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Sensitivity of tracers and a stratospheric aircraft 
perturbation to two-dimensional model transport 
variations 
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Abstract. We examine the sensitivity of two-dimensional model simulations of 
stratospheric tracers to uncertainties in the model transport and explore how such 
uncertainties impact the simulation of a lower stratospheric perturbation due to high- 
speed civil transport (HSCT) aircraft emissions. To define the transport uncertainty, 
we vary the model transport fields so that the resulting tracer simulations roughly 
bracket the observations. This provides an estimate of the upper and lower limits 
on realistic transport rates in our two-dimensional (2-D) model. Increasing the 
advective residual circulation strength or the lower stratospheric vertical diffusion 
(Kzz) decreases the mean age and residence time of the HSCT emissions and 
diminishes the negative response in total column ozone globally. Increasing the 
stratospheric horizontal diffusion (Kyy) either globally or in the tropics only has 
the opposite effect of increasing the age and emission residence time and enhancing 
the negative total ozone response. Uncertainties in the mechanical eddy forcing 
derivation affect both Kyy and the residual circulation simultaneously, resulting in 
some cancellation of effects. This produces a smaller range of uncertainty in the 
tracer and perturbation simulations than given by uncertainties in the circulation 
or Kyy components separately. The model simulations in the lower and middle 
stratosphere are relatively insensitive to the strength of the rnesospheric gravity 
wave effects and the magnitude of the horizontal diffusive transport across the 
tropopause. The base model transport compares most favorably with tracer data 
and gives a global and annual mean steady state HSCT perturbation response in 
total ozone of-0.62%, assuming a NOx emission index of 5 g/kg, 500 airplanes, and 
a 10% gas-to-particle conversion of the SO2 emission. For the range of transport 
uncertainty examined in this study, the global total ozone perturbation response 
ranges from-0.a4% to-0.74%, with a mainly strong correlation between the total 
ozone response and mean age. 

1. Introduction 

Over the past decade, two-dimensional (2-D) chem- 
istry and transport models have been used to study the 
impact of a variety of perturbations on stratospheric 
ozone. These perturbations include natural changes 
such as solar cycle variability and volcanic eruptions, 
as well as man-made influences such as halocarbon in- 

creases, space shuttle and rocket launches, and emis- 
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sions from a potential future fleet of high-speed civil 
transport (HSCT) aircraft. The development and ap- 
plication of 2-D models to these and other stratospheric 
problems have been widely documented [e.g., Garcia 
and Solomon, 1983; Weisenstein et al., 1991; Garcia et 
al., 1992; Kinnison et al., 1994; Stolarski et al., 1995; 
Jackman et al., 1996; Weisenstein et al., 1996; Rosen- 
field et al., 1997; Jackman et al., 1998; World Meteoro- 
logical Organization (WMO), 1999; Kawa et al., 1999; 
Intergovernmental Panel on Climate Change (IPCC), 

Recent assessment studies have illustrated a strong 
dependence of these model calculations on the trans- 
port rates used in models, and incomplete or improper 
representation of atmospheric dynamics remains a ma- 
jor source of model uncertainty [Hall et al., 1999; Park 
et al., 1999; Kawa et al., 1999; IPCC, 1999; WMO, 
1999]. Inaccuracies in model transport rates can have a 
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variety of sources, including errors in the empirical data 
sets and assumptions in the algorithms used to derive 
the transport fields, as well as errors introduced by us- 
ing dynamics that are climatologically based instead of 
corresponding to a specific year. 

In the case of HSCT emissions, uncertainties in the 
model transport of exhaust from the source region in 
the midlatitude lower stratosphere to other parts of 
the atmosphere can lead to significant variations in the 
amount of ozone destruction incurred. For example, 
exhaust transported to the troposphere will have lit- 
tle effect on ozone, whereas exhaust transported to the 
tropical stratosphere can ascend to higher altitudes and 
lead to greater ozone loss locally as well as globally. 
Proper determination of transport rates also has im- 
plications for modeling the long-term accumulation of 
exhaust products throughout the stratosphere. 

To better understand the effects of these uncertain- 

ties, recent studies have examined the sensitivity of 2-D 
model transport components on the age of air and tracer 
simulations. Bacmeister et al. [1998] examined in detail 
the effects of horizontal mixing and the prescribed trop- 
ical tropospheric heating on the age of air distribution 
in an interactive 2-D model. Using a 2-D model with 
an empirically based (noninteractive) transport, Li and 
Waugh [1999] investigated the general sensitivity of the 
magnitude and distribution of mean age, N20, and Cly 
to changes in the model circulation and diffusion fields. 

A few studies have specifically examined the role of 
dynamics in 2-D model simulations of a lower strato- 
spheric perturbation such as HSCT emissions. Jack- 
man et al. [1991] studied the dependence of varying 
the transport on 2-D model simulations of base to- 
tal column ozone and the ozone perturbation due to 
HSCT NOx injections, along with simulations of in- 
ert radioactive tracers carbon 14 (14C) and strontium 
90 (9øSr). Their simulations were strongly sensitive to 
the model dynamics with weaker transport rates gener- 
ally resulting in less 14C removed from the stratosphere, 
longer emission residence times, and greater ozone de- 
pletion. $hia et al. [1998] examined the effect of adjust- 
ing the horizontal mixing (Kyy) rates in their 2-D model 
to match tropical-midlatitude exchange timescales in- 
ferred from tracer observations. They found that the 
annually averaged global ozone reductions caused by 
HSCT emissions were enhanced with increased tropical 
Kyy in the lower stratosphere. 

In a previous paper, we described our upgraded "base" 
model transport formulation which is derived directly 
from empirical data sets and compares reasonably well 
with a variety of tracer observations [Fleming et al., 
1999]. In the present paper, we extend this work to 
examine the sensitivity of inert and chemically active 
tracers to uncertainties in the model transport compo- 
nents. Quantifying all individual sources of uncertainty 
in our model dynamical fields is outside the scope of 
this paper. Instead, we roughly estimate the range 
of transport uncertainty by varying the base trans- 

port parameters so that the tracer simulations main- 
tain some agreement with a variety of measurements, 
including CH4, TM C, N20, and age of air from SF6 and 
CO2. We examine the sensitivity to changing the resid- 
ual circulation throughout the atmosphere; the horizon- 
tal diffusion in the stratosphere; the vertical diffusion 
in the upper troposphere and lower stratosphere; and 
the gravity wave-induced drag and vertical diffusion in 
the upper stratosphere and mesosphere. We then apply 
these transport scenarios to the model simulations of 
an HSCT perturbation. This allows us to determine a 
range of uncertainty due to transport in the model com- 
puted HSCT perturbation response in total ozone. We 
will also compare the results from our latest model with 
those obtained from a previous version of our model 
transport used in the 1995 NASA assessment [$tolarski 
et al., 1995]. 

2. GSFC-2D Model Description 
and Simulations 

The 2-D model at NASA Goddard Space Flight Cen- 
ter (GSFC) was originally described by Douglass et al. 
[1989] and Jackman et al. [1990]. Recent improvements 
to the model have been discussed by Jackman et al. 
[1996], and upgrades to the transport formulation are 
described by Fleming et al. [1999]. We have updated the 
gas phase reaction rates and photolysis cross sections to 
the Jet Propulsion Laboratory (JPL) 2000 recommen- 
dations [Sander et al., 2000]. 

For the transport experiments discussed in this pa- 
per, we will show model simulations of several long-lived 
tracers, including CH4, N20, 14C, and mean age of air 
derived from SF6 and CO2, along with simulations of 
an HSCT perturbation. We note that in this study, we 
take the age of air to be relative to the model tropi- 
cal tropopause (equator, 100 mbar) as opposed to the 
global mean surface value used previously [Fleming et 
al., 1999]. 

For the N•O simulations we use time-dependent 
boundary conditions from WMO [1999]. For CO• 
we use time-dependent boundary conditions based on 
monthly mean global surface observations for 1979 
to 1995 [Conway et al., 1994], with these values ex- 
tended through 1997 by increasing the 1995 values 
by 1.4 ppmv/yr. The small CO• source from CH4 
oxidation is included, with time-dependent CH4 sur- 
face boundary conditions used from WMO [1999]. For 
the 14C simulation, initial conditions are taken from 
Prather and Remsberg [1993], with the latitude and al- 
titude dependent distributions specified on October 15, 
1963. Time and hemisphere dependent ground bound- 
ary conditions for 14C were also specified from Prather 
and Remsberg [1993]. 

For the HSCT perturbation simulations the model 
was run for 20 years to obtain a seasonally repeating 
steady state solution, with all results shown from the fi- 
nal year of the calculation. All simulations are made for 
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2015 conditions of aircraft emissions and surface bound- 

ary conditions for the background atmosphere [Kawa 
et al., 1999; I?CC, 1999]. These boundary conditions 
correspond to a total Cly loading of 3.0 ppbv and a 
total Bry loading of 12.5 pptv. Throughout the pa- 
per we compare the perturbation simulation, which in- 
cludes both supersonics and subsonics, with the refer- 
ence simulation, which includes subsonic aircraft only. 
For the simulations of supersonic aircraft we assume 
a N Ox emission index (EI) of 5 g/kg, 500 airplanes, 
and a 10% gas-to-particle conversion of the SO2 emis- 
sion. These runs correspond to the NASA Atmospheric 
Effects of Supersonic Aviation (AESA) assessment sce- 
narios 1 and 9 [Kawa et al., 1999] and the Intergovern- 
mental Panel on Climate Change (IPCC) scenarios D 
and Slk [J?CC, 1999]. 

3. Results 

In this section, we examine the sensitivity of the 
tracer and HSCT simulations to uncertainties in the 

model transport components. Uncertainty in our model 
dynamical fields can arise from several sources, such 
as the measurement, algorithmic, and numerical uncer- 
tainties in the original meteorological analyses and heat- 
ing rate calculations, with the latter having a source of 
uncertainty in the temperature and constituent fields 
used; and, uncertainties in the eddy diffusion parame- 
terizations which utilize higher order derivatives of the 
meteorological analyses. There is also uncertainty due 
to small-scale, seasonal, and/or interannual geophysical 
variability not resolved in the original meteorological 
data or in the derived model transport fields. Rigor- 
ously quantifying all such uncertainties is outside the 
scope of this study. Instead, we use the available tracer 
observations as an approximate guide to illustrate the 
degree to which the model transport can be changed and 

still be reasonably realistic. Although there is some un- 
certainty in the tracer data due to, for example, incom- 
plete resolution of seasonal and interannual variability 
[e.g., Hall et al., 1999], we use the available observa- 
tional coverage to roughly constrain the lower and up- 
per limits of realistic transport rates in the model. 

3.1. Residual Circulation 

Our model residual circulation is driven by a combi- 
nation of net diabatic heating, sensible and latent heat 
release in the troposphere, and mechanical forcing from 
eddy motions. While net radiative heating calculations 
in zonal mean models are regarded as fairly accurate, 
determination of mechanical wave drag and sensible and 
latent heating is a major source of uncertainty. In this 
section we examine the uncertainty in the strength of 
the residual horizontal and vertical velocities (residual 
circulation) throughout the troposphere, stratosphere 
and mesosphere due to the combination of these heat- 
ing and wave drag processes (the horizontal and vertical 
diffusion parameters remain unchanged). In section 3.5 
we consider the effects of self-consistent changes to the 
circulation and horizontal diffusion fields. 

3.1.1. Diagnostic tracers. Figure I shows lati- 
tudinal profiles of the annual mean age of air (F) (rel- 
ative to the tropical tropopause) derived from SF• for 
the base model (scenario A in Table 1), along with two 
transport scenarios in which the circulation strength has 
been decreased (scenario B, dashed line) and increased 
(scenario C, dash-dotted line) by 25% from the baseline 
case. 

Also shown in Figure 1 are [' derived from in situ 
ER-2 aircraft measurements of SF6 (triangles) and CO2 
(plus signs) compiled from several field campaigns dur- 
ing 1992 to 1997 [Elkins et al., 1996; Boering et al., 
1996]. As discussed in previous work, the stratospheric 
F inferred from observations of SF6 and annually aver- 
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Figure 1. Age of air derived from model simulations of SF• at 20 km for the base scenario A 
(solid line), the weak circulation scenario B (dashed line), and the strong circulation scenario C 
(dash-dot line). Also shown are age of air determined from ER-2 measurements of SF• (triangles) 
and CO2 (pluses). Ages are taken relative to the tropical tropopause. See text for details. 
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Table 1. Globally Averaged Mean Age (Relative to the Tropical Tropopause) and the HSCT Total Ozone 
Perturbation Response for Each Transport Scenario (All Values Are Annual Averages) 

Mean Age, Years Total Ozone Change, % 

Scenario Description 19 km 27 km 35 km Global NH SH 

A base (1999 model transport) 2.7 4.0 4.6 -.62 -.62 -.62 

B weak circulation (base decreased by 25%) 3.4 5.5 6.3 -.71 -.73 -.68 
C strong circulation (base increased by 25%) 2.1 2.9 3.3 -.53 -.53 -.53 

D small lower stratospheric Kzz (0.001 m2/s) 3.1 4.3 4.9 -.68 -.65 -.71 
E large lower stratospheric Kz• (0.2 m2/s) 1.8 3.0 3.6 -.34 -.41 -.26 

F weak mesospheric gravity wave drag, K•z 2.8 4.1 4.8 -.61 -.61 -.62 
G strong mesospheric gravity wave drag, /(• 2.5 3.7 4.2 -.60 -.64 -.56 

H Kyy/2 (above tropopause) 2.3 3.0 3.3 -.53 -.62 -.41 
I Ky•*2 (above tropopause) 3.3 5.7 6.7 -.74 -.65 -.83 

J tflx/2 + wave drive/2 (above tropopause) 3.0 3.9 4.2 -.62 -.73 -.51 
K K•y*2 + wave drive*2 (above tropopause) 2.0 3.6 4.2 -.53 -.49 -.58 

L large cross-tropopause /f• 2.8 4.1 4.7 -.62 -.63 -.61 

M small tropical stratospheric K• (0.01x106 m2/s) 2.7 3.4 3.5 -.53 -.59 -.46 
N large tropical stratospheric Ky• (0.2x106 m2/s) 2.7 4.4 5.1 -.68 -.62 -.74 

O 1995 model transport 1.1 2.2 2.8 -.25 -.29 -.20 

P combination, long residence time 4.2 6.4 7.3 -.81 -.73 -.90 
Q combination, short residence time 1.8 2.7 3.1 -.42 -.50 -.32 

aged CO2 show good agreement [e.g., Hall et al., 1999; 
Park et al., 1999]. Consistent with the observations 
shown by Hall et al. [1999], the data in Figure I are 
averaged over 2.5 ø latitude bins, for 19.5-21.5 km for 
CO2 and 19-21 km for SF6. Following Boering et al. 
[1996], mean age derived from CO2 is computed with 
respect to the observed CO2 time series at the tropical 
tropopause [Andrews et al., 1999], accounting for the 
small CO2 source from CH4 oxidation. Mean age from 
SF6 is computed following Volk et al. [1997], which uses 
the global mean surface time series compiled by Geller 
et al. [1997] as the reference function. To be consis- 
tent with the CO2 ages (and the model ages), we have 
subtracted 0.8 years from the observed SF6 ages to ap- 
proximate the time lag from the global mean surface to 
the tropical tropopause [Volk et al., 1997]. 

Figure 2 shows vertical age profiles from the three 
model circulation scenarios and balloon observations 

at low, middle, and high latitudes. These data have 
been averaged in 1-km bins and include in situ CO2 
and SF6 measurements taken as part of the Observa- 
tions of the Middle Stratosphere (OMS) campaign [Hall 
et al., 1999; A. E. Andrews et al. ("Mean ages of 
stratospheric air derived from in situ observations of 
CO2, CH4, and N20", submitted to Jour. of Geophys. 
Res., 2001); F. L. Moore et al., manuscript in prepa- 

ration, 2001], along with laboratory measurements of 
SF6 collected by a balloon-borne cryogenic whole-air 
sampler (CWAS) flown at middle and high latitudes 
[Harnisch et al., 1996]. The low-latitude data in Fig- 
ure 2a are averages over several O MS balloon flights at 
7øS during February and November 1997. The midlati- 
tude data in Figure 2b include CO2 and SF6 ages from 
one OMS flight during September 1996 at 35øN, along 
with SF• ages from whole-air samples taken during one 
September 1993 flight at 44øN. The high-latitude data 
in Figure 2c include CO2 and SF• ages from one OMS 
flight during June 1997 at 65øN, along with SF6 ages 
from whole-air samples taken at 68øN averaged over 
three flights inside the polar vortex during January- 
March 1992 (squares), and one flight outside the vortex 
during March 1995 (asterisks). These mean ages have 
been computed as in Figure 1. 

Figures 1 and 2 show the general increase in age with 
decreasing model circulation strength which is also seen 
in the globally averaged F at different stratospheric alti- 
tudes listed in Table 1. The age differences between the 
different circulations are largest in the middle strato- 
sphere at middle and high latitudes. We also note that 
the vertical gradients and the latitudinal gradients be- 
tween the tropics and midlatitudes decrease with in- 
creasing circulation strength, illustrating that such gra- 
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Figure 2. Vertical profiles of age of air derived from model simulations of SF6 for the base 
scenario A (solid line), the weak circulation scenario B (dashed line), and the strong circulation 
scenario C (dash-dot line). Also shown are age of air determined from balloon measurements of 
SF6 and CO2 as discussed in the text. Ages are' taken relative to the tropical tropopause. 

dients can be modified by the residual circulation as 
well as the horizontal or vertical diffusion rates. This 
latter result is consistent with the analytical modeling 
study of Neu and Plumb [1999]. 

Figures I and 2 show that while the baseline trans- 
port (scenario A) provides the best overall agreement 
with the data, both the weak and strong circulations 
are within reasonable agreement with the observations 
in some of the comparisons. For example, at 20 km in 
the tropics, the base and strong circulations compare 
well with the data, whereas the weak circulation pro- 
duces ages that are a bit too old. However, at midlat- 
itudes (Figure 2b) the weak circulation compares best 
with the OMS data (triangles) above 20 km, while the 
base model agrees best with the data of Harnisch et 
al. [1996] (asterisks). Note that these two midlatitude 
data sources show age differences of •01 year in the mid- 
dle stratosphere, even though they are for similar lati- 
tudes and seasons (September). Some of this difference 
may be due to interannual dynamical variability since 
the data were taken during different years (1996 versus 
1993). 

There is a relatively large spread in the winter data 
at high latitudes in Figure 2c, due to age differences be- 
tween air inside (squares) and outside (asterisks) the po- 
lar vortex. The single OMS balloon flight during June 
1997 (pluses and triangles) shows ages which are mostly 
similar to extra-vortex air, however, there are shallow 

layers of older air at 20 and 24 km in this profile which 
likely reflect remnants of the winter vortex [Ray et al., 
1999]. All three model circulations are generally close to 
the range of these data. However, even the slow circu- 
lation gives ages that are significantly younger than the 
inner vortex data profile (squares) at 22-28 km. While 
this may indicate deficiencies of a zonal mean model in 
simulating the northern polar vortex region which can 
exhibit substantial longitudinal variability, it could also 
be indicative of a mesospheric photochemical loss in- 
curred by SF6 which would bias the inferred mean age 
to be older than the actual age [Hall and Waugh, 1998]. 

To further examine the high latitude model-data com- 
parisons, Figure 3 shows vertical profiles of CO2 plot- 
ted against N20 at polar latitudes in each hemisphere. 
These observations are taken from ER-2 flights for the 
time periods and latitude ranges indicated in Figure 3 
and are averaged over I ppbv N20 bins. N20 and CO2 
generally exhibit a compact relationship in the lower 
stratosphere [Boering et al., 11996; Strahan et al., 1998], 
except where mixing of midlatitude and vortex air cre- 
ates "mixing lines" in the N20-CO2 correlation [Waugh 
et al., 1997]. Figure 3 is also representative of the mean 
age on N20 surfaces, which have a reasonably constant 
relationship outside of the tropics where the CO2 sea- 
sonal cycle has damped out [Park et al., 1999; Andrews 
et al., 2000]. To avoid minor errors in the age deriva- 
tion caused by the CO2 annual cycle and/or incom- 
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Figure 3. Vertical profiles of C02 (ppmv) versus N20 
(ppbv) from ER-2 measurements (pluses) and time- 
dependent model simulations from the base scenario 
A (solid line), the weak circulation scenario B (dashed 
line), and the strong circulation scenario C (dash-dot 
line) for the latitudes and months/years indicated. 

plete resolution of the CO2 time history at the tropical 
tropopause, we show just the CO2 concentration, rather 
than mean age, plotted against N20 in Figure 3. 

The base model simulation is generally quite close to 
the data in both Figures 3a and 3b. The CO2- N20 cor- 
relation is strongly sensitive to the circulation so that 
for a given value of N20, the CO2 concentrations in- 
crease and the mean age decreases with increasing cir- 
culation strength, with this sensitivity increasing with 
height. At the lowest N20 values of 125 ppbv at high 
southern latitudes during winter (Figure 3a), the weak 
and strong circulations show a CO2 difference of 4.5 
ppmv, which corresponds to an age difference of -,•3- 
3.2 years (assuming a linear CO2 increase of 1.4-1.5 
ppmv/yr at the ground). This is consistent with the 
model I' results derived from SF6 at high latitudes in 
Figure 2c. However, the southern vortex CO2- N20 
observations in Figure 3a indicate ages that are close to 
the base model and significantly younger than the weak 
circulation case, at least at heights above N20 levels 
of 275 ppbv up to the highest ER-2 altitudes (21 km). 

This is in contrast with the SF6-observed age profile in 
the Northern Hemisphere (NH) inner vortex in Figure 
2c, which indicates significantly older air than simulated 
by the model weak circulation. 

We note that the tracer sensitivity to the model cir- 
culation strength and comparisons with data shown in 
Figure 3 are typical of most latitudes and seasons. An 
exception is at the lowest levels of the Southern Hemi- 
sphere (SH) profile in Figure 3a, in which all three circu- 
lations show significant differences with the data. This 
could be due to incomplete resolution of processes near 
the tropopause in the model and/or localized effects in 
the data. 

As an additional transport diagnostic, we compare 
the model time-dependent simulations of the inert ra- 
dioactive tracer, carbon 14, with observations from Kin- 
nison et al. [1994]. Carbon 14 has a chemical lifetime 
and lower stratospheric source region similar to long- 
lived products of supersonic aircraft exhaust. Therefore 
model-measurement comparisons of 14C are especially 
helpful in evaluating the accuracy of model transport 
and model assessments of the effects of stratospheric 
aircraft [e.g., Jackman et al., 1991; Prather and Rems- 
berg, 1993; Kinnison et al., 1994]. 

Figure 4 shows 14C observations along with model 
simulations from the different circulation scenarios at 

31øN for July 1966, 2 years and 9 months after ini- 
tialization. There are only small differences among the 
model scenarios below -,•18 km, with more significant 
differences above 18 kin. All three scenarios reproduce 
the strong vertical gradient up to 20 km, with a sharp 
transition to the weak gradient above 20 km seen in 
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Figure 4. Vertical profiles of carbon 14 at 31øN for 
July 1966 from time-dependent model simulations from 
the base scenario A (solid line), the weak circulation 
scenario B (dashed line), and the strong circulation sce- 
nario C (dash-dot line), along with observations (Kinni- 
son et al. [1994], dashed-asterisk). Values are in mixing 
ratio units, defined as 10 • atoms of 14C per gram of dry 
air. 
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Figure 5. Scatterplots of the model minus HALOE difference in CH4 (ppmv) versus HALOE 
CH4 (ppmv) for the base scenario A, the 1995 model transport scenario O, the circulation sce- 
narios B and C, and the Kyy scenarios H and I. Each point represents a monthly mean value 
of the model and climatological zonal mean HALOE data averaged over 1994-1999, and binned 
at every 10 ø latitude for 80øS-80øN and 100-0.1 mbar at the standard UARS pressure levels. 
To correspond to the HALOE time period, the model values have been scaled to the 1994 CH4 
boundary condition iWMO, 1999 i. The average difference (modei-HALOE) and the root mean 
square error (RMSE) of the model compared to HALOE after removing the average difference, 
are also indicated for each scenario. 

the observations. This transition becomes increasingly 
more acute with decreasing circulation strength. Note 
that the model circulation dependence of the overall 
vertical structure of 14• is very similar to the mean 
age simulations in Figure 2b. However, the comparison 
in Figure 4 reveals that the base or strong circulation 
gives the best agreement with the •4C data, whereas 
the base or weak circulation gave the best agreement 
with the midlatitude data profile of F in Figure 2b. 

As a final transport diagnostic, we compare model 
simulations of the long-lived, chemically active tracer 
CH4 with data from the Halogen Occultation Exper- 
iment (HALOE) on the Upper Atmospheric Research 
Satellite (UARS). Figure 5 shows scatterplots of the 
difference between steady state model simulations and 
climatological monthly mean HALOE (version 19) CH4, 
plotted against the HALOE data for several transport 
scenarios. The HALOE data are 6 year means (1994- 
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Figure 6. Season-latitude cross sections of reference total ozone (subsonics only, left-hand 
column) in Dobson units (DU), and the HSCT perturbation response in total ozone (percent 
change, subsonics + supersonics minus subsonics only, right-hand column) for the base scenario 
A, the circulation scenarios B and C, and the 1995 model transport scenario O listed in Table 1. 
Also included are zonal mean TOMS data averaged over 1988-1992. The contour interval is 30 
DU for the left-hand column. For the right-hand column the contour intervals are 0.5% for values 
less (more negative) than-2%, and 0.2% for values greater (more positive) than-2%. Darkest 
shading corresponds to the largest negative response. 

1999) and have been zonally averaged in 10 ø latitude 
bins from 80øS to 80øN at the standard UARS pres- 
sure levels for 100-0.1 mbar. The model results are 

colocated on the same latitude-pressure grid as the 
HALOE data. To correspond to the 1994-1999 HALOE 
time period, the model results have been scaled to 
the 1994 time-dependent CH4 boundary condition of 
1.72 ppmv [WMO, 1999], which approximates a 1997 
steady state boundary condition (roughly the midpoint 
of 1994-1999). For each scenario in Figure 5 we indicate 
the average difference (model minus HALOE in ppmv) 
and the root mean square error (RMSE) of the model 
compared to HALOE, after removing the average dif- 
ference. 

For the most part the weak circulation scenario un- 
derestimates the HALOE CH4 throughout the strato- 

sphere, with the opposite occurrence for the strong cir- 
culation. With the weak circulation there is an underes- 

timation (overestimation with the strong circulation) of 
methane transported from the source region at the trop- 
ical tropopause upwards in the ascending branch of the 
Brewer-Dobson circulation and distributed throughout 
the stratosphere. Figures 5c and 5d also show that the 
model methane is most affected by circulation changes 
in the middle and upper strat?sphere (CH4 - 0.5- 1 
ppmv). There is decreasing senõitivity above and below 
this range resulting in a curvature in the scatterplots. 
There is little sensitivity to the model transport in the 
very lower stratosphere (>•01.6 ppmv) where CH4 is in- 
fluenced primarily by the surface boundary condition. 
There is also relatively small sensitivity at lower meso- 
spheric levels (<•0.2 ppmv) where the spatial gradi- 
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ents in methane are very weak. A similar pattern is 
seen in the other transport scenarios as will be dis- 
cussed later. The base model exhibits little if any cur- 
vature and has the smallest RMSE and average differ- 
ence with HALOE compared to either of the circulation 
scenarios. The nonzero RMSE and average difference 
of the base model could indicate uncertainties in the 

base model transport, photochemistry, and/or surface 
boundary condition assumptions, as well as uncertain- 
ties in the HALO E data. 

In summary, we have used the available tracer data 
to test the sensitivity of the model simulations to vari- 
ations in the residual circulation strength, and to de- 
termine an approximate range of uncertainty in the 
model circulation fields. Taken together, the compar- 
isons of mean age, 14C, CH4, and the CO2-N20 rela- 
tionship shown in Figures 1-5 suggest that the range 
of these data are approximately bracketed by the weak 
and strong circulations. These observational compar- 
isons will be used for the other transport experiments 
described in later sections. 

3.1.2. High-speed civil transport (HSCT) air- 
craft impact. We now discuss how these circulation 
scenarios affect the model simulated total ozone and 

HSCT impact. Figure 6 shows the reference total ozone 
simulation (subsonics only) on the left-hand column, 
along with the HSCT perturbation total ozone response 
(supersonics + subsonics minus subsonics only) in the 
right-hand column. Here we show' simulations from 
the baseline transport scenario A and the circulation 
sensitivity scenarios B and C (the 1995 model will be 
discussed in section 3ø8). The reference total ozone of 
the base transport compares reasonably well with the 
TOMS data in Figure 6i (1988-1992 average) in sim- 
ulating the overall seasonal and latitudinal variations. 
Note that although the model simulations use source 
gas boundary conditions for 2015, the total Cly loading 
is very similar to 1990 conditions corresponding to the 
TOMS data averaged over 1988-1992. 

The HSCT total ozone perturbation response of the 
base model (Figure 6d) is negative at all latitudes and 

seasons, maximizing in the polar regions of both hemi- 
spheres during spring and summer. The largest neg- 
ative response (-3.5%) occurs in the SH polar region 
during October. The overall negative ozone response is 
due to a combination of enhanced NOx and H20, with 
the latter inducing most of the ozone loss because of in- 
creased HOx radicals and increased occurrence of polar 
stratospheric clouds. The global and annual mean per- 
turbation response of this base scenario is -0.62%, with 
no difference in the response averaged over the NH or 
SH (Table 1). 

As discussed in Figure 4, simulations of 14C, which 
has a source region similar to HSCT emissions (i.e., 
NH middle-high latitude lower stratosphere), help illus- 
trate how these emissions are transported throughout 
our model stratosphere. In Figure 7, we show the time 
evolution of our base transport •4C simulation versus 
latitude at 15 kin, the level of peak HSCT emission. In 
addition to the general decay of •4C with time due to 
the imposed tropospheric loss, there is a strong seasonal 
cycle at middle and high latitudes of both hemispheres. 
Maximum mixing ratios occur during late winter and 
spring and are caused by downward advection of large 
mixing ratios as the maximum •4C concentrations oc- 
cur above 18 km throughout most of the time period. 
Following the passage of the initial pulse of maximum 
•4C early in the time period, the tropics appear to be 
isolated from higher latitudes. This is illustrated by 
the low tropical 14C values characteristic of ascent of 
air from the troposphere. 

This •4C simulation illustrates that material in the 

extratropical stratosphere in our model is primarily ad- 
vected down from higher levels, with minimal horizontal 
transport through the tropics. This tropical isolation is 
characteristic of all stratospheric levels in our model 
simulation. Therefore the large negative response in 
total ozone in the SH polar spring in Figure 6d is pri- 
marily caused by the transport of HSCT emissions from 
the NH to the SH via the residual circulation, and not 
by horizontal mixing through the tropical stratosphere. 
This residual circulation mechanism advects the NOx 
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Figure 7. Time-latitude section of the base model time-dependent carbon 14 simulation at 18 
km. Values are in mixing ratio units, defined as 105 atoms of •4C per gram of dry air [Kinnison 
et al., 19941. The contour interval is 100 for values greater than 500, and 50 for values less than 
500, and includes the 60 contour level. Darkest shading corresponds to the largest values. 
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Figure 8. Age of air derived from model simulations of SF6 at 20 km for the base scenario 
A (solid line), the small lower stratospheric/f:: scenario D (dashed line), and the large lower 
stratospheric Kzz scenario E (dash-dot line). Also shown are age of air determined from ER-2 
measurements of SF6 (triangles) and CO2 (pluses) as in Figure 1. Ages are taken relative to the 
tropical tropopause. 

and H20 emissions from the NH extratropical lower 
stratosphere upwards into the mesosphere, then hori- 
zontally to the SH, with the return descent to the lower 
stratosphere during winter and spring. 

Returning to Figure 6 (left-hand column), the 
stronger circulation leads to more total ozone at high 
latitudes, i.e., increased downwelling, and less ozone in 
the tropics, with the opposite result occuring with the 
weaker circulation. However. because of the competing 
influence of dynamics and chemistry on the total ozone 
simulations, the overall difference with TOMS (when 
considering all latitudes and seasons) was only slightly 
better in the base model compared to either circulation 
scenario. This is in contrast with the tracer simulations 

in Figures 1-5 in which the base model was consistently 
in better overall agreement with the data than either 
scenario B or C. 

The stronger (weaker) circulation results in less 
(more) H20 and NOy concentration from the HSCT 
emissions contained in the lower stratosphere so that 
the negative perturbation response in total ozone is 
weaker (stronger), as seen in the right-hand column 
of Figure 6. This is also reflected in the hemispheric 
and global mean total ozone responses in Table 1. The 
global/annual average response ranges from -0.71% to 
-0.53% for the weak and strong circulations, respec- 
tively. Note that in both the baseline (A) and strong 
circulation (C) cases, the hemispherically averaged per- 
turbation responses are the same in the NH and SH. 
However, the hemispheric average response becomes in- 
creasingly asymmetric (larger in the NH) with a weak- 
ening of the circulation. It appears that with a weaker 
circulation, more of the emission remains confined to 
the NH source region, whereas increasingly stronger cir- 
culations redistribute the emissions globally leading to 
similar averaged responses in each hemisphere. 

3.2. Lower Stratospheric K.... 

We have previously tested the sensitivity of lower 
stratospheric vertical diffusion (Kzz) on our model age 
simulation [Fleming et al., 1999]. In this section, we 
briefly discuss our determination of the base and upper 
and lower limits of this model transport parameter and 
how it affects the tracer simulations and HSCT pertur- 
bation response (the circulation and/fyy remain fixed). 

Our base model tropospheric and lower stratospheric 
Kzz is based on the Brunt-V•iis/il/i frequency squared, 
so that a smaller buoyancy frequency and stronger lapse 
rate indicative of more rapid convective overturning im- 
ply a larger value of diffusion. The minimum lower 
stratospheric Kzz is specified to be 0.01-0.02 m2/s in 
the tropics, following observational analyses [Hall and 
Waugh, 1997; Mote et al., 1998], with the base Kzz in 
the extratropical lower stratosphere ranging from 0.01 
to 0.05 m 2/s. 

We specify a lower limit Kzz value of 0.001 m2/s in 
the lower stratosphere for all latitudes and seasons (sce- 
nario D). We found that a Kzz smaller than 0.001 m2/s 
does not change the model response in the diagnostic 
tracers or the HSCT perturbation, so that this value ap- 
pears to be the lower limit of tfzz in our model. Hall et 
al. [1999] recently concluded that a valu• of 0.1-0.2 m 2/s 
is close to the expected upper limit on lower strato- 
spheric Kzz. Therefore we adapt a value of 0.2 m 2/s for 
all latitudes and seasons as the upper limit which gives 
some agreement with tracer data (scenario E). This is 
shown in Figure 8, which illustrates the range of mean 
age values simulated by these Kzz scenarios (see also 
Table 1). The observations and base model in Figure 
8 are as in Figure 1. This sensitivity to Kzz is similar 
to that seen in the circulation scenarios in that a faster 

transport rate decreases F throughout the stratosphere 
and decreases the latitudinal and vertical age gradients, 
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with material removed from the stratosphere at a faster 
rate. Figure 8 is representative of the general tracer 
sensitivity to K•, as analogous results are seen in the 
vertical age profiles, the CO2-N20 correlation, and the 
•4C simulation (not shown). 

We found that the model reference total ozone field 

and the model CH4 comparison with HALO E data were 
relatively insensitive to varying the lower stratospheric 
Kz•. In fact, increasing the vertical diffusion to an un- 
realistically large value of 1 m 2/s does not appreciably 
change the reference total ozone simulation compared 
to that obtained with the small tfz•=0.001 m2/s, even 
[hough the distribution of F is severely affected [Flora- 
in9 ctal., 1999]. This is likely due to the fact that total 
column ozone is a vertically integrated quantity which 
is not strongly affected by changes in vertical diffusion• 
However as indicated in Table 1, the HSCT perturba- 
tion response in total ozone exhibits a relatively large 
variation with tf•=. Consistent with the tracer simula- 
tions, a larger K== flushes more of the HSCT emission 
out of the lower stratosphere into the troposphere lead- 
ing to a weaker negative response in total ozone. 

Consistent with the F simulations, Table 1 shows 
that for the smallest K• of 0.001 m2/s, the NH, SH, 
and global/annual mean responses are only slightly en- 
hanced compared to the base case, whereas the large 
K• scenario (0.2 m2/s) gives significantly weaker neg- 
ative total ozone responses at all latitudes relative to 
the base scenario. Interestingly, the large tf• scenario 
gave a larger response averaged over the NH than the 
SH. with the small K• case showing the opposite hemi- 
spheric asymmetry. This is in contrast with the circula- 
tion scenarios in which •he weaker transport produced 
a greater averaged response in the NH than in the SH. 

3.3. Mesospheric Gravity Wave Effects 

The model gravity wave parameterization [Lindzcn, 
1981: Holton and Zhu, 1984] computes wave drag and 
vertical diffusion in the upper stratosphere and meso- 
sphere, with the wave drag having a direct effect on 
the residual circulation. To evaluate the stratospheric 
effects of uncertainties in the gravity wave parameter- 
ization and related input parameters, we ran two ad- 
ditional scenarios with weak and strong mesospheric 
gravity wave-induced drag and diffusion (scenarios F 
and G). 

Despite simulating large changes in mesospheric wa- 
ter vapor and some substantial differences in up- 
per stratospheric/lower mesospheric methane compared 
with HALO E, these gravity wave scenarios had only 
a small influence on tracer distributions in the lower 

and middle stratosphere in our model. Below 35 kin, 
the changes in global/annual mean age between scenar- 
ios F and G were at most 4-8 months (Table 1), with 
only very small changes in the model simulations of •4 C. 
Consistent with this, the hemispheric and global mean 
total ozone perturbation response also had relatively 
small changes, as shown in Table 1. 

3.4. Global Stratospheric Kyy 

The irreversible horizontal mixing induced by large 
scale eddy processes in the stratosphere is generally rep- 
resented as an eddy diffusion (Kvy) in 2-D models. This 
parameterization can be a significant source of model 
uncertainty. Our model derives this diffusion parame- 
ter from potential vorticity (PV) using the flux-gradient 
relationship such that /•y• is taken as the ratio of the 
zonal mean PV flux to the latitudinal gradient of zonal 
mean PV [Newman et al., 1988; Randel and Garcia, 
1994]. The PV flux, or the Eliassen-Palm (E-P) flux 
divergence, is computed from 3-D meteorological anal- 
yses [e.g., Andrews et al., 1987] and provides a diagnos- 
tic estimate of the planetary wave drag. This quantity 
is used to compute the model K.• and residual circula- 
tion fields self-consistently, and uncertainties in the E-P 
flux derivation will affect these model transport param- 
eters simultaneously. This coupling will be addressed in 
section 3.5. Deriving the E-P flux and K• can be espe- 
cially uncertain in the tropics, where estimating winds 
is problematic. This will be discussed separately in sec- 
tion 3.7. In this section, we examine the model sensi- 
tivity to changes in K• alone, with the circulation and 
/•z= parameters unchanged. This addresses the general 
uncertainty in using PV and the flux-gradient relation- 
ship to derive the zonal mean mixing rate of chemically 
active species throughout the stratosphere. 

Figures 9 and 10 show distributions of mean age for 
scenarios in which K• was decreased (H) and increased 
(I) by a constant factor of 2 everywhere above the 
tropopause. Again the base model and observations are 
as in Figures 1 and 2; the 1995 model scenario in Figure 
9 (dotted line) will be discussed in section 3.8. These 
K• scenarios generally bracket the age observations. 
Although the large K• scenario appears to be older 
than observations in the tropics, it is close to the OMS 
data at midlatitudes (Figure 10). Also, the small K• 
scenario is reasonable in the tropics, but gives simulated 
ages that are significantly yom•ger than the CWAS or 
OMS ages at midlatitudes. 

Qualitatively, increasing the horizontal 'diffusion re- 
duces the latitudinal gradients in F and increases the 
mean age throughout the stratosphere, with this lat- 
ter tendency increasing with altitude (see also Table 1). 
This F dependence on horizontal mixing is due to the 
fact that with larger K•, air parcels undergo more re- 
cycling through the middle atmosphere via ascent in the 
tropics and descent in the extratropics, before returning 
to the troposphere. and hence achieve an older mean age 
[e.g., Bacracistcr et al., 1998; Hall ctal., 1999]. As a 
result, the vertical gradients in F throughout the strato- 
sphere increase with increasing K• as seen in Figure 
10. The weak vertical gradients in the extratropics in 
the small K• scenario likely illustrate the dominance 
of the residual circulation, which is primarily downward 
in this region, in controlling the long lived tracer dis- 
tributions in this case. We note that a similar overall 

sensitivity to K• is seen in the CO•.-N20 correlation 
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Figure 9. Age of air derived from model simulations of SF6 at 20 km for the base scenario A 
(solid line), the small global Kyy scenario H (dashed line), the large global Kyu scenario I (dash- 
dot line), and the 1995 transport scenario O (dotted line). Also shown are age of air determined 
from ER-2 measurements of SF6 (triangles) and CO2 (pluses) as in Figure 1. Ages are taken 
relative to the tropical tropopause. 

and the 14C simulation (not shown), with a smaller Kyy 
resulting in •4C being removed from the stratosphere at 
a faster rate. 

Referring back to the model-HALOE CH4 scatter- 
plots in Figure 5, both Kyy scenarios (H and I) result 
in a larger scatter (RMSE) and average difference com- 
pared to the base model. The Kuy scenarios also exhibit 
a curvature pattern similar to the circulation scenarios. 
Methane is most sensitive to the rate of transport in 
the middle stratosphere (CH4 values ,1 ppmv), with a 
decreasing sensitivity away from this level. The large 
Kuu scenario primarily underestimates CH4 relative to 
HALOE, with the opposite occurrence for the small Kyy 
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Figure 10. Vertical profiles of age of air derived from 
model simulations of SF6 for the base scenario A (solid 
line), the small global Kuu scenario H (dashed line), 
and the large global Kyu scenario I (dash-dot line) at 
40øN. Also shown are age of air determined from balloon 
measurements of SF• and CO2 as in Figure 2b. Ages 
are taken relative to the tropical tropopause. 

case. With increased horizontal mixing, more CH4 is 
transported away from the tropical ascending branch 
of the Brewer-Dobson circulation toward high latitudes 
where the vertical motion is downward, giving smaller 
methane concentrations compared to HALOE through- 
out most of the stratosphere. 

For the reference and perturbation responses in to- 
tal ozone (figures not shown), decreasing Kuu increases 
the latitudinal gradients, and more of the HSCT emis- 
sion remains confined near the NH source region so that 
the ozone perturbation response at NH high latitudes 
becomes larger. South of ,40øN, the perturbation re- 
sponse increases with increasing diffusion as more of 
the emission is flushed out to the tropics and into the 
SH. Since the HSCT emissions originate primarily at 
NH middle and high latitudes, changing Kuy does not 
strongly affect the overall NH average (Table 1). In 
contrast, the SH and global averages are enhanced dra- 
matically with increased horizontal mixing. The global 
average total ozone response dependence on Kyy is con- 
sistent with the mean age and 14 C dependence discussed 
above. 

3.5. Self-Consistent Kyy and Circulation 
Changes 

Uncertainties in the E-P flux divergence calculation 
affect both the Kyy and residual circulation in a self- 
consistent manner. To investigate this sensitivity, we 
included an additional scenario in which Kyy has been 
decreased by a factor of 2 as in scenario H, along with 
a corresponding factor of 2 decrease in the wave drive 
above the tropopause, which weakens the circulation. 
We also included a case in which both Kyy and the 
wave drive were increased by a factor of 2 above the 
tropopause. These are listed as scenarios J and K in 
Table 1. 
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Figure 11. Vertical profiles of age of air derived from 
model simulations of SF6 for the base scenario A (solid 
line), and the combined Kyy + wave drive scenarios J 
(dashed line) and K (dash-dot line) listed in Table 1 
and discussed in the text. Also shown are age of air 
determined from balloon measurements of SF6 and CO2 
as in Figure 2. Ages are taken relative to the tropical 
tropopause. 

The age of air responses to these scenarios are illus- 
trated in Figure 11. We do not show results at high 
latitudes since the relative responses are very similar 
to those at 40øN (consistent results are also revealed 
in the •4C and CO2- N20 simulations and are not 
shown). While decreasing only Ky• gives substantially 
younger F throughout the stratosphere (Figures 9 and 
10), Figure 11 (dashed line) shows that including the 
corresponding reduction in the wave driven circulation 
counteracts this effect. The net result in the extratrop- 
ics is that the ages are slightly older below 20 kin, and 
very similar above 20 km relative to the base model (see 
also Table 1). This cancellation of effects is also seen in 
scenario K (dashed-dotted line). Although in this case, 
the increased circulation more than compensates for the 
increased diffusion so that the net result gives slightly 

younger F relative to the base case poleward of • +15 ø 
to 20 ø. In the tropics, both scenarios J and K give very 
similar F, so that the latitudinal age gradients in the 
subtropics are somewhat larger in scenario J, especially 
in the lower stratosphere. 

Consistent with these changes in F, scenario J gives 
the same global/annual mean perturbation total ozone 
response as the base case (-0.62%), while scenario K 
slightly diminishes the response (-0.53%). The com- 
bination of a weaker circulation and diffusion gives a 
larger response in the NH, as it does when these trans- 
port components are decreased separately (scenarios B 
and H). This hemispheric asymmetry is reversed when 
both the circulation and /(• are increased, and com- 
parison of scenarios C and I indicate that the diffusion 
increases are primarily responsible for giving a greater 
response in the SH in scenario K. 

3.6. Cross-Tropopause Kyy 

We also investigated the model response to changes 
in horizontal diffusion across the tropopause. Recent 
assessment reports have noted the importance of cross- 
tropopause transport in model simulations of HSCT 
emissions [Kawa et al., 1999; _Park et al., 1999]. It 
was suggested that 2-D and 3-D models simulate a 
different correlation between mean age and N Oy ac- 
cumulation. This is perhaps due to the inherent dif- 
ferences between 2-D and 3-D model formulations of 

cross-tropopause transport, which can have large zonal 
asymmetries. Also, Hall and Waugh [2000] suggested 
that there is a general tendency for more mixing be- 
tween the upper troposphere and lower stratosphere in 
3-D. In our 2-D model the tropopause, which is a func- 
tion of latitude and season and is based on N CEP data, 
separates very fast and very slow vertical mixing 
regimes. There is also cross-tropopause transport hori- 
zontally via the K•y field where the tropopause height 
changes with latitude. This occurs primarily at midlat- 
itudes between +25 ø and 60 ø . 

To test how this horizontal •:• arisport affects the model 
simulations, we cornpuled an additional scenario (L) 
in which the cross-tropopause K• values were signif- 
icantly increased over the base model (the K• and 
circulation remain unchanged). However, the result- 
ing tracer simulations changed only slightly from the 
baseline case, and mean ages were at most 2 months 
older throughout the stratosphere. Similarly, the total 
ozone perturbation response was virtually unchanged 
compared to scenario A (Table 1). This illustrates the 
very small sensitivity to the rate of horizontal cross- 
tropopause diffusive transport in our model simulations. 

3.7. Tropical Stratospheric Kyy 

Properly quantifying the rate of horizontal mixing in 
the tropical stratosphere is particularly important for 
HSCT simulations. This mixing rate directly affects 
how much aircraft exhaust is transported from the mid- 
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latitude source region into the tropics, where it can be 
transported upward via the residual circulation to the 
middle stratosphere and greatly increase the amount of 
ozone destruction incurred. 

Previous studies have examined the influence of hor- 

izontal mixing between the tropics and midlatitudes 
[e.g., Plumb, 1996; Neu and Plumb, 1999]. In their 
model study of HSCT perturbations, Shia et al. [1998] 
adjusted their tropical Kyy values to match the tropical- 
midlatitude exchange rates estimated from measure- 
ments of chemical species by Volk et al. [1996] and 
Schoeberl et al. [1997]. Their resulting tropical strato- 
spheric Kyy values ranged from 0.07 to 0.13x106 m2/s. 
This "leaky pipe" model represented an intermediate 
level of diffusivity compared to the "tropical pipe" 
model, i.e., extreme tropical isolation, and the "global 
diffuser" model [Plumb, 1996]. 

In our model, computing Kyy from the E-P flux di- 
vergence via the flux-gradient calculation can be par- 
ticularly uncertain in the tropics where quantifying the 
zonal and meridional winds is problematic. To de- 
rive our base model E-P flux divergence and Kyy in 
the tropical stratosphere, we use zonal and meridional 
winds measured by the high resolution Doppler imager 
(HRDI) on board UARS averaged over 1992 to 1996, 
along with temperature data from the National Cen- 
ters for Environmental Prediction (NCEP) analyses for 
the same time period. Our base model Kyy field in 
this region varies spatially and seasonally. The annual 
mean, area weighted average Kyy for 15øS-15øN de- 
creases from 0.14x106 m2/s just above the tropopause 
to 0.07x10 • m 2/s at 23 kin, and then gradually increases 
to 0.1x10 • m2/s at 29 km and 0.3x10 • m2/s at 50 km. 
These values are similar to those of the "leaky pipe" 
model of Shia et al. [1998]. We also note that our base 
model tropical E-P flux and Kyy quantities obtained 
from the HRDI and NCEP data are generally similar 
to those derived from the United Kingdom Meteoro- 
logical Office (UKMO) stratospheric assimilation fields 
[Swinbank and O'Neill, 1994]. 

To test the sensitivity of our model simulations to the 
rate of tropical horizontal diffusion, we specified a very 
small constant Kyy of 0.01x10 • m2/s throughout the 
tropical stratosphere (15øS-15øN, 15-50 kin) for all sea- 
sons in scenario M. This value is the lower limit of Kyy 
in our model and is a bit smaller than the 0.03x10 • m2/s 
lower stratospheric value used in the tropical pipe model 
of Shia et al. [1998]. Scenario M results in an extremely 
isolated tropical region with very large tracer gradients 
between the tropics and midlatitudes. The resulting 
vertical age profiles are very similar to the Kyy/2 case 
(scenario H) shown in Figure 10, with little or no ver- 
tical gradient in the extratropics above 21 km (see also 
Table 1). 

For the large tropical Kyy case we specified a con- 
stant value of 0.2x106 m2/s over the 15øS-15øN, 15- 
50 km region for all seasons in scenario N. This value 
was chosen to be somewhat larger than that inferred 

from constituent data for the leaky pipe model of $hia 
et al. [1998], but smaller than the 0.3x10 • m 2/s tropical 
value used in the $hia et al. global diffuser model. Also, 
scenario N gave tropical-midlatitude CH4 gradients that 
were somewhat weaker than observed in HALOE data 

[e.g., Randel et al., 1998]. We therefore expect this sce- 
nario to be close to the upper limit of realistic tropical 
Kyy in our model. 

In addition to the weaker subtropical tracer gradi- 
ents, scenario N gives slightly older mean ages through- 
out most of the stratosphere relative to the base case, 
consistent with the global Kyy increase in scenario I. 
This difference increases with altitude and is largest (7 
months) in the tropical upper stratosphere. Overall, the 
simulated F in this scenario is well within the limits of 

observations. We note that the E-P flux divergence in 
the tropical stratosphere in the base model is inherently 
small, so that changing this quantity and the circula- 
tion to be dynamically consistent with the Kyy changes 
in scenarios M and N gave very similar results to those 
obtained by changing Kyy only. 

As seen in Table 1, the total ozone response tenden- 
cies in these tropical diffusion cases are generally sim- 
ilar to those seen in the global Kyy scenarios H and I. 
The NH average response is significantly less sensitive 
to the tropical horizontal mixing rate than is the SH 
average, as the latter increases from -0.46% to -0.74% 
between scenarios M and N. The resulting global aver- 
age response also increases with increasing tropical dif- 
fusion, which is qualitatively consistent with the model- 
ing results of $hia et al. [1998]. The global perturbation 
response ranges from -0.53% to-0.68% in scenarios M 
and N, which is a sornewhat smaller range than in the 
circulation, Kzz, or global Kyy scenarios. 

We note finally that although the SH response is di- 
minished with the small tropical diffusion, it is still sig- 
nificant throughout the year. This is consistent with 
the •4C simulation in Figure 7, illustrating that much 
of the interhemispheric transport of HSCT emissions in 
our base model occurs via the seasonal ascending and 
descending branches of the stratospheric-mesospheric 
residual circulation, with horizontal diffusive transport 
through the tropical stratosphere being of secondary 
importance. 

3.8. The 1995 Model Transport 

The previous 1995 version of our model transport was 
used in the 1995 NASA HSCT assessment [$tolarski et 
al., 1995]. As discussed by Fleming et al. [1999], our 
1999 model transport (base scenario A) simulates trac- 
ers that are in significantly better agreement with ob- 
servations compared to this previous model version. As 
seen in Figure 9, the gradients and absolute values of F 
in the 1995 model (scenario O) are significantly under- 
estimated relative to observations. The annual/global 
mean ages are the youngest of all the simulations per- 
formed in this study, and are much younger through- 
out the stratosphere compared with scenario A (Table 
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Plate 1. Scatterplot of the annual and globally averaged perturbation response in total ozone 
(percent change, subsonics + supersonics minus subsonics only), versus the annual, global, and 
pressure weighted average mean age (years) for the lower stratosphere (LS-16-22 km), for all 
model transport scenarios listed in Table 1. Letters for each scenario are color coded according 
to the type of transport variation imposed, as indicated in the legend. 
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1). This is primarily due to overly strong circulation 
and vertical mixing rates in certain regions in the older 
model version. There is also improper resolving of diffd- 
sion changes across regions that have differing transport 
characteristics, e.g., changes in vertical mixing across 
the tropopause and horizontal mixi.ng between the trop- 
ics and midlatitudes. These inaccuracies in the 1995 

model transport are also revealed in the model-HALOE 
CH4 scatterplot in Figure 5b. It is clear that this model 
version exhibits a much larger scatter and average dif- 
ference with HALOE compared to the base 1999 model 
transport at most levels of the stratosphere. 

In contrast, the reference total ozone simulation with 
the 1995 transport (Figure 6g) is reasonably similar 
overall to the TOMS data, and compares better with 
TOMS than does the base model during some seasons 
and latitudes. As the tracer comparisons provide a rig- 
orous test of model transport, the good agreement of the 
1995 model with the TOMS data should be regarded as 
fortuitous. This illustrates how model transport defi- 
ciencies that are illuminated in inert tracer simulations 

can be hidden in a vertically integrated and chemically 
active quantity such as total column ozone. 

Such transport deficiencies can ultimately cause sig- 
nificant biases in the model simulated response to a 
lower stratospheric perturbation such as HSCT emis- 
sions. This is revealed in the 1995 model ozone per- 
turbation in Figure 6h. Compared with the base case, 
the 1995 model response is significantly weaker at all 
latitudes and seasons, consistent with the overly fast 
transport rates revealed in the age of air simulations. 
The annual and global mean total ozone response with 
the 1995 model transport is-0.25% compared to-0.62% 
in the base case. 

3.9. Age of Air Versus Total Ozone 
Perturbation Response 

Plate I shows the correlation of mean age with the to- 
tal ozone perturbation response for the 17 transport sce- 
narios listed in Table 1. Here we plot the global, annual 
and pressure weighted average of F over the 16-22 km 
region against the global and annual mean perturbation 
total ozone responses. There is a strong correlation be- 
tween the mean age and total ozone response, such that 
a younger age implies less emission accumulation and 
less ozone loss. It also appears that the correlation is 
generally independent of the type of transport change 
imposed. Exceptions are the gravity wave scenarios (F 
and G) which show virtually no change in total ozone 
response, but exhibit some change in lower stratospheric 
F due to significant circulation and Kzz changes in the 
upper stratosphere and mesosphere. Also, the tropical 
Kyy dependence (scenarios M and N) shows a mod- 
erate change in the total ozone response, but little if 
any change in F at these altitudes (16-22 kin), although 
we note that changes in tropical diffusion induce sig- 
nificant changes in mean age in the middle and upper 

stratosphere (Table 1). Plate 1 illustrates again that the 
1995 transport (scenario O) gives significantly younger 
ages and a much weaker total ozone response compared 
to the other transport scenarios. 

Plate 1 and Table I show two additional scenarios 

in which the circulation strength, global Kyy, and Kzz 
fields are changed simultaneously to increase the strato- 
spheric age and residence time, i.e., the circulation and 
Kzz are decreased and the Kyy is increased (scenario P). 
Opposite changes are made to decrease the age and res- 
idence time in scenario Q. Although the resulting mean 
ages are outside of the range of observations, we show 
these cases to demonstrate that the resulting correla- 
tion between F and the total ozone response is similar to 
that when changing the different transport components 
separately. This demonstrates that the model response 
remains linear and does not change qualitatively when 
imposing a combination of transport changes. 

Throughout this paper we have assumed that mean 
age, which has been extensively observed, is a proxy for 
the HSCT emission residence time (•-R) which is not di- 
rectly observable. Following Hall and l/Vaugh [2000], we 
test this by computing •-R from a steady state simulation 
of N Oy calculated as a passive tracer with a specified 
tropospheric loss (the "A3" transport experiment used 
in the recent Models and Measurements Intercompari- 
son Project II (MMII) [Park et al., 1999]). The emis- 
sions are global, but are input primarily at NH midlati- 
tudes, and correspond to 500 HSCTs at Mach 2.4, with 
E.I.=10. •-• is taken as the ratio of the resulting an- 
nually averaged total N Oy mass above the tropopause 
to [he rate of input of NOy mass above the tropopause. 
The resulting relationship between •-• and mean age is 
shown in Plate 2 (the color coding is as in Plate 1). 
Here we plot the area and pressure-weighted annual av- 
erage of F over the region of peak HSCT emission in 
the midlatitude NH lower stratosphere (35øN-55øN, 16- 
22 kin). These results are consistent with Plate 1. A 
younger mean age implies a shorter •-• and there is a 
generally strong correlation between these parameters 
among most of the scenarios. Again, the notable excep- 
tions are the tropical Kyy scenarios (M and N) and the 
gravity wave scenarios (F and G) as discussed above. 

4. Conclusions 

We have examined the sensitivity of stratospheric 
tracers and an HSCT aircraft perturbation to potential 
uncertainties in 2-D model empirical transport fields. 
These uncertainties can arise from a variety of sources, 
including the algorithms, assumptions, and/or data sets 
used to derive the model transport components. We 
estimate these uncertainties by varying the transport 
parameters so that the range of model tracer simula- 
tions brackets the observations. This range varies with 
transport parameter. For example, the range of residual 
circulation velocities is constrained by observations to 
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be within 25% of the base circulation, while the range 
of global stratospheric Kyy rates is observationally con- 
strained to be within a factor of 2 of the base. 

We find a strong linear correlation between mean age, 
the emission residence time, and the HSCT perturba- 
tion response in total ozone among most of the trans- 
port scenarios performed, demonstrating a tight rela- 
tionship between age of air and the HSCT impact. In- 
creasing the residual circulation or lower stratospheric 
Kzz decreased the mean age and emission residence 
time, and diminshed the negative ozone response to 
HSCTs. Increasing the global stratospheric Kyy had 
the opposite effect by increasing the residence time and 
mean age via greater recycling of air through the mid- 
dle atmosphere, and enhancing the global mean total 
ozone HSCT response. Also, the vertical gradients in F 
throughout the stratosphere were significantly reduced 
with large scale reductions in horizontal diffusion. This 
likely illustrates the dominance of the residual circu- 
lation in controlling the long lived tracer distributions 
with relatively small global K• values. 

Uncertainties in the mechanical wave forcing (E-P 
flux) calculation affect both the Kyy and residual cir- 
culation simultaneously, and incorporating these varia- 
tions self-consistently had a cancellation effect. In this 
case, the circulation changes had a somewhat larger im- 
pact than the Kyy changes in determining the net mean 
age and perturbation responses globally. 

Variations in the tropical stratospheric _•yy gave qual- 
itatively similar results to the global /i•y• variations. 
However, these scenarios resulted in a somewhat smaller 
range of uncertainty in the model F and total ozone 
response relative to the other transport uncertainties. 
Also, the model simulations below 35 km showed rel- 
atively small sensitivity to the strength of the meso- 
spheric gravity wave drag and diffusion, and to the 
magnitude of the horizontal diffusive transport across 
the tropopause. 

The base model transport provides the most favor- 
able overall comparison with the tracer data, and sim- 
ulates a steady state global and annual mean HSCT 
perturbation response in total ozone of-0.62%, assum- 
ing a N Ox emission index of 5 g/kg, 500 airplanes, and 
a 10% gas-to-particle conversion of the SO2 emission. 
Variations in lower stratospheric Kzz gave the largest 
range of responses in total ozone, as the direct removal 
of emissions from the stratosphere is most sensitive to 
this parameter. For scenarios having tracer distribu- 
tions in reasonable agreement with measurements (ex- 
cluding scenarios O, P, and Q), the global total ozone 
response ranged from -0.34% to-0.74%. This range is 
significantly smaller than the general uncertainty esti- 
mates that consider model differences and a variety of 
atmospheric processes, as given in the recent assessment 
reports [Kawa et al., 1999; IPCC, 1999]. 

The base model global total ozone response of-0.62% 
is significantly larger than the-0.25% simulated by our 

previous model used in the 1995 HSCT assessment. Al- 
though the reference total ozone simulated by this 1995 
model transport is in reasonable agreement with TOMS 
data, the corresponding tracer simulations reveal that 
the 1995 model transport rates were substantially dif- 
ferent than indicated by observations. This illustrates 
that the 1995 model-data agreement in total ozone is 
fortuitous and that model transport deficiencies, which 
are evident in inert tracer comparisons, can be hidden 
in a vertically integrated and chemically active quantity 
such as total ozone. Such model inaccuracies ultimately 
cause significant biases in the simulated ozone response 
to an HSCT perturbation. 
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