
corresponds to a vertical range of less than 3 km at the tangent point of the observations. A
flat mirror in front of the main reflector scans the antenna beam through the atmospheric limb
for profile measurements. This mirror is programmably stepped through 64 discrete positions
during the measurements. A mirror near the antenna system focus chops the input to the
radiometer at 4 Hz between the limb radiation recovered by the antenna and a 50 9 elevation sky
reference. The switching mirror also chops the radiometer input between a black body target and
sky reference for inflight absolute calibration. The absolute calibration accuracy is 5% or better.

Pointing of the instrument in the vertical plane (which determines the accuracy of the reported
altitudes) was checked by measuring the abrupt increase in emission (clue to wings of the water
vapor lines) at the tropopause whose height was obtained from measurements of nearby
radiosonde. The pointing determined in this way agreed within 30.1° of the absolute pointing to
which the ELMS had been prealigned. This uncertainty is due to uncertainties in the water vapor
distribution at the tropopause and corresponds to less than 1 km vertical uncertainty in the
stratospheric layers to which the instrument points for profile measurements.

Waters et al. (1981) cite an overall experimental uncertainty of t25% for their reported
observations, a number based on the above considerations, background subtraction and
experimental signal to noise ratio.

Ground-Based Microwave

Total column emission results of Parrish et al. 1981 employed a super heterodyne receiver
(Carlson et al., 1978) in conjunction with a filterbank spectrometer of 256 channels, each with 1
MHz passband. The receiving antenna limits the sky view to a symmetric cone with a full angular
width of 6.3° measured at the 0.5 power point and 15" at the 10 -2 power level. The observing
procedure used a beam deflecting mirror which causes rapid, repetitive switching of the antenna
beam between (a) the low elevation, long stratospheric path length, and (b) the reference, high
elevation input to the detector. The difference between those two quantities normalized to the
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reference signal(s), is determined for each channel on every cycle of the chopper and
accumulated as data stored in 10 minute blocks. The signal strength is expressed as a brightness
temperature. The relation between radiated intensity per unit band width 1 and temperature T
is given in the Rayleigh -Jeans Limit by Iv - 2kT/a2 where X is the wavelength and k is
Boltzmann's constant.

Parrish et al. (1981) chose to present their intensity results in the form of the antenna
temperature Tz which is the Rayleigh-leans temperature, corresponding to the intensity that
would be observed if the antenna were pointing toward the zenith with no attenuation of the
line resulting from tropospheric H2O. The key transformation, the conversion from the observed
dimensionless quantity described above, 2e I (a) - (b) I /(b), to Tzx in temperature units follows
from an analysis of the observing procedure, the geometry of the experiment, and frequent
measurements of instrumental noise temperature and atmospheric opacity.

The spectral line shape is the final critical parameter needed to infer absolute concentrations
from the observed brightness. For rotational transitions in CIO, the spectral line shape is
dominated by pressure-broadening below an altitude of 70 km. Since pressure broadening is a
(reasonably) well known function of altitude, an observed peak intensity and line shape contains
information about the total quantity and vertical distribution of CIO.

In the Parrish results, temperature and pressure profiles from the 1976 U.S. Standard
Atmosphere were used and the measured collisional parameters (Brinza et al., 1980) of 3.5
MHz/mbar and T-0.75 for the 204 GHz CIO line were used. Hyperfine splitting has been included
in the line shapes and the amplitude takes into account the 75% isotopic abundance of 35CIO.

Parrish et al. (1981) report a systematic calibration error of 25%.

Data Presentation and Comparison of Results

There are 10 in situ observations at 32°N latitude. The altitude resolution of those experiments is
equal to or better than 1 km and the observations are reported with that resolution. Figure 1-%
reveals that the in situ data falls in two classes: eight of the ten observations fall within a well
defined envelope with excursions of t50% about the observed mean. There is no clear trend with
season but there is a clearly defined gradient with altitude.

At 40 km the observed range is 4-1500-10, at 35 km 1.5-7x1U1U, at 30 km 5.8-28x10'11 , at 25 km
8-56x10-12

. Given the cited experimental uncertainty of t30% the observed variations among the
individual profiles implies an element of atmospheric variability. There is no distinctive trend
with season although the summer and early fall data are above the mean defined bV the
'envelope' containing the eight observations in Class 1 while the winter observations tend to
fall below that mean. The second class of observations includes the two July profiles which
clearly fall outside the envelope; the first on July 28, 1976 which reached a peak mixing ratio of
1.3 ppb in a broad altitude interval between 32 and 38 km, the second of which, observed on
July 14, 1977, recorded a peak mixing ratio of 8 ppb at 40 km. While the observation of July 28,
1976 is not seriously in conflict with the other observations, the July 14, 1977 measurement is.

Also shown in Figure 1-% are the microwave emission data of Waters et al. (1%1) who report
values at 36 and 31 km and an upper limit at 23 km. Those data were obtained in February at the
same latitude as the in situ data. The initial comparison of these independent techniques
implies agreement both with respect to absolute concentration and with respect to mixing ratio
gradient.
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The recently reported ground-based microwave emission data (Parrish et al., 1%1) were obtained
between 10 a.m. and 4 p.m. on 17 separate days (between January 10, 1960 and February 18,
1980) at 43'N latitude from the Five College Radio Astronomy Observatory, Amherst, Mass. Such
ground-based observations, which employ purely rotational transitions, are affected by
collisional (pressure) broadening of approximately 4 MHz/mbar at stratospheric pressures. Low
resolution altitude information can be extracted from the emission line shape, however, one
must have a first order estimate of the shape of the emitting layer ►n order to obtain the
absolute column concentration for the observed-brightness temperature as a function of
frequency. In practice however, the balloon-borne observations have provided the information on
the layer shape and thus absolute column measurements can be extracted. It should be noted,
however, that even without knowledge of the shape of the emitting layer, some information on
absolute concentration can be extracted.

Parrish et al. (1981) have taken the mean of seven in situ profiles, excluding the last profile
obtained on September 26, 1979, sealed those results by 0.8, integrated the signal which would
have resulted, and then overlayed that profile with the observed brightness as a function of
frequency. The results are shown in Figure 1-97.

The first conclusion to be drawn is that substantial agreement exists with respect to absolute
magnitude since both techniques quote uncertainties of t25%. However, it must be noted that
the ground-based observations were done at a latitude 10° northward of the balloon
measurements and are confined to a relatively short period of time in midwinter. A broader
data base and observations done in the same latitude band are clearly needed. Parrish et al.
(1981) report that no single day of observation exceeded the average by more than a factor of 2.5
and tentative evidence for variations on the order of a factor of two in total CIO column density
occurred on a time scale of a few days.
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Figure 1 .97. An overlay of the ground-based mm-wave emission data of Parrish et al. (1981) and the signal
which would result from an integral of the mean of the balloon-borne in situ observations
multiplied by 0.8. The mean was taken excluding the 28 July 1976 and 14 July 1977 data.
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An inspection of Figure 1-97 indicates that the millimeter wave, emission line shape is consistent
with the distribution determined in situ.

It is instructive to compare the ground-based microwave emission data with the mean of the in
situ data including the 28 July 1976 observation which is shown in Figure 1-98. No scaling factor
Is included.

t The ground-based measurements clearly contribute to the question of uncertainties in absolute
calibration and the occurrence of localized enhancements as indicated in Figures 1-97 and 1-91:4 A
significant impediment to the general deployment of this method is the severe attenuation at 204
CHz resulting from atmospheric water vapor, restricting the observing period to winter
conditions at northern latitudes, whereas the large excursions reported in CIO have been
observed only at mid-latitudes in summer.

In summary the following points can be made:

Altitude Profile

1. At 320N latitude the mean of the balloon-bonne in situ resonance fluorescence technique and
the balloon-borne millimeter wave emission data are in substantial agreement with respect to
both the shape and absolute magnitude of CIO concentration throughout the entire region of
observation (25 to 36 km).

2. The ground-based millimeter wave data, although obtained at a latitude 10° northward of the
balloon observations and during the winter, is not inconsistent with the shape of the in situ
observation and, although approximately 20% lower in absolute concentration, falls within
the cited uncertainty of the observational technique.
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Figure 1-96. Comparison between the microwave total column emission and the in situ data excluding the
July 14, 1977 observation.
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Problems

1. A cross comparison of the bslloon-borne methods simultaneously observing the same air
mass is of highest priority to eliminate any questions about intercali brat Ion.

2. A continuous data set on CIO taken from the ground In the vicinity of 32'N would provide
crucially important continuity in the CIO total column density and would define any
significant excursion from the mean such as those reported by the in situ method in July
1976/1977.

3. Extension of the CIO profile, with good altitude resolution (1 to 2 km) and signal-to-noise
(S/N > 10), down to the tropopause would firmly establish the gradient. It is also essential
to decrease the experimental uncertainty of the in situ measurements to *10 to 15 %.

Seasonal Variation

Although there is an indication of some seasonal dependence in CIO, the data base is clearly
inadequate to draw any clear conclusions. This question should be addressed both by an
improvement in the accuracy and precision of the balloon-borne methods and by the more
extensive deployment of ground-based methods. Only when those are done in concert will an
adequate definition of this important point emerge.

Latitude Variation

There is virtually no information on the critical question of latitude variation. The balioon-borne
observations are all carried out at 32°N and the ground based data at 4M. As will be noted in
the subsequent sections, if the steep gradient in CIO be`ow the peak is characteristic of both
mid-and low-latitude conditions, the interpretation of chlorine induced depletion will bt
significantly simpler.

Hydrogen Chloride (HCI)

Introduction

HCI in the stratosphere has been observed by three different remote sensing techniques and one
in situ method. Most of the presently available data on the vertical profile of concentration come
from balloon-borne observations made at-32"N latitude (Texas and New Mexico); there are, in
addition, single profiles taken at 30°5 (Australia) and 65°N latitude (Alaska). The profile
measurements cover the altitude range from 14 to 40 km, and are supplemented by values for the
total column ahundance in the upper stratosphere. There is insufficient data from which to
discern any seasona, variability, and the location of the alt itude of peak relative abundance is
not clearly established. The available data cover the period from 19/5 to 1990.

Discussion of Remote Sensing 1 echniques

The remote sensing methods include several quite different techniques: spectroscopy at visible
and infrared wavelengths, by absorption and emission; broadband and correlation filter
radiometry (IR, principally in emission); laser heterodyne radiometry and Lidar; microwave
sounding. The observations are made from the ground, from aircraft, balloon and rocket
platforms, and from satellites.

The fixed-frequency, very high resolution methods (which include microwave sounding and laser
heterodyne techniques) are able to measure the detailed line shape of a constituent of interest;

A
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by appropriate deconvolution methods the distribution of the constituent above the observation
base can be determined, with vertical resolution approximately equal to the scale height. The
distribution can be obtained even Com a single observation at a zenith angle of less than W. By
contrast, the 'incoherent' methods (e.g., high-resolution spectroscopy, correlation radiometry)
derive the required altitude weighting by recording sequences of mr-!i rements at angles greater
than 90' (limb techniques) and deconvolving the data using a var.-i of inversion procedures
(often referred to as 'onion-peel' methods). for these methods, therefore, the maximum altitude
to which the concentration profile can be determined is the altitude of the observation platform.

A second important distinction among the remote sensing techniques can be node between
emission and absorption measurements. Most of the high-resolution spectroscopic observations,
which have provided data for a large number of the infrared active constituents of the upper
atmosphere, have been made in the absorption mode; such measurements use the Sun as the
radiation source, the geometric weighting being obtained by recording spectra during sunrise or
sunset. A major disadvantage of absorption spectroscopic or radiometric methods is thus the
fact that measurements can only be made at two rather restricted times of day. This aspect
presents serious difficulties in the case of the diurnally varying species, especially those whose
concentrations vary rapidly in response to solar insolation changes. The latter restriction does
not apply of course, to measurements of the total column, and its variation with latitude and
season, (i.e., where the vertical clistribution is not required). Against this, the absorption
measurements are not dependent (to first order) on the detailed knowledge of the temperature
distribution along the line-of-sight of the observation, as is the case for measurements made in
emission. In the latter (emission) case, the errors resulting from uncertainty in temperature
depend on detailed factors related to the distribution of the spec ;--; being ineasured, and can
became large under circumstances where the thermal contrast is small over the region of the
atmosphere where the spectral lines are formed.

All of the remote methods are subject to some degree to errors arising from uncertainty in the
observational geometry, but this is more particularly the case for the limb techniques. As a
result of the strong dependence of the line-of-sight airmass on zenith angle for angles greater
than 90°, errors in the observation altitude and zenith angle can introduce errors in the deduced
molecular column density of as much as 30%. The effects of finite beam size and uncertainty in
the detailed instrumentrl field-of-view further contribute to this source of error. A second
factor common to all of the remote methods is the error introduced by errors in the intrinsic
molecular line or band parameters for the transitions being observed. For the better-studied
molecules (CH,t, N2O, H2O for example) such errors should not now exceed 5%. However, the
more recently emerging species of interest, and particularly those that are reactive under
laboratory conditions (e.g., HOCI), may not be quantitatively understood to better than 50%. A
related potential source of systematic differences that may arise between in situ and reroute
measurements of a given molecular constituent is lack of knowledge of the detailed line shapes
under collision-broadened conditions. Depending on the size of the departures from ideal
'pure-Lorentz' shape, an error from this source can introduce a skew towards high or ;ow
concentrations with respect to the true values of progressively lower tangent height altitudes of
observation. In most cases systematic errors arising from such factors related to radiative
transfer assumptions in the data reduction process should not exceed 5%.

A characteristic of remote sensing spectroscopic methods is thew high specificity; provided
adequate laboratory calibration has been carried out, there is usually no ambiguity associated
with the identification and measurement of species. Against this, the spatial resolution of
remote sensing techniques is very coarse (kilometer) in comparison with in situ sampling
methods (meters). Limb observations, for exar-ple, typically sample a volume of atmosphere
which is weighted towards the tangent point at a distance of hundreds cr kilometers from the
observation platform, and with a height (thickness) of 1 or 2 km at the limb. Thus, the effects
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of s;;& I it and temporal variability must be carefully considered when comparing in situ and
remotely measured profiles. The remote methods all determine the line-of-sight column density
under one or more geometric path conditions, and these values are then converted by geometric
and spectral models to average local concentrations at a number of altitudes corresponding to
the number of independent measurements acquired. The result is a particular approximate
represcritation of the vertical distribution of the species, which should not be expected to match
closely a profile determined by in situ sampling. The latter (in the absence of errors) is an exact
profile, while the remote data give a large scale average representation.

Finally, several internal checks are available when evaluating and intercomparing the results of
remote observations. For example, a sensitive verification of the geometric factors and algorithms
involved in the reduction of spectroscopic data is the ability to reproduce the correct CO2
concentration over wide spectral intervals. In addition, the marry solar lines available provide a
direct calibration of the qualitative reliability of the data, and are especially valuable in
intercomparing spectra from several different measurements or instruments.

Altitude Profile

Balloon-borne near-infrared absorption spectroscopy has been used to obtain vertical profiles,
covering the 14 to 40 km altitude range (Figure 1-99). Several groups of investigators have made
measurements by this method, and obtained results which are in fairly good agreement. In
addition there have been observations made by pressure-modulation radiometry, by emission
spectroscopy and (recently) by absorption spectroscopy from the ground (Figure 1-100). In situ
data from base-impregnated filter collection method, which determines total acidic chloride
vapor, are also available; while these measurements are not specific to HCI, they should provide
an independent upper limit check on the remote sensing results. The sources and pertinent
observational conditions for the currently available measurement results are summarized in Table
1-21.

The measurements made by near-IR absorption spectroscopy (five different experimenters) are in
sufficiently good agreement that a mean profile from 14 to 40 km can be derived from them,
having a probable maximum uncertainty of t50%. At 25 km altitude, all of the balloon-borne
absorption spectroscopy results agree to within t15% (at 0.7 ppbv), regardless of season and
latitude, or experimental factors which might introduce systematic biases such as the individual
balloon float altitudes. The height at which the maximum relative concentration of HCI occurs is
not evident from the published spectroscopic data. The correlation radiometry (pressure
modulator) results, while somewhat higher than the other absorption values over the 25 to 30 km
range, are nevertheless in agreement when the combined errors are taken into account. These
results (Eyre ind Roscoe, 1577) show a maximum in the vertical profile between 30 and 35 km.

The IR emission results (in preliminary form at the time of writing) agree with the absorption
data only at the top of the profile, ouc fall off much more rapidly with decreasing height. The
quoted error limits do not accommodate this difference, but this comparison may well become
more favcrable when the first-order approximations made in the preliminary analysis of the
emission spectra are removed.

The in situ data art in quantitative agreement with the shortwave IR results at the lower
altitudes, but the overall profile derived from the filter sampling method is quite different in
shape from the profile obtained from the remote sensing instruments (and from theory). The in
situ data show a minimum at 30 to 32 km in all of the published profiles; since the fi ter
collection results refer to all 'inorganic chlorides', and in general give smaller mixing ratio values
than the spectroscopic measurements (which are specific to NCI), there is a clear discrepancy
between the two separate techniques.
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Figure 1-99. HCl measurements by (1) ground based spectroscopy (June 79 profile), (2) pressure modulator
radiometry, (3) for I  emission, and (4) in situ filter collection.
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Figure 1-100. HCI distribution from balloon-borne IR absorption spectroscopy.
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Table 1.21
S1imnlary of HA Measurements

Eaperlmanter Obs. Date LrdW& Alt. Reap Method Refbtttaaa

Fanner wy/jum 73 401V 14 - 21 lea IR absotpdw Farmer at d. (1976)

Ackerman Oct. 75 4216 18.3S km IR atimptim Ack+rnran at al. (1976)

Williams Dee, 73 3314 13.30 km IR abatnpdm Willluea at Q. (1976)

Eyre klatch 76 33'N 16.39 km IR absorption (radiometry) Eyre and Roams (1977

ho Nay 76 6S"N 20.29 Ion► IR abomption Sto at a.'. (1980)

Raper May 70 32111 22.38 km IR absorption Rapt at al, (1977)

Zander May 76 12'N AW"30km• IR absorption Zander(1981b)

t.asnu Mean for 7t, 331N 14-37 kin In situ (filter) l urus at al. (1977)

Fortner March 77 301; 22 -37 km IR absorption Fanner at al. (1980)

Zander 0.t. 78 32'N 21 - 38 kin IR abaopthrn Zander (1980)

04111 Apr, 79 32'N 30 • 40 km IR emiwlon 1110ROam at al. (1980)

Zander Sept. m 32N above 37 km a IR absorption Zander (1980)

Marche DK- 78-Nov 79 414'N 0.31 lan IR absorption Wound) March at al. (IWO)

•R*ports total column abundanty above stated altitude

From consideration of the quality of the data, the number of independent measurement sets and
the agreement between them, the near-Ill results are judged to he the most reliable at the
present time. The suggested mean vertical profile and its associated ao confidence limits are
shown in Figure 1-101.
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Figure 1-101. Mean HCI profile from absorption spectroscopy measurements. The dotted curves are the 11

error estimates.
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Seasonal variation

Since many of the IR absorption measurements of HCI were made at the same latitude (3r and
338N), it might be expected that any seasonal trend would be seen in this subset of the data.
The results, however, do not show any variation greater than the quoted uncertainties associated
with each measurement. (it should be mentioned also that the same conclusion regarding the
absence of a seasonal variation was reached by Lazrus et al. from the base-impregnated filter
measurements of total acidic chloride vapor.) With the currently improved precision of the
remote spectroscopic instrumentation, profiles with associated uncertainties of perhaps less than
10% can be anticipated for the near future; thus, more sensitive tests of the seasonal variability
of HCI could be made, provided sufficiently frequent observational opportunities are available.

Chlorine Nitrate (CIONO2)

The only specific detection claimed for CIONO2 to date is that of Murcray et al. (1979) by IR
absorption. The accuracy of the result is affected both by modeling assumptions and by
uncertainties in the intrinsic spectroscopic parameters involved in the analysis of the data (see
below). The in situ sampling method, collection on base impregnated filters (Lazrus et al., 1977),
is sensitive to all acidic chloride (see HCI) so that its results can only be used to provide an
upper limit estimate for CIONO2. Since the filter data are not compatible with the IR data for
NCI (q.v,), they cannot aid in evaluating the available remote sensing data for CIONO2.

The published values from Murcray's observations, an October 1978 balloon flight (see Figure
1-102), differ from the preliminary values given in NASA RP 1049. The measurements were made
by the limb absorption method, that is, by observing the Sun through the atmosphere at sunrise
or sunset from a stratospheric balloon platform. The strong infrared absorption by CIONO2 at
1292 cm-1 was used by Murcrav and his coworkers in their analysis; this band coincides in the
stratospheric spectrum with strong absorptions by the natural gases, N20, CH,, and H 20. As the
absorptions due to these constituents increase (i.e., at the lower tangents heights of obser-
vation), the superimposed CIONO2 absorption is completely masked. However, even at the higher
altitudes, where the CIONO2 absorption might be discernible against the spectral background, the
maximum expected effect does not exceed 5% or t)% depression of the HCI continuum. Thus the
quantitative analysis is dependent both on the spectral model and on the quality of the
experimental data. With these considerations in mind, the published data may at best indicate a
possible specific identification of CIONO2: the deduction of a profile of concentration with
associated experimental errors of t25% does not seem justified. An upper limit concentration of
10-9 by volume, between 25 and 35 km altitude is consistent with the observational data.

OTHER HALOGENS

Hydrogen Fluoride (H F )

Stratospheric Hl' has been measured by several different groups using both remote sensing and in
situ techniques. The measurements for the most part have been made at different locations and
seasons and do not include a subset of observations similar to those for HCI from which a
most probable profile can be derived. The measurements that have been made to date are
summarized in Table 1-22 and Figure 1-103.
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Figure 1-102. Distribution of CIONO 2, from Murcray et al. (1380).

Table 1-22
Summary of HF Measurements

Experimenter Obs. Date Latitude Alt. Ran=e Method Reference

Zander Sept. 74 above 27 km IR absorption Zander (1975)

Zander May 76 321V above ?7 kin IR absorption "Lander (1981b)

8wjs May 76 65'N 15 -30 kni IR absorption Wijs et al. (1980)

MfOz Feb. - Nov. 76 31Y - 33N 15 -37 kni In situ (filter) Mroz (1977)

Farmer March 77 30'S 14 -40 km IR absorption Fanner et al. (1980)

Zander Oct. 78 32*N above 30 kin IR absorption Zander (1980)

Carte Aprd 79 32"N 30.40 km IR endsalon Baitiharn et Al. (1980)

Marche May 79 49*N 20. 30 km IR abs. (Vound-oned) Marche et al. (1980b)

Zander Sept. 79 32'N above 36 kni IR absorption Zander (1980)

4
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Figure 1-103. Stratospheric HF profile measurements.

The two most directly comparable measurements in terms of experimental technique, both of
which yield a profile for HF, are those of Farmer et al. (1980) and Buijs et al. (1990). Both were
made from balloon platforms, using infrared absorption spectroscopy to establish the profile
below the float altitude of the balloon. W..ile these two give profiles of similar slope, they differ
in magnitude by a factor of two (see figure). However, these a!so represent the extremes of
latitude at which HF observations have been made (30°S vs. 65°N) and must be compared with
caution. Both sets of data are presented in terms of geometric altitude rather than effective
stratospheric altitude. Given that HF is the sink term for anthropogenic halocarbons which are
emitted primarily in the Northern Hemisphere, interhemispheric differences may be partially
responsible for the consistently higher results obtained by all of the remote sensing
measurements in the north. More measurements are needed in the Southern Hemisphere to
determine if this difference is real.

Two additional profiles for HF have been obtained by Bangham et al. and Marche, the former from
balllon -borne observations at 329V in emission and the latter from ground-based absorption
measurements at 42914. These two profiles cover different altitude regions in the stratosphere,
but at the one common altitude of 30 km differ by about a factor of five (see Figure 1-104).

The remaining remote sensing measurements are those of Zander (1980) who reports total column
abundances above three different float altitudes from balloon flights made over a period of 4
years. These measurements were made at successively higher altitudes and yield increasingly
larger values for the total HF burden above the balloon, which, if interpreted as a profile,
produce the result shown in Figure 1 -104. They may also be indicative of a long-term increase in
the stratospheric HF which Zander has observed in the course of the IR absorption studies. The
possibility of such an increase renders intercomparisons between measurements in a data base
acquired over a period of 6 years even more difficult, and demonstrates the need to establish a
reliable baseline profile for HF against which future measurements can be assessed.

+_ _J
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Figure 1-104. Zander's (1981 b) total column measurements interpreted as the profile of H  below the highest float
altitude (x-x), shown with Marche rs May 1979 ground-based measurement ( A ) and Farmer
and Buijs r profilers for comparison.

The in situ data of Mroz et al. shown in Figure 1-103, is the average of four seasonal sets of
measurements made in 1976. Although the shapes of the profiles are different, the total
stratospheric burdens for 11F which can be deduced from the Mror et al. data and that of Farmer
et al. appear to be in good agreement. However, the sampling technique used by Mroz et al. is
stated to be sensitive to total fluoride, including COF2 and COFCI: depending on the model
used, this implies that as much as one-third of the collected material could have been in the
form of these two gases. Thus, the HF in situ results are similar to those for HCI in that they
are generally lower than the results obtained using remote sensing techniques.

SATELLITE MEASUREMENTS OF TRACE GASES

Satellite observations of trace gases other than ozone did not begin in earnest until the launch
of Nimbus 7 in October 1978. There were attempts to measure upper atmosphere water vapor
profiles using the Selective Chopper Radiometer (SCR) on Nimbus 5 and LRIR on Nimbus 6 but
for various reasons, it has not been possible to obtain much water vapor information from these
experiments. TOYS and several other NOAA satellite instruments measured water vapor only
below the tropopause and, therefore, they will not be discussed here. The LIMS experiment on
Nimbus 7 measured the profiles of H2O, NO2, and HNO3, in addition to temperature and ozone.
The LIMS data set coven slightly more than 7 months of the Northern Hemisphere winter and
spring periods. The SAMS experiment on Nimbus 7 measured, in addition to temperature, the
concentrations of CO, CH 4, HBO, N20, and NO. This instrument is still operating and returning
data daily on all of these species except NO. A summary of coverage, time periods and data
availability is given in Tables 1-23, 1-24, 1-25, and 1-26 for minor atmospheric constituents other
than ozone.

Measurements of other trace gases are just being produced and validated, so there is not yet a
large body of findings. Among the preliminary findings which may be noted are the observations
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of the diurnal variation of NO2, and of the downward and poleward slope of the maximum HNO3
concentration by LIMS (Gille and Russell, private communication). Similarly, SAMS (Taylor,
personal communication) has observed the diurnal variation of NO, and the rapid decrease in
water vapor mixing ratio above 70 km.

COMPARISON OF MEASUREMENTS AND 1-0 MODEL CALCULATIONS FOR TRACE
REACTIVE SPECIES

In the previous section the data base from field measurements has been critically examined, and
those observations which comprise the empirical picture of reactive trace species in the strato-
sphere have been identified. In this section the observations are compared with the current
theoretical picture of the stratosphere expressed through a typical one-dimensional model
(Wuebbles, 1981).

For each of the families which contribute to the catalytic destruction of odd oxygen (e.g.,
nitrogen, chlorine, hydrogen, etc.), the following questions will be answered before the
differences between observed and calculated profiles are interpreted:

•	 Which catalytic cycles (i.e., which reaction sets taken together) dominate the destruction of
odd oxygen at each altitude interval in the stratosphere?

•	 Which reaction in each catalytic cycle is rate limiting for that cycle?

• Given the identification of that rate limiting reaction, and thus the identification of the rate
limiting reactive species, which reactions determine the fractional amount of that rate
limiting species?

In order not to invalidate the discussion because of changes in laboratory rate data, six different
sets of reaction rates have been used as input to the model calculations. These six cases cover
the four most important rate constant uncertainties currently confronting stratospheric chem-
istry. The first is the reaction of the hydroxyl radical with nitric acid for which there are two
current alternatives. The second is the reaction of hydroxyl with pernitric acid for which there
remains a serious lack of strong experimental evidence. The third is the reaction of hydroxyl with
hydrogen dioxide for which a fast and a slow rate exist. The final reaction is the formation of
chlorine nitrate, from chlorine oxide and nitrogen dioxide. Two choices are identified: A 'fast'
chlorine nitrate formation rate which uses the observed loss coefficient for CIO + NO2 and
assigns the product channel entirely to CIONO2; and a 'slow' chlorine nitrite formation nIe
based on the thermal decomposition rate-equilibriu •n constant approach which ascribes one-third
of the reaction to the CIONO2 channel and two-thirds to rapidly dissociated isomeric form(s).

The six cases are:

Case 1: The rate constant set as recommended in NASA RP 1049. This set is later referred to in
Chapter 3 as Case A. The significant reactions in this set are given in Table 1-27.

Case 2: The rate constant set as recommended by the NASA Panel for Data Evaluation in January
1981 (JPL 81-3) except the rate for the reaction

HO + HNO3	 Products

which is set equal to the rate in Case 1. The significant reactions in this set are also given
in Table 1-27.
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Table 1.27
Reaction Rate Constants Used in 1-D Model Calculations

Reaction Case 1 - NASA RP 1049 Cate 2

HO + H202 - H2O + H02 1.0 x 10.11 exp( -750  ) 2.7 x 10.12 exp(-1 T )
HO + O - H+02 4.0 x 10' 11 23 x 10.11 exp( +1 T )
HO2 + 0 i HO + 02 3.5 x 10' 11 4.0 x 10-11

CIO + NO i NO2 + Cl 7.8 x 10.12 exp( +250 6.5 x 10" 12 exp( +)

N20
H2O

0('D) +	 CH 	 Product See NASA RP 1049 See JPL Publication 81-3
N2
02

CO2

HO,) + H02	H202 + 02 2.5 x 10' 12 2.5 x 10` 12 cm3/sec

H02 + NO -+ HO + NO2 4.3 x 10' 12 exp( 99) 3.5 x 10' 12 exp( +250 }

HO + HO -► H2O + 02 1.0 x 10' 11 exp( 5-0T0)
4.5 x 10' 12 exp('2T )

HO + HOCI	 H2O + CIO 3.0 x 10' 12 axp( -OT) 3.0 x 10' 12 exp( -1 50   )

Cl + CH4 	Ha + CH3 9.9 x 10-12 exp( ' i 59 ) 9.6 x 10'12 eXp( -1 350
  )

Cl + H02	HCl + 02 4.5 x 10' 11 4.8 x 10'11

CIO + HO B 	 HOCI + 02 5.2 x 10' 12 4.6 x 10-13 exp( +7T10 ,

NO3 + h v	 NO + 02 See NASA RP 1049, page 23 JPL Publication 81 -3
NO2 +0

HO + HONO,	 - Products 8.5 a 10-14 Same as Case 1

HO + H02 NO2	Products 5.0 x 10' 13 8 x 10-13

HO + H02 - H2O + 02 4 x 10,11 Sure as Case 1
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Case 3: The complete rate constant set given in JPL 81-3 (1961). This set is referred t4^ In Chap-
ter 3 as Case B. This set includes the fast rate for the reaction:

HO + HNO3 Products

Case 4: The rate constant set for Case 3 except for the reaction

HO + H02NO2 H2O + NO2 * 02

for which a faster rate of 400 -12cm3sec
-1

 s used.

Case 5: The rate constant set for Case 4 except for the reaction

HO + H02 -+ H2O + 02

for which a faster rate of 8x10-11 cm3 sec-1 is used. This set corresponds to Case C in
Chapter 3.

Case 6: The rate constant set given in Appendix A of this report. This corresponds to Case D in
Chapter 3. This data set uses the slowrate for the formation of CKW02. Cases 1 through
5 use the fast CIONO2 formation rate.

All the calculations shown are for noon and unless stated otherwise are for Case 6.

ATOMIC OXYGEN

Although there are relatively few atomic oxygen profiles, all of which were obtained at
mid-latitude (Palestine, Texas, 32°N) corresponding to midday conditions, they form a rather
consistent picture when compared with model calculations for corresponding conditions. Figure
1-105 correlates the six available atomic oxygen observations with the 1-D profile using the rate
constant set six. Given the cited experimental uncertainty of 00%, the observations are in
agreement, both in absolute magnitude and the gradient with the model calculations. A critical
test of the theory is the ratio of the atomic oxygen concentration to the ozone concentration.
As shown in Figure 1-54 the agreement between theory and measurements for this ratio is good.

THE HYDROGEN SPECIES

Catalytic Cycles Affecting Odd Oxygen

The major hydrogen-oxygen free radicals, HO and H02, play a critical part in every stratospheric
chemical mechanism either directly as a reactant or through control of the partitioning between
free radical and stable forms within each of the chemical groups (i.e., nitrogen, chlorine, etc.)

Four major catalytic cycles involve HOx radicals directly in an odd oxygen rate limiting process:

Cycle 1:	 O + HO -• 02 + H

H+O-)+M	 H02+M

0+H02 - HO+02

Net	 0+0 - 02
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Figure 1 . 105. Comparison of atomic oxygen measurements with a one-dimensional calculation.

	

Cycle 2:	 O+HO -+ 02+H

H+03 -* HO+02

	

Net	 0+03  ) 202

Cycle 3: HO + 03 - H02 + 02

H02 + 0	 HO + 02

	

Net	 0+03  -{ 202

	

Cycle 4:	 HO + 03	 H02 + 02

1102 + 03 + HO + 202

	

Net:	 03 +03	 302

Above 40 km HO x cycles 1 arid 2 are of major importance to the destruction of odd oxygen and
are dominated by important pathways for cycling HO x between HO and H02. Below 40 km cycle
3 begins to dominate as the 0 to 03 ratio decreases and by 30 km cycle 4, which does not utilize
0 atoms becomes the most imi7ortant. In both of these cycles the H02 reaction with either 0 or
03 is rate limiting in that it competes with H02 + NO — HO + NO2 which returns H02 to HO
without net destruction of odd oxygen.
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Budget and Partitioning of Odd Hydrogen (HO2 and HO)

Budget

The dominant source of HOx radicals throughout the stratosphere is the reaction of 0( 1 J) with

H2O to forth HO

H2O + O( 1 D; + HO + HO

Production of HOx from H2O and methane oxidation is balanced by recombination to H2O by the
bimolecular reaction

HO + H02 H2O + 02

and reaction cycles:

HO + NO2 HONO2

HO + HONO 2 H2O + NO3

Net	 21-10 + NO2 H2O + NO3

H02 + NO2 + H02NO2

H02NO2 + HO A H 2O + 02 + NO2

Net	 110 + H02 — H2O + 02

However, H02NO2 has not been observed in the concentrations predicted b%! the models. Figure
1-106 displays the altitude dependence of HOx recombination rates, selecting the rate limiting
process in each of the cycles:
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Above 35 km, the direct recombination to H 2O through HO + H02 dominates the destruction of
HOW while near 30 km the two catalytic cycles are closely competitive with direct recombination.
At 25 km and below, the catalytic cycles rapidly (and approximately equally) dominate direct
recombination down to 15 km. The quantitative details of the conversion rates displayed in
Figure 1-107 depend critically upon the choice made for the corresponding rate constants. The
values recommended in this document have been adopted but, as will be discussed subsequently
in this section, there is considerable uncertaintly regarding the appropriate rate constant choice.

Parritiorlitig

Partitioning between HO and H02 is controlled by the following reactions-

HO + 0 • H+02

I
f
 + 03 • HU + 02

Fi+02 +M	 11)2+h1

H02 + NO 110 + NO2

"02 + 03 • 1" + 2L)2

H02 + 0 - 110+02

10 + 03	 1102 + 02

till + CO - CO 2 + H
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The altitude dependence of each reaction is displayed in Figure 1-107. Of particular concern are
the reactions which control the fraction of HOx partitioned into the rate limiting radical, i.e.,
Into HO above approximately 40 km and Into H02 below approximately 40 km. Since atomic
hydrogen constitutes an immeasurably small fraction of the HOx budget in the stratosphere and
Is not rate limiting at any altitude, It serves only as an intermediate, and will not be discussed
explicitly.

In the altitude region from SO to 40 km, the conversion of HO to H02 occurs primarily through
atomic hydrogen with the rate of HO + O - H + 02 nearly balancing the subsequent three-body
reaction, H + 02 + M + H02 + M. Approximately 20% of the H formation rate is balanced by the H
+ 03 -► 140 + 02 reaction forming HO. Conversion of H02 to HO is dominated by the reaction H02
+ 0 -+ HO + 02. Thus, the partitioning between HO and H02 is a photochemical steady state with
HO + 0 - H + 02 balanced by H02 + O-•HO + 02 such that [HO1/[H021 depends, to first order,
only on the ratio of rate constants and not upon any other constituent concentration.

Between 40 and 30 km there is a distinct shift from conversion of HO to H02 through atomic
hydrogen via HO + O H + 02 to direct chemical conversion by reaction of HU with 03.
Conversion of H02 to HO near 30 km is dominated by direct reaction

H02 + NO HO + NO2

Thus, near 40 km the ratio [HO1/[1-1021 depends to first order upon four reactions

HO+O H+02

140 + 03 H02 + 02

H02 + O HO + 02

H02 + NO HO + NO2

while near 30 km the ratio [HO1/[HO 2 1 depends to first order on but two reactions,

HO + 03 H02 + 02

and

H02 + NO - HO + NO2

In the region of 30 km to the tropopause the same reactions dominate the exchange of HO and
H02 as at 30 km.

Dependence of Odd Hydrogen Budget and Partitioning on Rate Constants

An inspection of the reactions for which major uncertainties exist regarding corresponding rate
constants reveals that it is primarily those processes which recombine (directly or catalytically)
HOx to reform H 2O that are in doubt. This fact is summarized in Figure 1-108 which presents the
altitude dependence of the sum [HO1 + [H021 for each of the five cases.
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CONCENTRATION (cm-31

Figure 1 . 108. The altitude dependence of [H01 + [H02 I for the five chemical data sets.

Between 50 and 40 km the most important uncertainty for HOx recombination is HO + 1`102 - t120
+ 02. Thus, all of the cases yield identical results, except that in going from case 4 to case 5,
where the rate for HO + ['0 2 changes from 400-11 cm3sec-1 to 8x10-11 cm-3sec -1 , the sum
decreases by a factor of Vas it should for a second order reaction.

In the interval 40 to 25 km, the rate of HOx recombination is increasingly controlled with
decreasing altitude by catalytic cycles which are rate limited by reaction between HO and
nitric/pernitric acid. Thus, cases 4 and 5 converge with decreasing dltitude, while cases 2, 3 and
4 diverge. Changes in the other 19 reactions define the difference between case 1 and 2,
changing the sum only slightly.

Below 25 km: IiOx recombination is predicted to be controlled entirely by the catalytic cycles
involving HONO2 and H02NO2. The uncertainties in the sum for these six chemistry data sets
approaches a factor of six at 20 km and, as will become apparent in the subsequent discussion,
represents a spread in concentrations which prevents a quantitative analysis of ozone
photochemistry in the lower stratosphere.

Figure 1-109 shows the calculated ratio of [HO1/HO21 for the six cases. The difference between
case 1 and case 2 results from a combination of small changes in the oxygen-hydrogen reaction
rate constants, listed in Table 1-27. The divergence between cases 2, 3 and 4 below 30 km is a
reflection of changes in [NO], coupled with the dominant control by

NO2 + NO — HO + NO2

in converting H02 to HO.
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Figure 1 . 109. Altitude dependence of 11101 /(H02 1 for the five chemical cases.

Comparison Between Calculated and Observed [HO)

Figure 1-110 summarizes the correlation between (a) the balloon and rocket-borne in situ data
critiqued earlier, and (b) five of the cases representing the current range in calculated JHOJ.
Case 6 is not shown as it is essentially identical to case 5. The experiments demonstrate the
existence of HO in the stratosphere and they provide a crude picture of the absolute
concentration and altitude dependence of the hydroxyl radical Mown to 30 km. In the region
above 30 km, the in situ data are of insufficient absolute accuracy and are too few in number.
Below 30 kn% where the reactions

HO + HONO2 — H2O + NO3

and

ISO + H02NO2 - H 2O + 02 + NO2

dominate, there are no data available. It should be noted that some of the discrepancy could be
in the choice of the water vapor profile used in the model. The divergence of the profiles
represented by cases 2, 3 and 4 maximizes at approximately 20 knit, and represents a factor of
three uncertainty in lower stratospheric HO.

From the point of view of understanding the photochemical structure of the stratosphere, the
absence of data on HO below 30 km (and the scarcity of empirical information atvve 30 km) is
the single most serious shortcoming in our knowledge of the chemical composition of the
stratosphere. As will become evident in the subsequent discussion of NO x and CIOx, without
detailed knowledge of HO throughout the stratosphere, crucial aspects of current computer
models cannot be tested. Rectifying this critical shortcoming is essential.
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Figure 1 . 110. Comparison of HO measurements and 1-D model calculations for each of the five cases.

Comparison Between Calculated and Observed (H021

Figure 1-111 gives a comparison between the reported observations of H02 and the five cases
encompassing the range of calculated JH021.

The scatter of the observations is such that the only conclusion that can be drawn is that at
noon 1102 exists in the middle stratosphere with a concentration between 107 and 108cm 3. An
accurate characterization of the absolute concentration of H02 as a function of altitude is
beyond the currently available data base and it is impossible to distinguish among the cases
represented by the calculations.

Given that H02 is the major rate limiting radical in the 1`10 x catalyzed destruction of Ox in the
lower stratosphere, the extremely large range encompassed by current calculations, coupled with
the complete absence of data on H02 below 30 km, represents a significant shortcoming in the
stratospheric data base.



F:.

TRACE SPECIES
	

1-145

THE REACTIVE TRACE NITROGEN SPECIES

Catalytic Cycler Affecting Odd Oxygen

There are two catalytic cycles involving nitrogen which reform 02 from odd oxygen:

	

Cycle 1 -	 NO + 03 -+ NO2 + 02

NO2 + 0 - NO + 02

Net 0+03  - 202

and

	

Cycle 2 -	 NO + 03 NO2 + 02

NO2 + 03 + , 403 + 02

NO3 + hv— NO + 02

Ne: 203 - 302

CASE 1	 IN SITU H02 OBSERVATIONS

	

—^	 CASE 2
•	 92077

CASE 3
n 	 10-25.77

— --^-- CASE 4	 A6 12277
---a = CASE 5
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Figure 1111. Comparison of H0 2 observations with the 1•D model predictions for each of the five cases.
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The conversion rates for the reactions in these two cycles are shown in Figure 1-112. It can be
seen that there is a single, dominant cycle linking the reactive trace nitrogen species to the
destruction of odd oxygen which is rate limited by the reaction

NO2 + 0 NO + 02.

Partitioning of Reactive Nitrogen into the Rata Limiting NO 2 Radical

The principal source of reactive nitrogen in the stratosphere is the reaction of excited oxygen,
O(1 D), with N20 which forms nitric oxide

N20 + O(1D) -► 2NO

The ;ate of reactive nitrogen formation from this source is small. Production peaks in the

	

vicinity f 30 km at	 y 102 molecules cm-3sec-1 . The only reason for the existencey	 approximate)	 y
of significant amount of reactive nitrogen in the stratosphere is that there is no efficient
chemical loss process.

It is convenient to distinguish between all reactive forms of nitrogen which include,

N + NO + NO 2 + NO 3 + N 205 + HONO + HONO2 + H02NO 2 + CIONO2

50

45

40

	

Y 35
	

O NO 3 +hv —ENO +02

♦ NO 2 + 03 --► NO3+02

	

30
	 a NO3 + h' —NO2+0

O NO2+ 0 —+ NO + 02

f NO + 03 --ow NO2 +02

25
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15

1 n 1	 102	 103	 104	 105	 106	 107

Conversion Rate (molecules cm 3 sec' 1)

Figure 1 . 112. Conversion rates of odd nitrogen.
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and those reactive forms which enter directly into odd oxygen catalytic destruction cycles,

NOx a NO + NO2

The reactions which link these forms of nitrogen are shown diagrammatically in Figure 1-113.

Figure 1-114 displays the altitude dependence of the conversion rates for these reactions. There
are four significant reservoirs for reactive nitrogen: HONO2, H02NO2, CI0NO2 and N 2O5 . The
proportion tied up in each and in NOx as a function of altitude is shown in Figure 1-115.

The key points to be extracted from Figure 1-115 are that NOx and HONO 2 constitute the major
fraction of all reactive nitrogen throughout the stratosphere with a small but significant fraction
present as N205 between 25 and 35 km. Note, however, that N2O5 comprises a maximum of
approximately 10% of the reactive nitrogen compounds averaged over 24 hours. This partitioning
will be an important part of the following discussion on the comparison between calculated and
observed reactive nitrogen.

The conversion rates for reactions which partition NOx into NO and NU 2 are shown in Figure
1-112. The ratio [N0VINO2] is established to within a few percent by a balance between NO +
03 converting NO to NO 2, and the direct photolysis of NO2 reforming NO from the tropopause to
30 km. In the vicinity of 40 km and above, the reaction,

NO2 +0-  NO +02

becomes increasingly important such that at the stratopause NO + 03 is balanced by NO2 + 0,
rather than by photolysis.

N20
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Figure 1 . 113. Noontime chemical life cycles of NO x species at 30 km using case 6 chemistry.
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SURVEY OF NOx
DESTRUCTION AND

L PRODUCTION TERMS

oNO-OH—HONO
"02NO2.OH-+H2O^02+NO2
•NO2 ,HO2—H02NO2
•NO2 -OH—HONO2
ONO2'03-'NO3'02
OHONO2 + OH— H20•NO3
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Conversion Rate (molecules cm -3sec 1)

Figure 1 . 114. Conversion rates between NO x and temporary reservoirs.
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Figure 1 . 115. Altitude dependence of the partitioning among temporary reservoirs (24 hour average).
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In addition, in today's atmosphere, tho reaction NU + CIO-NO2 + Cl constitutes 10% of the NO
NO2 conversion in the 35 to 30 km region - a cross linking between NOx and CIOx, which is not
Insignificant for some questions.

The [N0] /[NO21 ratio depends dramatically on the solar flux such that following sunset NO is
rapidly converted to NO2, thus while the ratio of NO to NO2 is close to one at noon, the 24
hour mean shifts significantly toward NOV

Dependence oT Nitrogen Partitioning on Rate Constant Assumptions

As NO2 is the rate limiting radical in the nitrogen catalytic cycle, the discussion will concentrate
on this molecule. Figure 1-116 summari=es the model calculations of the altitude dependence of
[NO2 1 throughout the stratosphere. Above 35 km the differences between individual cases are
Insignificant, but below 30 km there is a major divergence such that at 20 km there is a factor of
three disparity in calculated [NO 2 1. The behavior of NO 2 for each of the reaction rate cases can
be understood by considering the altitude dependence of the processes that (1) partition NOx
and the sum of all reactive nitrogen, and (2) partition NO and NO2.

The displacement between case 1 and case 2 represents slight differences in the rate constants
for the reactions:

NO2 + H02 M H02NO2

NO2 + 0 3 NO3 + 02

and

NO2 + HO - HONO2

which shift the partitioning between NOx and reactive nitrogen as a whole.
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Figure 1 . 116. Altitude dependence of [H021 for each of the six chemical cases.
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The strong divergence between cases 2, 3 and the grouping 4-5-6 simply represents the shift from
HONO2 to NOx as a result of correspondingly lower (HOI for cases 2, 3 and 4-5-6 below 30 km.
The concentration of NO2 does not respond to changes in the HO * H02 rate constant
(represented by case 4 vs. case 5) because in the altitude Interval where that reaction affects the
partitioning between HOx and H2O only a small fraction of the sum NO * NO2 * HONO2 is tied up
as HONO2.

Comparison Between Calculated and Observed (NO21

The absence of height resolved NO2 data for noontime conditions is a serious shortcoming for a
detailed quantitative comparison. Most of the NO2 data correspond to sunrise or sunset
conditions, and were measured remotely. There is first the question of asymmetry between
sunrise and sunset resulting from N205 photolysis and se _ond the uncertainty associated with
sunrise/sunset conversion of NO to NO2.

Qualitatively the observed sunrise/sunset ratio of NO2 follows that expected from theory, i.e.,
sunset concentrations are decidedly larger than those at sunrise, resulting, it is believed, from
the conversion of N 205 to NOx . Table 1-28 compares the observed and calculated sunrise/
sunset ratios as a function of altitude for the reaction rate set of case 6. The only concerted
sunrise/sunset study was carried out at 5^. It is now clear that low latitude studies should
be carried out since the.e is little seasonal variation of NO2 below 309 latitude.

The concentration of NO2 does not change rapidly with solar zenith angle until within 5° either
side of sunset. The ratio of midday to post sunset (e.g., solar zenith angle of 95 0) is extremely
altitude dependent.

The available INO21 sunset data are summarized in Figure 1-117. Each point between 20 and 36
km is corrected by a factor of 1.5 to compare those data with the theoretical calculations using
the six cases of reaction rate data.

Table 1-28
Observed and Calculated Sunrise/Sunset Ratios of

NO2 as a Function of Altitude

Observed Calculated
Altitude Sunrise /Sunset Sunrise /Sunset

Ratio Ratio

50
45 0.6

40 0.6

35 0.5 0.5

30 0.5 0.5

25 0.5 0.5

20 0.5 0.5

15 0.7
10 0.7
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The following conclusions can be drawn from an analysis of Figure 1-117:

• Given the cited uncertainties of the observatiens, there exists reasonable consistent/ among
the techniques.

e The observations fall below tN+ calculations for cases 4, S, and 6.
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Figure 1 . 117. Comparison between calculated and observ:d (NO21.

Comparison Betwsen Calculated and Observed [NO)

Figure 1-118 displays the internally consistent data set reported b^- Ridley and coworkers (Roy et
al., 1980; Ridley and Schiff, 1981; and Ridley and I iastie, 1981) and calculations using the six sets
of reaction rate data. The measurements were obtained in situ under conditions corresponding
to midday and can thus be compared directly with the Model distributions. before such
measurements can be used to test models, it will be necessary to develop methods which can
simultaneously measure NO2, NO, HONO2 and HO to 110% in the same vo l ime of space. In
short, although the observations clearly demonstrate the existence and concentrations to within
a factor of three of NO in the stratosphere, they cannot be used to selec^ among the sir
chemistry cases used in this report.

Comparison Between Calculated and Observed [HONO21

A comparison between tW measurements obtained at Inid-latitude, and the model calculations
for the sit. cases of reaction rate data are given in Figure 1 -119. Above 30 km, there is a
divergence between the ;rend in the observations with increasing altitude and all of the cases
represented. In the current understanding of the stratosphere, the HONO2 concentration is
determined bj exchaisge with the reactive nitrogen system dictated by the formation reaction,

NU2 + 110	 1'"02

and the destruction by the photolytic decomposition step, HONG 2 + b y — HO + NO2
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The photolysis cross section in the wavelength interval of importance above 30 km is well
characterized and data exist for both [NO2) and [HO]. Thus the divergence above 30 km could
imply that there exists a mechanism which enhances the removal rate of HONO2 which is not
included in the current models. However the recent observation of larger ultraviolet fluxes at
this altitude than predicted (Frederick and Mentall 1981) could resolve this discrepancy. The
consistency in the data base below 20 km is poor. At 15 krr1 F the observations encompass a range
of 100 in mixing ratio, and it is impossible to draw any conclusion from the overlap in the range
of calculated cases (all of which converge in the lower stratosphere).
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Figure 1-111;. Comparison between calculated NO and measurements of Roy et al. (1981), Ridley and Schiff
(1198i), and Ridley and Hastie (1981).
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Figure 1-119. Comparison of in situ and remote measurements of the HNO 3 mixing ratio at northern
mid-latitudes with 1-D calculations.
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THE REACTIVE TRACE CHLORINE SPECIES

Catalytic Cycle: Affecting Odd Oxygen

There are three major catalytic cycles involving chlorine

	Cycle 1	 Cl + 03 -+ CIO + 02

CIO + O - C1 + 02

	

Net	 0+03—  202

	

Cycle 2	 Cl + 03 CIO + 02

CIO + H02 - HOCI + 02

HO + 03 ^ H02 + 02

HOCI+hv -► HO+CI

	

Net	 03+03 - 302

	

Cycle 3	 Cl + 03 -> CIO + 02

CIO + NO2 CIONO2

NO + 0 3 -- NO2 + 02

CIONO2 + by — Cl + NO3

NO3 + by — NO + 02

	

Net	 03+03 - 302

Figure 1 -120 presents a plot of the conversion rates for the reactions in these three cycles using
case 6 reaction rates. At altitudes above 25 km, cycle 1 is dominant, with a contribution from
cycle 2 approaching 25% at 25 km altitude diminishing to <1 % at 40 km. Between 15 and 25 km,
the three cycles are competitive. However, at these altitudes odd oxygen destruction is
dominated by catalytic cycles which do not involve chlorine. Thus, for the restricted purpose of
determining ozone destruction rates, a determination of which cycle dominates is academic.
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Figure 1 . 120. Conversion rates for the Cl x catalytic cycles.

Given that the production rate of NO3 is not controlled by the photolysis rate of chlorine nitrate
there is only one member of the chlorine family involved in a rate limiting odd oxygen step,
namely CIO.

Partitioning of Chlorine into the Ruts Limiting Radical CIO

NCI is believed to be the major inorganic chlorine compound in the stratosphere. There are six
major reactions involved in the partitioning of HCI into CIO, three of which exchange Cl with
HCI, the magnitude of which are indicated in Figure 1-121 as a function of altitude, and three of
which exchange Cl and CIO as indicated in Figure 1-122. The functional distinction between the
reactions in Figures 1-111 and 1-122 is that those in the former control the ratio of [CIO X ] to
[HCIJ (and thus to the concentration of total chlorine), while those in the latter control the
ratio of (CIO] to [CIJ. It should be noted that the ratio of [CIO] to total chlorine concentration
depends sensitively on the HO concentration below 40 kin (above 50 krr^ only on the ratio of
11101 to [11011) and the ratio of (CIO] to [CII depends upon [NO] below 30 km.
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Dependence of Chlorine Partitioning on Rate Constant Alaumptions

Figure 1-123 shows the dependence of the calculated CIO concentration on the rate constant set
assumed. In the altitude interval between 40 to 50 km, the CIO concentration is virtually indepen-
dent of the rate constant sets used. Partitioning between CIO and HCI is controlled by the
reaction set,

HCl + HO H2O + Cl

Cl + CH4 HCI + CH3

Cl + H02 NCI + 02

C1+03- CIO +02

CIO + NO Cl + NO2

CIO +0- C1+02

The relationship between the concentrai

(CIO] _ (CI]	 [CIO]

(HCI]	 [HCI]	 [CI]

.....1 (k1)

.....2 (k2)

.....3 (k3)

.....4 (k4)

.....5 (k5)

.....6 (k6)

:ions of CIO and HCI can be expressed as follows:

k 1 [OH]	 k4(03]
k2 [CH4) +k3 (HO2) • k5 [NO] +k6[0]

50
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35
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J
^ 11

20

15

10

106
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107	108	 109
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Figure 1-123. Calculated vertical profiles of CIO for each of the six chemical cases.
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At and above 40 km, however, k6[0]»k5(NO1, and in addition, k3 1HO2 1 becomes a^mparable to
or larger than k2 [CH41. Thus, the expression becomes,

(CIO) _	
k1[OH1	

k4103]

(HC11	 It (CHHI	 k6 'O'

k3 [H02 1	 1+ k3[H021

Because both 1031 /101 and [1-101/[1-10 2 1 are independent of the six rate constant sets (reactions
of HO with HONO2, HO2NO2, and HO2 only affect the sum [HO) + 1110 2 1, not the ratio), there is
a weak dependence of [CIOJ on [HO1 above 40 km. The hydroxyl concentration is in turn only a
weak function of the rate for HO + HO 2 — H 2O + 0 2 . The result is that partitioning of chlorine
into the rate limiting form, CIO, is almost independent of the rate constant set above 40 km.

In the altitude interval 30 to 40 km, the CIO concentration becomes increasingly sensitive to the
concentration of (HOJ both because methane dominates the conversion of Cl to HCI and because
H02 no longer buffers the chlorine partitioning against changes in the HOx (HO + HOD
concentration. In addition, reaction 5 dominates in the conversion of CIO to Cl below 35 km.
Thus, the general expression becomes

[CIO]	 k1 [H01	 k4[031

1HC11	 k2 (CH 4 1	 k5 [N01

Above 30 km, the NO concentration is kidependent of IiOx because NO and NO2 dominate the
reactive forms of nitrogen, so only those reactions controlling the ratio of NO to NO2 are
relevant.

In the altitude interval 30 to 10 km, the CIO concentration has almost a quadratic dependence on
[HO] because in addition to the dependence expressed above, [NO] is (approximately) inversely
proportional to [110]. The key point is that [CIO] is an extremely sensitive function of [HOJ
below 30 km, and unfortunately this is precisely the altitude interval for which no observations
of [HO1 exist.

The dependence of [CIO] on assumptions regarding the formation rate for chlorine nitrate,
represented by the difference between case 5 and 6 is shown in Figure 1-124. The effect of
assuming a factor of three reduction in the CIONO2 formation rate (and the corollary assumption
that the isomer(s) formed in other channels photolyze rapidly following sunrise) is most
prevalent in the altitude interval 25 to 35 km; [CIO] is increased by 30% when a slow CIONO2
formation is assumed, all other factors held equal.
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Figure 1 . 124. Calculated [CIO] fo , the fast and slow CIONO 2 formation cases.

Comparison Between Calculated and Observed [CIO]

Figure 1-125 gives a comparison between the experimental data obtained at mid-latitudes and
calculations for reaction rate sets used in cases 1 to 5. At the upper altitude extreme of the
observations, there appears to be a strong divergence; the calculated distributions (all of which
converge for the reasons cited in the preceding section) decreases rapidly with height above 37
km, while the observations show no evidence for such a decrease. This general behavior of the
in situ observations is substantiated by the ground based mm-wave emission data which strongly
imply, via the emission line width, that there is significantly more CIO in the vicinity of 50 km

than that calculated by current models.
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Figure 1 . 125. Comparison between observed and calculated [CIO]

The model which assumes the maximum rate of HOx recombination to H2O, case 5, exhibits the
best agreement with the observed distribution of [CIO]. Below 30 km, however, the observations
lie decidedly below the predicted CIO concentration. Inclusion of the fast rates for

HO + H02 - H2O + 02

HO + HONO2 -+ H2O + NO3

and

HO + H02NO 2 - H2O + NO2 + 02

significantly improve the agreement between the calculated and observed distributions (compare,
for example, case 1 and case 5). Both the in situ resonance fluorescence data and the
balloon-borne mm-wave emission data suggest that less CIO exists in the stratosphere below 30
km than is predicted by the models.

The result of changing the rate data for chlorine nitrate formation is shown in Figure 1-126,
where the CIO concentration is plotted for cases 5 and 6. A better agreement between calculated
and measured profiles is achieved in the middle and lower stratosphere for the case of 'fast'
chlorine nitrate formation, but in the critical region above 33 km, where the modeled distribution
decreases much more rapidly with altitude than the observations, 'slow' CIONO2 formation
improves the correlation (though clearly the mechanism of chlorine nitrate formation is not the
solution to the top side divergence). Figure 1-126 also serves to point out that the choice of
chlorine nitrate formation rates does not rectify the more rapid decrease in [CIO] below 30 km.
Nevertheless, the question of the products formed in the reaction of CIO and NO 2 remains
serious both from the point of view of understanding the photochemistry of the chlorine/
nitrogen system, and for the restricted question of ozone depletion.
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Figure 1-126. Comparison of observed (CIO] with the fast and slow CIONO 2 formation calculations (cases
5 and 6).

The altitude interval 50 to 35 km exhibits the largest difference between observed and calculated
CIO distributions. In this altitude interval, the measurements indicate that the chlorine budget is
dominated by HCI and CIO. Figure 1-127 compares, for case b, the observed, mean, mid-latitude
profiles, and the calculated profiles for HCI and CIO. An implication of Figure 1-127 is that
either the HO concentration at 35 km and above is significant:y greater than that used in the
model, or there is a mechanism absent from the model which converts HCI to CIOX.

In the altitude interval 35 to 25 km there exists the closest agreement between calculated and
observed [CIO], although differences between the mean of the observations and the minimum
modeled distribution (case 5) approaches a factor of two at 25 km. There are important
consequences of the fact that less CIO is observed at altitudes below 30 km than is calculated.
First, the most difficult region of the stratosphere to model with quantitative accuracy is the
lower stratosphere. The characteristic times for chemical production /destruction are of the same
magnitude as the transport times and thus details of the physical tramport become critical to
the quantitative conclusions. The minimization of chlorine induced ozone destruction below 30
km shifts the em;lhasis to purely chemical questions, thus solidifying and simplifying the
conclusions. Second, the low CIOx (CI + CIO) concentration reduces the chemical coupling with
other systems. For example, changes in [CIO], given the observed levels, have a negligible effect
on the nitrogen system through the reaction CIO + NO 2 " CIONO 2 because insufficient CIONO2
is formed to constitute a significant portion of the NOx budget.

In the altitude interval 25 to 10 km there is clearly a need to extend the experimental methods
applied at higher altitudes. The recently observed upper limit of 10 ppt reported by Waters et al.

(1981) at 23 km and the results from numerous In situ resonance fluorescence experiments,
substantiate the general conclusion that CIO concentrations, at least down to 20 km, fall below
predicted levels.
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In this altitude regime, it is important to consider the effect of the choice of rate constants on
the HCl concentration and the CIONO 2 and HOC) concentrations. The disagreement between
observed and calculated [HC11 which peaks between 20 and 25 km is, in large measure, eliminated
by the selection of the 'fast' rate constant for CIONO 2 formation, i.e., case 5. At altitudes
between 25 and 30 km, however, inclusion of the fast CMO 2 formation rate significantly
worsens the correlation between the mean of the [HCIJ data and the calculated distribution.

COMPARISON OF MEASUREMENTS AND 2-D MODEL CALCULATIONS FOR TRACE
REACTIVE SPECIES

ODD OXYGEN SPECIES (Ox)

The odd oxygen species [0 3, 0(3P), and 0. 1131)1 are in photochemical equilibrium with each other
throughout the stratosphere. Thus the latitudinal and seasonal variations of O( 3 P) and O(1 D) can
be inferred from the calculated ozone distribution, and a discussion of ozone alone captures the
features of the 2-D model calculations.

Ozone

For most species the observational data base for testing models of stratospheric chemistry is
sufficient only to determine whether the models produce observed concentrations within a
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factor of approximately two and whether observed tendencies as a function of altitude can be
simulated. For ozone, on the other hand, the data base is sufficiently large that more
sophisticated tests of the models can be made. Because predictions of long term changes in
ozone are based upon results from one- and two-dimensional models, it is essential that the
ability of these models to simulate observed ozone variations on the longest possible time scales
be assessed. The largest and most well-established variation of ozone occurs on a seasonal time
scale. It is natural therefore that two-dimensional models should be designed to emphasize
seasonal variations and that an important test of such models is their ability to simulate
seasonal variations of ozone (and other long-lived species). This will be the focus of the ozone
comparisons of this section.

The most temporally extensive part of the ozone data base is the historical record of columnar
ozone from the Dobson station network. The seasonal and latitudinal variability of columnar
ozone based on these observations is shown in Figure 1-128 (from Dutsch, 1971). Although data
coverage from this network is not truly global because observations have been predominantly
made at mid-latitudes of the Northern Hemisphere, the first 2 years of BUV satellite data
analyzed by Hilsenrath et al. (1979) suggest that the principal features of Figure 1-128 are
realistic. Figure 1-129 contains a comparison of the two-dimensional model calculation of C.
Miller et al. (1981) with the observations. This model exhibits a qualitatively excellent agreement
with the observed seasonal and latitudinal variation of columnar ozone in the Northern
Hemisphere.

There is a general tendency for two-dimensional models to yield smaller diurnal and seasonal
variations in columnar ozone than those observed. At 60T1, for example, the observations
indicate an annual maximum 100 Dobson units larger than the minimum, while the modeled
variation is only ^-50 Dobson units. Similar results are obtained with other 2-D (Whitten, et al.,
1977) and 3-D (Cunnold et al., 1980) simulations. The degree of agreement with the observations
of Figure 1-128 depciA primarily on the parameters used to describe horizontal and vertical
transport. Since these have been obtained in an ad hoc manner from available meteorological and
composition data, agreement in Figures 1-128 and 1-129 (and Figures 1-130 and 1-131) indicate
that the transport parameterization, which lacks a strong physical basis, is capable of being
adjusted within reasonable limits to give adequate agreement kith the observed distribution of
ozone (and other trace species).

Simulation of Northern Hemisphere-Southern Hemisphere ozone differences has been attempted
in only a few two-dimensional models (e.g., Ko et al., 1981; Pyle, 1980). It seems inappropriate
to test the capability of two-dimensional models to simulate interhemispheric differences, since,
at this time, differences between the various two-dimensional models in simulating Northern
Hemisphere ozone variations are substantially larger than the observed interhemispheric
differences.

The data base for two-dimensional model parameterizations depend primarily on Northern
Hemispheric input data, since the observational data (potential temperature, wind fields, etc.)
are more readily available there. Most 2-D models use a data base that is essentially symmetric
north/south, with a 6-month phase lag. Thus it is most appropriate to consider the current 2-D
models as 'Northern Hemisphere' models, rather than global models. Since most observations of
short-lived species were obtained in the Northern Hemisphere, adopting this view does not
significantly restrict the utility of the models in interpreting the measurements.
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The variation of ozone with altitude in the lower stratosphere has been well-characterized by
otonesonde observations. Figure 1-130 shows the swonaliy-averaged distributions obtained by
Hering and Borden (1961). The vertical structure calculated by the two-dimensional model of C.
Miller et al. (1961) is shown In Figure 1-131. The largest seasonal changes of ozone occur
between 100 and 33 mbar anu are associated with ozone transport. Again the degree of
agreement with the observations is excellent for this particular model. The only noticeable
disagreement occurs at approximately tropopause heights where the model underestimates the
ozone. This model deficiency is not expected to have serious consequences since It occurs at
heights substantially below where chlorine affects ozone.

Figures 1-132 and 1-133 show a comparison of the two-dimensional model calculat:ons by Sze at
al. (1981) with a supposedly typical observed distribution between 1 and 10 mbar. OCO
observations (London et al., 1977), SAGE observations (McCormick, personal communication,
1990), and rocket and Umkehr observations indicate that the principal features seen in the
observation shown In Figures 1-132 and 1-133 are realistic, and that the calculated distribution is
not significantly different. It is however possible that this model (and that of C. Miller at al.,
1981) may overpredict the latitudinal gradient between S and 10 mbar in winter perhaps indicating
that temporary reservoir of NOx may not yet have been fully accounted for.

In order to assess the relative roles of transport and chemistry in the two-dimensional models,
it is helpful to compare the phase of the seasonal cycle at various altitudes with that -bserved
over Arosa (Diksch, 1974) (See Figure 1-134). In both the observations and the two-dimensional
model results, below 40 mbar ozone possesses a spring maximum wsociated with the poiewaud
and downward transport of ozone. Between S and 10 mbar on the other hand where ozone
appears to be under chemical control (e.g., Cunnold et al., 1990) the ozone maximum occurs in
summer. The relative roles of transport and chemistry in the zonal-mean bu lget suggested by
Figures 1-134 and 1-135 are approximately consistent with those cAlculated in the
three-dimensional photochemical dynamical model of Cunnold et al. (1990).

A potentially important test of multi-dimensional models which should be applied shortly,
convicts of superposing (almost) simultaneous global observations of ozone and Lemperature in
the middle and tipper stratosphere. The observed eovariances should provide an important test
of the chemistry and of the relative Importance of transport in this region. Where ozone is
controlled by chemistry, the terrWratu re-depen dent chemical loss processes produce a negative
correlation between ozone and temperatures while in those regions where transport dominates a
positive correlation has not only been observed (see, for example, Gille et al., 1990b) but has
been simulated in models (see for example, Cunnold et al., 1980). Furthermo •e, between 1 and
110 mbar, ozone destruction is believed to contain contributions from odd hydrogen, odd
chlorine, and odd nitrogen species in addition to odd oxygen. Each of these destruction
processes is associated with a different temperature-dependent loss rate which suggests that the
ozone temperature covariance should help to elucidate the relative roles of radical families in
ozone destruction. Barnett et al. (1975a) were the first to use this anproach and suggested a
temperature coefficient consistent with a combined HOx Chapman mechanism chemistry at SWS
at approximately 1 mbar.

ODD HYDROGEN SPECIES (HOX)

The comparison of observed HO and H02 with a 1-D model has been discussed previously. The
1-0 and 2-13 calculated vertical profiles of HO and H02, appropriate for mid-latitude conditions
(30"N) are very similar. Since latitudinal and seasonal data for 1-10x are lacking, validation of 2-D
model results  are not yet possible. Nevertheless, it is instructive to show the mweridional cross
sections of HO, H02 and H 2O2 (Figures 1-136, 137 and 138) calculated by the AER 2-D model. The
species that shows the largest variation with Latitude is H2O2 and the least is HO.
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Figure 1-132. Observed ozone mixing ratios ( ugm/gm) BUV observations by Krueger et al. (1973) for
17 December 1970 (supposedly typical of the ozone distribution during the -olsticial seasons).
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ODD NITROGEN SPECIES (NOx)

Introduction

The section on 1-D modeling in this chapter details the changes in the NOx species mid-latitude
vertical profiles due to the chemical rate set updates since NASA RP 1049. Both the total amount
of NOx and the partitioning of that amount into the various species have changed considerably in
the models. These chemistry changes have in general significantly improved the model
comparisons with the observational data, particularly for the seasonal and latitudinal variations
of the major species (NO, NO2, and HNO3), so that today a fairly consistent picture is emerging.

In these discussions, the Du Pont 2-13 model calculations give a band corresponding to the
seasonal variations of the daytime average mixing ratio for each species. The AER calculations are
the approximate noontime values for July.

Nitric Oxide (NO)

Altitude Profile

The measured mid-latitude vertical mixing ratio profile of nitric oxide and the theoretical calcula-
tions are shown in Figure 1-139. The measurements are characterized by a range of approximately
a factor of four from the tropopause to 30 km, increasing to about a factor of 10 at 50 km. The
calculations fall entirely within this broad range of observations throughout the stratosphere.
The calculations lie toward the higher end of the measurements above 20 km, with a mixing ratio
at 50 km of about 20 ppb.
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Recently Solomon (1980) has shown that a thermospheric source of NO may contribute a signifi-
cant downward flux of NO into the upper stratosphere. The present models, which neglect this
flux, may thus underestimate the NO concentration at 50 km.

Some measurements indicate a wintertime variation in the mid-latitude vertical profile. The
calculations do not show large seasonal or latitudinal gradients at mid-latitudes, with only a
factor of -- 2 such variability predicted in the 20 to 30 km altitude range.

Latitudinal and Seasonal iariations

Loewenstein and coworkers, using a chemiluminescent instrument, have measured the seasonal
and the latitudinal variations of NO at 18 and 21 km. These obser%ations are reproduced in
Figure 1-140 along with the calculations (daytime average) from the Du Pont model. The gross
features of the observations are reproduced by the model. At both 18 and 21 km, the NO
concentration increases with latitude during the summer and decreases rapidly above 5O N during
the fall. The model gives similar features, with the only significant discrepancies being the
underestimate of NO in the tropics at 18 km (during all seasons) and the underestimate for high
latitudes at 21 km (particularly for summer).

The current chemistry and transport parameterization gives a good representation of the sharp
falloff of NO during the fall above 50TI, and a reasonable simulation of the spring observations.
This feature could not be reproduced using previous chemical reaction rates.
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The seasonal variations of NO at an altitude of 21.3 km, obtained by Loewenstein and co-
workers, for 4ON latitude are shown in Figure 1-141, along with Du Pont nwdel calculations for
4441 and 649N. The agreement with the calculated variation at 44'N is poor, although the 6441
graph indicates that a similar seasonal variation is calculated at higher latitudes. This apparent
discrepancy, if supported by further measurements, may indicate the presence of a stronger NOx
sink in the lower stratosphere during winter than the models calculate.

Recently Coffey et al. (1961) have obtained the latitudinal variations of the NO column density
above 12 km during summer and winter. The mid-stratospheric region from 20 to 40 km con-
tributes most to the NO column, although stratospheric models (as the two discussed here) with
their upper boundaries at -r55 km neglect the mesospheric NO concentration, which may
contribute — 20% to •he column. The observations are shown in Figure 1-142, along with the
calculated daytime average column. Both the observations and the model show little latitudinal
gradient in the summer, with a sharp decrease beginning at about 4541 in the winter. This is
similar to the feature obtained by the in situ measurements shown in Figures 1-140 and 1-141.

The calculated shape of the NO column density versus latitude is qualitatively similar to the
observations, but the predictions are too high by a factor of 1.3 in the tropics increasing to
about two for high latitudes in winter. The more limited measurements by Girard et al. (1978)
are higher than those of Coffey et al. (1981) by about 40%, so the overprediction may be less
than suggested in Figure 1-142.
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Figure 1-141. NO seasonal variations at 21 km, 40N latitude. Points are observations of Loewenstein at al.
(1977). Labeled solid curves are Du Pont model calculations for 44°N and 64°N.
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Nitrogen Dioxide (NO2)

IIritude Proflle

The measured vertical mixing ratio profile for NO 2 at 30'°N latitude is shown in Figure 1-143,
along with the model calculations. Nitrogen dioxide exhibits considerable diurnal variation during
the daytime, with sunset values (shown in Figure 1-143) about twice those at sunrise. Allowing
for diurnal corrections, one concludes that the modeled shape fits the observations and that
quantitative agreement to within about 50% is evident from 20 to 40 km.

Latitudinal and Seasonal I'ariationc

The seasonal variations of NO2 are best characterized by the column measurements of Noxon
(1975), which indicate a strong winter minimum at 659N. Figure 1-144 gives Noxon's data for WN
and 4UN, along with 2-D model calculations for the appropriate latitudes. The model reproduces
the winter minimum, with approximately the right amplitude, at 65'1. The model significantly
understimates the seasonal variations for NO 2 at 40N, however, just as was the case for the NO
seasonal variations at 21.3 km altitude (see Figure 1-141). It is apparent that there is a process
operating in the real atmosphere, leading to a sharp winter minimum in both NO and NO2 at
—45'1, which the 2-D models do rot adequately reproduce.
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Figure 1-145 illustrates the column partitioning of the important daytime NO X species. HNO3
dominates toward the poles, especially in the winter. The conversion of NO and NO 2 to other
NO, species in the real atmosphere evidently takes place at mid-latitudes more completely during
the winter than the models calculate. This may represent a transport parameterization inadequacy
or a remaining inaccuracy in the model chem i stry. Since the same qualitative features occur in
several models, with quite different transport schemes, an inadequacy in the chemical scheme
may be indicated.
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Both Noxon and coworkers and Coffey et ai. (1961) have measured the -402 column abundance as
a function of latitude for several seasons. All these groups' published - psults are collected in
Figure 1-146. The summer measurements show a monotonic increase with latitude, by about a
factor of two from the Equator to 6011. The winter measurements show a rapid decrease between
45• and 5011, sometimes called the 'Noxon cliff'. As discussed above, the model is best
Interpreted as a Northern Hemisphere model, so the (symmetric) continuation of the calculated
column to the Southern Hemisphere is not shown.
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Figure 1 . 146. NO2 vertical column densities versus latitude. Collected data by Noxon and coworkers and Mankir.
ind coworkers given as points. Solid lines are Du Pont 2-D model calculations for summer (upper
curve) and winter (lower curve).

The calculations shown in Figure 1-146 reproduce the qualitative features of these column varia-
tions. The upper curve is the summer variation, and the lower curve is for winter. The small
seasonal variation for low latitudes is apparent, as well as a mow-tonically increasing column
with latitude in summer and a sharply decreasing one (at —450) in the early winter. The model's
latitudinal resolution is not sufficient to calculate sharp features like the Noxon cliff. However,
a significant decrease in NO 2 at high latitudes in winter is, for the first time, clearly indicated by
the calculations.
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The species NO 2 participates in several key rate-limiting steps, including the reaction

NO2 + 0 — NO + 02

which determines the rate of nitrogen-catalyzed ozone destruction. Figure 1-147 gives an
altitude-latitude contour plot of the daytime average NO2 concentration for the Northern
Hemisphere's late winter season. (The nighttime average values are 50% higher.) Calculated
values exceed 2009 cm3 at —30 km everywhere except near the Equator. Very steep vertical
gradients are evident in the lower stratosphere, especially at high latitudes.
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Figure 1-147. NO 2 concentrations versus altitude and latitude. Contour labels give the daytime average NO2
concentration (molecules/cm) calculated with the Du Pont model, for Mach 1.

Model calculations made with the chemical reaction rate set of NASA RP 1049 could not simulate
the seasonal and latitudinal variations of NO, NO2, and (as discussed beiow) HNO3. The
improvement documented here has occurred with the subsequent chemical reaction rate updates.
The single rt►ost important change was the large increase in the rate for HO + HNO3, which
reduced the HNO3 concentration near the poles and significantly altered NO x partitioning in the	 I
lower stratosphere.
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Nitric Acid (HNO3)

Attitude Iirofile

The observed mid-latitude vertical mixing ratio profile of HNO3 is shown in Figure 1-148, along
with the 2-D model calculations. Below 25 kni, theory and observations are now in reasonable
agreement. The current calculations, using the faster reaction rate for HO + HNO3 of Wine at al.
(1961b), are significantly improved over results using NASA RP 1049 chemistry below 25 km alti-
tude and are in agreement with 1-D model calculations.

Above 25 km, the calculations significantly overestimate the measured amount of HNO 3. This
overestimate, which is about a factor of three at 30 to 35 km, cannot easily be explained on the
basis of the current chemical scheme. The discrepancy is also noted in the 1-D models and
persists from the previous chemical rate sets.

Latitudinal and Seasonal Variations

Minimal seasonal variations are observed for the HNO3 column below 309V latitude, while at high
latitudes the seasonal variations become more pronounced, with a winter .maximum. These quali-
tative features of the seasonal variations in the total HNO3 column are reproduced by the models
with the current chemical rate data (see Figure 1-145)

The latitudinal variations of HNO3 obtained by Murcray and coworkers, and Coffey et al. (1981),
are shown in I igure 1-149. A4cgnsis 2 t picture is clearly indicated, with the column increasing
from a minimum of 2 to 3x10 cm' at the Equator to about 1600+15 cm-2 at 601N. This rapid
variation is simulated by the calculations, including the seasonal variations from summer (bottom
solid curve) to winter (top solid curve). The dominant contribution to the column comes from
the 1S to 25 km region of the lower stratosphere where transport effects are significant.

The improved comparison between the calculations and observations is due both to the addition
of new measurements and to improvements in the chemical reaction rate set. The models' over-
estimate by a factor of - 3 noted in the mid-latitude vertical HNO 3 profiles above 30 km remains
a significant discrepancy.

Nitrogen Trioxide (NO3)

Recently Naudet et al. (1981) obtained a vertical mixiiis ratio profile for NO 3 at night, from
latitude 43°N in September. Figure 1-150 gives the measured concentration profile, along with two
profiles of nighttime averaged NO 3 obtained with the Du Pont 2-D model. Because of the rapid
variation of the solar zenith angle with time during September, the calculated NO 3 profile
changes quite rapidly. The model does not predict a minimum for the nighttime column NO3
during the summer, as indicated in a limited number of measurements by Noxon.

Peroxynitric Acid and Nitrogen Pentoxide (H02NO2 and N205)

Peroxynitric acid (H02NO2) has not been detected in t'.e stratosphere. The current 2-0 model
calculations indicate that the H02NO2 mixing ratio peaks at -0.4 ppb, at about 25 km altitude,
for mid-latitudes.
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No positive detection of N205 in the stratosphere has been reported. Its calculated peak
nighttime mixing ratio at mid-latitudes is —3ppb, near 32 km altitude, with much larger values
near the winter pole.

Summary for NOx

Significant changes in several important reaction rates involving NOx species have occurred since
the publication of NASA RP 1049. These changes have improved the comparison between the
model predictions and observations for the odd nitrogen species. The calculated mid-latitude NO
vertica! profile and the qualitative features of the NO seasonal variations now agree with
observations below 35 km. The calculated NO2 mid-latitude vertical profile agrees with the
observations, especially those at the higher end of the observed range. The NO and NO 2 vertical
column abundances in the 2-D models vary with latitude and season in a manner ivalitatively
similar to the observation,, with a feature analogous to the Noxon 'cliff'.

Thy predicted HNO3 mini-latitude vertical profile in the lower stratosphere has been improved
with the chemistry updates and now agrees quite well with the observations, although a factor
of three overprediction of HNO 3 at -30 km persists. The column abundance of HNO 3 in the 2-D
models varies with latitude and season consistent with the observations.

Although the gross features of the latitudinal and seasonal NO x variations are simulated by the
models, several quantitative disagreements persist. The seasonal variations are not well modeled,
especially in the 4(PN to WN region during the winter. The observed columns of NO and NO2
show sharp variations at high latitudes in winter that are not reporduced, indicating either that
the 2-D models are not properly simulating some feature of NO x chemistry or else that they do
not adequately describe 'local' (i.e., occurring over :!^ 10° in latitude) transport properties in this
region.
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ODD CHLORINE SPECIES MIX)

Stratospheric k-veis of CIx are expected to be Increasing with time as a result of anthropogenic
emissions at the ground. In both sets of model calculations presented here, estimates are given
for the CIx species concentrations in the stratosphere for the present day (mid-1990), corre-
sponding to an upper stratospheric mixing ratio of 2.0 to 2.2 ppb total Clx. The sources of the
CIx in the models are CH3CI and CC14, with fixed ground-level mixing ratios, and the
anthropogenic species CH3CC13, CC13F, and CC121` 2 based on historical estimates of the
ground-level release fluxes.

Hydrogen Chloride (HCI)

Figure 1-151 gives a comparison between the observed HCI profiles measured by high resolution
absorption spectroscopy (at mid-latitudes) and the calculated results from two 2-D models. The
range of variations over the year 1900 at 309N latitude is shown for the Du Pont model, while the
AER model gives the noontime profile for July 1990. The calculations fall toward the middle to
high end of the observations from the lower stratosphere up to 30 km. However, the data at 35
to 40 km possibly indicate an HCI mixing ratio (-2 ppb) somewhat larger than the calculated
values (-1.5 ppb). These calculated vertical profiles for HCI at mid-latitudes are very similar to
those obtained with 1-D models.

Figure 1-152 presents the latitudinal variations in the column abundance of HCI measured by
Girard et al. (1991) above 11 km during the spring. These are the only available observations of
column HCI latitudinal variations.They are clearly characterized by a minimum at the Equator and
an increase toward the poles. Also shown in the figure is the daytime average column calculated
with the Du Pont 2-D model. The calculations show Northern Hemisphere variations similar to
those observed except near the Equator, where the calculated values are a factor of two higher
than the upper limit of the observations.

Chlorine Oxide (CIO)

The calculated altitude/latitude contour plot of the daytime average CIO concentration is shown
in Figure 1-153. Above 10 km in the winter hemisphere, the calculated [CIO] decreases with
latitude from the Equator to the poles, while latitudinal gradients in the summer hemisphere are
less pronounced. At a fixed altitude, the calculated concentration is higher in summer than in
winter. These seasonal variations directly follow those of the HO radical, which affect - CIx
partitioning.

The Ia.gest calculated daytime average CIO concentrations (-600 7 cd) occur at _ 30 km
altitude- for latitudes from (P to 50° in the summer hemisphere. In the winter hemisphere, the
altitude giving the largest concentration increases with latitude, reaching -40 km at W. The
concentration at a given altitude is larger during summer than winter, with a factor of two
seasonal variation near 30 km at 5(P latitude.

The in situ CIO measurements at 3O N latitude are compared with the model calculations in Figure
1-154. If one excludes the two high CIO profiles as being not representative of the 'normal'
range for this species, the calculated profiles fall at the high end of the measurements at -25 km
and deviate toward the low end at -40 km. The mid-latitude calculations are similar to those
obtained with 1-e-) models.
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Below 35 km, the agreement between calculated and observed CIO profiles is improved using the
chemistry given in this report, compared with the earlier recommendations of NASA RP 1049. The
net result of the changed reaction rates is to reduce abundances of the HO radical in the lower
stratosphere and thereby to shift the partitioning of the Clx family away from the catalytically
active forms (CIO, CI) and toward HCI. The average slopes of the calculated and observed CIO
vertical profiles between 25 and 30 km are now similar.

Above 35 km, the calculations show a decrease in the slope of the vertical profile of CIO with
altitude, with a maximum in the mixing ratio profile between 35 and 40 km. This feature is not
found in the envelope of the observations, although some of the individual profiles exhibit such
behavior. The agreement between both 1-D and 2-D models and the observations for CIO above
35 km is not good, suggesting a remaining inaccuracy or an unknown mechanism in the current
chemistry scheme.

Parrish et al. (1981) have measured CIO at 42°N in winter using a mm-wave emission technique,
and their results are consistent with the vertical profile of the in situ measurements. The winter
1980 vertical column density of CIO above 24 km altitude obtained by Parrish et al. (1981) was
1x10`14 molecules cm2, while a 2-D model calculation (C. Miller et al., 1981) for the same season
and latitude gives a daytime average value -40% lower.

Cl Atom, Chlorine Nitrate and Hypochlorous Acid (CIONO 2 and HOCI)

The calculated latitudinal variations of the daytime atomic chlorine concentration above 35 km
are small (-20%) except toward the winter pole. The calculations for mid-latitudes show little
seasonal variation and vertical profiles similar to those of 1-D models in the - 35 to 45 kin region
for which the only observations exist.

The calculated CIONO2 mixing ratio using the chemistry recommended in this report is a factor
of about three lower than that obtained with the chemistry given in NASA RP 1049. The vertical
profiles of CIONO2, in both the 1-D and 2-D models, exhibit a sharp maximum at -30 km
altitude, with a daytime average mixing ratio of 0.2 pph there. These calculations are well
below the measurements of Murcray et al. (1980), which are interpreted above as giving a
tentative upper limit of 1 ppb in the altitude range 25 to 35 km.

The maximum HOCI mixing ratio (daytime and nighttime averages -0.1 and 0.3 ppb, respectively)
is calculated to occur at -35 km altitude in the summer hernisphere, with the altitude of the
maximum increasing significantly with latitude toward the winter pole. No stratospheric measure-
ments of HOCI have been reported.

Total Chlorine

Both sets of 2-1) model calculations discussed in this section are for the year 1980, based on
historical ground level release rates for CC13F, CC1 2F2, and CH 3CC1 3, and fixed ground level
mixing ratios of CH 3C1 and CC14. They calculate 2.0 to 2.2 ppb total Cl. in the upper strato-
sphere. lay comparison, the total chlorine measurements of berg et al. (1990) indicate the
presence of - 3 ppb Clx for the late 1970s. The in situ measurements of NCI and CIO at - 40
km, while showing a large range of values, give a mean totai Clx amount of --3 ppb.
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Adjustments to the existing ground level organic CIx sources in the models, within the uncer-
tainty range of the observations, could be made to obtain ,-3 ppb CIx at high altitudes. The size
of the additional source would be similar to that due to FC-11 and FC-12. However, an increased
ground level CIx source would also cause an increase in lower stratospheric HCI and CIO. Since
the calculations for both these species currently fall at the high end of the observations near 25
km, an upward adjustment in CIx would weaken the agreement with NCI and CIO measurements
In the lower stratosphere.

Summery for Chlorine Species

The chemical reaction rate changes since NASA RP 1049 have improved the agreement between
models and measurements for HCl and CIO in the lower stratosphere. However, the models now
appear to predict too little HCI (by —50X) and CIO (by about a factor of two) at 40 km. These
observations and total chlorine measurements suggest an upper stratospheric CIx mixing ratio (in
1990) of --3 ppb, about SOX larger than obtained with the models.

Measurements of the CIx species have generally been restricted to mid-latitudes. The only
extensive observational data on latitudinal variations of chlorine species are Girard et al.'s
recent ICI c(-'jmn measurements. The 2-D models give qualitatively the same features as these
HCI measurements, with a minimum near the Equator and a column increasing rapidly toward the
poles.
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CHAPTER 2

MULTIDIMENSIONAL ASPECTS: OZONE, TEMPERATURE
AND TRANSPORT

INTRODUCTION

Our understanding of the photochemistry of the ozone layer has been increasing steadily over
the past several years. Many types of studies including laboratory chemical kinetics, remote and
in situ measurements of trace species, and photochemical modeling have provided essential
information. However, without doubt, it is the one-dimensional photochemical model which has
played the central role in the scientific assessment of possible anthropogenic threats to the
ozone layer. Such models, which parameterize the entire effects of atmospheric motions by use
of a vertical eddy diffusion coefficient, reduce the complex three-dimensional interplay of atmo-
spheric motions and trace constituent budgets to rather simple budget equations for the (glo-
bally and annually averaged) vertical profiles of the various constituents. The limited number of
degrees of freedom in these models makes it feasible to carry out a wide variety of perturbation
studies with rather complete chemistry. However, the global and temporal averaging implicit in
such models introduces uncertainties which are difficult to evaluate in a precise manner. Thus,
for example, the National Academy of Sciences (NAS) panel on Atmospher ic Chemistry stated
that their estimate of the steady-state ozone depletion due to release of chlorofluoromethanes
was uncertain by a factor of two due to the crude treatment of atmospheric transport in
one-dimensional models apart from all other uncertainties.

For some purposes, these uncertainties perhaps can be tolerated. However, it is clear that for a
completely safisfactory scientific understanding of the ozone layer it is necessary to consider the
full three-dimensional spatial variability as well as the temporal variability of all the trace species
relevant to the ozone budget. Such an approach demands explicit understanding and modeling of
the three-dimensional transport and dispersion due to atmospheric motions together with con-
tinuing comparison of model results with the observed three-dimensional (four-dimensional
including time) temperature, wind, and composition structure.

Recent work on the photochemistry of ozone as reviewed by Cicerone (1931) a: well as in other
chapters of this report indicates that there are still important uncerta°nties ',n the chemistry,
primarily involving the roles of the hydroxyl radical and certain intermediat•-- storage molecules
(e.g., CIONO2) in the lower stratosphere. Since, in the lower stratosphere, chemical and
dynamical time scales are comparable, chemical composition must depend crucially on
atmospheric transport and dispersion. Significant further reduction of the uncertainty in ozone
perturbation predictions may thus require multidimensional models which incorporate the effects
of temporal and spatial variability in the lower stratosphere (below-35 km). The purpose of this
chapter is to review our capability for obtaining four-dimensional data on stratospheric struc-
ture, dynamics, and ozon_; to review some of our advances in knowledge that have come from
analyses of these data sets; and to review progress in the development of multidimensional
models of the stratosphere. Ozone is singled out in this chapter as a stratospheric constituent,
not only because of its importance but also because multidimensional ozone observations are in
a far more advanced state than is the case for any other stratospheric constituent.

A major theme of this chapter is the interplay of observational and trtieoretical (modeling) work.
Global observations are clearly necessary to establish a data base for validating results from
multidimensional models. Clever analysis of data can reveal processes and phenomena which may
demand new modeling strategies (e.g., vertical momentum transfer by small-scale gravity waves).
Equally important, but less appreciated, is the potential role of models in guiding our observing
strategies. A proper understanding of the four-dimensional variability of the stratosphere is
necessary in order to begin to view in their proper framework the measured one-dimensional

2-1
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vertical profiles discussed in the previous chapter. Local vertical profiles obviously cannot be
used indiscriminately for validating one-dimensional (globally averaged) photochemical models.
Such profiles, however, can play an important role in delineating the vertical distribution of
various trace species, and may also implicitly contain information on the effects of transport and
dispersion. However, in the absence of proper three-dimensional observations there has been a
tendency in some quarters to overinterpret local vertical profiles. One role which multi-
dimensional modeling can play is in helping experimenters to interpret local vertical profiles.

The discussion of multidi nensional aspects of the stratosphere is divided into four major sec-
tions: observations, analysis and interpretation, modeling, and transport of trace species. In the
first section there are discussions of global observations of ozone by both ground-based and
satellite techniques and observation of stratospheric temperature by satellite techniques. This
section includes a summary of the temporal and spatial coverage of these data as well as a
discussion of the accuracy and limitations of these data. Since routine in situ meteorological
soundings (radiosonde and meteorological rockets) have been summarized thoroughly in NASA RP
1049, such measurements will not be discussed in any detail here. However, this section does
discuss the potential of ground-based wind measurements utilizing the so-called MST radar
systems for studying short period dynamics, and the importance of research aircraft for studying
small-scale horizontal variability.

In the second major section, progress in the analysis and interpretation of global data sets is
reviewed with emphasis on satellite data. Progress and problems in defining the momentum, heat
and energy budgets of the stratosphere as well as mechanisms of tracer transport and some
information on chemistry are discussed. This section includes a discussion of interannual
variability in the stratosphere and its implications for interpretation of the data. In addition, the
role of future satellites, e.g., the Upper Atmosphere Research Satellites (OARS), in elucidating
various unsolved problems is discussed.

The third major section of the chapter summarizes the current status of multidimensional
modeling and the tole of such modeling in stratospheric research. We first consider the area of
two-dimensional photochemical and dynamical models. Recently, important theoretical advances
have been made in our understanding of the transport-dispersion processes in the atmosphere.
These advances promise to place two-dimensional transport models on a firmer theoretical basis.
However, a three-dimensional initial value approach is still required if one is to really 'simulate'
the complete radiative-dynamical-chemical system and is very useful in diagnosing the treatment
of processes in two-dimensional model,. We have attempted to summarize the current work of
all groups having active two- and three-dimensional models of the stratosphere. Information on
the technical aspects as well as the scientific goals of the various projects is provided.

This section also reviews current thinking on the importance of various radiative-chemical-
dynamical coupling processes; the role of models in assessing perturbations in climate due to
such couplings; coupling of observations and models; the possible role of models in the design
of observational strategies; and the crucial role of global observations in validating models.

In the final section of this chapter, a number of facets of our understanding of the global trans-
port of stratospheric trace species are synthesized. This section begins with a discussion of
trace constituent distributions and their implications for stratospheric dynamics and continues
with a conceptual view of the mechanisms responsible for producing tracer transport and vari-
ability. This section then discusses the important special problems associated with the exchange
of trace species between the stratosphere and troposphere. The section ends with an analysis of
the water vapor budget as an example of the multidisciplinary problems encountered in trying to
understand the distribution of a single important trace constituent.
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GLOBAL OBSERVATIONS OF OZONE AND TEMPERATURE

INTRODUCTION

Two crucial parameters to be measured in the stratosphere are ozone and temperature. Ozone is
important not only because of its importance in shielding biological systems from harmful ultra-
violet radiation but also because it plays a very important role in absorbing solar radiation and
absorbing and reemitting infrared radiation. Since ozone plays a crucial role in determining the
distribution of stratospheric heat sources and sinks, its distribution helps to determine the
stratosphere's temperature and wind structure. Measuring the distribution of stratospheric
temperature is important for many reasons. If one knows the distribution of temperature in the
stratosphere, one can use the hydrostatic relation together with information on the tropospheric
structure to derive the distribution of geopotential height of pressure surfaces, or equivalently
the distribution of pressure as a function of altitude, latitude, and longitude. Then, using the
geostrophic wind relations, one can obtain the distribution of the geostrophic wind, which is a
close approximation to the prevailing wind at stratospheric levels in the extratropics. Thus, from
a measured stratospheric temperature field it is possible to approximate the dynamics structure
of the extratrooical stratosphere. Also, many important stratospheric chemical reaction rates are
quite temperature-dependent so that the temperature must be known before one can determine
the chemical production and loss rates of several stratosphere constituents. Finally, the stratos-
pheric temperature field is important in determing the stratosphere's exchange of infrared radia-
tion with the troposphere below, with the atmospheric regions above, and with space.

Both ground-based and satellite techniques exist for measuring stratospheric ozone and tempera-
tures. It is the purpose of this section to briefly discuss some of these measurement techniques
along with the availability and quality of the data. These subjects were also previously discussed
in NASA RP 1049.

Brief descriptions of various satellite instruments are included in Appendix C to aid in under-
standing some of the limitations of the data. A listing of the measurement errors and physical
parameters, such as field-of-view, sampling, and coverage, is presented within the chapter to
describe the character of the various satellite data sets. Pertinent data on error sources were
obtained from the experimenters for each experiment; in most instances, errors were estimated
from ground simulations and testing. It is recognized that validation of satellite data depends
heavily on comparisons with measurements made by independent techniques from ground, bal-
loon, aircraft, and rocket platforms. These measurement techniques have their own errors and
data reduction problems which must also be considered. Despite such problems, these 'correla-
tive measurements' are important since they provide the only truly independent comparison set.

Some of the barriers to the use of stratospheric satellite data are the lack of convenient access
to the data in machine readable form and difficulties in assimilating these very large data sets.
We have tried to address these and other problems in this section with the goal of stimulating
the use of large satellite data sets in the study of key stratospheric problems. A later section
summarizes some of the analyses that have been done with these data by reference to some
published works.

OBSERVATIONS OF OZONE

In the following section, measurements of total ozone column amounts are discussed separately
from measurements of ozone profiles in the stratosphere. Both measurements are, of course,
important. For instance, in addressing concerns of increased exposure to harmful solar ultra-
violet radiation it is very important that we understand whether changes in vertically integrated
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ozone amounts are occurring. On the other hand, changes in the vertical distribution of ozone,
even if the total amounts are unchanged, can lead to changes in stratospheric structure and thus
possibly even to changes in tropospheric climate.

Meesurernent Techniques for Total Ozone

Two different ground-based techniques are used for routine observations of total ozone: the
Dobson spectrophotometer and the M-83 filter photometer. In addition, a number of
satellite-based systems have been (and are being) used for total ozone measurements. The
principal satellite systems that have provided total ozone data are the Backscattered Ultraviolet
(BUV), Solar Backscattered Ultraviolet (SBUV), and the Total Ozone Mapping Spectrometer (TOMS)
techniques. Other satellite methods involve the Infrared Interferometer Spectrometer (IRIS), the
High Resolution Infrared Radiometer (HIRS) systems and the Multichannel Filter Radiometer
(MFR). A more detailed description of these differer.• total ozone observing techniques is given in
NASA RP 1049 and WMO (1981).

For the purposes of analysis of long-term ozone variations, Dobson observations provide the
longest continuous series of measurements, having started as early as 1925 at some stations.
Currently operating ground-based total ozone stations with 15 or more years of observations are
shown in Figure 2-1. The stations marked 'other' in most cases use the M-83 type instrument
(see Appendix Q. The geographic distribution of ozone observations in the global observing
network is quite limited as can be seen in Figure 2-1. Satellite systems reduce this limitation.
Past and planned future total ozone satellite measurement programs are depicted in Figure 2-2.
As shown, only the Nimbus 4 satellite has thus far yielded continuous data covering more than 1
or 2 years. However, the use of the data from Nimbus 4 is limited due to concerns having to do
with instrumental drift and uneven sampling (see following discussions). All data from the
Nimbus 4 BUV experiment have been processed and the total ozone data are now available from
the National Space Science Data Center (NSSDQ, Goddard Space Flight Center. In addition,
monthly average global synoptic analyses of total ozone have been completed and are available
from NSSDC.

Ground Based: Dobson Spectrophoto ►ueter

Estimated ranges of various types of measurement errors for the Dobson spectrophotometer are
given in NASA RP 1049, (Table 6-2) reproduced here as Table 2-1. (See that report for a
discussion of how these estimates were derived.)

Significant recent developments concerning our understanding of Dobson spectrophotometer
total ozone measurements errors are the following:

• Some experimentar evidence suggests that Dobson total ozone measurements may be
systematically biased by as much as 5 to 7% (Komhyr, 1990). A redetermination of the
Huggins haled ozone absorption coefficients is curr-ntly in progress at the National Bureau of
Standards, Gaithersburg, Maryland (A.M. Bass, personal communication). If the
redetermination confirms the validity of the presently used absorption coefficients, then
other possible error sources will need to be explored, e.g., the presence in clean air of
anomalous absorber, other than ozone (see below). Such an absorber might affect ozone
trend determinations if its atmospheric abundance gradually changes with time.

e Komhyr et al. (1980) have recently applied correctcons to Bismarck, North Dakota, total ozone
data for 1%3 through 1979. Data collected in the 1960s needed a bias correction of about
2.5X,, while the 1970s data did not require correction. Unfortunately no other similar studies
are available for other stations.
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Table 2-1
Dobson Ozone Spectrophotometer Measurement

Error Estimates

Estimated Value"

Systematic Erron

I. Trend determinations not affected:

(a) Absorption coefficient uncertainties

2. Trend determinations affected (t hange per decade):

(a) 0 1 absorption coefficient affected by
stratospheric temperature changes

(b) Uncorrected instrument calibration drift

(c) Solar spectrum changes

(d) Aerosol changes

•• (e) Tropospheric pollution changes with time

- ozone
other absorbers (e.g.. SO, )

(f) Change i n cloudiness

Random Standard Errors

3. AD direct sun observations

optimal
average

4. Zenith sky observations

optimal
avetage

(0,+7)%

t 0.5%

t 3%

t 0.3T

t 1%

t 1%
t 29F

2 196

t 1.59E
13%

* 2.59E
15%

• Using the usual convention *_0.5.4, mcaru that the ',1 error from this source lies between
the limits -0.5 and +0.5, that is, in die Interval (-0.5, +0.5yi,.

' •This is not really arm error. but can affect interpretation of stratospheric ozone trends.

• I he question of whether variations related to solar activity affect I)obson spectrophotometer
A-, li-, C-, and t ► -wavelength extra-terrestrial constants, L o, is of interest since a Dobson
instrument calibrated on an absolute scale at a tmrne of a Minh wm in sunspot number might
yield erroneous data as solar activity gradually increased to a sunspot number maximum.
However, some preliminary evidence exists (homhyr, personal communication) to indicate that
significant Dobson instrument extra-terrestrial constant variations do riot occur during the
course of a sunspot cycle, at least for the double pair wavelengths such as the AU and CD.

• No new information about the effect of aerosols on the accuracy of I)obson
spectrophotometer total ozone is available, except confirmation by Mateer and Asbridge
(1981), using Toronto Oobson spectrophotometer total ozone data, that the -.imple haze
formulation proposed by Ikobson is consistent with observations, and that the o5servational
evidence supports not only the internal consistency of the present A, C, and 1) wavelength
absorption coefficients but, also, confirms the recommended use of the AD double pair
wavelengths as the standard for total ozone measurements.
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• While the traditional view has been that ozone originates in the stratosphere and diffuses
downward into the troposphere to be destroyed at the Earth's surface, the possibility has
been suggested of local synthesis of ozone in dean tropospheric air (see, for example,
Crutzen, 1974; Chameides and Walker, 1976; Fishman et al., 197%; Liu et al., 190D). This
raises the Dossibility that tropospheric ozone concentrations are being subtly perturbed by
man-made pollution sources. It is well known that ozone is produced photochemically in
highly polluted air. Indeed, under conditions of high insolation and extreme pollution, the
near-ground photochernically produced ozone can approach an amount equal to 10% of the
total ozone column.

At remote sites, it does not appear that the surface ozone concentration is changing with time.
This is shown by the NOAA/GMCC surface ozone measurements made at various nonurban loca-
tions during 1973 through 1979 (see Figure 2-3). Some available ozonesonde and Umkehr data, on
the other hand, suggest that tropospheric ozone amounts at mid-latitudes of the Northern
Hemisphere have increased during the past decade (see discussion that follows). However,
measurements of tropospheric ozone using ozonesondes or by the Umkehr method are, in
general, not sufficiently accurate to insure that these measured increases are real. Also, some of
the 'observed' changes in ozone may reflect secular changes in local or regional pollution rather
than global pollution.

At most operating Dobson spectrophotometer stations throughout the world, the effect of ozone
produced in polluted tropospheric air on background total ozone measurements is believed to be
small. Definitive data are, however, not available. Research in this area is needed, particularly at
stations subjected to frequent episodes of high local pollution.

Dobson spectrophotometer ozone measurement errors also occur when observations are made in
polluted air containing trace gases that absorb UV radiation at the Dobson instrument
wavelengths (Komhyr and Evans, 1980). Among such trace gases are S02, NO2, N205, H2O2,
HN43, acetaldeyde (CH3CHO), acetone ((CH 3)2CO) and acrolein (CH2CHCHO). Of these, the
interference caused by N 205, H2O2, NNO3, acetaldeyde, acetone and acrolein is negligible (see
Table 2-2). S02 and NO2, however, are potentially capable of causing errors that approach 25%
and 5%, respectively, in instances of extreme pollution and for ozone observations on AD
wavelengths. At most Dobson instrument stations throughout the world such interference is
believed to be small, but recent observations indicate that it might not be negligible. Research in
this area is needed at the few Dobson instrurewant stations where S02 pollution may be
increasing. We note that the estimates for the effect of S02 were made using absorption
coefficients given by Thompson e: al. (1%3). More recent measurements of these coefficients,
when used with the Dobson or Brewer ozone spectrophotometers, yield S02 amounts about
twice as large as when the Thompson-Komhyr coefficients are used (Evans et al., 198U). For
Dobson AD measurements, 0.001 atm-cm of S02 causes an apparent increase in ozone of 0.001
atm-cm.

Ground Based: M-83 Photometer

The M-83 makes use of two relatively broad band filters for determination of total ozone by
direct Sun or zenith sky observations. The major errors associated with ozone measurements
using the M-83 are:

• Instrument errors involving the standardization and stabilization of the filters used in the
instrument.

• Strong air mass (along column) bias because of the large bandwidth of the filters.
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Monthly Surface Ozone Amounts.
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Figure 2-3. Monthly mean surface ozone (1973 1980) (from Oltmans, 1981).
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e Errors arising from the use of empirical charts for ozone determination from the instrument
measurement.

M-83 observations are currently taken at about 30 stations mostly in the U.S.S.R. and some
Eastern European countries. Of these, about 15 stations have data for the past 15 or more years.

Changes In the optical system (improved light filters) and calibration procedures used with the
M-83 were made starting in 1971. As a result, the data variances have been reduced by a factor
of about three but are still somewhat larger than variances derived from ozone observations
taken at the same latitude with [Dobson instruments.

The root mean square difference (RMSD) between satellite and Dobson measurements, and
satellite and M-83 measurements, are shown in Figure 2-4(a). The correlations between the
satellite/Dobson data and between the satellite/M-83 data are shown in Figure 2-4(b). Both sets
of calculations are given for the period of useful BUV observations. (The BUV observations will
be discussed separately below.)

For the BUV/Dobson comparison, the RMSD is seen to be reasonably constant through this
period at about 20 Dobson units with the correlation between the two sets of data pairs better
than 0.90. For the BUV/M-83 comparison, the results before 1974 show an uncomfortably large
RMSD difference of the order of 50 Dobson units but is reduced to a value only slightly larger
than that for the BUV/Dobson set after 1974. The correlation coefficient between the BUV/M-83
data pairs also is quite low (-0.7) until 1974 after which it is only slightly lower than that for
the BUV/Dobson set. This rather dramatic improvement of the M-83 total ozone observations
after 1974 will be of considerable help in evaluating realistic long term ozone variations over a
large area of the Northern Hemisphere.

The measurement precision for the improved M-83 for observations taken in relatively clear air
and for solar zenith angle less than 60° is of the order of s5% for monthly average amounts.

Satellite ATeLiurernents

Satellite measurements of total ozone have been made continuously since the launch of the
Infrared Interferumeter Spectrometer (IRIS) and Backscatter Ultraviolet (BUV) instruments on
Nimbus 4 in 1970. (There was an 8-month interval between the end of IRIS observations on
Nimbus 3 and the launch of Nimbus 4.) IRIS provided data for approximately 10 months, and the
BUV provided data for more than 7 years before being turned off in 1977. The SRUV and TOMS
instruments were launched on Nimbus 7 in 1978 and are still functioning. Beginning in early
1977, four Air Force Block 5-D satellites carrying the Multifilter Radiometer (MFR) instrument with
a single infrared ozone channel (1022 cm-1 ) were flown and provided data between early 1977 and
early 1980. The NOAH operational satellites with the TOVS instrument, which includes a single
channel for measurement of total ozone, began flying in early 1979. Thus, there is a continuous
record of total ozone measurements beginning in 1970, and even though there have been
instrument changes, there have also been overlaps in time so that efforts can be made to
reconcile the data and produce a continuous global .zone history over 11 years in length.

Tables 2-3 and 2-4 provide more details on available satellite total ozone measurements, together
with some characteristics of the measurements, such as accuracy, precision, field-of-view, cover-
age, sampling, and data availability. More detailed estimates of random and systematic errors for
each experiment are given in Table 2-5. These data sets are not archived at a common location;
therefore, those desiring the data must contact the individual archive or, in some cases, the
investigator for each experiment.
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Since the SBUV-type and NOAA infrared Instruments are, and will became incr ingfy Important
for the purpose of total ozone trend deteroination, a few remarks about thew we for this
purpose arm` made in the following paragraphs.

Principal error sources (see Table 2-5) for BUV type experiments (including BUV, SBUV and
TOMS) involve Instrument calibration, uncertainty of the relevant absorption cross sections, and
the algorithm used in deriving total ozone data from the radiance measurements. Other errors In
the BUV technique are associated with Instrument nolse, and underlying cloud and aerosol
effects. In addition, the Nimbus 4 BUV experiment encou.dtered two serious problems that lit
use of the data in ozone trend determinations. The first is that the diffuser prate, which allows
the solar flux measurements to be made at precisely press wavelengths, degraded within several
months after launch in a possibly wavelength dependent manner. Thus, variations in derived
ozone amounts depend on the relative accuracy of the assumed solar fluxes compared to the
actual solar fluxes. This could cause a time-dependent drift of the 'observed' ozone that could
be a function of the solar zenith angle.

The effect of the degradation of the instrument diffuser plate on the resorted total ozone has
been studied bV Flog et al. (198D), A. Miller et al. (1981), Reinsel et al. (1981b), and Keating at
al. (1981), on the basis of comparison of the BUV data and the quasi-synchronous Dobson
observations. To the extent that there ape no time-dependent instrumental errors in the Dobson
measurements, the average difference as a function of time between the two data sets should
indicate the effect of the BUV instrument drift. This is shown in Figure 2-5 (after A. Miller et
al., 1981) for the period of the Nimbus 4 BUV observations. There is an Indicated global average
Dobson-BUV bias change of about 8 Dobson unite, a drift of approximately 2.7% over 81 months
of observations. Using a different averaging methc4 Keating at al. (1981) determined a similar
drift but also found a latitudinal dependence in the bias. It is still not clear, however, how the
bias affects the seasonal satellite-derived total ozone values.

c 30
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Figure 2-5. Average difference • BUV/Dobson total ozone observations (after A. Miller at al., 1981 ► .
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A second problem, potentially more serious for analysis of global ozone changes, is that the
solar paneis on the Nimbus 4 also suffered degradation in time. This limited the time the
experiment could be operating and therefore limited the spatial coverage of the data. The BUV
data-point coverage is shown in Figure 2-6 as a function of latitude and time. From the time of
the satellite launch in April 1970 to June 1972, when one of the solar panels of the spacecraft
failed, there were more than SW observations per month in each lat i tude band except during the
winter months at high latitudes. After June 1972, the number of data points subsequently
decreased, particularly at high latitudes, with some latitude zones having fewer than 500
observations per month over extended time periods. Consequently, care must be taken that the
data be considered for appropriate representativeness in any particular analysis, especially when
applied to the later years of the observations.

The major problems involving total ozone data from the Nimbus 4 aUV instrument, discussed
above, have been corrected in the SBUV instrument on Nimbus 7 which became operational in	 I
November 1978.

NUMBER OF 1OTAL OZONE OBSERVATIONS PER MONTH
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Figure 2 6. BUV data point coverage (H,Isenrath and Schlesinger, 1981).
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The principal infrared satellite measurement technique is the TOVS operating on the TIROS-N
operational satellite system. 'ReliabW observations using the TOVS instrument started In April
1979 and are expected to continue through 1965. The major errors of the TOVS (Crosby at al.,
1960) due to alpahhm sensitivity may be relatively lard, and the dependence on regression
analysis against Dobson data introduces potentially large uncertainties in the derived ozone
amounts. The retrieval accuracy of TOVS is about 7% of the mean total amount from X? to 60"W
and about 4.5% In the region 30'S to 30T1. Comparison of the TOYS retrievals with those from
SBUV showed an RMS' difference of almost 10% of the avenge total ozone. The present
configuration of sounding instruments on the TIROS-I series should be operational until '1964 or
1965. However, the retrieval procedure was designed so that the new instrument configuration
would have no negative effects on the accuracy of the retrievals. This should provide a
continuous and consistent record of the global distribution of total ozone starting from April
1979 and continuing beyond 1965. Point estimates of total ozone are being archived and will be
available from the National Earth Satellite Service. Synoptic analyses of the TOYS data are being
constructed on a daily basis and will be available from the National Weather Service.

Infrared emission measurements of total ozone have also been made from the Nimbus 3, Nimbus
4, and U.S. Air Force DMSP satellites.

The time span for each of these measurement programs, however, has been relatively short and
their usefulness in total ozone trend analysis Is, therefore; quite limited.

Measurement Techniques for Ozone Profiles

Standard techniques for routine measurements of the vertical ozone profile include ground-based
Umkehr observations, balloon-borne ozonesondes and satellite measurements. Rocketsonde
observations have provided additional information on the ozone distribution, particularly in the
30 to SS km region. Although there are relatively few rocketsonde observations, these data can
be used for cross-validation of the measurements obtained by the other techniques.

t'mkehr Observations

Un*L-hr observations may be taken at any station with a Dobson spectrophotometer. These
observations consist of spectrophotometer observations taken en the blue zenith sky while the
Sun is between the horizon and an elevation of 30 •, during morning or afternoon. Umkehr
observations are taken under cloudy sky conditions only at Arose. Thus, Umkehr observations
haw a strong fair-weather bias and, therefore, may not be representative of average atmospheric
conditions. This may not be important for derivation of ozone trends in the upper stratosphere,
but may be a drawback for their use for lower stratosphere trends because ozone in the lower
stratosphere is highly correlated with day-today weather changes. In addition, random errors in
Umkehr profiles are greatest in the troposphere (layer 1) and lower stratosphere (layers 2, 3).
(See Table 2-6 for pressure intervals for different layers).

Umkehr observations share Trost, but not all, of the errors associated with Dobson total ozone
measurements. However, Umkehr observations suffer some additional errors which do not
significantly influence total ozone measurements. A slight error in wavelength setting can distort
profiles obtained from Umkehr measurerents. Changes in calibration could thus introduce
spurious trend information. Apart from strictly instrument calibration problems, the major
sources of uncertainty in the ozone profiles derived from Umkehr observations are those
involving the inversion algorithm, the temperature dependence of the absorption cross sections,
and the optical effects of both stratospheric and tropospheric aerosols.
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The effects of temperature variations and of aerosols hour been alcuiated, and the associated
errors are discussed in WMO (1981) and shorn in Table 2-6. While these effects introduce both a
systematic bias and random noise into the Umkehr profiles, the single effect with Weatest impact
on the use of these profiles for determination of long-term upper stratospheric trends is the
error introduced by aerosols. Increases in both tropospheric and stratospheric aerosols cause
decreases in Umkehr-derived ozone concentrations In the upper stratosphere. This effect is
vividly illustrated in the Umkehr record for Aspendale, Australia, where in June 1963, an apparent
50% decrease in Umkehr layer 9 (1 to 2 mbar) occurred between two Umkehr observations which
were separated by a few days. Presumably, this decrease was associated with the overhead
passge of the stratospheric dust cloud from the Agung volcanic eruption on Bali. These effects
may persist for months, or even years, before there is a recovery to normal stratospheric dust
levels (DeLuisi, 1979). Similar effects from the dust veils of other volcanoes have also been

f observed. It must be understood that these apparent results arise because of optics! effects of
the dust on the Umkehr measurements and do not represent an effect of the dust on the ozone
itself (in fact, the dust layer is far removed in altitude from the upper stratosphere). Therefore,
analyses of Umkehr profile data for upper stratospheric trends should take sW	 p	 p	 sP	 pedal note of dips
in the record which follow volcanic gents. An attempt is now under way to use dust optical
depth measurements at Mauna Loa ro establish a table of approximate corrections to Umkehr
profiles for these effects (DeLuisi, 19.79).

Umkehr measurements provide the longest data set for analysis of extended period variations of
ozone in the upper stratosphere. As many as 50 different Dobson stations have reported Umkehr
observations since 19%. However, only about 20 are taking Umkehr observations at the present
time and, of these, only about 10 stations have observations over the past 15 years or more.
Because of their fair weather bias, the frequency of observations may be quite uneven during the
various months of the year. A list of stations currently active and with moderately long records
is given in Appendix C.

Balloon Soundings

About 20 to 25 ozonesonde stations are prestatiy operational but the observations for varying
time periods are very unevenly distributed over the globe. As a result, any worldwide climatology
of the vertical ozone distribution (e.g., Dutsch, 1978) is based on an inhomogeneous space and
time data set. This has to be kept in mind when such data are compared with satellite results.
The certainty in the presently available knowledge of the global vertical ozone distribution is the
sum of the instrumental uncertainties quoted above and of inhomogeneity of the available
observational material. Ozonesonde stations currently taking ozone profile measurements and
with relatively long periods of observations are listed in Appendix C.

There are only 11 stations with continuous soundings for the last 10 to 15 years. Trend analysis
may thus be considerably biased by the very inadequate spatial coverage, although observations
from the five stations in mid-latitudes of the Northern Hemisphere could be used for comparison
with model results for this latitude zone. Global mean values in fixed layers may not be too
meaningful, at least below about 35 km, (i.e., at the levels reached by balloons) because of the
big differences in vertical distribution with latitude and with season caused by the interaction of
chemistry and transport.

The distribution of Un*ehr and ozonesonde stations with 10 or more years of observations is
shown in Figure 2-7. Seven of these stations take both Umkehr and ozonesonde profile
measurements. For discussion of techniques see Chapter 1.
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Figure 2 7. Gcoglaph c distnbutlon of current UmMuhr anti Otonesonde ubselvautins with 10 or more
years of observations.

SwelNrr Oh„•rrarimis

"atelllte observe;: • ,ti of ozone vertical protlles starting from the region tit peak (tone density
and extending v- -t: 5 ;e+ r altitudes have been nmde almost continuously since the launch of t he
IIUV on Nimbus 'Ozone profile rneasuremmnts were also ► nwasured on (X:()-4 by a IIUV-type
instrument during tho u period September 14b7 to lant:ary I ,00. •lnalysis of this data is not
presentl y complete, hoi%vvvr.) Fi`me 2 -8 illustrates the immsuren ►ent periods for otont , protlles
that ham I-K-en lnade over the I.tst decade IVY satellite. 1 he limb Radiance Inversi , m Radiometer
(LRIR) exgwrlrnent, launched in lun y 1475 on Nimbus b, can provide ozone profiles with 4 kin
vertical resolution from the tropopause to 60 km. 1 here was a period of approximately 18
months (May 1477-October 1478) when no satellite observations of ozone protiles were :Wade
because suitable instrenmcnts wen, not available. (Actuall y , them were IIUV measun•rnents at low
latitudes on AE-5, but these data have not heen reduced to ozone profiles.) The significance of
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this break in the data record needs to be evaluated. Nimbus 7, launched in October 1978 carried
the Limb Infrared Monitor of the Stratosphere (LIMS) and SBUV expedmants which represented
updated versions of the earlier LRIR and BUV experiments. The Stratospheric Gas and Aerosol
Experiment (SAGE), launched on the AEM-2 satellite In February 197% can measure ozone profiles
with a vertical resolution of better than 1 km above the troposphere. Since this is a solar
occultation experiment, only two profiles per orbit are obtained. In the future, the data base
from past experiments will be supplemented and updated by data from new instruments: SBUV
11, the operational SBUV which the National Oceanographic and Atmospheric Administration
(NOAH) will fly on the TIROS-N series of satellites, and SAGE 11 which will fly on the Earth
Radiation Budget Satellite (ERRS). These instruments will continue making ozone profile
measurements at least through the 1900x. Also, near the end of the 19Ws the Upper Atmosphere
Research Satellites (UARS) will carry Ilmh emission sounders to provide ozone profile data over a
broad altitude range from about 70 km down Into the upper troposphere.

Ia70	 t076	 IfNtl

BUv
0430 4	 1---^

BUY
NIMBUS 4

LRIR
NIMBUS a	 H

LIMS
NIMBUS 7	 , ~ SUV

1	 ^

AEM-2^
Seuv 2

TIROS N NOAA
SERIES

Figure 2 ,8. Summary of temporal coverage of satellite ozone profile date (Miller, personal communication).

Tables 2-7 and 2-8 provide more details on the available satellite ozone concentration profile
measurements together with some characteristics of the (measurements and information on the
data products and their availability. All of these data sets are, or soon will be, archived at the
National Space Sciences Data Center (NSSSDQ in Greenbelt, Maryland. Table 2-7 also gives
estimated accuracies and precisions associated with each of the available satellite data sets for
ozone concentration profiles. 1 hese represent the investigators' txbst estimates of these pard-
meters. In addition, all of the investigators evaluated the systematic and random mmmsurement
errors associated with their particular instr,iment. This information is given In Table 2-9. It is
assumed that the Nimbus b Limb Radiance inversion Radiometer (LRIR) and the Nimbus 7 LIMS
measurement errors are. similar (Gille and Russell, personal communication) and as a result these
errors have been combined into single 'Limb-14' data set.
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The use of satellite derived ozone profile measurements for the determination of slowly varying
changes in upper stratospheric ozone fields places very stringent requirements on the continuity
and self consistency of ozone data derived with various experimental techniques by different
Instruments on different satellites at various intervals in tire. To date the most extensive data
sets in space and time have been obtained with the backscattered ultraviolet (BUV), solar back-
scattered ultraviolet (SBUV), and the infrared limb emission (LRIR and LIMS) techniques.

In the investigation of slowly varying changes in the upper stratospheric ozone fields, data sets
should be evaluated on the basis of the following criteria:

1. Greatest interval of temporal coverage
2. Similarity of observational technique
3. Similarity of inversion algorithms
4. Continuing assessment/instrument performance from ground truth measurements
S. Observational continuity
6. Independence from recalibration in orbit by indirect methods
7. Availability of the data sets.

As can be seen by referring to Figure 2-6, the only two satellite data sets that come close to
meeting these criteria at the present time are the BUV and SBUV experiments. This is due to the
duration of the BUV experiments and the similarity between the BUV and SBUV instruments and
data reduction algorithms. Because of this, we will briefly discuss some of the factors that need
to be considered when using these data sets to infer trends in ozone concentrations.

There are several sources of error with the Nimbus 4 BUV which may introduce long term drifts
into the inferred ozone profiles. The two principal unknowns are the effect of :he assumption
of constant solar spectral irradiance in the region of 250 to 340 nm over the 7-year data record
and the wavelength dependent changes in the instrument sensitivity. The most probable
consequence of either of the effects is a slowly varying monotonic change with wavelength or a
similar change in the ozone profile which most likely would increase with decreasing
wavelengths. This would produce the greatest bias at the highest altitudes. Indeed, as was
already discussed, a slowly varying drift in the Nimbus 4 measurements was noted when the
satellite observations were compared with synchronous collocated total ozone observations taken
at Dobson stations (see Figure 2-5).

In addition, the coverage for vertical profile retrievals was compromised by interference from the
Van Allen radiation belt in the vicinity of the South Atlantic off the northeast quadrant of South
America. Furthermore, the BUV system is dependent upon Umkehr, rocket and balloonsondes for
validation assessment of instrument performance, but there has been an insufficient amount of
ground truth ozone profile data which can be relied upon to be free from either slowly varying
biases or step function changes such as could be introduced when shifting from one system to
another as happened to the rocket optical ozonesonde between Nimbus 4 and Nimbus 7. Trend
prediction from satellite data could be greatly improved if the absolute accuracy or the long term
precision were improved significantly.

The SBUV instrument incorporated three principal changes to overcome the major shortcomings
in the Nimbus 4 BUV instrument. The first was that an optical chopper was introduced which
eliminates the interference due to the South Atlantic anomaly. Secondly, the diffuser plate is
stowed and protected when solar observations are not being made. Hence, degradation of the
diffuser plate is no longer a serious problem. Finally, a special observational mode was added
which makes it possible to measure either the solar spectral irradiance between 160 to 400 nm or
the atmospheric radiances from 190 to 400 nm for investigating variations in the ultraviolet solar
flux as well as possible time dependent changes in the scattering properties.



1-211	 THE STRATOSPiMERE 19111: THEORY ANU MEASUREMENTS

013SERVATIONS OF TEMPERATURE PROFILES

Satellite measurements of stratospheric temperature , profiles have been made on a continuous
basis since April 1969 when the Satellite IR Spectrometer (SIRS-A) flew on Nimbus 3. The data
have been gathered from several instruments flown on a number of satellites sponsored by
NOAA, NASA, and DoD. The NOAA satellites have provided operational temperature data for
meteorological purposes. DoD also collects operational temperature data for defense purposes.
These data are not available except that the radiance data from the four satellites (F-1 through
F,4) which carried the MFR have been made available for analysis along with ozone channel data.

Tables 2-10 through 2-13 provide more details on the available temperature measurements
together with information on their characteristics and availability. For convenience, the tables
have been divided into two parts: Tables 2-10 and 2-11 list the NASA and DoD (MFR) data, while
Tables 2-12 and 2-13 list the NOAA operational data. With the exception of the IRIS and MFR
data, all of the temperature results in Tables 2-10 and 2-11 are, or will be available from NSSDC.
All of the data in Tables 2-12 and 2-13 are, or will be, available from the NOAA Data Center at
Asheville, North Carolina.

ANALYSIS AND INTERPRETATION OF SATELLITE DATA

INTRODUCTION

The characteristics and current status of satellite data sets for ozone and temperature in the
upper atmosphere were described in the preceding section. The analysis of these data and
subsequent interpretation of results are still at an early stage in most instances. The reasons for
the often considerable time between satellite observation and data archival and use are not
widely appreciated and hence will be briefly discussed here. Remote sounding of the atmosphere
requires highly accurate and precise radiometry or photometry, typically better than 3% accuracy
with even better precision. It takes time to demonstrate that these stringent instrument
requirements are being met in orbit. Processing algorithms generally must be revised to account
for unexpected atmospheric and instrumental effects. Comparative data from in situ
measurements often entail further delays. Finally the manipulation of huge data sets -- typically
1011 bits/year with large increments arriving daily -- represents a logi,tics problem that should
not be underestimated.

There is no doubt that the existing data hold high potential for addressing key scientific
questions. This has already occurred in the case of some data (e.g., BUV results during a solar
proton event; dynamics studies using SCR, PMR, and LRIR data). Our ability to study the
atmosphere and to understand important problems will accelerate as the Nimbus 7 LIMS, SAMS,
SRUV/TOMS, SAM 11 and SAGE experiment data become more fully analyzed.

In this section, we will first discuss some of the ways in which satellite data may be utilized for
global studies with particular emphasis on some of the limitations of such studies. An
extensive, but not complete, bibliography of upper atmosphere studies that have been reported
to date, is given in Appendix C. This is organized in tabular form by instrument and parameter
measured to provide a convenient reference to such studies. This list of references was compiled
by questionnaire to the satellite instrument investigators, and should not be taken to be all
inclusive. Then, there is a discussion of some of our progress in understanding large-scale
dynamics and transport that has come from the analysis of satellite data. Finally, there is a brief
discussion of some remaining problems for which the analysis of past, present, and future
satellite data should be most important in increasing our understanding.
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DIAGNOSTIC STUDIES AND SATELLITE DATA

Satellite data have revealed the structure of phenomena in the stratosphere which could rot be
resolved with the current network of balloon and rocket observatia . In addition to their use in
phenomenological studies, satellite data can in principle he used , . diagnose (i.e., to describe
and understand) the manner in which various physical conservation laws are satisfied in the
stratosphere. Diagnosis in terms of the conservation laws is an aid to understanding the
maintenance of the properties of the atmosphere and provides an objective method of
determining the 'importance' of the various phenomena observed.

The conservation Laws include the conservation of mass (both for individual constituents and
their aggregate), conservation of momentum, and conservation of energy. The latter can be
further subdivided into heat balanc% kinetic energy balance, available potential energy balance,
etc. The conservation laws are normally written in partial differential equation form for the
purpose of diagnostic analysis. To approximate the terms in these equations, one requires the
values of the variables of interest at all points in the region of interest at one instant in time. In
meteorology, these instantaneous fields are often called synoptic fields.

Several steps are required to employ satellite data in diagnostic studies. These are outlined
below.

• Convert Satellite Instrument Data to Physical Variables - Instrument counts must be
converted to physical data such as temperature and constituent concentrations as functions
of pressure at the location and time of measurement. The ac ,:uracy of this procedure can be
assessed through measurement error budgets based upon the instrument model and by
comparison with correlative data.

• Construct Synoptic Fields of Physical Variables - Data from satellites in all but geo-
synchronous orbits are asynoptic in nature. Sun-synchronous, polar-orbiting satellites
generally view a particular geographical region once during the day and once during the night.
If only day or only night observations are used to construct a synoptic field, then 24 hours
are required to obtain one observation from all geographical regions. Thus, 24 hours may pass
before adjacent longitudes are sampled. If day and night observations can be combined in a
single :analysis, then 12 hours are required. Rodgers (1977a) has developed a numerical
filtering approach which overcomes some of the problems encountered in the construction of
synoptic fields from asynoptic data. In general, however, only phenomena which are
large-scale and slowly varying or very regular in time can be resolved by asynchronous
measurement from a single polar orbiting satellite and then be incorporated faithfully into the
synoptic fields derived therefrom,

• Approximate Unmeasured Variables - Current satellites measure only temperature and
constituent concentrations. To perform budget calculations using the conservation laws, the
velocity field is also required. The height of constant pressure surfaces can be obtained from
profiles of temperature as a function of pressure with the hydrostatic equation if a boundary
condition on the height is known. Various approximations to the fields of the horizontal
wind velocity can be obtained from the height fields. The simplest and most often used of
these approximations is the geostrophic approximation.

Estimates of the vertical velocity can be obtained by use of the vorticity equation, the thermo-
dynamic equation or their combination in the form of the omega equation. These estimates of
the vertical velocity tuild on the approximations used to obtain the horizontal wind field and
also require additional information. Thermodynamic vertical velocities require the heating rates be
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known, while the vorticity and omega equations also require assumptions or knowledge about the
momentum damping by unresolved scales and boundary conditions on the vertical velocity.

After all of the above steps have been completed, it is clear that any diagnostic studies which
we perform with these data are circumscribed by the following limitations.

• Resolution - Only those phenomena which are (1) resolved IN the measurement and inversion
process, and (2) preserved during the construction of synoptic fields will be represented in
the data, and only their influences will appear. Only the largest horizontal and vertical sees
and phenomena which are extremely regular or slowly varying in time can be properly resolved
with a single polar-orbiting satellite. The effects of phenomena not resolved by the measure-
ment and mapping process will not be explicitly incorporated in the estimated mass,
momentum, and energy budgets.

• Accuracy - Even limiting consideration to those phenomena which are well resolved, only
diagnostic studies which require precision consistent with the level of approximation applied
in determining the basic data are sensibl.. For example, if the Rossby number for the waves
in the stratosphere is 0.1, then, theoretically, the determined geostrophic winds should be
within 10% of the true winds if the height field has been perfectly measured. With these
winds it is possible to determine product terms such as the zonal mean momentum transport
by the waves to within 20% (this error growth due to multiplication is probably unrealistically
pessimistic, particularly after zonal averaging).

• Since the tendency term (that which expresses rate of change with time) in conservation
equations is generally small compared to those terms which we can estimate only to at best
10 to 20% accuracy, we cannot estimate the terms in the equation accurately enough to
determine which of them are most responsible for the tendency. The same argument can be
applied to the heat and mass balances to deduce that zonal-mean temperature and
constituent tendencies cannot be predicted with current satellite data as input except in
those rare instances when the tendency is extremely large.

• Rewriting the conservation equations to eliminate some of the cancellation which appears in
zonally averaged equations has improved the clarity of their diagnostic function (.Andrews and
McIntyre, 1976; Edmon et al., 1980), but it does not alleviate the problem that the wind
estimates are accurate to first order, whereas the time tendencies one wishes to explain are
normally second order effects.

Domain of Applicability - Because of the breakdown of simple geostrophic balance
relationships between the wind and height fields in the tropics, estimates of the horizontal
velocity fields based upon the height field are very inaccurate, if not worthless, in the
tropics. Thus, only diagnostic studies of the extratropical stratosphere are possible with
satellite temperature data using present techniques.

Despite all of these limitations, diagnostic studies using satellite data are not oily useful in
increasing our understarding of the dynamics and general circulation of the stratosphere and
mesosphere but constitute the principal data base for such studies of global-scale dynamics and
transport.

White these limitations should be kept in mind when utilizing satellite data, such data make
possible analyses of global-scale dynamics, constituent distribution, and constituent transport
above the lower stratosphere that cannot be accomplished by any other ineans. These anelyses
have been, and should increase in importance as, a very active and valuable area of stratuspheric
research (see Gille, 1979, for a review). Deiring the last decade there have been such great
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numbers of scientific investigations of the stratosphere using satellite data that it is not
practical to do a comprehensive review of these results here. Rather, in Appendix C we list by
author and title some of the analyses of satellite data that have been accomplished. This list has
been compiled by asking satellite Instrument groups for lists of publications that have used their
data and is meant to be illustrative rather then comprehensive. There is a brief discussion of
some of the scientific output that has come from these satellite data analyses in the next
section. Again, this discussion is meant to be illustrative rather than comprehensive.

SCIENTIFIC RESULTS

The previous sections have contained discussions of the capabilities of various satellite
instruments that give global data sets from which the distribution of stratospheric parameters
can be derived. In Appendix C, an indication has been given of the status of the ongoing
research using these data sr - s. The following section contains .d discussion of some of the
scientific advances that have come from the analysis of global stratospheric data sets that were
derived from satellite measurements. More extensive reviews on this subject are those of Gille
(1979) and the discussion in Chapter 5 of NASA RP 1145. In this discussion, we will try to
indicate also in what future areas of stratospheric research the diagnostic analysis of global
stratospheric satellite data sets should make major contributions over the next few years and
beyond.

Mean Atmospheric Temperature Distribution

The described stratospheric satellite data have added greatly to t..e geographical coverage that
was available earlier. This is especially true over oceans, above 30 km, and in the Southern
Hemisphere. These data have both confirmed many previously observed features, and added an
enormous amount of detail. Differences between Northern and Southern Hemispheres are
particularly apparent. The Southern Hemisphere winter polar tropopause (190 h) is colder than
its Northern Hemisphere counterpart (205 h) while the Southern Hemisphere summer polar
tropopause (235 K) is warmer than the Northern Hemisphere (230 t;). These differences in the
mean state in the two hemispheres are probably due in part to the variation in the Sun-Earth
distance during the course of the year. Other interhemi spherical differences can be observed at
the stratopause. Labitzke (1974) discussed differences In the temperature regions between
Northern Hemisphere and Southern Hemisphere, while Harnett (1974) has discussed their annual
variation.

Similarly, the global mean ternperature of levels in the middle and upper stratosphere show
primarily an annual cycle of a few degrees amplitude (see Harnett, 1974). This is believed to be
due to the ellipticity of the Earth's orbit about the Sun, the maximum temperature occurring in
December when the Earth is nearest to the Sun. It is an important result because it implies that
for these layers (but not for the upper mesophere as noted below), changes of insolation are
balanced by changes with each layer independently, whereas such small perturbations might
reasonably have been expected to be hidden by vertical heat transfers from other layers.

Hirota and Harnett (1977) have shown that zonal mean temperatures near the winter pole have an
almost perfect negative correlation betwee stratopause and mesopause levels. This was
previously well known for seasonal variations (i.e., that the mesopause is hottest during winter
whereas the stratopause is hottest in summer but the measurements show that this is also true
on time scales of a few days during warming events, when peaks or dips of temperature at the
stratopause are mirrored by dips or peaks res )ectively near the mesopause. this result together
with the early satellite finding by Fritz and ! Rules (1970) that winter warmings at extratropical
northern latituucs were accompanied by glob scale decreases of temperature in the tropics and
in the Southern Hemisphere clearly points to he important role of variations in meridional heat
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transports for warming emits. Crane (1979b) has recently studied the annual and semiannual
.ycles of zonal and global mean temperature in the mesosphere. The annual cycle of the global
mean near the menopause is very much like that at lower levels, having similar amplitude and
phase. However, there is also a strong semiannual component near the menopause, whereas the
semiannual component is much weaker at lower levels. Further examination shows that near the
nesopause, the half year wave is in phase at all latitudes, thus giving a net global component,
whereas at lower levels, the tropical semiannual component is out of phase with mid- and high-
latitudes, giving a fairly precise cancellation. There is currently little understanding of these
variations.

the mean zonal wind may be calculated from these temperatures, using the geostrophic
relationships. Leovy and Webster (1976) compared the Northern and Southern Hemisphere mean
tonal winds during winters. They found similar cross sections in early winters (although the
strongest winds were 5 to 117 closer to the pole in the Southern Hemisphere). Perhaps most
Intriguing, they found that the calculated potential vorticit y gradient would sometimes satisfy the
conditions for barotropic instability.

Planetary Scale Wares

Satellite observations have been very valuable in establishing the climatology and phenomenology
of large-scale waves, especially of the propagation of mid-latitude Rossby waves. Planetary scale
waves are easily observed, because it is possible to study spatial and temporal variations of
radiances without the necessity for absolute calibrations, or for inversion of the radiance: to
obtain temperatures. Of course, without derived temperatures, only phenomenological studies
can be carried out.

Quasi-stationary Rossby waves are particularly suitable for study with nadi- viewing
measurements because of the large am plitude of the temperature variations, large vertical
wavelength, and their small phase motion, between satellite observations. In addition, they
appear to be ubiquitous, or nearly so, and have been studies by numerous authors. Such studies
(e.g., Fritz, 1970) have found traveling and stationary waves with largest amplitudes in winter, as
expected, by analyzing SIRS radiances. Quasi-stationary waves in the Northern Hemisphere are
twice as strong as in the Southern Hemisphere.

The vertical structure of these waves has also been clarified. Hirota and Barnett (1977) ! howed
that the temperature waves can have significant amplitude to the menopause at least, with the
maximum amplitude occurring as high as 65 km for waves 1 and 2, although Kohri (1981) found
maxima at 45 km during a less active winter. lie confirmed Leavy and Webster's (1976) finding of
large variations in wave amplitude, with maximum amplitudes occurring at UP in both
hemispheres.

Hirota (1976) clearly showed that for wave 1, the wave axis tilts westward with height, except in
the tropics. This westward tilt is consistent with our picture of vertically propagating planetary
waves, and indicates poleward transport of heat (and associated vertical flux of energy). At a
given altitude, the waves tilt toward the east in the poleward direction. This indicates a
poleward transport of eddy momentum. Wave 2 has similar behavior, but not as pronounced.
Barnett (1975a) has pointed out a previously unnoticed feature; these waves extend across the
Equator in the equinoctial seasons.

Dynamical Phenomena and Satellite Deta

The structure of the stationary planetary waves in the middle and upper stratosphere, as revealed
by satellites generally supports the theoretical ideas of Charney and Drazin (1961), Matsuno
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(1970), Dickinson (196E* MOW and others on the propagation of planetary waves in the
meridional plane. Kohri (1981), for example, has used LRIR data to show that the term U
makes an important contribution to the refractive index and plays an important role in ducting
the waves into the upper stratosphere. This behavior was anticipated theoretically by Simmons
(1974).

Regular westward propagating waves of period 5 and 2 days have been identified as atmospheric
normal modes. The characterization of the structure of the 5 day wave, Rodgers (1977), Rodgers
and Prata (1961), for example, now allows the extensive development and refinement of the
theory of such oscillations (Geisler and Dickinson, 1976; and Salby, 1981, for example).

In the Southern Hemisphere winter, planetary waves, particularly zonal wavenumbers 2 and 3,
have been shown to propagate eastward during winter at quite regular phase speeds (Deland,
1973; Harwood, 1975; Hartmann, 1976a; Leovy and Webster, 1976; Ghazi and Barnett, 1980). A
theory that these are upward extensions of long baroclinically unstable waves, has been worked
out in detail, based on the idea that such ultra-long unstable waves can readily occur in the
Southern Hemisphere but not in the Northern because of the unique structure of the meridionally
narrow but intense Southern baroclinic zone (Hartmann, 1979; Straus, 1981). It is possible that
such a mechanism occasionally operates in the Northern Hiemisphere, but more weakly and largely
obscured by other processes.

Diagnostic Studies with Satellite Data

With stratospheric satellite data there is the capability of defining the zonal and time mean
structure as well as resolving large-scale slowly varying (with respect to a day) disturbances. It
has generally been accepted that, in the stratosphere above the level where synoptic scale
disturbances can propagate, there is a region in which large-scale slowly varying disturbances of
the type that can be resolved by satellite data are of primary importance. It is believed that the
general circulation in this region can be understood strictly in terms of the radiative forcing and
the dynamical interaction between large-scale slowly varying waves and the zonal mean flow. It
is also believed that at some height farther up in the stratosphere or mesosphere small-scale
eddy motions become as important as large-scale eddies in determining the zonal mean
climatology. These ideas can be tested by studying the heat, momentum, and energy budgets
through diagnostic studies including only those phenomena resolved by the synoptic analyses
derived from satellite data. One particular method of testing the consistency of these
assumptions is to compare the mean n*ridional circulations obtained as residuals in the heat and
momentum balances. Hartmann (1976b) used SCR data to show that, while these two
independently derived meridional circulations agree to within the expected uncertainty in the
lower and middle stratosphere, in the upper stratosphere they are qualitatively different.
Subsequent analyses of PMR data by Crane et al. (1980) and of LRIR data by Gille et al. (1981)
also showed large differences between mean meridional circulations in the upper stratosphere
and mesosphere derived from the zonal mean heat and momentum balances respectively. These
differences are too large to be explained by the errors on scales resolved by the satellite data
and suggest that phenomena not resolved by the data are becoming important. While it was
known that at high enough levels tides, gravity waves, and turbulence would become as
important as slowly varying planetary scale waves, the diagnostic studies described above provide
independent evidence on the altitudes at which these phenomena begin to become import-t.
They suggest that unresolved phenomena are already of major importance at 50 km. The
inconsistencies in the large-scale budgets can be rectified by postulating unresolved momentum
sources or sinks which produce increasingly large zonal flow decelerations with height. Estimates
of the effect of momentum carried upward by unresolved gravity waves seem sufficient to
account for the required decelerations (lindzen, 1981).
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Crane (1979a) used Nimbus 4 SCR data to study the energy budget during the major stratospheric
warning of January 1973. Energy fluxes and transformations were derived and a budget obtained
for each day in a 1-month period. There were two main results: (1) the amplification of the
temperature wave in the 10 to 2 mbar layer during the warming resulted from a transfer of eddy
potential energy from the 50 to 10 mbar layer, thus within the stratosphere, and not from below
50 mbar, and (2) the eddy kinetic energy maxima at high latitudes were caused primarily by
vertical energy flux convergence, whereas at ndd-latitudes the maxima were caused by barotropic
conversion.

One of the goals for the LRIR data set is to determine the components of stratospheric
energetics for different seasons, Kohri (1981) and Kohri and Gille (1981) have calculated some of
the components for waves 1 and 2 for December 1975. These confirm some earlier observations
that indicate the energy of the eddies is maintained in the lower stratosphere by forced
baroclinic conversion, whereas the convergence of upward propagating kinetic energy provides
the drive in the upper stratosphere. Of particu:ar interest is the large time v?riability of the
balances that control stratospheric energetics observed.

Total Ozone Distribution

Satellite observations have now provided a picture of the global mean distribution of ozone and
its variations with a coverage not previously possible. Two parameters are discussed: the total
ozone in a vertical column, and the concentration as a function of altitude, or vertical
distribution. The total ozone is of great importance, since this is what protects the Earth's
surface from biologically harmful ultraviolet radiation. Corrected results for the first 2 years of
Nimbus 4 operation have been presented by Hilsenrath et al. (1979b), Heath (1980), and Ghazi
(1980b). They include monthly mean global maps, zonal mean values as a function of time, the
annual mean values over the globe (which vary with longitude) and temporal variations of the
global total ozone. This latter quantity is not constant, but varies from season to season, and
from one year to the next, making a search for trends very difficult, as discussed in Chapter 3.
Tolson (1981) and Hilsenrath and Schlesinger (1981) have used the entire 7-year BUV data set to
determine variations in the zonal means. Tolson (1981) also investigated the longitudinal waves
1, 2, and 3 in total ozone. Prabhakara et al. (1976) have presented seasonal maps of total ozone
based on IRIS results. There have also been analyses of total ozone from IRIS and BUV that
suggest a relationship between global total ozone and solar activity (Blackshear and Tolson,
1978; Keating, 1978; Keating et al., 1981). These results are rather controversial (London and
Reber, 1979; Reber and Huang, 1981). The satellite maps of total ozone confirm the major
features found previously by ground-based measurements, and add a great deal of detail not
available otherwise, particularly in the Southern Hemisphere.

Since total ozone is dominated by its concentration at levels where it is a conservative tracer,
total ozone distributions are dominated by circulation processes. This is shown clearly by a
comparison between TOMS maps and conventional meteorological analyses which shows a
concidence between the location of the jet stream and the location of high horizontal gradients
in total ozone (Shapiro et al., 1981). A high degree of correlation is found between total ozone
and lower stratospheric temperatures which is indicative of their both being under dynamic
control. This is especially obvious during a stratosphere warming (Ghazi, 1974).

Vertical Distribution of Ozone

Observations by OGO 4 (London et al., 1977), BUV (Krueger et al., 1973), and LRIR (Gille, 1980)
have provided a much more detailed picture of the vertical and latitudinal distribution of ozone
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than existed previously. Mah values occur somewhat above 10 mbar in the tropics, with a tonL__
of high values extending toward high latitudes near 5 mbar, especially in the winter hemisphere,
where they can mach 2 mbar at W. These extensions, which may depend on the temperature
dependence of the chemistry or on transport processes, were an unexpected feature first
discovered in the satellite observations.

The measurements described above have been used directly to test the theories of ozone
photochemistry. A variety of ozone measurements in the tropical mesosphere, including LRIR,
BUV, occulation measurements by OAq-8, and rockets agree with the theoretically predicted
mesospheric ozone concentration. This supports the conclusion that the theory is not
fundamentally in error (Gilie et al., 1960d).

Ozone Photochernk" and Transport

Simultaneous observation of temperature and ozone has allowed the study of the relation
between the temperature and ozone perturbations associated with planetary waves and other
dynamical phenomena in the stratosphere. With winds inferred from the temperature field, the
transport of trace constituents by resolved phenomena can also be computed.

Ozone and temperature profiles as retrieved from BUV and SCR, respectively were used to
calculate the vertical structure of radiative heating/cooling in the tropical stratosphere during the
period of a stratospheric warming. The results show that there is a net additional radiative
heating in the upper stratosphere of the tropics during the sudden warming (Ghazi, 1980b).

Barnett et al. (1975b) found a high inverse correlation between BUV ozone concentrations and
SCR temperatures. From a comparison between their observed correlations and those derived
from photochemical theory they deduced that odd-hydrogen chemistry had roughly three times
the effect of the Chapman chemistry on ozone loss in the vicinity of the stratopause. Ghazi et
al. (1976) found a similar effect.

Dickinson (1%9) has shown that during p-riods of weak mean winds radiative damping will tend
to strongly dissipate vertically propagating planetary waves. If the damping rate calculated by
Ghazi et al. (1979) for the Southern Hemisphere stratopause region in October of the order of
0.35 day-1 is representative, then radiative damping may play an important role in the wave-mean
flow interaction process which generates late winter stratospheric warmings.

Gille et al. (1981) have presented data exhibiting general agreement with the theoretical picture
given by Hartmann and Garcia (1979). Their LRIR data showed that there was an underlying
region in which motions dominate the ozone distribution, and an overlayhtg photochemically
controlled region in which the temperature dependence of ozone reaction rates significantly
affects the ozone distribution. The latitudinal distribution of these regions shows dynamic
control extending up to only 30 km at low latitudes, but at least up to 60 km in high winter
latitudes with a chemically controlled region above. The region between is characterized by the
largest eddy transports. The information on the latitudinal variations of these regions should
provide useful tests for numerical models in the future.

The ability to measure ozone both day and night with the limb IR technique allows a study of
the diurnal variation of ozone. Initial results have been presented by Anderson et al. (1961).
These show detectable diurnal variations above 50 km, with magnitudes which support present
theoretical expectations. However, there appear to be some disagreement between these
observations and theory on the detailed temporal variation.
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OBSERVATIONAL STUDIES OF STRATOSPHERIC DYNAMICS AND TRACE CONSTITUENT
TRANSPORT: FUTURE PROGRAMS

Satellite data provide a series of global temperature and ozone observations which can be used
for the observational study of the dynamics of the stratosphere and mesosphere. These data can
be used to approximate winds and transports of trace constituents. The present discussion is
divided into the following two parts:

e The philosophy and limitations of diagnostic studies using satellite data and some recent
results.

• Some of the important remaining questions.

While, as has been indicated earlier, there have been a number of advances in our knowledge
based upon satellite observations, the periods for which the behavior of the middle atmosphere
has been carefully and thoroughly analyzed have been short and sporadic. A unique
characteristic of satellite instruments is their potential to provide relatively homogeneous spatial
coverage with uniform coverage in time. This type of monitoring is by no means a routine
function, but rather is an essential component of research on the fundamental problems of the
middle atmosphere. Blackmon (1976), Lau and Wallace (1979) and others have indicated that we
are only now be6inning to learn from our troposphere experience the importance of a long
homogeneous global data base for sorting out mechanisms of atmospheric variability. It is
difficult, for example, to answer questions using data sets which have large gaps in space and
time. Length of record and homogeneity are also obviously vital for trend analysis.

Unfortunately, uniformity in time and space coverage does not characterize all of the existing
satellite data sets for temperature and ozone, two of the most fundamental variables, and the
two for which the measurement techniques are best developed. It is important, therefore, that
every effort be made to ensure continuity and homogeneity in future measurement programs for
these variables. Furthermore, as techniques for measuring other parameters which are central to
our understanding of the chemistry and dynamics of the stratosphere are proven, these should
be added to our complement of monitoring tools as rapidly as resources allow.

Outstanding Questions

Let us consider Borne of the outstanding issues which future satellite measurements of ozone
and dynamical parameters can be expected to address. Much of the interannual variability in the
middle atmosphere is associated with stratospheric warmings, but despite the available data and
a promising theoretical context, due mainly to Matsuno (1971), they are not yet understood at a
sufficient level of detail to explain why major warmings occur in some years, but not in others.
A detailed understanding of their mechanism remains to be developed. Similarly, there exists a
detailed theory of the atmospheric tides and some comparisons of the predictions of tidal theory
with a scattering of rocket data, but the detailed structure of the tides between 30 and 90 km is
still unknown. It is not known, for example, whether the topographic components of the tides,
which are dominant in most of the radiosonde data, continue to dominate above 30 km. To date,
satellites have not contributed significantly to the solution of this problem but could do so.

The mechanism of the (quasi Biennial Oscillation (QBO) now seems to be fairly well understood.
The semiannual oscillation, however, which has amplitude maxima near the stratopause and near
the mesopause, is still not understood, although Hirota (1979) has shown that both rocket and
satellite data give indications that Kelvin waves of vertical wavelength —15 km may be
responsible. Hirota's findings remain to be convincingly demonotrated with a data set more
well-suited to observing waves of relatively small vertical scale.



2-42	 THE STRATOSPHERE 1981: THEORY AND MEASUREMENTS

Concerning ozone, the leading question is: are there long-term trends at any level which can be
plausibly associated with photochemical factors? Although there have been attempts to answer
this question for total ozone, the answers are still controversial. Since anthropogenic and
natural perturbations produce much larger effects at certain levels than they do in the total
ozone, vertical profiles of ozone should be relatively sensitive to such perturbations and an
attempt has been made to isolate both natural and man-made perturbations in BUV, SBUV and
infrared limb data. However, this question can be answered unambiguously only by long-term
monitoring with instruments of adequate stability and precision. Although this question of
long-term trends in ozone concentration remains unclear, there is clearly significant interannual
variability in total ozone and in the vertical distribution of ozone. There is, for example, a
component associated with the QBO, which in the tropics has been suggested to be consistent
with Hadley cell modulation (Tolson, 1981). The mechanism for the quasi-biennial ozone variation
remains rather obscure, however, especially at higher latitudes.

In the future, coordinated studies using balloon-borne grab-sample measurements of constituent
profiles together with three-dimensional fields of wind, temperature, and constituents inferred
from satellite measurements will provide great insight into the behavior of these constituents and
will reduce somewhat the uncertainty introduced into the interpretation of grab-sample profiles
by the large variability produced by motions.

Another set of questions concerns the ozone concentration in the middle and upper mesosphere.
There are very large differences between measurements by different experimenters using different
techniques in this region, much larger than can be accounted for by existing theory. Measure-
ments of Hays and Roble (1973) show a secondary ozone peak above 75 km, a feature which is
consistent with some photochemical models, but it is not yet clear whether this structure is a
prevailing feature of the normal mesosphere. Better information on the vertical ozone concen-
tration and its seasonal and latitudinal variation in the mesosphere is a prerequisite for improved
dynamical modeling since the temperature of the mesosphere is so sensitive to ozone
concentrations. Photochemically, there is some evidence of diurnal variation, but as yet a
detailed comparison between data and models cannot be made.

A promisi.ig future development in satellite observation of the stratosphere is the anticipated
direct measurement of the global wind field on the UARS satellites. At the present time,
stratospheric winds are derived from satellite measurements by integrating the derived
temperatures upward to get the geopotential height field using the hydrostatic equation. The
wind field is then derived by applying the geostrophic wind relation or some variant thereof
(e.g., the gradient wind). Some of he difficulties in this procedure are that measurement
inaccuracies in the temperature field are reflected in the derived wind field and, more
importantly, this procedure cannot be used near the Equator due to the breakdown of the
geostrophic relation. It is expected that the simultaneous measurement of stratospheric winds
and temperatures on UARS will lead to more consistent diagnostic analyses of the observations.

MEASUREMENT OF SMALL-SCALE STRATOSPHERIC PROCESSES

The principal emphasis of work on multidimensional dynamics and tra y iport in the stratosphere
has been on studying and modeling the global scale circulation. The global scale dynamics and
composition structure of the stratosphere is known to depend on small-scale physical processes
in several ways. Thus, in order to understand the global scale structure of the stracos,.hete in a
satisfactory manner we must have a sufficient knowledge of cent: ;n small-scale processes to
understand their effects on global scale stratospheric structure. A'sasure+nent of these small-
scale processes cannot easily be done with satellite instrumentation, but ground-based and
in situ measurement programs can be designed which, together with theoretical modeling efforts,
can bring our understanding of these processes to the point where a proper treatment of their
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effects on large-scale stratospheric processes can be included in multidimensional models. Two
examples of this interplay between small-scale and global-scale stratospheric processes are the
effects of gravity waves and turbulence in decelerating the mean zonal flow in the stratosphere
and mesosphere and the role of small-scale motions in troposphere-stratosphere constituent
exchange. In the following, we will give some scientific background on these topics and describe
how some existing observational techniques can be used to enhance our understanding of these
areas to the point where their effects on the large-scale stratosphere can be included properly in
modeling.

Momentum Dissipation by SmallSede Motions

Proper modeling of the large-scale stratospheric circulation is found to require an accurate
representation of dissipation terms in the zonal momentum equation (Leovy, 1964). Recent
models of Schoeberl and Strobel (1978a) and Holton and Wehrbein (1980a) have confirmed
Leovy's conclusion and have tried to parameterize this effect through the specification of a
height-dependent Rayleigh drag term (a linear drag term that gives rise to a deceleration
proportional to the magnitude of the zonal velocity). The source of this physical effect is
believed to be the vertical transfer of momentum by gravity waves that originate at the Earth's
surface or in the tropc-phere where the zonal wind speeds are small or zero. As gravity waves
propagate upward, their amplitudes tend to grow exponentially due to the upward decrease in air
density. At the altitudes where these gravity waves break, they will exert a drag which will
decelerate the mean flow. Thus, in this picture the momentum dissipation acting on the large-
scale flow is dependent on small-scale motions that cannot be modeled practically in a global
circulation model and, hence, must be parameterized. The GFDL approach in general circulation
modeling of the stratosphere has been different. Rather than utilizing the 'required' Rayleigh
drag in their model, they have used a Richardson number dependent diffusion (Fels et al., 1980)
formulation as a momentum dissipation effect. Thus, the planetary scale motions in their model
generates wind shears that produce vertical momentum diffusion. One finds by this approach,
that some momentum drag is required in addition to this diffusion to bring the model results
into agreement with observations. The wave stresses produced by gravity waves propagating from
the troposphere appear to be necessary to account for the decrease in the mean zonal wind
speeds observed above about 65 km. This is particularly true in the summer hemisphere where
planetary wave activity is small.

Lindzen (1981) has shown that breaking gravity waves produce both diffusion and mean flow
deceleration. It is a very important problem in modeling the global stratosphere circulation to
understand whether the small-scale dynamics, gravity waves and turbulence, influence the
large-scale flow in the manner suggested by theory. It is not possible to address this problem
observationally by satellite measurements since small-scale dynamics are not resolved. It must be
addressed by a mixture of in situ measurements (balloons and rockets) and remote sensing
measurements.

The newly emerging MST radar technique looks very promising for this purpose. In this
technique, a high power VHF (30 to 300 MHz) or UHF (300 to 3000 MHz) radar is used to measure
the Doppler shift in signals that are partially reflected from clear air irregularities in the radio
refractive index. Since these irregularities are believed to be due to turbulent patches of air that
move with the neutral wind, this Doppler shift gives a measure of the line-of-sight wind
velocity. By using multiple radar beam directions or by scanning the beam direction, the three-
dimensional wind vector can be inferred. Since wind and scattered power profiles can be
measured in a period of minutes with this technique, MST radars can measure the structure of
gravity waves, turbulence, and the time-average flow simultaneously. The overall objectives in
using this technique include the following:
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• To delineate the global morphology of gravity waves in the stratosphere and mesosphere,
Including geographical and seasonal variability.

• To do observational case studies of gravity wave breaking and dissipation and compare these
with modeling studies to increase our understanding of gravity wave generation of turbulence
and gravity wave interaction with mean winds.

• To obtain a global morphology of turbulence in the stratosphere and mesosphere.

A principal goal of these studies will be to understand the sources of gravity waves and
turbulence in the stratosphere and mesosphere, and subsequently to develop proper methods to
parameterize the effects of nonresolved small-scale motions for inclusion in upper atmosphere
global circulation models.

TroposphereStratosphere Exchange Promm

The exchange of constituents between the troposphere and the stratosphere involves
atmospheric motions on various scales, from the planetary scale down to turbulent scales. The
mesoscale and small-scale motions appear to play a very important role in these processes. For
instance, it is thought that almost all of the upward transport of mass from the troposphere to
the stratosphere takes place in the rising branch of the tropical Hadley cell. The arguments for
this are based on the small water vapor mounts in the lower stratosphere and have been
reviewed recently by Robinson (1980). Furthermore, it has been suggested that these upward
transports take place only within the rapid upward vertical motions of cumulonimbus towers,
which are known to extend into the stratosphere occasionally. In this picture, there is slow
downward motion filling the area between the cumulus towers. The uncompensated portion of
the upward motion is what actually constitutes the rising branch of the Hadley cell. This
hypothesis is known as the 'hot tower' hypothesis and was first described by Riehl and Malkus
(1958). It should be noted that in this view the large-scale dynamics organize the cumulus scale
dynamics and the net effect of the cumulus dynamics gives the rising branch of the Hadley
circulation which gives upward mass transport in the tropics from the troposphere to the
stratosphere.

There is also known to be an exchange of stratospheric air with tropospheric air at middle and
high latitudes as a result of 'tropopause folding'. Evidence for this exchange was first shown by
Danielsen (1959). These exchanges appear to be mainly stratospheric air entering the upper
troposphere through thin laminar intrusions in the vicinity of upper level fronts associated with
the tropospheric jet stream. The dimensions of these laminae are typically 1 km in the vertical,
more than 100 kilometers in the horizontal orthogonal to the wind, and more than 1,000
kilometers parallel to the wind. This stratospheric air is then mixed into the troposphere by
cumulus-scale and turbulent-scale processes. Thus, the mesoscale tropopause folds are
organized about the globe by planetary scale dynamics and are mired by the smaller scale
cumulus- and turbulent-scale motions. The extent to which tropospheric air can enter the
stratosphere by this 'tropopause folding' has yet to be determined and requires further study.

While satellite instruments may be capable of observing the results of such exchanges of air
between the troposphere and stratosphere, their spatial resolution is not sufficient to
quantitatively study these exchange processes themselves. Perhaps the optimal platform from
which to conduct measurements on troposphere-stratosphere exchange is the research aircraft.
These aircraft can be directed into the areas in the vicinity of cumulus clouds to measure the air
-notions and the various tracers that characterize tropospheric and stratospheric air such as
potential vorticity and ozone to infer the mass exchanges taking place. They can also be directed
to fly tracks perpendicular to the mean flow through tropopause folding events to characterize
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the mass exchange processes occurring there. With properly designed aircraft experiments, the
global scale organization of the mesoscak tropopause folding processes can be seen together
with measurement of the actual fluxes of momentum, energy and trace constituents. These
computations require simultaneous measurement of temperature, pressure, and trace species. At
present, there exist fast responding in situ sensors for measuring the thermodynamic variables,
water vapor, ozone, aerosols and hydro meteors. Many other sensors are now being designed for
measuring other significant trace species. In short, only measurements from aircraft appear to
provide the horizontal, vertical, and temporal resolution of meteorological variables and trace
constituent concentrations necessary to resolve the small-scale and mesoscale phenomena of
troposphere-stratosphere exchange. Moreover, aircraft have the flexibility to be directed into
areas where significant processes are occurring along optimal trajectories.

Such aircraft investigations of troposphere-stratosphere exchanges have been, and continue to
be, carried out. In the first Intertropical Convergence Zone (ITCZ) experiment, which was carried
out in Panama in 1977 (Poppoff et al., 1979) under the coordination of the NASA/Ames Research
Center, the goal was to determine the presence, or lack, of significant small-scale variability in
this region. Aircraft were used to measure the horizontal variability, and balloons were used to
measure the vertical variability. The results of this experiment showed the importance of this
small-scale variability in this region of the atmosphere. In the second ITCZ experiment, which
was carried out in Panama in 1980 also under the coordination of the NASA /Ames Research
Center, the goal was to measure the environment of cumulonimbus clouds before and after their
penetration into the stratosphere to help define their role in the water vapor budget of the
stratosphere. These data are still being examined.

NUMERICAL MODELING

INTRODUCTION

The stratosphere is a very complex physical system which is governed by the interactions of
various radiative, dynamical and chemical processes many of which are highly nonlinear. The only
viable technique for fully developing and testing our theoretical understanding of this interactive
system is numerical modeling.

Many types of numerical models can play important roles in stratospheric research. The
one-dimensional photochemical models, discussed elsewhere in this report, provide a method to
test photochemical theory without introducing the complexities provided by atmospheric
transport and spatial/temporal variability. However, observations generally show that trace
species distributions have significant spatial and temporal variability. in particular, strong
latitudinal gradients appear to be a common feature of trace constituent climatology, while
longitudinal gradients are usually, but not always, less dramatic. For this reason, two-
dimensional (height-latitude) models are attractive for study of the photochemical problems of
the stratosphere. The second part of this section reviews the status of two-dimensional models
and discusses the prospects for their further development.

A crucial step in the development of a two-dimensional model is the parameterization of the net
transport (horizontal and vertical) by zonally asymmetric 'eddy' motions. Such eddies range in
scale from global scale (so-called planetary waves) to microscale turbulent eddies.

Eddies control trace species distributions through both advective and diffusive transport
processes. Parametenzations of eddy effects in two-dimensional models have often in the past
been based primarily on diffusion models empirically 'tuned' by fitting observed tracer
distributions. Further improvement in eddy parameterizations, however, seems to demand a good
theoretical understanding of the three-dimensional structure of the stratosphere. Thus, even if
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two-dimensional models become the primary tool for prognostic studies of ozone perturbations,
a wide variety of three-dimensional models will still be necessary to validate the
two-dimensional models. More importantly, only in three-dimensional models can we include
many of the dynamical and physical processes required for understanding the stratosphere as a
coupled radiative/dynamical/chemical system.

The third part of this section reviews the current status of three-dimensional model
development while the fourth part summarizes many of the radiative-chemical-dynamkal
Interaction processes which make three-dimensional modeling essential. Finally, the section
concludes with a discussion of the importance of coupling models with observations both in the
sense of using observations to validate models and using models to guide observational
strategies.

TWO-DIMENSIONAL MODELS

Approach

The study of the processes that determine the distribution of chemical species in the
stratosphere is clearly a three-dimensional (four-dimensional, including time) problem. However,
the complexity of stratospheric chemistry and the interactions among chemistry, radiation, and
dynamics make general circulation studies of, for example, possible ozone perturbations a very
expensive computation. To date, the role of General Circulation Models (GCMs) has been to
study dynamical and transport processes, and only very simplified chemical schemes have been
included. On the other hand, , , ne-dimensional models can include very detailed chemistry but, by
their nature, are incapaole of including important meteorological processes.

Two-dimensional models, in which zonal averages are considered, are meant to bridge this gap.
The motivation for two-dimensional models lies 

n 
the fact that, on a rotating planet with a

homogeneous underlying surface, the value of meteorological quantities averaged over many days
is expected to show no variation with longitude. In practice, latitudinal gradients in the Earth's
atmosphere are generally larger than those in the longitudinal direction.

Two-dimensional models can include more detailed chemistry as well as some treatment of
vertical and horizontal transport by mean and eddy motions with modest computational
requirements compared to those of three-dimensional models. Inevitably, some compromise is
involved. For example, the diurnal variation of species is usually treated in less detail than in
one-dimensional models. Similarly, eddy transports, which are calculated consistently in the
GCMs, must be specified in some manner.

For any tracer with mixing ratio, X, the Lonaiiy averaged continuity equation may be written

ax + 7 ax +W ax =_ S -^. 
(v'x'coso) --L W'x'+s	 (t)

at	 ay	 a 	 Cos# aY	 ap

where (-) represents an average around a longitude circle and ( )' the departure therefrom, and v
and w represent velocities in the northward, y, and vertical, p, directions respectively. t is
latitude, and S represents all sources and sinks of X.
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The transport terms on the left hand side of Equation (1) involve zonal means only. This is the
transport by the mean circulation. On the right hand side are found products of departures from
the zonal mean. These are the horizontal and vertical eddy terms, representing, in the strato-
sphere, transport mainly by the large-scale waves. Different types of two-dimensional models
may be distinguished by the way in which the mean and eddy terms are treated.

The Mean Circulation

The majority of two-dimensional chemistry models have employed a spe-cified meridional
circulation. Generally, such a circulation might be based on the calculations of Louis (1974),
Cudiksen et al. (1968), or Murgatroyd and Singleton (1%1) although there now exist the newer
model calculations of Schoeberl and Strobel (1978a) and Holton and WehrWin (1980b).
Alternatively, mean circulation can be calculated self-consistently within the model. In this
approach (Rae-vupputttri, 1973; Harwood and Pyle 1975, 1977), the zonal mean dynamic and
thermodynamics equations are solved for the three velocity components and the temperature
field. This requires a treatment of radiative heating (and latent heat release in the troposphere)
in addition to treatments of eddy heat and momentum transport. This increased complexity leads
to a number of advantages over those models with specified mean circulations. Firstly,
perturbation experiments which might produce large departures from the initial meteorological
state must be open to question in models with a specified circulation. Allowing the mean
circulation to evolve increases, to some extent, the confidence that may be placed in such
calculations. Of course, even in these models, because of other parameterizations, the reliability
of perturbation experiments cannot be assessed with great confidence. Secondly, a variety of
feedback processes can be included when the mean circulation is calculated. For example, the
impact of a change in upper stratospheric ozone on the radiative heating and hence on the
temperature and wind structure (and, therefore, ozone transport) can be considered. Thirdly,
perturbations affecting radiative processes can be considered quite simply in these models. For
example, Haigh and Pyle (1979) have studied the impact of increasing levels of CO2 on the
stratosphere. ht;w:ing by aerosols could also be considered. It should be stressed that these
models with calculated mean circulations depend critically on the treatment of the eddy heat and
momentum fluxes which will either be modeled or specified from observations.

Eddy Transport

The treatment of eddy transport has generally followed the approach of Reed and German (1965),
in which the horizontal and vertical fluxes are related to the mean gradients of the transported,
quasi-conservative tracer by a tensor of transport coefficients. Thus

v'X' _ K a x • K	 a X	 (2)
vv a y	 vz az

w'X' _ K	 aX - K	 aX	 (3)
zv a v	 zZ a z

There have been several determinations of K values in the literature. The first such
determinations of the K's was by Reed and German (1965). They assumed small linear
displacements and thus could use mixing-length theory to derive the K's from atmospheric data.
Later suggested K values were by Luther (1973) and Gudiksen et al. !1968). Recently, Danielsen
(1981) has suggested a rather general formalism for deriving K values from atmospheric data.
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The idea of the K approach is that these K's can then be used to compute the eddy fluxm, of
any quasi-conservative tracer. In practice, some modelers choose to rugard the K's as adjustable
parameters which can be altered to produce a goad fit for a particular tracer; however, this one
set of K's is then used for all species.

Some of the assumptions behind the K-theory approach are weals (or invalid, see below) and,
however well the present day atmosphere is reproduced, this must muse the credibility of
perturbation experiments (just as it does for one-dimensional models).

Another limitation of K-theory for perturbation experiments arises from holding the K coef-
ficients constants it is well known that the propagation of waves in the atmosphere depends
critically on the zonal mean state (see e.g., Schoebed and Geller, 1976). Perturbations to the
ozone layer will affect the zonal mean temperature and wind structure. (it is interesting to note,
however, that the calculations of Schoeberl and Strobel (1976) indicate that the effects of
changes in column ozone on the mean zonal structure of the stratosphere are less than what
might be first imagined.) Thus, wave propagation also will be affected and hence the K's should
change. This potentially important feedback cannot be included in two-dimensional models with
parameterized eddy transport.

Despite its empiricism, the K-theory treatment is capable of reproducing some of the expected
characteristics of transport by waves. Thus, the near-cancellation of the mean and eddy trans-
ports in the winter hemisphere is found for both ozone and temperature by Rao-Vupputuri
(1973) and Harwood and Pyle (1975, 1977). This cancellation is expected on theoretical grounds,
is seen in the GC1%A results, and, most importantly, is seen in the observations.

It should be mentioned that eddy terms also arise in photochemical source a nd sink terms.
These are due to the zonal mean of products of perturbation mixing ratios (e.g., k A'B' where k
is a rate constant). Tuck (1979) has discussed their impo rtance. For example, the percentage
difference between the true zonal mean rate k 0('0) H 2O and k 0('D) H 2O can be typically
between 0 and 30% (Allam et al., 1981).

Existing Two-Dimensional Models of the Stratosphere

A summary of the structure of existing two-dimensional models of the stratosphere and tropo-
sphere is given in Table 2-14 which describes the differences in those components of existing
models important to representing atmospheric processes. This summary is an update of a
previous comparison (Wuebbles, 1900) based on papers presented at the WMO Workshop on
Two-Dimensional Models held in Toronto, Canada during Feburary 1900. Along with updating the
model descriptions for changes since that meeting, several additional recently developed models
have also been included.

Summary of Important Results from Two•Dimemsion Models with Coupling
Between Dynamics and Chemistry

The results of perturbation experiments using two-dimensional models are described elsewhere
and will not be repeated here. However, some salient features nf two-dimensional model
behavior will be discusaed in the following paragraphs.

Two-dimensional models are capable of reproducing the gross features of the observed latitude-
time variation of total column ozone with equatorial minima and spring, high latitude maxima.
Harwood and Pyle (1977), by the use of observed asymmetric values for u'v' in the momentum
equation, reproduced the observed asymmetry in total ozone with the maximum at the Idle in the
Northern Hemisphere and at--60"S in the Southern Hemisphere. Published budgets of ozone from
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F
a

<
°D^ o

u ' = ^ ^ ^ ^ E c =°
^

^ ouCC	 ^C
N	 O O

^ 7

^_

ry In
II	 it

w
w

I O C O^ ^; O
Ii	 ri h N	 y 'G^`

u	 v
d N v': V I a	 C S T

I	 x

u
A ^Z.	 C	 a0 a Q M 1	 (~	 !-- q a L L

d u
> o-b

II C

^T z	 u - O ^j G v	 t^ L	 ^ y u	 ? J
= c	 3 ti m °. c	 y	 u a?	 ^.- ^ 7 ^ a L ^ C

O E ?' c^ ^^ ^ v ^ A 3	 ^' m e ^yy.^.
^

O
^ ^

^
Y`Gr v ^	 C > ^ `^

^	 a u
^	 ^ t O	 O	 H.u.

ut	 m ` _.	 A
.' ,,, '^ ^ n ^ E Ors'	 3 ? =' :^ V y -. _ , 1 ^ ^	 ^ u ..^	 >. H

o -, - tea' n 2	 O O	 3 °	 n	 E>?>

v

L	 G >C >	 O ,.t a C-^	 C cv
..
C M

^
C O_	 a N!^ ...	 _ y	 ^ r,^	 A	 ON

u a	 v^ I

i	
- t' O .'.

I
I^C u	 t7 HC

3, n dppL' y _M ^ C ..f^l^'7L _' .c ,^,a _A
OP 11 = c	 aI M F^ Z rr7 E co n -5	 <? ^o

c

u
y
c

^
2

y
E

> L .n^

J

h A

^'

7 ? EiC C
O

1

7a
C

K F
PV y
a^ O
M 'n

F

0
3F
O
T
e7

CA



S ^

a .^ r	 r1
V X

J

a v ;	-- N Q v

v	 ,fl	 c ^'	 J c

j ^ a. c v E	 ^
^'

_	 u € L ^ ^	 _^
'^ ^	 ^	 G. W	 ^:.

E ^ 	 5 s
U X	 v ^^ J n	 L u d rQ	 -^ '..	 ^	 3

a	 -O

a	 y^^	 ^
C6

tLC^	

u [1
tQT

C > ''a ^	 LN
N V	

.+ r
vV

u	 u	 u
^C x	 .^	 aa2	 ^ c	 ^ E

^.5i^	 a^!. a ^J	 A E 3 ^X a

w,

^_ 7 K ac
N`	

J j
	 Y

NN

¢ 	 y
nyQ	

E '=	 d1 J vr
c_	 e
7>

y^ D a ^^	 ^ a N 7^ 1. ?	 m ^ 	 u^ Jd^ ^ 7y
6A	 C

V aJs	 cx	 c u v .,^cc v	 = _?.^	 E-,^ w^ t ^L..u.
n 3	 c' 'O	 E E	 t

x
Q

E	 c
tr^ u Y ^ ^ r ... a ^° ^ a -o o.

E

^ ^	 ^ E ^ =.a.	 _
u	 u

v	 a ^

u ^=
E7T 	 r

-	 u	 ^	 a c

Ec

AoT3 
E 2O	 v	 ^/a

J
r	 y0.c ^

a v3	 r
3 5 c 3	 rn

T	 c `° s 3
^	 ? :; ^ u

ii
` X	 ^^^

c
^L

E ^_
_
c

:^
L_
u

u

C C

11	 m

S E 5
j. 6.

`S

r1
v
L
1--

2-50	 THE STRATOSPHERE 1981: THEORY AND MEASUREMENTS



MULTIDIMENSIONAL- ASPECTS; OZONE, TEMPERAIURE AND 1RANSII(Vl

S
S

'4f v^0 O^ v a-- QO fi

l LL c	 z 
9,

5 ^
G

a?	

GDSO
l

ri

O-• "	 °^ ^Jr	 to
o °	 _^,	 C

S^	 ri
p	 3

a

^
^

^ 3

O	 x
T 1	 E I y

^' O
S

CL H

^•^	 J 0 7o 2^	 t SIG

eu

^o	 Sm
E u ^

Y v

s
4

p^ 'b C u
k
V

> 8

T	 rO
7 p.

^^'^

.t

K ^	 E^? v

C= VK	 C -+

j Q	 G 3 V\
'_'	 7AZ
it

7
U

=	 «.

3 w4J
oQ

r^
" -a	 ^	 V

c
^ r

v̂ >	 r En c ^• u _	 E

o ° E 3 S `,^ 5 E  t	 V-
u u

ti

E
K ^ d	 r

•p	 ^ ^^S ^^ 2^
?Lo

E

r' 'i x O	 Z	 ^n rr `^	 ri O E G

U
u ^ Y

d
c

c
0

J.

a
cA
t=

e

F
5
3

w
r

c
E
7

It

CIA

Je

r



2-2	 THE SIRA R wm g k 1%2 THEORY. oNUASUK MINIS

)
/

-
ƒ]\

§ &^^

\ ^^)

\ j k\E
$ k jam\

Qk/

}\\2 _

k § ak\, 2

^
^ & .

2
2 ) 5
3 k /^^3\

}

k- ^CP,¥k

-' 2 I^ef
3 /k{

g
 GGGt=

/
^
2 q

] }

\
.§
\

$
7
^

^

^
§

(
E
^
6»
^

¢
E
E
J
<
-

ke



MULTIDIMENSIONAL ASPECTS: OZOr

c
0

v5

d
C
ed

E-

c

3
3

V..

V
S
G
E

K

f 1

N

c
>, v ^

o
v a 3 ^

.c
$p'o

E ^ u

E

rJ a .s iJS u

Q ;^ y _
tuuu^

,` p N

u

E	 ,i

Y
u .... 1n S G Z G

C

o^ ^ ^ u	 n p
^'U

E ^ :: E "
^in.5 ^^

St
s3 0 1O Qa ^ ^,

u	 a

Vn

vi a
r	

`°

o a
	 rn € r- c ^	 •

..
^'o v	 c `aE	 u	 N.̂ .rE-

u^	 s	 v3	 ''^	 S	 V

r	 4u	
a ^^	 u

.-.	 p'
I--

'^	 u 
.d 

u
Ld

Ed
Ln

s x _ oo N	 I.	 vi

I
O E vj 	c x 7 J v

^ I-
o

^	 A_. p a d =° .. d ^ ? N d u ri1 ^ 1'^ ^ ^	 G a1 t V

E u Y - c
'^	 J-;

7
Y o

.-. a ^ c
J ...

u^ E	 -,1o0
u -+ is	 r^n

II	 vi
Y	 n

v^

J	 r
J
^ ^ ^C ^ M N C	 l v C

A r1
A H ^^ Y^

V on C
r3 ^,

^i YN W
N 

u

u
G

-	 7^
°4	 O

r v 7 7 d
v E u vN

d	 II
o	 A y > j v 4

. s
_ p

In
Ey ^_ l

IY 	 4

y	
->

1.... v^. p v ^ V	 r0. N '1

G.

u EE

^

uu 

E

2. 3 5
-.

J rn
V

S+

r
^ A L

„

U^ G. N 6!	 r ^ u

^ O 7 O = ^ ;r is J v
^ II	 — fl J L ^

..
C— a N^ N y,

a o
^	 d
— S p I z a n

v
^
^

c
E

c ^ _ E A

7 y+ y
t
CL

''

rj 1

v E

!^ 3A J 'v <



°JL
7
C

N

V

X

a
ĉo
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two-dimensional models show the near cancellation between mean and eddy transports. Thera
appears to be some ability in these nwtkls to reproduce some features of the observed lati-
tudinal variation of the lower stratospheric long-lived gases HNO3, N20, and CH4.

Those models with calculated temperatures and winds reproduce the gross features of the
temperature structure with a tropopause which varies in height with latitude and increasing
temperatures up to the stratopause at about SO km. Harwood and Pyle (1980) overestimate the
zonal jet strengths at the stratopause by almost a factor of two. Their lower stratospheric
vertical velocities are in goad agreement with the values based on observations, derived by
Vincent (1968).

The principal advantage of two-dimensional models over one-dimensional models for
perturbation experiments lies in their ability to reproduce latitudinal and seasonal variations and
to include more feedback processes. Rao-Vupputuri (1979), Borucki et al. (1980), and Pyle (1980)
have all discussed the latitudinal variations in ozone depletion with minimum predicted
depletions in equatorial latitudes increasing towards the pole. Pyle (1980) also found a seasonal
variation with largest depletions in high latitudes in spring. These latitudinal and seasonal
variations are produced in the model by interactions between chemical, radiative, and dynamical
processes.

Some Recent Advances

Recent work has suggested improvements to two-dimensional models by using a mure physically
based K-theory (Danielsen, 1961) or by applying some of the ideas which have emerged from
studies employing Lagrangian-mean theory (see Andrews & McIntyre 1976, McIntyre 1980a).

The limitations of some of the assumptions behind Reed and German's (1965) K-theory approach
have been exposed by a number of workers. Mahlman (1975) used tracer fluxes from a GCM to
show that the mean flux is not necessarily down: the mean gradient. Clark and Rogers (1978) and
Plumb (1979) have considered the transport by planetary wave motions and have shown that the
transport by planetary waves tends to take place along the gradient of conservative tracers. In
this case then, the transport tensor would take quite a different form from that of Reed and
German (1965) with Kyy = KzZ - 0 and Kyz a - Kz,.

In 2-D models the eddies are not just small scale, turbulent whorls, isotropic in form. Instead,
they include the complete spectrum of internal waves which contribute to both the symmetric
and antisymmetric tensors. Matsuno (1980), using a simple channel model with a wave number 1
perturbation, derived analytic expressions for both tensors whose coefficients depend on the
product of his proposed mixing time T and the angular frequency of the wave m. When wT <1,
the symmetric sensor dominates in agreement with Reed and German's (1965) assumption of
linear displacements (linearly polarized waves). Conversely, when wT >1 the antisymmetric tensor
dominates in agreement with Clark and Rogers' (1978) elliptically polarized planetary waves.
Compatible with his modeling assumptions, Matsuno (1980) assumed WT »1, which effectively
eliminated the symmetric tensor.

Danielsen (1961), taking full advantage of Eulerian coordinates, extended Matsuno's mixing time
concept to include all waves. A complete asymmetric transport tensor, whose antisymmetric
components include the Eulerian mean motion corrected for elliptically polarized velocity
deviation (Stokes Drift) and whose symmetric components contain all inearly polarized
deviations, is shown to be determined from the solution of two equations in two unknowns. To
solve these equations a representative gridpoint data set of balanced u, v, and w velocities and
thermodynamic scalers is required. Appropriate sets are being derived by numerical diagnostic
methods and Danielsen (1981) believes these data will show that Matsuno's (198)) estimated
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mixing time -r is much too long, and that bosh the synw, ric and antisymmetric tensors will
i	 contribute to transport, their relative importance depending on altitude.

Other recent work has suggested a new approach to studies of tracer transport using a
Lagrangian mean framework in which apparently the eddy terms need not be calculated.
Considering Equation (1), in practice, th* mean and eddy flux terms almost cancel under steady
circumstances without strong diabatic effects, so that the small residual of two large terms must
be found. For steady, non-dissipating waves (the eddies), an Eulerian-mean meridional
circulation is induced which just cancels the effects of the eddies on the mean state. If,
however, a Lagrangian description is considered, the species continuity equation becomes
particularly simple, and no eddy terms appear, thus

aX L + ;L axL + wL ail.. sL	 (4)
at	 ay	 a 

where is some Lagrangian average. (In a simple case, this -ould be an average following an
air parcel.) Thus, in a Lagrangian description, we move with the flow; in an Eulerian description,
the flow is observed from a fixed point). The problem then becomes one of finding v L and wL
(and SL) rather than the eddies. It should be mentioned at this point that Danielsen 1 1981) has
argued that Equation (4) is a great oversimplification when applied to bulk parcels of air. For
averages over large volumes, the deviations from either an Eulerian or Lagrangian mean will be
very significant; eddy terms cannot he neglected. Their dispersion about the Lagrangian mean has
also been demonstrated by Hsu (1980). Note that, for large deviatory flows, it is possible that
none of the individual fluid parcels within the bulk average will have trajectories given by v L and
wL . (For further discussicin of the practical limitations of the Lagrangian approach, see !McIntyre,
et al. 19Wb and Nahlman et al. 1981. To caution further, it sh.juld be remembered that whatever
description is applied, the transport process must contain the essential physics.

Dunkerton (1978) pointed to the possible advantages of an approach based or, Equation (4). He
approximated the Lagrangian mean circulation with that driven by the Eulerian mean diabatic
heating. In fact, the eddy diabatic heating term also will contribute to the Lagrangrian mean
circulation.

The above ideas have led to the development of modified Eulerian mean models. Making the same
approximations as Dunkerton (1978), Pyle and Rogers (1980) and Rogers and Pyle (19W) identify a
'residual meridional circulation' (the difference between the Eulerian circulation and that part
induced by steaoy, non-dissipating waves (see Andrews and Mcintyre, 1976) with that circulation
driven by the diabatic heating. The cancellation of the eddy terms in Equation (1) by the induced
meridional circulation is only exact in the case of steady waves, with no dissipation, away from
critical lines and for a conservative tracer. The chemically-induced transport, modeled by the
syrmmetric component of the K's (see above) also must be included.

Thus, in their model, Rogers and Pyle include the diaba t ic circulation plus the chemical
contribution to the eddy transport as well as the photochemical sources and sinks. The eddy
perturbation velocities, occurring ;n the expression for the K's, are calculated within the model.
The ozone distribution reproduced shows many satisfactory features with an equatorial minimum
and high-latitude spring maxima.
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Holton (1961) has also developed a modified Eulerian model in which the transport is purely
advective. His definition of the residual meridional circulation is a little different from that of
Pyle and Rogers, and is derived from the output of a primitive equation model. Nevertheless, the
models are basically similar in approach and represent an area of activity in two-dimensional
modeling. However, neither model includes diffusion which is important. it should be
remembered, for example, that the spread of radioactive traces from equatorial latitudes is well
represented as just a diffusion process (Feely and Spar, 1960; Reed and German, 1965).

One approach that might hold some promise in two-dimensional modeling of the stratosphere is
isentropic modeling, i.e., using potential temperature as a vertical coordinate. while this
technique has not been used in modeling the stratosphere, it has been used in modeling the
troposphere (Bieck, 1974) and the ocean (Bieck, 1978). Mean meridional circulations in the
troposphere have also been modeled in isentropic coordinates ;Dutton, 1976).

The current state of affairs in two-dimensional modeling of the stratosphere is one in which
both theoretical work and three-dimensional modeling results may be expected to provide treat-
ments of the eddy and mean circulation transports that have a better physical foundation than
now exists in these models. Most existing two-dimensional modeling efforts use highly empirical
transport treatments, and their results must be interpreted with care taking into account these
formulations.

THREE -DIMENSIONAL MODELS

Existing Models

Because the atmosphere is a three-dimensional fluid, it is clear that a complete quantitatively
accurate simulation of the radiative-chemical-dynamical behavior of the stratosphere requires a
thr--e-dimensional model. Three-dimensional models need not rely as heavily on parameterization
of unrescived processes as do one- and two-dimensional models. Thus, development of fully
coupled three-dimensional models must be regarded as a key objective of any serious long-term
research effort to understand and predict perturbations of the ozone layer and/or surface
climate as a result of human activities.

The development of a credible three-dimensional simulation is a complex undertaking which
cannot succeed without a firm basis in theoretical understanding of the various physical and
dynamical processes which control the coupled atmospheric system. Attainment of this level of
understanding requires that we utilize an arsenal of three-dimensional models of varying
complexity. Although marry levels of sophistication are represented by the various models
summarized in Table 2-15, for classification purposes we have divided these into two major
types: the general circulation mode; (CCM) and the mechanistic mode! (MM). We will define the
GCM to be any model which i- cipable of a comprehensive treatment of the atmospheric
(stratosphere-troposphere) system using the primitive equations of motion. The MM is a more
limited model, simplified to F-tudy certain phenomena, such as sudden warmings. MMs classified
here are usually area restrictive (e.g., no troposphere) and/or dynamically simplified (e.g.,
quasi-geostrophic).

A :major goal of three-dimensional modeling is to provide an accurate simulation of stratospheric
dynamic phenomena to (1) increase our understanding of the physics of the stratosphere, (2)
guide measurement strategies, and (3) perform prognostic studies to determine the impact of
various pollution scenarios on the Earth's climate. All of the models mentioned in this section
achieve a measure of success in the first goal. Fewer of the models, only the most sophis-
ticated, have made achievements along the other lines. Because three-dimensional models are
time consuming, complex, and require several years of development, results from the simplest
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three-dimensional models have dominated the literature In number, at least. This section
contains a brief review of the progress achieved by the three-dimensional models and a dis-
cussion of some of the anticipated future research areas to be attempted with these models.

The list of three-dhnensional models (and modelers) given in Table 2-1S is based on a poll of the
community. This list contains only the poll respondents and may not be complete. We have not
Included models which are no longer active (e.g., Schlesinger and Mintz, 1979) or models still
under initial development. Only one publication is listed for the models which have published
results. Additional references may be found in the listed publication.

Formulation of ThrwDinwaional Models

Some extra care must be devoted to the formulation of stratospheric models since it is not
Immediately obvious what resolution requirements are needed to simulate stratospheric
structure. It is apparent from Table 2-15 that a variety of vertical and horizontal spacing
schemes are used by various modeling groups. For the 'stratosphere only' models, the resolution
is often dictated by the phenomona under study.

In the vertical, the resolution should be some fraction of the vertical wavelength of the eddies
or depth scale of the circulation under consideration, or a fraction of the density scale height,
whichever is less. These scale requirements are quite different for the mid-latitudes and the
tropics. For example, some tropical stratospheric wave simulations may require vertical grid
scales of 1 km or less (Plumb, 1981). On the other hand, mid-latitude planetary wave simulation
may require a vertical grid of only 3 to 5 km because planetary waves are observed to have rather
long vertical wavelengths in the stratosphere.

Another problem associated with stratospheric models is the upper boundary condition. Many
models use a log pressure (or log a, where a is the ratio of the pressure to the surface
pressure) vertical coordinate which requires a boundary condition at some finite altitude. The
rigid lid condition (o= 0 at the upper boundary) reflects upward propagating waves. To prevent
such reflections some models employ enhanced damping regions below the lid. The effect of
sponge layers on the dynamics of three-dimensional models is not completely known and iemains
a subject for future research. Nevertheless, it appears that stratospheric models should place
their sponge layer and rigid lids well above the stratopause to avoid interference with the zonal
mean circulation.

The lower boundary conditions, of course, vary depending on whether or not the model inc?udes
a troposphere. Many of the 'stratosphere only' models make some kind of specification of the
eddy fluxes into the stratosphere as well as zonal mean fields along some pressure surface in the
troposphere or at the tropopause (-100 mbar). These models can make no attempt to study
troposphere-stratosphere interaction but focus on the flow evolution in the stratosphere alone.

The models which contain a troposphere often use the implicit topographic formulation of the
coordinate system which follows the topography. Thermal forcing is often utilized in the context
of specified lana-sea temperatures, or the more comprehensive models use fixed surface
temperatures over the ocean and an energy balance condition over land.

Some models (e.g., GFIX's model) use an interface between o and p systems at sotT* finite
pressure (Sangster, 1960; .krakawa and Lamb, 1977). While this system may provide some com-
putational difficulties for the dynamics and may reflect some upward propagating waves,
(aithough there has been no demonstration of this) it offers other distinct advantages as dis-
cussed by Fels et al. (1980). For example, the computational speed of the model is increased
hecause the horizontal diffusion terms and other pressure determined parameterizations in the



E

E	 2-66	 THE STRATOSPHERE 1961: THEORY AND MEASUREMENTS

model do not have to be interpolated from the o to the p grid. Also, it facilitates the analysis of
the modeled fields.

A variety of methods are used for the horizontal approximations of differential equations. Finite
difference techniques with fourth order accuracy are known for grid point models, and enstrophy
and energy conserving schemes have been clearly described (Arakawa and lamb, 1977). Spectral
methods are also quite popular since they are relatively` ively simple to code and appear to have
slightly lower computer memory requirements for equivalent resolution. Spectral models generally
use an advective formulation (Bourke, 1974, for example) but a flux form has been recently de-
veloped by Gordon (1981). There does not appear to be any clear computational or formulative
advantages of high resolution spectral models vs. grid methods in the long run.

Quasi-geostrophic numerical models have been used historically because the quasi-geostrophic
scaling eliminates gravity waves, thus permitting a larger time step. A drawback in the quasi-
geostrophic approximation is that the equatorial circulation is poorly modeled.

The development of the semi-implicit time scheme (Robert, 1%9) and other specialized algorithms
(Ladd, 1978) allows a large increase in the time step for the primitive equation models without a
corresponding increase in the computational overhead. This technique is usually applied to spec-
tral models (Bourke, 1974) but has also been used in grid models (Chang and Madala, 1990). The
computational cost advantage of the quasi-geostrophic model has decreased relative to the primi-
tive equation model but because of its simplicity it still remains a useft tool for stratospheric
modeling.

The parameterization scheme for the physical ocesses " the stratosphere vary widely as Table
2-15 indicates. These schemes fall into thrct _ategones: radiation (UV insolation and IR pro-
cesses); chemistry, friction or diffusion of momentum; and the inclusion of the transport and
chemistry for trace constituents. How the models formulate these processes will be discussed in
the next sections since these aspects of the models usually represent recent developments.

Status and Progress of Three-Dimensional Models

In principle, three-dimensional models can be made to be more internally consistent and made to
include more interactive physical processes than can the lower order, more highly parameterized
models. Historically, workers with three-dimensional models have been reluctant to include
complicated interactive chemistry packages in them. This is partly due to considerations of
computer resources, but there are also more fundamental reasons.

For example, the study of interactive trans port and chemistry using a general circulation model
with questionable dynamics, i.e., one in which the dynamic structure does not compare favor-
ably with observations, does not tell one much a'wut the Earth's atmosphere. In addition, uncer-
tainity in chemical reaction rates and/or photochemical cross sections has caused investigators
with three-dimensional models of the stratosphere to avoid incorporating on-line computation
of transport and chemistry into their models for the most part. The emphasis of these three-
dimensional models at the present time then is on the understanding of radiative-dynamical-
chemical interactions rather than on completely simulating stratosphere conditions or predicting
future states of the stratosphere.

TheThe following sections discuss some of the recent contributions of three-dimensional modeling
to understanding the stratosphere. Only recent efforts are discussed since previous efforts have
been reviewed by NASA RP 1049.

_T_
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Tike Zonal Mean Circulation

There is a significant departure from radiative equilibrium in the middle atmosphere during
solstice in both the summer and winter mesosphere and at the winter stratopause (Murgatroyd
and Goody, 1968). For example, radiative equilibrium computations give polar night stratospheric
temperatures 40 to SW lower than is observed (Manabe and Hunt, 1968). Leovy (1964) and later
Schoeberl and Strobel (1978x) showed that dynamical heating and cooling by a vast pole-to-pole
circulation cell could raise the winter straaopause and lower the summer mesopause tempera-
tures to the observed values. To generate the pole-to-pole circulation cell, these authors
required a momentum sink in the mesosphere which they parameterized by Rayleigh friction.

Holton and Wehrbein (1960&) and Mahlman and Sinclair (1980) showed that the zonally symmetric
circulation In addition to warming the winter polar stratosphere could produce the easterly
phase of the semiannual oscillation of the mesophere.

Upward propagating planetary waves appear to he incapable of providing the large momentum
sink that is given by the Rayleigh friction parameterizations in the studies mentioned above.
Furthermore, planetary waves are observed at upper stratospheric levels only in the winter
hemisphere while the momentum sink must be present in both hemispheres throughout the
seasons.

Lindzen (1971) and others have suggested that breaking gravity waves which originate in the
troposphere might provide such a momentum sink. lindzen (1961) has analyzed the gravity wave
problem noting that breaking gravity waves would produce a momentum sink with a functional
form quite unlike Rayleigh friction. However, Lindzen's model, also highly parameterized, has yet
to be fully tested in a three-dimensional model. Andrews et al. (personal communication) have
been able to simulate closure of the stratospheric jets in an annual mean model using a
Richardson number dependent diffusion. In their calculation, the required deceleration is induced
in the upper mesosphere by the mechanical dissipation of upward propagating planetary waves.

The importance of the diabatically forced mean ineridional circulation in the up per stratosphere
for tracer transport studies was emphasized by Dunkerton (1978). In addition to the diabatic
effects of radiative heating and cooling, the momentum dissipation processes for the zonal mean
flow are crucial in determining the strength of the mean meridional circulation in the upper
stratosphere. The lower and middle stratosphere, however, contains large amplitude dissipating
and transient waves which also contribute to the transport of tracers and the diabatic processes
of lower stratosphere as will be discussed in the next section.

Another physically important aspect of the zonal mean circulation is the tropical Hadley cell. It
is r,irrently believed that the dessication of the stratosphere occurs because the minimum water
vapor mixing ratio in the stratosphere is partially set by the mass of air ascending through cumu-
lus 'hot towers' in the tropics. The minimum mixing ratio provides a sink for the downward flux
of water vapor (generated by methane photolysis) from the upper stratosphere. The fact that the
water vapor mixing ratio varies by four orders of magnitude from the surface (-10 4  ppm) to the
lower stratosphere (S ppm) has important implications for the development of hydrological and
transport schernes in three-dimensional stratosphere-troposphere models. For example, if the
water vapor mixing ratio exceeds 15 ppm in the stratosphere through numerical error, the radia-
tion budget will also be affected. The large variation of water vapor mixing ratio with tempera-
ture probably makes it unrealistic for a finite grid model to simulate the cold tropical tropopause
trap without parameterization. hida (1977), in a simplified general circulation model, has shown
that air parcels do, on the average, follow the trajectories of a large Equator-to-pole 'Hadley
cell.' 1 hree-dimensional models should incorporate a fairly realistic tropical troposphere with a
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moisture cycle and simulated latent heat release to simulate the Hadley cell correctly. Very few
of the models listed in Table 2 -15 have this capability at present.

Extratropical Waves, The Sudden Warming

The winter stratosphere is influenced by the presence of large amplitude planetary scale waves as
indicated by observational studies (e.g., Van Loon et al., 1973), and predicted by numerical
models (e.g., Matsuno, 1971). These waves play an important role in the transport and variability
of inert and photochemically active trace species. Thus it is essential that the large scale waves
and their effects on the mean flow be reasonably simulated in three-dimensional models. The
most spectacular example of large scale wave-mean flow interaction in the stratosphere is the
stratospheric sudden warming. This phenomena has been the focus of much recent work. Numer-
ical simulations by Schoeberl and Strobel (1980) pointed out the differences in the development
of the warming for different wavenumbers and examined the effect of dissipation on the warm-
ing. Lordi et al. (1980) and Hsu (1981) demonstrated how wave-wave interactions can greatly
alter and possibly accelerate the evolution of the sudden warming. O'Neill (1980) analyzed the
sudden warming which spontaneously appears in the British three-dimensional model. He noted
that prior to the warming event the equatorward flux of momentum by planetary scale waves
suddenly reverses. Similar results were obtained by Haggard and Grose (1981). Dunkerton et al.
(1981) have diagnostically analyzed a model generated zonal wavenumber 2 sudden warming. They
showed that the evolution of the mean flow as a result of wave-mean flow interaction processes
could be determined by evaluating the so-called Eliassen-Palm (EP) flux (Eliassen and Palm, 1%1
and Andrews and McIntyre, 1976). The EP flux can be shown to be a fundamental measure of the
flux of wave activity in the meridional plane which has the property that its divergence nearly
equals the net wave driven mean flow acceleration. The wavenumber 2 warming is often charac-
terized by the poleward progression of easterlies. They found that the evolution of critical layers
at low latitudes from absorbing to reflecting wave energy produce this effect. Even some fully
nonlinear models show this behavior (Lordi et al., 1981), but the real atmosphere does not
appear to produce sudden warmings in this manner. Considerable effort is under way to try to
understand the differences between models and observations.

The significance of planetary wave dynamics on the transport of trace species was clearly
demonstrated by Hsu (1980). She used a ring of marker particles to trace the Lagrangian motion
of the fluid during a model generated sudden warming. Figures 2-9 and 2-10 show her results.
The sudden warming was a planetary wave 2 event with a polar temperature peak occurring at
day 30. In Figure 2 -9 the evolution of the ring of tracer particles in the horizontal plane is
shown. Figure 2-10 indicates the height-latitude cross section of a ring initially at 60°N. The
Lagrangian mean motion of the fluid is also nicely illustrated in Figure 2-10 where the descent of
the center of mass of the ring is clearly seen. The rotation of the ring illustrates the presence of
eddy heat transport as downward displaced particles, which are compressionally heated, move
northward. Upward displaced (cooler) particles move toward the Equator. Both figures show the
enormous horizontal and vertical dispersion which take place for air parcels during the sudden
warming. In the horizontal plane, air parcels at 30°N are displaced to nearly 60°N in 10 days. A
vertical dispersion of 4 km is seen in Figure 2-10. Note that the dispersion of the particles is
much larger than the Lagrangian mean displacement. Such dispersion will produce large altitude
variability in tracers with an initial mean gradient and will also contribute to 'mixing' of the air
parcels.

The overall condition of the stratosphere-troposphere system which gives rise to the sudden
warming and the mechanism by which large scale waves are forced and maintained still are not
well understood. Schoeberl and Strobel (1980) have indicated that planetary scale topography
seems sufficent to produce the large scale waves which force the sudden warming. The role of
thermal forcing due to land-sea heating has yet to be explored fully (Dickinson, 1980).
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Tropical Waves

Some three-dimensional models have had some success at simulating tropical wave structure in
the upper stratosphere (Mahlman, personal communication), but the requirements on vertical
resolution probably puts the QBO (Quasi-Biennial Oscillation) beyond the range of most models
where the resolution requirements were made with the extratropics in mind. On the other hand,
it is not apparent that the QBO--and simulation of the mixed Rossby-gravity and Kelvin waves

't which force the QBO play any significant role in tracer advection outside of the tropics.
However, extratropical effects of the QBO cannot be ruled out. For example, Holton and Tan
(1990) have shown that 50 mbar height deviations at Nigh latitudes are apparently correlated with
the QBO phase. Sudden warming simulations by Schoeberl and Strobel (1990) also showed
different results depending on the phase of the QBO. Certainly, the BUV total ozone amounts
show a quasi-biennial modulation. Thus, QBO simulation may be a necessity for a realistic

I	 simulation of the extra-tropical stratospheric environment.

Dunkerton (1979) has proposed a mechanism whereby the dissipation of a vertically propagating,
zonal wavenumber 1 Kelvin wave with phase speed in excess of 50 m/s might give rise to the
westerly phase of the semiannual oscillation. Cbservations appear too coarsely spaced in the ver-
tical to confirm this idea (Hirota, 1978) but it is interesting to note that the westerly phase of
the senwennual oscillation in the GFDL model appears to result from the same mechanism
(Mahlman and Sinclair, 1980).

Radiation

A considerable effort has been made to improve the radiative transfer algorithms in three-
dimensional models. Studies by Ramanathan (1977) indicated that important changes in the direct
radiative interaction between the stratosphere and the surface might be possible through the
downward stratospheric IR emission during sudden warmings. Because H 2O carries most of the
IR load from the troposphere, tropospheric GCMs use very simple CO2 and 03 IR models.
However, H2O is the weakest IR emitter in the stratosphere with optically thick CO 2 taking the
load. The opacity of the CO2 line cores make careful treatment of line wings, overlap effects,
hot bands, and isotopic bands important since almost no radiation escapes to space from the
line core itself. A very sophisticated accurate radiation model has been developed recently by
Fels and Schwartzkopf (1975, 1981). Computationally faster, but less detailed models have also
been developed by Apruzese (1980) and Wehrbein and Leovy (1981) using different techniques.

The necessity of accurate sophisticated treatment of radiation has been demonstrated clearly by
Fels et al. (1980) for CO2 doubling and 03 depletion experiments in their annually averaged
model. The impact of the new radiative transfer schemes on model-simulated sudden warmings
is currently being investigated.

Some new results have also been obtained in the computation of solar insolation. Most models
or parameterization schemes use the measurement of UV fluxes by Broadfoot (1972) to compute
the heating in the Herzberg continuum and Hartley regions; however, a new measurement by
Mount et al. (1980) during solar maximum indicates that these values may be too high by 35 ±
15%.

One of the weakest points of model radiative parameterizations is the treatment of clouds and
their radiative properties. Cloud emissivities are arbitrarily prescribed instead of making these
depend on the water content of clouds. This is potentially a serious problem for cirrus clouds
since their water content varies significantly from Equator to pole, particularly during wintertime.
It is possible that the corresponding latitudinal variation in IR cooling rates, which is not
accounted for in models, may help determine the wintertime zonal wind profile between the
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upper troposphere and riddle stratosphere. Furthermore, since the water content of cirrus
clouds is largely determined by large-scale dynamics, cirrus cloud-radiative interactions may be
one of the Important contributors to radiative dynamical interaction.

it is well established that radiative-chemical coupling amplifies the radiative damping rates in the
stratosphere, a process first postulated by Craig (1960). This effect results from the temperature
sensitivity of the Chapman reactions. However, th e. emergence of catalytic reaction control of the
photochemical equilibrium ozone mixing ratio indicates an increased time constant for photo-
chemical acceleration of the radiative damping rate. Recent work indicates that radiative damping
(Fels, 1981) and photochemically accelerated radiative damping in the atmosphere is strongly
dependent on the vertical scale (Hartmann, 1978; Strobel, 1978, 1979; Ghazi et al., 1960). In the
former case, if the vertical wavelength of the thermal disturbance is short (one scale height or
less), IR exchange between layers enhances the radiative relaxation. In the latter situation, the
vertical structure of the ozone column determines and controls the insolation changes which are
important for photochemical acceleration.

Chemistry and Tracers

Long-term simulation with interactive although with highly simplified chemistry and dynamics
have been performed with the MIT/GIT model (Cunnold et al., 1960). Most modelers prefer to
utilize 'off line' tracer chemical models in which the dynamic model advects and diffuses the
tracer, but no feedback into the dynamic model is allowed. This latter type of model can fill a
variety of roles. Moxim and Mahlman (1960) for example, have used the tracer model developed by
Mahlman and Moxim (1978) to assess the ozone sampling network and determine the impact of
new observing stations. Mahlman et al. (1960) have used the same model with 11 level GCM
dynamics to examine ozone advection using chemically computed and specified ozone dis-
tributions along the upper boundary (10 mbar). They found, as is observed, poleward-downward
flux of ozone during winter due to the 'Lagrangian-mean' drift of the constituent as produced
by transient and dissipating eddies. This process is of great importance in the irreversible
transport of tracers into the polar vortex. Levy et al. (1979) hale also examined the structure
and variability of N20 with their tracer model.

RADIATIVE-CHEMICAL-DYNAMIC INTERACTIONS

Introduction

The observed stratospheric climate is influenced strongly by interactions among radiative,
dynamical, and chemical processes. Troposphere-stratosphere interactions also play a key rule in
determining stratospheric climate since the two regions of the atmosphere exchange -pass,
momentum, and radiative energy. The cou pled nature of the problem as we understand it from
modeling and observational studies is illustrated schematically in Fig-re 2-11. The tropo-
sphere-stratosphere radiative/mechanical coupling, of course, enables changes in stratospheric
climate to be transmitted to the troposphere to some extent. Vertically propagating planetary
waves and modulation of tropospheric E,):ar absorption by stratospheric 03 absorption are some
of the possibilities. Recent one-, two- and three-dimensional model studies have examined the
interactions among some of the processes and have provided valuable insights into the problem.
In spite of these Important recent developments, several outstanding problems need to be re-
solved in our understanding of these interactive processes. Here, we will focus our attention on
this aspect (viz, the outstanding problems) of modeling interactive processes.
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Figure 2 . 11. The coupled troposphere-stratosphere system (from Ramanathan, 1980a).

Modeling loeractive Processes

Radiative-I)Ynaunical Interactions

•	 Wintertime Zonal hinds and Temperatures

The troposphere-stratosphere coupling through planetary wave propagation is strongest in
winter and spring since planetary waves propagate mainly in the presence of westerlies. The
polewani transport of heat by these waves helps to maintain wints rtime diddle anti polar
latitude temperatures against IR cooling.

Furthermore, these effects of the propagating waves are strongly influenced by the vertical
and latitudinal distribution of radiative dissipation rates. As a result, the wintertime
stratospheric climate is determined to a large extent by stratosphere-troposphere coupling
and by radiative-dyna , nical interactions within the stratosphere. Bence, the simulation of the
winter stratosphere is a crucial test for a model's capability to account for such coupled
processes. Unfortunately, most primitive equation GC%ls fare badly in this area. The winter
polar temperatures predicted by the GCkts in r rridstratosphere are often 30 to 40 K colder
than observed and the zonal winds are almost twice the observed. Improvements in several
areas may be required to resolve this problem: (a) proper treatment of radiative effects:
temperature dependence of CU, hot bands, Doppler broadening effects, a better prescription
of the vertical and latitudinal distribution of 11• )0 and clouds (these radiation processes may
introduce strung latitudinal and vertical gradients In radiative dissipation rates as well as
greatly reduce polar IR cooling during wintertime); (b) proper treatment of physical
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processes that excite cyclone and planetary waves in the troposphere and lower
stratosphere; and (c) inclusion of the mechanical dissipation by small scale motions in the
mesosphere which can indirectly warm the stratosphere through an enhancement of the mean
meridional circulation.

a Interhemispheric Asymmetry

Another observed phenomenon which may provide a test for the model's ability to simulate
radiative-dynamical interactions is the interhemispheric asymmetry in the observed lower
stratospheric temperatures. The difference between the observed zonally averaged mean
temperatures in the two hemispheres in corresponding months is reproduced from Van Loon
et al. (1972) in Figure 2-12. Several suggestions (sometimes contradictory) have been put
forward to explain the very low Antarctic winter temperatures in the lower stratosphere. For
example, Wexler et al.(1960) suggests weaker meridional exchange of air in the Antarctic,
while Schumacher (1955) indicates the reduced 9.6 u m 03 heating in the Antarctic
(since surface emission is much lower there) as the reason for the colder Antarctic
stratosphere. Note from Figure 2-12, however, that maximum interhemispheric differences in
surface heating occur in fall whereas maximum interhemispheric differences at 100 mbar
occur in spring. Basically, there is a significant change in the seasonal phase of the
interhemispheric asymmetry from the surface to 100 mbar. The slightly warmer 1OU mbar
Antarctic temperature in summer can probably be attributed to stronger solar heating, since
the summertime solar insolation in the Southern Hemisphere is larger by several percent than
that in the Northern Hemisphere. The much colder temperatures during the rest of the
season can be attributed to the smaller surface radiation. However, we must invoke
dynamical interactions to explain the strong seasonal variation in the interhemispheric
asymmetry. In short, it is a problem of troposphere-stratosphere radiative-dynamical
interactions. GCMs (Manabe and Mahlman, 1976) are able to reproduce asymmetry to the
extent that the lower stratosphere Southern Hemisphere is colder than the Northern
Hemisphere but the seasonal phase of the asymmetry shown in ^ igure 2-12 has still not been
satisfactorily simulated. Interhemispheric asymmetries in planetary wave activity (e.g.,
asymmetries in stationary and transient waves as well as in the structure of stratospheric
warmings), radiative heating, and ozone distribution among several others arnhably play a
crucial role in the observed stratospheric features in Figure 2-12. Since these features
influence the transport of trace constit uents and their interhemispheric asymmetries, it is
important to simulate these features in our models (see Mahlman et al., 1960).

Coupling Between Temperature and Ozone Changes

Several of the chemical' reactions that contribute to the neutral chemistry of the stratosphere are
strongly temperature dependent. The net effect of this temperature dependence is to cause a
negative correlation between temperature and ozone changes in regions of the stratosphere
where dynamical effects on ozone distribution are not great, e.g., upper stratosphere during
summer or at low latitudes. This effect is of importance in understanding the natural variability
of the stratosphere. For example, changes in temperature due to natural variation would induce
03 variations and vice versa. It is also possible that the coupling between temperature and
ozone helps control the summer-to-winter temperature changes in the upper stratosphere. In
order tc understand the importance of this process we need a GCM simulation of 0 3 and
temperature distribution with and without radiative-photochemical coupling.

Radiative-Chemical-Dynamical Coupling

As can be inferred from the preceding discussions on radiative-dynamical and radiative-chemical
interactions, the three processes, viz radiation, chemistry, and dynamics are mutually interactive.
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The role of these interactions on the ohserved stratospheric climate n( yds to I— assessed quanti-
trtively. We nerd to explore the problem with two- and three-dimensional coupled models. What
is urgei,! Iv needed are simplified and computationally efficient procedures for incorporating
Important aspects of the neutral chemistry of the stratosphere in these rx,dels.

Simulation of upper troposphere/lower stratosphere water vapor distribution, including cirrus
clouds, is especially Important because the 11 10 distribution in this region of the atmosphere Is
determined by the following interactive processes: (a) troposphere-stratosphere dynamical inter-
actions through propagating planetary waves and exchange of mass through synoptic scale
events; (b) at the tropical tropopause level tku IR cooling (or heating) of water vapor and cirrus
clot,ds play a crucial role in de-ter.nining the zonal 1;^an temperatures. In turn, the strdtospheric

11 20 is influenced by tropical tropolause temlx-, ratures through the 'cold trap' mechanism; and
(c) furthermore, O3 solar and IR heating strongly control tropopause temperatures (excepting the
winter polar regions). As a result of (b) and (c) above, there I, a complex interaction between

the O3 distribution and stratospheric 112() budget.

With regards to the 03 distribution, Simulating the vertical distribution is as iml\ortant as
simulating the total 0 3 since the level of radiative energy (both solar and IR) deposition is quite
de[wident on the vertical 03 distribution.

It Should be pointed out, however, that there might he several other trace constituents which
are more important than the ones discussed above a, indicators of a model's success in cap-
turinR the essence of atmospheric chemistry, but the constituents and processes described above
am some of the best indicators of the model's ability to simulate coupled phenomenon. Llcdels
which couple radiative, dynamical and chemical processes are also valuable for estimating effects
of stratospheric chemistry en tropospheric climate which is the subject of the next section.
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Mwits an Tropoq*mU Ciirtlaa

The absorption of solar radiation and tropospheric IR radiation by the stratosphere as well as
the downward IR emission by the stratosphere helps modulate the solar and IR radiation inci-
dent on the troposphere and thus the stratosphere Influences tropospheric climate. The magni-
tude of the various solar and IR processes is shown in Figure 2-13 from Raomnathan and
Dickinson (1976a). One of the interesting results in this figure is that the stratospheric
absorption of IR radiation (emitted by the troposphere) is twice as large as its solar absorption.
Furthermore, the net effect of the stratosphere on the troposphere, computed by taking the
difference of downward IR emission and the reduction in solar radiation (caused by
stratospheric absorption) reaching the troposphere, is to cause a radiative heating of the
troposphere by about 10 W m-2 . Based on tie ,! sensitivity of present climate models, 10 W m-2
radiative heating would cause a significant global surface warming of about 50C. The
troposphere-stratosphere radiative coupling can be altered by natural as well as anthropogenic
factors.

Natural Factors

We will give two examples in this category. During sudden st r atospheric warming events, there is
an enhancement in the downward IR emission into the polar troposphere (Ramanathan, 1977).
The magnitude, of course, depends on the strength of the stratospheric warming. The enhanced
IR emission, not only warms the troposphere but also reduces the pole-to-Equator gradie •it in
radiative heating.
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Figure 2 . 13. Global mean stratotpMric radiative energy balamas. Not - Absorption-emit:° xn. Units W m'2.
(from Ramanathan and Dickinson. 1978).
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Changes in stratospheric 03 due to alterations in stratospheric chemistry by events such as solar
proton events, cyclicai changes in solar UV output, and natural variability in the dynamics would
impact tropospheric climate in several ways: the solar radiation Incident on the troposphere
would be altered; the downward IR emission by 03 in the 9.6 m region would change with a
change in 03; and the resulting change i p stratospheric temperatures would alter the downward
iR emissior+ by H2O and CO2.

In addition to this radiative coupling between troposphere and stratosphere, there is also the
possibility of dynamical coupling through planetary waves as was originally suggested by Hines
(1974). Since large-scale planetary waves are known to propagate some of their energy upward
from the troposphere through the stratosphere in winter, Hires (1974) suggested that changes in
stratospheric winds and temperatures could affect the transmission-reflection properties of the
stratosphere to the planetary waves that are forced in the troposphere by airflow over surface
topography and the :onuniforrn distribution of diabatic heating. Rates (1977) and Geller and
Alpert (1980) have looked at what changes in tropospheric planetary waves might result if the
forcing for these waves remains constant, but there is a change in the zonal mean wind and
temperature structure in the stratosphere. Bates (1977) found that dramatic changes it the
northward flux of sensible heir, resulted from changes in stratospheric structure. Geller and
Alpert (1980), using a somewhat inc , t realistic model, found thiat the stratospheric structure had
to be altered below about 35 km betore any significant changes in the structure of tropospheric
planetary waves were found. Their calculations did indicate, however, that changes in zonal mean
s_ratospheric winds beneath 35 km gdve rise to significant changes in tropospheric planetary
wave structure given fixed fore:: g for these waves. It should be noted, however, that in still
more re:."Atic models by Schoeberl and Strobel (1978b) and Fels et al. (1980) in which they
elrpinred the consequences of uniforin column decreases of ozone that no significant change in
p ; anetary wave structure was detected. These results appear to be consistent with the results of
Gelle and Alpert (1980; since the zonal wind structure did not show the necessary changes
below 35 km in either of these models. Thus, planetary wa-.e coupling from the troposphere to
the stratosphere should be considered as a possible means of coupling tropospheric weather and
clicrate to changes in the stratosphere, but only if some factor causes significant alterations in
the stratospheric zonal wind structure at altitudes below 35 km.

Antnropogenic factors

Radiat i vely and chemic:+lly active trace gases are being injected into the atmosphere as a result of
human activities and these gases perturb the photochemical and radiative energy balance of the
Earth-atmosphere system. Furthermore, the two processes, viz, photochemistry and radiation, are
strongly coupled, and hence realistic estimates of the climatic effects of human activities must
be made with mcdela that account for the coupling between climate and photochemistry. The
coupled nature of the problem is illustrated in Figure 2-14.

The injection of trace gases CO-. CH 4, N20, and CFCs which have strong IR bands can directly
warm the surface by enhancing the atmospheric 'greenhouse' effect; while CO, CH 4, and NO
injection can warm the climate indirectly by enhancing the production of tropospheric 0 3 . In
addition, injection of CFC catalytically destroys 0 3 in the stratosphere, and the resultant alter-
ation in troposphere-stratosphere radiative coupling perturbs the tropospheric climate. I t is
important to resolve the climatic effects of these various constituents since in some cases the
effect of some of the constituents is one of compensation while others are additive. For exam-
pie, both CO2 increase and the reduction in 0 3 due to CFCs, cool the stratosphere by about the
same magnitude. The IR absorption by the CFCs warms the troposphere which may be somewhat
compensated by the accompanying 0 3 reduction.

s
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Modeling attempts at estimating the future climate. changes, due to the anthropogenic emissions
shows in Figure 2-14, are subjected to a large range of uncertainty resulting from: photochemical
and climate modeling uncertainties; possible large errors in estimates for the natural sources and
sinks for the trace species; and finally, uncertainty in the scenarios for future increase In
emission rates for these trace gases. These difficulties notwithstanding, the practical importance
of the problem clearly dictates that we make serious attempts at unraveling the role of various
anthropogenic trace constituents on the climate. However, such attempts ultimately must be
made with models that account for the coupling between radiation, chemistry and dynamics.

CLIMATE CHWIM IRTIWTKV" OOE TO tRACt OASIS

t:.xx+a+w.q
T

d

a•m.^xp,...w
. ,.,w .,.

ru we .rya ^ m1 wrwe ^ ...pia..: W t	 _^

I

1
Nip	 O,	

1
OtO

1
No	 "0,	

1

;?2	tN,	 CO	 NOS	 Nill	 Cf LtiJ

i	 I
_	 I

I

T	 I

Figure 2-14. Climate-chcmical interactions due to trace gases (from Ramanathan, 1981x; b).

COUPLING OF MODELS AND OBSERVATIONS

Introduction

In the past 20 years, emphasis in atmospheric r*x-deling has increased considerably. The physi-
cally 'complete' and comprehensive general circulation models have demonstrated a steady
growth in reliability and sophistication. A by-product of this growth is the demand for even
more complete observations to test these model simulations. Although the simulations are far
from perfect, there are now a number of physical processes and regions of the atmosphere in
which the 'best data' available is that provided by such comprehensive models. This suggests
that it is now time for the use of this type of model to play a more active rolo in providing
information to aid in the design of various observational programs. There an= at least three
approaches already being explored:

1. Model output provides information on where and how often to measure. Part of the infor-
mation gained is used to test the model itself. This new information leads to possible
improvements in model design and input.

2. Model output is used to insert model data into real or hypothesized etworks. Some of the
network biases due to various errors or sampling limitations car+ them be evaluated. In
turn, bias of the model data relative to actual network data can be evaluated.
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3. In some models which forecast the short-term future atmospheric structure, observational
data is injected directly into the model on a real-time basis. Thus, t he model data and
observational data co-exist in the model to produce a more realistic analysis.

In the following sections, examples will be presented of the • applicability of various research
efforts to approaches (1) and (2). To (Lite, approach (3) has not been applied to middle atmo-
spheric problems, although efforts to (10 so appear to be beginning in lx3th England and the
United States. The current status of the use of observations to evaluate comprehensive rnodels
also will lx• reviewed.

Model Guidance for Measurements

In this Section we explore the potential for comprehensive models to indicate what might lie
expected to be measured for a particular quantity at a particular place. This capability is

especially meaningful in situations where seldom -measured quantities are involved.

(,Jol l Srrrle'rrere of 7race Cean:ritticrrrs

A good example of such a quantity is atmospheric N 2(), a substance of fundamental importance
for understanding the chemistry of ozone destruction paths, f igure 2-15 shows seasonal ronal-
mean cross Se'<tions of N il) mixing ratio and IO-WitUdlnal relative (percent) standard deviation
taken front the 1-D model simulation of levy et A. (1y79), Note that although N`O

concentrations are relatively uniform in the troposphere, significant inendiuna! and vertical
gradients are predicted. In addition, N-)O is predicted to exhihit a longitudinal standard deviation
of greater than 5$ in the stratosphere. such result. thus predict thw amount of sampling
required to separate out the variability from the average values. (Note that, in this discussion,
th;s 3-1) rnoelel is having used as in indicator of N-)l) variability. It is not [wing used to test
against the observed distribution of N20.)
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Later, as more comprehensive modeling experiments become successful, such guidance will be
expanded to a much wider variety of trace constituents. In the meantime, results of modeling
and observation of N2O can prove to be of value In planning measurements of other long-lived
source gases.

Local Structure of Trace Constituetrts

it is well known that ozone is characterized by considerably stronger vertical and meridional
gradients than those shown in Figure 2-15 for N 20. Associated with this, the 3-D ozone
simulation of Mahlman et al. (198D) predicts longitudinal relative standard deviations as large as
40%. This model also predicts temporal relative standard deviations of similar magnitude in the
mid-latitude lower stratosphere. These predicted magnitudes are somewhat less than found in
actual ozone observations in each hemisphere by Wtsch (1%9, 1974) and Pittock (1977). There
may be no incompatibility in these results, however, if the contributions to the variability on
space and time scales below those resolved by the 3-D model were to be removed from the
observational data. This is a point which must be addressed in any comparison of measured data
structure against that of model data. On the other hand, the measured quantities should, if at
all possible, have most of the artificial variability due to sampling or measurement error removed
from the record before attempting to compare against model data. Normally, this would be
accomplished by redundant sampling, at least until the known error structure is identified.

While the large variability of ozone is well appreciated, it is less recognized that other
stratospheric trace constituents such as total odd nitrogen or total odd chlorine (or possibly
their major 'reservoir' subspecies) should exhibit similar structure and variability in the lower
stratosphere. In fact, the variabilities of these heretofore unmeasured tracers probably will
correlate so highly with ozone itself in the lower stratosphere that well designed programs to
observe these constituents should exploit this in their planning.

A related point concerns the spatial scales over which this longitudinal tracer variability is
distributed in the atmosphere. For exam ple, in contrast to the usually available meteorological
variables such as geopotential height, wind, or temperature, the GFIX 3-13 tracer model predicts
that lower stratospheric tracers should exhibit considerable variability on scales normally
regarded to be 'smal:' for the stratosphere. The mdel predicts significant power in planetary
wavenumbers 6 to 10 and a relatively 'flat' spectrorn out in the higher wavenumbers (Mahlman,
1975). The TUNIS data also shows ozone variability on spatial scales that are associated with
upper tropospheric variability rather than with the>se of the stratosphere (Krueger, personal
communication).

Instantaneous model information about horizontal spatial structure of this kind might be used to
anticipate the expected structure to be encountered in an aircraft measurement program. In
particular, a model prediction of the character of the data to be expected (or required) might
shift attention toward a more important set of unanswered questions than would otherwise be
addressed.

It should be noted also that lower stratosphere quasi-conservative tracers such as ozone and
total odd nitrogen, or total odd chlorine must, in addition, exhibit high local correlations with
the potential vorticity° (and to a lesser degree, potential temperature). This was shown by tiering
(1%6) and Danielsen et al. (1970) from comparisons with ozone, and by Mahlman and 4loxim
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(1978) using the CFDL 3-D tracer model. This fact can aid measurement interpretation by
providing a means for assessing which parts of the measured variability are real and which are
due to experimental error.

Use of the Data obtained

Finally, once model-consistent data sets have been obtained, such data should be compared
against the equivalent 'data' from the models. If they agree, then we might regard that portion
of theory and observation to be 'well understood'. However, in general we can expect that such
comparisons will lead to points of significant disagreement between theory and observation.
Thus, observation or theory (or both) might be wrong. It is at this point that potential for
further progress exists. The nature of the discrepancy may or may not immediately suggest
possible avenues for improvement. Nevertheless, an 'improved' version of the theory must
eventually emerge and the process begins anew, either with existing or 'new and improved' data.

Model Evaluation of Observational Networks

Here -we summarize some examples which use models to provide evaluations of current obser-
vational networks. In these examples, model information is considered at only the locations
corresponding to those of the network stations under consideration. The statistics inferred from
that subset of points are then simply compared with the complete set available from all the
model pc,ints. (Much of the material in this section has been adapted from Mahlman, 197` _4).

Surface Total Ozone ,Network

The first example is taken from the 'Simple 07one' experiment of Mahlman et al. (1994). In this
study, model total ozone 'data' are used to evaluate the capability of the active and reliable
parts of the surface total ozone network for determination of global and hemispheric means and
trends. A sample calculation is presented in Figure 2-16, taken from the analysis of Moxim and
Mahlman (1980). This figure shows that the network underestimates the Northern Hemisphere
model total ozone, while it overestimates in the Southern Hemisphere.

In that study, it was shown that global annual trends estimated from 2 months separated by a
year can be several percent in error due to sampling inadequacies. Averaged over a year, the
sampling bias calculated is the order of 1'b. No error in long term (e.g., 10-year) trend estimates
is implied, however, unless such a trend exists in tropospheric wave patterns. Also, that study
addresses the possible improvements to be realized if the network do-isi:y were to be increased.
Such evaluations may aid in the future design of networks in a more effective manner,

Mcteorological Rawiruvncle <Networks

In a different type of study, Oor; (1978) examined th, , capability of the global rawinsonde
network to sample various meteorological statistics of impv .ance in the atmospheric circulation
by using the general circulation model of Manabe et al. (,974) and Manabe and .Mahbnan (1976).
Although that study indicates that the rawinsonde network gives an excellent portrayal of many
quantities, in other cases significant distortions were found. Most nctable are the following:
serious errors in the Southern hemisphere mean meridional circulation; a bias toward over-
estimation of the tropical easterlies in the upper troposphere; and a significant network
underestimation (30%) of the Northern Hemispher e- stationary eddy kinetic energy.
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Figure 2 . 16. Model estimation of the percentage error in measuring global and hemispheric means of total
ozone, as determined from a realistic 53 :.cation network (from Maxim and Mahiman, 1880).

Satellite Networks

Although no studies of this type addressing satellite data have yet been performed, the value of
such analyses could be extremely high. Such a model-oriented satellite network analysis could, in
principle, achieve much more than just evaluation of the data 'holes' due to limited longitudinal,
vertical, and temporal sampling. for example, systematic analyses could be performed on the
impact of the required diagnostic relationships which must be imposed to obtain a 'complete'
meteorological data set. These requirements, of course, arise from the unavailability of direct
wind measurements with current remote sensing technology. Thus, 'winds' must be inferred from
geostrophic (or possibly higher order) balance relationships. By exploring the errors introduced
by using these diagnostic relations of the 'data' from a reasonably comprehensive GCM, we
might learn in a clearer manner what important processes are being omitted or distorted by such
data limitations.

Use of Observational Data to Evaluate Models

It has long been recognized that our 'theoretical' understanding of atmospheric structure is
strongly guided by the availability of observations. A fairly recent example of this is given by the
drast;c decrease in the number of competing theories about the stratospheres of our neighbor
planets now that improved observations are available.

Judgements about the skill of comprehensive models are always based upon the level of agree-
ment of mode; statistical properties with corresponding properties of the actual atmosphere.
We, of course, are reduced to comparing statistical properties because no two ins?ants in the
atmosphere (suitably separated in time) are very much alike, let alone, say, model and actual
atmosphere on a given calendar date. Such statistical comparisons are continuing to he more
elaborate as our observations and models continue to improve. Here we list some of the types
of atmospheric statistics which have been, or will be, useful for evaluating models.
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Traditionally, this has been the most popular way to present model and observational data. For
models, the motivations for this choke is clear. On the otter hand, for observational presenta-
tions, this choke is not obvious, as massive amounts of data must be assembled and reduced to
provide such information. Fortunately for the bask meteorological variables (U,V,Z,T), this has
been accomplished for the troposphere and lower stratosphere (e.g., Oort and Rasmussen,
1471). For the middle and upper stratosphere regions, definitive clologies have yet to be
established. However, Important contributions are available (e.g., Newell, 1%8). In some cases
this deficiency appears to be more due to lack of sustained analysis effort than to tack of data.
Clearly, the satellites told tremendous potential for filling these data gaps.

Traditionally, the most useful zonal-mean quantities to determine have been those of the basic
variables, their variances and various 'eddy' covariances -- usually those related to meddional
and vertical transport of various fundamental quantities. Such statistical quantities will continue
to be useful as long as we can foresee into the future.

Less common zonal-mean quantities which will receive greater attention in the future are
distributions and fluxes of conceptually important quantities related to energy, vorticity,
potential vorticity, enstrophy, potential enstrophy, quadratic tracer properties, wave action, etc.
In some cases such higher order quantities may be extremely difficult to obtain directly from
observations.

Another useful way to prepare data along a latitude circle for model comparison or diagnostic
understanding is to present power spectra or zonal harmonic decompositions. This gives us
information about the scale of the disturbances found there. Needless to say, such spectra, in
addition to the above zonal mean quantities, provide very stringent tests for a comprehensive
simulation model.

Horizontal (x-y) Fields of Various Quantities

Considerable increases in our understanding of the structure of the atmosphere can be gained
through presentation of various features in horizontal map form. Again, this is not only for time
means of the basic quantities, but for other temporal statistical properties such as transicn'i
variances, relative standard deviations, and covariances (fluxes). Also, additional useful infor-
mation can be learned simply from presentation of successive maps of instantaneous structure.
This is a surprisingly useful test for a comprehensive model simulation which is not covered by
any small set of statistical quantities. In other words if the model instantaneous fields do not
look reasonable relative to observed instantaneous fields, the model is probably deficient even if
other statistical quantities appear to match reasonably well.

Time Series Statistics

It is very well known that the atmosphere displays variations on every time scale that has been
sampled. Thus, time variability provides another important observational constraint on the
validity of a comprehensive model simulation.

For convenience, we normally divide this atmospheric temporal variability into regular and
irregular parts. The only regular parts that can be accepted without controversy appear to be the
diurnal and annual cycles. There also appear to be some regular phenomena which are parasitic
on the diurnal and annual radiative forcing. Obvious examples of these are the semidiurnal tide
and the semiannual oscillation.
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There Is an intermediate class of quasi-regular phenomena which for sane time Intervals appear
magular, but do not exhibit sharp spectral 'spikes' for compere record:. Examples of this class
may bebe the quasi-biennial oscillation, certain wave-like phenomena, and the tropospheric 'index
cycle'. Also In this intermediate class are phenomena which are suspected to be perbdir, but
not conclusively demonstrated. The obvious examples of great potential relevance to under-
standing the stratosphere are the so-called 11- and 22- rear sunspot cycles. Resoluti..*r of this
controversy is essential for predicting and monitoring, as well as for modeling the stratosphere.

Finally, the observations indicate a large class of phenomena which must be classified as
Irregular. Examples Include the lower stratospheric remnants of tropospheric cyclonic
disturbances, episodic planetary waves, tropospheric blocking anticyclones, sudden warming: and
coolings, spring circulation reversal, interannual variability, etc. in each case, such phenomena
exhibit considerable spatial and temporal coherence in spite of their lack of predictable
variability.

In view of this richness of temporal structure displayed by the atmosphere, suitably prepared
time series (or time-height cross sections) provide very powerful tests for comprehensive
models. This is a point that appears to have gone unrecognized and unexploited. This arose
partly due to the great emphasis given to our need for global data sets and partly because our
models and computing capabilities have only begun to be strong enough to focus on extended
temporal behavior.

In a sense it seems unreasonable to assert that local time series can provide such powerful tests
for evaluations of a global model. However the very richness of the temporal behavior exhibited
by the atmosphere means that a corresponding model time series should exhibit similar behavior.
Thus, in a sense, a single time series, properly obtained and properly analyzed, is sufficient to
demonstrate serious inadequacies in a model simulation.

Obviously; such local information in total isolation from any other knowledge would be or
severely limited use. However, these types of records, when interpreted through use of spatial
information should see significantly increased application in future model evaluation.

Concluding Remarks

At the present time, it is well known that many stratospheric phenomena, both chemical and
dynamical, have not yet been simulated in comprehensive models. In most cases we have reasons
to believe that the simulation capability of such models will continue to improve, although
perhaps at a slower pace than we would wish.

On the other hand, there are many aspects of model behavior that have neither been confirmed
nor discredited by existing data analyses. In so--- cases the data is simply unavailable. in other
cases, this is so because of fundamental lir► , ons in our capability for analysis of observed
data. Examples are: energy dissipation rate., ub-scale transfers; chemical sources and sinks,
etce

In any case, future progress seems to depend upon a closer and more productive interactive
cooperation between observational and theoretical modeling approaches than we have utilized to
date.
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TRANRORT OF TRACE CENSTITUIENT$

RdT ODUCTION

Much of the matedal In this section has been adapted from Mahknan st ai. (1+181).

Historically, attent
i
on was focused on how trace casstituenty a-s tr}nsported by the realization

that the distribution of ozone could rat be explained solely by photochemical mechanisms alone
(e.g., Dobson and Harrison, 1926). After establishment of the Dobson ozone network, analysis
of the rmeasurernents Indicated that maximum ozone column amounts occurred during spring at
high latitudes. Furthermore, day-to-day variability at particular stations were observed and were
round to correlate with the passage of surface weather systems. For the next several decades
numerous investors devoted considerable effort in an attempt to explain observed local total
ozone column variations by various advective and/or flux divergence schemes (e.g., Dobson,
1930; Haurwitz,1938; Nicolet,1946, Craig,1950; Reed,1950; and Normand,1953).

Emphasis been to shift toward a global perspective of transport processes with the advent of
nuclear weapons testing in the atmosphere. Concurrently, a number of investigators were
suggesting various theories for a mean meridional circulation which would act to transport
constituents. Dutsch (1946) proposed a mean meridionai circulations with sinking motion M the
winter hemisphere as a means of transporting ozone to high latitudes. Brewer (1949) suggested a
mean circulation with rising motion in the tropics and sinking at the poles would be consistent
with the observed 'dry' stratosphere. Similar hypotheses for a mean meridional circulation were
advanced by Dobson (1956), also the calculations of Murgatroyd and Singleton (1961) gave a
consistent result.

Reed and Julius (1951) proposed a role for 'eddy motions' (zonally asymmetric) in the transport
process. Various other researchers contributed to the concept of eddy transport. But the work
of Newell (1%1, 19fi3a, 1936b, 1964, 1%5) represented a major contribution toward an
understanding of the role of eddy fluxes. For example, his work indicated that forced transient
eddy motions could transport both heat and a tracer poleward in a manner consistent with the
annual mean 'reversed' meridlenai temperature gradient in the lower stratosphere. Later, R was
realized that the stratospheric transport of trace constituents occurs through the combined
interaction of the mean circulation and the eddies (e.g., Mahkman, 1966). Hunt and Manabe
(1968) performed general circulation model simulations which showed that the net transport of a
trace constituent (in the zonally-averaged budget) occurred as a residual of opposing meats cell
and eddy flux convergences.

Eliassen and Palm (1%1) and Charney and Urazin (1%1) had previously indicated that eddy mo-
tions do not necessarily lead to a systematic accelerations of zonal mean flows. These results
were successively nude less restrictive by Dickinson (1%9), Holton (1974), Boyd (1976) and
Andrews and Mclntrye (1976, 1978a4 b). The generalized theorem states that steady, frictionless,
adiabatic waves of small amplitude, propagating in a basically zonal flow, exert no net effects on
the mean flow. Rather, such waves induce meridional circulations at second order in wave ampli-
tude which exactly cancel the eddy flux convergences due to the waves. Further results are
available for finite amplitude disturbarims, but must be given in terms of 'Lagrangian mean'
quantities. Note that no general results of this kind are available for waves propagating in basic
states which already include violations of the requisite conditions for 'non-acceleration' to
hold. A little later, various authors offered arguments indicating that 'non-acceleration'
conditions might also Imply 'non-transport' for suitable, , distributed conservative tracers (e.g.,
Andrews and Mcintrye, 197W '!-rk and Rogers, 1978; Wallace, 1978; Plumb, 1979; Holton, 1980a;
Mahlman et ai., 14ia0; Matsu.	 +; Pyle and Rogers, 1%0). 	

1
l
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The above developments gave a mare rigorous basis for the demonstrated connection between
the meridlonal circulation and eddy transports by showing that, under these special
circumstances, the induced indirect meridional circulation is a property of the wave field itself.
This helped provide an interpretation of the mutually compensating tracer transport convergences,
found in the numerical simulations of Hunt and Manabe (1965) as well as those fuund by
Mahiman (1973), Newson (1974), Cunnold at al. (1975), MahMtian and Moxim (1975), Schlesinger
and Mintz (1979), and Mahiman et al. (1990). The disappearance of this compensating effect when
chemical sources and sinks are strong has been shown In the above studies as well as by Hunt
(1969) and Clark (1970). Mechanistic interpretations of this effect are given in Hartmann and
Garcia (1979) and Garcia and Hartmann (1990). In addition, Mahiman and Moxkn (1978) showed
that the compensation effect diminishes markedly during seasonal transitions in middle latitudes,
and most of the time in lower latitudes.

Thus, even though there are marry cases in which the traditional partitioning into zonal means
and eddies gives straightforward results there are many others where more enlightened
approaches are required. Important advances in this regard were provided in the work of
Matsuno (1972), Uryu (1974), and Andrews and McIntyre (1976, 1978b) which demonstrated the
power of utilizing Lagrangian displacements (from simple undisturbed states) for gaining
analytical simplicity and physical understanding. Using these ideas Matsuno (1972, 1990)
emphasized the zonal mean diabatic heating (Murgatroyd and Singleton, 1%1) as the most
fundamental portion of the meridional circulation, somewhat analogous to that suggested earlier
by Danielsen et al. (1962). The utility of this idea was demonstrated by Kida (1977) in a
simplified GCM which calculated extended particle trajectories. The point was clarified by
Dunkerton (1978) who argued that the motion related to the zonal mean diabetic heating may
serve as a good approximation to the 'Lagrangian mean circulation' (the average meridional and
vertical drift of a material tube of particles, see Matsuno and Nakamura, 1979). On the other
hand, the results of Mahiman et al. (1980) suggest that, in the lower stratosphere at least, the ef-
fects of eddy diabatic heating are important contributors to the Lagrangian mean cicrculation, as
well as to the dispersion of particles about that mean. in that study, the argument was bas^-d on
the problem of determining the equilibrism structure of the meridional slopes of tracer isolines.
The very significant effect of dispersion about the Lagrangian mean was demonstrated rather dra-
matically in a study of particle trajectories associated with a model sudden stratospheric
warming (Hsu, 1990). As will be argued later, proper consideration of such dispersive effect: is
essential for obtaining a quantitatively correct calculation of trace constituent structure. A
number of possibilities and problems associated with application of Lagrangian mean concepts to
tracer transport problems have been addressed in a perceptive summary by McIntyre (1990b).

CHALLENGES TO THE UNDERSTANDING OF TRANSPORT PROCESSES IMPLIED
BY THE OBSERVED BEHAVIOR OF TRACE CONSTITUENTS

With the preceding brief historical perspective of the trace constituent transport problem as a
background, it is appropriate to draw attention to particular aspects of observed characteristics
of tracer behavior that present a challenge to theoretical formulations of transport processes. In
addition, they impose stringent demands upon comprehensive models currently being used to
simulate tracer behavior.

As notes earlier, ozone develops a maximum ir, the spring high-latitude lower stratosphere.
Numerous efforts have been made to simulate the sp-t W and temporal distribution of ozone.
Cunnold et al. (198D) reported long-term simulations of ozone conducted with a
three-dimensional quasi -geostrophic model with interactive chemistry. Although they
successfully simulated some aspects of the observed ozone, the model employed a severely
abbreviated chemistry and transported only ozone with the NOx distribution specified. Mahiman
et al. (1990) conducted ozone simulation experiments with a general circulation model. A

i
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separate 'off-line' transport model was used together with a sMplified ozone photochemistry , at
only the top level (10 mbar) of the model. No feedbacit from &nwistry to dynamics was allowed
by this procedure. This experiment demonstrated some sucxeas in simulating observed ozone
behavior. Both of the above efforts have provided some insight Into transport processes, but
many questions cannot be answered with the various approximations and constraints imposed on
models of these types. A comprehensive three-dimensional modal with fully interactive
radiation, chemistry, and dynamics has yet to be devekged for numerous reasons, both practk sl
and conceptual, some of which have been mentioned earlier in this chapter.

Early measurements of radioactive debris from nuclear weapons tests showed that the debris
returning to the troposphere tended to be concentrated it middle latitudes in spring (Machta,
1957). Numerous measurements provided estimates of residence time for the radioactive material
in the stratosphere varying between 15 months and 5 years (Libby, 1956; Machta and List, 1959;
Feely et al., 1966; and Telegadas and List, 1969). Telegadas and List (1969) explained the
differences in residence times inferred for particular debris from those Inferred for C14 02 that
resulted from the initial deposition of C 14 at mwch higher levels by high-yield thermonuclear
weapon devices. Mah:man and Moxkn (1978) provided theoretical substantiation for increasing
residence time with altitude from their general circulation /tracer model simulations.

A tendency for pronounced meridional sloping of zonal mean isolines is observed in the ozone
cross sections presented by Hering (1966) and the radioactivity cross sections presented by
Feeley et al. (1'06) and Machta et al. (1970). Later compilations showed a tendency for largest
winter radioactive concentrations tending to occur near 60 to 7(P North (Machta and Telegadas,
1973).

The various data compilations indicate a steeper meridional slope for the radioactive tracer
isolines than for the slope of zonal mean isentropic surfaces. Hering (1966) noted that zonal
mean ozone correlated well with zonal mean potential vort +city in middle and high latitudes.
Dpnielsen et al. (1970) showed that this correlation extends as well into synoptic and mesoscale
features. The characteristic slope of the tracer isolines, the winter high latitude bulge, and the
correlation with potential vorticity we*e simulated in thh model experiments of Mahlman and
Moxim (1978).

Other aspects of trace constituent behavior can be valuable in assessing the validity of theories
of transport processes. Dutsch (1969, 1974) and Pittock (1977) have presented statistics of ozone
temporal variations at individual stations. They showed that ozone relative standard deviations
in the middle latitude, lower stratosphere are larger than 50% in both hemispheres. The indivi-
dual 03 profiles show a strongly layered structure which often exhibits strong time continuity
(e.g., Breiland, 1%7, 1968). Using special observing periods in the North American Ozonesonde
Network and trajectory techniques, Berggren and Labitzke (1966, 1968) and alahiman (1970) have
del ived daily synoptic maps of ozone mixing ratio. Large synoptic-scale variations of ozone are
observed in the maps of the lower stratosphere with maximum values in the long wave troughs.
Satellite observations have been used to develop maps of ozone in the middle and upper
stratosphere (e.g., Heath i t al., 1973). At these levels the variations are larger in scale because
of the dual effects of decay of cyclone-scale disturbances with altitude and increasingly efficient
photochemical damping.

Despite th^:e being less ozone data for the Southern Hemiaahere, significant differences from the
Northern Hemisphere are observed. Much (1%9) showed that largest values of total ozone are
found later in spring and at somewhat lower latitudes than in the Northern Hemisphere.

An intriguing aspect of ozone transport is Its relationship with jet streams. Briggs and Roach
(1%3) noted that larger ozone mixing ratios occurred on the cyclonic shear side of the middle
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latitude Jet streams. Lovill CM) noted the tots ozone displayed a solar effect. Such a
structure Is compatible with the direct circulation about the polar front jet stream hypothesized
by various researchers (e.g., Namlas and Clapp, 190; Danielsen, 19W) and subsequently
calculated by Mahhman (1973).

The behavior of ozone during sudden stratospheric warmings has been noted by several
researchers. D&sch (1Ss62) and London (1962) noted a dramatic Increase in ozone at high
latitudes during warning events. This has Aso been noted In sate?iite observations by Chazi
(1974). A probable Interpretation Is that the polar ozone Increases are a result of the dynamkaily
Induced poleward and downward trajectories which produce the warning itself. Obsarvolonai
evidence of this was presented by Mahiman (1970) and simulated with a mechanistic model by
Hsu (1980).

Measurements of the vertical and merldional distribution of long-lived trace constituents such as
H2O, NZO, CH4, H2, and chlorufluoromethanes can provide valuable insight into transport
processes. Various researchers have obtained such measurements, and these are documented in
detail in Chapter 1. For example, the relative dryness of the lower stratosphere may Indicate the
predominant temperatures of air entering the stratosphere from the troposphere. These long
lived constituents can provide information on vertical transport rates in the upper and middle
stratosphere. Levy et al. (1979) suggest that such observations can provide extremely valuable
tests for quantitative simulation models.

Obviously, observed trace constituent behavior has posed numerous challenges to our
understanding of transport processes. Future improved measurements may provide further
enlightenment, but undoubtedly will present further formidable challenges to our theoretical
analyses and model simulations.

A CONCEPTUAL VIEW OF STRATOSPHERIC TRANSPORT

In this section, we outline some of the various considerations that can be used to construct a
usable theoretical framework for understanding stratospheric transport. As will become obvious,
these various theoretical arguments have yet to be merged into a single coherent structure.
Nevertheless, considerable progress has been made in the past decade or so.

Perhaps the simplest conceptual framework from which to view stratospheric transport is the
so-called isentropic (potential temperature) coordinate approach. In this approach, it is first
noted that air parcels cannot cross the quasi-horizontal isentropic surfaces of the stratosphere
unless non-adiabatic processes are occurring. Of course adiabatic events can cause the isen-
tropic surfaces themselves to move; indeed during a sudden stratospheric warming, isentropic
surfaces move comparatively rapidly. However, in the time-averaged sense, the potential
temperature surfaces in the stratosphere remain In essentially the same locations from year to
year. This means that, for longer term aste matic vertical transports, non-adiabatic processes are
essential.

These considerations make it immediately obvious that the stratosphere is a region in which the
vertical transport of tracers back to the troposphere must be relatively inefficient.' First the
potential temperatures of the stratosphere are very high, in most cases much larger than have
ever been observed as sensible temperatures in the lower troposphere. Thus, stratospheric air
must experience considerable cooling before it enters the troposphere. Second, the higher the
static stability of the atmosphere, the smaller is the Mowed vertical displacement of an air
parcel relative to an isentropic surface for a given diabatic heating rate. This again indicates the
relatrv* large resistance to vertical transport in the stratosphere.
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To Increase our insights Into the various mechanisms beading to irrWers" transport, let ae
emote what qualitative understanding nOSM be g	 fm m was simple himIxthetied
situations. First, consider an `t frictionless stratosphere (say mtriscular diffuson only),
which naceives no upward propagates tropo rk "turbances and Is aablect to no zonally
asymmetric Instabilities. in the absence of seasonal or diurnal radiation cycles, such a system
would be extremely dose to radiative equilibrium. Accompanying this would be an Intense zonal
wind (westerly) of sufflalent magnitude to balance the strong morldkonal pressure gradients
necessarily present in such an atmosphere. The only transport of a conservative tram
Introduced Into such a system would be In the zonal direction. An air parcel Ind at a
particular plow would essentially remain `frozen' at its original latitude, height and potential
tornwature.

The next obvious modification of this stele imaginary situation is to allow the solar heeling to
undergo its diurnal and annual cycles. This of course, allows some Instantaneous net heating
and thus movement of air parcels relative to isentropic surfaces. However, although this
time-dependent heating would lead to transient nations in response to the resultant unbalanced
pressure forces, probably reloti•mly small not meridional or vertical displacements would occur
over periods long miative to the radiative forcing Interval.

Now consider what could happen if a significant amount of mechanical damping or friction Is
added to this hypothetical system. Initially, the frictional damping produces a reduction in the
zonal wind, thus leading to an imbalance between the zonal wired and the meddional pressure
gradient. This leads to a poie+vard acceleration of the merid!onal wind component. The resultant
tendency to accumulate mass In higher latitudes lead to sinking there. This sinking, through
adimbatk compression, acts to warm the polar region above its radiative equilibrium
ten.peratures. Once such a system finally comes into equilibrium, it is again characterized by a
nearly geostrophkaliy balanced zonal wind. However, this hypothetkai atmosphere now contains
a thermally direct Wadley-type meridional circulation. The poleward flow in the upper branch of
the Hadley circulation acts to restore the westerlies against frictional deceleration and maintain
geostrophk balance. In addition, the polar sinking and equatorial rising motion act to keep the
polar and equatorial temperatures above and below their respective local radiative equilibrium
values. This means that the balancing radiative cooling and heating leads to downward and
upward flux of air parcels through isentro pk surfaces at higher and lover latitudes, respectively.
Thus, systematic meridional and vertical air motions are a fundamental property of this simple
system. Note, the crucial role of mechanical damming in this system, however.

The next levels of complexity are far more difficult to deal with and understand in terms of their
Implications for stratospheric transport. Suppose we now allow various motion systems pro-
duced in the troposphere to propagate into and influence the state of the above hypothetical
stratosphere. Assume a steady disturbance is 'switched on' at some instant. Even if the dis-
turbance flow Is adiabatic, the stratospheric isentropic surfaces themselves will move toward
their new steady-state positions compatible with the steady state forcing. After this initial
response, the 'non-acceleration' - 'non-transport' theorems tell us that little further transport
would occur, as long as the crucial assumptions are nearly valid for the bask state, as well as
the disturbance.

In a superficial sense, this appears to repre*. cnt the quasi-stationary state of the early winter
Northern Hemisphere stratosphere. However, a closer Ionic shows that this apparently
equilibrated 'almost non-transport' situation can lead to significant real transport in at least
throe ways. First, the stratospheric bask state considered here already contains departures from
'non-transport' conditions because of the impact of the assumed mechanical friction. Second,
the adiabatically forced displacement of the isentropic surfaces feeds to actual temperature
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changes when viewed In physical space. This, in turn, excites increasing radiative damping, and
hence more parcel motes across isontropic surfaces. Thl yd, 0 such a stationary disturbance is
Induced during, say midwinter, the eo ttal onset of summertime radiative conditions can lead to
a copse of the effective forcing. At that tbn% the associated readjustment of the flow can
Wad to large Irreversible parcel displacements (Mahlman and Moxim, 1978; Matsurw, 1990).

Realistic situations bacomue even more complex in that the forcing is actually time dependent
over a number of time scales. In addition, disturbances coning from the troposphere Involve a
spatial spectrum of motions from srnaa scale gravity waves and clear air turbulence all the way to
the scale of the Earth itself. The Interplay of these complex motions can Wad to even more
radiative damping. In addition, these notion scales interact in such a manner as to Increase
substantially the probability of Irreversible or 'turbulent' mixing on various scales (see also
Dunkerton, 1990). The effect of this process is evident in various numerical experiments (e.g.,
Mahlman, 1975; Hsu, 1990). These arguments Msply that it is the motions therm elves which
determine much of the degree and character of dissipation, broth radiative and mechanical. Once
such mechanical dissipation is induced, however, increased temperatures at the higher latitudes
are implied. This is because the Increase,l mechainicA damming leads to additional poleward
accelerations (at least in the Lagranglim sense), and increased adiabatic heating. Thus,
zonal-mean diabatic heating and cooling can be increased in response to non-zonal processes.

The above arguments emphasize the impora.nce of various processes leading to excitation of
diabetic motions in the stratosphere. Ultimately, however, horizontal gradients in diabetic
heating will lead to horizontal gradients for any trace constituent on a given isentropic surface.
This implies that essentially adiabatic processes might, under some circumstances, lead to
irreversible transports on the isentropic surfaces themselves. in fact, we can argue that the
equilibrium meridional slopes of tracers in the stratosphere result from the competition between
the above two processes. If mixing along the surfaces were the only process acting the
equilibriun tracer surfaces would exhibit the same meridlonal slope as the isentropic surfaces.
On the other hand, if the only process acting was the meridional gradient of diabetic heating, the
equilibrium tracer surfaces would tend to adopt an extremely steep meridlonal slope, eventually
becoming vertical or even inverted and connw)luted. The fact that the equilibrium tracer surfaces
show a structure between these two extrernes strongly suggests that a balance between these
two rather different processes is indeed effected in - , stratosphere.

VARIABILITY

The previous conceptual view of tranwrt dealt with the role of transport in Roving rise to
climatological distributions of trace constituents. Here another role of transport, that of giving
rise to variability in constituent concentrations, is briefly discussed.

There are at least two ways in which transport generated variability complicates the intepretation
of observations of trace constituent concentrations. One- complication arises in the chemical in-
terpretation of instantaneous profiles of trace constituent concentrations, and the other arises
when attempting to draw conclusions based upon the evaluation of trends in data records of

length on the order of 10 years.

Because of the time variability of the motions in the stratosphere, air parcels at adjacent heights
M an air column at a particular time, or air parcels at the sanne height but at different times, may
have came from quite different locations. The ambient concentrations at these locations may be
quite different from each other and also gaite different from the average concentration at the
position of the column of interest. The extent of the variability depends on the amount by
which the concentration of is moving parcel of air can differ f orn its environment. Simplifying
the Situation by using a linear argument, this in turn is controlled by the size and direction of
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the spatial gradient in the mean ambient distribution and the distance parallel to this gradient
which a parcel can travel before losing its identity through relaxation of its concentration toward
its ambient value. For a given distribution of parcel velocities, the variability of the
concentration of a particular constituent will be proportional to the time a parcel can maintain
its concentration. For short-lived constituents the appropriate time is the photochemical
relaxation time whereas for long-lived constituents, the appropriate time is the mixing time, the
time after which parcels lose their identity through purely mechanical processes. Thus
conceptually, the variability should be large when parcel displacements are large, where the
magnitude of the mean gradient of the constituent encentration is large and where the
photochemical relaxation time of the constituent of interest is long compared to the time
required to achieve the large parcel displacement. These expectations are essentially borne out
for ozone which has a 50 to 75% variability in the lower stratosphere (Uutsch, 1%9; Pittock
1977 1P . Variability should be generally less in the tropics where parcel displacements are smaller.
(Levy et al., 1979).

Another form of variability is the interannual variability of constituent concentrations and in
particular of total ozone. This is caused by the large interannual variability in the planetary scale
motions in the stratosphere which results quite directly from the interannual variability of the
planetary scale circulation in the troposphere. Planetary wave activity varies greatly from one
winter to the next, and in fact, during some winters there are stratospheric warmings with their
attendant large increases in high latitude total ozone column and in some winters there are not.
This leads to a discernable red noise component to the temporal distribution c r temperature,
wind, and ozo;ie concentration in the stratosphere. This natural low frequency variability must
be carefully considered when interpreting trends in stratospheric data.

TROPOSPHERESTRATOSPHEREEXCHANGE

In order to understand how man's activities affect the stratosphere, it is necessary that we
understand how tropospheric and stratospheric air are exchanged. We take as a point of depar-
ture for this discussion the hypothesis of Brewer (1949) that the extreme dryness of practically
all the air in the stratosphere at any time is due to its having passed through the equatorial
tropopause, the only location in the atmosphere where it could be desiccated by condensation
and precipitation during cooling to below -&YC at a pressure of about 100 mbar. Brewer's hypo-
thesis did not localize an exit region, but called for a vertical gradient of water vapor in the
lowest 1 or 2 km of the stratosphere, maintained by eddy diffusion against a mean downward
mass transport. This hypothesis was originally based on in situ (aircraft) observations of
frost-point in a very limited geographical region around (PE, 50°N.

It was later established, following a suggestion of R. 1. Reed (1955), most convincingly by
aircraft observations (Danielsen, 19611) of the radioactive products of stratospheric explosions,
that the regions of exit from the stratosphere were limited in large measure to mid-latitudes,
occurred mainly in spring, and were associated with Jet streams. These observations were not
incompatible with a reverse (troposphere to stratosphere) transport in this region, but did not
establish it.

Brewer's hypothesis of a unique source of very d ry air is compatible with atmospheric dynamics
and energetics, which call for low level convergence in the equatorial zone, but in itself gives no
clue to the physical nature of the mass flow, e.g., whether steady and widespread or localized
and impulsive.

There is a seasonal variation in the mass of the Northern Hemisphere stratosphere of about 30%
or 1017 kg, the rate of mass change being most marked in spring at the time of the observed
major transfer of stratospheric radioactivity. The actual annual mass transfer was estimated by
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Danielsen and Mohnen (1970), from a study of ozone transport and the phenomenon of tropo-
pause folding to be above 3.6 + 10 17 kg/yr. Robinson (19W), on the other hand, postulated that
the actual hemispheric mass exchange was the minimum value of 10 17 kg/yr, the difference
between the masses of the winter and summer stratospheres. He also argued that, since 1+20
contents much greater than 2 to 400-6 by mass have not been observed in the region of the
subtropical and polar front jets above a height of about 16 km, tropospheric air did not pass
upward through this level (which is normally 2 to 6 km above the conventional tropopause in
these regions). This simple 'one-door in, one-door out' picture allows an estimate of the stra-
tospheric budget of minor constituents if their mixing ratio is known at the 'doors', the equa-
torial tropopause and the 16 km level in mid-latitudes. Robinson claimed some success for
estimates based on this hypothesis, particularly for CC1 4 and the CFCs, but the paucity and
imprecision in the observations tend to render his estimates speculative.

In the last 2 years, two developments have complicated this simple 'one-door in, one-door out'
picture. The first concerns the result of two NASA/Ames observation campaigns employing U-2
aircraft in the tropical convergence zone near Panama (Poppoff et al., 1979). The second is the
detailed, reproducible observations of small-scale variability in the stratospheric water content
by D. Kley and his colleagues (1979 and personal communication).

Consider first, the tropical convergence zone experiments. The Brewer hypothesis calls for con-
densation and precipitation in the tropical ascent region. The equatorial convergence is at low
levels and the major water removal must occur in cumulonimbus clouds. Radiosonde
observations in the neighborhood of major cloud clusters, at least in the Panama region and the
eastern tropical Atlantic (GATE), do nix show the conditions required for desiccation helow a
mass mixing ratio of b to 1200-b . Furthermore, detailed examination of the 11 20 vapor and
particle content in and near the anvil cirrus produced in the stratosphere (as conventionally
defined) indicates that the process is introducing air with a water content considerably higher
than the 2 to 400-6 mass nixing ratio required.

During the 12 August 1980 mission, the U-2 pilot flew the aircraft into the outer portions of an
anvil, penetrating down into it 150 to 300 meters to an altitude of about 17 km, where Kley's
water vapor sensor measured a total water content of 4.50 ppmm at a temperature of -&K. This
large value (the sum of the in situ vapor and the evaporated ice crystals entering the probe)
gmatly exceeds the saturation mixing ratio of 5.8 ppmm.

Cumulonimbus (Cb) clouds in the Panama area may penetrate the conventionally defined
tropopause by 2 to 3 km. When these clouds are present, there is what may be described as a
transition region with water content (particulate and vapor phase) varying from the order of
1000-6 by mass, to the order of 100000-6. If this air is to enter the non-local stratosphere and
propagate to non-equatorial latitudes, it must be subjected to desiccation within the transition
region. Danielsen (personal communication) has suggested that waves induced by the penetrating
Cb clouds, associated with the selective growth of some ice particles could provide the basis of
such a mechanism. It is also conceivable that this transition zone air might be reincorporated in
the troposphere. In this latter case, we would have to look elsewhere in the equatorial zone for
the region of entry of stratospheric air, the most likely region being the Indonesian sector where
a high frequency of Cb cloud is associated with a particularly cold conventional trorep-a -u-c. and
frequent occurrence of temperatures -80°C to -85°C at 100 mbar. Detailed associations of high
cloud and local temperature and water content structure are not available in this area.

The second recent development is illustrated in Figure 2-17. The feature significant for our
present discussion is the considerable range of mixing ratios in layered structures which persist
from balloon ascent to descent implying a horizontal spatial scale of order at least tens of km,
and a very detailed layered vertical structure with many scales, but with major features of order
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in the neighborhood of the mid-latitude jet streams, and near large clouds penetrating the con-
ventional tropopause. Precisions and accuracies of 10% or better are needed. In situ obser-
vations by rode, ballocn, and aircraft are required because current, and currently conceived
satellite techniques, do not have the necessary spatial resolution.
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Figure 2. 18. Isentropic trajectories 28 January 1 February 1979 (Danielsen, personal communication).

STRATOSPHERIC WATER VAPOR BUDGET

INTRODUCTION

The amount of water vapor present in the lower stratosphere is important for the radiative
balance and for the rate of production of HO, a key free radical in the photochemical kinetics of
the stratospheric ozone distribution.

Any discussion of the stratospheric water vapor budget requires definition, over the globe, of
the boundary between stratospheric and tropospheric air. Availability of data limits our
discussion to the Northern Hemisphere, with the knowledge that 15 to 20% of stratospheric air is
exchanged annually between the hemispheres. Budgetary discussion also requires quantification
of the sources and sinks of atmospheric water vapor. The known sources are evaporation at the
Earth's surface, which supplies about 5x1017 kg/yr to the Northern Hemisphere, and photo-
chemical oxidation of methane which is several orders of magnitude smaller. It is estimated that
not more than about 1012 kg/yr of H2O enters and leaves the Northern Hemisphere stratosphere.
About 1011 kg/vr of methane enters the Northern Hemisphere stratosphere, of which not more
than 10% is oxidized with ultimate production of H2O. 1 here is no known significant chemical
destruction of H2O. The only viable way in which the water content of a parcel of air can be
reduced is by cooling, with subsequent condensation and precipitation. The observed mass
mixing ratio of air in the lower stratosphere (at heights more than about 1 to 3 km above

1
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the tropopause) is around 300-6. For methane it is about 8x10 -7 . If all the methane in a parcel
of stratospheric air were to be oxidized the mass mixing ratio of H2O in the parcel would be
increased by not more than 1.5x10' 6. If as much as 10% of the yearly exchange of methane were
to be oxidized there, an additional export of 200 10 kg/yr of H2O from stratosphere to
troposphere would be required.

The outstanding problem associated with stratospheric humidity observations is to account for
the very low values, ranging from 2 to 6 ppmm, with a minimum a few km above the tropopause.

t Such low values rule out ascending motion and condensation to ice through the generally ob-
served global distribution of temperature minima (tropopauses), which would result in values of
30 to 50 ppmm in the extratropics and values of 5 to 15 ppmm in the tropics. The requisite
thermodynamic conditions to produce 2 ppmm (temperatures -83°C: and pressures 95 mbar) are to
be found in the climatological record only at certain geographical locations of the equatorial
tropopause, and in the rather small volume of the polar winter stratosphere between 10 and 70
mbar. Air with 2 ppmm water vapor entering the stratosphere must therefore have experienced
temperatures at least as low as this; note, however, that the flow of dry air into the
stratosphere need not necessarily be vertical in the sense of cumulonimbus convection. In
addition studies have shown that particularly during periods of intense mid-latitude tropospheric
cyclogenesis, there is often a jet stream breakdown and tropopause folding (Danielsen, 1968) with
a concomitant outflow of air from the lower stratosphere into the upper and middle
extratropical and tropical troposphere. This air soon loses its stratospheric characteristics
through convective activity and turbulent mixing. An additional observational constraint is that
injections of moist tropospheric air into the lower stratosphere through the tropopause near jet
streams must be small enough, in the time averaged zonal mean, to permit dilution by dry air to
a degree compatible with the observed latitudinal humidity amounts and gradients. Finally, other
quasi-conservative tracers must satisfy the exchange process.

This gross picture of the stratosphere-troposphere exchange does not include the understanding
of detailed mechanisms particularly as regards the dessication process and influx. Further insight
requires examination in two meteorological contexts: cloud physics and atmospheric dynamical
structure. The aim here will be to establish rough time and space scales for some basic
processes.

CLOUD PHYSICS CONSIDERATIONS

Cloud physics is important because the primary sink for water vapor in the athnosphere is
condensation to the water and ice phases, following adiabatic cooling as a result of ascent.
Motions on the scale of a cumulonimbus cloud are roughly characterized by a time scale of
minutes to hours with an individual cell having; a lifetime of perhaps 30 minutes although some
storms consisting of several cells may last for ,everal hours. The vertical scale is 5 to 20 km,
with a horizontal dimension of about the same order. The characteristic time scale of 'turrets',
emerging from Cb tops and collapsing, is 5 minutes.

For the desiccation process, the relevant physics includes possible hydration by evaporation of ice
crystals transported into and mixed with stratospheric air; possible dehydration by ice crystal
formation; and growth and sedimentation within the stratosphere. Sinai the temperatures are
much colder than -40°C, there is no difficulty with initiation of the condensation process: it can
occur homogeneously, without benefit of preexisting nuclei. For ice crystals falling from cirrus
clouds, the radiative cooling and ventilation of the particle are important; crystals may survive a
fall distance of up to 2 km when the relative humidity is less than 70 1/0 with respect to water
(Roach 1976; Hall & Pruppacher 197b). Even in thin cirrus clouds, the humidity field should reach
saturation with respect to ice in a minute or so, and observed frost points in cirrus should
therefore not depart significantly from air temperature. Ice crystals small enough to have very



2-%	 THE STRATOSPHERE 1981: THLORY AND KlEASUREMENTS

slow fall speeds may survive long enough to be carried a few thousand kilometers, for instance
by a typical tropical easterly jet flow, if it is protected from the warm lower troposphere by
thicker cirrus veils between 150 and 300 mbar (Roach, 1%1). The dependence of water vapor
saturation mixing ratio (with respect to ice) upon air temperature and pressure is given in Table
2-16: the data are derived from the thermodynamics of air and phase transitions of water
substance.

Table 2-16
Water Vapor Saturation Maas Mixing Ratio with Respect to Ice (ppmv)

Temperature Pressure

°C K 90 mbar 95 mbar 100 mbar 115 mbar 125 mbar

-77 1% 6.0 5.6 53 4.6 4.4
.80 193 3.8 3.5 33 2.9 2.7
-83 190 2.3 2.1 2.0 1.7 1.7
-86 187 1.3 1.2 1.2 1.0 1.0
-89 184 0.8 0.7 0.7 0.6 0.6

Rising 'turrets' from an intense cumulonimbus, on simple energetic grounds and as a matter of
observation, may penetrate the stratosphere by 1 to 4 km. The updrafts needed to achieve this
against the environmental stability are capable of carrying upwards sizeable numbers of ice
crystals of larger dimensions than will stay suspended in still air. After collapse of the turrets
some of these crystals remain in the lower stratosphere. U-2 Knollenberg aircraft measurements
(Danielsen, Kirstewbreg, Kley, personal communication) support these contentions with observed
total H 2O content of about 450 ppmm at -89°C (saturation mixing ratio 3.5 ppmm). Another
phenomenon observed by the U-2 pilot is ejection of a jet of ice crystals some 300 to 700 m
above the turret. These large crystals, falling through supersaturated air lifted by the turret will
desiccate this air. The combined effect of these two phenomena could contribute to the
observed decrease of water vapor mixing ratio above the tropopause. The climatological
frequency of large Cb is partially available in radar climatologies and from GOES infrared satellite
imagery. At both middle and low latitudes there is evidence of topographic forcing. At low
latitudes there is evidence also of cloud clusters associated with both standing and propagating
disturbances. In extratropical latitudes they are correlated with subtropical jet streams.

ATMOSPHERIC STRUCTURE CONSIDERATIONS

Contemporary analyses based on current radiosonde observations indicate that the mean
temperature of the tropical tropopause is also not cold enough for the Brewer hypothesis to
apply to a steady circulation at all longitudes. However, longitudinal variations do exist in the
mean temperatures which yield the prescribed cold temperatures. Figure 2-19 (Danielsen,
personal communication) shows two regions oso opposite sides of the globe with monthly mean
temperatures colder than -8011C at 100 mhar. The colder region (-83°C) is located over
Indonesia. Newell and Gould-Stewart (1981) using monthly mean statistic! for more than 10
years show that the dual structure persists seasonally but the dominant center oscillates toward
India in the summer and towards Indonesia during the winter. As Newell points out the Brewer
hypothesis must be shifted from the Hadley to the Walker circulation.
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Figure 2 19. 100 mbar mean temperature April 1972. Temperature in C. (From Danielsen,
personal communication)
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Recently, Kley et al. (1980) have observed correlated minima in both ozone and water vapor at 15
km (9 - 405 K) in stratospheric air over Wyoming. These minima were traced back via isentropic
trajectories to the area of the Philippines and Indonesia (Danielsen, personal communication).
Although the trajectories trace the air back to the most probab;e source region, the actual
radiosonde observations in this region leave the specific desiccation process unresolved.
However, since the transport from the tropics to Laramie occurred within 4 or 5 days the
possibility of rapid, intermittent transports as opposed to slow mean circulations must be
considered.

The annual mass influx to the Northern Hemispheric stratosphere has been estimated on a
number of occasions, but no reliable figure is available. The efflux on the other hand, which in
the annual mean must balance it, has been calculated by Danielsen and Mohnen (1977) and others
to be about 80% of its total mass, and is described by the relation:

dM/dtout flow= 1 3.6 + 1.8 cos (20 4-4-5/141	 (5)

where M is the mass in units to 1017kg/yr, t=0 on January 1, 1/12, on February 1 and t=1 at the
end of the year. The maximum outflow is in April, and is three times as fast as it is in late
autumn.

GENERAL CIRCULATION MODELS AND STRATOSPHERIC WATER VAPOR

The previous considerations suggest that large-scale wave motions in the tropical troposphere
and lower stratosphere will need to be treated well in model calculations if the troposphere-
stratosphere exchange of water vapor is to be computed correctly. This is also true of exchange
on isentropic surfaces at extratopical jet streams, particularly as regards the question of air
entering the lower stratosphere from the upper troposphere. The vertical resolutions required are
approximately 1 and 2 km respectively. There is, of course, no prospect of treating cumulo-
nimbus clouds explicitly in a general circulation model; the computational requirements for
theoretical investigation of these events are themselves similar to those of general circulation
models, applied on a scale of a few tens of kilometers. Their treatment of the cloud
microphysics and radiative transfer is highly parameterized. Given this, deep convection itself in
a general circulation model is also highly parametric, being evident often at a single column on
the horizontal grid.

The main advantage that general circulation models bring to the problem is the ability to provide
a consistent and uniform data set sampling the entire spatial domain over an annual cycle,
rendering the computation of global fluxes and three-dimensional trajectories complete, if not
necessarily accurate.

With regard to comparison with available data, this must of necessity be rather superficial at
present, for two reasons: the paucity of reliable data and the rather coarse resolution of the
general circulation models which have tried to simulate the stratospheric water vapor budget. At
least two general circulation modeling groups have attempted this, GFIX and the British
Meteorological office, but neither have published accounts of a diagnosis of the results in terms
of fluxes and mass budgets, although a paper addressing the effect of water vapor-ozone
covariance on the global HO distribution is available (Allam et al., 1981). The position may be
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summarized briefly for the BMO model as follows (Allam and Tuck, personal communication):
water vapor mixing ratios are indeed lowest (2 to 3 ppmm) in the equatorial longitudes where
observed tropopause temperatures are lowest. The mid-latitude lower stratosphere has too much
water vapor present, by approximately a factor of two or three^ possibly as a result of too much
upper tropospheric air entering the lower stratosphere near jet stream locations as a result of
coarse vertical resolution. There is, however, some preliminary indication in the real atmosphere
of a maximum of water vapor mixing ratio in the mid-latitude lower stratosphere (Ehhalt and
Tonnissen, 1980; and Murgatroyd, personal communication), although this is not necessarily
caused by intrusion of tropospheric air. Encouraging agreement as to the pattern of water vapor
at 391N exists with the 11-year mean altitude-iiine section obtained from the series of water
vapor balloon ascents made by Ma!rtenbrook and Daniels (1980).

The use of Newtonian cooling and the coarse vertical resolution degrade the value of this simu-
lation at the equatorial tropopause, despite the encouraging longitudinal distribution of water
vapor mixing ratio here. This is clearly shown by the work of Mahlman et al. (personal
communication) who stowed that accurate handling of the water vapor fluxes in the presence of
large vertical gradier:s required resolution better than 1.5 km in the tropics, and about 1.7 km at
extratropical latitudes. These vertical grid spacings, combined with fourth-order finite differ-
encing represent considerable improvements over a previous model, but nevertheless produced a
tropical tropopause which was too cold (188 K) and too dry (0.5 ppmm) compared to reality.

Further work, with improved spatial resolution, is clearly required, and should, among other
things, attempt to deal with the following questions:

• Is the mid-latitude maximum of water vapor in the lower stratosphere real?

• If so, i,. it caused by transfer around jet streams, by the descent of methane oxidation
products, or both?

• Is the decrease of water vapor mixing ratio in the 30 to 100 mbar thick layers, often observed
above the extratropical tropopause, caused by intrusion of tropospheric air around jet
streams?

• What causes the decrease in mixing ratio sometimes observed above the equatorial
tropopause?

• What three-dimensional trajectories art: followed by air entering and leaving the stratosphere?
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CHAPTER 3

MODEL PREDICTIONS AND TREND ANALYSIS

INTRODUCTION

Chapter 1 has emphasized the diagnostic use of models to explain observations (e.g. the
present-day distribution of trace species) and to study the relative importance of chemical
processes and their mutual interactions. This chapter is concerned with the prognostic
application of these models, i.e., to extend the comparison of theory and experiment in terms of
possible long-term changes in stratospheric composition, especially ozone. The available types
of models have been described in Chapter 2. The three-dimensional models give, in principle,
the closest simulation of the real atmosphere, but are so demanding of computer time and
memory that it has not yet been possible to simulate realistic chemistry. They remain diagnostic
tools. Two-dimensional models are beginning to be applied to perturbation problems but there
are many interesting problems with their formulations of atmospheric dynamics that are
discussed in Chapter 2. One-dimensional models remain the basic diagnostic and prognostic
tools in stratospheric research. The one-dimensional models used in the following discussions
compute altitude-dependent concentrations that, in general, represent a hybrid between a
global-seasonal average and instantaneous values. This is because the transport, represented by
the diffusion coefficient, is usually determined from measurements of a long-lived tracer such as
N 20. The observed distribution of N 20 represents the results of the entire global circulation
and in that sense the transport has been globally averaged. On the other hand the photo-
dissociation coefficients which drive the rapid photochemistry are usually taken as instantaneous
values at about X? latitude during either equinox. Thus the chemical constituents that are
mainly photochemically determined are calculated with instantaneous photodissociation values
from globally averaged source gases. The representativeness of these models and the problems
associated with their use have been discussed in many publications (e.g. UK-DOE Poll. Papers
#5, 1976; #15, 1979; N AS, 1975; N AS, 1976; N AS, 1979; NASA RP-1010, 1977; NASA RP 1049, 1979).
In this chapter one-dimensional models are the primary tools used for perturbation analysis.
Two-dimensional models are used to illustrate some of the expected seasonal and latitudinal
variations in computed perturbations.

The chapter begins with  discussion of a series of individual perturbations. These are hypo-
thetical perturbations determined by model computation in which it is assumed that one
particular input or set of inputs to the model (e.g., chlorofluorocarbon release) is changed while
all others a.• r held constant. The model then is usually integrated until a steady-state is reached
and the ozone concentration is compared to a similar calculation without the perturbation. The
set of hypothetical perturbation calculations considered include doubling the input flux of N20,
doubling the CO2 concentration, injecting a steady flux of NOx at a specific altitude, and
combinrtions of these. These perturbations are called hypothetical because they do not re-
present any experiment actually being done in the atmosphere in that it is impossible to hold all
other parameters constant in the real atmosphere. The 'difficulty in interpretation lies with the
choice of realistic scenarios. Two years ago, when calculations showed the sensitivity of
stratospheric ozone to chlorine-only injections to be high and to NOx injections to be very low,
the simple CFC release scenario seemed to be adequate. As will be seen the computations now
indicate an intermediate sensitivity to each thus requiring careful consideration of both, and
others, in determining the expected response of the atmosphere to human influence. Nzver-
theless study of the effects of individual perturbations serves as the basic reference point in
understanding the complex interactions of simultaneous multiple perturbations. Thus, after

3-1
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consideration of the model response to individual perturbations, combinations of these per-
turbations are considered. As will be seen, the results for individual perturbations are changing
as our understanding of the underlying che •rdstry changes as also are the results for the
non-linear addition rules for combinations of perturbations. These combined, yet still idealized,
perturbations then form the basis for analyzing and understanding the results of the more
reasonable time-dependent scenarios that are considered. The time-dependent scenarios offer
two types of results. The first is prediction of how ozone and other constituents should have
changed up to the present time due to changes known to have occurred. These results provide
potentially testable hypotheses which can be examined so as to evaluate our understanding of
the mechanisms responsible for changes in atmospheric ozone. The second type of result is for
possible future scenarios. These latter are, of course, highly dependent on assumptions as to
the future development of various sectors of the world economy and can only be used as a guide
to some of the possible directions which may become important. These future scenarios do
point out the need for careful examination of the question of detection thresholds even when
the current record is not sufficient to provide an observable effect.

In order to provide a framework for testing hypotheses which emerge, the ozone record is then
examined. For this purpose it is necessary to identify and isolate the maior 'natural' processes
affecting the long period ozone variations and to determine, from observations, whether or not
theoretically predicted ozone changes resulting from human activities can be verified.

For any time-dependent phenomenon, its time series can be analyzed and, to within some degree
of confidence, the characteristic variations of the time-dependent variable can be described, even
if no specific suggested rrcchanism for the origin of these variations is put forward. If, on the
other hand, a particular causative mechanism or set of mechanisms is hypothesized, the
hypothesis could be tested with the observed time series. The questions that need to be
answered in this chapter are:

• What are the best estimates of past time dependent variations of, (a) globally averaged total
ozone, and (b) upper tropospheric and stratospheric ozone. Are there geographic
differences in these variations?

• What are the overall uncertainties of these 'observed' variations?

• Are photochemical model predictions and statistical model estimates from the ozone record
consistent?

• What are the thresholds, timescales, and limitations for the detection of the effects of human
influence on ozone changes when these effects are considered either separately or
simultaneously?

In evaluating long-term (over 10 years) trends of ozone due possibly to historical releases of
CtCs, concern is with a predicted average decrease of total ozone of about 1 % over the globe
most of which occurs during the last decade, and a maximum decrease of the ozone
concentration at a height of 40 km of about 5% during the same period. Because of the
sensitivity of the ozone vertical profile to marry of the suggested possible photochemical and
solar induced perturbations, it is imperative that time series analyses of the vertical ozone
profile be made. Unfortunately, in the historical data, the observational precision and spatial
coverage of the total ozone measurements are much better than for the vertical ozone profiles.
Bence, initial analyses have concentrated on the total ozone variations. With extension of the
vertical ozone profile data base, particularly through the approaching availability of long-term
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satellite information, this disparity will be substantially deviated and the problem can be
investigated as a whole.

MODEL PREDICTIONS OF POTENTIAL ANTHROPOGENIC PERTURBATIONS

CHLOROFLUOROCARBONS: FC-11 AND FC-12

Of the many potential human perturbations of the stratospheric ozone layer, most current inter-
est is in the possible effect of the chloroflurocarbons FC-11 and FC-12. As has been pointed
out in many places in this report, widerstanding of the key chemical and photochemical
processes is still evolving. These changes in stratospheric chemistry have had a clear impact on
the comparisons of model predictions with observations. The changes have also affected the
model predictions of the impact of chlorofluorocarbons on the stratospheric ozone con-
centration. The aim of this section is first to illustrate how these reevaluations have changed
the steady state ozone depletion estimates with as many of the other model inputs as possible
held constant. Further attention is then directed to estimates of the present-day total ozone
column depletion and the variation of these depletion estimates with altitude, latitude, and
season.

Table 3-1 shows model results obtained by 10 different investigators for the effect of
chlorofluorocabron release on the total column amount of ozone assuming no other atmospheric
changes. Two columns of results are shown: The first is the computed change in 1980 as
compared to a pre-1970 level obtained by varying the CFC emission rate wi.h time according to
historical release rate estimates; the second is the computed change when steady-state is
reached with continuous CFC emission at about 1976 levels. The emission levels are not exactly
the same in each model but are probably not more than 10% different. Four possibilities were
considered for the chemical kinetics input data. These are labeled A through D in the table and
are approximately historical. They specifically are the following:

Case A: The recommendations of the NASA Panel on Chemical Kinetics in 1979 as reported in
NASA RP 1049. The major features of this set of chemical reaction rate coefficients relative to
the later sets are the slow rates for HO + HNO3 and HO + HN04. Models with this set give large
(>106 cm-3) 110 concentrations throughout the lower stratosphere.

Case 8: The updated recommendations of the NASA Panel in December of 19OU as reported in
IPL 81-3. T major change is the faster rate for HO + HNO3 (1.5x10 -14 a +650/T) and a slightly
faster rate for HO + iiN04.

Case C: The same as 8 with the rate coefficient for HO + HN04 increased to 400-12 cm3
molecule-1 sec-1 and HO + H02 increased to 800-11 cm3molecule-lsec-1.

Case D: The recommendations of the combined NASA and CODATA panels as reported in
Appendix 1 of this document. This set incorporates the faster HO + HN04 and HO + H02 of
Case C., slower CIONO2 formation and numerous small changes.

Although the photochemical input has been standardized in this sequence of runs no concerted
effort was made to standardize the other model aspects such as boundary conditions, transport
parameters, or solar flux.

The results for steady-state column cone change show a consistent variation among the various
models in that relatively large ozone depletions were obtained with case A, declining to
significantly smaller values for a and then C, then increafing somewhat for case D. As indicated
in Chapter 1 the principal driving force in the changes is the modification in the computed HO
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Table 3-1
Percentage Change in Total Ozone Column for 1980 and at Steady State Resulting
from the Continued Release of FC-11 and FC•12 at 1976 (or comparable) Levels

Status of Chemistry amp by Clump at
Investigator Input Data 1980(%) Steady State (%)

Sze (AER) A -IA -16.0
B -0.9 4.2
C - 4.7
D -0.6 -6.1

*nobbles (LLNL) A - -193
B - -9.5
C - -6.1 •
D -0.6 -5.0

Derwent (AERE) A - -17.4
B - -10.7
C -0.7 -7.2
D -0.7 -6.5

Liu (NOAA) C -0.8 -7.0
D -0.5 4.5

hiller (Du Pont)	 Ill A - -24.0'
B -0.7 -11.0
la -0.5 -7.0
D -0.6'•• -

2D B .1.400• -10.0
D -0.9"0 -6.2

Cariolle (EERM) A -2.0 -16.5
B -0.9 -9.9
D -0.7 -7.0

Logan (Harvard) A - -18.0
D _ .7.2..

Brasseur ([AS) C -0.9 4.0
1D D -1.1 4.8
2D D - -7.0

Isaksen (U. Oslo) B -1.4 -11.0

Stolarski (NASA) A --- -15.8
11 -- -10.2
C - -6.6
D - -8.7

Turco/Whitten (R&D/NASA)	 A -- -I6.0
B -13 -11.0

' Has slr-w CIONO 2 formation rate.
•• Indicates that a change in Ki profile has been made over and above changes in chemistry.
•••Includes perturbations due to methyl chloroform as well as FC-1 I and FC-12.

See text for description of Cases A through D.
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concentration in the lower stratosphere where it hits never been rTx%isiired. the upward swing in
the cunTpute'd ozone• depletions between cases C and 1) results primarily frorn changing from a
fast formation rate for C,Il1N01 to a slower formation rate. These axrespond to the fast and
slow rates sliuwn in N VC4 10' 1044 and in Il'l 81-1. When the• slower rate is used in case 1) it is
also assumed that the isomeric products formed when ('10 and NU Z interact at the faster rate are
rapidh photodissociated with no effects on the chemistry. 1 his progression of steady-state
model results is illustrated in l igure 3-1 where the bars represent the range of nio del results for
exh of the evaluations. The 1979 evaluation (or the N \v1 RP 11134 Owmieal kinetics shows the
originally quoted rangy of 1ti to 1411. 1 he result In 1 able 1-1 for stiller indicates a number of 141
including a reevaluated diffusion coefficient profile. llu• major effort of thi! new slower
diffusion coefficient is to increase the effective residence tinx , of the fluortxarli ins thus
increasing their calculated concentratruils at steady -state and heneti the predicted ozone
eiet • ke tion. This is an illustration of the it-ositivity of these depletion calculations to transport;
this sensitivity is discussed in more detail later in this chapter. One point to note in l iguret 1-1
is the relative constancy of the absolute value of the range of mockA results from evaluation to
evaluation at - 1 to 4'41b . This is a measure of the precision of the existing models when tile , same
Chemical kinetics is assutnee^d. 1 he question of overall Uncertainty is Lonsider•d Liter in the
chapter.
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Table• 1 -2 shows .t longer view of the history of the impact of major revisions In the chemit al
kinetics Input data on total ozone eiepletiun estimates for the steady-state release of FC - 11 and
IC;-11 as determined by the LLNL 1- 1 1 model (also see figure 3-14). Generally speaking, the
magnitucl- of the predictions from the lierturbation experiments is in OR , 5 to 9% range, which is
aboilt :he same .n was obtained during the 1 1176-147 7, period. In (lie intervening period the

result+ have nsen hit nearly a factor of Cirev and then fallen Nick hit . about tilt, same factor. Mso
shown in the figure are the concurrent results obtained for the perturbation experiment in which
N it) at fix, lower lxnuxdary is (kuuhled. These results show almost an inverse behavior because
Ht) afh'cts the NO., eyckts in t1w opposite manner to its effect on the CIX Cycles. This is
discussed In inore detail when No,, perturbations are considered.
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Tat>fe 3-2
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These changes in the model computed response of the total column of ozone to a CFC
perturbation are not simply a sealing downward of the effect at all altitudes but have beet? a
result mainly of changes in the lower stratosphere. This is shown in Figure 3-2a for both the
eventual steady-state and for the change~ up to present day, i.e., 1960. 1 he major effect
predicted is a decrease centered about 40 km with very small effects in the lower stratosphere.
Host models in fact show a slight increase centered around 20 km as illustrated by the LLNL
results in the figure. The effects of the reaction rate changes are shown by comparison to Figure
3-2h which is taken from NASA RN 1049 showing a significant decrease in the lower strato-
sphere. In fact the absolute decrease, also shown, has a second Trek in the lower stratosphere
which is larger than the upper stratospheric peak. The current calculations have a net increase in
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Figure 3.2a. The percentage change in the local ozone concentration at each altititude for the present
day (• - -) and steady state (—) for continuous release of FC-11 and FC-12.
(LLNL 1-D Model, May 1981, NASA Chemistry, LLNL KZ)-
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the lower stratosphere causing some cancellation cf the upper stratospheric decrease. It is
worth emphasizing that the upper stratospheric predicted decrease, centered around 40 km, has
been a relatively constant feature of the model calculations. The calculated decrease at
steady-state is now about 35%, a value which has changed little with the recent reevaluations of
HOx chemistry. This is because most of the more drastic reevaluations have involved reactions
with molecules such as M03 and HN04 which are formed via 3-body reactions and are thus
much less frequent in the upper stratosphere. The upward revision of the HO * H02 rate
coefficient by a factor of 2 has had some effect but this is minimized by the fact that the HO
concentration (which directly affects the CIX destruction efficiency) varies only with the square
root of this rate coefficient.

As has been mentioned above the transport parameterization may contribute significantly to the
uncertainty in both the steady-state value of ozone depletion and the time evolution of the
approach to steady-state. The major effect of the transport coefficient on the steady-state
ozone depk- :ion is through its effect on the effective atmospheric residence times of the injected
fluorocarbons. The longer the effective residence time the larger the steady-state fluorocarbon
concentration which in turn leads to snore CIX and more ozone destruction. Table 3-3 illustrates
the effect of a numLer of transport parameterizations in several models. The transport
coefficient profiles were derived to fit some aspect of the observed N 20, CH4, FC-11 or FC-12
profiles with altitude or the removal of radioactive carbon 14 formed during nuclear tests. The
transport coefficient profiles, Kz, are shown in Figure 3-3.

Table 3-3
The Effect of Transport Parameterization on the Calculated

Atmospheric lifetimes of FC-11 and FC-12

invost ►Rawr KI Prutlle Ref.
Ufatonc, Years

FC•11	 K_ 12

Wusbbles Chang (1976) A 65 105

Derwent N,O1 "̂
^ D 57 126

Chant 1976) A 55 107

Hun ten B 93 169

Meteorologkal Office C 89 169
Malt A 64 121

Mtller (1•U) Du Pont E 75 139
(:•U) F 60 120

Uu G 85 140

AER (2-1)) 11 62 Its

A. NAS (1976)	 E. Muter, C. et d. (1979)
B. Johnston et al. (1976)	 R Miller, C. of al. (1981)
C. Gruver st al. (1978)	 G. Liu, S. personal eommunkstion
D. Derwent and Curtis (1981)	 H. Ste, D. persowal communication
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Figure 3-3.	 The variation of the vertical eddy diffusion coefficient, K z , with altitude.

KEY:

A, Hunten; B, Chang (1974); C, Ehhalt; D, Chang (1976), E, Brasseur (max);
F, Meteorological Office; G, from global mean observations of N, ) O; H, Du Pont.
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Not only is the steady-state computed ozone depletion sensitive to transport parameterization,
but so also is the rate of approach to that steady-state. The direction of the sensitivity is
somewhat different in that slower transport coefficients lead to larger steady-state ozone
dep'-'ions but they also give a slower approach to that steady-state. This can be seers in Table
3-1 where the range of estimates for the destruction of ozone by CFCs up to 1980 is 0.5 to
0.9%. This range is very similar to the range in steady-state estimates of S to 9% despite the
added uncertainty of the time response. Table 3-4 investigates the problem of time response
somewhat further. This table uses the total odd chlorine (CIX) in the upper stratosphere, i.e.,
at 50 km, as an index of the total column ozone depletion that the model would calculate.
Shown in the table are the trends in total chlorine per decade, as predicted with the AERE
Iiarwell 1-D model due to FC-11 and FC-12 release alone, using the historic release estimates of
Alexander Grant (1900) followed by a constant at 1979 values after 1979. Each entry in the table
is the amount of odd chlorine added to the upper stratosphere during the given decade due to
FC-11 and FC-12 release. This is further illustrated in Figure 3-4 which shows the calculated
time evolution of the change in the ozone column in three different models assuming constant
emission rates beyond 1980.

Table 34
Past and Near-Term Trends in Stratospheric Odd Chlorine Due to the

Release of FC-11 and FC-12 Using AERE Harwell 1-D Model

Change in Total Odd Chlorine at 50 km in ppb/decade

Kz Profile

N20 Chang Chang Hunten Ehhalt Brasseur Met.Period
Office

Kz (1976) (1974) (max)

1940-1949 .003 .003 .001 .001 .003 .005 .001

19 50-19 59 .040 .042 .016 .025 .040 .052 027

1960-1969 .167 .173 .086 .120 .170 .200 .126

1970-1979 .538 .545 .332 .432 .550 .565 .450

1980. 1989 .538 .518 .595 .630 .574 .403 .634

1990-2000 .458 .443 .572 .576 .495 .337 .570

Another aspect of the transport parameterizations which gives rise to uncertainty in ozone
depletion predictions is the representativeness of the 1-1) eddy diffusion transport model. This
parameterization by its nature cannot explicitly include the effects of latitude and season nor can
it specifically treat advective transport. A great deal of theoretical work is currently being done
on determining the proper representation of the transport in two-dimensions. !Models in two
dimensions are clearly the minimum required to describe the latitudinal, seasonal, and advective
transport effects in the atmosphere. The recent developments and the status of such 2-D models
are discussed in same detail in Chapter 2. It was originally hoped that a detailed comparison of
2-1) models with each other could be done for this document, but an insufficient number were
available and the similarities and differences in transport parameterizations were not well enough
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	 Time evolution (if the percentage change in the total column ozone depletion due to FC-11
and FC•12 from 1970 onwards-

known to complete this task. The results from the models examined in this report and i.1 the
literature (e.g., Borucki et al., 1990) indicate a close similarity in the overall features between
those obtained in 14D and 2-I) models. See Chapter 1 for a comparison of 2 —I) model
calculations for the present-day atmosphere with measurements.

Figure 3-5 illustrates the seasonal and latitudinal variations of the steady-state total column
ozone depletion due to FC-11 and FC-12 release with no other changes as calculated in the Du
Pont model (C. Miller et al., 1991). At high latitudes the seasonal variations in column ozone
depletion approach about a factor of two, from minimum in the summer to maximum in the
winter. At low latitudes the seasonal variation nearly vanishes and the ozone depletion value is
very near the seasonal mean of the higher latitudes. The symmetry betrveeii hemispheres is a
direct consequence of the assumption of symmetric circulation. This simplifying assumption
precludes the examination of the cause of the observed hemispheric asymmetry in ozone but
should not significantly disturb the model's ability to determine the approximate latitudinal and
seasonal gradients in ozone depletion. These latitudinal and seasonal variations are
characteristically different from those reported from a previous 2-0 calculation (UK-1)OL
Pollution Paper No. 15, 1979). The previous study showed a similar seasonal variation at high
latitudes but a significantly stronger latitudinal gradient such that at low latitudes the
steady-state depletion was significantly less than even the high latitude minimum. It is tempting
to ascribe these differences wholly to reevaluations in the chemical kinetics parameters but it
n;,ist be remembered that the transport representations of the two models are quite different and
no detailed analysis of the consequences of the types of differences between these models or
any others has been made. The argument for chemical nature of the differences is as follows:
the principal changes were in the reactions of HNO 3 and HN04 with HO serving to suppress HO
concentrations in the lower stratosphere thus reducing the chlorine catalytic efficiency. Since
IiNO3 concentrations increase towards the poles (see Chapter 1) and so presumably do HN04
concentrations, the suppressing effect of the reaction rate coefficient evaluation is stronger at
higher latitudes thus reducing the previously obtained latitudinal gradient.
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Figure 3.5.	 Calculated variations with latitude and season in the steady-state total ozone depletion due to
FC-11 and FC-12 in terms of the percent change in column content (C. Miller et al., 1961).

OTHER HALOCARBONS

While most of the attention in the past has been directed toward the impact of fluorocarbons 11
and 12 on stratospheric ozone, other chlorine-containing trace gases have been observed in the
troposphere and can potentially contribute to the stratospheric chlorine budget. Historical
release rate estimates are available for such halocarbons as methyl chloroform (CH3CC13),
FC-113(CCl2FCC12F), FC-114(CCIF2CCIF2), FC-115(C2CIF5), carbon tetrachloride (CC14),
FC-22(CHCIF 2 ), and tetrachloroethylene (C2C1 4). These can be used together with a knowledge
of the loss processes for each molecule to provide a preliminary assessment of their possible
impact on stratospheric ozone to determine which, if any, should be given further attention.
Table 3-5 presents results from two 1-13 models for the effect of the above mentioned
halocarbons as well as for FC-11 and FC-12. In each case the quoted 'current' (1978, 1979 or
1980) release rates were used and the model run to steady-state with and without the release of
the particular halocarbon. The runs were for the )PL 81-3 chemistry (case 8) but the results are
not identical to the numbers in Table 3-1 for FC-11 and FC-12 because of the differences in the
assumed release rates. An important general feature of the results is the relatively constant
ratios of ozone depletion to release rates for the fully halogenated halocarbons, as compared to
the significantly smaller ratio for the partially halogenated halocarbons which contain an H ato;n
which can be abstracted by HO in the troposphere. These halocarbons, if released until
steady-state is reached, would apparently increase the predicted column ozone depletion by
about one-third. The increase would result mainly from CC14, CCl2FCCl2F(FC.-113), and
CH3CC13.
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Table 3.5
Estimated Steady-State Total Column Ozone De*tion ReaWtimg

from the Continued I*ction of lime EWocarbau at Pt	 t Release Rates

Halocarbon

Current Annual
Release Rate, x103
Metric tons/yr.

Estimated Steady State
Ozone Dock tiam

Derwent Wuebbles

CC13F (FC-11) 2721 2.9 3.0

CC1 2F2 (FC-12) 3831 3.2 3.3

CCI`FCCIF` (FC-113) 912 0.7 0.8

CCIF,CCIF, (FC-114) 182 0.1 0.1

C2CIF 5 (FC-115) 4.53 0.01 0.02

CQ4 824 0.8 1.0

CH3 CC13 4765 0.2 0.8

C 2C14 6086 0.02 ---

CHCIF, (FC-22) 717 0.01 0.04

7.9 9.1

'Alexander Grant and Co. (1980). 1979 release rates.

i Pont (1980).

'A (1980), Metra Gruppe (1978).

igh et al. (1979).

xly and Agin (1980).

uer (1978).

--CD (1981).

iese values were obtained with the modified 1PL 81 .3 chemistry data
se and the N,0-Kz profile, (Derwent and Curtis 1981).

iebbles (1981)
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The results in Table 3-5 are indicative of only the efficiency of ozone destruction and of the
current release rate. The impact of thcse halocarbons on the past ozone trend or on that for the
near-term future depends also on the time history of the release rate. Figure 3-6 illustrates the
computed time history of ozone change for FC-11 and FC-12, CC14 and CH3CCI i . The figure
shows that although CC14 contributes significantly to the ozone change since 1930, its contribu-
tion since 1970 is much smaller. CH 3CC1 3, on the other hand, has not yet contributed much to
the computed ozone depletion but if its release rate continues to increase rapidly so will its
importane,a. Future assessments will have to carefully consider the complete set of halocarbons
in order to determine the expected overall impact on the ozone layer.

At RE HARWELL t D MODEL

1970	 1910	 '9W	 X950	 1960	 1910	 Iwo

•EAR

Figure 3 . 6.	 Time evolution of the cumulative total ozone depletion due to a number of halocarbons

TROPOSPHERIC AND LOWER STRATOSPHERIC AIRCRAFT

Considerable quantities of nitrogen oxides are injected into the atmosphere, mostly in the
Northern ,femisphere, by aircraft engines. The impact of these emissions has been studied in
great detail during the last 10 years (see e.g., CIAP, 1975a,b; COMESA 1975; Oliver et al., 1977;
Luther et al., 1979). The NO x molecules created during combustion are dispersed in the
atmosphere by several transport processes and react with other chemical species. If a
continuous emission of NU, is assumed, a steady state is reached after a few years and the
equilibrium time is thus much shorter than in the case of CFC emissions.

The recent reevaluations of chemical kinetics discussed earlier in this chapter with respect to
CFC emissions have also had a significant impact on the ozone change computed for NO,
injections and hence for the evaluation of the effects of aircraft. Table 3 -b shows the calculated
total ozone change for steady-state NO x emi ssions of 1008 and 2008 molecules cm-2sec-1
distributed over a 1 k n thick layer centered at the injection altitude for a number of altitudes of
injection. These cover the range of typical flight altitudes for various existing and proposed
aircraft. These results continue to show ozone column increases for injections below 17 kin but
now give ozone decreases for injection altitudes above 17 km. This is in contrast to the results
obtained with the NASA RP 1049 chemistry (case A) in which Luther et al. "1979) calculated a
change of +1.3% for both 17 and 20 km injections of 1008 cm-2sec -1 . The increases of local
ozone in the troposphere and lower stratosphere and decreases in upper stratospheric ozone
still persist, but with different relative magnitudes than before. However, the importance of HO.
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catalytic cycles has been reduced by the recent chemistry modifications, particularly due to the
rate changes for HO * H02, HO • IINO3 HO • H2O2, and HO + fiNO4, which result in reduced
HOx levels. Because of these reduced HOx levels, the positive changes in ozone previously found
In the lower stratosphere due to NOx injections are greatly reduced. Also, the relative
importance of the NOx catalytic cycle in the upper atmosphere has increased. Figure 3-7 shows
the local changes in ozone calculated corresponding to an injection of 108 NUx molecules
cm"2 sec "I at 17 and 20 km. Figures 3-8 and 3-9 show the change in total ozone column expected
for variations of the 17 and 20 km injection amounts from zero to 2008 molecules cm"2sec-1 of
NOx. For emissions located at 17 km, the net increase which is found for the jPL 81-3 chemistry
for injection rates less than 108 molecules crn"2sec"

1
 disappears with the adoption of the

NASA/CODATA chemistry. The 20 km Injection produces a net reduction in ozone for all
Injection rates and for the two chemical schemes. While the chant in ozone is nonlinear for
both the 17 and 20 km flight altitude at injection rates less than 10° molecules em -2sec"1, both
are nearly linear at injection rates nigher than this.

In order to estimate the effects of current and projected aircraft fleets the above information
about the effects as a function of altitude of injection and magnitude of injection must be
combined with the injection rate versus altitude. As an example Table 3-7 gives the NO x emission
rates corresponding to a high estimate of a 1990 subsonic and supersonic fleet (Oliver et al.,
1977) as a function of injection altitude. Adopting these emission rates, Luther et al. (1979)
calculated a net increase of 2% in ozone for the 1990 fleet, using the LLNL Kz. The change in
total ozone with the NASA 1980 chemistry is now found to be •1.3% with the LLNL Kz.
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3 . 7.	 The percent change in the local ozone concentratior, for the steady-state NO x injection of
108 molecules crtt 2sec t .n a t km layer at about 17 a.m i )and 20 km (-1.
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Figure 3-8. Percent change in the total ozone column for NO x injection in a 1 km thick band centered at
17 km as a function of the magnitude of the injection in 10 8 molecules cm'2 $1 for two
chemical rate coefficient sets.
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Figure 3.5.	 Percent change in the total ozone column for NO injection in a 1 km thick band at 20 km as a
function of the magnitude of the injection in 10 1 molecules cm-2s -1 for two chemical rate
coefficient sets.
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i

Table 3-7
Projected 1990 Aircraft Emissions of NOx (03iver at al., 1977, Ito Estimate)

Injection Altitude (km)
NOX injection hate Total Flat

(molecules cm-3s"1)

6 90
7 179
8 365
9 665

10 1167
11 1161
12 520
13 75
14 18•
IS 18
16 33
17 43
18 29
19 8

i°Emissions from the projected 1990 SST fleet are included at 14 kin and above.

Table 3-8 summarizes the published results from a number of 1-l) and 2-4) models for various
fleet estimates. The 1990 high estimate has already been shown in Table 3-7. The 1990 low
estimate is also taken from Oliver et al. (1977). The various 1975 to 19110 fleets are explained in
each of the references quoted in the table. The key result is that all of these estimates are for
total ozone increases in the 1980 to 1990 period with the largest increases located in the 8 to 10
km altitude region.

Table 3-8
Summary of Various Estimates of Ozone Changes from Subsonic Aircraft

Type
Injection

Nate,
Percentage Change in	 --

Total Column Local Ozone
or kg yr' t at 30-N at 30'1

Investigation Modcl I	 Perturbation (as NO,) annual mean 8-10 kin

Isaksen I IQ90) 2 L) I	 t )90 high 4.855 x 1 09 +1.(Y,e +15.013

Liu, Kiey, NlJariand 1 •D !	 1980 low 1.84? x 109 i	 +1.5 - +3.0% +15-Mv
Mahlinan and Ltvy 11980)

Luther. (]tang, Vucwci, 1-1) 1940 high 4.855 x 109 +1.86% +.7,0"1
Penner, Tarp and ' 9" low 3.078 x 109 +1.=9% +18.5%
Wuebbler (14 14) I 1470 1.1 x 109 +0.596

FBdalgu and Crutten (1977)
I
I	 21) 1990 2.06 x 109 +0.63 +12.0',.

Derwent (1981) I	 2-D 1475 4.855 x 108 +0.2856 +2.0'7.
1990 4.855 x 109 +1.81% +15.496

I	 Wuebbles. personal 1 D 1990 high 4.855 x 109 +i .02% +20.0%
courinunication (1981)
(NASAiCODAT'A (Itemistiy t
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Table 3-9 provides a surnmary of various ! LNl assessments of the effects of aircraft operations
based on injection of 2005 nvo acules (NU) cm -2sec -1 distributed over a 1 km thick layer
centered at 17 or 20 km. The results are baked on published calculations made with the LLNL
cane-dimmisional model since nod-1971. These results demonstrate the combowd effects of the
evolution of the understanding of stratospheric chemistry and evolution of the treatment of
physical phenomena in the (xie-dimensional model. It is interesting to note that when the effect
of NOy on ozone is enhanced, the effect of chlorine is reduced and vice versa ( sf Figure 3-14).
The balance between these two actions is related to the concentration of NO radicals in the
lower stratosphere which thus plays a central role in this problem. The new rate constants
which have hee!et recently introduced in the models lead to lower concentrations of the hydroxyl
radicals and therefore to a higher sensitivity oli ozone to aircraft and a lower sensitivity of ozone
to CFC releaa !s.

Figure 3-10 shows the local change in ozone corresponding to the 17 km injections and obtained
for several schemes dating from early 1975 to the present. Only negative changes in local ozone•
are found in the early 1975 results. By late 1975 the ix)sitive region in the lower atmosphere due
to  increased importance of tiOx had appeared. This increased importance was due to the
reduction in the evaluation of the IK) + 1107 rate coefficient from 200 -10 to 2x10-11 curl
1molecules -l setc-1 . the resulting larger 140 concentrations them cause a higher fraction of the
injected NO, to he stored as IINO j and thus not available for catalytic destruction. The
smog-like reactions of 1101 generated from 01 4 oxidation are thus hotter able to compete .vith
catalysis. The major chanllte shown in the early 1 ek1t1 curve is caused by the inclusion of the
revised much faster 1101 + NO reaction rate c oefficien.t. I his fast rate ctwfficient has tic*n used
since* 1977 as illustrated in Tablet 3-ef.

This ►eviction further increased the lower stratit.pnerie. :10 concentration and cAused a
significantly stronger coupling to ex? t between the No,I and 110x eyelets. It was lkot until this
timer that an increase in the total ozone column was cAculated. As discussed earlier, the more
recent citrnges have xanwwhat reversed this trend tA , causing a reduction in lower stratospheric
HO and a conserilue'rot crnhaiwernknt in the relative importance of the NU t catalytic cycles.
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Figure 3 10. Locai change in otune corresponrirllg to 17 km infections for several chemical schemes from
early 1975 to the piesemt.
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The historical record shows thqt model predictions have changed significantly over the last 6
years. Although the understanding of the chen al and physical processes that determine the
ozone distributions in the troposphere and stratosphere has greatly improved, it is not obvious
that similar changes in model sensitivity might not occur in the future.

Table 3.9
Change in LLNL One-Dimensional Model Calculations of Expected
Effect on Total Ozone from NO E 	 ons at 17 and J ^ at a

Constant Emission Rate o 2x10 Molecules em'

vote of
Evaluation

W)tx) fur in*t)on at
Cl nunants2U ILM

mld^ 1474 4.8 • 10.1 based an CLAP Monapaphs N 1au Chat&
sad Johnston,1971

early 1975 5.3 -I L2 bead rn C1AP(1973b);
minor chatmcal changla

rrud-1975 4.3 v.a bawd an Dower N sl. (1977): wed
tatana (1974) Ks ; NOS 866 chemistry,
fat HO + H0,

mud- to late 1975 -1.8 5.: same as above with slow HO + HO.

late 1975 -13 -3.S same a above with NO3 + hu ,
NC12 + O

mid- 1976 -0,7

-1._

:.9

4.2

based on Luther (1976).
"old" Charia (1914) Ks ; no QOa

"crew" Chans (1976) Ks ; no QOa

mud- to late 1976 417 -3.3 same with 1 ppb 001

mud-1977 -L3 +8 bard on Luther (1977);
NASA RP-1010 chemistry, slow, W, + NO

mud- to late 1 977 +:.0 1-0.5 fat llu, + NO

n u1 1478 +t : +3.6 based an Luther (1978);
NOS $13 chamLtry except mowIed
"01 + u t . HOZ + NO, 1.22 ppb (30,

early 1970

+1	 1

beard on Luther et al. (1979); NASA
JPL dwn%lstry

NASA RP 1019cherrustrynud•1979(Caw A) +2.0

early 1980 +1.7 +0.6 *am with mint chomiry champs

(Mobel 1960 4).3 4.5 with new NO + IM03 (Wine et al., 15)00)

Uft- mbwr 1980 (Caw 10 4).7 -5.3 with new NASA chentgtry

)'ay 1981 (Caw 11) .. 7.1 with now NAWCUDATA Chemistry
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NITROUS OXIDE (N20) CHANGE

Since N20 is the principal source of stratospheric nitrogen oxides, possible perturbations in its
concentration have been of great interest in understanding the possible effects of human
activities on ozone. Concern has centered areind the question of the intensive use of fertilizers
and their impact on N 20 when this 'fixed' nitrogen is returned to the atmosphere through
nitrification or denitrification (see e.g., Crutzen 1974; Liu et al., 1976; McElroy et al., 1977).
Another potentially increasing source of N20 is from combustion (see e.g., Weiss and Craig,
1976; Pierotti and Rasmussen, 1976). Evidence from the variability in N20 and its observed slow
rate of increase (Weiss, 1981) indicate that its lifetime is in the 100-year range and that
short-term changes In its concentration will be small.

In order to examine the possible effects of increased emission of nitrous oxide to the atmo-
sphere, the response of ozone to a doubling of N20 has been considered in various model
calculations. Although such large increases would not be expected in the near future, the results
for this arbitrary perturbation provide a benchmark for comparison as chemical rate sets are
changed. Results which are given in Table 3-10 provide values of the ozone reduction which are
higher than the results obtained two years ago. In 1979, Luther et al. calculated a 2.8% ozone
decrease while the same model gives a value of 11.5% with the NASA/CODATA chemistry. The
results of different modeling groups show a dispersion of a factor of two which could be
explained partly by differences in the vertical exchange coefficient. The larger result in the NOAA
model is partly due to its lower boundary at 10 km which eliminates the enhancement of the
troposphere ozone concentration as computed in the other models.

Table 3.10
Percentage Change in Total Ozone for Doubling of N 20, CFC Release, and Both Simultaneously.

1981 NASAXODATA Chemistry

Model

Perturbation

2 x N20 CFC 2x N-,O + CFC

LINL (Chang/Wuebbies) -12.5 -5.0 -12.9

NOAH (Liu) -16 -4.5 -16.5

IAS (Hrasseur) -10.7 -4.9 -12.4

AER (Sae) -9.5 -6.1 -13

Figure 3-11 shows that the response of ozone to a uniform increase in NJ) varies considerably
with latitude and is most important in the polar regions according to the model of Sze (personal
communication). This model indicates a depletion of total ozone which varies by a factor of five
between the Equator and the pole. Whitten et al. (1981) obtain results in their 2-1) model which
have the same general behavior but indicate a lower Equator-to-pole gradient. The sensitivity of
total ozone change due to N 20 seems to follow the same general pattern as for fluorocarbons
with a maximum depletion in the polar regions during winter or spring. The altitude distribution
of ozone change shown in Figure 3-12 shows that the sensitivity of ozone to N 20 is the largest
in the polar regions with a maximum between 20 and 30 km. These depletions are only partially
balanced by the tropospheric increases which are in the equatorial zone.
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Table 3. 11 shows the calculated percentage change in 03 at steady-state for a doubling of CO2 in
two different one-dimensional models. Also shown is the decrease In 03 calculated for the
combined effect of doubled CO 2 and constant CfC release. The main result is that higher levels
Of CO2 slightly increase the ozone sensitivity to chlorine, but the coupled perturbation is nearly
a linear combination of the results from CFC and CO 2 perturbations alone. The differences are
primarily because the odd oxygen loss rates from CIX catalyzed mechanisms are a much larger
percentage of the total 0 3 loss rate in the CFC perturbed atmosphere than in the ambient
atmosphere. Since the CIX catalyzed loss rates are not very sensitive to temperature change, the
effect of increased CO2 is lessened.

Table 3.11

Percentage Column Change in 03 at Steady-State Using Chemistry in JPL 81-3 for Doubled
CO,, CFC Release, and the Combined Effects from I-D Calculations.

Model
Perturbation

2 x CO, 2 x CO2 + CFC

LI.LN L +br , -9;w 4.4?i,

AE R +2.716 -8.2`.x -6.3%

The corresponding vertical maximum temperature decrease is of the order of 7 to 10 K near 40 km
for an ozone increase of about 20 to 30%. The principal mechanism responsible for the ozone
increase is the sensitivity of the oxygen reactions of the Chapman cycle (see for example Blake
and Lindzen, 197,3).

O +02 +M	 03 +Nt

and

0 +0 3 202

k = 1.05 x 10-34 exp (510/1)

k = 1.5 x10) 11 exp (-2218/1')

(1)

(2)

Nevertheless the temperature sensitivity of the reaction

N + 02	 NO + 0	 k = 7.7 x 10-12 exp (-3220/t.	 (3)

is also of importance for the predicted 03 increase.

As a result of the large activation energy for this reaction, when the temperature is decreased,
the N atom concentration is increased. This increases the rate for the reaction

N + NO - N 2 + 0	 (4)

As discussed by Duewer et al. (1977), reaction (4) is an important NO x sink in the stratosphere,
so that the net effect of the decreased temperature is to decrease total stratospheric NO x . As a
result of this change, the NOx catalyzed ozone loss rate is decreased and 03 is increased.
Nevertheless the magnitude of this effect is dependent upon the downward flux of NO from the
mesosphere. Ioubling CO2 may have a large impact on the mesospheric temperature, thereby
affecting the exchange between mesosphere and stratosphere and the NO flux.
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One-dimensional model calculations can take into account radiative and photochemical feedback.
Dynamical processes will also be affected by changes in the atmospheric temperature structure.
Using the Oxford 2-13 model (Harwood and Pyle, WS), an attempt to characterize the importance
of the dynamical feedback was made. Table 3-12 shows the percent change in 03 for
perturbations similar to the one reported in 1-13 calculations.

Table 3.12
Percent Change in 03 from Oxford 2-D Model

from Haigh and Pyle (1981).

PERTURBATION GLOBAL 03 CHANGE

CO, (from 320 to 625 ppm) +8.8%

CFC (in 2040) - 12.8%

CFC and CO, (as above) 8.196

Conclusions pertaining to the upper stratosphere, drawn from one-dimensional calculations, are
confirmed by the 2-U calculations. But changes in the zonal mean wind structure clearly
influence the calculated ozone variations in the lower stratosphere especially at high latitudes.
The greatest column change is indicated to occur at high latitudes, similar to the results for
other perturbations.

COMBINED SCENARIOS

Many of the above studies (predictions) were based upon the assumption of single source
function changes. That is, the scenario assumes that only one source of stratospheric trace
species may change at any given time. This single perturbing source scenario allows a clear
delineation of the details of perturbing influence and the corresponding feedback processes.
However, it does not reflect reality. As is clear from the above discussions several source
functions have been changing over past decades. In fact this information has been used to
construct individual scenarios for analysis. If we are to understand events of the recent past we
must study a likely set of combined scenarios. For example, N20, NOx from subsonic aircraft and
FC-11 and FC-12 have all been increasing during the past two decades. Consequently if we are to
understand the long term ozone trends over the same period we must evaluate how these
simultaneous changes may affect stratospheric ozone. This combined scenario is particularly
important in view of the interference among various perturbing influences. Figure 3-14 illustrates
one such coupling. As our understanding of stratospheric chemistry improves the theoretically
predicted ozone perturbations due to NOx from aircraft and CFCs change. It is important to
note that since 1976 the estimated influences of added chlorine and NO x are changing in
opposite directions. As the influence of one increases, the other declines. Consequently if both
NOx and CIOx are increasing either in the past or the future, it is not possible to construct the
net changes by summing results from individual single scenario studies. In the following section
a set of likely combined scenarios have been studied both to estimate the ultimate changes in
ozone and to help to evaluate the accuracy of theoretical models by comparing with observed
ozone changes in the most recent past.

To provide a framework for testing model predictions calculations must be made for the time
dependence of the ozone change expected as a result of all of the influences which should have
changed ozone. figure 3-15 shows the trend predicted with the LLNL model, Penner (1981),
relative to 1970 for total 0 3. The solid line was calculated using the historical release rates for
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Figure 3. 15. Percent change in Northern Hemisphere total ozone for time-dependent scenarios of changes in
CFCs, CO2 and aircraft emissions (Penner, 1981). Stratosphere contains 1.1 ppb of Clx initially.
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CF2C12, CFC13, and CH3CC13 through 1980 with a constant release rate at 1947 production levels
thereafter. CO2 followed the historical increase to 1990, then increased by 1.5 ppm/year.
Subsonic aircraft emissions increased by 9.4%/year up to 1975 as indicated by Bauer (1978).
Emissions increased by 8.8%/year after 1975 to reach the 'low' 1990 emissions estimate of Uliver
et al. (1977). Emission rates for the Northern Hemisphere were used so that the calculations give
the expected change in ozone averaged over the Northern Hemisphere only. The reaction rate
coefficients were taken from JPL 81-3 (Case B). The solid line represents the most probable
model prediction for the resulting 03 trend. The dashed curve is a similar calculation without
CO2 increase or aircraft emissions. Clearly, these opposing effects tend to cancel masking the
individual effects of either.

The trend for the curves for the decade 1970 to 1990 is -0.13% for the 'best' scenario and -0.73%
for the CFC only scenario. Figure 3-16 shows a similar set of calculations for upper level 03
(Umkehr layers 7 + 8 + 9) also from Penner (1981). The 10-year trend for the decade 1970 to 19O0
is -2.6% for the 'best' scenario and -3.8% for the CFC only scenario.
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Figure 3-16. Percent change in upper level ozone (near 40 km) for time-dependent scenarios of CFC,
CO2 and aircraft emissions (Penner, 1981). Stratosphere contains 1.1 ppb of Clx initially.

Figure 3-17 shows more detail on the altitude profile of the change in ozone in the Northern
Hemisphere for a combined scenario between the years 1971 and 1980. These also were run on
the I-LNL model by Wuebbles and Luther (1981) using the NASA/COUATA chemistry. The small
change in total ozone column (+0.13%) is seen to be made up to a decrease of approximately
3.5% centered about 40 km and an almost exactly cancelling increase of about 7% centered about
10 km. Thus although the predicted change in column content is essentially zero, significant
changes are predicted in the upper stratosphere and in the troposphere which can be compared
with available data.
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Figure 3-17. Calculated change in Northern Hemisphere local ozone from 1971 to 1960 for CFC only and
for CFC plus other anthropogenic source perturbations (Wuebbles and Luther, 1981). Strato-
sphere contains 0.6 ppb of Clx in 1970.

Figure 3-18 extends this computation to the year 2080, illustrating the time evolution of the
altitude profile of ozone change (Wuebbles and Luther, 1981). The aircraft emissions are assumed
constant after 1990 and the tropospheric increase quickly becomes near a steady-state at a 2D%
increase. The fluorocarbon emission rate is also steady but the long residence times give rise to
a continued increase in the upper stratospheric depletion.
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Figure 3. 18. Calculated change in Northern Hemisphere local ozone at various times relative to background
atmosphere for perturbation containing all anthropogenic sources (Wuebbles and Luther, 1961).
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OZONE VARIATIONS AND TRENDS

Studies of long-period variations of different atmospheric parameters have shown that although
the amplitude of such variations generally increases with the length of the period studied the
slope of the change as a function of time decreases (e.g., NAS, 1975). Also, as clearly indicated
by the results discussed by Birrer (1974, 1975) for variations of total ozone at Arosa, slight
changes of the time period or length of the period could result in changes of sign of the ozone
trend. The choice of a suitable time interval over which ozone variations are calculr.ed is
therefore normally motivated by two factors: First is the total time period for which there are
suitable data; second is to attempt to test specific physical mechanisms, if known, that influence
the ozone variations. Since most ozone observing programs started sometime after 1958, the
longest interval that can be used to calculate representative ozone trends is (except Arosa) of
the order of about 20 years.

The basic pattern of seasonal and spatial variation of total ozone and its vertical distributions
are well documented and reasonably well understood. Long-tern ozone variations, however, are
not as evident and are not well understood. Major difficulties in establishing the existence of
these long-term ozone changes stern from the requirement that the observed data series be long
enough so that random fluctuations, real or due to measurement noise, do not mask the
'observed' variation, and that the observations be distributed geographically to provide a
representative sample for a global average. Ground-based total ozone observations are not
adequately distributed over the globe and satellite observations are presently available only for
relatively short periods. Nevertheless, some information is at hand to indicate apparent global
ozone variations over the past 20 years. Such information can then be compared with the
appropriate theoretical predictions so as to provide an assessment of the adequacy of various
theoretical models in making predictions of ozone perturbations.

OBSERVED TOTAL OZONE VARIATIONS AND TRENDS

Descriptive Analysis

Earlier analyses of long term ozone trends have usually used linear regression analysis or
piecewise linear least square fitting techniques, e.g., Komhyr et al. (1971); Johnston et al.
(1973); Angell and Korshover (1973, 1976, 1978b); London and Oltmans (1978/1979); and Birrer
(1974). Komhyr et al. first noted that there was an apparent increase in total ozone over the
Northern Hemisphere during the 1960s. Thi; has been confirmed by all later analyses. Further,
London and Oltman showed that no such changes could be established for the Southern
Hemisphere. Johnston et al. showed that there is more structure in the ozone record of the
sixties than a general increase. Specifically their analysis supports the view that there was a
decrease of a few percent in total ozone in the early sixties and a slow increase after 1%3. This
piecewise linear trend is consistent with the single trend for the full period seen by others.

Figure 3-19 is typical of such analysis and contains all of the observed data for the 22-year
period (1958-1979) as derived from the ground-based network of Dobson and M-83 stations
(WMO, 1981). in Figure 3-19 the annual average total ozone amounts expressed as the average of
the percentage deviation from each station mean are plotted for different geographic regions,
latitude zones, and for the globe. The vertical bars extend two standard deviations of the mean
(standard deviation divided W the square root of the number of stations) either side of the
mean, as determined yearly from the percentage deviation from station average of the station
values within the region. There is the inference that there is only about a 5% chance that the
true value of the yearly mean lies outside the extent of the vertical bars,
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Figure 3 . 19. Variation of annual total ozone (WMO, 1981).
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Because of the uneven distribution of Dobson stations the overall uncertainties are believed to
be underestimated. It is only to a first approximation, then, that we can state that if the verti-
cal bar does not intersect the zero axis the mean value for the year is significantly different from
the long-term average. This technique only indirectly addresses the problem of the significance
of a long-term trend through the aegis of non-overlapping vertical -%, s for different years.

The average for the Northern Hemisphere mid-latitudes, shown in Figure 3-19, was obtained from
a 3, 3, 2, 1, 1, weighting of the total-ozone values for North America, Europe, Soviet Union, Japan
and India, respectively. 'Vote that the Soviet Union data are not presented in Figure 3-19 because
of the space required to encompass the large deviations and broad confidence limits. The above
subjective weighting is based on relative area of the region, number of stations within the
region, and estimated accuracy of the data. The Soviet Union receives half the weight
appropriate for its area because of the relatively poor Quality of the H-83 data. This could be
increased somewhat for the mid-and-later 1970s in light of the instrument improvement after
1971.

In other zones the station values are simply averaged to provide a regional mean. A hemispheric
average was then obtained from an approximate area weighting i.e., a 1, 3, 2 weighting of polar,
mid-latitude, and tropical zones, respectively, while the global average has been obtained from a
1, 3, 4, 3, 1 weighting of north polar, north mid-latitude, tropical, south mid-latitude, and south
polar regions, respectively. More details on the method of analysis are contained in Angell and
Korshover (1978b). It is obvious from the data plotted in Figure 3-19 that there are regional
differences in the year-to-year and long-term ozone variations. However, for the work; average
there appears to be an increase of ozone during the period 1960-1970 and a decrease from
,970-1975. Analysis shows worldwide ozone maxima in 1954, 1970, and 1979, the years of
sunspot maxima. This latter result may be an artifact of the .method used in the global analysis,
but because of its significance in delineating and understanding 'natural' mechanisms for
I• ng-period ozone trends it is necessary to see if this pattern of variations can be verified. ',s
mentioned in Chapter 2 Keating et al. (1981) have analyzed the global mean total ozone derived
from the Nimbus 4 BUV instrument and found a high correlation with solar activity. These
results have been challenged by Reber and Huang (1981). Keating et al. (1981) also show that
when corrected for BUV instrument drift (discussed in Chapter 2) a residual 2 to 3% decrease in
ozone from solar maximum to solar minimum appears. The shortness of the satellite sampling
period precludes the drawing of final conclusions from these data concerning the magnitude of
solar influence on total ozone.

Observed ozone changes averaged over the Northern Hemisphere and the world suggest that a
10year time interval is the shortest period that is meaningful for calculating ozone trends. In
addition, the present diagnostic study is an attempt az assessing the effects of human influences
on ozone variations. Since model predictions of some of these effects are based on the assump-
tion that these influences have had an increasing impact on stratospheric ozone since the early
1970s it is of some interest to start with analysis of decadal ozone variations where the data
permit. It should be noted, however, that as the data base increases, and other mechanisms for
effecting ozone variations Are tested, difterent time intervals need to he used for ozorte slope
determinations with, quite likely, somewhat different results.

The results (A computed 10year trends for Arosa, shown in Figure 3-20, are based on the
horry ,geneous 'C' wavelength Dobson observations discussed by Birrer (1975) and extended to
include the 10year interval 1970-1419. The largest decadal increase during the entire period of
observations occurred during the interval 1932-1941 (-2 DU/year) followed by the largest
decadal ozone decrease in the interval 1940-1949 (-2.8 DU/year). This large decrease was the
result of the high ozone values during the winter and Spring of 1940 and 1941 associated with
the frequent outbreaks of cold Arctic air and strong advection of high ozone concentrations from
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the no h. Subsequent increasing and decreasing slopes at Arosa are much less pronounced. The
pattern of variation of 10-year trends appear to be rando% although this inference must be
treated with caution in view of the short observational record (Less than 50 years).

Linear total ozone trends at Arosa calculated for 20-year intervals are also shown in Figure 3-20.
For t. - larger time interval, the magnitude of the trend vaiues is smaller and the high frequency
trend fluctuations are damped. There has been a continuous negative 20year trend since the
mid-1950s, aithough the overall change at Arosa for the period 1932 -19;9 is very small (-0,11
DU/year).

DATA FOP% DOBSON" C" WAVELENGTH OBSERVATIONS AT AROSA FOR THE PERIOD 10.321979
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Figure 3-20. Observed 10-Year ano 20-year trends of total ozona for Arosa.

Trends in total ozone for successive, overlapping 10-year intervals are presented in Figure 3-21
for mid-latitude regions in the Northern Hemisphere, The solid lines denote decadal trends
obtained by lineal regression. The dotted line for North America representE decadal trends
obtained from a least squares autoregressive model ( Komhyr, personal communication). Even
t,iough the : , 3o techniques do not use exactly the same data set, the results are similar, with a
strong tendency for the decadal trends to progress from positive to negative during the
approximately 20-year period studied.

The progression in decadal trends is similar in Europe and North America, but Japan shows little
variatior in the trend with time, and the variations in India and the Soviet Union have tended to
be out of phase. The very large decadal trends indicated by Soviet 41-83 data must, of course, be
considered with caution.

Figure 3-k2 presents th•! derived decadal trends in total ozone for different latitude zones,
hemispheres, and the world. Here the solid lines represent the 10-year trends obtained using the
M-83 data, the dashed lines the trends obtained excluding the N-83 data. in north temperate
latitudes the results differ by as much as a factor of two in the the two cases, but in the
average for the world there is little difference in the variation in derived decadal trends if the
M-83 data are excluded. The amplitude of the decadal trend variation is much larger in the
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Northern than Southern Hemisphere during this period and the world variation reflects the
Northern Hemisphere pattern.

An important point to consider is the difference in decarial trend at yearly intervals. Even for the
world as a whole the decadal trend of -1.0% in 1%9-1978 changed to only -0.3% in 1970-1979.
Accordingly, the trend obtained for any particular decade should be considered in the context of
the trend for adjacent decarks. to ensure that a representative trend is being obtained.

Time Soria Models

Meteorological and environmental data for specific localities are frequently collected at equally
spaced time intervals e.g., hourly observations of pressure, daily values of average temperature,
monthly averages of total column ozone. Due to various natural and man-made causes, such time
series often exhibit the following types of behavior: (1) regular annual or other perimic
patterns, (2) slowly evolving underlying long term variation, and (3) irregular short -term noisy
fluctuations. To characterize these variations, we can write a time series of, say, monthly
observations Y(t), where t stands for month, as

Y(t) -	 u + S(t) + N(t)	 (5)

where u is the mean of the series, S(t) represents a seasonal component and N(t) a
nonseasonal .-onVonent. The S (t) component can often be adequately described by aimbiaration.
of sinusoidal functions with period of 12 months and their harmonics, or simply 12 constants
for the 12 months of the year. Variations in the N(t) components can sometimes be explained by
the dynamic influences of ether atmospheric rel:,ted factors. However, it is frequently the case
that the physical nature causing the variation is rather complex and mit clearly underst^W)d, or
that ackquate data on the atmospheric parameters are not available. Because of the dy ndmic
nature of these exogenous influences, time series obstorvations are often autocorrelated so that
there is information in the series itself which could be used to make inference about its future
pattern. It is for this reason that models relating N(t) to past values N(t-1), N(t-2), ... have
been found useful to characterize the behavior of time series.

From the original work of Yule (1927), a useful class of time series models are the autoregressive
processes

N(t) - ^1 N(t-1) + ... + ^ pN(t-p) + c(t)	 (b)

where r (t) represents a series of independent random variables with zero means. As an
illustration Figure 3-23 gives the dese►asonalized series of monthly total column ozone at
Kodaikanal frown 1%1 to 1979, exhibiting considerable lo%v and high frequency variations.
Employing nksdeling procedure described, e.g., in Box and Jenkins (197b), an adequate im)del for
this series is

N(t) - 0.75 N(t-1) + 0.1b N(t-2) + e(t) 	 (7)

Figure 3-24 shows the ocsidual series c(t) computed from Equation (7) indicating that much of
the variation in the N(t) series has been accounted for and a (t) is essentially a white tvaise
series.

The power spectrum of time series provides an alternative to time domain autoregressive Vnodels
for describing the autocorrelation structure of a time series. It describes the way in which the
variance of the series is associated with different frequencies (see Figure .1-25).
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Figure 3.25. Statistical power spectrum model (schematic).

The power spectrum of a time series is the Fourier transform of its autocovariances, which are
the hases for estimating time domain models. It therefore contains, in a mathematical sense, the
same information as the autocovariances, although it expresses that information in a different
way.

A series with no autocorrelation has a flat spectrum. It is often called 'white noise,' by analogy
with the spectrum of white light. Geophysical series typically have 'red spectra,' i.e., higher
spectral power at k)w frequencies than at high frequencies. Such series are typically smoother
than white noise, and often show sustained swings above or below their long term means.

The problem of detecting changes in total ozone due to possible human influences (such as
CFCs) can then be analyzed through statistical analysis of the available time series of total ozone
observations. The model assumed for the monthly averages, Y(t), of total ozone collected at a
particular location is

Y(t) =u+ S(t) +wX(t) + N(t),	 (8)

where as before u is the mean long term total ozone amount, 5(t) represents the annual
seasonal component of variation, X(t) represents the form of any deterministic trend and N(t)
represents the "noise' or error component reflecting the aggregate effect of natural, measure-
rnent, and other causes which could induce nonseasonal variation in the total ozone data. Thus
N(t) may contain various low and high frequency components of variation, and hence, may be
autocorrelated. To account for this autocorrelation, N(t) may be modeled by the autoregressive
process as in Equation (b), where N;t) possibly has different variances for different months of
the year.
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Statistical Analysis

Three statistical studies for the detection of changes in ozone have been made recently based on
average monthly total ozone amounts frorn a network of 36 or 37 Dobson observing stations for
the period 1958-1979 (Bloomfield et al., 1961; Reinsel et al., 1%1c; St. John et al., 1981). In the
first two studies, the function X(t) representing a linear trend starting in 1970 was used in the
model to estimate a global change in ozone over the period 1940-1979 that may be associated
with human activities. In the third study (St. John et al.) a trend function shaped like the
predicted CFC effect starting in 1960 was used. The 36 stations used in these analyses can
conveniently be grouped into seven different geographical regions, North America, Europe, Japan,
India, Australia, South America, and Hawaii (somewhat similar to the group used by Angell and
Korshover, see W.MO, 1981). It is this structure that has been used to obtain a global estimate of
the change in ozone during the 1970s and an estimate of the standard error of this estimated
global change by accounting for the revealed variation within individual stations, among stations
within each region, and between regional averages.

In the study by Bloomfield et al. (1981), the noise component time series N(t) in Equation (8) for
each of the 36 stations was assumed to consist of a global component common to all stations, a
regional component common to all stations in a given region, and an individual station
component. Certain assumptions concerning the nature of the spectral characteristics of these
various component series were made, and their analysis was then carried out using frequency
domain techniques.

In the other two studies autoregressive time domain methods were used to estimate models of
the form if Equations (8) and (6), separately for each of the 36 stations' time series. This
procedure results in an estimate of the rate of change parameter w in Equation (8) and an
estimate of its corresponding within-station or individual station standard error for each of the
36 stations. In Figure 3-26, a histogram of the 36 trend estimates w (expressed as percent
change per year) obtained from the analysis by Reinsel et al. (1961c) is shown. The trend
estimates in the histogram seem to form a cluster about zero which suggests no overall trend
during the 1970s. Since the typical est. sated standard error of an estimated percentage change
within an individual station is about 0.15% per year, the large spread among the 3b trend
estimates in Figure 3-26 indicates that there are other sources of variation in the estimated
trends in addition to the within-station uncertainty. These sources of variation may be due to
any factors which can cause variations between estimates within a given region as well as those
which cause variations between regions. Hence tc, obtain an estimate of global change, the 3b
trend estimates of the rate of change can be represented as:

individual trend estimate = global trend + regional trend effect
• individual station effect within region
• within-station error.

Then assuming that the within-station, among-stations-within-region, and regional effects are
random components with cero means and unknown variances to be estimated, standard variance
component! techniques may be applied to the individual trend estimates to obtain an estimate of
the global trend w, as well as estimates of the variances associated with the various effects. One
of the main effects of the variance components formulation aix)ve is to account for the fact that
the individual trend estimates of neighboring stations within each region will be (positively)
correlated. Having obtained the global trend estimate we may also estimate its standard error and
'partition' this standard error into the contributions from the within-station, among-stations
within-region, and between-regions sources of error. For the two time domain studies, the con-
tribution to the standard error of the estimated change based on the analysis by Reinsel et al.
(1981b), from within-station, among-station-within-region, and between-regions variations are
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w (percent per year)

Figure 3 26. Distribution of total ozone trend estimates from time series model

0.38%, 0.39`1;, and 11.40`$, respectively, while the c,)ntribUtioin to the standard error based on the
work by St. lohn et al. (1981), due to within-station and the combined effect of among-station-
within-region and between-regions variations are 0.41% and 0.43'0, respectively. 1 hose values
are summarized in Table 3-13 below.

Table 3-13
Revealed Total (Dune Trend Standard Errors from Dobson Stations

(Expressed as Percent Per Period Shown 

Components of Variation

Researeller
Tyre of intervention

Woonitleld ct al. Retrisel et al. St. Juhn et al.

Linear trend linear trend CFC shape curve
Period 1970.79 1970.79 1960.79

Nwnbcr of Stations 36 36 37

(I ) RSUun-station vanauun (o l )

0.37

0.38 0.41

(_) Aniong -stauuns -within - regions variation (c .1 U.39

- ; 0.43

(3) Amueg-rcgiuns variation (0 3 ) 0.40 0.40

1.35Total 3:aA = t2, 1 t 02	 t o3 31.2

,o
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In the frequency domain analysis of Bloomfield et al. (19131) the correlation structure of a time
series is considerably simplified by taking its discrete Fourier transform. In fact, to a good
approximation the values of the Fourier transform are uncorrelated, and have variances
proportional to the power spectrum at the appropriate frequencies, provided these frequencies
are separated by multiples of one cycle per record length. Thus, a model such as:

observed data = systematic part + autocorrelated errors

can be replaced by:

Fourier transform of data = Fourier transform of systematic part +

Fourier transform of errors,

in which the error term is now essentially uncorrelated from one frequency to another. The
transformed model can therefore be analyzed by weighted least squares, provided the spectrum
of the error term can be estimated.

To analyze cross-correlated data such as ozone records from 36 stations, the cross-spectrum of
each pair of stations must be considered. The simplest way to handle these is to assume that
the observed ozone measurement can be represented by:

observed data = systematic part + global component

+ regional component + station component

The three components are each autocorrelated time series, but are not necessarily
cross -orrelated with each other. The station component represents all sources of variation that
are individual to the station (within-station and among-stations-within - regions). The regional
component is common to all stations in the given region, but differs from region to region. It
therefore causes cross-correlation am -ng stations in a region, but not between pairs of stations
in different regions. The global component is common to all stations. It thus adds to the
cross-correlation among stations within a region, and introduces cross-correlation into all other
pairs.

Since there are several independent replicates of the station and region components, their
spectra can be estimated by averaging their raw sample spectra (periodograms) across
replications, rather than across frequencies. However, the global term is not replicated. To
estimate its spectrum, we assume that it is proportional to some giv;+i function, large at low
frequencies, such as 1/f or 1//V.

When unknown constants in the systematic part of the model are estimated by weigc:t^-o least
squares, their standard errors can be broken down into contri: itions from each type of
component. The contribution from station components combine. the 'within -station* and
'among station within region' contributions of the time-domain approach. The regional
contribution has the same interpretation in both approaches. However, theigobal component
has no counterpart in the time-domain approach.

i
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The result when the hypothesized trend w X(t) is fitted to the same 36 Dobson stations as used
in the time-domain analysis is that the change from 1940 to 1979 is estimated to be 1.7% with a
standard error of 1.0%. The station, region, and global components of this standard error are
0.37%, 0.40%, and 0.87%, respectively. In this analysis, a function similar to 1/f was used to
model the global spectrum. The high power in this function at low frequencies explains the large
contribution from the global component.

In summary, the three studies by Bloomfield et al. (1961), St. John et al. (1961), and Reinsel et
al. (1981b) give the following 95% confidence intervals for global change in total ozone in the
10-year period 1970-1979.

Bloomfield et al.	 (1.7 +2.0)%
St. John et al.	 (1.1 + 1.2)%
Reinsel et al.	 (0.8 + 1.3)%

ESTIMATES OF UNCERTAINTY IN TOTAL OZONE TRENDS

The above mentioned statistical analyses of time series models are based on total ozone records
at 36 or 37 Dobson stations that have observations over periods ranging from 11 to 22 years.
Analysis of the variations within and among stations reveal several types of uncertainty of trend
estimates. These are called 'revealed' estimates.

Such records by themselves cannot reveal the uncertainties due to fluctuations over long periods
(more than 50 years or so) or possible biases due to the location of the Dobson stations. Some
separate computations have been made to estimate the magnitudes of these uncertainties
utilizing some additional ozone measurements. However, these are much less accurate ('softer')
and are called 'unrevealed' estimates.

Revealed Uncertainties Derived from the Dobson Network

The statistical analysis of total ozone determined from the Dobson network has led to estimates
of the standard errors of the deterministic trend estimates from testing for changes in the 1970s.
This 'revealed' variation is quantified, but not necessarily identified as to cause. As shown in
Table 3-13, the t2a limits or trend uncertainties were derived from breaking the variation into
components of error in the classical statistical variance component or random effects approach.

The within-station component (01) reflects the uncertainty in any trend estimate at a station
after the station time series has been fitted by an autoregressive type model. This contains the
aggregate effect of random noise and some of Cie low frequency variations in the record captured
by the autoregressive model.

The component (02) refers fo the variation in the trends from station-to-station within regions.
This will include contributions due to station-to-station instrumental drifts, operator effects,
local pollution, and meterological variations that lead to trends or drifts. Since some of the
regions are large, both large-scale and mesoscale meteorological variations contribute to 02-

The component (03) refers to the region-to-region effects that can influence trends. Here the
regions considered are North America, South America, Europe, India, Japan, Australia, and
Hawaii. This will include contributions from spatial sampling effects such as variations due to
large scale planetary waves that are shifting over time, and region-to-region instrumental effects,
e.g., possible instrumental drifts in the secondary standards.
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The values for a1, 02, and a3 as computed by three different groups are given in Table 3-13. In
some cases, as indicated, the values were not computed individually in the statistical analysis.
When a 1, a 2, and 03 are combined, a measure of the t2 standard errors (t2aA) associated with
revealed uncertainties can be calculated. Note the close agreement in t2a A among the three
investigators using 36 or 37 stations in the analyses.

The good agreement among the three studies is not surprising because they are based on
essentially the same statistical model; that is, assuming no deterministic trend in the 1%Os and
using either a linear trend or a function shaped like a chlorofluorocarbon (CFC) prediction
curve.

In the NASA RP 1049 (1979) document, the following sources of trend variation were offered in
the absence of formal statistical analyses, with the exception of the first source:

°scat = random noise and unmodeled short-term time dependencies

ainst = trend errors in Dobson instruments
°spat = spatial sampling
gnat - natural long-term variation in global zone
°other = other possible man-made changes

Although the associations that can be made between these sources of variation and those that
come from statistical analyses do not have a one-to-one correspondence, the statistically
calculated as capture variability contained in astato a insto aspat, and gnat plus additional
contributions of variability. The variation described by astat is captured in a1. The contribution

Of ainst can be spread across a1, a2, or a3, depending on whether an instrument drift varies
within a station, varies from station-to-station within a region, or is common to one region but
not to another. The spatial sampling variability in aspat is captured by a2 and 03. Any spatial
bias, that is riot corrected for, would appear in the trend estimate. However, if the mean
sampling bias over long periods (say 10 or more years) is not significant, aspat would be
accounted for by 02 and 03. Low frequency contributors to acat contained in the Dobson data
will appear in a1.

Finally, anther was introduced to account for other man-made variations if one wanted to detect
and identify a CFC effect over and above other man-made effects, as discussed elsewhere in this
report, and natural variations. An estimate of this does not seem appropriate from the
statistical approach and would have to be done via theoretical chemical model simulations using
different chemistry scenarios, assuming an estimate was needed.

Uncertainties Due to Long-Period Variations (a4)

Bishop and Hill (1981) inferred 04 from a modified 48-year total ozone record at Arosa, by
considering the standard deviations of 1U-year trends, and obtained 04 = 0.75. Probably only an
extremely small fraction of this number is due to 'revealed' temporal variations if the estimate
given by Tiao is applicable. Although there is considerable uncertainty about the global
representativeness of the Arosa data, this series is the only long-period record available and the
question is still open. At any rate, it is clear from visual inspection of the curves shown in
Figure (3 -27) based on the 53 year data set of 'C' wavelength observations at Arosa (1927-1979)
(Birrer, 1975; Nitsch, personal communication) that the low frequency contribution to variations
contained in the Arosa series is not negligible. Many meteorologists believe that long-period
ozone variations are associated with long-period variations of meteorological variables (see, for
instance, Newell and Wu, 1978). The only variable for which we have reasonably reliable
information over a century or longer is surface temperature. This has a white spectrum down to
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frequencies of order 1 cycle/century, beyond which the spectrum appears to contain an
additional 'red' component. Hence, it is possible that the estimate by Bishop and Hill is low.

In any case, we cannot give an exact estimate of 04. If, indeed, the unrevealed low frequency
ozone variations are not zero, there is an added uncertainty which should be includci in the
value for o4, that due to the applicability of the statistical model chosen. Also, a component of
long-term ozone variation, due to tropospheric pollution sources, discussed at this workshop
(see Chapter 1) does not have the trend pattern assumed in the statistical models. Thus the
range for 04 would be from a low of 0.75% (Bishop and Hill value) to some higher but
subjectively determined value. The corresponding 2 04 uncertainty range would begin at 1.5%.

Spatial Data Representativeness of the Dobson Network

Satellite data can be used to study the question as to whether or not the trends derived from
the Dobson network are representative of global trends. Unfortunately, trends from satellite
observations can be derived only over periods of about 4 years or so (see earlier discussion of
satellite data). Some of the comparisons to date are discussed below.

One of the major difficulties encountered in the literature of estimating global total ozone
variations is that there is no unique way to estimate such changes from the given ground-based
data set. Each investigator has considerable flexibility in determining the technique of area
integration and re!ative weight assigned to each method of observation (e.g., Dobson versus
M-83).

For example, London and Oltmans (1978/1979) analyze the monthly average data in a synoptic
manner, integrating the hemispheric and global values from values interpolated to a uniform
latitude, longitude grid. Angell and Korshove (1976b) assign relative weights to groups of
stations; this weight depending on the number of stations in the region, its relative area and the
'confidence' in the quality of the data. Hasebe (1980), on the other hand, has recently developed
an optimum interpolation analysis technique applicable to the monthly average data. The integral
values are then determined from the gridded data. Finally, Reinsel et al. (1981a) determine the
trend at each site from a 36 Dobson station network and use these determined trends to arrive
at a global trend.

The relative weights assigned to the observational regions by Angell and Korshover (1976) and by
Reinsel et al. (1981a) are indicated in Table 3-14.

Clearly, significantly different weights are assigned by each group and one might anticipate that
different trends would be obtained for the same period.

The additional question of the impact of regions unsampled by the ground-based sites on the
actual total ozone variations has been studied by using data from the Backscatter Ultraviolet
Ozone Sensor on Nimbus 4.

Reinsel et al. (1961b) use BUV data for the periods April 197U through May 1'175 and through
April 1977, and compare the distribution of 468 trends estimated from monthly averages of ozone
gridded in 468 blocks over the globe with that determined from the 36 'trend estimates' obtained
from satellite data sampled initially every third day (but with decreasing frequency through the
satellite operational period) at locations near the 3b Dobson stations. (See discussion of 13UV
data coverage problem in Chapter 2). For both time periods, the means and standard deviations
of the two sets of trend estimates were in close agreement, with the difference in means
between the 468 block trends (weighted by surface area) and the 36 trend estimates equal to
about 0.6% per decade (36 trend estimate value less negative).
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Table 3-14
Relative Weights for Averaging Globzl Trends from

Ground-Bwd Observations

Area	 Reinsel et al.	 Angell and Korshover

North America 4.0 3
Europe 4.4 3

India 3.5 1

Japan 2.6 1
Australia 3.0 8

South America 2.0 2

Tropics 1.2	 (Hawaii only) 13

Soviet Union 0 2

North Polar 0 3

South Polar 0 3

A. Miller et al. (1981) on the other hand, examine the BUV data for the Northern Hemisphere
(0-6^) only and for the more limited time period April 1970 through mid-1976. For this case,
the results indicate an approximate 2% difference in trend over the 3 years with the Angell and
Korshover (ground-based) trend more negative than the BUV trend. This is consistent in sign
and about 1 w larger than the earlier resuirs of A. Miller et al. (1979d) in which they used the
meteorological fields at 5(R9 to examine the possible spatial sampling errors. The ground-based
total ozone data set does not currently have adequate geographic and temporal coverage to
define uniquely a representative 'global' ozone trend. Judicious increase of the ground-based
observing network and complementary use of satellite observations, as recommended in the VAAO
report (WMO, 1961), would help to ameliorate this problem.

At present it is difficult to make a quantitative estimate from this information concerning the
effect of a possible bias for Dobson station locations, a5, on trend determinations. The
'revealed` effect is captured mostly in 0 3 (Table 3-13), but also in a2. Thus, the total
uncertainty in the trend due to spatial variation is of order 0.5%. If the results of Reinsel et al.
(1981b) were completely certain, there would be no indication of a spatial bias due to the
locations of the Dobson stations. In contrast, the work by Miller et al. (1981) suggests that
considerable biases may exist.

In the mean, over very long periods, both global and Dobson location trends are zero. Therefore
the problem is to estimate the standard deviation of such trend differences, given that, on one
trccasion, the difference was 0.6%. Clearly, such a standard deviation is uncertain. It is difficult
to give a numerical estimate of a5, the eifect of Dobson location bias on trend estimates. A
range of 205 values from 0 to 2% is suggested.

Synthesis of Uncertainties in the Trend Estimates

Thus far the revealed 2a uncertainty of the trend estimate is estimated to be about 1.2%. The
unrevealed contributiulis were estimated to vary between 1.5% to 3 	 to orate an 0
(spatial). Taking means to be most robable, the overall 2a limit becomes 	 1.2 + 2.25

2.7%. The leawer limit is V 1 + 1.5 7- = 1.9% and the upper limit is 1.2 + 2 • _
3.8%. The meteorologists at the workshop tended to prefer values close to this upper limit,
while most of the statisticians present preferred values closer to the lower limit.
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OBSERVED CHANGES IN VERTICAL OZONE PROFILES

For many reasons, the ozone concent ►ation in particular altitude regions will experience a more
rapid and larger percent response to most perturbations to the ozone system than will the total
column ozone. This response, however, can be quite different at different layers in tit.
atmosphere depending on the particular physical/chemical perturbation Imposed. Purely
photochemicaily related variations would generally be observed at levels above about 30 km.
Those variations associated with interacting atmospheric chemical and transport prozesses would
be reflected in changes below about 30 km. It is appropriate therefore to analyze long-term
ozone variations as a function of altitude.

The only observations presently available for upper level long-term ozone analysis are those
derived from Umkehr and ozonesonde measurements. These measurements are severely restricted
as to length of the observational period, instrumental and meteorological biases, and both time
and space sampling problems. Many of these problems will certainly be ameliorated in the near
future as BUV and limb IR techniques provide a suitable data base f.--r stratospheric ozone trend
detection. Such observations have been made and continue. Satellite data sets are now available
for analysis of temporal observations from the Nimbus 4 BUV and Nimbus 7 SBUV observations.
Programs for an integrated global observing system are currently being developed (WMO, 1961).

Routine Umkehr measurements from a few stations are available for almos+ 20 years and ozone-
sonde measurements for almost 15 years. Most of these stations are located in mid-latitudes of
the Northern Hemisphere and analyses of some of these data have been discussed for a few
individual stations by e.g., D'utsch and Ling (1973) and Pittock (1977). Variations of the annual
averaged ozone amount in different layers for a group of stations in mid-latitudes of the
Northern Hemisphere are shown in Figure 3-28 as prepared by Angell and Korshover (see WMO,
1961). The annual percentage change from the long-term mean is given as an average of the
observations from North America, Europe, Japan and India. The vertical bars represent two
standard deviations of the mean as in tt case of total ozone. Some caution must be exercised
in evaluating the results shown in Figure 3-28. The data base is not homogeneous since less than
half of the Umkehr and ozonesonde measurements overlap in place, time, and period of the
observations. Also, it should be noted that ozonesonde observations are generally more reliable
below the ozone maximum (-25 km) and less reliable above the ozone maximum than are Umkehr
observations.

In the 32 to 46 km layer (heights indicated are approximate), most sensitive to the anthropogenic
effects of CFCs, the Umkehr-derived ozone amount continued to increase in 1978 and 1979, with
the 1979 value comparable to those prior to the eruption of Fuego in 1974. The Fuego eruption
brought about are 'apparent' ozone decrease in this layer because of the influence of strato-
spheric aerosols on Umkehr measurements. In Loth 1t) to 24 and 24 to 32 km layers there
continued to be it slight discrepancy between Umkehr-derived and ozonesonde-derived ozone
trends; the ozonesonde measurements yielding a small ozone decrease (superimposed on a strong
quasi-biennial oscillation), the Umkehr measurements showing essentially no ozone change. In
the tropospheric 2 to 8 km layer the ozonesondes continued to indicate an ozone increase in
north mid-latitude regions of about +7% per decade. Both sets of measurements also provide
evidence of a recent ozone increase in the 8 to 16 km layer bracketing the tropopause.

Trends in layer-mean ozone for successive, overlapping 10-year intervals are presented in Figure
3-29 for the various. height layers, as obtained by !inear regression. Here the dashed line refers
to results obtained from north temperate Umkehr observations, the solid line with crosses
results obtained from north temperate ozonesondes, and the dotted and dash-dot lines the
results obtained from north polar (Resolute) and south temperate (Aspendale) ozonesondes,
respectively.
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In the 24 to 32 km layer the results are fairly compatible, but the differences are larger in the
lower layers. Thus, in the 2 to 8 krn tropospheric layer the hspendale data suggest, until
recently, a decadal ozone decrease rather than the large increase indicated by ozonesondes in
north polar and north temperate latitudes. In the 16 to 24 km layer only, the observations in
north temperate latitudes indicate a decadal ozone increase. Note that in the three middle layers
the ozonesonde data for north temperate latitudes suggest more of a decadal ozone decrease
than do the Umkehr data for this climatic zone, in accord with Figure 3-28.

In the critical 32 to 46 km layer dominated by photochemistry, the last few intervals (Figure 3-29)
suggest essentially no change in ozone in north temperate latitudes.

Secular changes in ozone profiles in the 0.7 to 10 mbar region on a global scale have been
derived by Heath (1981c) from an analysis of Nimbus 4 BUV and Nimbus 7 S13UV observations
between 1970 and 1979. The Nimbus 4 instrument operated from April of 1970 to March of 1977
and the Nimbus 7 instrument began op-rations in November of 1978 and continues at present.
See Chapter 2 for a description of the methods, coverage, and difficulties for these experiments.

The Nimbus 4 BUV data shows a continuous and large decrease in deduced ozone at all levels
above 10 mbar (— 31km). The major portion of this decrease is believed to be instrumental but
its cause is not known with certainty. Because of such difficulties Heath (1981c) has used two
methods for examining the BUV and SBUV data sets for trends in the ozone profile. The first
method uses the 7-year BUV data set from Nimbus 4 and attempts to correct for the
instrumental drift by normalization to the Umkehr profile results during satellite overpasses of
the Umkehr stations. This correction is derived from a linear regression analysis of satellite
overpass data by comparing BUV determined ozone concentrations with those obtained from the
ground via the Umkehr technique. The number of overpasses ranged from about 500 in the first
year to about 100 in the last year. The correction is then applied to the entire 7-year BUV data
set resulting in the solid curve in Figure 3-30. The second method compares the data from the
first 6 months of presumably well-calibrated Nimbus 7 data in 1978 and 1979 with the
corresponding months in 1970 and 1971 of the Nimbus 4 data, also assumed to be well-calibrated
at that point. This has been done on a month-by-month basis as a function of latitude and
altitude.

The dashed curve in Figure 3-3U shows the globally integrated results for the SBUV in March of
1979 compared with the BUV for 'March of W1. death (1%lc) has also compared SBUV for March
1979 to RUV for March 1972 and finds a similar effect.

Both analyses seem to indicate a negative trend in the 3 to 6 mbar region (i.e., 35 to 40 km).
They, however, show opposite effects (opposite sign in change per year) a'-ove 2 mbar which
may be due to several possibilities: an incomplete correction of the BUV drift via the Umkehr
comparison, some unidentified variation in either the atmosphere or in instrument calibration, or
that the solar cycle has been responsible for the decrease up to 1976 and tlxr subsequent
increase from that time to 1974

The third possibility, that the upper portion of the change in the ozone profile is related to the
solar cycle, is strongly dependent upon an assessment of the change in sensitivity of the HUV on
Nimbus 4 over its 7-year lifetime. As discussed earlier, the determination of the rate of
decreasing sensitivity of BUV over the 7-year period was derived from near overpass comparison
with Umkehr observations where it was assumed that the sensitivity of the Umkehr network was
invariant with time. This assessment of decreasing sensitivity of BUV indicated an approximately
linear change of BUV sensitivity versus altitude, that is, about *0.35% per year at the mean
pressure level 5 (22 mbar) and -1.5 % per year at the mean pressure of level 9 (1.4 mbar).
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Figure 3 .30. Inferred long-term ozone variations in the stratosphere from satellite observations.

The shape of the observed change near 40 km is similar to that predicted due to chemical
releases of human origin, but to infer any cause-effect relationship rests upon many
assumptions. In the comparison of SBUV (1978-1979) derived ozone with that from BUV
(1970-1971) it has been assumed that the interannual variability in the mean does not represent a
significant contributor to the effect. A further assumption is that the solar cycle effect on
upper stratospheric ozone varies in phase with solar activity and increases monotonically with
increasing altitude. This is in agreement with the analysis of D6tsch (1979) who also found a
two year phase lag (ozone following solar activity) in the Umkehr data from Arosa. Solar cycle
effects are certainly not yet fully understood theoretically. For instance, calculations of the
response of ozone to changes in the solar UV flux, such as might be expected to occur over a
solar cycle, indicate a maximum expected effect at about 40 km (Chandra, 1961; Brasseur and
Simon, 1981). Thus, the problem becomes one of thus uniquely ascribing the 40 km change to its
cause. A major argument for the reality of continuing ozone depletion in the altitude region of
predicted sensitivity to chemicals of human origin rests upon the observation that the shape of
the ozone profile near 40 km did not change in phase with the solar cycle betwevii the beginning
of BUV observation on Nimbus 4 and the first six months from Nimbus 7.

ESTIMATES OF UNCERTAINTY IN VERTICAL OZONE PROFILE TRENDS

The longest record of Umkehr observations comes from Arosa, (and those are available only since
1%6), with a fairly continuous set of observations extending from 1%1 to the present. These
data have been analyzed using time series methods as described above (Penner et al., 1961).
Other stations have records that spar= almost as long a period as Arosa, but contain significant
gaps. Bloomfield et al. (1981), have developed a method for treating less complete data sets with
maximum likelihood methods for first order Markov models. Both stochastic models are severely
limited due to the limited data set available. Estimates for the uncertainty in the observed trend
cannot therefore capture the entire range of uncertainty for determination of trends of human
origin.
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In developing uncertainty estimates we have, as far as possible, followed the breakdown used
for the total column data analysis. Penner's (1961) study was restricted to a single station, and
therefore yields an estimate of the 'within-station' component of variance for Umkehr layers 7,
8, and 9 separately and summed. Bloomfield et al. (1981) studied 15 stations spanning six
regions, and provided estimates of 'within-stations', 'among-stations-within-region', and
'region-to-region' components, for layers 7, 8, and 9 combined. Even the latter study covers only
two stations outside the north mid-latitude region. Also, it should be noted that, because of
the strong decrease of ozone partial pressure with height in the mid-stratosphere, combining the
data for layers 7, 8, and 9 effectively limits the analysis to layer 7 (-4 to 8 mbar). Statistical
analysis of 8 years of balloonsonde data from Aspendale (Pittock, 1974b; 1977) has shown that in
the lower and mid-stratosphere the variance of the observed partial pressure is too large to be
able to detect a significant change over that short period. No new 'hard' estimates are available
for the other standard errors, but the 'soft' estimates from NASA RP 1049 have in some cases
been revised.

Table 3-15 summarizes estimates of the standard errors associated with estimates of the ozone
changes over a data interval of 10 years at various indicated levels in the atmosphere, for
balloonsondes, (using the Mast-Brewer or ECC-sondes), the Umkehr method, and the Nimbus 7
satellite system. The estimated standard errors are reasonably well established in cases where
sufficient data exist and these estimates are underlined. Other estimates, notably for natural
trend variations at various levels in the atmosphere, are soft and are quite uncertain. The latter
are based on a consideration of possible sources of trends and their likely variations. This table
represents a substantial revision of Table 6-15 in NASA RP 1049, where a more general qualitative
discussion of the various sources of error will be found. Table 3-15 is more consistent with the
corresponding table for error estimates on trends in total ozone data (see above). Estimates of
errors in a rocketsonde network, which appeared in NASA RP 1049 have not been included
because few new data are available.

Estimates of errors in trend estimates from satellite systems other than Nimbus 7 are not
presented in Table 3-13 due to the shortness of record. However, data presented by Gille (1980)
show that the LRIR, an infrared limb scanner, determined the monthly average zonal mean ozone
amounts in the tropics at 40 km (2 to 3 mbar) with a standard deviation of 0.05 to 0.1 ppmv,
or ,-1 %. This value includes both instrumental effects and geophysical variability.

The best trend estimates are expected to come from satellite vertical distribution measurements,
where at 40 km for the Nimbus 7 system the estimated value of 2a for a real trend is t1.4% per
decade. Umkehr measurements in layer 7, at 33 to 38 km altitude, are more reliable than Umkehr
values in the upper layers, but the estimated 2a value of t10% per decade is much higher than
for the satellite system. This uncertainty could be substantially reduced by a more representative
global network, as is also true of the balloonsondes. If trend evaluation were restricted to the
north temperate zone where most of the Umkehr and balloon ozonesonde data are obtained,
°spat could be significantly reduced, although probably by no more than 50%.

The estimates of g nat are vey soft, but it is clear that in the troposphere, which is subject to
large meteorological effects, and in the high stratosphere, where solar variations become
important, o nat might be quite large. This would also be true of the lower stratosphere, but less
so in the middle stratosphere. The element, a nat, provides the dominant uncertainty in any
effort to detect a human influence on the stratospheric ozone layer by satellite.

As discussed in Chapter 1, photochemical models of the effects of tropospheric NO x either
injected by aircraft or produced by combustion at the Earth's surface suggest that during the
decade of the 1970s these sources taken separately might each have caused an increase in
tropospheric ozone content of the order of 5 to 2U% in the Northern Hemisphere, and perhaps 1
to 5% in the Southern Hemisphere. However, considerable disagreement exists about the relative
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importance of surface-emitted and aircraft-emitted NOx due to problems in the treatment of
removal by precipitation. The model results for these and other reasons must be considered very
preliminary and uncertain.

A linear regression fit to the 2 to 8 km ozone data in Figure 3-28 which is for ozone in the north
temperate zone, reveals a trend of about +7% per decade. The revealed uncertainties as indicated
by the error bars in Figure 3-28 suggest that this might be a statistically significant trend.
However, our estimate of 20true in Table 3-15 is 08% per decade. This includes estimates of
uncertainties which are not revealed in such a limited data set, if it is to be taken as an estimate
of the global trend. Among the terms included here is an estimate of 0% per decade for
laspatial, which is higl-er than the revealed between regions in the north temperate zone. This
was in part influenced by the one trend estimate obtained from a single station (Aspendale) in
the Southern Hemisphere, which was about -20% per decade (Pittock, 1974b). If we wish to test
for a significant trend in the north temperate zone only, the appropriate °spatial will thus be
smaller, which could reduce 2atrue to about 314% per decade. Thus we can conclude that the
estimated trend in the data differs from zero by only about latrue- It thus has a probability of
only about 2 in 3 of being a real trend.

Nevertheless, the order of magnitude agreement between the possible real observed increase in
tropospheric ozone content in the north temperate zone and that tentatively predicted by the
models is suggestive. More extensive analysis, measurements and modeling are clearly desirable in
order to confirm or deny the reality of this possible effect of human activity on tropospheric
ozone.

Because of the lack of continuous and constantly calibrated observations and the known
degradation which occurred in the Nimbus 4 BUV data as discussed above, the dip apparently
observed in the Nimbus 4 data and the comparison with Nimbus 7 in the ozone profile at around
40 km altitude is somewhat open to question. Nevertheless, if we accept the suggested
explanation for the change in profile, namely that this is due to variation over the solar cycle,
the data suggest that at 40 km the ozone concentration decreased between 1970 and 1979 by
about 5%. This is greater than the estimated uncertainty of the trend 2a of ±1.4% per decade
which is included in Table 3-15 for the Nimbus 7 system.

COMPARISON OF PHOTOCHEMICAL MODEL PREDICTIONS AND ESTIMATED
OZONE TRENDS
The comparisons of predicted distributions of chemical species in the stratosphere and the
corresponding observed distributions discussed in Chapter 1 provide a level of confidence in the
adequacy of the existing theoretical models in describing many of the essential features of the
stratosphere. However, in order to assess hypothesized potential changes in stratospheric
chemical structure brought about by past and future human activities, the models must be able
to predict some past events in a time depender;t scenario. As preceding sections of this chapter
have demonstrated, many such potential factors influencing ozone most likely have occurred
during the past two decades and the models (1-0 and some 2-I)) have made predictions
(estimates) of the expected changes. All 'predictions' covering ozone changes over the past can
in principle be evaluated with the appropriate observed ozone trends. Nevertheless due to
limited data of varying quality and 'unrevealed" influencing factors such comparisons are far from
simple.

As was discussed before, the best available 'global' total ozone records cover only the last two
decades (1%0-1990). Statistical analyses of the ground-based data yield the following estimates
of the hypothesized linear trend for total ozone for the decade 1970-1980:

}



(1.7 t 2.0)%	 Bloomfield et al. (1981)

(0.8 t 1.35) %	 Reinsel et al. (1981a)

(1.1 t 1.20)%	 St. Jonn et al. (19131)

(St. John et al. did not use a linear trend test function for this decade, but for the current
purpose it is not necessary to discuss the details.)

Over this decade the major activities which could affect ozone are high altitude subsonic aircraft
operations, CFC releases, and CO2 increases. The corresponding model estimated trends
(1970-1980) due to these perturbations are:

(-0.4 to -0.7)% for CFC-only scenario

(+0.5 to +1.5)% for subsonic-only scenario

(+0.2 to +0.4)% for CO2-only scenario

These results reaffirm the point that the assumption of a CFC-only scenario for the past decade
is clearly inconsistent with the observations. This is not to say that the statistical time series
model of the observed ozone trend is inconsistent with the CFC release - ozone depletion
hypothesis. In fact, using the best estimates of changes in the major source species for the past
decade, the best combined scenario model predicts the 1970-1980 total ozone trend to be about
(-.13 to +.13)%. (See section entitled 'Combined Scenarios'.) This range reflects the differences
in HOx and CIONO2 chemistry as represented by chemistry B and chemistry D, respectively. (See
section entitled 'Model Prediction of Potential Anthropogenic Perturbations'.) The full range of
uncertainty in model predictions due to uncertainties in chemical reaction rate coefficients is
expected to be much larger, but no new assessment has been made at this time.

In the statistical time series model the objective is not only to estimate the most likely trend but
also to estimate the standard error range for the trend. For hypothesis testing, if the prediction
is outside of the range then the common practice is to question the proposed mechanisms. If
the prediction is within the range then the statistical model has not demonstrated any
inconsistency between hypothesis and data.

During the past decade, the three principal perturbing influences on ozone appear to have been
an increasing CFC content leading to a decrease in ozone in the middle stratosphere, an
increasing CO2 content leading to an increase in ozone in the upper stratosphere, and the
emissions from subsonic aircraft affecting ozone in the lower stratosphere and upper
troposphere. The combined effect of these on the vertical ozone distribution as predicted by
models is shown in Figure 3-17.

The available data for comparisons are more limited and more uncertain than the total ozone
data. Although the preliminary results of both upper stratospheric ozone and upper tropospheric
ozone trends (section entitled Observed Changes in Vertical Ozone Profiles) all appear to be
consistent with the model predictions, it is premature to make this assessment. The satellite and
the Umkehr data must be further evaluated and analyzed. Many assumptions used in the analysis
and interpretations of satellite data have not been confirmed or cross checked. Until then, one
should consider the vertical ozone distribution changes to be one of the most challenging
research problems of this time.
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INTERPRETATION OF MODEL PREDICTIONS

Most of the predictions of ozone perturbations in this report are still derived from one-dimen-
sional models (1-13). Although there are selected results from two-dimensional models (2-D),
they generally confirm the findings of 1-0 models and elaborate upon some details. Therefore it
is useful to reiterate how one may interpret the predictions of 1-D models.

A one-dimensional model is phenomenological and is actually a composite of several submodels.
Its vertical transport is fitted with the mean observed transport rate of long-lived trace species
on time scales of a decade or more. Therefore, for these species (source species), the model
represents a global average. Since there is no accurate procedure for obtaining all the glc'ally
averaged chemical and photochemical reaction rates, these must be evaluated locally. Further-
more, through theoretical experimentation it is found that 1-D models can best represent the
ok.one vertical distribution only at the mid-latitudes. with regard to ozone chemistry, 1-D models
provide an analysis of the chemical interactions and balances under mid-latitude conditions.
This has been demonstrated through comparisons with results from 2-D models. With a basic
understanding of existing relations among mid-latitude, tropical and high-latitude ozone
distributions, one can reasonably project small ozone perturbations at mid-latitudes to a global
average. Of course this is quite subjective and requires validation by more elaborate models.
Available 2-D models all seem to provide results consistent with 1-0 models.

Current understanding indicates that photochemistry dominates over all other physical processes
in determining ozone distributions in the upper stratosphere. Consequently, viewing 1-D models
as pure local photochemical models is quite reasonable and there are no serious problems in
accepting 1-D predictions of changes at these altitudes as globally representative. 1 he principal
concern about the quality of theoretical models in this region is with representation of physical
processes such as solar heating due to ozone, H2O, and CO 2 changes, possible solar UV varia-
bility, and others. Upper stratosphere ozone is more sensitive to these uncertainties, hence there
is difficulty in modeling the 'real' trend during the past decade in this region.

In addition to these technical considerations there is a subjective element in considering the
model predictions. Uncertainties in measured solar flux intensity, chemical kinetics reaction rate
coefficients, moc!el boundary conditions, transport coefficients, source distributions, and others
can, in principle, be evaluated. Although all these parameters are not known to similar degrees
of accuracy, recent progress in analysis, techniques and measurement programs promise steady
improvements in the years to come. Present analysis of the uncertainties inherent in the model
predictions can be considered only as the best available information. The unquantified uncertain-
ties, such as the possibility of missing chemistry, the adequacies of 1-D, 2-D or 3-D model
transport formulations, diurnal, seasonal, or spatial averaging procedures for the nonlinear
interactions, and the adequacy of model validation procedures, by necessity, must be evaluated
on a mostly subjective basis.

Existing views of the model's ability to describe the present day atmosphere and predict
potential perturbations span the range from a high level of confidence based on the positive
results discussed in previous sections to strong reservations based on the still unquantified
uncertainties. The subjective components in the interpretation of model preJictions will
probably persist.

The complementary relationship among 1-D, 2-D and 3-D models is widely accepted and current
information strongly supports this view. Recent results from two-dimensional models on strato-
spheric ozone perturbation studies serve to elaborate on the seasonal and latitudinal variations
of the ozone change but have not significantly altered global average predictions based on 1-1)
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models. Multi-dimensional models have pointed to new coupling processes, most notable in the
troposphere, that could not be studied with 1-1) models, (e.g., tropospheric-stratospheric
exchange processes).

Theoretical models Gee only one component in the process of evaluating our understanding of
ozone changes. The descriptive analysis and statistical analysis of time series models are the
other components. (descriptive analysis provides a qualitative representation pointing out the
variations in the ozone records. It does not necessarily establish a time trend with a statistically
quantifiable degree of certainty. On tine other hand the time series model of ozone trend can
test any given hypothesis with some quantifiable degree of certainty. But it does not provide any
information on why a certain trend is or is not observed.

A statistical time series model is perhaps the most systematic method for the analysis of past
ozone records. It gives as good an estimate of the trend from the available data as pure analysis
allows. However, analogous to the theoretical models, these models have their own set of sensi-
tivities to uncertain input parameters, many of which have already been described. This type of
model is more diagnostic than prognostic. In fact, the trend estimates and the test function
(e.g., linear trend in the seventies) are guided by chemical model predictions. The question of
the most appropriate test function is partially answered by the ability of the autoregressive
model of the noise component (Equation (4)) to capture some of the unknown variations. For
example, Figure 3-31 an autoregressive moving average model has been applied to the model of
average total ozone of Figure 3-19.
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Figure 3-31. Autoregressive moving average analysis of worldwide total ozone.
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Figure 3-31(a) shows the original record and Figure 3-31(b) shows the residual series after the
autocorrelation Is removed. The autocorrelation appears to capture the upswing in the 1%Os and
the downswing in the early 1970s. An estimate of the trend from 1970 to 1949 is ( +1.3 s 2.5)%
decade which allows for the uncertainty associated with the presence of autocorrelation. This is
calculated by fitting trend and autoregressive-moving average coefficients simultaneously in the
same model and by assuming stationarity through 1%9 followed by linear trend from 1970 to
1979. The two standard error limits indicate that the trend is not significant at the 95% level.
The autocorrelation has inflated the uncertainty by a factor of approximately two and one-half
over what would be expected from fitting the same model to random noise (e.g., residuals)
alone, indicating that low and high frequency variations are captured in the uncertainty. For
comparison, a simple linear decadal regression trend through the autocorrelated original data for
period 1970-1949 is estimated to be (-0.2 t 2.0)% decade. This could be a misleading result if
taken as an estimate for the size, sign and uncertainty of a deterministic trend as described
above.

Monte Carlo simulations (Figures 3-31(c)-(e)), using a randomly selected noise level, show what
sort of patterns can be generated from the same auto regressive-moving average model that fits
the world data series. These few simulations indicate apparent patterns of trends and cycles
that are contained in the autocorrelation model. Therefore unhypothesized variation can be
captured and represented as components of standard errcrs. Unfortunately the sensitivity
relation between ozone data and the time series model is not clear. Reinsel et al. (1981b) has
reanalyzed the data from 1960-1980 using a test function in the sixties similar to the suggested
model predicted ozone change due to past atmospheric nuclear tests (Chang et al., 1979c) while
retaining the linear trend in the seventies. The estimated trend and standard error have changed
from the above result of (0.8 t 1.35)% to (0.49 t 1.35)% in the seventies. It w. i somewhat
surprising that with a more elaborate test function (i.e., using more physical theory) these
standard errors did not change. More studies on the relation of data length to model assump-
tions are required before the sensitivity of the trend estimate and standard errors on input
assumptions can be understood.

Since the test functions are diagnostic, the only component of a time series model that +nay be
predictive is the autoregressive model of the noise component. The autoregressive relations
developed for most of the existing ozone records do not extend over a period of as much as a
year. Therefore they are not able to 'predict' over any length of time beyond a few months.
Using the current data to estimate future trend will only increase the standard error
proportionately (i.e., doubling the period will double the standard error). In general there can
be no increase in diagnostic power without rn increase in the length of the data record.
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APPENDIX A

CHEMICAL KINETICS AND PHOTOCHEMISTRY

INTRODUCTION

The present compilation of rate constant data for use in stratospheric modeling was prepared
jointly by the Task Croup on Chemical Kinetics of COOATA and the NASA for Data Evaluation. A
three day workshop was held in Boulder, Colorado, in March, 1961. The resulting set of
recommendations was based mainly on prior evaluations by each group; i.e., jPL 81-3 for the
NASA Panel and Baulch et al. (1961), for the CODATA group. For the most part, there were no
large differences between the two previous evaluations, and where differences did exist, they
were mainly due to the fact that the evaluations had been prepared at different times and,
therefore, had different data available to them. Recommendations for cross sections were un-
changed from those of IPL 81-3 and Baulch et al. (1980).

There were, however, areas of controversy within the joint panel. In a few cases, bearing on
reactions of major importance, new data (or new interpretations of data) generated considerable
debate as to the proper recommendation. In deciding the possible role of isomers in the CIO
NOZ reaction, major disagreement existed, and the issue was decided by means of a majority
vote.

PHILOSOPHY OF THE EVALUATION

Previous NASA and CODATA evaluations have been based primarily on published experimental
data, with theory being invoked only where necessary to extrapolate or correlate laboratory
measurements. In uses where Vie experimental data appeared to be inconsistent with the-
oretical expectations, this fact was pointed o6t as a warning that the data might be suspect. For
the most part, these inconsistencies took the form of unreasonable A-factors in rate constants,
which can easily arise when there are small, systematic errors in the measurement of rate
constants as a function of temperature.

In the present pint evaluation a more expanded role of theory has been adopted. In taking this
larger view the panel has not rejected out of hand the results of experimental studies, but has
examined them more rigorously in the light of theoretical reasonableness. In addition to the
previous practice of pointing out discrepancies between theory and experiment by means of
textual discussion and the assignment of appropriate error limits, the panel has, in some cases,
declined to recommend certain reported pressure and temperature dependences which seemed
irreconcilable with theory. Theses changes applied mainly to HUx chemistry, where, despite a
thread of consistency between several experimental results by different researchers, the resulting
kinetic behavior of some of the HUx reactions appeared to be incompatible with theoretical
interpretations. These issues are discussed specifically and in greater detail in later sections of
this chapter dealing with individual reactions.

REACTION CATEGORIES

For purposes of tabulation it is convenient to divide reactions into two categories, bimolecular
(Table A-1) and termolecular (Table A-2). However, some of the reactions in Table A-1 which are
nominally bimolecular are actually more complex. To provide framework for explaining the
anomalous pressure dnd temperature dependences occasionally seen in actions of this type, it is
necessary to further divide the bimolecular class of reactions into the two subcategories of
direct (concerted) and indirect (no,r-concerted) reactions.

A-1
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Table A-I
Rate Constanu for Samd Order Reactions (continued)

Reaction A•Factor E/Rt (e/R) k(29M)
Uncertainty

Factor/298 K

0+021003 (See Table A•2)

0+03 ' 02 +02 1.5x10'11 22181150 8.8x10'15 1.15

03 +NO • NO2 +02 3.8x10'12 1580050 1.9x10.14 1.15

HO + NO2 M HNO 3 (See Table A•2)

0+NO2 -NO+02 9.3x1j)'12 n+0I so 9.3x10'12 1.1

0 + HNO3 • HO + NO3 - - 0.Ox10-17

0+H02NO2 • products 7.4x10'12 26301300 I.Ix:0'I5 2.0

N + 02 - NO + O 4.4x10'12 3220040 8.9x.0'17 1.25

N+NO-N2 +0 3.7x10'11 01100 3.7x10'11 1.4

HO+ HNO3 • products 1.5x10'14 4650+650' 13x10'13 1.4

HO + H02NO 2 • products 4.0x10'1 ` 0±400 4.0x10'12 +2;-4

N+NO2 •N 20+0 - 1.4x10"12 10

N+03 • NO+02 - <Lox 10'15 _

NO, + 03 • NO3 + 02 1.2x10"I3 2450±150 3.2x10'17 1.15

H02 + NO2 M H02NO 2 (See Table A-2)

NO + NO3 - 2NO, - 2.0x10'11 3.0

0(1D)+N,O•N,+0, 4.4x10'11 03100 4.4x10'11 I	 1.4

0( I D) +N,O-NU+NO 7.2-10'11 0±100 7.2x10'11 1.4

0( I D) +H 2O-HO+HO 2.3x16'10 O31o0 2.300'10 1.2

00 D) + CH4 - HO + CH 3 1.410'10 Ot1o0 1.4x10'Io 1.'.

00 D)+CH4 -H2 +CH2O 1.5x10'11 ailoo 1.5x10'1' 1.2

0( I D)+H,•HO+H 1.1x10'10 Otlo0 I.Ix10'Io 1.3

O(1D)+N,•0+N, IBx10-II (1071.00) 2.6x10'11 1.2

0( 1 D) + N, M N 20 (See Table A-2)

01 1 D)+0, • 0+O, 3.2xio'11 {67±100) 4Ox10'11 1.2

01 1 D)+0302 +0, 1.2xI0'I1 0110o 1.2x1010 1

a



Reaction A-Factor E/Rt (E/R) k(298 K)
Uncertainty

Factor/298 K

0(1 D)+03 . 02 +0+0 l.2xlO'10 Ot100 1.2x10-10 1.2

0(1 D)+HC1 -HO +CI !.4x10-10 0±100 1.4x10-10 13

0( 1 D)+CFC13 -products 2.2x10.10 0+100 2.2x10-10 16

0( 1 D)+CF2C12 -products 1.4x10"10 0-!C, 1.4x10-10 1.6

0(1 D)+C04 -products 3.SxIO'10 Ot100 3.5x10'10 1.6

0(1 D)+CC120-products 3.6x10-10 0±100 3Ax10-10 2.0

0( 1 D)+CFCIO- products 19x10-10 0000 19x10-10 2.0

0( 1D)+CF20-produces 23x10'10 0t100 23x10'10 2.0

0( 1 D)+ NH3 - HO+NH2 2.5x10-10 0±100 2.5x10'10 13

O( 1 D)+CO2 -0+CO2 7.4x10-11 •(I17±100) !.1x10'10 1.2

0 + NO3 - 02 + NO2 1.OxIO-11 (	 Ot150 I.Ox10-11 3.0

0 + N205 - products - - <3.Ox10-16 _

03 + HNO2 - 02 + HNO3 - - < 5.Ox 10-19

HO+H02 -H2O+02 8.Ox1C-11 Ot250 8.Ox10-11 2.0

H02 - 1102 - H2O2 
+02 3x10-1'` 03^ 3.0x10'12 3.0

NO -o H02 - NO2 +HO 3.7x10-12 {240±100) 83x10-12 1.2

H02 + 03 . 110 + 202 1.4x 10-14 580+500 2.0x 10 .15 15

OH + 03 • H021 	 02 1.6x10-12 940±300 6.8x10.14 1.25

0+HO-02 +H 2.3x10-11 {110-200) 33x10-11 13

0+H02 -HO+02 35x10-11 Ot350 3.5x10.1' 2.0

0 + H2O2 - HO + H02 LOX 10-11 2500±1000 2.3x 10 .15 2.0

H + 02 M 110 2 (See Ta -le A-2)

H + 03 • HO + 02

i

1.4x10-10 470-200 2.9x10-1 l 1.25

HO+110'1120+0 4.5x10 -12 ,X75±^75 1.8x10 -12 1.4

HO + HO M H 2O, (See Table A-2)

HO + H2O2 - H2O + H02 2.9 x 10 -12 160±100 1.7x10"12 1.25
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Table A-1
Rate Constants for Second Order Reactions (continued)

Reaction A-Facior EI*Pt (E/R) k(298 K)
thtcertainty

Factor/298 K

HO+CO-CO,+H 1.35x10'1(1+Patm) 03200 1.35x10-l3(1+Patm) 1.25

HO+CH4 -CH3 + H2O 2.4x10'1' 1710!200 7.7x10.15 !

HO+H,- HO, +H 7.7x10'12 21001200 6.7x10'15 11

C1+03- CIO +02 2.8x10'11 2571100 1.2x10'11 1.15

O+ CIO -CI +0, 7.7x10-11 1301130 5.0x10-11 11

NO+(IO ° NO, "0 6.2x10'12 {294t100) 1.7x10'11 1.15

HO + HCI - H 2O + CI 2.8x 10' 12 425+100 6.6x IO.13 1.15

HO + HOCI - H2O + CIO 3.Ox 10-12 150+850 1.8x 10' 12 10.0

Cl + CH4 - HCl + CH; 9.6x 10-12 1350+250 1.0x 10' 13 1.1

C1+C,:i6 1 "Cl +C,H S 7.7x10.11 90190 5.7x10.11 1.1

CI + HO, . NCI + 0, 4.8x 10-11 Oi250 4.8x10'1( 2.0

(10 + NO, M CIONO, (See Table A-2)

0 + CIONO, -products 3.0x 10.12 8081200 2.0x 10.13 13

HO + CIONO, . products I	 I.2x 10' 12 333#200 3.9x IO-13 1.5

CI+ CIONO, •prod-r-ts 1.7x10. 1t 607±388 2.2x10-13 2.0

O + HCI • HO + Cl 1.1 x 10.11 3370±350 1.4x 10' 16 2.0

O+HOC! - HO+CIO LOX 1J' I1 2200+_1000 6.0x10'15 10.0

C!+H,- HCI +H 3.5x10'11 2290+200 1.6x10'14 1.5

(7 + HO, - HCI + HO, 1.1 x 10' I I 980t500 4. I x 10' 13 !.5

0 + tWO 1 • products < 1 Ax10-11 2170*200 <7.OxIO'l5

CI + H,CO - HC1 + HCO 9?x10-I I 341100 7.3xI0-1 I 1.15

CI + CH ZCI - CWCI + HCI 3.4x 10.11 1260±200 4 px I O .13 1.2

CI + NO M NOCI (See Table A-2)

CI +LINO - NO+CI, 3.0x10-11 0+5 3.0x10"11 2.0

0 + 0, M CIOO (See Table A-.)



Ractlan A-Factor E/1tt (E/R) k(298 K)
lhwtrtainty

Factrx/298 K

Cl+(lOO- Cl, +O, 1.4x10'10 Ot250 1.4x10.10 3.0

Cl+(200 . CIO +CIO 8.0x10'12 Ot25o 8.0x10'12 3.0

0 +0120-C12 +CIO 9.8x10'11 Ot250 9.8x10'11 12

0+020- CIO +CIO - - 4.0x10.12 1.5

00 + H02 HOO + 02 4.6x10'13 {7104 5x10'12 1.4

00+H,CO-products <l.Ox10-12 >2060 <I.ox10'15 -

CIO +HO -products - - 9.1x10'1' 3.0

C70+CH4 -products <1.Ox10'12 1,3700 <4.0xi0'18 -

00+H,-products <i.OxIo'i, >4800 <I.oxIO'19

CIO +CO • products < Lox 10' 12 >3700 <4.0xi0'18

CIO +N,O • products <I.Oxlo'12 >4260 <6.ox10-19 -

CIO+ Br0 • Br +WO 6.7x10'12 o±23o 6.7x10'1`' 2.0

CIO + Br0 Br + CI +0, 6.7x10'12 0±250 6.7x10'1' 2.0

CIO + CIO • products -

170+03 '(100+0, I.Oxlo'i- 1,4000 <I.Ox10' s

(10+O A •OLIO+O, 1.0x10'1' >4000 <I.Oxlo'18

(41+OCIO-(110+CI0 5yxlo'11 0±250 54xlo-11 1.25

NO+OCIO • NO, +CIO 2.5x10'12 600+_300 3.4xIO'l; 1.5

0+000 • CIO +0, 2.5x10'!1 11"+300 5.0x10'13 1.5

HO+('H tCI'CH,CI+H2O 1.8x10"i2 11121200 4.3x10'14 1.2

H0+CH,C1, • CHCI, +H2O 4.5x10' 1 ' 10323200 1.4x10.1-1 ► 2

HO+CW1 *CCI 3 +H 2O 3 3x10' i2 1034+200 I.0x1013 1.2

HO+CHFCi, • CFCI, +11,0 8Qx10' 13 1013+200 3.oxlo-14 1

HO+CHF,CI • :F,Cl+H2O 7,8x10' 13 153ot20o 4.6ai0'15 1.2
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Table A-i
Rate Constants for Second Order Reactions (continued)

Reaction A E/Rt (E/R) k(298 K)
Uncertainty

Factor/298 K

HO+CH2CIF-CFCIF+H2O 2.0x10-12 11341150 4.010'14 1.2

HO+ CH3CCI3 • CH2CC13 +H,0 5.4x10' 12 1820`200 1 ,xI(t'14 1.3

HO + C,Ci4 - products 9.4x 10' 12 12001200 1.7x 10' 13 1.25

HO+C 2HC1; -products 5.0x10'13 {4451200) 2.2x10'12 1,25

HO+CFC1 3 - products 1.0x10'12 >3650 <5.0x10'18 -

HO+CF 2C1 2 -product: 1.0x10'12 >3560 <6.5x10'18 -

Br+03 - BrO +0, 1.4x10'1I 755±200 1.1x10'12 1.2

0+Br0-Br+0, 3.0x10'11 0+250 3.0x10'11 3.0

BrO +NO- NO, +Br 8.7x10'12 4265t130) 2.1x10'11 1.15

BrO + NO, M BrONO, (See Table A-2)

BrO + BrO -2 Br + 0, 1.0x10'12 {244±250) 2.3x10'12 1.5

BrO+ Oro • Br, +O, 1.8x10-13 {244±250) 4.0x10'13 1.5

Br0+03 'Br +202 1.0x10'1` >1600 <5.0xl0-15 -

Br + H 2O, HBr + HO, 1.0x10-1 1 >2500 <2.Ox10't5

Br+HO,- HBr +O, - - - -

Br + H,CO HBr + HCO 1.4x 10' 11 750±250 1.1 x 10 ,12 1.5

HO+ HBr - H,0 + Br 8.5x10-12 Ot250 8.5x10'12 2.0

O+HBr - HO+Br 7.6x10'11 1570+300 3.9x10'14 1.5

BrO + HO, • HOB` + O, - 5.Ox i O' 12 so

BrO + HO • products - 9.Ox 10' 12 5.0

HO+CH;Br- CH, Br+H 2 O 6.1x10'13 825+200 3.8x10.14 1.25

F+03 • FO+O, 2.8x10'11 226+200 1.3x10'11 _'.0

F + O, !I F0, (See Table A-2)

F+H,-HF+H 2.0x10.10 620t250 2.5x10'11 15

F+CH 2 -HF+CHZ 3.0x10'10 4001300 8.0x10'(1 2O
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Table A•1.
Rate Constants for Second Order Reactions

Reaction A-Factor E/Rt (E/R) k(298 K)
Uncertainty

Factor/298 K

F+H20-HF+OH 2:x10'11 2003200 1.1x10'11 5.0

O+FO-F+O, 5.0x10'!1 03250 5.0x10'11 3.0

NO + FO - NO, + F 2.6x 10'1 I O	 SO 2.6x10'11 2.0

FO+FO-2F+0, 1.5x10'11 01250 1.5x10'11 3.0

FO+O3 -F+202 - - - -

FO + 0 3 - FO.' 	 0 1 - - - -

O+FO, -FO +O, 5.0x10'11 0Q50 S.Ox10'l1 5.0

O( I D)+HF -OH +F LOx10-10 0+100 1.0x10'10 5.0

CH3 + O, M CH302 (See Table A-2)

CH;+O, -products - - <10.16 _

CH 3 +0-H_CO+H 1.3x10'10 0±250 1.3x10'10 1.5

CH3O2 + NO , CH3O + NO, 7.4x 10-12 Ot500 7.4x 10' 12 1.25

CH3O, + NO, M CH 3O,NO, (See Table A-2)

CH 02 + 0 3 - CH30 + 20 2 - - <2xl0'17 -

CH3O1 + H0, - CH300H + 0 1 5.0x10'11 0+ -13Of) 6.0x10"12 5.0

CH3O, 4 SO, - products - - 0.Ox10-17 _

0N 30,+CH 01 -products 3.6x10'13 0±300 3.6x10'1; 15

CH30+0, H,CO+HO, 1.0x10'11 2050±750 1.0x10'15 10.0

HO+H,CO-HCO+H2 O i.0xl0'!I 0±200 1.0x10'l1 1.25

O+H,CO -prcoducts 3.0x10'31 1i50+250 1.6x10'13 1.25

HCO + O, • CO + HO, S.Ox 10' 11 0±250 S.Ox 10' 11 1.4

' 10+CH OOH •Products 2.2x10'11 !60{160 13x10"11 5.0

O+H,S -HO +SH 1.4x10'1! IU20±?50 2.2x10'14 2.0

O +Ocs - CO+SO 2.1x10'11 2200!150 1 =x10' 14 12

O+CS, • CS+SO 2.4x10'11 5303150 3.4x10'12 1.2

HO+tl,S'SH+H2O 4.2x10-1' W20 42x10'1` 1.4

HO + OCS - prolucts - < I.Ox 10' 14 _

HO + CS, - products - _ 0.5x1415 _
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Table A-2
Rate Constants for Throe-Body Reaction:

Low Prewum Limit
ko(T) - ko300(T/300).a

HiSh Heaure WWI
k (T) - k 300(T/300)-m

Reaction ko300 n k 300 m

Hih_+NO2 M H021402 (2.1±0.4)(31) 5.032.0 (6.513.3X.12) 2.0±2.0

HO+NO2 M HNO3 (2.6t03xJ0) 290.7 (2At1.2)(-10 13ti3

CIO +NO2 M QONO2 (4.5+12)(-32) 3.811.0 (1.5±03)(41) 1.9t1.9

M isomer (1,2 +0.7 )(-31) 3.8±1.0 (1.510.7)(•11) 1.9±1 9

013 +02 M CH302 (2.211.1)(,31) 2.2±1.0 (2.0±1.0)(-12) 1.7±1.7

0+02  M 03 (6? t0.9)(-34) 2.010.5 _

O( I D) +N2 M N.O (3.5±3.0)(-37) 0.45245 -	 - -

CI+NO M CiNO (9.0±2.0)(.32) 1.8!0.5

CI+NO M(SNO, (1.6±1.0x10) 1.9t1.0 (3.0±1.5)(-11) 1.011.0

(1+0.' At (100 (2.011.0x•33) 1.3+2IJ
 0 _ _

H + 02 M H02 (5.510.5)(-32) 1.4±0.5

HO+NO M HONG (6.711.2x01) 3311.0 (3.0±1.5x•11) 1.0±1.0

F+O, M FO, (1.110;)(-32) 1.7±1.0

HO+HO M H2O, (2.5113)(-31) 0.88 (3.0±1.Sx-11) 1.0±1.0

CH302+NO2 M CH301NO2 (1.5tO.8)(-30) 4.0+2.0 (6.5t3.2x-12) 2.0±2.0

F + NO M FNO tt't t33x-32) 1.0+2.0
1.0 -	 - -

FO + NO , M t: NO3 (8-3±6.0)(.31) 0.711 (:.01 LOX- 1 0 1.511.5

F+NO, M FNO ,' (1310,7)(-30) 1.71.0 (3.O±I.5x-11) 1.0±1.0(FOND)
BrO + NO , M BrNO3 (5-0t LOX-31) 4.0±2.0 (2.0 t 1.0)(•11) 22.012.0

NO, +NO3 M ti2O5 (1.4t0.'x-30) 2.811.0 (8.0±4.Ox-131 011.0

0+NOM N,O, (1.2t01x;i1) 1.830.5 (3.011.0)(-11) 011.0

O • NO , M NO3 (9.0±1.0)(-32) :.031.0 (2.2tU3)(-11) Ot 1.0

HO+SO , M 110SO , (3.011.5x•31) 29±1.0 (2.011.5)1	 i2) 01110

ko(T)(M(
Note. k(z) = k(M,T) - 	 _	 0.6 { 1 + (1oR10(k-(T)(MJ %k . (i'))J 2 }  1

1+ko(T)(MJIl k (T)
(The values quoted sre suitable for air as the third body, M)
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A direct or concerted bimolecular reaction is one in which the reactants A and B proceed to
products C and D without the intermediate formation of an •A+B adduct which has appreciable
bonding; i.e., no stable A-B molecule exists, and there is no reaction intermediate other than
the transition state of the reaction, (AB)I' .

A + B - (AB) .06 -► C + D	 (1)

The reaction of HO with CH 4 forming H2O + CH3 is an example of a reaction in this class.

Very useful correlations between the expected structure of the transition state (AB] # and the
A-factor of the reaction rate constant can be made, especially in reactions which are constrained
to follow a well-defined approach of the two reactants in order to minimize energy requirements
in the making and breaking of bonds.

The indirect or non-concerted class of bimolecular reactions is characterized by a more complex
reaction path involving a potential well between reactants and products, leading to a bound
adduct (or reaction complex) formed between the reactants A and B:

A + B : [AB]' - C + D	 (2)

The intermediate JAB]* is different from the transition state [AB] 1 , in that it is a bound
molecule which has a finite lifetime and which can, in principle, be isolated. (Of course,
transition states are involved in all of the above reactions, both forward and backward, but are
not explicitly shown, for purposes of clarity). An example of this reaction type is CIO + N0,
which norrially produces Cl + NO 2 as a bimolecular product, but which undoubtedly involves
CIONO (Chlorine nitrite) as an intermediate. This can be viewed as a chemical activation process
forming (CIONO) • which decomposes unimolecularly to the ultimate products, Cl + NO2.
Reactions of the non-concerted type can have a more complex temperature dependence than
those of the concerted type, and, in particular, can exhibit a pressure dependence if the lifetime
of [AB]* is comparable to the rate of collisional deactivation of [AB] • . This arises because the
relative rate at which [AB]* goes to products C + D vs. reactants A + B is a sensitive function
of its excitation energy. Thus, in actions of this type, the distinction between the bimolecular
and terrnolecular classification becomes less meaningful, and it is particularly necessary to study
such reactions under the temperature and pressure conditions in which they are to be used in
model calculations.

TABLES OF RXIFE CONSTANT DATA

The rate constant tabulation for second-order reactions (Table 1-1) gives the following
information:

• Reaction stoichiometry and products, if known.
• Arrhenius A-Factor.
• Temperature dependence and associated uncertainty (activation temperature, E/Rt AE/R).
• Rate constant at 298 K. (Based on all measurements, not just those at 298 K).
• Uncertainty factor at 298 K.

Third-order rate constants (Table A-2) are given in the form:

ko(T ) =ko 300(T/300) -ncm6s -1 ,	 (3)
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(where the value is suitable for air as the third body), together with the recommended value of
n. Where pressure fall-off corrections are necessary, an additional entry gives the limiting high
pressure rate constant in a similar form:

k„ (T)-k a 300(T/300) -mcm3 s-1 .	 (4)

To obtain the effective second-order rate constant for a given condition of temperature and
pressure (altitude), the following formula is used:

ko(T)IM]
k(z) = k(M,T) _ 

1 + ko (T) [M) /k. (T)
0.6 11 + [ log, 0(ko(T)(M)/k„(T)))2 i -1. 	 (5)

The number Fc= 0.6 is chosen as a unifying compromise for all of the three-body reactions of
interest in the atmosphere. It should be noted that in reality the number decreases with
increasing temperature and molecular size. It can be calculated from molecular parameters. The
CODATA Panel prefers to assign Fc individual values for each reaction; however, the practical
effect of the procedure is small for the present applications.

Thus, a compilation of rate constants of this type requires the stipulation of the four param-
eters, ko(300), n, k.(300), and m. These can be found in Table A-2. The discussion that
follows outlines the general methods we have used in establishing this table.

LOW-PRESSURE LIMITING RATE CONSTANT lko(T)]

Troe (1977) has described a simple method for obtaining low-pressure limiting rate constants. In
essence this method depends on the definition:

ko I(T)= Ox k o Sc (T ),	 (b)

where sc signifies 'strong' collisions, x denotes the bath gas, and e x is an efficiency parameter
(0 < B > 1) which provides a measure of energy transfer.

Rx	<eE>x

1/2	 (7)
1 . a 	 FE kT

where < a E > x is the average energy transferred per collision and is quite sensitive to B - F E is
the correction factor of the energy dependence of the density of states (a quantity of the order
of 1.1 for most species of stratospheric interest).

For many of the reactions of possible stratospheric interest reviewed here, there exist data in the
low-pressure limit (or very close thereto), and we have chosen to evaluate and unify this data by
calculating ko 5C (T) for the appropriate bath gas, x, and computing the value of By correspond-
ing to the experimental value [Troe (1977)) .

From the Bx values (most of which are for N 2 , i.e., Byl ), we compute < 1:> x according to
Equation (7). Values of < E>N2 of approximately 0.3 to 1 kcal fnole-1 are generally expected. If
multiple data exist, we average the values of < E> N2 and recommend a rate constant correspond-
ing to the N2 computed as previously indicated.
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Where no data exist, we have estimated the low-pressure rate constants by taking 8 N2 =0.3 at
T=300K; a value based on those cases where data exist.

TEMPERATURE DEPENDENCE OF LOW-PRESSURE LIMITING RATE CONSTANTS: n

The value of n recommended here comes from a calculation of <eE 
>N2 from the data at 300 K,

and a computation of 9 N 2 (200 K) assuming that < AE > N2 is independent of temperature. This
8 N2 (200K) value is comFiined with the computed value :)f ko Sc (200 K) to give the expected
value of the actual rate constant at 200 K. This latter in combination with the value at 300 K
yields the value of n.

This procedure can directly be compared with measured values of ko(200 K) when those exist.
Unfortunately, very few values at 200 K are available. There are often temperature-dependent
studies, but some ambiguity exists when one attempts to extrapolate these down to 200 K. If
data are to extrapolated out of the measured temperature range, a choice must be made as to the
functional form of the temperature dependence. There are two general ways of expressing the
temperature dependence of rate constants. Either the Arrhenius expression ko(T)=Aexp(.E/RT) or
the form k (t) = .A'r -n is employed. Since neither of these extrapolation techniques is soundly
based, and since they often yield values that differ substantially, we have used the method
explained heretofore as the basis of our recommendations.

In IPL 79-27, we computed the extrapolated values at 200 K using both T -n and Arrhenius forms
when data are available ever any reasonable temperature range. When these values are compared
with the recommendation, it can be seen that the data are well accommodated by our methods.

HIGH-PRESSURE LIMITING RATE CONSTANTS [k. (T)j

High-pressure rate constants can often be obtained experimentally, but those for the relatively
small species of atmospheric importance usually reach the high-pressure limit at inaccessibly high
pressures. This leaves two sources of these parameters, the first being guesses based upon some
model, and the second extrapolation of fall-off data up to higher pressures. Stratospheric
conditions generally render reactions of interest much closer to the low-pressure limit, and thus
are fairly insensitive to the high-pressure value. This -neans that while the extrapolation is long,
and the value of k. (T) not very precise, a 'reasonable guess' of k. (T) will then suffice. In
some cases we have declined to guess since the low-pressure limit is always in effect over the
entire range of stratospheric conditions.

TEMPERATURE DEPENDENCE OF HIGH-PRESSURE LIMITING RATE CONSTANTS: m

There are very little data upon which to base a recommendation for values of m. Values in Table
A-2 are estimated, based on models for the transition state of bond association reactions and
whatever data are available. In all cases the error limits encompass the possibility of no
temperature dependence. The CO DATA panel, based on some theoretical and experimental
evidence (Quack and Troe 1977) prefers to put ma0 for all three-body reactions. For pressures
up to one atmosphere, this leads to only slightly differing representations of the T and P
dependence of the rate constant under atmospheric conditions. Such differences then can be
compensated for by different Fc values (see above). New experiments outside the range of
atmospheric conditions (higher temperatures and higher pressures) are required to make the best
choice between the alternatives for the representation of k(M,T) where .M is the concentration of
the third body. It should, however, be emphasized that the data fcr three-body reactions, with
the current available accuracv, are represented equally well by the two procedures. Differences
will become apparent only when the precision of the data is considerably improved.
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ERROR ESTIMATES

Meaningful error assignment is a major problem in the evaluation of rate constant data, because
measurement uncertainties tend to be somewhat random in nature. Although deviations from the
central recommended value of the rate constants are usually assumed to be Gaussian in nature,
this is not always the case and exceptions may occur in studies where systematic errors not
recognized by the researcher or the evaluators are involved. One manifestation of this is that
there are occasionally large 'wings' to the error distribution, with significant probability for
values of k many cr's from the central value.

in some cases, the measured values of a rate constant may center around two distinct ranges,
such that the error curve is bimodal in nature. This situation arises not infrequently, largely due
to measurements made by different groups using different techniques. This is a particularly
difficult problem to reconcile, since often it is not clear which of the two extremes is most likely
correct, and intermediate (average) values are almost certainly incorrect, and do not constitute a
useful recommendation. Nevertheless, it is necessary to present uncertainty parameters in a
tractable form which is suitable for uncertainty analysis in the composite photochemical model.
The approach taken in this evaluation was to select a single recommendation for every reaction,
and to make the corresponding uncertainties large enough to encompass the alternate value.

For second-order reactions, an estimate of the uncertainty in the rate constant at any given
temperature (within the region 200-300 K) is given by the following expression:

fT = f298 exp ( 
AE I T —21 

Thus, an upper or lower bound (corresponding roughly to one standard deviation of the rate
constant) can be obtained at any temperature T by multiplying or dividing the value of the rate
constant at that temperature by the factor fT . The quantities f298 and n E/R are, respectively,
the uncertainty in the rate constant at 298K and in the Arrhenius coefficient. These uncertainties
were arrived at by a somewhat subjective procedure, involving factors such as the number of
measurements, the agreement between them, the variety of techniques applied, the skill and
reputation of the resear-' per, and the difficulty of the, experiment.

For three-body reactions a somewhat analogous procedure was used. Uncertainties expressed as
increments to ko and k. (the limiting low pressure third order rate constant and high pressure
second order rate constant, respectively) are given for these rate constants at room temperature.
The additional uncertainty arising from the temperature extrapolation is expressed as an un-
certainty in the temperature coefficients n a-id m.

DISCUSSION OF SOME SPECIFIC REACTIONS

This section reviews those reactions for which the recommendations have undergone significant
changes, or for which there still exist serious unanswered questions about the constants or re-
action mechanism. Fortunately, from the standpoint of the CFC-03 question, many of the impor-
tant reaction rate constant , such as those for Cl + 03 NO + CIO, O + CIO and OH + 11Cl, have
been measured reliably and recommendations can be 'made confidently. Several other crucial
reactions, however, still pose major uncertainties.
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The CIO + NO2 + M reaction is important in the lower stratosphere, where it couples the CIOx
and NOx systems and impacts catalytic destruction of 03 by tying up reactive radicals as
relatively stable CIONO2. The available kinetics data for this reaction fall into two sets, which
are in substantial disagreement. Several independent low pressure determinations (Zahniser et
al., 1977; Birks et al., 1977; Leu et al., 1977; Molina et al., 1980; Cox and Lewis, 1979) of the rate
of CIO disappearance via the CIO ► NO2 + M reaction are in excellent agreement and give a ko
(300) near 1.6500'33 cmb s-1 . No product identification was carried out, and it was assumed
that the reaction gave chlorine nitrate, CIONO2 . In contrast, direct measurements of the rate of
thermal decomposition of CIONO2 (Knauth, 1978; Schonle et al., 1979), combined with the
equilibrium constant, give ko(300) = 4.5x10 -32 c4 s'1 for the three-body reaction forming
CIONO2 . Since the measured rate of CIO disappearance seems well established, the Knauth
results can only be reconciled with the higher number by three possible explanations: (1) the
measured thermal decomposition rate Is incorrect; (2) the equilibrium constant is in error by a
factor of three (requiring that the A H f's off by --1 kcal/mole, which is outside the stated error
limits); (3) all the data are correct, and the low pressure CIO disappearance studies measured
not only a reaction forming CIONO2, but another channel forming an isomer such as OCINO2,
CIOONO or OCIONO (Chang et al., 1979a; Molina et al., 1980). Although the CIONO 2 form has a
relatively low photolysis rate, it is often assumed that the other hypothetical isomers would have
higher absorption cross sections and therefore be rapidly photolyzed. In past evaluations, the
CODATA group recommended the higher rate constant, i.e., that corresponding to the measured
rate of CIO disappearance via reaction with NO2. The NASA Panel previously made two recom-
mendations; one, the higher rate constant, assuming all CIO + NO 2 goes to CIONO2, and the
other, the lower rate constant assuming — 2/3 of the overall reaction forms an unknown, rapidly
photolyzed isomer. For the present evaluation, the majority of the joint panel felt that a single
recommendation should be made, in keepi1,g with our practice on all other reactions. The
majority opinion was that the isomer explanation best encompassed all experimental and theo-
retical information, and therefore the lower (Knauth) rate constant was adopted. Recognizing,
however, that there is a significant possibility of error in the value derived from the thermal
decomposition study, the error limit was made sufficiently large to encompass the higher value.

When the isomer-forming reaction is included in models, the fate of the isomer must also be
stated - a difficult assignment for an unidentified, hypothetical species. Whiie photolysis back to
CIO + NO2 seems most reasonable, an isomer of the form CIOONO could, in fact, dissociate to
CI00 + NO and thus enhance catalytic destruction of ozone. In the absence of definitive
information, the recommended approach is to consider that isomeric CMO 2 rapidly photolyzes
to CIO + NO2, at a rate which dominates other possible paths such as isomerization to normal
CIONC12 . This is equivalent to omitting the isomer-forming reaction altogether for sunlight
conditions, because the assumed rapid photolysis to reform the original reactants has the effect
of negating the isomer-forming portion of the reaction. It must be borne in mind, however, that
at sunset the CIO will disappear at a rate corresponding to the total rate of the CIO + NO2
reaction. Furthermore, the rate of appearance of CIO at sunrise will depend on two factors
(presently unknown): (1) the residual distribution between isomeric and normal CIONO 2 at
dawn, and (2) the relative cross sections of the two forms. The entire matter will remain
speculatiNe and unsettled until there is conclusive evidence for or against isomer formation, or
until a substantial change in rate data occurs. The photolysis products of CIONO2 itself are
uncertain (Smith et al., 1977; Chang et al., 1979b) and additional studies are needed there as
well.

A substantial change has been made in the recommendation for the HO + HNO3 reaction since
NASA RP 1049. The previous evaluations were based on two independent experimental studies by
different techniques (Margitan et al., 1975; Smith and Zellner, 1975) giving a temperature invariant
rate constant of 9x10-14 cm3 s-1 . Recently, Wine of al. (1980) have rerneasured it found
k(298) = 1.3x10-13 cm3 s-1 , with a strong negative temperature dependence of E/R = -WK.
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These results are being confirmed in two other studies by essentially the same technique
(Kurylo, 1961; Margitan and Watson, 1961). Another investigation using several techniques includ-
ing the same laser photolysis-resonance fluorescence technique (Nelson et al., 1961) resulted in
k(296) • 8x10-14 cm3 s-1 , but as yet does not include temperature dependence. The Wine et A.
study, as confirmed by the other two, is recommended at the present time, although the source
of error in the earlier studies is baffling; thus, the uncertainty limits are large enough to
encompass the old value. With this new rate constant, the HO + HNO3 reaction, presumably

't giving H O + NO3 as products, (Nelson et A., 1981), is now the major sink for HO x in the lower
stratosphere. A verification of the new rate constant by a direct technique other than laser
phntolysis - resonance fluorescence is dearly needed, as is another determination of reaction
products. The role of the reaction depends on the product distribution.

Another reaction whose rate constant has been recently revised and which further reduces HOx
in the lower stratosphere is the HO + HO2NO2 reaction. Two measurements of the rate constant
are in good agreement (Littlejohn and Johnston, 1980; Trevor et al., 1981), considering the
difficulties involved in measuring and handling H0 2NU2 and yield rate constants significantly
higher than previous estimates. Due to the enhanced importance of this reaction, additional
studies are needed of k and its T dependence, as well as reaction products (three exothermic
channels exist). Quantum yields and products for HO2NO2 photolysis are also needed,
particularly in the 290 to 300 nm range.

The HO + H02 reaction has long been regarded as one of the major uncertainties in atmospheric
chemistry. Although the recent revisions in rate data for 1i0 + INO3 and HO + HN04 have
diminished the role played by HO + V102 in controlling lower stratospheric HOx densities, this
reaction still remains the dominant sink for HOx in the upper stratosphere, the region where
projected 03 depletion should first appear and, being the region where photochemistry controls
species concentrations in a reasonably well understood manner, it offers the best possibility of
partial model verification through measurements. Recent kinetic studies of the HO + H02 reaction
have significantly reduced the discrepancies, and although the detailed reaction mechanism is far
from being understood, the magnitude of the rate constant is coming into sharper focus. Studies
of HO + H02 in systems near atmospheric pressure have consistently yielded rate constants near
100-10 cm3 s-1 (Hochanadel et al., 1972, 1980; DeMore and Tschuikow-Roux, 1974; DeMore, 1979•
Lii et al., 1980), in serious disagreement with a low pressure upper limit of 4x10' 11 cm3 s-i
(Chang and Kaufman, 1978). Since a pressure dependent rate constant seemed unlikely, the upper
limit of the Chang and Kaufman study was recommended in previous evaluations. This was
consistent with the value k = 500-11 crn3 s-1 reported by Burrows et al. (1977), and 300'11
cm3 s-1 , (Hack et al., 1978). However, these latter values are no longer under consideration due
to changes in the reference reaction used in those studies, and inconsistencies subsequentiv
induced in their other rate constants (see Sridharan et al., 1980). Recent direct low pressure
results of Keyser (1981) now give k = 6400' 11 cm3 s -1 , making it appear likely that the Chang
and Kaufman work is in error. The panel is now recommending k = 8x10 -11 co s-1 , with a
factor of two uncertainty, which easily encompasses both low and high pressure values. The
possibility of a pressure dependence still remains, but requires precise studies to be fully
ascertained.

The rate constant now recommended for the H02 + 1102 reaction is the same as in most earlier
evaluations, but differs substantially from the JPL 81-3 value. Most experimental studies have
been carried out near atmospheric pressure, and yield a room temperature value of 2.5x10 -12 cm3
s'1 (Hamilton and Lii, 1977; Cox and Burrows, 1979; Lii et al., 1979). This rate is known to be
enhanced by the presence of water vapor (measured up to-26 mbar). Additionally, the
temperature dependence, measured over a limited T range in direct studies, yielded t/R = -1245K.
The Cox and Burrows study also indicated that the reaction was pressure dependent below 32
mbar at room temperature, with the P dependence extending to higher pressures at lower



temperatures. Limited data also indicated E/R•-M K at 13 mbar. These combined P and T
dependences were used in IPL 81-3 to calculate altitude dependent rate constants for
stratospheric modeling. Since the origin and mechanism of these P and T dependences are not
known with certainty, and since they are based on somewhat limited data, the panel chose to
recommend a fixed value of k - 300-12 cm3 s-1 , with a factor of three uncertainty to encompass
the range of values one would obtain with the P, T dependent expressions. Further studies are
clearly required, including product determinations, since the P dependence may indicate the
possible formation of stabilized H2O4 . Similar reasoning was used in formulating the P, T
independent recommendation for the analogous CH302 + H02 reaction.

The recommended value for the H02 + 03 reaction is based on the direct study of Zahniser and
Howard (1980), which yields an unexpectedly low A factor. Three determinations of k(H0 2 + 03)
relative to k(H02 + HOD (DeMore and Tschuikow-Roux, 1974; Simonaitis and Heicklen, 1973;
DeMore, 1979) are consistent with that recommendation if the high pressure T dependence (E/R
-1245 K) is used for the H02 + H02 reaction. Conversely, the directly measured H02 + 03 rate
constant can be coupled with the ratios to derive the strong negative T dependence of H02 +
H02, over a wider T range than the direct studies. Because of the importance cf the H0 2 + 03
reaction, its inexplicable A-factor, and its potential bearing on the H0 2 + 1102 rate constant, a
remeasurement of k(HO2 + 03) is needed. Our present recommendations for k(H0 2 + 03) and
k(HO2 + H02 ) as a function of temperature are inconsistent with the experimental ratio
measurements.

The present recommendation for the HO + H2O2 reaction rate constant is based on a least
squares fit of the combined data of two recent, extensive studies (Keyser, 1980; Sridharan et al.,
1980) which clearly show the earlier investigations to be in error. Although this reaction is of
little importance in the stratosphere, it quite often plays a role in laboratory kinetic studies as a
reference reaction, and the recent change has negated a large body of H02 rate constants
obtained in certain relative studies (see Sridharan et al., for a more detailed discussion). The
new Arrhenius parameters are in much better agreement with theoretical expectations than the
earlier ones were. Based on this and the limited nature of data for the 0 + 11 202 reaction, we
have chosen an A factor for that reaction slightly different from the reported value, and more
consistent with other atom-molecule reaction A factors. The resultant change in recommended
value of k is minor.

Recent kinetic studies of the HO + CIO and H02 + CIO reactions suggest that formation of HCI is
minimal, thus diminishing their potential importance in the stratosphere as chain terminators.
The strong negative T-dependence of the H02 + CIO reaction does, however, indicate a potential
role for HOCI in stratospheric chemistry. Its ultimate role, however, is probably minor since its
effect as a sink (or reservoir) is counter-balanced by its possible action in a catalytic 03
destruction cycle arising through its photolysis.

ATMOSPHERIC PHOTOCHEMISTRY - SOME CONCLUDING REMARKS

The ozone content of Earth's atmosphere can he considered to exist in three distinct regions.
the troposphere, stratosphere, and mesosphere. The latter region is not discussed here. The
unpolluted troposphere contains small amounts of ozone, which comes from both downward
transport from the stratosphere and from in situ photochemical production. The chemistry of
the global troposphere is complex, with both homogeneous and heterogeneous (e.g., rain-out)
processes playing important roles. The homogeneous chemistry is governed by coupling between
the carbon/nitrogen/hydrogen and oxygen systems and can be considered to be more complex
than the chemistry of the stratosphere, due to the presence of higher hydrocarbons, long
photochemical relaxation times, higher total pressures, and the high relative humidity which
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may affect the reactivity of certain key species such as H02. Significant progress is being made in
understanding the coupling between the different chemical systems, especially the mechanism of
methane oxidation which partially controls the odd hydrogen budget. This Is an important devel-
opment, as reactions of the hydroxyl radical are the primary loss mechanism for compounds
containing C-H (CH 4, CH3CI, CHFZCI. etc.) or C-C (C 2CI4, C2HC13, C2114, etc.), thus limiting the
fraction transported into the stratosohtre.

The stratosphere is the region of the atmosphere where the bulk of the ozone resides, with the
concentration reaching a maximum value of about 5x10 12 molecule cm-3 at an altitude of — 25
km. Ozone in the stratosphere is removed predominantly by catalytic (i.e., non-Chapman)
processes, but the assignment of their relative importance and the prediction of their future
impact is dependent on a detailed understanding of chemical reactions which form, remove and
inter-convert the catalytic species. A model calculation of stratospheric composition may include
some 150 chemical reactions and photochemical processes, which vary greatly in their importance
in controlling the density of ozone. laboratory measurements of the rates of these reactions
have progressed rapidly in recent years, and have given us a basic understanding of the proces-
ses involved, particularly in the upper stratosphere. Despite the basically sound understanding
of overall stratospheric chemistry which presently exists, much remains re be done to quantify
errors, to identify reaction channels positively, and to measure reaction rates both under
conditions corresponding to the lower stratosphere (-210 K, —100 mbar) as well as the top of
the stratosphere (— 27JK, —1 mbar).

The chemistry of the upper stratosphere, i.e., 30 to 50 km, is reasonably well defined. In th.s
region the chemical composition of the atmosphere is predominantly photochemically controlled
and the photolytic lifetimes of temporary reservoir species such as HOCI, H02 , NO2, CIONO2,

N 202 and H2O2 are short and hence they play a minor role. Thus the important processes above
30 km all involve atoms and small molecules. The majority of laboratory studies on these
reactions have been carried out under the conditions of pressure and temperature which are
encountered in the upper stratosphere, and their overall status appears to be good. No
significant changes in rate coefficients for the key reactions such as C1+03, O+CIO, NO+CIO,
O+NO2, NO+03, etc., have occured in the last few years. On the other hand, there have recently
been rate and mechanistic studies on reactions such as HO+CIO and H02+CIO. which could play
important roles throughout the stratosphere if they were to have product channels which
generate significant amounts of HCI. Although the results to date suggest minor HCI pathways,
their product distributions are at present inadequately estabalished for atmospheric modeling
purposes.

A major area of concern in the chemistry of the upper stratosphere involves the ration between
NO and H02 radicals which, as previously discussed in this chapter, has had considerable uncer-
tainty in the rate constant. This termination reaction plays an important role in determining the
absolute concentrations of 110 and H0 2, and since HO plays a central role in controlling the
catalytic efficiencies of both NOx and CIOx it is a reaction of considerable im portance. It should
be noted that the new rate coefficients for the HO + H 2O2, HO + HNO3 and HO + H02NO2 re-
actions have had little effect on the model predictions of odd HOx concentrations above 30 km.

One area in which additional studies may be needed is that of excited state chemistry, i.e., to
determine whether electronic or vibrational states of certain atmospheric constituents may be
more important than hitherto recognized. Possible examples are 0 2 • , 03• , or N2 • . It has recent-
ly been suggested that the excited N2 (A3 L * ) molecule may react with Oz to form N20 + U.
This could possibly modify our understanding of the source of N 20 in the upper stratosphere.
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There are numerous processes in the upper stratosphere which do not significantly affect the 	 =
model predictions of ozone perturbations b y fluorocarbons but for which accurate rate
coefficients are required in order to interpret field measurement data. For example, reactions
such as O + HO and O + W2 control the HOx radical partitioning above 40 km. For reactions of
this type the data base can only be considered to be fair, and some improvements need to be
made before comparing theoretical predictions with certain field measurement data.

The chemistry of the lower stratosphere is quite complex, with significant coupling between the
HOx, NOx and (:Inx families. It is within this region of Ow atmosphere (15 to 30 km) where both
dynamics and photochemistry piay key roles in controlling the trace gas distributions. Here the
model calculations predict large changes in ozone cancentra:ion (absolute number density, not
percentage) from chlorofluoromethanes. It is also within this region of the stratosphere that the
question of the pressure and temperature dependences -)f the rate coefficients is most critical,
due :o the low temperatures (210-225 K) and the high total pressures (40 to 270 mbar). The
previously discussed question of possible pressure and temperature dependences of HO and H02
reactions is highly pertinent here.

Our view of the chemistry of the lower stratosphere has changed radically in recent times, due to
changes in rats cotistants which have in turn 'ed to changes in the relative importance of
reactions which control the HOx budget in this region of the atmosphere. Prior to the
appearance of new or revised kinetics data for the HO + H 2O2, HO+HNO3, and HO+H02NO2
reactions, the major termination reaction for odd hydroger species in models of the lower
stratosphere wa. the HO+HO2 - H2O+02 reaction. Recent work on the HO+H 2O2 and HO+4NO3
rate corstatits has suggested that the previously accepted values were in error, especially at
stratosp'aeric temperatures, and that the previously undetermined rate coefficient for the
HO+HO2NOZ reaction was significantly faster than has been estimated. The major effect occurred
due to the change in rate constant for the O^+iiNO3 reaction ( a factor of three faster at 220 K).
The change in the rate constant for HO+ii202 (a factor of five at 220 K) had relatively less effect.

There are several other processes which need to be re-studied ir order ro understand HOx
radical budgets in the lower stratosphere, especially 1-102{1-102 . The ,,ecies HNO3, H02NO2,
CINO3 and HOCI illustrate the strong coupling that exists between the HOx, NOx and CIOx
families. One disturbing problem is that while these species are currently thought to play an
important ro:3 in stratospheric photochemistry, only HV03 has yet been positively observed by
any field measurement study.
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Table A3
Reliability Estimates for Photochemical Rates

Species Uncertainty
Factor

01 (Schumann-Runge bands) 1.4

0-1 (Continua) 1.15

03 1.1?

03 -. 0(1 D) 1.4

NO-, 1.25

NO3 • E
NO, +d

. 0

N,0 1.-

N,O5 2.0

H2O, 1.4

HNO3 1.:5

NO?NO 2.0

1 H + HCh
CH?O -

Ii, + Co
1.4

HCl 1.1?

HOCI 1.4

CiONO-) 1.25

CC14 1.1

CC13 F 1.05

CCI -, F • 1.15

Cli;CI 1.1

CF ,O 2.0

CH;OOH 1.4

B,-ONO, 1.4

i
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Table A4
Mathematical Expression for 0( 1 D) Quantum Yields,. , in the Photolysis of 03

IP (XT) = A(T) arctan	 C(T)

Where: t= T - 230 is a temperature function with T given in Kelvin, a is expressed in run, and arctan in radian.

The coefficients A(t ), B( T ), ap (t ) and C(r ) are expressed as interpolation polynomials of the third order:

A(T) = 0.332 + 2.565 x 104T + 1.152 x 10-5 T 2 + 2.313 x 10-8 T3

B(T) = -0.575 + 5.59 x 10.3 T - 1.439 x 10-5 T 2 - 3.27 x 10-8 T3

a o(•r)= 308.201 4.4871 x 10-2- t +6.9380x 10-5 T2- 2.5452x lo-6-r3

C(T) = 04661-8.883x 104 T -3.546x 10-5 T 2 + 3.519 x 10-7T3.

In the limits wherecp (a,T)> 0.9, the quantum yield is set cp = 0.9, and similarily forcp(a,T) < 0, the
quantum yield is set Y = 0.

A
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Table A-5

NO2 Absorption Cross Sections at 235 and 298 K

(n'm) 1020a(cm2) (nm) 1020a(cm2)

235 K 298 K 235K 298 K

185 26.0 300 10.9 11.7

190 29.3 305 16.7 16.6

195 24.2 310 18.3 17.6

200 25.0 315 21.9 22.5
205 37.5 320 23.5 25.4

210 38.5 325 25.4 27.9
215 40.2 330 29.1 29.9
220 39.6 335 31.4 334.5
225 32.4 340 32.3 38.8
230 24.3 345 34.3 40.7

235 14.8 350 31.1 41.0
240 6.70 355 43.7 51.3
245 4.35 360 39.0 45.1
250 2.83 (	 365 53.7 57.8
255 1.45 310 48.7 54.2
260 1.90 375 50.0 53.5
265 2.05 380 59.3 59.9
270 3.13 395 57.9 59.4
275 4.02 390 54.9 60.0
280 5.54 395 56.2 58.9
285 6.9y 400 66.6 67.6
290 6.77 8.18 405 59.6 63.2
295 8.52 9.67 410 53.2 57.',



CHEMICAL KINETICS AND PHOTOCHEMISTRY

Table A-6
Quanta n Yields for NO2 Photolysis

A, run 0 A,nrn 0 A.nm 40

375 0.73 389 0.74 400 0.65

376 0.75 390 0.74 401 0.62

377 0.86 391 0.81 402 0.57

378 0.74 392 0.73 403 0.50

379 0.83 393 0.78 404 0.40

380 0.81 394 0.83 405 0.32

381 0.73 394.5 0.78 406 0.30

382 0.65 395 0.81 407 0.23

383 0.62 395.5 0.75 408 0.18

384 0.66 396 0.78 409 0.17

385 0.70 396.5 0.81 410 0.14

386 0.74 397 0.77 411 0.10

387 0.69 398 0.72 415 0.067

388 0.76 399 0.70 420 0.023

Table A-7

Mathematical Expression for Absorption Cross Sections of N 20 as a Function of Temperature

ina(A,T) = A1+A2A+A3A2 +A4a3 +A50+(T-300)exp(BI rB2A+B3A2+B4a3)

A -21

Where:	 T: temperature, Kelvin

Al = 68.21023

A2 = -4.071805

A3 = 4.301:46 x 10-2

A4 = --1.777846 x 10-4

AS = !.520672 x 10-7

A: nm

B1 = 123.4014

B2 = -2.116255

B3 = 1.111572 x 10-2

B4 = --1.881058 x 10-5

Range: 173 to 240 nm; 194 to 320 K
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Table A-8
Absorption Cross Sectior

x
(nin )

a-
(cm2) (^) (C

206 6.6(-18) 246 4.
208 5.9(-18) 248 3.
210 5.2(-18) 250 3
212 4.4(-18) 252 3
214 3,7(-18) 254 2
216 3.0(-18) 256 2
218 2.48(-18) 258 2
220 2.06(-18) 260 2
222 171(-18) 262 1
224 1.41(-18) 264 1
226 1.23(-1.3) 266 1
228 1.06(-18) 268 1
230 93(-19) 270 1
232 8.4(-19) 272 1
234 7.5(-19) 274 1
236 6.9(-19) 276 1
238 63(-19) 278 1
240 5.7(-19) 280 1
242 53(-19) 282 9
244 4.7(-19) 284 8

Note: Numbers in parentheses signify powers of 10(
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t Table A-9
Absorption Cross Sections of H202 Vapor

rt( n)

1020,T

(cm2)

210 373
220 27.0
230 19.2
240 13.2
250 9.0
260 5.6
270 3.f
280 2.1
290 1.2
300 0.71
310 0.42
320 0.24
330 0.15
340 0.09
350 0.05

Table A-10
Absorption Cross Sections of 1-INO3 Vapor

0h)
1020s
(cm2) (rim)

1020,T
(cm'-)

190 1320 255 1.94
195 910 260 1.90
200 550 265 1.80
205 255 270 1.63

10 97.0 275 1.40
215 32.8 280 1
220 14.4 285 0.877
225 8,51 290 0.634
230 5.63 295 0.426
235 3.74 300 0?76
240 2.60 305 0.163
245 2.10 310 0.095
250 195 315 0,047

320 0.018
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Table A-1:
Absorption Cross Sections of H02NO2 Vapor

Molina and Molina (1980)

(nm) 1020Q(CM2) (nm) 10200(cm`')

190 1010 265 22.4

195 816 270 17.8

2+10 563 275 13.4

205 367 280 9.3

210 241 285 6.3

215 164 290 4.0

220 120 295 2.6

225 95.2 300 1.6

230 80.8 305 1.1

235 69.8 310 0.7

240 59.1 315 0.4

245 49.7 320 0.3

250 41.8 325 0.2

255 35.1 330 0.1

260 27.8

Table A-12
Absorption Cross Sections and Quantum Yields for the Photolysis of CH2O

(nm)

102Go

(cm2) (H + HCO)

t)2

(H2 + CO)

280 2.4 0.63 037

290 I	 3.2 0.73 0.27

300 3-3 0.77 0.23

310 3.1 0.76 0.24

320 2.4 0.63 037

330 2.4 031 0.64

340 2.0 0 0.67

350 0.8 0 0.40

360 0.2 0 0.14
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Table A-13
Absorption Cron Sections of HCI Vapor

(nm)
1020Q
(cm2) (nm)

1020v
(cm2)

140 211 185 313
145 281 190 14.5
150 345 195 6.18
155 382 200 2.56
160 332 205 0.983
165 248 210 0.395
170 163 215 0.137
175 109 220 0.048
180 58.8

Table A-14
Absorption Cross Sectims of HOCI

m)
1020v
(cm2) (mn)

1020o-
(cm2)

200 5.2 330 3.7
210 6.1 340 2.4
220 11.0 350 1 A
230 18.6 360 0.8
240 223 370 0.45
250 18.0 380 0.24
260 10.8 390 0.15
270 6.2 400 0.05
280 4.8 420 0.04
290 5-3
300 6.1
310 6.2
320 5.0
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Table A-15
Absorption Crou Sections of QONO2

A
(nm)

1020o-(cm2)
(dm)

10208 cm2)
227K 243K 2%K 227K 243K 2%K

190 555 -- 589 325 0.463 0.502 0.655

195 358 -- 381 330 0.353 0.381 0.514

200 293 -• 307 335 0.283 0307 0397
205 293 --- 299 340 0.246 0,255 0323
210 330 -- 329 345 0.214 0.223 0.285
215 362 -- 360 350 0.198 0.205 0.246
220 348 -- 344 355 0.182 0.183 0.213
225 282 -- 286 360 0.170 0.173 0.208
230 206 -- 210 365 0.155 0.159 0.178
235 141 -- 149 370 0.142 0.140 0.162
240 98.5 106 375 0.128 0.130 0.139
245 70.6 -- 77.0 380 0.113 0.114 0.122
250 52.6 50.9 57.7 385 0.098 0.100 0.108
255 39.8 39.1 44.7 390 0.090 0.083 0.090
260 30.7 30.1 34.6 395 0.069 0.070 0.077
265 23.3 23.1 26.9 400 0.056 0.058 0.064
270 183 18.0 21.5 405 -- -- 0.055
2'75 13.9 13.5 16.1 410 --- --- 0.044
280 10.4 9.98 11.9 415 - --- 0.035
285 7.50 733 8.80 420 -- -- 0.027
290 5.45 536 636 425 -- -- 0.020
295 3.74 3.83 4.56 430 --- - 0.016
300 2.51 2.61 330 435 -- -- 0.013
305 1.80 1.89 238 440 -- - 0.009
310 1.28 135 1.69 445 - --- 0.007
315 0.892 0.954 1 .2 3 450 -• - 0.005
320 0.630 0.68: 0.895

a

i
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Table A-16
Absorption Cross Sections of CC14

(nm) 1020v(cm2) (^) 1020o-(cm2)

174 995 206 56.5

176 1007 208 52.8

178 976 210 473

180 772 212 39.6

182 589 214 33A

184 450 216 27.6

186 318 218 22.1

188 218 220 17.0

190 142 222 12.8
192 98.9 224 9.5
194 733 226 7.1
196 67.6 228 5.6
198 65.1 230 4.11
200 64.i 232 3.05
202 61.4 234 2.24

204 60.1 236 1.52
238 1.25

Table A-17
Absorption Cross Sections of CC13F

( m) 1020u (cm2)

186.0 243.0
187.8 217.0

189.6 186.0

191.4 !	 159.0

193.2 f	 133.0

195.1 111.0

197.0 903

199.0 73.0

201.0 573

203.0 45.2

205.1 333

207-3 23.9

209.4 16.8

211.6 11.5

213.9 7.6

216.2 5.0

218.6 3.1

221.0 2.0

223.5 1.2

226.0 0.8

ai
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Table A-18
Absorption Cross Sections of CC12F2

(nm)
10200-2% (=2)

186.0 106.0
1 57.8 85.4
189.6 64.6
191.4 48.7
193.2 35.3
195.1 A.5
197.0 16.6
199.0 i0.8
201.0 6.87
203.0 4.36
205.1 2.59
207.3 1.50
209.4 0.89
211.6 0.51
213.9 0.29
216.2 0.17
218.6 0.095
221.0 0.05
223.5 <0.05
226.0 <0.05

Table A-19
Absorption Cross Sections of CHC1F.,

(Ai) 10200- (cm2)

174 5.94
17Fl 4.06
178 2.85
180 1.99
182 130
184 0.825
186 0.476
188 0339
190 0.235
192 0.157
194 0.100
196 0.070
198 0.039
200 0.026
202 0.022
204 0.013
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Table A-20
Absorption Cross Sections of CHP

(r n) 1020o(cm2) (nm) 1020o-(cm2)

174 110 198 2bO
176 933 200 1 A9
178 773 202 1.09
180 63.5 204 0.718
182 46.5 206 OA76
184 34.7 208 0.302
186 25.3 210 0.191
188 18.0 212 0.116
190 12.5 214 0.089
192 8.76 216 0.047
194 5.61 218 0.036
1% 3.80 220 0.023

Table A-21
Absorption Cron Sections of CH3CC13

Vanlsethem-Meuree et al. (1979)

x
(nm)

10200 (cm2)

295K 250K 21 OK
185 265 265 265
190 192 192 192
195 129 129 129
200 81.0 81.0 81.0
205 46.0 44.0 42.3
210 24.0 21.6 19.8
215 10.3 8.67 7.47
220 4.15 3.42 2.90
225 1.76 1.28 0.97
230 0.700 0.470 0.330
235 0.282 0.152 0.088
240 0.102 0.048 0.024
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Table A-22
Absorption Cross Sections of CC1 20, CC1FO, and CF20

(nm)

1020o(cm2)

CC120 CC1FO CF20

1849 204.0 4.7
186.0 189.0 15.6 5.5
187.8 137.0 14.0 5.2
189.6 117.0 13A 4.5
191 A 93.7 12.9 4.0
193.2 69.7 12.7 3.3
195.1 52.5 i:'.S 2.8
197.0 41.0 12A 23
199.0 31.8 123 1.9
201.0 25.0 12.0 1 A
203.0 20A 11.7 1.1
205.1 16.9 11.2 0.86
2073 15.1 10.5 Ob5
209A 13A 9.7 0.48
211.6 11.2 9.0 036
213.9 11.7 7.9 0.26
216.2 Ilk 6.9 0.21
218.6 11.9 5.8 0.15
221.0 123 4.8 0.12
223.5 12.8 4.0 0.10
2260 13.2 3.1 0.08

Table A•23

Absorption Cross Sections of CH30011

1020 Q 1020u- 10210E

m ) (cm2) (n m ) (cm2) (m) (cm2)

210 37.5 260 3.8 310 0-34

220 22.0 270 2.5 320 0.19

230 13.8 280 1.5 330 0.11
240 8.8 290 0.90 340 0.06

250 5.8 300 0.58 350 0.04
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Table A-24

Absorption Cross Sections of BrONO2

(a) (42) Own) (c,12)

87 1.5(-17) 280 29(-19)
190 13(-17) 285 2.7(-19)

195 10(-17) 290 2.4(-19)

200 72(-18) 295 2-109)

205 43(-18) 300 19(-19)

210 3.2(-18) 305 1.8(-19)

215 2.7(-18) 310 1.5(-19)

220 2.4(-I8) 315 1.4(-19)

225 2.1(-18) 320 12(-19)

230 1.9(-18) 325 1.1(-19)

235 1.7(-18) 330 1.0(-19)

240 13(-18) 335 9.5(-20)
245 1.008) 340 8.7(-20)

250 7.8(-19) 345 85(-20)

255 6.1(-19) 350 7.7(-20)

260 4.8(-19) 360 62(-20)

265 39(-19) 370 49(-20)
270 3.4(-19) 380 4.0(-20)

275 3.1(-19) 390 2.8(-20)

Note: Numbers in parentheses signify powers of
10 (e g., 1.5(-17) = 1.5 x 10-17)

C - S%,
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APPENDIX B

A REFERENCE SOLAR SPECTRAL IRRADIANCE
FOR USE IN ATMOSPHERIC MODELING

INTRODUCTION

This appendix outlines the present state of knowledge concerning the absolute magnitude and
temporal variability of the solar spectral irradiance with emphasis on wavelengths relevant to the
mesosphere and stratosphere. Reference spectra for the wavelength region 175 to 850 nm appear
in the tables including estimates for solar minimum and solar maximum conditions where
appropriate. Values for the Lyman alpha emission are given separately.

The principal absorbing gases in the atmosphere are 0 2 and 03 which attenuate the incident
irradiance via:

02 + b y ( x <175 nm) , 0(3p) + O(1D)
02 + by (175 nm < A < 242.4 nm) -► 0( 3p) + 0(3p)
03 +hv(a< 310 nm) -► 02+O(1D)
03 + b y (A > 310 nm) _ 02 + 0(3p)

An accurate calculation of the solar irradiance which penetrates to a given level depends on the
vertical distribution of absorbing gases and their cross sections as well as on the incident solar
energy. In addition to the above processes, numerous trace gases dissociate in the spectral
region 175 to 400 nm and play significant roles in the atmospheric photochemical system.
Wavelengths less than 175 nm are absorbed principally in the Schumann -Runge continuum of 02
at altitudes above the mesopause. Oxygen molecules absorb photons between 175 and 200 nm in
the Schumann -Runge band system and thereby provide the largest source of odd oxygen in the
mesosphere. Dissociation of 02 in the stratosphere occurs in the Herzberg continuum at
wavelengths between 200.0 and 242.4 nm. Ozone dissociates in the Hartley bands between 200
and 310 nm, in the Huggins bands between 310 and 340 nm, and in the Chappuis bands in the
visible region of the spectrum.

MEASUREMENT TECHNIQUES

The accuracy of solar irradiance measurements is limited by the accuracy of the primary
standards and their long term precision. Additional errors are accumulated in the transfer
process from the primary to secondary standard and to the flight instrument. The variability of
the flight instrument adds further uncertainties. Furthermore, all of these errors are wavelength
dependent.

Ground-based measurements cover only the visible spectrum. The advantage is that the
instruments can be kept in a benign environment and there is no degradation by solar ultraviolet
or X-ray radiation. The primary standards can be compared directly with the Sun. The
disadvantage of ground-based measurements is the required correction to zero air mass which
can lead to rather large errors in the ultraviolet and the infrared.

Aircraft measurements are less influenced by the zero air mass correction. Aerosols are minimal,
no interference from clouds is encountered, and the corrections due to water vapor are reduced.
High altitude balloon measurements allow observations in the ultraviolet down to 200 nm.
However, measurements between 240 and 270 nm are not reliable because of large optical depth
effects. Balloon measurements have the advantage of no outgassing problems, and no damage

B-1
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due to solar ultraviolet or X-ray radiation. The flight duration is several hours which allows
measurements with high precision. instruments are returned for post-flight calibration and the
flight environment is less harsh than that of sounding rockets.

Sounding rocket observations cover all wavelengths into the X-ray region without significant
absorption. Calibration can be carried out before and after flight. Their shortcomings are the
harsh flight environment, limited rocket carrying capability, and the short flight duration which
does not allow in-flight calibration and results in rather limited signal-to-noise ratios.

Solar irradiance measurements from satellites have N ,.16.. prettvion over extended time periods
and, thefefo, ?Ilow observing the short term variation of the Sun. Their disadvantage is the
long period between the last laboratory calibration and launch, and the fact that the instruments
cannot be returned for post-flight calibration. In addition, the experiments suffer from severe
deogradation caused by solar ultraviolet and X-ray radiation and this requires that calibration
checks be carried out by independent means.

The primary advantage is
a:iows in-flight calibration
than sounding rockets and

me disadvantage of rockets,

In the future, the space shuttle will provide an additional platform
longer flight duration (days to weeks) than sounding rockets, which
and better statistics. The shuttle can carry much larger instruments
allows their return for post-flight calibration, but it has the sa
namely, a harsh flight environment (high vibration, outgassing).

ABSOLUTE IRRADIANCES AND TEMPORAL VARIABILITY

Variations in the solar irradiance occur on time scales ranging from seconds to hours for solar
flares, days to weeks for the development of active regions and solar rotation, 11 years for the
sunspot cycle, and perhaps longer periods such as the 90 year 'Cleissberg cycle' which appears
in the envelope of maximum sunspot numbers measured over many solar cycles (Heath, 1961a).
mechanism which provides for a significant variation in the full-disk solar irradiance is the
change in the number of plage regions visible from Earth (Cook et al., 1910; Brueckner, 1981).
This accounts for the 27-day period which is now firmly established as well as a solar cycle
variation. In general, the percentage variation in full-disk irradiance assocated with active
regions increases as wavelength decreases and at wavelengths lo.rger than 210 nm bKomes less
than 1 to 2% (Coon et al., 1980; Brueckner, 1981). Early measurements from the Solar Backscatter
Ultraviolet instrument on Nimbus 7 reveal both a 27-day and longer term variation. .Although the
variation with solar rotation is confirmed, it is still possible that the longer term change arises
from an instrumental effect. Further analysis is required before definitive conclusions can be
reached (Heath, 1981a). Between 200 and 300 nm, solar line blanketing reaches a maximum
(Kurucz, 1981), and hence, it is conceivable that small changes in the opacity of the solar
atmosphere night lead to measurable changes in emission. However, the reality of this mechanism
as a cause of significant solar variability has not yet been established. Further discussion of the
origin of solar variation is bevond the scope of this appendix.

Current knowledge of the solar irradiance in the spectral region 135 to 85U run plus Lyman alpha
is summarized below.

THE LYMAN-ALPHA LINE (121.6 nm)

Measurements of the integrated Lyman Alpha emission, q, for a low level of solar activit y As

reported by Vidal-Madjar (1975), Vidal-Madjar and Phissamat (0910), Hinteregger (1%1), and
Rottman (1981) are adequately summarized by:

q - (2.5 t 0.5) x 1011 photons cm-2s-1
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The Lyman alpha irradiance varies with solar activity and is correlated with the 10.7 cm radio
flux, F(10.7). A relationship between these quantities can be anticipated from the fact that both
emissions originate in the solar chromosphere. For aeronomic application it is convenient to
express q in terms of F(10.7) although any formula must be viewed as valid only in a statistical
sense. Unfortunately the various dependencies of q on solar activity reported in the literature
differ markedly among themselves. The results of Hinteregger (1981) imply larger changes in
Lyman alpha than those of Vidal-Madjar (1975). Both of these data sets represent long-term
observations from satellites. Comparison of results obtained from rockets by Mount et al. (1980)
and Rottman (1981) support the smaller variations as does the plage model of Cook et al. (1980).
However, as discussed by Hinteregger (1981), data from the five rocket flights of Rottman (1961)
show a spread of more than a factor of two among themselves, m-Wng a reliable determination
of the mean irradiance at solar minimum difficult. With the present state of knowledge the linear
relationship:

q=2.5x1011 +0.011 x1011 (F(10.7)-65)

derived by Bossy and Nicolet (1981) is adequate for atmospheric modeling. Figure B-1 presents
the Lyman alpha irradiances used to derive this equation plotted as a function of F(10.7) in
watts m 2Hz-1 . The data of Hinteregger (1981) which appear in the figure have been adjusted by
Bossy and Nicolet (19131) to account for a hypothesized instrument drift. However, the proper
magnitude of such a correction is uncertain and the recommended equation yields q values
smaller than reported by Hinteregger (1981) for high levels of solar activity. It is possible that a
linear relationship between q and F(10.7) is invalid for high levels of solar activity. Hence, any
expression giving the Lyman-alpha irradiance in terms of F(10.7) is subject to modification as
improved knowledge from satellite experiments becomes available.

THE SPECTRAL REGION 135 TO 175 nm

1 his wavelength region is relevant to the mesosphere in that it influences the atomic oxygen
concentration near the upper boundary. The irradiance results reported by different observers
show a wide spread as indicated in Table B-1 which compares the total number of photons
cm-2 s-1 between 1:35 and 175 nm as reported by various groups. The differences among the
measurements in the 1972-1975 period surely represent systematic calibration differences.
According to Hinteregger (1976), the minimum numtx-r of solar photons is 5.7x10 11 cm-2s-1
integrated between 135 and 175 nm as compared to an average value from Rottman (19111) of (9 t
1) x 11111 cm--2 s -1 . The average of the extreme values for solar minimum is 7.5 x 1011 cm-2s-1
with a spread of 330%. The results of Mount et al. (1980) and Mount and Rottman (1481) for high
solar activity give an integrated irradiance of 1.3-1.5x10 12 cm-2 s -1 , or a ratio of maximum to
minimum of 1.4 to 1.7 when data fs -n similar instruments ar• compared. The plage model of
Cook et al. (198()) and Brueckner (1981) suggests a ratio of 1.3 with a statistical uncertainty of
±30%, which is in good agreement with the measurements. It is clear that the irradiance between
135 and 175 nm shows a substantial variability over the solar cycle; however, in view of the
discrepancies among irradiance data taken near solar minimum, the absolute values must IV
considered as certain to no more than t25 to 30%.

THE SPECTRAL REGION 175 TO 200 nm

Several independent data sets exist for this wavelength region. 1 hose are compared in figure I1-2
which gives the ratio of several measured irradiances to thowc ut Samain and Simon (1976) which
refer to a quiet solar disk. Differences at the shorter wavelengths may represent true solar
variations. In particular, the data of Mount et al. (19M) and mount and ",tatman (1481) refer to
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Table B-1
:d Solar Irradiance Integrated Over the Spectral Range 135 to 175 nm

10.7 cm
flux

Irradiance
(photons cm -2s,I ) Reference

) 84 5.7 x 10I 1 Heroux and Higgins (1977)
74 5.2 x 10 11 Heroux and Higgins (1977)

2 111 8.7 x 10 11 Rottman (198 1 )

91 7.7 x 10 11 Rottman (1981)

75 8.2 x 10 11 Rottman (1981)
i 70 1.0 x 10 12 Rottman (1981)

80 1.0 x 101 4, (1981)
224 1.5 x 10 1 ` Mount et al. (1980)
218 1.3 x 10 12 Mount and Rottman (1981)

B-4
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Figure B-2. Observed solar irradiance in the spectral range 175 to 200 um expressed as ratios relative to Samain
and Simon (1976). Dashed lines indicate a i 20% range, The numbering is as follows:
I = Samain and Simon (1976), 2 - Brueckner et al. (1976), 3 = Mount and Rottman (1981)
4 = Heath (1980), 5 = Prediction of page model of Cook et al. (1980) for Rx = 200 and the quiet
Sur irradiance of Samain and Simon (1976).

solar maximum conditions. At wavelengths greater than 180 nm the results of Samain and Simon
(1976), Brueckner et al. (1976), Mount et al. (1980), Mount and Rottman (1981) and the Nimbus 7
SBUV measurements of Heath (1980), generally agree to within 2D%. The plage model of Cook et
al. (1980) and Brueckner (1981) suggests irradiances near solar minimum which are smaller than
those for a very large solar maximum, Zurich sunspot number R Z = 320, by factors of 1.3, 1.2 and
1.2 at the wavelengths 176, 182, and 202 nm respectively. At 210 nm and longer wavelengths, only
a low contrast exist between the background solar disk and plage regions and, hence, the plage
model here predicts a variability of less than 1 to 2%.

The reference spectra appear in Table B-2 which contains the following information. The data of
Samain and Simon (1976) are given as representative of solar minimum conditions while the
values of Blount and Rc-ttman (1981) are characteristic of the solar maximum in 1979. A
reasonable error bar on both sets is t20%. Reference to Figure B-2 shows that, when these
uncertainties are included, the data by themselves cannot be taken to support a variation with
solar activity since the error bars overlap. However, the plage model of solar variability provides
a predictive tool based on a specific physical mechanism. For additional reference, Table B-2
contains a solar maximum spectrum generated from the Samain and Simon (1976) results using
the plage model for RZ = 200 which is characteristic of 1979. Comparison of the Mount and
Rottman (1981) data with this computed spectrum shows an average difference of 2.4% with a
one standard deviation spread of 11.5%. Because the full-disk irradiance varies with the number
of active regions, the values for solar maximum presented in Table B-2 refer only to 1979. The
emission at the maximum of one solar cycle generally will differ from that at other maxima. In
the absence of longer term variability, not accounted for by the number of active regions, the
irradiances at different solar minima rviil be similar.

1'.
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Table B-2
Reference Solar Spectral Irradiance for Wavelengths 175-200 nm

Error Ban on Measured Spectra are t 20 Percent.

Wavelength
Interval
(run)

Solar Minimum 
Irradiance

(photons cm-20)

Solar Maximum 2
irradiance

(photons cm-2s-1 )

Computed3
Solar Maximum

irradiance
(photons cm-2s-1)

175.0-176.0 0.74 x 10 11 1.22 x 10 11 0.89 x 1011
176.0-177.0 0.85 139 1.01
177.0.178.0 1.15 1.42 134
178.0. 179.0 132 1.54 1.52
179.0. 180.0 1.29 1.60 1.48
180.0-181.0 1.54 1.63 1.75
181.0-182.0 2.00 2.01 2.27
182.0-183.0 1.86 194 2.10
183.0.184.0 197 2.05 2.23
184.0. 185.0 1.66 1.80 1.88
185.0-186.0 1.91 2.05 2.16
186.0-187.0 237 237 2.68
187.0-188.0 2.66 2.77 3.01
188.0.189.0 2.80 2.91 3.16
189.0-190.0 2.93 331 331
190-0. 191.0 2.94 3.41 332
191.0. 192.0 333 3.86 3.76
192.0-193.0 3.48 4.15 393
193.0-194.0 2.54 3.31 2.87
194.0. 195.0 4.46 4.85 5.04
195.0.1%.0 4.27 5.25 4.83
1%.0-197.0 4.86 5.62 5.49
197.0. 198.0 4.87 6.13 5.50
198.0. 199.0 492 6.07 5.56
199.0-200.0 5.53 6.54 6.25

1 Data of Samain and Simon (1976) for a quiet solar disk.

2 Data of Mount and Rottman (1981).

3Computed from the plage model of Cook et al. (1980) for R Z - 200 using
the quiet sun results of Samain and Simon (1976).
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THE SPECTRAL REGION 220 TO 330 nm

The only measurement of solar irradiance during solar cycle 20 which covered the wavelength
range corresponding to the Hartley bands of ozone was performed by Broadfoot (1972) in June
1970. Irradiance values from 210 to 320 nm were published with a quoted accuracy of t10% and a
resolution of 0.3 nm. Observations at several discrete wavelengths were made in the same
spectral range by the BUV spectrometer on board the Nimbus 4 satellite and published by Heath
(1973). The bandpass of this latter instrument was 1 nm making difficult an accurate comparison
with Broadfoot's data but the agreement seems reasonably good. On the other hand, Simon
(1974) reported irradiance observations from 1% to 230 nm from a balloon-borne spectrometer
with a bandpass of 0.6 nm which are from 30 to 15% lower than those published by Broadfoot
(1972). The quoted accuracy is t20%. The same balloon-borne spectrometer yielded irradiance
data beyond 284 nm (Simon, 1975; with an accuracy of t15% and the same resolution. The
agreement with Broadfoot is good up to 305 nm. It should be mentioned that Broadfoot (1972)
quoted larger uncertainties between 300 and 320 nm than at shorter wavelengths. Beyond 200
nm, other measurements performed from a Convair Jet aircraft were made by Arvesen et al.
(1%9) with a quoted accuracy of 25% at 300 nm. Disagreements reaching 40% appear between the
data of Arvesen et al. (1%9) and those of Broadfoot (1972) in the wavelength interval 300 to 320
nm, very important for the formation of O( 1 D) from the photodissociation of 03 . The values of
Simon (1975) have been widely accepted as more reliable in this interval.

Since 1976, corresponding to the beginning of solar cycle 21, several measurements of the solar
irradiance have been performed beyond 200 nm. They include observation by means of the
Nimbus 7 satellite (Heath, 1980), rockets (Mount et al., 1960; Mount and Rottman, 1981; Mental)
et al., 1981) and stratospheric balloons (Simon et al., 1961a,b). Dates, wavelength intervals and
quoted accuracies for most of these appear in Table B-3. Figure B-3 presents the ratios of
different measured irradiance values integrated over 5 nm intervals from 210 to 240 nm taking as
a reference the data obtained by Heath (1980) from Nimbus 7. The 5 nm interval has been chosen
to reduce the effect of the different spectrometer resolutions on irradiance values. The data of
Simon (1974) are not presented in this figure for the sake of clarity, however, they agree with his
more recent values to t5% in this wavelength range (Simon et al., 1981a,b). Systematic
divergences clearly appear between most of the measurements and are probably due to
experimental errors. Differences between the balloon flights do not exceed 12 %. The two last
flights are in very close agreement, within 5%, with the data obtained by Heath (1980). They
confirm that values of Broadfoot (1972) should be lowered by at least 25% in this wavelength
range. The lowest values of Mount et al. (1980) do not seem reliable because they are not
confirmed by the last rocket Might reported by Mount and Rottman (1981), using a similar
spectrometer.

New measurements between 240 and 270 nm include those of Heath (1980), Mount and Rottman
(1981) and Mentall et al. (1981). All are systematically lower in this wavelength interval than
those of Broadfoot (1972). They diverge by 15% between 240 and 250 nm and agree quite well
around 270 nm.

Figure B-4 presents the comparison of irradiance values integrated over 5 nm between 270 and
330 nm, taking as a reference the Nimbus 7 data of Heath (1980). The agreement between all the
observations is rather good (310%) up to 295 nm. Beyond this wavelength, the data of Mount and
Rottman (1981) become significantly lower than the others such as those of Broadfoot (1972)
longward of 305 nm. Some balloon observations exhibit discrepancies of up to 15% at longer
wavelengths, but the results of Simon (1981a,b) agree with those of Heath (1980) to within 5%.
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Tape B-3
UV Solar Irradiance Observation Beyond 200 am

.1shrenee Date of Observation
Wavelength
Interval (Din) Vdtkk Accuracy

Arvesen at al. (1969) Aug. - Nov. 1%7 300.2500 aircraft t 25 - t 3%
Hroadfoot (1972) June 1S, 1970 210.320 rocket t 10%
Simon (1975) Sept. 23, 1972 28S-35S balloon t 1596

May 16, 1973
death (1980) Nov. 7, 1978 160.400 "bate 1 10-1 3%
Mount It al. (1980) June 7, 1979 120.256 racket t 1 S%
Nackel and labs (1981) 1960s 330. 1248 ground 1 1.5 - t 1%
Simon at al. (1981a, b) July 1. 1976

July 7, 1977 270-330 balloon t 10%
Sept. 14, 1979
June 24, 1980

Mount and Rovman (1981) July 15, 1980 120.318 rocket t 15%
Mentallet al. 0 98 1) Sept. 15, 1980 200.330tun rocket t 15%
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Figure B-3. Observed solar irradiance ir. the spectral range 210 to 240 nm expressed as ratios relative to the
Nimbus 7 data of Heath (1980). Values are integrated over 5 run intervals. The labeling is as
follows: B70 = Broadfoot ( 1972), MR80 = Mount and Rottman (1981), S77, S76, S80, S79 =
Simon et al. (1981a, b), MRT = Mount et al. (1980).
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Figure B-4. Observed solar irradiance in the spectral range 270 to 330 nm expressed as ratios relative to the
Nimbus 7 data of Heath (1980). Values are integrated over 5 nm intervals. The labeling is as
follows: S77, S79, S80 = Simon et al. (198Ia,b), B70 - Broadfoot (1972), MR80 = Mount and
Rottman (1981).

Tables B-4 and B-5 contain the reference spectrum based on the data of Heath (1980). The error
bar near 200 nm is ±15%, decreasing to t10% near 300 nm. This spread encompasses both
instrumental error as well as any true solar variability.

THE SPECTRAL REGION 330 TO 852.2 nm

Two sets of data cover this wavelength range, namely those of Arvesen et al. (1%9) and those
of Neckel and Labs (1981) which supersede the data published by Labs and Neckel (1970). The
latest values are based on observations obtained during the 1960s from a high mountain
observatory with a 2 nm resolution. They are probably the host reliable observations in the
visible and their quoted accuracy is better than t2%.

The aircraft data of Arvesen et al. (1%9) cannot be directly adopted for several reasons: first,
their wavelength scale has to be adjusted be!ow 400 nm to align the Fraunhofer lines with their
known positions. Second, the data suffer from uncertainties due to changes in the spectral
irradiance scale of the National Bureau of Standards in 1973. Third, the solar constant value of
139 mW cm-2 deduced from their observations is larger than the value generally adopted of
137 mW cm-2 based on the recent observations of Willson et al. (1981). Consequently, the
irradiance values of Arvesen et al. (1%9) have to be adjusted either by comparison with the data
of Neckel and Labs (1981) or the accepted solar constant. Both methods produce results which
lie within -3% of each other to wavelengths beyond 400 nm.

The reference spectrum of Table B-5 is based on the data of Heath (1980) to 330 nm and the data
of Arvesen et al. (1969) adjusted to a solar constant of 137 mW cm-2 at longer wavelengths. The
accuracy in the visible region is better than ±3T, but degrades toward the ultraviolet to ;10%.
Any long term variability in this spectral region cannot be detected in the available irradiance
data buy may manifest itself via measurements of the solar constant.
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Table B4
Reference Solar Spectral Irradiance for Wavelengths 200.0 .307.7 nm

See Text for Discussion of Error Ban.

Wavenumber
Interval (cm- 1 )

Wavelength Interval
(nm)

Solar Irradiance
(photons cm-2s-1)

50,00049,500 200.0-202.0 1.40 x 1012
49,50049,000 202.0-204.1 1.69
49,00048,500 204.1-206.2 2.07
48,50048,000 2062-2083 2.52
48,00047,500 2083-210.5 4.21
47,50047,000 210.5.212.8 7.23
47,00046,500 212.8-215.0 7.79
46,50046,000 215.0-217A 8AS
46,00045,500 217.4-219.8 1.05 x 1013
45,50045,000 219.8-222.2 1.19
45,10044,500 222.2-224.7 1.51
44,500.44,000 224.7-2273 133
44,000-43,500 2273-229.9 131
43,500-43,000 229.9-232h 1.51
43,00042,500 232.6-2353 132
42,50042,000 2353-238.1 1.50
42,00041,500 238.1-241.0 134
41,50041,000 241.0-243.9 2.02
41,00040.500 243.9-2469 1.82
40,50040,000 246.9-250.0 1.88
40,000-39,500 250.0-253.2 1.83
39,500-39,000 253.2.256.4 2.25
39,000-38,500 256.4-259.7 4.65
38,500-38,000 259.7-263.2 4.44
38,000-37,500 263.2-266.7 1.07 x 1014
37,500-37 DW 266.7-2703 1.18
37,000-36,500 2703-274.0 1.08
36,500.36,000 274.0-277.8 1.04
36,000-35,500 277.8-281.7 7.54 x 1013
35,500-35,000 281.7-285.7 1.48 x 1014
35,000-34,500 285.7-289.9 2.17
34,500-34,000 2899-294.1 3.46
34,000-33.500 294.1-298.5 3.39
33,500-33,000 298.5-303.0 3.24
33,000-32,500 303.0-307.7 4.40
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Table B-5
Reference Solar Spectral Irradiance for Wavelengths 307.5852.5 nm
(Values are Irradiance Integrated Over 5 nm Centered on Wawlength

Given) See Text for Discussion of Error Ban.

Waveleno

(AM)

Solo ImdWm

(phctomcm-2s-I)
Wavdeno

(JIM)

Solar Irra h ow

(photomcm-2r1)

310 495 x 10 14 530 2.55 x 1015
315 513 535 2.51
320 6.22 $40 2.49
325 6.96 545 2.55
330 8b 1 550 2.53
335 8.15 555 2.54
340 8.94 560 2.50
345 8.44 565 2.57
350 8.69 570 2.58
355 9.14 575 2.67
360 8.23 580 2.67
365 1.07 x 1015 585 2.70
370 1.08 590 2.62
375 9.72 x 10 14 595 2.69
380 1.11 x 10 15 600 2.63
385 898 x 1014 605 2.68
390 1.18 x 10 15 610 2.66
395 934 x 10 14 615 2.59
400 1.69 x 10 15 620 2.69
405 1.70 625 2.61
410 1.84 630 2b2
415 1.97 635 2.62
420 1.95 640 2A3
425 1.81 645 2.60
430 1.67 650 2.55
435 198 655 2.48
440 2.02 660 2.57
445 2.18 665 2.61
450 236 670 2.61
455 231 675 2.62
460 239 680 2.62
465 238 685 2.57
470 239 690 2.52
475 2.44 695 2.60
480 2.51 700 2.58
485 230 705 2.52
490 239 710 2.5!
495 2.48 715 2.48
500 2.40 720 2.45
505 2.46 725 2.48
510 2.49 730 2.45
515 232 735 2.44
520 239 740 239
525 2.42 745 2.40
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Table &5. Reference Solar Spectral Irradiance for Wavdeagdn 3075 ,8525 nm (cmtinued)

Wavelength
(nm)

Solar Irradiance
(photons CM-21-1)

Wavelength
(nm)

Solar Irradiance
(photons an-20)

750 2.41 x 10 15 800 2.27
755 240 805 227
760 238 810 220
765 234 815 222
770 232 820 2.18
775 230 825 220
780 233 830 2.14
785 234 835 2.14
790 2.29 840 2.13
795 2.29 845 2.09

850 2.05

HE SOLAR CONSTANT

The mean value of the solar constant is 136.831 mW cm-2 (Willson et al. 1981). Short term
variations show average amplitudes of *0.06$. Up to 0.2% decreases in the solar constant over a
7-day period have been observed and are correlated with the development of sunspot groups.
Any long term changes in the solar constant are still highly speculative.

CONCLUSIONS AND FUTURE DIRECTION FOR SOLAR IRRADIANCE MEASUREMENTS

Two basic problems remain concerning our knowledge of the solar irradiance values presently
used for studies of atmospheric chemistry.

(1) The absolute value for solar irradiance is known with an accuracy of *30% at the shortest
wavelength. i20 nm, and improves to ±10% at 300 nm. A factor of two improvement in accuracy
is desirable if the irradiance values are to be useful in validating photochemical models by
comparing their predictions with trace gas measurements.

(2) Our knowledge of solar variability is still masked by insufficient relative accuracy and
precision in available observations. Satellite observations between 120 and 400 nm give evidence
ar a solar rotation effect over time periods of months, however, a solar cycle variability above
200 nm is not obvious when irradiance data are examined in light of overall error budgets. Only
at wavelengths less than 200 nm is the existence of a solar cycle variability well-established.
However, its magnitude is uncertain.
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To overcoine these observational difficulties, the following Improvements are required;

(1) Available standards most he improved. Present ultraviolet transfer standards, both radiance
and irradiance, have inherent uncertainties as large as t1O% and discrepancies between standards
often exceed the stated accuracies. widespread use of synchrotron radiation (e.g., the NETS SURF
11 facility) is likely to improve the absolute accuracy of the primary standard to a range of t1 to
2% for future measurements.

(2) It is essential that a stable reference source be maintained over extended periods, at least
aver a solar cycle, to ensure continuity of instrument calibration programs.

(:1) observers must he encouraged to coordinate and intercompare their observations. -k
-ttandard format for error budget analysis would validate the agreements of disagreements.

(4) The close symbiotic relationship between racket, balkx`n and satellite experiments must be
continued and improved. lung-term drifts in the satellite sensitivity must be determine' by
frequent rocket, hallot-vn, and shuttle observations. On the other hand, quick 'snap-shots' of the
Sun must he interpreted with the aid of satellite monitoring to filter short and intermediate term
solar variations. The future use of the space shuttle will improve solar irradiance e^asurements
considerahfy over those obtained by founding rockets.

(S) to obtain reliahlc• information from which to estimate the ultraviolet irradiance at various
time in the solar cycle, continuous monitoring is essential.



STRATOSPHERIC INSTRUMENTS AND ANALYSES

GROUND BASED INSTRUMENTS

DOBSON OZONE SPECTROPHOTOMETER

The instrument contains (a) a double monochromator for isolating two suitable wavelengths, (b)
a photomultiplier and amplifier, and (c) two optical wedges whose position (and therefore
absorption) is controlled by a graduated dial for measuring the relative intensities of these
wavelengths. The two wavelengths fall on to the same photomultiplier, but a rotating shutter
admits first one wavelength and then the other. By means of the optical wedges, the stronger
wavelength is reduced in intensity until the photomultiplier gives the same current for each
wavelength. After suitable calibration the position of the optical wedges will give the relative
intensities of the two wavelengths.

The purpose of the instrument is to measure the total amount of ozone. This is deduced from
the measured reduction in the intensity of sunlight in its passage through the atmosphere. Since
it is much easier to measure the relative absorption of two wavelengths than the absolute
absorption of one wavelength, two wavelengths are used having very different absorption
coefficients. The pairs in common use are: A (305.5 and 325.4 nm), B (308.8 and 329.1 nm), C
(311.45 and 332.4 nm), D (317.6 and 339.8 nm) and C' (332.4 and 453.6 nm). Measurements may
be made from the direct Sun, the clear blue zenith sky, or from the cloudy zenith sky.
Observations are archived by the Atmospheric Environment Service, Downsview, Ontario, Canada.

Vertical profiles of ozone nay be deduced from 'Umkehr' observations on the zenith blue sky
for solar zenith distances between 36° and 90°. The inversion of the observations in terms of
ozone profiles is done by the Atmospheric Environment Service. For a recent discussion of the
status of methods for estimating total ozone and ozone profiles from Dobson data, see Mateer,
1980.

In Table C-1 are listed stations for which total ozone observations are being made as of 1980,
with an indication of the length and completeness of the data set. In Table C-2 are fisted the
stations currently making Umkehr observations.

FILTER OZONOMETER (M-83)

This instrument currently is a two-channel filter photometer with nominal center wavelengths at
299.0 nm (22.5 nm full width at half power) and at 324.7 nm (15.0 nm full width at half power).
A photocell is used for direct sun observations; a photomultiplier for observation of the zenith
sky. Information on stations in operation as of 1980 is included in Table C-1.

OZONESONDES (SMALL BALLOONS)

Three Brewer-type electrochemical instruments are presently available for routine operation: the
MAST sonde, instruments produced in the German Democratic Republic, and those produced in
India. Two Komhyr types are available: the ECC and the KC-japan. Stations in operation as of
1980 are listed in Table C-3.

C-1
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Table C-1
Total Ozone Stations in Operation as of 1980

Station
initial Year

(since 1958)
Months of

Missing Data

North Temperate

Europe
Aarhus 1958 12
Arose 1958 2
Bialsk 1963 2
Biscarrone 1976 1
Bracknell (Comborne) 1958 11
Bucharest 1980 0
Budapest 1%7 40
Cagliari 1958 4
Cairo 1978 0
tUmpeissenbar8 1968 0
Hradec Kralove 1%1 1
Lerwick 1958 15
Lisbon 1968 10
Magny-Les-Harneaux 1980 0
Odo 1978 0
Potsdam 1964 11
Sestols 1977 0
lJock 1973 3
Vigne de Valle 1958 0
Casablanca 1971 24

North America
BI -mark 1%3 3
Boulder 1964 2
Caribou 1%3 4
Churchill 1%5 3
Edmonton 1958 2
Goose Bay 1%2 1
Nashville 1%3 3
Toronto 1960 5
Wallops Wand 1972 l
White Sands 1972 0

Japan
Kagoshima 1958 3
Naha 1974 0
Sapporo 1958 0
Tateno 1958 0

India-Pakistan
Mount Abu 1958 3
New Delhi 1958 0
Poona 1973 5
Quetta 1968 9
Srinagar 1964 6
Varanasi 1964 1
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Table C•1
Total Ozone Stations in Operation as of 1980 (Continued)

Station
Initial You

(since 1958)
Months of

Missing Data

China
Kunming 1980 0
Shiangher 1979 2

Soviet Union (M-83)
Alma Ata 1958 11
Ashkhabad 1962 9
Bolshays Elan 1963 14
Dikson Island 1958 100
Dushanbe 1963 7
Irkutsk 1960 9
Kiev 1960 19
Kuybyshev 1962 5
Leningrad 1958 30
Moscow 1962 12
Murmansk 1962 25
Nagaevo 1962 40
Odessa 1962 4
Omsk 1962 4
Riga 1961 26
Sverdlovsk 1962 4
Vladivostok 1962 13
Yakutsk 1962 33

North Polar

Barrow 1974 25
Resolute 1958 26
Reykjavik 1958 70

Tropics

Bangkok 1978 l0
Caims (Darwin) 1%6 7
Huancayo 1964 1
Kodaikanal 1958 4
Mahe 1976 0
Manila 1979 0
Mauna Loa 1%1 0
Mexico City 1974 6
St. Helena 1977 0
Samoa 1976 0
Singapore 1979 0

South Temperate

Aspendsie 1958 0
Brisbane 1958 0
Buenos Aires 1966 1
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Table C•1
Total Ozone Stations in Operation as of 1980 (Continued)

C-4

Station
Initial You

(since 1958)
Months at

Missing Data

South Temperate (Continued)

Hobart 1%7 16
Invercargill 1970 13
Macquarie island 1963 3
Perth 1969 1

South Polar

Amundsen Scott 1962 104
Syowa 1966 78

Table C-2
Umkehr Stations in Operation as of 1980

Station
Initial Year

(since 1958)
Months of

Missing Data

Europe

Arose 1961 6
Belsk 1963 46
Cairo 1978 13

Lisbon 1967 39

North Mterica

Boulder 1978 1

Edmonton 1974 18

Japan

Kagoshima 1958 88

Naha 1976 31

Sapporo 1958 96
Tateno 1958 23

India

Mount Abu 1964 30
New Delhi 1965 57
Poona 1975 27
Srinagar 1976 14
Varanasi 1964 72

Australia

Aspendale 1958 24
Brisbane 1959 22
Macquarie Island 1961 20

Goose Bay and Churchill hrve reported old data. But no data for 1979 or 1980.
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SATELLITE INSTRUMENTS

BUY (BACKSCATTER ULTRAVIOLET SPECTROMETER)

The Nimbus 4 Backscatter Ultraviolet (BUV) Spectrometer experiment was designed to monitor the
vertical distribution and total amount of atmospheric ozone on a global scale by measuring the
intensity of UV radiation backscattered by the Earth/atmosphere system in the 250 to 380 nm
spectral region. The primary instrumentation consisted of a double monochromator containing
all reflective optics and a photomultiplier detector. The double monochromator was composed
of two Fastie-Ebert instruments in tandem. Each had a 64 by 64 mm grating with 24OU lines per
mm; the triangular slits were 1.0 mm full width at half-maximum. Light from a 0.05 steradian
solid angle (subtending a square of about 20U km on the Earth's surface from a satellite altitude
of about 1100 km) entered the nadir pointing instrument through a depolarizing filter. A
motor-driven cam stepped the gratings to monitor the intensity at 12 different wavelength
bands. For ground reflectivity, a filter photometer measured the UV radiation in an ozone-free
absorption area near 380 nm. Signals from both units were read by separate range-switching
electrometers. During each data frame (of 32 s duration) the monochromator measured the
intensity of the UV radiation in each of the 12 wavelength bands while the photometer
simultaneously measured the UV intensity in a single wavelength band. The dwell time at each
wavelength was 1.8 s; during this interval, four analog UV intensity measurements were taken at
400 ms intervals in addition to an integrated pulse count measurement of the UV intensity and
energetic particle flux. Once each orbit, a diffuser plate deployed to monitor the Sun directly.
Total ozone was obtained from data at 312.5 and 339.8 nm; the vertical distribution was
obtained by mathematical inversion of data for wavelengths between 273.5 and 305.8 nm. For a
complete description of the 13UV experiment, see Section 7 in The Nimbus IV User's Guide,
available from the NSSDC.

HIRS (HIGH RESOLUTION INFRARED RADIATION SOUNDER)

The Nimbus 6 High Resolution Infrared Radiation Sounder (HIRS) supported the GARP data test
set by providing vertical temperature profiles twice daily on a global basis, extending up to
approximately 40 km, and information on the water vapor distribution in the troposphere. The
HIRS measured radiances primarily in five spectral regions -- (1) seven channels near the
15-micrometer CO2 absorption band, (2) two channels in the IR window, 11.1 and 3.7 micro-
meters, (3) two channels in the water vapor absorption band, 8.2 and 6.7 micrometers, (4) five
channels in the 4.3-micrometer band, and (5) one channel in the visible 0.69-micrometer region.
The sounder consisted of a Cassegrain telescope, scanning mirror, dichroic beam splitter, filter
wheel, chopper, and associated electronics. The HIRS scanned the Earth's surface in a plane
normal to the spacecraft's orbital path with a maximum scan angle of 30° to either side of nadir.

IRIS (INFRARED INTERFEROMETER SPECTROMETER)

This is a Twyman-Green modification of Michelson interferometer spectrometer operating in the
b.5 to 40 micrometer wavelength region. Radiation from a cone of atmosphere, whose base on
the surface of the Earth is a circle 98 km in diameter, is reflected into the instrument from a
plane mirror which rotates to provide image motion compensation. The radiation is split into
two beams, one of which is reflected from a moving mirror, recombined and focused onto a
bolometer detector. Interference effects result from the path length differences in the two
beams as the mirror moves. It travels about 2 mm in 13 seconds to give an interferogra+n which
is recorded on tape. Observations are begun 1b seconds apart in which time the spacecraft
travels about 120 km; thus, there is no overlap in successive observations. After recording 14
interferograms, two calibration observations are made, one for a reference blackbody at 300 K and



STRATOSPHERIC INSTRUMENTS AND ANALYSES	 C-7

Fr

one for outer space. A Fourier transformation, performed by digital computer, must be made on
each telemetered interferogram to produce a spectrum. Then, to relate this to atmospheric
conditions, appropriate spectra absorption regions must be chosen and employed in an inversion

,g	 of the radiative transfer equations.

ITPR (INFRARED TEMPERATURE PROFILE RADIOMETER)
i`

ITPR measures IR radiation in four spectral intervals of the 15-micrometer carbon dioxide band, a
spectral interval of the rotational water vapor band, and in the 2.8 and 11-micrometer spectral
windows. Coverage is cluster-sampled in three clusters of 10 by 14 instantaneous fields-of-view
per cluster distributed symmetrically about either side of nadir but staggered by cluster in the
orbital direction. Each cluster matrix contains 140 resolution elements. Measurements in theI carbon dioxide and water vapor absorption bands will be used to calculate the temperature
profiles and the total water vapor in the lower stratosphere and troposphere by inverting the
radiative transfer equation using numerical and mathematical techniques. The statistical
fluctuations of the radiation data from the independent resolution elements will be used in the
solution to account for the attenuation of the clouds in addition to the two window measure-
ments, which should enable cloud contamination of the radiances to be detected and eliminated,
thus permitting actual determination of temperature profiles down to the Earth's surface.

LIMS (LIMB INFRARED MONITOR OF THE STRATOSPHERE)

The objective of the Limb Infrared Monitor of the Stratosphere (LIMS) experiment is to map the
vertical profi!es of temperature and the concentration of ozone, water vapor, nitrogen dioxide,
and nitric acid in the lower to middle stratosphere range, with extension to the stratopause for
water vapor and into the lower mesosphere for temperature and ozone. The instrument has a
six-channel infrared radiometer that incorporates Hg-Cd-Te detectors cooled by a two-stage
solid cryogen cooler. The radiometer maps vertical profiles of thermal IR emission coming from
the horizon in six bands. Two of the channels are used to determine radiance profiles of
emission by CO2 . These profiles are mathematically inverted to obtain temperature versus
pressure. The inferred temperature profile, together with radiance profiles in the other spectral
bands, are then used to infer the vertical distribution of trace constituents.

The temperature is determined to an accuracy of about 1.5 K. Constituent concentrations are
determined with an accuracy of about 20%, with the exception of NO 2 which is determined to
within about 50%. Instantaneous vertical field-of-view at the horizon is 2 km for the
temperature, ozone, and nitric acid channels and 4 km for the NO 2 and water vapor channels.

LRIR (LIMB RADIANCE INVERSION RADIOMETER)

The Nimbus 6 Limb Radiance Inversion Radiometer (LRIR) provided calibrated radiance versus
altitude profiles by intercepting radiation emanating from an atmospheric path which is
tangential to a particular geocentric height. The LRIR sensed radiation in four spectral intervals
-- (1) the 14.6- to 15.9-micrometer CO 2 band, (2) the 14.2- to 17.3-micrometer CO 2 band, (3)
the 8.8- to 10.1-micrometer ozone band, and (4) the 2U- to 25-micrometer water vapor
rotational band. Measurements taken in the two CO 2 channels and the water vapor channel were
used to calculate global temperature and water vapor profiles in the stratosphere and lower
mesosphere. In addition, values of the geostrophic wind up to 1 mbar (approximately 48 km)
were derived analytically from the deduced temperature profiles. The radiometer included an
optical system, a scanning mirror, choppers, associated electronics and employed an
ammonia-methane cooler system for three of the four detector channels. While the deduced
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temperature profiles had an root mean square accuracy of 0 K at heights above 15 km, the values
for ozone were accurate to within 320% at 1 mbar. Water vapor values at the same height were
within 50%.

MFR (MULTICHANNEL FILTER RADIOMETER)

The Multichannel Filter Radiometer (MFR), also called Special Sensor If (SSH) is a Vertical
Temperature Profile Radiometer (VTPR). The objective of this experiment is to obtain vertical
temperature, water vapor, and ozone profiles of the atmo.phere to support Department of
Defense requirements In operational weather analysis and forecasting. The SSH is a 16-channel
sensor with one channel (1022 cm-1 ) in the 12-micrometer atmospheric window, six channels
(747, 725, 708, 695, 676, 668.5 cm-1 ) in the 15-micrometer CO2 absorption band, and eight
channels (535, 408.5, 441.5, 420, 374, 397.5, 355, 353.5 cm -1 ) in the 22- to 30-micrometer
rotational water vapor absorption band. The experiment consists of an optical system, detector
and associated electronics, and a scanning mirror. The scanning mirror is stepped across the
satellite subtrack, allowing the SSH to view 25 separate columns of the atmosphere every 32 s
over cross track ground swath of 2000 km. While the scanning mirror is stopped at a scene
station, the channel filters are sequenced through the field-of-view. The surface resolution is
approximately 39 km at nadir. The radiance data are transformed into temperature water vapor
and ozone profiles by a mathematical inversion technique. A more complete description of the
experiment can be found in the report by Nichols (1975).

PMR (PRESSURE MODULATED RADIOMETER)

The Nimbus 6 Pressure Modulated Radiometer (PMR) experiment took radiometric measurements in
the 15-micrometer CO2 band at altitudes between 45 and 70 km on a global scale. By appropriate
mathematical retrieval methods, the temperature structures of the upper stratosphere and lower
mesosphere were then deduced. The pressure modulation technique permitted the extension of
selective chopping techniques to higher altitudes where the pressure-broadened emission lines in
the 15-micrometer CO2 band became so narrow that conventional spectrometers and
interferometers had insufficient spectral resolution. In addition to pressure scanning (in discrete
steps), the radiometer also employed Doppler scanning along the direction of flight. The PMR
comprised two similar radiometer channels, each consisting of a plane scanning mirror, reference
blackbody, pressure modulator cell, and detector assembly. The plant- mirror was gold-coated
and mounted at 45° on a 90° stepping motor so that the field-of-view of the channel could be
directed to space or the internal reference blackbody for inflight range and zero calibration. The
motor was mounted on a pair of flexible pivots so that the mirror could be rotated through
.7-1/2° from its rest position to give the required doppler scan. major components in the
pressure modulator cell were a movable piston, a diaphragm, and a magnetic drive coil, The
detector assembly consisted of a field lens, a condensing light pipe, and pyroelectric flake
bolometer. Each radiometer had a field-of-view that was 20° whole angle across the spacecraft's
line-of-flight and 4° whole angle parallel to the line-of-flight.

SAGE (STRATOSPHERIC AEROSOL AND GAS EXPERIMENT)

The objectives of the Stratospheric .Aerosol and Gas Experiment (SAGE) are to determine the
spatial distribution of stratospheric aerosols and ozone on a global scale. Specific objectives are
(1) to develop a satellite-based remote sensing technique for stratospheric aerosols and ozone,
(2) to map aerosol and ozone concentrations on a time scale shorter than major stratospheric
changes, (3) to locate stratospheric aerosol and ozone sources and sinks, (4) to monitor
circulation and transfer phenomena, (5) to observe hemispheric differences, and (6) to investigate
the optical properties of aerosols and assess their effects on global climate. The SAGE
instrument consists of a Cassegrainian telescope and a detector subassembly which measures the
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attenuation of solar radiation at four wavelen gts (0.38, 0.45, O.b, and 1.0 micrometers) during
solar occultation. As the spacecraft emerges from the Earth's shadow, during sunrise the sensor
will acquire the Sun and Treasure the attenuation of solar radiation by different atmospheric
layers. This procedure is repeated during spacecraft sunset. Two vertical scannings are obtained
during each orbit, with each scan requiring approximately 0.5 minute of time to cover the
atmosphere above the troposphere. The instrument has a field-of-view of approximately 1
minute of arc which will result in a vertical resolution of less than 1 km.

SAMS (STRATOSPHERIC AND MESOSPHERIC SOUNDER)

The objective of SAMS was to observe emission from the limb of the atmoophere through various
pressure modulator radiometers and to determine temperature and vertical concentrations of
H2O, N20, CH4, CO, and NO in the stratosphere and mesosphere to approximately 90 km.
Measurements of zonal wind i- this region were attempted by observing the Doppler shift of
atmospheric emission lines. Radiation from the limb of the atmosphere was incident on a
telescope of 15-cm aperture. In front of the telescope a plane mirror scanned the limb, view(rd
space for calibration, and viewed the atmosphere obliquely to obtain vertical profiles. Thrm
adjacent fields-of-view, each 28 by 2.8 mrad (corresponding to 100 km by 10 km at the limb),
focused onto a field-splitting mirror which directed radiation to six detectors. The remaining
division into channels was accomplished through dichroic beam splitters. There were seven
pressure modulator cells (PMC), two containing CO 2, the remainder N20, NO, CH4, CO, and H2O.
Pressure in the cells could be varied on command by changing the temperature of a small
container of molecular sieve material attached to each PMC. The spectral parameters for the H2O
channel were 2.7 micrometers and 25 to 100 micrometers. All other channels lay within the ranee
of 4.1 to 15 micrometers. Within the telescope, a chopper operating at 250 Hz allowed
measurement of two separate signals from all detectors, one at 250 Hz and one at the PMC
frequency. Comparison of these signals permitted eliminating emission from interfering gases
within a particular spectral interval. In front of the chopper a small black body at known
temperature could be introduced for calibration.

SAM 11 (STRATOSPHERIC AEROSOL MEASUREMENT - 11)

The objective of SAM II is to map the concentration and optical properties of stratospheric
aerosols as a function of altitude, latitude, and longitude. When no clouds are present in the
instrument field-of-view (IFOV), the tropospheric aerosols can also be mapped. The instrument,
basically a Sun photometer, measures the extinction of solar radiation at 1.0-micrometer
wavelength during spacecraft sunrise and sunset. The photometer views a portion of the solar
disk with a 5 arc min IFOV and a sampling rate of 50 samples per second. As the spacecraft first
views the sunrise, the photometer-pointing axis is depressed approximately 0.52 rad with respect
to the spacecraft horizontal. The photometer continues looking at the Sun until its depression
angle is on the order of 0.44 rad (approximately 1.4 minutes observing time). Before sunset, the
photometer head rotates 3.14 rad in azimuth and views the Sun from a depression of
approximately 0.44 to 0.52 rad as the spacecraft orbits to the dark side of the Earth. For the
expected high noon orbit, latitudes of between 1.12 and 1.40 rad (bC to 80" latitude) in both
hemispheres are scanned for 3 months. The extinction measurements are inverted for the
number-density times the aerosol scattering cross section by using the Lambert-Beer Law and
assuming the atmosphere to be composed of layers. To determine the stratospheric aerosol
optical properties, ground-truth in situ balloon borne aerosol measurements are also made.

Ly.
	 I
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SBUV/TOMS (SOLAR AND BACKSCATTER ULTRAVIOLET/TOTAL OZONE MAPPING SYSTEM)

The objectives of the SBUV/TUMS are to determine the vertical distribution of ozone, map the
total ozone and monitor the incident solar ultraviolet irradiance and ultraviolet radiation
backscattered from the Earth. The SBUV spectrometer measures solar UV that is backscattered by
the Earth's atmosphere at 12 wavelengths between 250 and 330 nm with a spectral band pass of
1.0 nm. The instrument field-of-view of 0.20 rad is directed at the nadir. A parallel photometer
channel at 340 nm measures the reflectivity of the atmosphere's lower boundary in the same 0.20
rad field-of-view . Both channels also view the Sun for calibration through the use of a diffuser
p:ate deployed near the terminator. The contribution functions for the eight shortest
wavelengths are centered at levels ranging from SS to 28 km and are used to infer the vertical
ozone profile. The four longest wavelengths have contribution functions in the troposphere
which are used to compute the total ozone amount. The SBUV spectrometer has a second mode
of operation that allows a continuous spectral scan from 160 to 400 nrn for detailed examination
of the solar spectrum and its temporal variations. The TOMS systems, operating in parallel with
the SBUV, step scans across a 105° field-of-view normal to the orbital track with an FOV of
approximately 0.052 rad. At each scan position the Earth Radiance is monitored at six
wavelengths between 310 and 380 nm to infer the total ozone amount. The instrument consists
principally of three Ebert-Fastie monochromators, two of which are operated in tandem for stray
light rejection. TOMS uses the third monochromator, which is equipped with a spatial scan
mechanism at the entrance slit. The signal-to-noise ratio of the SBUV is greater than 5003 . The
TOMS signal-to-noise ratio is greater than 1005.

SCR SELECTIVE CHOPPER RADIOMETER) (6 CHANNEL)

The Nimbus 4 Selective Chopper Radiometer (SCR) observed the emitted infrared radiation in the
15-micrometer absorption band of carbon dioxide. From these measurements, the temperature
of six successive 10-km layers of the atmosphere were determined from Earth or cloudtop level to
60-km height. Height resolution was obtained by a combination of optical multilayer filters and
selective absorption of radiation using carbon dioxide-filled cells within the experiment. The SCR
had six channels, which were arranged in three units of two. The four lower channels were
called single cell channels. The optics of each channel included a cantilever-mounted blade
shutter that oscillated at 1U tlz and successively chopped the field-of-view between Earth and
space. The chopped radiation was then passed through a 10-cm path length of carbon dioxide,
the pressure being set for each channel to define the viewing depth of the atmosphere. Behind
the carbon dioxide path was a narrow-bar+d filter, the centers of which were different for each
channel, and a light pipe which converged the radiation on a thermistor bolometer detector. To
obtain adequate height resolution in the upper layers of the atmosphere, the upper two channels
operated on a slightly different principle and were known as double cell channels. The technique
consisted of switching the radiation between two half-cells, semicircular in shape and of 1-cm
path length, containing different pressures of carbon dioxide. A movable 45° mirror was used in
place of the oscillating shutter used in the lower four channels. During one half-period, Earth
radiation passed through one half-cell and space radiation through the other. The situation was
reversed during the other hall;-period. The radiation then passed through a light pipe onto a
thermistor bolorneter detector. Inflight calibration was carried out by viewing of an internal
reference blackbody of known temperature prior to the view of space.

SCR (SELECTIVE CHOPPER RADIOMETER) (16 CHANNEL)

The Nimbus 5 Selective Chopper Radiometer (SCR) was designed to: (1) observe the global
temperature structure of the atmosphere up to 5U km in altitude, (2) make supporting
observations of water vapor distribution, and (3) determine the density of ice particles in cirrus
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clouds. To accomplish these objectives, the SCR measured emitted radiation in 16 spectral
intervals separated into the following four groups -- (1) eight CO2 channels between 13.8 and
15.0 micrometers, (2) an IR window channel at 11.1 micrometers and a water vapor channel at
18.6 micrometers, (3) two channels at 49.5 and 133.3 micrometers, avid (4) 2.08, 2.59, 2.65, and
3.5 micrometers. From an average satellite altitude of 1100 km, the radiometer viewed a 48-km
circle on the Earth's surface. The CO2 channels measured over a height range similar to the
Nimbus 4 SCR but to a greater accuracy.

SIRS 8 (SATELLITE INFRARED SPECTROMETER)

The instrument, a modification of the SIRS A, is a Fastie-Ebert fixed-grating infrared spectrom-
eter with the following features: (1) a plane, light-collecting mirror to provide one fixed and two
variable Earth-viewing angles; (2) a balanced rotating chopping mirror which serves alternatively
to collect space radiation, and Earth radiation; (3) a spherical mirror of 0.318 m focal length; (4)
a 6.35 cm with 49.2 lines per mm diffraction grating; (5) a set of 14 exit slits with associated
interference filters for order limitation, and 14 wedge-immersed or similar thermistor bolometers;
and (6) a blackbody radiation source for calibration purposes. The 15-micrometer radiation data
is transformed into a single temperature-pressure profile by mathematical inversion. A similar
technique yields the altitude profile of water vapor from the 18 to 35-micrometer data. The
11.1-micrometer data compared with a blackbody temperature calibration curve yields surface or
cloudtop temperatures. The bands monitored are centered at 11.12, 13.33, 14.01, 14.16, 14.31,
14.45, 14.76, 14.95, 18.82, 22.91, 23.50, 34.31, 33.11, 35.71 micrometers. Data is accumulated in
6-second intervals to give profiles each 80 km along the strip.

TOVS (TIROS OPERATIONAL VERTICAL SOUNDER)

TUVS is an operational vertical sounder system first flown on TIROS-N in 1978 and expected to
continue in use on successive NUAA satellites until the late 1"Ws. It consists of three separate
and independent instruments, the data from which may be combined for the compotation of
atmospheric temperature profiles, humidity and ozone. The three instrurtwnts are:

1. The High Resolution Infrared Radiation Sounder (HIRS 2). A filter radiometer using both the
4.3 and 15 um CO2 bands for temperature sounding and the 9.6 u m band for total ozone
meas uremen t .

2. The Stratospheric Sounding Unit (SSU). ,A pressure modulated radiometer usir,g selective
absorption of incoming radiation in the 15 vm band by three C0)2 filled cells at different
pressures. The design is based on techniques used in the earlier Nimbus 6 NMR.

3. The Microwave Sounding Unit (MSU). A passive radiometer with four channels operating in
the 50-60 GHz oxygen band.

Although the SSU (provided by the U.K. Meteorological Office) is the prime sounding instrument
in the stratosphere, HIRS 2 and MSU also have channels sensitive to radiation originating in the
stratosphere.

In addition tc the operational processing of all global data at NOWNESS, a subset of the data
(comprising Earth-located SSU instrumental outputs and radiances calculated from SSU, MSU and
HIRS 2 channels with peak responses in the stratosphere) is passed via a data link to the U.K.
Meteorological Office where global stratospheric analyses are performed daily about 24 hours in
arrears. An archive is maintained including SSU instrument data, processed radiances and derived
analyses.
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Since all TOVS instruments are side scanning and two satellites are usually in orbit at the same
time, this archive provides virtually complete global coverage and observations at four different
solar times, thus allowing study of diurnal variations. If archiving is continued throughout the
life of the satellite system it will also result in the longest perm of stratospheric data obtained
with similar instruments.

The channels used for stratospheric temperature retrievals from the TOVS have weighting
functions peaking from around 10 to 45 km. 1,125 to 1.5 mbar). The details are (in order of
ascending height) MSU 23: 10 km, HIRS 3: 15 km, MSIJ 24: 17 km, HIRS 2: 19 km, HIRS 1: 22 km
(but extending much higher), HIRS 17: 28 km, SSU 25: 30 km, SSIJ 26: 38 km, SSU 27: 45 km. This
allows effective retrieval of thickness from 100 to 1 mbar.

VTPR (VERTICAL TEMPERATURE PROFILE RADIOMETER)

The ITOS-G Vertical Temperature Profile Radiometer (VTPR) sensed the radiant energy from
atmospheric CO2 in six narrow spectral regions centered at 15.0, 14.8, 14.4, 14.1, 13.8, and 13.4
micrometers. The gross atmospheric water vapor content vas determined from measurements
centered at 18.7 micrometers. Measurements were taken in the 12.0-micrometer spectral region to
determine surface/cloudtop temperatures. The VTPR consisted of an optical system, detector and
associated electronics, and a scanning mirror. The mirror scanned the Earth's surface
perpendicular to the satellite's orbital path. As each area is scanned, the optical system
collected, filtered, and detected the radiation from the Earth and separated it into the eight
spectral intervals. The ground area covered by one sample of data was approximately 50 to 50
km. The radiometer operated continuously, taking measurements over every part of the Earth's
surface twice a day. The data were recorded throughout the orbit and were played back upon
command when the satellite was within communication range of 3 command and data acquisition
station. Ground personnel used the data to compute temperature-pressure profiles to altitudes
as high as 30 km. All operational data from this experiment were handled by NOAA and
eventually archived at the National Climatic Center, Asheville, North Carolina. Identical
experiments were flown on ITOS-D, -E, and -F.

INVESTIGATIONS USING STRATOSPHERIC SATELLITE DATA

ANALYSIS OF SATELLITE TOTAL OZONE DATA

The analysis of total ozone measurements has led to a number of scientific investigations of the
variability of total ozone both considered by itself and as related to the changes in other
atmospheric phenomena or parar -ter-, such as temperature, dynamics, and composition. Studies
relating total ozone variability direc'ry to solar flux changes also are being undertaken. Table C-4
summiri_es some of the published analyses of total ozone using the IRIS, MFR, TOYS, BUV,
SBUV, and TOMS instruments mentioned earlier.
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ANALYSIS OF OZONE VERTICAL PROFILE DATA

The ozone concentration profile data analysis, like the total ozone data analysis, is a relatively
mature activity with many investigations completed, in progress or planned. This should be
expected when one considers: (a) the emphasis which has been placed on the importance of
stratospheric ozone, beginning with the CIA? program in the early 1970s; (b) the Congressional
mandate to government agencies to study the possibility of ozone depletion due to the release
of fluorocarbons; and, (c) two of the longest stratospheric satellite data sets, BUV and SBUV,
contain information which is applicable to the study of both total ozone and ozone vertical
profiles at altitudes above the peak mixing ratio ievel (i.e., about 35 km). Table C-5 lists papers
that have been published using ozone profile satellite data.

ANALYSIS OF VERTICAL TEMPERATURE PROFILE DATA

The analysis of the temperature data sets is normally a part of a meteorological analysis or to
analysis of the relationships between temperature and some other constituents such as ozone.
This is reflected in the data analysis descriptions presented in the following. Table C-6 lists
studies that have be--n published using satellite-derived stratospheric temperature data.
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^
i

§ ^ ^ a e & ^ ^ §

o ) o &

^
^ e ^

^
^ n ^ E ^ ^

^
^

^ ^ § ^
^

2
2 R &

^̂ 2 n
& k « n « & s « ^ I w ^ « ^

\ r ^

^ §
2

§
—
^

_
^ §

2
^ @̂ n̂ n `̂

\
k

$ § , a ^
k

ƒ
7

^ ^ ^ '2 2 ^ § g &.̂ n̂^ z § ^ n >

$
a
^

^
^

^ ^



C-26	 THE STRATOSPHERE 1981: THEORY AND MEASUREMENTS

n

^^	 'S •	 ^	 ^	 qP9	 ^	 ^	 r7

z!	 ^' 1.20 _ o
t ^ .jb •^ M ^ ~ v

5 i ^ I I„ "
^ $ a 5

t ES z ò.^
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MEASUREMENTS

The data base for studying stratospheric aerosols is exceptionally diverse. Measurements have
been made of the aerosol size, height and geographical distributions, their composition and
optical properties, and their temporal variation with season and following large volcanic
eruptions. Sulfur-bearing gases have been measured in situ in the stratosphere, and studies of
the =hemical and physical processes which control gas -to-particle conversion have been carried
out in the laboratory. Finally, the existing body of scientific knowledge which pertains to
stratospheric chemistry and dynamics can be brought to bear on the problem of stratospheric
aerosols.

PRECURSOR GASES

The first measurements of stratospheric S0 2 concentrations were made by Jaeschkc et al. (197b),
who extended their technique (collection by means of a wet chemical filter with subsequent
chemiluminescent analysis) to heights just above the tropopause. More recent effo+ts using dry
filters and chemiluminescent analysis have obtained data to about 15 km, yielding :i0 2 mixing
fractions in the range 0.01 to 0.1 ppbv with a mean value of about 0.05 ppbv above 6 km
(Georgii and Meixner, 198U). The uncertainty in these measurements is probably a factor of two.

Inn et al. (1 e81a) trapped sulfur gases cryogenically during U •2 aircraft flights and analyzed the
samples by means of gas chromatography using a flame photometric detector. They were thus
able to extend the S02 observations up to 21 km. The results obtained are similar to those
reported by Georgii and kAeixner (1980`, namely 0.036 to 0.051 ppbv 502 throughout the lower
stratosphere. The principal uncertainties in the Inn et al. data arise in the collection process
rather than the laboratory analysis. The uncertainties include errors in the total sample volume,
the cryogenic collection efficiency for the gases in question, and the accuracy of the transfer of
the sample to the chromatograph. Tire estimated errors are t5U% for 502 and tW% for COS.

Earlier, Sagawa and Itoh (1977) used a mass spectrometer to detect stratospheric S02, but
obtained untrealistically high concentrations of 30 ppmv. S02 can also be detected through its
near-ultraviolet absorption band, but experiments to do so in the stratosphere have not yet been
perfected. Inn c4 al. (1981b), measured S0 2 mixing ratios on the order of 100 wpb at 14 km in
the eruption plume of Mount St. Helens about one day after the May 18, 1964 eruption.

Inn et al. (1979, 1981a) measured COS in the stratosphere, finding about 0.3 to 0.5 ppbv at
altitudes --15 km (just above the tropopause) and rapidly decreasing concentrations with height
above 15 km. The stratospheric values are consistent with tropospheric measurements made
during the GAMETAG program (Maroulis et al., 1977; Torres et al., 1980). The in situ measure-
ments are shown in Figure 1-6. Mankin et al. (1979) measured the stratospheric column
abundance of COS, and found it to agree with the in situ observation and to show little variation
with season or latitude.

Inn et al. (1961a) attempted to detect CS 2 in the stratosphere, but were not able to identify it
definitely. A small feature in their gas chromatograms may have indicated the. presence of CS 2 at
abundances of about 0.001 ppbv just above the tropopause. 'Maroulis and Bandy (VW) measured
only —30 ppt y of CS2 in air near the surface far from sources of pollution. This concentration is
too small to make C5 2 of any direct significance to the stratosphere.

0_1

4	 3
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Stratospheric HAN concentrations have reeeotly been deduced using mws oarements of strato-
spheric negative ion mass spectra coupled with laboratory rate coefficients for H 2904 ion-
molecule reactions (Arnold and Fabian, 1960; Arnold et al., 1961; Viggiano and Arnold, 1%1;
Adis et al., 1961). The results generally indicate H2904 concentrations of about 105co below 27
km, increasing rapidly to 107cO near 34 km, then perhaps declining again above 34 km. The
rapid increase between 27 and 34 km appears to follow a characteristic HAN vapor pressure
curve (Arnold et al., 1961).

The uncertainties in the ion technique lie in two general areas; first, the uncertainties in the
measured inn cluster concentrations because the ions are subject to breakup in the mass
spectrometer inlet, and second, the uncertainties in the ion chemistry rata coefficient and
equilibrium constants. In view of these factors, an uncertainty in the H2SU4 concentration of a
factor of two to three is possible.

Arnold and Henschen (1951) detected massive ion clusters comprised of H2SU 4, H2O, HNO3 and
other stratospheric gases, and suggested that these niay play a role as aerosol 'precondensotion'
nuclei. Research into the possible connections between stratospheric Ions and aerosols Is
continuing.

AEROSOL MEASUREMENTS

lunge et al. (1961), in their earliest work-, used cascase impactors and gummed glass slides to
collect stratospheric aerosols, with balloons as the instrumental platform. A U-2 aircraft was
later employed (lunge and Manson, 1%1). Particle size distributions were determined for
altitudes from 12 to 21 km by visaal analysis of electron micrographs of collection surfaces.
Chemical analysis of the samples revealed that the particles contained sulfur as a major
constituent.

Farlow and coworkers (1979), and Ferry and Lem (1974) collected particles on carbon-coated
palladium wires mounted below the wing of a U-2 aircraft. The wires were examined with a
scanning electron microscope to obtain size distributions and absolute particle concentrations.
Initial analyses of aerosol composition revealed nitrosyl and ammonium sulfates ( Farlow et al.,
1977, 1978). However, after modifying the instrument to protect the samples from exposure to
the atmosphere after collection, no ammonium sulfate was detected. Apparently, ammonia was
absorbed by the aerosols in the lower atmosphere after collection (Hayes et al., 19M0). Impactors
have also been employed to study stratospheric aerosols by Mossop (1965), 13igg (1975, 1976),
Gras and Laby (1978), and Gras and Michael (1979).

A large number of aerosol filter samples have been coll ected and analyzed for composition. This
work is described in papers by Shedlovsky and Paisley (1966), Lazrus et al. (1971), Lazrus and
Gandrud (1974a, 1977), Castleman et al. (1974), Delaney et al. (1974) and Lezberg et al. (1979).
Castleman et al. (1974) studied isotopic sulfur ratios (S U/";34 L and provided direct evidence of
the in situ chemical origin of the sulfate aserosois.

Rosen (1%4) developed an in situ optical detector for particles based on the light-scattering
characteristics of aerosols in the size ranges >0.15 pin and -MS p m radius. Optical %vstems
have also been used by Miranda and Fenn (1944), Kaselau et al. (1974) and Podzimek Lit al.
(1975). The optical counters are often used in tandem with a condensation chamber to determine
the background condensation nuclei abundance. Rosen (1941) also evaporated stratospheric
aetsols in situ and noted that their boiling point is consistent with a 7S% t4 2* 4 aqueous
solution (Toon and Pollack, 1943).
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In addition to in situ sampling of the aerosol layer, much data on stratospheric characteristics
have been obtained with remote sensing by ground- and aircraft-based optical radar (lidar)
systems. The Ildar data (aerosol backscatter) are used to detect the spatial temporal variations in
the layer and to deduce aerosol properties such as reported by McCormick et al. (1978), Fox et
al. (1973), and Fioeco and Grams (1964). Recently, another remote technique has been developed
which promises a global measurement capability. In this, satellite instruments are used to
observe the attenuation due to atmospheric aerosols during spacecraft sunrise and sunset. The
first such experiment was carried out during the Apollo-Soyuz program in 1975 (Pepin et al.,
1977) using a simple photometer which the astronauts pointed at the Sun. The more recent SAM
ti and SAGE unmanned satellite experiments were developed specifically to monitor stratospheric
aerosols by this technique with an automated acquisition system to provide continuous
global-scale monitoring of the aerosols (McCormick et al., 1979).

Figure 0-1 illustrates the global distribution of aerosol extinction as determined from the SAGE
satellite for the month of April 19179 (McCormick, 1981a). The stratospheric layer is seen to follow
the tropopause (dash-dot line) with latitude with the layer peak at higher altitudes in the
tropics. The mixing ratio is likewise the highest over equatorial latitudes suggesting a source
region for the layer. The high values of extinction below the tropopause are due to tropospheric
clouds. Such extinction maps are useful for climate and radiation studies and to determine the
source and sink regions for stratospheric aerosols. Figure D-2 presents the extinction map for
the May 18, 1980 Mount St. Helens eruption cloud (McCormick, 1981a). The data are zonally
averaged for the month of )uly and half of August. Interestingly, the satellite data indicate
significant aerosol opacities at high northern latitudes, with little apparent effect of the volcano
at low latitudes. The new satellite data, as with earlier analyses of global aerosol distribution
(e.g., Lazrus and Gandrud, 1974x; Hofmann et al., 197Sa; Rosen et al., 1975; Farlow et al., 1979;
Oberbeck et al., 1981), will prove useful in studies of stratospheric transport process,
stratosphere/troposphere exchange and stratospheric variabilit,;.
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Figure D•1. Global distribution of aerosol extinction obtained with the SAGE satellite. The units are 10'51km.
Data are zonally averaged values for April, 1979 (McCormick, 1961 a)
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Figure D•2. SAGE extinction measurements (zonal mean) for July I-August 12, 1980, 2 to 3 months following
the Mount St. Helens eruption on May 18, 1980 (McCormick, 1961s)

McCormick et al. (1978) and Swissler et al. (1991) made a series of lidar observations of the
aerosol layer following the Fuego volcanic eruption in October 1974. The observed 'e-folding'
decay times of the vertically integrated particulate opacity, and the peak ratio of particulate-to-
gaseous backscattering, were 9 and 7.5 months, respectively . The short lifetimes are evidently
the result of the low altitude of inject,an of the volcanic particles, and their larger mean size
compared to the ambient aerosols. In addition to particles, measurements indicate that volcanos
can also inject substantial mounts of sulfur gases, particularly S02 and chlorine and water
vapor directly into the stratosphere (Inn et al., 1981b).

NACREOUS CLOUDS

Nacreous clouds are observed only during the winter months and are quite rare, being reported
on the average only a few times per year during the previous century (Stanford and Davis, 1974).
Stanford (1973) pointed out that temperatures in the Antarctic stratosphere are commonly as low
as 183 K so that much more persistent clouds might be expected there. During the winters of
1%0 and 1951 persistent widespread stratospheric clouds were observed in Antarctica. These
clouds, which were optically thin and did not noticeably extinguish starlight, were observable
only under the proper twilight conditions.

Recently the SAM 11 satellite has detected dense, persistent, high altitude particle layers over
Antarctica that are probably nacreous clouds. Figure D-3 shows a year of Antarctic SAM II data
averaged weekly and the corresponding temperature fields which are also weekly averaged over
the same geographical location as the SAM 11 measurements (McCormick et al., 1981). The clouds
are persistent in the wintertime (McCormick, 1982) and are thought to be composed of ice
crystals from freezing of the sulfuric acid aerosol and subsequent growth (Hamill et al., ll tlW).
The locations of the clouds correspond closely with regions of very low temperature. The clouds
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persist throughout the winter period. If the preliminary satellite data are correct, these
stratospheric clouds may be far more common than was previously thought. Accordingly, a
careful evaluation of the role of the clouds in the high-latitude radiation balance and in the
stratospheric water vapor budget is warranted (Hamill et al., 1980). The conn.ction of the
clouds with stratospheric aerosols also requires investigation (Toon and Farlow, 1961).

5 MANEW

MAY 26 JUN 30 AUG • SEP 8 OCT 13 OCT 28 DEC 2 JAN 6 FES 10 MAR 17 APR 21
79	 79	 79	 79	 79	 78	 78	 79	 79	 79	 79

Figure D-3. SAM-11 satellite observations over the Antarctic (McCormick at al., IN1) panel (1), shows the
latitude of observation versus time. The middle panel meteorological network temperatures.

COMPARISON OF THEORY AND MEASUREMENTS

Theoretical models of the stratospheric aerosol layer must treat a wide spectrum of physical and
chemical processes in order to describe accurately the formation and evolution of the particles.
only then can meaningful comparisons with data be made. Wow, the current state-of-the-art
model predictions of high-altitude particles are compared with observations.
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AEROSOL PRECURSOR GASES

Detailed studies have been nude of the tropospheric COS cycle and the stratospheric sulfur
balance during volcanically quiescent times (e.g., Turco et al., 1980a,b). Figure D -4 illustrates
the estimated flow of sulfur into and out of the stratosphere. The C5 2 flux may be greatly over-
estimated in Figure D-4 because recent C52 measurements indicate very low background
concentrations above the boundary layer (Maroulis and Bandy, 1980). Thus, COS appears to be
the dominant sulfur source for the stratospheric aerosol layer during periods of low volcanic
activity, as originally proposed by Crutzen (1976). Sulfuric acid aerosols which diffuse above

30 km are thermodynamically unstable, and evaporate. This explains the downward flux of
H2SO4 seen at these altitudes in Figure D-4. Predicted concentration profiles of sulfur gases in
the troposphere and stratosphere are compared with observations in Figure D-5. Notice that COS
is the predominant sulfur-bearing constituent in the atmosphere of the Earth. The concentration
curves marked '312.5 nm' in Figure D-5 roughly correspond to the flux curves givers in Figure
D-4. Using a combination of SO2 , COS and sulfate aerosol data, Turco et al. (1981d) deduced
that stratospheric HO concentrations are lower than photochemical ozone models predicted (in
1980). Such results demonstrate that aerosols are closely coupled with the major photochemical
cycles of the stratosphere.

Sulfur Flux Itg S/yr-globe)
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Figure DA. The balance of stratospheric sulfur gases and sulfate aerosols in a one-dimensional moot;.
Equivalent sulfur-atom fluxes are given. The arrows indicate dim Lion of sulfur flow (Turco et al
1980a).

30

E

Q

20



STRATOSPHERIC AEROSOLS AND PRECURSOR GASES 	 D-7

35

— cos

30

U.leSix
\12.5 ron

A

	 O • Inn et al 119791	 350 nm

• 32uN Balloon	 m
O MIN U-2	 \	 \

3B0 n
L) •Inn et at 119811

lJ 38°N U-7
067ON U-2	 312.6 nm

20
	

t—^ Monkrn et W. 119791
0-50ON IColumn)	 •^ •

!- Tropospheric ~,ations	 r \
Me oulrt at at 119771 34-4eN

_	 Sous	 P119771 51 aN	 _— — — — — e — < 15	
Torres et .l. 119781 57%-6?%

502	 Tropap.use

A & Inn et el 119811	 I I
A 38uN U 2
• 511N U 2
I Jaeunke et at 119761 51oN

*--W Georrpi and Moaner 119801 	 ^I
0—^ M.—Im et al 119801 SPS 70ON

	
s

0L_

too	10,	 102	 103

Concentration Ipptvl

Figure D-5. Calculated and observed S02 and COS concentrations in the stratosphere. The curves marked
312.5 nm and 350 nm refer to the assumed long-wavelength cutoff for COS photodissociation
(Turco et al., 1981c).

Sulfuric acid vapor concentrations are difficult to calculate because they are controlled by
heterogeneous processes. Figure D-6 shows several profiles calculated with an interactive H2SO4
solution/'H2SO4-vapor model (Turco et al., 1981a). The first reliable H 2SO4 measurements are also
shown in Figure D-6. The calculated profiles are in excellent accord with the observations
between 23 and 33 km (Arnold et al., 1981; Viggiano et al., 1981). The data appear to support
the idea that the aerosols are volatile H2SO4/H20 droplets below — 34 km.

Meteoric metal profiles are also shown in Figure D-6 (Turco et al., 1961a). These results indicate
that heterogeneous processes remove the meteoric metal vapors at the uppermost extent of the
aerosol layer. Thus, the metals cannot interact significantly with the other reaction cycles of the
stratosphere; in the condensed state, metal sulfates are extremely stable compounds.

AEROSOL PROPERTIES

The measured properties of the stratospheric aerosols obtained with a variety of field
instruments provide strict constraints on model predictions. Toon et al. (1979) made extensive
comparisons between model calculations and in situ observations for a variety of parameters,
including the total particle mixing ratio, the sulfate mass mixing ratio, the large particle
(r >0.15 Um) mixing ratio, the particle size ratio (number >0.15 um/number >0.25 um), and the
particle composition and size distribution. They found generaily good agreement in each case.
Measurements of the total particle concentration obtained with present-day condensation nuclei
counters are probably limited to particle sizes >0.01 um radius. In Figure 0-7 typical
observational values are compared with model calculations (Hamill et al. 1981). The comparison
suggests that many of the aerosols detected in the lower stratosphere may be generated in the
upper troposphere, possibly by homogeneous nucleation.
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Model predictions (lines) are compared with data. the Myiaai- ewaromeda with different aerosol
nucleation sources (Hamill at el., 1981).
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Figure D-8 contrasts calculated and observed sulfate mass mixing ratios in the stratosphere.
Considering the variability of the measurements, the model calculations provide a reasonable fit
to the data. The continual influx of extraterrestrial (meteoric) debris has a small, but
perceptible, effect on the aerosol mass (Figure D-8). Note that, at high altitudes (above-35 km),
sulfuric acid vapor contributes substantially to the total sulfate mass; above 35 km, H 2SO4 vapor
is dominant sulfate compound (notwithstanding possible absorption and neutralization of H2w4
on meteoritic particles (Turco et al., 1961a).

Calculated and observed aerosol particle size ratios are illustrated in Figure U-9. The ratio
typically has values —4 to 6 below 25 km. Above 25 km, the behavior of the size ratio is
uncertain. The measurements of Hofmann and Rosen (1981a) suggest a rapidly increasing ratio
with height, but the scatter and uncertainty in the data at these altitudes preclude a firm
conclusion. The theoretical simulations of Turco et al. (1981a) show a sharp increase in the size
ratio above 35 km in a model assuming pure sulfuric acid droplets, because the droplets
evaporate rapidly above 35 km. This point of view (i.e., volatile aerosols up to 35 km) is
supported by recent measurements of the H 2 SO4 vapor profile (Arnold et al., 1981). On the
other hand, Turco et al. (1981a) noted that, if the aerosols are nonvolatile, a steady increase in
the size ratio begins near 25 km (where sedimentation overwhelms diffusion), which is in close
agreement with the data of Hofmann and Rosen (1981) (See Figure U-9).

Measurements suggest that the composition of the stratospheric aerosols is basically 75% sulfuric
acid aqueous solution (Rosen, 1971) with an admixture of solid granules and dissolved nitrosyl
sulfates (Farlow et al., 1977, 1978). The mode! of Turco et al. (1979) predicts a slightly variable
acid composition with height of between .' : to 78% H 2 SO4 by weight, and a small (<10%)
concentration of extraterrestrial material in the aerosols (1 urco et al., 1981a).

The meteoric dust size distribution below —0.1 m radius is dominated by coagulated smoke
particles (Hunten et al., 1980). Above — 0.1 um, micrometeorites (which do not ablate completely
upon entering the atmosphere) determine the size distribution. Predicted meteoric particle sizes
fit the current meager data base on meteoric dust (Brownlee, 1978).

Detailed microphysical models of volcanic cloud formation and dispersion are presently under
development (e.g., Turco et al., 1981b). These models will complement observational studies of
volcanic aerosols and climate.

CONCLUSIONS

The major conclusions regarding observations and modeling of stratospheric aerosols may be
summarized as follows:

• A broad base of data exists which describes the properties of stratospheric aerosols
including their concentrations, spatial distributions, temporal variations, size dispersion, and
composition. The global climatology is just now emerging, especially from the satellite
experiments. Less information is available for the sulfur precursor gases (e.g., their
abundances and photochemical reactions), but here also the data base has been rapidly
expanding in the past few years.
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Figure D-8. Particulate mass mixing ratios calculated with and without meteoric dust. 'The corresponding
SO4 mass mixing ratios are shown, and are compared to the data of Lazrus and Gandrud (1974a,
1977). The Lazrus and Gandrud 0974a) measurements were made in Spring 1973 in the Northern
Hemisphere. Data points correspond roughly to average values at a fixed elevation with respect to
the mean tropopause level. The range of individual measurements is indicated by a cross bar. The
Lazrus and Gandrud (1977) SO 4 data points represent average values of measurements made during
1976, with one standard deviation indicated by a cross bar. Average Spring 1976 data, more appro-
priate for comparison with the model, are plotted as well (standard deviations for these points were
not published). The 1976 measurements may have been influenced to some extent by the eruption
of Volcano Fuego (14.5 degrees N) in October 1974 (Turco et al., 1981a).
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I e Comprehensive physicochemical models of the aerosols am available. f h>,^a models
incorporate appropriate particle microphysical processes such as nucleation, cottdc-„ation,
co aguletion, and sedimentation. To be most useful, chemical processes must also be treated
interactively' in these simulations.

e Model predictions for the aerosols and precursor gases compare favorably with observational
data in most important respects. Areas requiring further investigation include the aerosol
size distribution below 0.05 m radios, the height extent of the aerosol layer, and the rates
of S02 oxidation under stratospheric conditions.

e Intensive experimental and theoretical studies will be required in the future to determine:

--The nucleation source of the aerosols.
--The processes influencing the global distribution of the aerosols.
--The precise concentrations and chemical interaction rates of aerosol precursor gases.
--The physicochemical development and disposition of volcanic eruption clouds.
--The mechanisms coupling aerosols and climate.
--The importance of heterogeneous reactions to stratospheric composition.
--The physical connections between dust, aerosols and ions throughout the middle

atmosphere.
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APPENDIX F
a

E

CHEMICAL FORMULAE AND NOMENCLATURE

SYMBOL NAME

CFC chlorofluorcarbon

HC hydrocarbon
i

NMHC non-methane hydrocarbons

_
PAN peroxyacetyl nitrate

O atonic oxygen

02 molecular oxYgen

03 ozone

N20 nitrous oxide

NO nitric oxide

NO2 nitrogen dioxide

NO3 nitrogen trioxide

N205 nitrogen pentoxide

IiNO3, HONO2 nitric acid

HN04, HO2NO2 peroxynitric acid

NH3 ammonia

H2O water vapor

H2O2 hydrogen peroxide

HO hydroxyl radical

H02 hydroperoxyl radical

CO carix)n monoxide

C0)2 carbon dioxide

CS2 carbon disulfide

COS carbonyl sulfide

502 sulfur dioxide

SF6 sulfur hexafluoride

F-1
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H2SO4 sulfuric acid

HF hydrogen fluoride

HCI hydrogen chloride

HOCI hypochlorous acid

CK) chlorine oxide

CMO2 chlorine nitrate

CH4 methane

C 2H6 ethane

C31`18 propane

C 2H4 ethylene

C 2H2 acetylene

CH 2O formaldehyde

CH 3CHO acetaldehyde

(C H 3 )2CO acetone

CH 302N methyl peroxide

CH2CHCHO acrolein

CC14 carbon tetrachloride

C 2014 tetrachloroethylene

CF'3C1 methyl chloride

CH;!02 ethylene dichloride

CHt:1 3 chloroform

CH3CC13 methyl chloroform

C F4 tet raf luorornethane

CA hexaf luoroethane

CC13 F trichiorofluoromethane (FC-11)

CC12 F2 dichlorodifluoromethane (FC-12)



CHEMICAL FORMULAE ANU NOMENCLATURE

CHC12F dichlorofluoromethane (FC-21)

CHCIF2 chiorcdifluoromethane (FC-22)

CCl2FCCIF2 tdchlorotrifluoroethane (FC-113)

CCIF2CCIF2 dichlorotetrafluoroethane (FC-114)

CCIF2CF3 chloropentafluoroethane (FC-115)

CH3 1 methyl iodide

C:firF3 trifluorobromomethane

F-3



ALTITUDE PRESSURE
KM MBAR

10

30

28

26
20

24 30

22

20
50

700
18

16 100

14

12 200

10
300

8

6
500-

4
700

2

0 1013.3

UMKEHR	 ALTITUDE PRESSURE
LEVEL	 KM MBAR

0.1

6	 64

62

0.2
5	 60

58 0.3

56

4	 SA
0.5

52
0.7

UMKEHR
50 LEVEL

48 1

46 9

44

2
42

40 3 8

38

36 5
7

34 7

32
10

APPENDIX G

PRESSURE-ALTITUDE CONVERSION CHART

PRESSURE-ALTITUDE
_.f

ALTITUDES ARE BASED ON U.S. STANDARD ATMOSPHERE, 1976. THE ACTUAL ALTITUDE FOR A GIVEN
PRESSURE MAY DIFFER BY AS MUCH AS 2 KM, DEPENDING ON SEASON, LATITI'7E, AND SHORT TERM
VARIATIONS.

C-1



APPENDIX H

ACRONYMS

Units, Instruments, Satallitas, and Progrwm

AE Atmosphere Explorer
AEM Applications Explorer Mission

BMLS Balloon-bonne Microwave Limb Sounder
BSU Basic Sounding Unit
BUV Backscattered Ultraviolet Spectrometer

CIAP	 Climatic Impact Assessment Program

DMSP	 Defense Meteorological Satellite Program
DU	 Dobson Unit=milliatm-cm--2.687x10 16 molecules cm -2

ECC	 Electrochemical cell (ozone sonde)
ERBS	 Earth Radiation Budget Satellite

GARP Global Atmospheric Research Program
GATE GARP Atlantic Tropical Experiment
GCM General Circulation Model
GMCC Geophysical Monitoring for Climatic Change
GOES Geosynchronous Operational Environmental Satellite

HALOE Halogen Occultation Experiment
HAPP High Altitude Pollution Program
HIRS High Resolution infrared Radiation Sounder

IORI International Ozone Rocket 1 ntercomparison
IRIS Infrared Interferometer Spectrometer
ITCZ Intertropical Convergence Zone
ITOS Improved TIROS Operational Satellite
ITPR Infrared Temperature Profile Radiometer

LHR Laser Heterodyne Radiometer
LIMS Limb Infrared Monitor of the Stratosphere
LRIR Limb Radiance Inversion Radiometer

MFR Multichannel Filter Radiometer
MM Mechanistic Model
MST Mesosphere, Stratosphere, Troposphere (radar)
MSU Microwave Sounding Unit
MUSE Monitor of Ultraviolet Solar Energy

NOPS Nimbus Operational Processing System 	 3
4

OAO Orbiting Astronomical Observatory
OGO Orbiting Geophysical Observatory
OSO Orbiting Solar Observatory

PEPSIOS Poly-Etalon Pressure Scanned Interferometer
PMR Pressure Modulated Radiometer

li-1
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SAGE
SAM It
SAMS
SRUV
SCR
SIRS
SME
SSW
SS1
SSI1

1 IRt)S
TOMS
TOVS

Stratospheric Aerosol and Gas Experiment
Stratospheric Aerosol Measurement 11
Stratospheric and Mesospheric Sounder
Solar and Rackscattered Ultraviolet Spectrometer
Selective Chopper Radiometer
Satellite Infrared Spectrometer
Solar Mesosphere Explorer
Special Sensor H (also called MFR)
Supersonic Transport
Stratospheric Sounding Unit

Television and Infrared Observation Satellite
Total Ozone Mapping System
I IROS Operational Vertical Sounder

LIARS	 Upper Atmosphere Research Satellite

VT PR	 Vertical temperature Profile Radiometer



ACRONYMS	 H-3

3

Inttitutions

AER, Inc.

HERE Harwell

AES

AIAA

ARC

ASL

BMO

CMA

CNRS

COOATA

COMESA

CSIRO

DoD

DOT

Atmospheric and Environmental Research, Incorporated
872 Massachusetts Avenue
Cambridge, Massachusetts 02139 USA

Atomic Energy Research Establishment Harwell
Oxfordshire OXII ORA, United Kingdom

Atmospheric Environment Service
4905 Dufferin Street
Downsview, Ontario M31-1 5T4, Canada

American Institute,: of Aeronautics and Astronautics, Inc.
Technical Information Service
5SS West 57th Street
New York, New '.'ork 10019 USA

Ames Research Center
Moffett Field, California 94035 USA

Atmospheric Sciences Laboratory
White Sands Missile Range
New Mexico, 88002 USA

Meteorological  Office
London Road
Bracknell, Berkshire RC12 2SZ, United Kingdom

Chemical Manufacturers Association
2501 M Street, N.W.
Washington, D.C. 20037 USA

Center National de la Recherche Scientifique
91370 Verrieres le Buisson, France

Committee on Data for Science and Technology
51 Boulevard de Montmorency
Paris, France

Committee on Meteorological Effects of Stratospheric Aircraft
Meteorological  Off ice
Bracknell, United Kingdom

Commonwealth Scientific and Industrial Research Organization
Australia

Department of Defense (USA)

Department of Transportation (USA)
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Du Pont E.I. du Pont de Nemours & Co.
Experimental Station
Wilmington, Delaware 19898 USA

EERM Mbt6orologie Nationale EERM
Boulogne-Billancourt
France

EPA Environmental Protection Agency,
Washington, D.C. 20160 USA

FAA Federal Aviation Administration
U.S. Dept. of Transportation
Washington, D.C. 20591 USA

GFDL Geophysical Fluid Dynamics Laboratory
P.O. Box 306, Princeton University,
Princeton, New Jersey 06540 USA

GISS Goddard institute for Space Studies
New York, New York 10025 USA

GIT Georgia Institute of Technology
Atlanta, GA 30332 USA

GSFC Goddard Space Flight Center
Greenbelt, Mar yland 20771	 USA

JAS Institut d'Aeronomie Spatiale
Brussels, Belgium

I PL Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, California 91103 USA

KFA Institut fur Chemie der Kernforschungsanlage Julich
Postfach 1913, D-5170 Julich
Federal Republic of Germany

LaRC Langley Research Center
Hampton, Virginia 23665 USA

LI.NL Lawrence Livermore National Laboratory
P.O. Box 608
Livermore, California 94550 USA

MIT Massachusetts Institute of Technology
Cambridge, Massachusetts 02139 USA

MPI-Lindau Max Planck Institute fOr Aeronomie
Postfach 20, D-3411 Katlenburg, Lindau 3
Federal Republic of Germany
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MPIC,
MPI-Mainz

N AS

NASA

NC:AR

NCC

NESS

NOAA

NSF

N SSDC

NTIS

OECD

OHP

ONR

NWS

R&D

ACRONYMS

Max Planck institut fur Chemie
Saarstrasse 23, D-65 Mainz
Federal Republic of Germany

National Academy of Sciences
2101 Constitution Avenue, N.W.
Washington, D.C. 20418 USA

National Aeronautics and Space Administration
Headquarters
Washington, D.C. 20546 USA

National Center for Atmospheric Research
P.O. Box 3000
Boulder, Colorado 80307 USA

National Climatic Center,
Asheville, North Carolina 28801 USA

National Earth Satellite Service
Suitiand, Maryland 20233 USA

National Oceanic and Atmospheric Administration
Headquarters
Rockville, Maryland 20852 11SA

National Science Foundation
Washington, D.C. USA

National Space Science Data Center
Goddard Space Flight Center
Greenbelt Maryland 20771 USA

National Technical Information Service
Springfield, Vi+ginia 22151 USA

Organization for Economic Cooperation and Development
Paris, France

Observatoire de Haute Provence
France

Office of Naval Research, USA

National Weather Service
Silver Spring, Maryland 20910 USA

R and D Associates
P. O. Hox %95
Marina del Rey, California 90291 USA
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UK DOE United Kingdom
Department of the Environment

UNEP United Nations Environment Program
Nairobi, Kenya

Univ. of University of Oxford
Oxford Oxford, United Kingdom

WMO World Meteorological Organization
Case Postal No. S
Geneva 20, Switzerland
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