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Abstract

Off-line models of the evolution of stratospheric constituents use meteorological
information from a general circulation model (GCM) or from a data assimilation system
(DAS). Here we focus on transport in the tropics and between the tropics and middle
latitudes. Constituent fields from two simulations are compared with each other and with
observations. One simulation uses winds from a GCM and the second uses winds from a
DAS that has the same GCM at its core. Comparisons of results from the two simulations
with observations from satellite, aircraft, and sondes are used to judge the realism of the
tropical transport. Faithful comparisons between simulated fields and observations for O,,

CH,, and the age-of-air are found for the simulation using the GCM fields. The same



comparisons for the simulation using DAS fields show rapid upward tropical transport
and excessive mixing between the tropics and middle latitudes. The unreadlistic
transport found in the DAS fields may be due to the failure of the GCM used in the
assimilation system to represent the quasi-biennial oscillation. The assimilation system
accounts for differences between the observations and the GCM by requiring implicit
forcing to produce consistency between the GCM and observations. These comparisons
suggest that the physical consistency of the GCM fields is more important to transport
characteristics in the lower tropical stratosphere than the elimination bias with respect to
meteorological observations that is accomplished by the DAS. The comparisons
presented here show that GCM fields are more appropriate for long-term calculations to
assess the impact of changes in stratospheric composition because the balance between

photochemical and transport termsis likely to be more correctly represented.

|. Introduction

Asfirst discussed by Rood et al. [1989], constituent evolution calculated using an off-line
chemistry and transport model (CTM) that isforced by meteorological fields from adata
assimilation system will reproduce observed constituent variability and transport if
severa conditions are met. These conditions include the following: 1) that the
assimilation fields reflect the actual atmospheric state; 2) that the model photochemistry
isredlistic; 3) that the advection scheme is sufficiently accurate that scheme numerics
have little impact. If 1) and 3) are shown to be true, the approach can be used to identify

and test photochemica mechanisms.



This approach has become standard during the past decade. CTMs use winds from
analyses produced by the United Kingdom Meteorologica Office (UKMO) [Chipperfield
et al., 1994, Chipperfield et al., 1996], by the European Centre for Medium-Range
Weather Forecasts (ECMWEF) [Lefevre et al., 1994; Denidl et al., 1998], and by the
Goddard Earth Observing System Data Assimilation System (GEOS DAS) [Rood et
al.,1991; Douglass et al., 1997; Kawa et al., 2002]. CTM simulations have been used to
interpret observations from different platforms, including aircraft [Douglass et al.,1993;
Lefévre et al., 1994]; satellite [Geller et al., 1995; Chipperfield et al., 1996], balloon
[Kondo et al., 1996] and ground based instruments [Goutail et al., 1999; Chipperfield
and Pyle, 1998; Chipperfield, 1999, Snnhuber et al., 2000]. CTMsusing assimilated
winds have been used to simulate transport and buildup of pollutant from hypothetical
supersonic aircraft flying in the lower stratosphere [Weaver et al., 1996] and to quantify
the relative contributions of transport and photochemistry to ozone changes on seasonal
and longer time scales [Chipperfield and Jones, 1999]. Several groups are using this
approach for interpretation of satellite observations of tropospheric aerosols[Chin et al.,

2000; Ginoux et al., 2001] and constituents [Bey et al., 2001].

Comparisons of model and observations reveal striking similarities, and it iswell known
that the assimilation-driven CTMs reproduce synoptic and planetary scale variability as
observed in stratospheric ozone and other constituents at middle and high latitudes.
However, good agreement of observations and model for a single tracer does not imply
good agreement for a second constituent with different relative vertical and horizontal

gradients. For example, Considine et al. [2002] demonstrated that horizontal and vertical



transport in the high latitude polar winter produce good agreement between observed and
modeled values for vortex N,O throughout the northern winter 1999-2000, but poor
agreement for modeled NO,. There are additional nagging problems aswell. Douglass
et al. [1997] and Chipperfield [1999] show poor representation of tracer gradients
particularly between tropics and middle latitudes using the Goddard Space Flight Center
(GSFC) CTM with winds from GEOS DAS and the SLIMCAT CTM with winds from
UKMO respectively. Both of these studies find that modeled ozone generally compares
better with observations than do long-lived tracers, with the exception of ahigh bias
between modeled and observed ozone in the summer high latitude lower stratosphere.
The weak tracer gradients between the tropics and middle latitudes are consistent with the
results of Weaver et al. [2000], who developed a climatology for the production of
laminae in ozone profiles from ozonesonde profiles and found that the model produced

excessive lamination in the subtropics.

For short integrations, a CTM driven by assimilated winds provides information about
the meteorological conditions in which measurements are made. Such information is
useful to bring together measurements of various constituents made from different
platforms (e.g., balloon, aircraft, and satellite). However, aprimary application for
atmospheric modelsisto predict the future condition of the atmosphere, and assess the
importance of natural and anthropogenic changes in atmospheric composition to
stratospheric ozone. Assessment calculations often require long integrations, and the
requirements for model performance are stringent. Ideally the model ozone evolution

will match observations because the balance between transport and photochemical



processes is represented correctly. It isalso necessary that the balance among
photochemical processes be represented correctly for arealistic assessment calculation
[Wennberg et al., 1994]. Comparisons of output from long integrations with observations
of reactive constituents such as ozone and long-lived constituents such as CH, may be

made to determine if model balances are realistic.

Comparison of model fields with observations for specific meteorological conditions can
only be made for a CTM using winds from a data assimilation system. Douglasset al.
[1999] developed data based diagnostics that could be applied to constituent fields from
any three dimensional model. The diagnostics were chosen to address specific aspects of
transport, so that the model evaluation would be semi-quantitative and the overall impact
of future model improvements could be evaluated. All discrepancies between model and
observation affect the uncertainties of assessment calculations. The uncertaintiesin the
assessment calculations that are introduced by poor agreement of various aspects of
constituent transport in the face of “good agreement” for other aspects of transport are

difficult to quantify.

Recently attention has focused on the use of the mean age of stratospheric air as atool for
model evaluation. The mean age, the mass weighted average of the transit times from the
tropical tropopause to any given location, is a sensitive diagnostic of model transport
[Hall and Plumb, 1994; Hall et al., 1999]. Model calculations of mean age were
compared with the age determined from observations of SF;and CO, as part of Models

and Measurements Intercomparison |l [Park et al., 1999]. Hall et al. [1999] show that in



most models, the age of air in the middle and high latitude lower stratosphereistoo
young, indicating that the overall model circulation and mixing are too rapid. Y oung
model mean ages are consistent with strong upward tropical transport and excessive
transport out of the tropics, and/or excessive horizontal mixing between middle latitudes
and the tropics. Thus young age in the middle and high latitude lower stratosphereis
consistent with weak horizontal constituent gradientsin the lower stratosphere subtropics
asfound by Douglass et al. [1997]. Schoeberl et al. [2002] use trajectory calculations
with meteorological input from assimilations systems and a general circulation model to
show how horizontal mixing and vertical transport characteristics of the meteorological
fields impact the age spectrum, i.e., the distribution of parcel transit times that comprise
the mean age. The age spectra determined from DAS fields differ from that computed
using windsfrom aGCM. The age spectrafor DAS fields are too broad as a result of
too much exchange between the tropics and mid-latitudes and too much vertical

dispersion.

The results of Schoeberl et al. [2002] are consistent with the problem that modeled tracer
gradients between the tropics and middle latitudes are weaker than observed. These weak
horizontal tracer gradients are produced by various assimilation systems, and different
approaches to utilizing assimilation winds within the CTM framework do not solve the
problem. Douglasset al. [1997] and Chipperfield [1999] used fields from GEOS DAS
and UKMO respectively. Applications using the GSFC CTM calculate the vertical
velocities from the horizontal divergence by requiring continuity, thus an excessively

strong circulation and excessive horizontal mixing may contribute to the weak horizontal



gradients. The SLIMCAT model calculates vertical transport from diabatic heating; in
this case the vertical transport isrealistic, but excessive horizontal mixing is possible.
Waugh [1996] used contour advection with meteorological fields from GEOS DAS,
UKMO, and NCEP to examine isentropic transport from the tropics to the middle
latitudes, and found that the different meteorological fields produced similar transport.
The problem of too much exchange between the tropics and mid-latitudes seemsto be

endemic.

This study will focus on simulations using the NASA Goddard three-dimensiona
chemistry and transport model. Meteorological fields from two sources are used to drive
themodel. These are the Finite Volume General Circulation Model (FVGCM) and the
FVDAS, aversion of the GEOS DAS that uses the FVGCM at its core. All aspects of the
CTM areidentical except the meteorological data, thus the comparisons between model
fields and observations can be thought of as a controlled experiment designed to
determine the effect of the assimilation process on the transport. Model fields are
compared with total ozone observations (Total Ozone Mapping Spectrometer (TOMYS)),
ozone profiles (Halogen Occultation Experiment (HALOE) on Upper Atmosphere
Research Satellite (UARS) and Southern Hemisphere Additional Ozonesondes
(SHADOQOZ)), methane profiles (HALOE) and in situ measurements of ozone and total

reactive nitrogen from the NASA ER-2.

The constituent observations used in this study are described in section [I. The CTM and

a short description of the meteorological data sets used to drive it are described in section



[11. Section IV considers comparisons of model fields with observations, focusing
primarily on the lower tropical stratosphere. Comparisons of observations of methane
and ozone with results from the two simulations provide a means to untangle
contributions of transport and photochemistry to ozone in the lower tropical stratosphere.

Conclusions are given in section V.

. DATA
The observations used in this study are from four sources described briefly in the

following subsections.

Total Ozone Mapping Spectrometer (TOMS)

Total ozone data used here are taken from the Total Ozone Mapping Spectrometer
(TOMYS) instrument launched on the Earth Probe Satellite in July 1996. The data are
processed with the TOM S algorithm version 7 and are described by Mc Peters et al.
[1998]. Time series of zonal mean TOMS data are compared with model valuesin
section |V to provide a global context for the seasonal migration of the latitudes of

strongest upwelling.

Halogen Occultation Experiment (HALOE)

Russell et al. [1993] describe the HALOE instrument that has measured profiles of ozone
and other important gases using solar occultation from launch of the Upper Atmosphere
Research Satellite in fall of 1991 until present. Approximately 15 sunrise and sunset

profiles are measured daily at each of two near-constant latitudes. Profiles for ozone and



methane used here are retrieved using algorithm version 19. Vertical resolution for ozone
profilesis about 2 km; the ozone mixing ratio error estimates are ~10% between 50 hPa
and 1 hPa, and ~30% at 100 hPa [Brihl et al., 1996]. The vertical resolution for
methane profilesis about 4 km; between 50 hPaand 0.2 hPa the total error isless than
15% [Park et al., 1996]. The differences between model and observations will be
explored by organizing the HAL OE observations to emphasi ze seasonal and spatial
variability in the tropics and subtropics. A typica scan of the sampling latitude for
HALOE sunrise or sunset observationsis shown in Figure 1. There are about 25 similar
periods during 1998 and 1999 when the latitude for sunrise or sunset observations on
successive days sweeps from about 30°in one hemisphere to 30° in the other hemisphere.
Such a scan will be referred to as a sweep. Each day during a sweep HAL OE measures

as many as 15 profiles. The latitude change during asingle day istypically 3-5 degrees.

Southern Hemisphere Additional Ozonesondes (SHADOZ)

Thompson et al. [2002] describe the ozone and temperature profiles that are available
through the SHADOZ network. Thisdataset isideal for the comparisons used here.
Ozone and temperature profiles are usually reported more than once per month at
participating stations. The SHADOZ temperatures are not used in the assimilation
system, thus comparisons between SHADOZ, FVGCM and FVDAS temperatures show
how well the assimilation process eliminates any biases between the GCM temperatures
and observations. Thisis not possible with HALOE temperatures because the
temperature profiles reported with HAL OE constituent profiles are taken from the

National Center for Environmental Prediction (NCEP) analyses below 35 km. NCEP and



FVDAS analyses rely on the same temperature observations, thus comparisonsin the
lower stratosphere between temperature profiles from HALOE and FVDAS are not
independent. The high-resolution profiles of lower stratospheric ozone are also ideal for
usein this paper. The temporal and spatial range sampled by the SHADOZ stationsis
sufficient to resolve features like the seasonal migration of the latitude of deepest

upwelling seenin TOM S and HAL OE data.

ER-2

In situ observations of ozone [Profitt et al., 1989] and reactive nitrogen (NO,) [Fahey et
al., 1989] were made during March and October 1994 from the ER-2 near 20 km as part
of the 1994 Airborne Southern Hemisphere Ozone Experiment/M easurements for
Assessing the Effects of Stratospheric Aircraft (ASHOE/MAESA) campaign. The data
show that the interior of the tropics between 50 and 70 hPais strongly isolated from the
middle latitudes [Fahey et al., 1996]. The gradient in the observed ratio NO,/O; is
weaker at middle |atitudes and sharper in the subtropics than the gradient of either NO, or
O;. Theratios NO,/O, calculated from the CTM driven by FVDAS and FVGCM will be
compared with observations. The model fieldsin the lower tropical stratosphere are
sensitive to the CTM balance between photochemical production, upwelling and

horizontal transport and mixing.

1. MODEL

The GSFC CTM solves a coupled set of constituent continuity equations. Winds and

temperatures needed for transport and photochemical reaction rates are input to the

10



model, thus there are no feedbacks between constituents such as ozone and the
meteorological fields. Photochemical production and loss are calculated using the
photochemical scheme described by Kawa et al. [2002]. Numerical transport is
calculated using a scheme described by Lin and Rood [1996]. A 15-minutetime step is
used for transport and photochemistry. The photolysis rates are calculated using
temperature dependent cross sections JPL [2000] and reduced fluxes that are interpolated
using atable lookup based on detailed radiative transfer calculations from the model of
Anderson and Lloyd [1990]. The photolysis rates calculated in this way agree with the
photolysis benchmark which was developed as part of the Atmospheric Effects of

Aviation Project [Solarski et al., 1995].

Meteorological input may be taken from a genera circulation model (GCM) or from a
data assimilation system (DAS). The general circulation model produces fields that
satisfy the equations of motion; agreement of model climate with observationsis an
important aspect of GCM evaluation. A data assimilation system (DAS) combines
information from both observations and a general circulation model (GCM). The system
produces meteorological fields that draw to the observations and also satisfy the
eguations of motion. If the model fully represents the atmospheric physics, and the
observations are accurate, the differences between the model and observations would
have zero bias and conform to a Gaussian distribution. The assimilation process would
account for random errors, and the overall transport characteristics from the DAS would
likely be similar to the overall characteristics of the GCM. However, current GCM fields

exhibit biases when compared with observations. The DAS produces meteorol ogical

11



fields that draw to the observations and satisfy the equations of motion, but to accomplish
this the assimilation process implicitly provides a systematic forcing of the model. This

forcing will change the overall transport characteristics of the model.

The FVGCM, which was developed in collaboration with the National Center for
Atmospheric Research (NCAR), uses a flux-form semi-Lagrangian transport scheme [Lin
and Rood, 1996, 1997] and a quasi-Lagrangian vertical coordinate system [Lin, 1997] to
ensure accurate representation of transport by the resolved-scale flow. The FVGCM has
a horizontal resolution 2° lat by of 2.5° long, and extends to 0.01 hPa, and the daily
averaged product is available to the user. Physical parameterizationsin the current
version of the FVGCM are from the NCAR Community Climate Model, Version 3

(CCM3), described by Kiehl et al. [1998].

Various versions of GEOS DAS have been used in past applications of the GSFC CTM
(e.g.,, GEOS-1 (UARS) by Douglass et al., [1997]; GEOS-1 (STRAT) by Douglass et al.,
[1999]; GEOS-3 (Terra) by Kawa et al. [2002]). Improvements in the assimilation
system have been accompanied by improvementsin the CTM transport. There are
important differences between theTerra assimilation system (GEOS-3) and the prototype
system FVDAS (GEOS-4). The spatial resolution of the Terrasystem is 1° lat by 1° long
horizontal grid with 48 levels compared with 2° lat by 2.5° long and 55 levelsin FVDAS.
The Terra system uses incremental analysis update [Bloom et al., 1996] and retrieved
temperatures from TIROS Operational Vertical Sounder (TOVS); the FVDAS used an

intermittent update and assimilates TOV S-Level-1b radiances instead of NESDIS
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retrieved temperatures [Joiner and Rokke, 2000]. The Terra system and FVDAS both use
the Physical-space Statistical Analysis Scheme (PSAS) [Cohn et al., 1998]. A
fundamental difference isthat the GCM at the core of the Terra system (and also prior
systemsincluding GEOS-1) isreplaced by FVGCM in FVDAS. Figure 2 compares
potential vorticity (PV) between 30°S and 30°N at 50 hPa calculated using fields from the
Terrasystem with PV from FVDAS. The TerraPV is much noisier than the FVDAS PV,
although similar features are recognizable in both fields. As noted above, the horizontal
transport produced by assimilation fields typically leads to horizontal gradients that are
weaker than observed in the subtropics. Because the PV from FVDAS is much smoother
than the PV from Terra, we anticipated less horizontal mixing in the CTM driven by
winds from FVDAS than was produced in the CTM driven by winds from Terra,

particularly between the subtropics and middle latitudes.

CTM calculations have been completed using meteorological fields from all of the GEOS
data assimilation systems and also with output from the FVGCM. There are differences
in the distributions of the constituents cal culated using winds from the different versions
of GEOS DAS, and comparisons of model ozone fields with ozone sonde data are shown
in the following section. The fields produced by the CTM using winds from FVDAS are
closer to observations than those computed using winds from older assimilation systems.
Because this paper focuses on changes in transport that result from the assimilation
process, most comparisons with observations will utilize output from the CTM driven by

FVGCM (heretermed CTMg,gow) OF FVDAS (here termed CTMg,pas)-

13



V. Comparisonswith Observations

Temperature, Mean Age, and Tropical |solation

The zona monthly mean temperature fields for January 1998 from FVDAS and the
difference between FVDAS and FVGCM for 45°S —45°N are given in Figure 3. The
FVGCM iswarmer in the tropical lower stratosphere than FVDAS. This comparison
provides a sense of the horizontal and vertical extent of the difference between the two
fields. The time series of the difference between zonal mean temperatures from FV GCM
and FVDAS for the equator between 100 hPa and 10 hPais given Figure 4a. Thetime
series of the difference in zonal mean zona wind from FVGCM and FVDAS at the
eguator is given in Figure 4b. The importance of the quasi-biennia oscillation (QBO) is
evident in these difference fields. Both temperature and wind information are combined
with the GCM in the assimilation process; the assimilated fields must satisfy the
eguations of motion and account for the physical forcing that leads to the observed
evolution of wind and temperature that is absent from FVGCM. The equatoria thermal
wind relationship illustrates the success of the assimilation system in producing fields

that satisfy the equations of motion

R —
U,= - — T, 1
u H D)

Here u isthe zonal wind, T is the temperature subscriptsy and z indicate the partial
derivative with respect to latitude and altitude respectively, R isthe dry air gas constant,
H isthe scale height (7 km), and (3 is the rate of change of the Coriolis parameter with

latitude. The overbar indicates the zonal mean. Thisrelationship is satisfied for fields
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from FVGCM (not shown) since the GCM fields are solutions to the equations of motion.
Time seriesfor U, and —R/H Tyy calculated using monthly mean zonal wind and
temperature show that this relationship is also satisfied for FVDAS fields (Figures 4c and
4d). However, the forcing to produce the spatial and temporal structure found in FVDAS
islacking in FVGCM. The structureis produced by the assimilation system through the
input of observations; in the absence of observations the system would relax to the nearly
constant easterly winds of the FVGCM. The assimilation system produces fields that are
very different from the FVGCM fields but still satisfy the equations of motion in the
tropics by including systematic forcing as required by the observations through the

assimilation system.

To illustrate the effect of the assimilation system on the temperature distribution,
histograms of the differences between temperatures at 46 hPa measured by the SHADOZ
sonde network and temperatures from the FVGCM and the FVDAS at the sonde
locations are shown in Figure 5. The temperatures from the FV GCM are biased with
respect to the sonde temperature, while those from FVDAS compare closely with the
sonde temperatures. The difference mean (-0.11K) and standard deviation (3.03K) of
between sonde temperatures and FVDAS temperatures are much smaller than the
difference mean (-2.13 K) and standard deviation (3.52K) between sonde temperatures

and FVGCM temperatures.

The forcing in the assimilation system that is required for consistency between the

observations and the GCM forecast can be considered an artificial source of heating and
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momentum that will be accompanied by changes in model transport. We illustrate the
changes using the mean age as a diagnostic of the integrated model transport and the

isolation of the tropics from the middle latitudes.

Asdiscussed by Hall et al. [1999], the mean age at a location in the stratosphere for a
constituent such as SF; with a steady tropospheric trend is the difference between the
time of a measurement and the time in the tropospheric time series when the measured
value matches the troposphere value. The age of air is determined using CTMg, gy @and
CTMg,pas Simulations of SF,. Results are shown in Figure 6. The integration was
continued until comparison of successive years showed that the age distribution had
converged (nine years of simulation for CTMp, gy @nd five years of simulation for
CTMgpas)- Therearelarge differences between these two calculations. The stratospheric
air ismuch younger for the CTMg,pas than for the CTMp,gen. Above 25 km, the age of
air for CTMp, g Changes much more rapidly between the middle latitudes and the
tropics than that for CTM,pas. Observations suggest that at 65°N the mean age should
be between four and six years at 20 km. Here the age of air from CTMg, gy 1S greater
than three years, compared with less than two years from CTMg,pas. The mean age from
CTMg,cem does not reproduce all of the features of the observations, however, it is much
more representative of the observations than the mean age from CTMp,pxs. Note that the
mean age is also sensitive to advection numerics, resolution, and choices such as use of
instantaneous winds rather than time average or an on-line calculation [Eluszkiewicz et
al., 2000]. Schoeberl et al. [2002] show striking differences in results for age spectra

calculated from the same wind fields using diabatic trajectories, kinematic tragjectories,
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and aCTM. Their result implies that there is some uncertainty in the absolute age
estimate; however, the same methodology was used for the CTMg,pas @d CTM gy g
calculations shown here. The methodology may affect the comparison of results from
either calculation with observations, but will have little impact on comparisons between
the calculations. The differences between the age distributions in Figure 6 result solely

from differences in the transport produced by the FVDAS and FVGCM winds.

Fahey et al. [1996] show that the sharp gradient in the ratio NO,/O; cal culated from
distributions of NO, and O, measured from the ER-2 as part of ASHOE MAESA marks
the boundary between the inner tropics and middle latitudes. The gradient at the edge of
the tropicsis sharper in the northern hemisphere during March and October 1994 than
that in the southern hemisphere. In the northern hemisphere the steepest gradient in
October is poleward of its March latitude. Fahey et al. [1996] reported poor agreement
of the observed steep horizontal gradients with those produced by two-dimensional
models available at that time, although better agreement was obtained when model
diffusion was reduced to emulate the conceptual model known as the tropical pipe
[Plumb, 1996]. The time series of the zona mean ratio NO,/O, and the absolute value of
the latitudinal derivative, both at 500K, are shown in Figure 7. The contrast between the
subtropics and middle latitudes is marked in CTM g, goy compared to CTMg,pas. The
latitudinal gradients (Figure 7c and 7d) highlight the differencein isolation. However,
both simulations reproduce the observed seasonal migration of the latitude of the steepest
gradient in the northern hemisphere. The latitude of the steepest gradient varies less with

season in the southern hemisphere.
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The NO, and O; from CTMg gy and CTM, s are interpolated linearly in latitude,
longitude and log pressure in the vertical, to compare the ratio NO,/O; directly with the
ER-2 data taken March 20-29, 1994. These results, along with the model zonal mean
ratios at 56 hPaand 67 hPa, are shown in Figure 8. The apparent sharp boundary
observed at 18°S reflects the vertical gradient of the ratio between 50 and 65 hPa.
Ignoring this sharp transition, the CTMg, g rétio reflects most of the features of the
observations. One flight shows lower, near tropical values in the northern subtropics.
Inspection of model fields shows no evidence of such variability in CTMg,geu. The
CTMg,pas for 1998 or 1999 shows much weaker gradients than observed in either
hemisphere. Near the equator the minimum istoo large and at middle |atitudes the
maximaaretoo small. The transition between the northern subtropics and middle
latitudes is less pronounced during 1999 (QBO westerly) than in 1998. Thislack of
agreement shows that the model balance between horizontal mixing and vertical

advection is not realistic.

Comparisons of Model Total Ozonewith TOM S Observations

Time series of the zonal average total ozone and the latitudinal derivative from TOMS,
CTMgp gom@nd CTMp,pas are shown for 40°S—40°N in Figure 9. Both simulations bear
aresemblance to TOMS. The ozone in the tropics is somewhat lower in CTMg,pas than
in CTMgp,gon (0r TOMS), suggesting that the tropical upwelling and the overall strength
of theresidual circulation are stronger in CTMg,pas than in CTMg,gon [Jackman et al.,

1991]. CTMg,gcom represents the poleward migration of the low values during autumn of
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the both hemispheres more faithfully than CTMg,pas. Thisis aso demonstrated by
comparison of the absolute values of the latitudinal derivatives between 40°S and 40°N.
The TOMS derivative at 20°S exhibits seasonal variation; the gradient of column O; is
weaker in Feb/Mar/Apr than between August and November. In CTMg,pas, the gradient
at 20°Sis nearly constant until late November. In CTMp, oy, the gradient is weaker at
20°S during June and July than in the second half of the year, and is more similar to
TOMSthan CTMg,pas- [N the northern hemisphere, both simulations approximate the
seasonal variation in TOMS, although the derivative near 20°N from CTMp,pas iSt00
strong throughout the year. The areal extent of very weak latitudinal derivative is smaller
in CTMp,pas than in the CTM g, goy Of TOMS. However, in the tropics the CTM g, gy
derivative shows structure not seen in the observations, and CTMg, gy Values are

generally higher than observed.

Histograms of the distributions of 1998 TOMS and column ozone for 15°S-15°N, and
latitudes between 15° and 40° are given in Figure 10. The TOMS data are averaged into
4°|atitude by 5° longitude resolution, and grid boxes with missing data are eliminated
from the model fields. The most probable values, means and standard deviations of the

distributions are also provided on Figure 10.

There are differences and similarities in the observed and modeled distributions. The
CTMg,pas Mean is close to the TOM S mean and lower than the CTM g, gy Mean,
consistent with stronger upwelling in CTMg,pas than CTM g, gen [Jackman et al., 1991]

and with the younger age of air in CTMg,pas than CTMg,gon- The distributions from
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CTMg,pas @nd CTMp,scm do not reproduce the double peaked structure exhibited by
TOMS. Thedistribution from CTMg,pas IS broader than that from CTMg,gcy. The
model distributions for 15° — 40° latitude differ, and the distribution for the simulation
driven by CTMg,gcw 1SmMore similar to the observed distribution. Total ozone greater
than 400 DU is much more probable in the CTMg, 5.5 Simulation than observed. The
most probable value of the CTMg,pas distribution is 15 DU (5%) greater than that of the

observed distribution, and the standard deviation is 12.3 DU (43%) greater.

Comparisons of Model Ozonewith SHADOZ data

Histograms for the partial ozone column between 140 hPa and 57 hPa calculated from the
ozonesondes and both models are shown in Figure 11. The distributions are divided by
latitude; sonde stations between 18°-26°S are subtropics (340 profiles) and those between
14°S and 6°N (391 profiles) aretropics. The ozonesondes and CTMg,pas Show similar
variability in thetropics, and virtually identical standard deviations (~4.5 DU). The mean
and most probable values of the distributions for the tropics using CTM g, pas OF
CTMg,ccm @e about 5 DU greater than those of the sonde distribution. The sonde
distribution in the subtropics is shifted about 2 DU to higher values relative to that for the
tropics. Both distributions are sharply peaked. For CTMgp,gcu, the subtropics distribution
is shifted about 5 DU relative to the tropics and the shapes of the distributionsin the
tropics and subtropics are similar. The distribution from CTMg, s bearslittle

resemblance to that observed in the subtropics.
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However, there has been improvement in the quality of simulations obtained with
successive data assimilation systems, as illustrated by the distributions for simulations
using winds from the TRMM (GEOS-2) and Terra data assimilation systems, also given
in Figure 11. These partial columns calculated using the same model but different
meteorological input show even greater variability in the subtropics relative to the tropics
than CTMg,pas. Furthermore, the tropics exhibit far more variability than that observed
or found in CTMgp,pas. The expectation that the smoother potential vorticity for FVDAS
shown in Figure 2 would be accompanied by more readlistic transport is realized, but large

differences remain.

Tropical ozone from either CTMp,pas OF CTMp,6em 1S high biased when compared with
sondes and with total column ozone from TOMS. The total column comparison is
actually worse than it appears because the simulated column ozone should be
systematically low with respect to TOMS in the tropics because TOMS contains
contributions from the troposphere that are absent from the CTM. It is not possible that
changesin the residual circulation can resolve all the discrepancies between observations
and the model, because an increase in the strength of the upwelling or increase in the
|atitude breadth of upwelling that would bring the CTM ozone into better agreement with
observations would surely further degrade the age of air calculation. Despite the larger
upwelling in the tropicsin FVDAS relative to FV GCM, the most probable ozone value of
CTMg,pas IS significantly higher than that of the ozonesondes. A problem with ozone
photochemistry may contribute to this bias; further discussion will follow comparisons of

modeled methane and ozone with that observed by HALOE.
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Comparison of Ozone and M ethane with HAL OE Observations

The HALOE datafor 1998 and 1999 are organized according to sweeps (see Figure 1) for
comparisons with the model ozone and methane to illustrate the seasonal variation in the
tropics. The HALOE mixing ratios for each sweep are shown as functions of latitude in
Plates 1 and 2. Model sweeps are obtained by sampling the model output following the
HALOE pattern and are also given in Plates 1 and 2. The differences between observed
and modeled sweeps are also given in these Plates to facilitate the comparision. Note that
the comparisons for each year are shown separately to emphasize differences between the
two years that may be due to the QBO. The sweeps are identified by the colors of the
plotting symbols; the months during which the sweeps take place are given on the bottom
of the figure. The mean and standard deviation are provided for all observations that fall
between 15°S-15°N for each year and for observations between between 15N-40N or

155-40Sin Table 1 (ozone) and Table 2 (methane).

HALOE O, (Plates 1aand 1f) and CH, (Plates 2a and 2f) show little seasonal variation
during 1998 or 1999 between 15°S and 15°N. However, some interannual differences are
apparent. 1n 1999 (QBO westerly), HALOE ozone between 15°S and 15°N is elevated
compared with 1998 (QBO easterly) (compare Plates 1b and 14a). Thisis consistent with
the lofting during the QBO easterly relative to QBO westerly as suggested by analysis of
aerosol observations reported by Trepte and Hitchman [1992]. HAL OE methane does
not exhibit a signature related to the phase of the QBO at this pressure because its vertical

gradient is near zero.

22



Seasonal variation is apparent at higher latitudes. South of 15°Sthe HALOE O, (CH,) is
higher (lower) during winter (July, September) than summer (December, March). This
seasonal signature is seen in both years of HALOE observations and is apparent in O, and
CH, from CTMp,scu(Plate 1b-1g and Plate 2b-2g) but not in CTMg,p,s (Plate 1d-1i and

Plate 20-2i).

North of 15°N both seasonal and interannual differences are apparent. The March 1998
ozone mixing ratios are the largest observed by HALOE during this period, and the
December 1998 mixing ratios are the lowest seenin 1998. In contrast, the December
1999 ozone mixing ratios exceed the March 1999 mixing ratios. The methane mixing
ratios behave opposite to ozone mixing ratios because the spatial gradients of methane
are opposite to those of ozone, e.g., the December 1999 mixing ratios are the lowest. The
seasonal signatures for methane are much less pronounced than for ozone because the

methane gradients are small relative to the ozone gradients.

As shown in the comparisons of temperature with observations, the QBO is evident in the
wind fields produced by FVDAS, but the FV GCM does not produce a QBO thus the
QBO isforced by observations. During 1999 the zona wind near 46 hPais westerly
(Figure 4b), and the variance in constituent fields calculated using CTMp,pas IS increased
at all latitudes relative to that seen in CTMg,pas fields during 1998 (compare Plate 1e
with Plate 1] and Plate 2e with Plate 2j) . Since the GCM zona winds are always weak

easterlies, the increase in variance may indicate a relationship between the noise in model
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constituent fields and the difference between the base state of the GCM used in the
assimilation and the observed state. The variance in CTM ozone at 46 hPa (Table 3) is
largest during the westerly phase of the QBO when the difference between the GCM
wind field and the observationsislargest (Figure 4b). The standard deviations of the

HALOE observations for ozone (Table 3) and methane (Table 4) are nearly the same for

the two years within each latitude regions.

Table 1l Mean and standard deviation of HALOE ozone for 1998 and 1999 within

specified latitude bands and ozone fields from CTM g, pas @d CTM g, ocn SAMpled as by

HALOE
15°S-15°N
1998 1999
mean o mean o
HALOE O, 1.4 ppmv 0.23 ppmv 1.7 ppmv 0.20 ppmv
CTMpapas O; 1.7 ppmv 0.35 ppmv 1.9 ppmv 0.50 ppmv
CTMp/cem Os 1.9 ppmv 0.24 ppmv 1.8 ppmv 0.23 ppmv
30°S—-15°Sand 15°N — 30°N
1998 1999
mean o mean o
HALOE O, 1.9 ppmv 0.41 ppmv 1.8 ppmv 0.39 ppmv
CTMpapas O, 2.4 ppmv 0.54 ppmv 2.4 ppmv 0.57 ppmv
CTMpyem Os 2.2 ppmv 0.39 ppmv 2.2 ppmv 0.36 ppmv
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Table2 Same as Table 1 for methane

15°S-15°N
1998 1999
mean o mean o
HALOE CH, 1.62 ppmv 0.07 ppmv 1.64 ppmv 0.08 ppmv
CTMpqpas CH, 1.62 ppmv 0.05 ppmv 1.63 ppmv 0.05 ppmv
CTMqcem CH, 1.63 ppmv 0.03 ppmv 1.63 ppmv 0.03 ppmv
30°S—-15°Sand 15°N — 30°N
1998 1999
mean o mean o
HALOE CH, 1.48 ppmv 0.11 ppmv 1.45 ppmv 0.12 ppmv
CTMpq/pas CH, 1.52 ppmv 0.08 ppmv 1.53 ppmv 0.07 ppmv
CTMqcem CH, 1.48 ppmv 0.06 ppmv 1.42 ppmv 0.11 ppmv

HALOE methane in the subtropics and middle latitudes falls off relative to the tropics
due methane loss processes at higher levels combined with both horizontal and vertical
transport. The comparison of CH,from CTMg, gy With HALOE CH, suggests an
appropriate balance in FVGCM. Plates 2c-2h shows no latitude dependence difference
between observed and calculated methane. The increased spread in the difference at
latitudes greater than 15° is not unexpected since the FV GCM does not correspond to a
particular year. Plates 2e-2j show no bias between HALOE CH,and that from CTMg pas
in the tropics, but bias for latitudes greater than 15°. The difference between the average

methane between 15°S and 15°N and the average methane between 15° and 30° is nearly
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30% smaller for CTMp,pas than for HALOE or CTMp, ooy (Table4). Thisis consistent
with stronger upwelling in FVDAS than FVGCM. The descent of lower methane air is
also expected to be stronger, but the methane vertical gradient is weak and the excess

horizontal transport is dominant.

The ozone comparisons and the age of air differences can also be explained by stronger
upwelling in FVDAS than FV GCM between 15°S and 15°N. Plates 1e-1j show asmaller
bias relative to HALOE O, between 15°S and 15°N for O, from CTMg,pas than from
CTMgcem (Plates 1c-1h). The decrease in the ozone biasis aresult of the stronger
circulation; theimproved ozone comparison is countered by degraded comparisons for
methane and the age of air. Note that the ozone bias in the subtropicsis larger for
CTMg,pas (Plates 1e-1j) than for CTMp, g (Plates 1c-1h). Excessive downward
transport acting on the steep O, vertical gradient contributes to the ozone overestimate at

middle latitudes.

Implicationsfor Model Photochemistry

Between 15°S — 15°N and 100-46 hPa the seasonal changein O, is small. The most
important terms in the continuity equation are production (increases O;) and vertical
advection (decreases O,) [Ko et al., 1989; Avallone and Prather, 1996]. The seasonal
changeintropica CH,isaso small. Inthetropica lower stratosphere, CH, lossis nearly
negligible. In the subtropics, the mean of the observed methane distribution is
significantly smaller than that in the tropics. The breadth of the distribution in

subtropical methane is produced by latitudinal migration of the region of the strongest
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vertical advection. Plate 2 shows that CTMp, ey reproduces many aspects of the seasonal
cyclein HALOE CH,. Even in the subtropics, the root mean square difference between
model and observationsis small compared with the standard deviation of the
observations. In contrast, CH, from CTMp .5 IS Systematically high biased with respect

to observations for latitudes greater than 15°.

Probability distribution functions (PDFs) for ozone and methane at 46 hPafrom HALOE
and from both simulations are shown in Figure 12. Each panel contains PDFs determined
from tropical and subtropical observations. All observations during 1998 and 1999
within the specified latitude limits are grouped together (more than 1500 observationsin
the tropics, more than 2300 observations between 15 and 40). For CH, at 46 hPa, the
distributions from HALOE are similar to the distributions from the two simulations. The
CH, vertical gradient is very weak, thus this comparison provides no information about
the vertical motion. In the subtropics, the HALOE distribution is broader than that of the
simulations, and the mean value and standard deviation of the HAL OE distribution (1.48
ppmv, 0.1 ppmv) are more similar to those for CTM g5goy (1.44 ppmv, 0.084 ppmv) than
for CTMg,pas (1.53 ppmv, 0.065 ppmv). This comparison is consistent with excess

horizontal transport and mixing between the tropics and the middle | atitudes.

A high biasin modeled ozone is found in the tropics and in the subtropics for both
simulations. In the tropics, the mean of the ozone distribution from CTMp,pas(1.79
ppmv) is somewhat closer to the HALOE mean (1.55 ppmv) than that of CTMg,goy (1.87

ppmv). Ozonesonde values are also closer to those calculated using CTMg,pas than to
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those calculated using CTMp,goy- It IS Not possible to bring modeled O, into agreement

with observations without degrading the comparisons for CH, and the age of air. The

0zone comparisons are consistent with the conclusion that the circulation in CTMg, gy 1S
realistic but too strong for CTMg,pas if thereis also asmall error in stratospheric ozone
production. We summarize chain of reasoning that supports this conclusion:

1. To bring the FVDAS ozone into agreement with observations in the tropics, it would
be necessary to increase the tropical upwelling. Although this possibility is not
eliminated by the methane comparisons (because of its weak vertical gradient), an
increase in tropical upwelling would lead to even younger tropical stratospheric air.

2. CTM Ozone and CH, have opposite horizontal and vertical gradients in the tropics
and subtropics, and the mixing ratios of both exceed observations in the subtropics. It
is not possible to produce simultaneous agreement for these two constituents by
changing the balance of transport processes.

3. If modeled ozone production were excessive, there would be two effects. The first
would be that local ozone would be too high —if the upwelling in FVGCM s correct
and feedbacks are neglected, the inferred error in production would be about 25%.
The second would be that transport to the middle latitudes would be excessive by the
same percentage. Reducing the production in the lower stratosphere would improve
agreement of ozone from FVGCM with observations in the tropics and subtropics
without affecting the good agreement already present for methane and for the age of
ar.

4. Theratio NO,/O; for FVGCM agrees fairly well with observations (Figure 8). A

small decrease in the O; would be accompanied by asmall decreasein NO,, since the
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growth in NO, from the tropopause to ER-2 altitudes is controlled by local production
through reaction of N,O with O(*D) and vertical advection. Thusit is expected that
such a change in production would not place the model ratio NO,/O; outside the

range of the observations.

The production of ozone through photolysis of O, may be excessive for asimple reason —
the CTM tropical ozone at about 2 hPais (20%) lower than observed by HALOE, at least
partly because the CTM mixing ratio for NOx ~ NO + NO, + 2 N,O; is ~40% higher the
sunset HALOE NO + NO, at the same pressure. The optical depth of ozone istoo small,
allowing for excess penetration of radiation contributing to photolysis of O,. Such
complex interactions among processes emphasi ze the requirement for scrupul ous global

evaluation of assessment models.

Discussion and Conclusions

CTMsdriven by assimilated winds have played an important role in the interpretation of
observations of stratospheric constituents from all platforms. However, this does not
guarantee that the transport produced in a decadal scale assessment calculation will meet
the stringent requirements for a meaningful assessment calculation. The comparisons
shown here highlight some of the problems with the transport produced by these systems,
and have implications both for future applications of CTMs such as this one and for
improvements in the assimilation system. Model transport in the tropics and subtropics

from CTMppas iS shown to differ significantly from that produced by CTMg, s, @nd the
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transport from CTMg, g 1S found to be more redlistic. Douglass et al. [1999] developed
objective criteriafor evaluating transport from three sets of meteorological fields, and
also found that more realistic transport was produced by winds from a general circulation
model than by winds from an assimilation system. For multi-year assessment
calculations, the internal consistency provided by winds and temperatures from a general
circulation may be more important than representation of particular transport events using

winds from a data assimilation system.

In current assimilation systems, adjustments are made to the prognostic quantities such as
temperature, wind, and moisture. Other parameters such as diabatic heating and
precipitation respond to these adjustments. Data assimilation techniques assume that the
observations and model are unbiased. The comparisons made in this study show that the
impact of the datainsertion is significant where there is bias between model and
observations. Dee and da Slva [1998] and Dee and Todling [2000] have studied
techniques to correct bias based on observational information within a three-dimensional
variational assimilation system. Griffith and Nichols [2000] have studied the problem of
correction of systematic errors within afour-dimensional variational framework. These
studies show that bias can be accommodated during the assimilation process. However,
the physical or discretization errorsthat are responsible for the generation of the biasin
the first place are not corrected. The impact on derived quantitiesis seen when the
assimilated fields are used in applications such as CTM simulations that rely on their

integrated consistency.
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Thus, flaws in the tropical transport similar to those shown here are likely to be similar
for any assimilation system unless the GCM at the core of the system does not exhibit
systematic bias with respect to observations. The comparisons shown here emphasize the
QBO, and suggest that overall transport from a CTM driven by assimilation will be
flawed if the underlying GCM lacks the physical processes necessary to produce a QBO.
Itislikely that any systematic bias will impact the transport produced by an assimilated
wind fields, however, abiasin the tropics will have alarger impact on the global
transport than a bias of similar magnitude at higher latitude due to the greater area and
mass involved in the tropics. Finally we note that the apparent excessive tropical
transport diagnosed by tracer studiesin this paper is consistent with the results of the

trgectory studies of the FVDAS performed by Schoeberl et al. [2002].

As shown here, it is possible to use tracers along with ozone and the CTM response to
changesin transport to achieve what has long been promised for CTM’s driven by
assimilated wind fields, i.e., to identify flaws in constituent behavior that are consistent
with problemsin model photochemistry. The analysis described here depends on the
comparison between the results from CTMg,pas ad CTM g, gon @S Well asthe
comparisons with observations, and could not be completed with a single ssmulation
driven by assimilated winds. Finally, we emphasize that excess horizontal mixing is as
detrimental to the quality of asimulation as overly vigorous vertical transport because
this also upsets the balance between the transport and photochemical terms. It remains a
challenge for assessment models to demonstrate that the appropriate balance between

photochemical and transport contributions to continuity equations is maintained at all
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latitudes and altitudes. For constituents like ozone it is also necessary to demonstrate
appropriate balance among contributing photochemical processes. Development of a
general circulation model that will not exhibit persistent bias with respect to
meteorological observations is necessary (but not sufficient) to realize the potential

contributions of assimilated datasets to assessments of trace gas transport.
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Figure 1 The locations of HAL OE observations between 980314 and 980324 are
superimposed on ozone at 46hPafrom CTMg,geu- A group of measurements for which
latitude progresses from about 30° |atitude in one hemisphere to the same latitude in the

opposite hemisphereis caled a*“ sweep.”

33



January 15, 2000 50 hPa

TERRA EPY FYDAaS EPV

Latitude

—180 —-a0 0 an 180 -40 0 a0 180
Longitude Longitude

Figure 2 Potential vorticity (PV) at 50 hPais given (@) from the Terra system and (b)
from the FVDAS system. Main features are similar, but the FVDAS PV field is much

smoother that from Terra.
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Figure 3 () The January zonal mean temperature for FVDAS and (b) the difference

between the January zona mean temperature from FVDAS and FVGCM.
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Figure4 Time series at the equator show that winds and temperatures from FVGCM are
rarely similar to those from FVDAS. () AT =Tr/aem— Trvoas; (B) AU=Uq,cem - Urvbas:
Thefields from FVDAS satisfy the equatorial thermal wind relationship (equation 1): (c)
the vertical derivative of the zonal mean wind (left side of equation 1); (d) the right side
of equation 1 calculated for zonal mean temperature. The implicit forcing derived from
the observations through the assimilation system to produce the QBO signature in the
temperature and wind fields from FVDAS represents physical processes that are absent

from FVGCM.

35



46 hPa Sonde — Model
0.25 T T !

shaded L"T:TSonde—TFVDAS

0.20 - e B
bold AT=Tq e~ TrveTw

fraction of occurrences

-20 _IDQTemp{szure 10 20
Figure 5 Temperatures at 46 hPa from the SHADOZ sondes are compared with those
from FVDAS and from FVGCM. A histogram of AT = sonde temperatures - T cem
(bold line) shows a negative bias; the mean differenceis—2.13K The histogram AT =
sonde temperatures — T, pas (Shaded) shows amost no bias; the mean differenceis
—0.11K. The standard deviation of the distribution sonde temperatures - T, pas(3.03K) is

smaller than sonde temperatures - T, e (3.52K).
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Figure 6 (a) Ageof air calculated from an SF-6 ssimulation using CTMg,pas. The age
calculation converges after 5 yearsintegration. (b) Same as (a) but using CTMp,geum-

The age calculation converges after 9 yearsintegration. The contour interval is0.2 years,

the 2 year contour is bold for both panels.
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Figure 7 Time seriesat 500 K of theratio NO,/O, * 1.€3 () calculated using CTMg e
winds; (b) calculated using CTMp,pas Winds. Time series at 500K of the latitudinal
derivative of NO,/O,* 1.€3 (c) calculated using CTMg,gcy; (d) calculated using
CTMg,pass Note that the range of valuesin (C) istwice the range of valuesin (d). In both
(c) and (d), the latitude of the steepest gradient in the northern hemisphere during fall is

poleward of its spring location.
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Figure 8 (a) ER-2 observations of NO,/O; * 1.e3; (b) ER-2 observations (grey) and model
values (black) of NO,/O; * 1.€3 at locations of ER-2 observations. The solid lines are the

model zonal average NO,/O; * 1.e3 at 67 hPa (thin) and 57 hPa (bold).
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Figure9 Time series of total zonal mean total ozone from (a) TOMS; (b) CTMg,gcum; (€)
CTMg,pas, @nd of the absolute value of the latitudinal derivative from (d) TOMS; (e)
CTMpgem (F) CTMp,pas- The bold line indicates 1DU/°lat; the area enclosed by these

contours exhibits weak gradients.
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Figure 10 Distribution functions (a) 1998 TOMS observations between 15S and 15N; (b)
same as (@) for model total ozone using FVDAS; (c) same as (@) for model total ozone
using FVGCM; (d) same as (a) for 15-40N and 15-40S; (e) same as (d) for model total

ozone using FVDAS; f) same as (d) for model total ozone using FVCTM.
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Figure 11 Distribution functions for the partial ozone column 140 hPa— 56 hPa (a)
calculated from sondes; (b) model ozone using CTMg,pas; (C) model ozone using
CTMg,cem; (d) model ozone using CTMgun;: (€) model ozone using CTM grga. The
bold lineis the distribution for sonde | ocations between 14°S and 5.8°N; the shaded
distribution is for sonde locations between 18°S and 26°S. Model values are at sonde

locations.
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1998; (d) same as (b) for methane from CTMg,p,s; (€) ACH,= CH a1 05-CHacrvrvoas)

for 1998; (f) — (j) same as (a) — (e) for 1999.
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