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Evaluation of transport in stratospheric models 

Timothy M. Hall, 1 Darryn W. Waugh, 2 Kristie A. Boering, 3 R. Alan Plumb 4 

Abstract. We evaluate transport characteristics of two- and three-dimensional 
chemical transport models of the stratosphere by comparing their simulations of the 
mean age of stratospheric air and the propagation of annually periodic oscillations 
in tracer mixing ratio at the tropical tropopause into the stratosphere to inferences 
from in situ and satellite observations of CO2, SFe, and water vapor. The models, 
participants in the recent NASA "Models and Measurements II" study, display 
a wide range of performance. Most models propagate annual oscillations too 
rapidly in the vertical and overattenuate the signal. Most models also significantly 
underestimate mean age throughout the stratosphere, and most have at least one 
of several unrealistic features in their mean age contour shapes. In the lower 
stratosphere,model-to-modelvariation in N20, NO�, and CI� is well correlated 
with variation in mean age, and the magnitude of N O� and Cly variation is large. 
We conclude that model transport inaccuracies significantly affect simulations of 
important long-lived chemical species in the lower stratosphere. 

1. Introduction because a large amount of new data is now available 
from satellite, aircraft, and balloon platforms against 

The environmental impact of anthropogenic pollu- which to evaluate model results. In particular, MM 
tants on the stratosphere is determined by a complex models performed only one pure transport experiment, 
interaction among chemistry, radiation, and transport. bomb radiocarbon, for which observed data are sparse. 
In order to predict future chemical and climate changes However, we now have high precision measurements in 
due to such pollutants, models must include these pro- the lower stratosphere at most latitudes and seasons, 
cesses. However, in order to assessthe realism of mod- and some measurements in the middle stratosphere, of 
els, and therefore to know what weight to give model nearly inert tracers such as CO2 and SF6 from sev-
predictions, it is preferable to evaluate components of eral in situ campaigns in recent year. s. In addition,
models separately, so that the causes of any unrealis- we have a multiyear time series of H -H20+2CH4, 
tic features may be better isolated. In this paper, we a quasi-conservedtracer providing much information 
evaluate transport in a range of stratospheric models by about tropical transport, from the Halogen Occultation 
performing simulations of chemically inert tracers and Experiment (HALOE) instrument aboard the Upper 
comparing the results to previously published and new Atmosphere Research Satellite (UARS). These obser- 
observations. vations comprise a powerful set of data, which reveals 

This study summarizes a component of the recent inaccuracies in model transport. 
"Models and Measurements 2" (MM2) stratospheric MM2 defined six transport experiments: (1) the age 
model intercomparison [Park et al., 1999]. MM2 fol- spectrum, (2) idealized tracers with annually periodic 
lows the 1992 MM intercomparison [Prather and'Rems- surface boundary conditions (sine and cosine), (3) SF6, 
berg, 1993] and has been performed not only because of (4) CO2, (.5) inert tracers of proposed stratospherichigh 
changes in models in the intervening 6 years, but also speed civil transport (HSCT) aircraft emissions, and 

(6) inert tracers of HSCT emissions north of 40øN. See 
Table i for details of the experiments discussed here. 
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Table 1. Details of the Experiments 

Experiment Initial Condition Boundary Condition 

Age spectrum 0 everywhere 

Sin tracer 1 everywhere 

Cos tracer 1 everywhere 

SF6 0 everywhere 

Within zonal band 4-10 ø and surface 

to 2 km, mixing ratio held 1 for 
January, then 0 for rest of 20 year 
run. No-flux elsewhere. 

Same region as age spectrum; time 
dependenceis 1 + sin(2�rt/1 year) 

Same as sin tracer, but 
1 + cos(2�r/1 year) 

Flux into surface layer 30 ø to 60 øN, 
uniform per unit area, with steady 
increase such that total kilotons 

released during year t is 0.2(t- 1966). 
Run from t = 1966 to 2000. 

may be reconstructed from the age spectrum. Section 
4 focuses on the global mean age distribution, making 
comparisons to observations, identifying components of 
model transport that have strong leverage over mean 
age, and discussing similarities of mean age variations to 
variations of other long-lived trace gases. Model trans- 
port in the tropics is analyzed in section 5 by comparing 
the propagation of periodic signals and the mean age 
distribution in models to derivations from observations. 

We present conclusions in section 6. 

2. Models 

The models that participated in MM2 encompasssev-
eral classes of formulation in their approach to simulat- 
ing the stratosphere. Table 2 summarizes the models 
that performed the transport components of the suite 
of MM2 experiments. Included are models having only 
a latitude-height plane representation of tracer distri- 
bution (2-D), as well as fully three-dimensional mod-
els 13-D). In general, 2-D models advect tracers by a 
seasonally and spatially varying residual circulation of 
stream function �b, and diffuse tracers by seasonally and 
spatially varying diffusion tensors K designedto mimic 
the zonally averaged tracer-mixing effects of 3-D wave 
breaking. However, among these models, there are dif- 
ferent approaches for calculating �b and K. In AER, 
for example, �b is determined from heating rate calcula- 
tions, while K is independently prescribed. AER thus 
has a high degree of "tunability" of transport but less 
physical realism. In other models, K is derived from 
theoretical considerations relating it to features of �b 
[Jackman et al., 1988] or from analysis of 3-D model 
data [Yudin et al., 1999]. Another class of 2-D models 
are sometin/es called "2.5-D" models or "interactive" 

models, e.g., LLNL, NOCAR, and GSFC-2Dint. These 
models have a 3-D representation of the propagation of 
low wave-number planetary waves. Propagation charac- 
teristics are determined by the zonal wind field, and the 
breaking of the waves, in turn, affects the zonal wind. 

The residual circulation is computed self-consistently 
with the zonal wind, and tracers are transported in 
the zonal-mean plane by the residual circulation and 
the diffusion due to the wave breaking [Garcia et al., 
1992; Garcia and Solomon, 1994]. 

The 3-D models are all "off-line" chemical transport 
models (CTMs): they solve the continuity equations of 
tracers in three-dimensions, given meteorological fields 
(archiveddata on wind and convection) from either gen- 
eral circulation models (GCMs) or from assimilations of 
stratosphericobservations.The 3-D models analyzed 
here are not all independent. For example, MONASH2 
and GMI-NCAR employ the same set of GCM data, 
differingin the numerical advectionschemeused by the 
CTM. GSFC-3D and GMI-DAO employ the same as- 
similated wind data, differing in the horizontal resolu- 
tion. MONASH1 and MONASH2 employ related GCM 
data, with MONASH2 using a version that has stronger 
gravity wave drag. These CTMs do not simulate inter- 
annual variability in transport, but instead recycle a 
singleyear of meteorological data for multiyear integra- 
tions. 

3. Age Spectra 

3.1. Background 

The age spectrum in the stratosphere G(x, tlto ) is a 
type of Green function that propagates a tropospheric 
mixing ratio boundary condition into the stratosphere, 
and thus it may be used, for a conserved tracer, to 
reconstruct the stratospheric response to an arbitrary 
tropospherictime variation. G(x, tit0 ) has the interpre- 
tation that GSt is the mass fraction of air at x in the 

stratosphere that was last in the troposphere a time 
t- to to t- to + 5t ago. The age spectrum was dis- 
cussedby Kida [1983] and more formally developed by 
Hall and Plumb [1994]. Here, we briefly focus on several 
features that have received less attention elsewhere. 

G(x, tit0 ) is determined in a model as the response to 
the time-dependent boundary condition 5(t- to) spec- 
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Table 2. Summary of the Models 

2-D Models Type Reference 

1 AER NI Ko et al. [1985] 
2 CSIRO NI Randeniya et al. [1997]; Vohralik et al. [1998] 
3 GSFC-2D NI Jackman et al. [1996] 
4 GSFC-2Dint I Rosenfieldet al. [1997] 
5 HARVARD I Jones et al. [1998] 
6 LLNL I Prather and Remsberg [1993] 
7 MGO-UIUC-2D NI Zubov et al. [1995] 
8 NCAR-2D I Park et al. [1999] 
9 NOCAR I Garcia et al. [1992] 

10 SUNY-SPB NI Srnyshlyaevet al. [1998] 
11 UNIVAQ-2D NI Pitari et al. [1993] 
12 WISCAR I Brasseur et al. [1990]; Politowicz and Hitchman [1997] 

3-D Models Circulation Reference 

a13 GISS8x10 Prather et al. [1987]; Hall and Prather [1995] 
14 GMI-DAO b A. R. Douglass et al., Choosing meteorological input for the 

global modeling initiative assessmentof high speed aircraft, 
submitted to Journal of Geophysical Research, 1999, hereinafter 
referred to as Douglass et al., submitted manuscript, 1999. 

15 GMI-GISS c Douglass et al., submitted manuscript, 1999 
16 GMI-NCAR d Douglass et al., submitted manuscript, 1999 
17 GSFC-3D b Douglasset al. [1996] 
18 MONASH1 d Waugh et al. [1997]; Rasch et al. [1995] 
19 MONASH2 d* Hall and Waugh [1998] 
20 UCI21 a Prather et al. [1987] 
21 UCI23 c Hannegan et al. [1998] 
22 UIUC-3D e Zubov et al. [1999] 
23 UNIVAQ-3D f Park et al. [1999] 

The acronyms and abbreviations used in the model names are AER, Atmospheric Environmental Research; 
CSIRO, Commonwealth Scientific Industrial Research Organization; GSFC, Goddard Space Flight Center; 
HARVARD, Harvard University; LLNL, Lawrence Livermore National Laboratory; MGO, Main Geophysical 
Observatory; UIUC, University of Illinois at Urbana-Champain; NCAR, National Center for Atmospheric 
Research; NOCAR, National Oceanic and Atmospheric Administration and National Center for Atmospheric 
Research; SUNY, State University of New York; SPB, Saint Petersburg Russian Hydrometeorological Univer- 
sity; UNIVAQ, University d'Aquilla; WlSCAR, University of Wisconsin and National Center for Atmospheric 
Research; GISS, Goddard Institute for Space Studies; GMI, Global. Modeling Initiative; DAO, Data Assim-
ilation Office; MONASH, Monash University; UCI, University of California at Irvine. For 2-D models, "I" 
indicates interactive models, in which 2-D transport is coupled to 3-D wave propagation. "NI" indicates no 
coupled wave propagation. For 3-D CTMs, the letters indicate the source of meteorological data: (a) GISS 
lower resolution GCM [Rind et al., 1988], (b) Goddard Earth Observing System Data Assimilation System 
(GEOS-DAS) [Coy and Swinbank, 1997], (c) GISS higher resolution GCM [Rind et al., 1998], (d) NCAR 
MACCM2 GCM [Boville, 1995], (e) University of Illinois GCM, (f) University d'Aquilla GCM. 

*NCAR MACCM2 with additional gravity wave sources. 

ified over some "forcing region" R in the troposphere 
(see Table 1). The delta function in time is approxi- 
mated by holding R at a finite value for 1 month, and 
zero for the duration of the simulation. (Note that the 
magnitude of the first month value is arbitrary, as G is 
afterward suchnormalized that f� Grit- 1.) The forc- 
ing region varies somewhat from model to model, de- 
pending on particular grid spacings. For stratospheric 
studies the details of R are unimportant as long as it 
is within the troposphere, as the troposphere is well- 
mixed on stratospheric timescales and as nearly all air 
and tracer enters the stratosphere in the tropics, re- 
gardlessof tropospheric origin. Hall and Plumb [1994] 

found in a GCM that moving a near-surface R from the 
tropics to midlatitudes to a good approximation intro- 
duced only a uniform offset to mean age throughout the 
stratosphere(about 0.7 year in their model). This in- 
sensitivity is further indicated by the near equivalence of 
mean age as computed from the age spectrum and from 
simulated SF6 (shown below), despite the very different 
distribution of surface boundary condition (see Table 
1). In this model study, because our focus is the strato- 
sphere, we consider only the difference between mean 
age at points in the stratosphere and at the tropical 
tropopause, thereby removing any small offsets caused 
by differences in R from model to model. 
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Figure 1. The age spectrum at four locations plane' the for GSFC-2D in the latitude-height 
equatorat 18 km and 26 km, and 60øN at 18 km and 26 km. The mean age is indicated by the 
vertical dashed line, and the spectral width by the horizontal dashedline. 

In general, G is a function of both t and to (or t - to 
and to) separately. In this intercomparison, the month 
corresponding to to is January, and a different start 
month would yield a different result. Only for station- 
ary transport does G depend exclusively on the elapsed 
time t- to. However, as we will illustrate below, sea- 
sonality of transport for these models plays only a sec-
ondary role in determining many of the annually av-
eraged properties of G. We would get similar results 
if a different start month had been chosen. Therefore, 
from here on, we write G = G(x, t'), where t' = t- to 
is the elapsed time, and the separate dependence on to 
is suppressed. If it were our goal, however, to analyze 
seasonal variations in G, we would need to perform sep- 
arate simulations for several source times to throughout 
the year. For tropospheric studies, the dependence of 
the age spectrum on R and to is of comparable impor- 
tance to x and t- to, and a more complete version of 
G must be considered [Plumb and McConalogue, 1988; 

ß 

(a) 

-�5 

t4 

0 
0 6 

mean age from age spectrum (years) 

M. Holzer and T. M. Hall, Transit-time and tracer-age 
distributions in geophysical flows, submitted to Journal 
of the Atmospheric Sciences, 1999]. 

As an example, we show in Figure 1 G(x,t) from 
the GSFC-2D model at the equator and at 60øN and 
for pressure altitude, z, of 18 km and 26 km. (Note 
that we use as a vertical coordinate z = 16 log(1000/p), 
where p is in hPa and z in kilometers.) See Hall and 
Waugh [1997a] for MONASH2 and GISS8x10 age spec- 
tra at. these same altitudes and latitudes. The age spec- 
tra are broad, indicating a range of transit times from 
the troposphere. The spectra tend to be most peaked, 
and have the shortest transit times, near the tropical 
tropopause. The first. moment, or mean age F(x), is 
shown by the vertical dashed line. This quantity can 
be compared to mean ages derived from observations of 
temporally-increasing tracers such as CO2 and SF6. For 
example, to the extent that SF6 is a conserved tracer 
whose mixing ratio is increasing linearly in time, its time 

(b) 

0 1 2 3 4 5 6 
mean age from age spectrum (years) 

Figure 2. Scatterplotsof mean age deduced from the SFe simulations (vertical axes) and the 
age spectrum (horizontal axes) for MONASH2. For Figure 2a the SFe age is an annual mean. In 
Figure 2b the SF6 lag is for March only. Other models display similar behavior. 
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Figure 3. Zonally averaged mean age distribution from MONASH2 for the individual months 
(a)March,(b) June, (c) September, (e) the annual and (f) the age spectral (d)December, mean, 
mean, as indicated. 

lag at x in the stratosphere from its tropospheric time varies seasonally and interannually, while in these mod- 
els, transport varies seasonally. Thus, one may ask seriesis F(x) [Hall and Plumb, 1994]. Annual cycles of 

conservedtracers(oscillationsof period i year, such as how faithfully the fields from explicit tracer simulations 
those of CO2 or H20+2CH4) in the model stratospheres (e.g., SF6 and CO2) can be reconstructed from G(x, t), 
may also be reconstructed given the particular January start date. from G(x, t). 

Figure 2a is a scatterplot for MONASH2 of F as de- 
3.2. Relation to Other Transport Experiments rived from the annual mean troposphere-to-stratosphere 

As noted above, the formulation of the age spec- lag time of a full seasonally varying simulation of SF6 
trum employed here has neglected explicit dependence (seeTable i for experimental definition)versusF as the 
on time, leaving only dependence on elapsed time from first moment of G(x,t). The correlation is high. This 
the January source. In the real atmosphere, transport near equivalence can also be seen in Figures 3e and 3f, 
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Figure 4. Profiles of the amplitudes A(z) and phase lag times r�o(z) of a periodicallyvarying 
tracer in the AER model as reconstructed from the age spectrum (solid line), from the sin 
experiment (short-dash line), and from the cos (long-dash line) experiment. Other models display
similar behavior. 

which show the height-latitude distributionsof F(x) for 
MONASH2 derived from the two techniques. In Figure 
2b, the scatterplot of Figure 2a is repeated, except that 
the SF6 lag is for March, rather than an annual mean. 
The correlation is not as high due to seasonal motions 
of the mean age isopleths, which cannot be reproduced 
from the age spectrum for the single value to of Jan- 
uary. These isopleth motions can be seen in Figures 3a 
through 3d, the zonal-mean mean age from MONASH2 
for January, April, July, and October. The other mod- 
els show similar relationships between mean age derived 
from SF6 and the age spectrum [Park et al., 1999]. 

We have also compared the reconstruction of a si-
nusoid using G(x,t) with the actual sin and cos runs 
defined in Table 1. The amplitude A(x) and phase lag 
time r�o(x) from the sin and cos runs and as recon- 
structed from G(x, t) are plotted as tropical profiles in 
Figure 4 for the AER model. Other models display 
similar behavior [Park et al., 1999]. There are small 
differences between the reconstructed profiles and those 
from the explicit sin and cos simulations, as seasonal- 
ity of transport cannot be reproduced from G(x, t) for a 
single to. However, we will show that the differences are 
smaller than the spread among models and also smaller 
than the model-observation differences. 

We conclude that age spectral reconstructions of the 
model tracers may be compared to appropriate annual 
mean observations, even though the age spectra have 
not been determined as a function of source time to. 

4. Global Mean Age 
4.1. Observations 

There are no global observations of tracers through- 
out the stratosphere from which mean age can be di- 
rectly inferred. Thus we do not as yet know the com-
plete mean age distribution in the atmosphere. How- 
ever, there is a growing body of observations that, taken 
together, form a picture of mean age in the lower strato- 
sphere and a partial picture in the middle stratosphere. 

These pictures have been greatly enhanced by recent 
high-quality in situ balloon measurements of SF6 and 
CO2 in the tropics and at middle and high latitudes in 
the lower and middle stratosphere as part of the Obser- 
vations of the Middle Stratosphere (OMS) campaigns 
(K. A. Boering et al., manuscript in preparation, 1999; 
F. L. Moore et al., manuscript in preparation, 1999), 
which complement previous laboratory measurements 
of these tracers in whole-air samples collected at mid-
dle and high latitudes [Bischof ½t al., 1985; Schmidt 
and Khcdim, 1991; Harnisch ½t al., 1996; Patra ½t al., 
1997] and extensive in situ aircraft observations across 
all latitudes in the lower stratosphere from 1994 to 1997 
[Elkins et al., 1996; Boering et al., 1996]. 

Stratospheric mean age is computed from observa- 
tions ideally as the lag time in the stratosphere from 
the tropical tropopause of an inert trace gas with tro-
pospheric sources and steady tropospheric trend. SFs 
and annually averaged CO2 are two tracers that ap-
proximately satisfy the criteria for good mean age es- 
timates. There is good agreement in mean age as in- 
ferred from in situ SF6 and CO2 measurements made 

by different experimental groups aboard aircraft [Boer- 
in9 et al., 1996; Elkins et al., 1996] and aboard bal- 
loons (K. A. Boering et al., manuscript in preparation, 
1999; F. L. Moore et al., manuscript in preparation, 
1999). Comparisonsamong these mean age observa- 
tions can be seen in Figure 5. (Model's mean ages in 
the figure are discussedbelow.) In all panels, sym- 
bols with connecting lines indicate observations, with 
triangles representing in situ CO2 and diamonds rep- 
resenting in situ SF6. Figure 5a illustrates the lat-
itudinal mean age variation at about 20 kin. Aver-
ages of CO2-inferred mean age are computed from in 
situ aircraft measurements made during 17 time peri- 
ods from 1992 to 1997 as part of the campaigns Strato- 
spheric Photochemistry Aerosol and Dynamics Experi- 
ment (SPADE), Airborne Southern Hemisphere Ocean 
Experiment/Measurementsfor Assessing the Effects of 
StratosphericAircraft (ASHOE/MAESA), Stratospher- 
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Figure 5. In all panels, the shaded region indicates the range of mean ages of models, with 
the exceptions of HARVARD (dotted line), MONASH1 (heavy solid line), GSFC-2D (heavy dash 
line), UCI23 (dot-dash line), GSFC-3D (light dash line), and UIUC (light solid line). The symbols 
represent observations: mean age from in situ CO2 (triangles) and in situ SFe (diamonds). 
Observations are as follows: (a) Latitudinal profile of in situ aircraft measurements from SPADE, 
ASHOE/MAESA, STRAT, and POLARIS for CO2 and from ASHOE/MAESA (one deployment 
only), STRAT, and POLARIS for SF�. Data points are averaged in 2.5 ø latitude bins (plotted at 
the midpoint) for both tracers, and in 19.5-21.5 km for CO2 and 19-21 km for SFe. (b) Vertical 
aMS balloon profiles at 7øN averaged in 1 km altitude bins over three flights for in situ CO2 (one 
February, two November 1997) and over two flights for in situ SFe (February, November 1997). 
(c) In situ SFe and CO2 mean ages from a single aMS balloon flight of September 1996, at 35øN, 
binned in altitude as in Figure 5b, and mean age from SFe whole-air samples, September 1993, 
from 44øN (asterisks) [Harnisch et al., 1996]. (d) In situ CO2 and SFe mean age'from the aMS 
balloon flight of June 1997, 65øN, and whole-air SFe samples at 68øN inside (asterisks; average 
of four flights) and outside (crosses; single flight) the winter polar vortex [Harnisch et al., 1996]. 
(aMS SFe data provided courtesy James W. Elkins and Fred. L. Moore.) See text for further 
details. 

ic Tracers of Atmospheric Transport (STRAT), and 
Photochemistry of Ozone Loss in the Arctic Regions in 
Summer (POLARIS); and SFe-inferred mean'age from 
the in situ aircraft measurements of ASHOE/MAESA, 
STRAT, and POLARIS. (Note that the Southern Hemi- 
sphere SF� data come from a single deployment of 
ASHOE/MAESA, from October to November, whereas 
CO2 was measured during all four deployments, from 
March to November. A comparison of mean age from 
SF� and CO2 for just October and November is shown 

by Waugh et al. [1997].) Data are averaged in 2.5 ø 
latitude bins for both tracers, and in 19.5-21.5 km for 
CO� and 19-21 km for SF� (data points are centered 
within the latitude bins). Mean age from SFe is com- 
puted as done by Volk et al. [1997] and provided cour- 
tesy of Pavel Romashkin and James W. Elkins. Mean 
age from CO� is calculated as done by Boering et al. 
[1996] as the time lag with respect to the observed CO� 
time series at the tropical tropopause [Andrews et al., 
1999]. There is excellent agreement between mean age 
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from the two tracers equatorward of about 35 ø, while 
at higher northern latitudes, SF6 mean age is 0.4 to 0.8 
years older (10% to 20%). 

Figure 5b shows vertical profiles of mean age at 7øN 
from OMS balloon flights. Mean age from in situ CO2 
is averaged in 1 km altitude bins over three flights (one 
February and two November 1997) and for in situ SF6 
over two flights (February and November 1997). (OMS 
SF6 mean age provided courtesy James W. Elkins and 
Fred L. Moore.) In Figure 5c the in situ SF6 and 
CO2 mean ages are from a single O MS balloon flight of 
September, 1996, from 35 ø, binned in altitude as in Fig- 
ure 5b. Figure 5c also shows mean age from whole-air 
samplesof SF6, September 1993, from 44øN (asterisks) 
[Harnisch el al., 1996]. Finally, in Figure 5d we show 
profiles at high latitudes: in situ CO2 and SFs of the 
June 1997, OMS balloon flight from 65øN, and whole- 
air SFs samples at 68øN inside (asterisks) and outside 
(crosses)the winter polar vortex [Harnisch et al., 1996]. 
The whole-air profile inside the vortex is an average of 
data collected over four balloon flights, while the profile 
outside comes from a single flight. 

Agreement in mean age vertical profiles from in situ 
CO2 and SFs is good in the tropics. At middle and 
high latitudes, SF�-inferred mean age is generally 0.4 to 
0.8 years larger than CO2, as noted above for the air- 
craft data. The difference between midlatitude whole-

air and in situ measurements seen in Figure 5c is some- 
what larger. Harnisch et al. [1996] computed mean 
age from these whole-air SF6 samples as the time lag 
from the northern hemisphere surface mean of Maiss 
et al. [1996]. For consistency with the other obser- 
vations and the model results, we have adjusted rela- 
tive to the tropical tropopause by subtracting 1.4 years 
(0.6 year to shift from northern surface to global sur- 
face [Maiss el al., 1996] and 0.8 from global surface 
to tropical tropopause [Volk et al., '1997]). This shift, 
however, is uncertain, due primarily to uncertainty in 
tropical tropopause SFs values. Interannual variabil- 
ity may also play a role in the difference between in 
situ measurements and whole-air samples, as the pro-
files come from different years. Other mean age infer- 
ences from balloon-borne whole-air samples at midlati-
tudes fall within the observational range seen in Figure 
5c [Bischof e! al., 1985; Schmidt and Khedim, 1991], 
and subtropical profiles [Patra et al., 1997] lie between 
the profiles shown in Figures 5b and 5c. Finally, OMS 
in situ CO2 and SFe observations from May 1998 (not 
shown) yield mean ages similar to the in situ values 
shown in Figure 5c. At high latitudes, polar vortex air 
is older than outer vortex air, as indicated by the dif-
ference between the high-latitude whole-air profiles in 
Figure 5d. Note that the in situ mean age from June 
moves between the inner and outer vortex values, likely 
evidence for remnants of older vortex air. 

There are several sources of uncertainty in mean age 
inferencesfrom CO2 and SFs. Volk et al. [1997] dis- 
cussed the relatively small uncertainty introduced upon 
correctingfor the slowly nonlinear tropospheric growth 
rate of SFs. Another possible source of uncertainty is 
the neglect of mesospheric photochemistry,which may 

cause significant errors in mean age inferences at high 
latitudes in the middle and upper stratosphere [Hall 
and Waugh, 1998]. In the tropical lower stratosphere, 
the annual cycle of CO2 is large enough to complicate 
mean age inferences [Hall and Prather, 1993; Boering 
et al., 1994], although its effects can be corrected for 
[Andrews et al., 1999]. The small source of CO2 from 
oxidation of CH4 introduces some uncertainty [Wood- 
bridge et al., 1995] but is well-accounted for by simulta- 
neousin situ CH4 measurements [Boering et al., 1996]. 
Imperfect knowledge of the time history of a tracer at 
the tropical tropopause introduces uncertainty in the 
inferred mean age. The extent to which these effects 
are responsible for the differences seen in Figure .5 be- 
tween CO2- and SFe-inferred mean age is unknown and 
is an interesting and important question that will be 
addressed in future analyses of observations. Finally, 
there is uncertainty in the annual and interannual mean 
age variability in the middle stratosphere that can only 
be reduced with additional observations. However, as 
will be discussed below, outside of the polar vortex 
the observational mean age uncertainty is smaller than 
the spread among models, and all observations indicate 
mean ages higher than values simulated by nearly all 
models. For the purpose of evaluating most of these 
stratospheric models, agreement among different mean 
age observations is sufficient. 

From the extensive set of measurements, we can make 
the following general observations about the global I' 
distribution, many of iYhich are illustrated in Figure 5. 
(1) At a given altitude in the lower and middle strato- 
sphere, I' is smallest in the tropics, i.e., a given I' con-
tour is higher in the tropics than at midlatitudes. (2) In 
t.he subtropics (20øN) and midlatitudes (40øN), above 
about 24 kin, I' has weak vertical gradient, although 
it increases rapidly with latitude; i.e., F contours are 
oriented nearly vertically. (3) However, in the subtrop- 
ics and midlatitudes, below about 24 km, I' increases 
rapidly with height.. Thus F contours which may be ori- 
ented nearly vertically aloft, tilt poleward below. (4) At 
high northern latitudes in summer, F increases mono- 
tonically with height, at least through 25 km, with the 
exception of polar vortex remnants. (5) In the lower 
stratosphere, latitudinal P gradients are largest equa- 
torward of about 4-30 ø. (6) The magnitude of I' can be 4 
or more years (with respect to the tropical tropopause) 
in the tropics at 30 km and at high latitudes at 20 km. 

4.2. Model Measurement Comparison 

Figures 6 and 7, which display the mean age dis- 
tribution for each MM2 model, indicate a wide range 
of model performance. In the tropics at 40 km, I' 
ranges from under 2 years (UIUC-3D, GSFC-2Dint, and 
models using DAO winds) to over 5 years (UCI23). 
Although all models show the effects of upwelling in 
the tropics, producing the characteristic isopleths of 
long-lived tracers of tropospheric origin, the tropical- 
extratropical gradients vary widely. Vertical age gradi- 
ents at high latitudes do not everywhere agree on sign. 
Some models have age maxima in the high-latitude 
lower stratosphere, which is not observed, except in 
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Figure 7. Same as Figure 6, but for three-dimensional models. 

thin filaments of vortex air remnants (in situ profiles 
of Figure 5d). Other models have maxima higher up 
at high latitudes, or have age increasing monotonically 
with height throughout the atmosphere. 

For direct comparison to observations, the mean ages 
of the models are plotted in Figure 5. Most models 
are included in the shaded regions, while several oth- 
ers are plotted individually. The model mean ages are 
computed from the age spectrum, and are therefore ap- 
proximately equivalent to annual averages, as discussed 
in section 3. While the ER-2 aircraft data are exten-

sive, so that the observational means in Figure 5a av-
erage over seasonal variations, the vertical profiles of 
Figures 5b, 5c, and 5d are snapshots in time. How-

ever, except for the high-latitude polar vortex profile, 
this introduces only a minor inconsistency in the model- 
observationcomparison,as most models display season-
ality of mean age small compared to their differences 
from observations. (See Figures 2 and 3 for MONASH2 
seasonality.) 

Figure 5 shows that the spread of model mean ages, 
and the difference of most model mean age values from 
the observations, is large compared to the observational 
uncertainty. Most models are significantly too young 
throughoutthe stratosphere. The lower stratosphere F 
maximum at middle and high latitudes in several mod- 
els is a feature not present in observations, with the 
exceptionof the polar vortex remnants of late spring 
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(Figure 5d). Most models do not reproduce the sharp 6o 

latitudinal gradients in the lower stratosphere observed 
between 10 ø and 300 from the equator (Figure 5a). 5o 

4.3. Implications for Model Transport 
4o 

To understand the variation among models, it is use- 
ful to categorize them based on the orientation of their 
F contours. Figure 8 shows schematicsof three concep- 30 
tual global F orientations. The middle schematic, "class 
B", is the most consistent with observed F(x) features 
I through 5 listed above. In class A, tropical isolation 
is captured in the large upward bulge of isopleths at low 
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Class C 

Figure 8. Schematic representation of the variation of 
the modeled global F distribution and its categorization 
into classes A, B, and C. 
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Figure 9. The mean age for (a) the AER "pipe" 
model, (b) the AER "leaky pipe" model (the version 
included in MM2), and (c) the AER "no pipe" model 
(thesedata courtesy CourtneyScott and Malcolm Ko). 

latitudes, but F has a lower stratospheric maximum at 
high latitudes, in disagreement with feature 5. In class 
C, F has no local maxima, but there are also no re-
gionswith dF/dz near zero (weak tropical isolation), in 
disagreement with feature 2. 

We classify the models as follows: Class A: GSFC-
2Dint, HARVARD, LLNL, NOCAR; Class B: AER, 
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CSIRO, GSFC-2D, SUNY-SPB, GMI-NCAR, MON-
ASH1, MONASH2; and Class C: NCAR-2D, MGO-
UIUC-2D, UNIVAQ-2D, WlSCAR, GISS8x10, GMI- 
DAO, GSFC-3D, UCI23, UIUC-3D, UNIVAQ-3D. There 
is a continuum from class A to B to C, making the classi- 
fication of models arbitrary in some cases. For example, 
LLNL could be either A or B, while SUNY-SPB could 
be B or C. Moreover, other classes could be defined 
based on different characteristics of the F distribution, 
and models would be grouped differently. In particu-
lar, the present classificationschemeis determined only 
by the contour shapes and not by the magnitude of 
F or its gradients, which varies widely among models. 
Nonetheless,these class definitions suggest variations 
among models of certain transport mechanisms, which 
we now discuss. 

The presence of relatively flat contours (class C) is 
consistent with weak isolation of the tropics. If wave 
activity, parameterized as diffusion in two-dimensional 
models, reaches too far and too often from the midlat- 
itude "surf-zone" into the tropics, the observed sharp 
gradientsof the mean age (and other long-lived trac-
ers;seebelow) between the tropics and extratropics will 
not be realized. For very rapid and uniform mixing, 
the "global diffuser" limit is reached [Plumb and Ko, 
1992; Plumb, 1996]. To illustrate this point, Figure 9 
comparesthree versions of the AER model: the "tropi- 
cal pipe," the "leaky tropical pipe," and the "no-pipe" 
models [Shia �t al., 1998] (model data courtesy Court-
ney Scott and Malcolm Ko). In the tropical pipe model, 
the tropics are isolated by setting latitudinal diffusion 
(with coefficient Kuu) to near zero equatorward of 20 ø, 
whereas in the no-pipe model, transport by I�'uu is sig- 
nifican�t at all latitudes. The leaky pipe model, the AER 
version submitted to MM2, is an intermediate case. In 
the tropical pipe, F contoursbulge up the most in the 
tropics, and the extratropical mean age contours slope 
downward the most steeply. 

Mixing of extratropical air into the tropics also in- 
creasesthe mean age throughout the stratosphere by al- 
lowing more air to recirculate before exiting the strato- 
sphere. In Figure 9 the no-pipe model has the oldest 
air overall. Thus increased mixing would seem advan- 
tageous, as most MM2 models are too young overall. 
However, additional extratropical air in the tropics can 
have the detrimental effects of (1) flattening the F con-
tours of models in the extratropics, which may already 
not be steep enough; and (2) further attenuating the 
amplitude of the annual cycles in H20 and CO2, which 
may already be overattenuated, as is discussed in sec-
tion 5. 

Counterintuitively, mixing of extratropical air into 
the tropics has little effect on latitudinal F gradients. 
For example, while the orientation of F contours varies 
significantly among the three AER models in Figure 9, 
dF/dy varies little. Recently, Neu and Plumb [1999] 
have shown for a simple model that AF (the differ- 
ence between extratropical and tropical mean age) is 
independent of such mixing in the limit of small K�. 
This can be appreciated heuristically in the following 
way: when there is no mixing of extratropical air into 
the tropics, AF is given by the transit time around 
the Brewer-Dobson cell, which is approximated by the 
residual circulation. If some mixing is added, a fraction 
5 of tropical air now has extratropical age, increasing F 
overall in the tropics. However, the extratropical mean 
age increases by an equivalent amount, since the frac- 
tion 5 recirculates to the extratropics. AF is unchanged. 

Horizontal mixing by Kyy diffusion in midlatitudes 
strongly affects the orientation of mean age contours. 
Figure 10 shows latitudinal profiles of annual-mean Kyy 
for six 2-D models, averaged from 18 km to 24 km. Al-
though there is wide variation in the magnitudes and 
gradients, some grouping occurs by model class: Class 
A models, which are all "interactive" 2-D models, have 
much smaller midlatitude and high-latitude Kyy values 
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Figure 10. Latitudinal profiles of annual-mean Kyy averaged from 18 km to 24 km for five 2-D 
models:CSIRO (solid line), GSFC-2D (dotted line), GSFC-2Dint (short-dashline), SUNY-SPB 
(medium-dashline), HARVARD (long-dash line), and LLNL (very-long-dash line). 
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Figure 11. (a) Thelatitude-heightmeanagedistributionfor GSFC-2D.(b) The meanage
distributionforGSFC-2Dint.(c)Thetransittimedistribution,usingonlytheGSFC-2Dresidual 
circulationfortransport.(d) Thetransittimedistribution,usingonlytheresidualcirculationof 
GSFC-2Dint for. transport. 

than other classes,illustratedin Figure 10 by HAR-
VARD,GSFC-2Dint,andLLNL.TheselowKyyvalues 
likelycausethe unrealistichigh-latitudelowerstrato-
sphericagemaximaofclassAmodels.Interactivemod-
elsmaybemissingimportantlowerstratosphericwave-
mixingmechanismsin theirformulations. 

To illustrktethe roleof Kyy in transport,wecompare 
themeanagedistributionto thedistributionoftransit 
timesobtainedfrom back-trajectoriesusingthe resid-
ual circulationalone.Figure 11 showsthesetwo quan-
tities for GSFC-2Dint and GSFC-2D. For both models 
the oldestair from the trajectorycalculationsis in the 
high-latitudelowerstratosphere, theasthisrepresents 
longesttrajectoryalongresidualcirculationstreamlineshaving additional gravity wave sources. These wind 
fromthetropicaltropopause.Thisdistributionisvery 
differentfrom the GSFC-2D mean age,for which hor-
izontaldiffusionpreventsisolationof old air at high 
latitudes. Bacmeisteret al. [1998]and Yudinet al. 
[1999]seesimilareffectsinstudiesofsensitivitytoKyy
of their 2-D models. On the other hand, there is little 
mixingin GSFC-2Dint,themeanageismoresimilarto 
the transit time distribution,and the modelexhibitsa 
high-latitudelowerstratospheric WenoteF maximum. 
that,in additionto overlyweakmixing,unrealisticfea-
turesin thespatialstructureoftheresidualcirculation 
canalsocausea high-latitudelowerstratosphereF max-
imum. 

The mean age distributionis alsostronglyaffected 
by the magnitudeof the residualcirculation.Figure 12 
comparesthe residualcirculationsandmeanagedistri-
butions of MONASH1 and MONASH2. These simula-

tionsusethe sametransport model,but wind data from 
two versionsof the NCAR MACCM2 differing in their 
gravitywavedrag. The MACCM2 versionwhosewind 
data drivesMONASH1 (describedby Boville[1995]) 
employedonlyorographicallyforcedgravitywaves.The 
northern hemispherestratosphericclimatology was re-
alistic, but the high-latitude southernwinter was too 
cold and the southern polar night jet too strong. To 
improvethe climatology,a revisedMACCM2 wasrun, 

data drive MONASH2. In the revised version, whose 
southernhemisphereclimatologyismuchimproved(al-
thoughthenorthernhemisphereisworsened),the addi-
tional gravity wavedrag causesa morevigorousresid-
ual circulation,asseenin Figure 12. Consistentwith an 
increasedcirculation,the mean ageis reducedthrough-
out the stratosphere.Changesin quasi-horizontalmix-
ing due to alteredplanetarywavebreaking,whichwe 
have not examined, may also play a role. Contour 
shapesappear to changeonly little betweenthe mod-
els, and the ratio of MONASH2 to MONASH1 mean 
age,about0.8, is fairly uniformthroughthe lowerand 
middlestratosphere.(A detailedcomparisonof the two 
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Figure 12. The residual circulation for the two versions of the MACCM2 GCM used by 
MONASH1 and MONASH2 and the correspondingP distributions. The left column is for 
MONASH1, and the right for MONASH2. The top row is annual mean �* in 0.5 mm/s contours, 
the middle row is annual mean �* in 0.5 m/s contours, and the bottom row is F, in 0.5 year 
contours.For �* and O, the dashed contoursare negative values, the solid contours are positive 
values, and the heavy contour represents zero velocity. 

MACCM2 versions is currently in preparation..) In their 
2-D model, Bacmeister et al. [1998] also found that 
increasedmean vertical velocities through the tropi- 
cal stratosphere (due to larger prescribed tropospheric 
heating sources in their experiments) resulted in signif- 
icant mean age reductions. 

4.4. Comparison With Other Long-Lived 
Tracers 

The preceding discussion has shown that there is 
a large variation in the simulated mean ages between 
models and that the simulated mean ages generally dif- 
fer greatly from observations. Similar variations can 
also be seen in simulations of long-lived tracers that are 

photochemically althoughactive in the stratosphere, 
the magnitude of the differences is reduced, particularly 
for gases of tropospheric origin. Figure 13 shows the 
annual-mean, zonal-mean N20 for six models. There 
is significant variation in N20 between models, both 
in isopleth shape and magnitude, albeit the magnitude 
variation is much less than that of mean age. For ex- 
ample, the isopleths bulge upward sharply in the trop- 
ics of HARVARD, while in UCI23, they are relatively 
flat. The N20 magnitude at 40 km in the tropics varies 
from 20 ppb (NCAR-2D) to 100 ppb (GMI-DAO). The 
observed N20 from the CLAES instrument on UARS 
[Randelet al., 1994] is shown at the bottom of Figure 
13. Comparison with the simulated fields shows that 
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Figure 13. Annual- and zonal-mean N20 distributions for six MM2 models, as labeled. Contour 
intervals are 50 ppb, with additional contours shown for 25 ppb and 1 ppb. The N20 climatology 
from the CLAES instrument on UARS, adapted from Randel et al. [1994], is shown at bottom. 

Because 
els, there are significant quantitativedifferences.For ical loss in the upper stratosphere, N20 falls off with 
example,HARVARD has too little N20 in the upper altitude in all models, whereas the sign of dF/dz varies 
stratosphereand the lower high latitude stratosphere, among models. Simulations of other long-lived tracers 

also show consistent model-model differences. For ex-

althoughthere is qualitative agreementfor most mod- HARVARD,LLNL, NOCAR). of photochem- 

while GMI-DAO has too much in both places. 
Comparingthe N20 of Figure 13 to the mean age of ample, Figure 14 compares NOy and Cly for the AER 

and NCAR-2D models. These families of active chemi-Figures6 and 7 shows variationthat the model-model 
of these two quantities is qualitatively similar. Equa- cal species have isopleth shapes qualitatively similar to 
torward of 400 the N20 and mean age isopleths for a those of N20 and F: for AER they bulge up sharply in 

the tropics of the lower and middle stratosphere, while given model are nearly parallel, and models with low 
for NCAR-2D they are more fiat. mean age generally have high N20. At high latitudes, 

N20 and mean age isopleth shapeswithin a model differ The relationship of the mean age to N20, NOy, and 
more, particularly for class A models (GSFC-2DINT, Cly is summarized in the lower stratosphere by the scat- 
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Figure 14. Annual-mean latitude-height distributions of NOy and C1 u for the AER and NCAR- 
2D models, as labeled. These data are from the thll chemistry simulations, as defined in the MM2 
report [Park et al., 1999]. Contour intervals are 2.5 ppb for NO u and 0.5 ppb for C1 u. 

terplot of Figure 15, in which the mixing ratios of each 
of the trace gases are plotted versus F at 35øN, 18 km 
and 55øN, 22 km. Values for nine 2-D models are shown 
(the models that submitted NO� and Clu data). For all 
three trace gases there is a good correlation with F: the 
linear correlation coefficient (computedover both loca- 
tions) is-0.86 for F-N20, 0.75 for F-NOy, and 0.87 for 
F-Clu. Thus a large fraction of the differences in simu- 
lation of each N20, NO�, and Clu can be explained by 
differencesin simulation of transport alone. The spread 
acrossthe nine models in F is large, more than a factor 
of 3 at 35øN, 18 km. For Clu the fractional variation 
acrossmodels is comparable at these lower stratospheric 
points but is smaller aloft, (not shown). Model variation 
in lower stratospheric NOy is somewhat smaller than 
that in mean age, and variation in N20 (about 15% at 
35øN, 18 km) is much smaller. We conclude that in- 
accuracies in model transport, as revealed by the mean 
age, reflect large uncertainty in modeled Clu and N Ou 
in the lower stratosphere (where these species are un- 
der dynamical control) but less uncertainty in the mid- 
dle and upper stratosphere (where chemical processes 
becomesmore important). 

Mean age, N20, and Clu are correlated becausethe 
longer air spends in the stratosphere, the greater its age, 
the less its N20 via photolysis, and the greater its Clu 

via production by CFC photolysis. (NOy is somewhat 
more complicated because it has lower stratospheric 
source and upper stratospheric sink, but the correla-
tion still holds in the lower stratosphere.) However, the 
correlation with mean age is not perfect. To understand 
why, consider a lower stratospheric air parcel compris- 
ing a small fraction of old air that has spent considerable 
time at high altitudes. This old air fraction will con-
tribute significantly to the mean age of the parcel, and 
the older the fraction, the greater its impact on mean 
age. However, such old air will have lost almost all its 
N20, and thus its N20 content will be insensitive to 
its age. Similarly, such old air will have gained nearly 
all the Clu possible (near complete photolytic destruc- 
tion of CFCs), and thus its Cly content will be insensi- 
tive to its age. At the other extreme, a fraction of the 
lower stratospheric parcel that circulates exclusively in 
the lower stratosphere below the N20 sink or Clu pro- 
duction region will contribute increasingly to the mean 
age with increasing time spent in the lower stratosphere 
but will not have lost any N20 or have gained any Clu. 
Again, the N20 and Cl� contents of the fraction are 
insensitive to its age. In practice, lower stratospheric 
air comprises a mixture of these two extreme (and in- 
termediate) fractions. While there may be little sensi-
tivity of chemical composition to age variation within 



HALL ET AL.- TRANSPORT IN STRATOSPHERIC MODELS 18,831 

0.0 1.0 2.0 3.0 4.0 5.o 6.o 
I I I I I i I i I I I 

300 

250 

200 

150 

lOO I I I I I I I I I I I 15.0 

(b) 

10.0,� 

¸ 
Z 

5.0 

I I. I I. I I '1 I ! I I 0.0 

(c) 
3.0 

1.o 

0.0 
0.0 2'.0 ' 3'.0 ' 410 ' 5'.0 ' 6.0 

MEAN AGE (yrs) 

Figure 15. (a) N20 versus F, (b) NOy versus F, and (c) ely versus F. The zonally averaged 
locationsrepresentedare 35øN, 18 km (shaded) and 55øN, 22 km (unshaded). Numbersin the 
symbolscorrespond as listed in Table 2. The values to models, of N20, NOy, and Cly are annual 
means, and F is computed from the age spectrum. 

each fraction, the chemical composition of the mixture 
will depend on the relative amounts of young air rich in 
troposphericgases and old air rich in photolysis prod- 
ucts, thus establishing a correlation, albeit imperfect, 
between age and chemical composition. 

Fractional variations in lower stratospheric C1 v and 
NO v acrossthe models are much greater than varia- 

tion in N20. Air enters the stratosphere from the tro-
posphere having its maximum stratosph'eric N20 mix-
ing ratio, [N20]0 � 310 ppb, which is the same for all 
the models. Only a small fraction of [N20]0 has yet 
been destroyed in the lower stratosphere, so that vari-
ations from model to model are small compared to the 
mean across models. On the other hand, new strato-
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spheric air has no Cly or N Oy, so that variations in the 26 :�. 

relatively small amount of CIy and NOv in lower strato- 
.. ,,..:�, spheric air are large compared to the means across mod- 

els. Note that the quantity [N20]0-N20 (not shown) 24 -' :'-'{i i ;i�:,�;!::!i�,..:�.. 
has lower stratospheric model-to-model variation very 
similar that of Cly and NOy. 

5. Tropical Transport 
Transport in the tropics of the stratosphere critically 

affects the distribution of trace gases and the disper- 
sal of aircraft pollutants. Observations of the mean 
age, F(x), the amplitude of a propagating annual cy- 
cle in mixing ratio, A(x), and the phase lag of the cy- 
cle, s-�(x), represent important constraints on modeled 
transport in this region. 

5.1. Observations 

Figure 16a shows tropical profiles of A(z) for models 
and for inferences from satellite and in situ observa- 

tions. The heavy solid line is derived from the empiri- 
cal orthogonal function analysis of Mole el al. [1998] of 
�r -H20+2CH4 time series from the UARS HALOE in- 
strument's measurements of CH4 and H20 from 1992 to 
1997 (courtesy Philip Mote). The symbols in the figure 
are derived from in situ observations of/-/from balloon 
flights in 1997 and the annual cycle of COe from aircraft 
and balloon flights from 1994 to 1997 (K. A. Boering et 
al., manuscript in preparation, 1999). 

There is considerable uncertainty in the observational 
inferences of A(z). While in situ values below about 20 
km are in approximate agreement with HALOE, the two 
values above 21 km are much lower than HALOE. There 

are several possible reasons for this disagreement. On 
the one hand, HALOE underestimates significantly the 
H20 annual cycle near the tropopause, as can be seen 
upon comparison ofnear-tropopause HALOE H20 mea- 
surements to in situ H20 measurements from aircraft 
[Mote et al., 1996]. As a result, HALOE overestimates 
the fractional amplitude aloft. On the other hand, the 
highest altitude in situ values are derived from very 
few measurements of//and CO2 in a region shown to 
be perturbed by filamentary intrusions of midlatitude 
air [Jos! et al., 1998], while the HALOE values come 
from 5 years of continuous data across the tropics. For 
this reason, above 20 km'we weight more heavily the 
HALOE data in the subsequent comparisons to model 
results. We note, however, that different analyses of 
HALOE �/yield different A [Mole el al., 1998, Figure 
2]. For example, Randel el al. [1998] use a different 
latitude range (4øS to 4øN rather than 14øS to 14øN) 
and deduce a fractional attenuation of about 0.55 at 21 

km compared to 0.45 from Mole el al. [1998]. Despite 
the uncertainties, we will argue below that if one con- 
siders amplitude attenuation per vertical wavelength of 
the annual cycle signal, the observations meaningfully 
constrain models. 

The observed and modeled r� (z) are shown in Figure 
16b. Here the in situ and remote inferences are in good 
agreement. For comparison, note that Randel el al. 
[1998], using different HALOE �r analysis techniques, 
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Figure 16.-Equatorial profiles of (a) A(z) and (b) 
r�(z) for a range of models and for the observational 
analyses. All amplitudes are normalized to unity and 
the phase lag taken as zero at 16 km. The shaded re- 
gion indicates the range covered by most models, while 
the individual lines represent several models falling out- 
side the range: (a) GMI-DAO (solid line), GSFC-2Dint 
(short-dash line), and GSFC-3D (long-dash line); (b), 
HARVARD (solid line) and GSFC-2D (short-dash line). 
The heavy solid line represents the analysis of HALOE 
H2+2CH4 [Mote el al., 1998]. The symbols repre- 
sent analyses of in situ CO2 (circles) and H20+2CH4 
(triangles) measurements (CO2 from six aircraft and 
two balloon deployments between 1994 and 1997 and 
H20+2CH4 from the same 2 balloon deployments in 
1997). The error bars on the top two in situ phase lag 
points are estimated from uncertainty in the tropopause 
H20+2CH4 time series. 

estimate a phase lag of about 0.9 years from 16 km to 24 
km, compared to 0.8 years in Figure 16b derived from 
the Mote et al. [1998] analysis. Comparisons of ob- 
served and modeled global mean age distributions have 
been made in the previous section. Tropical profiles are 
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Figure 17. Scatterplotsof dI'/dz versusc (top) and R versusc (bottom). Model values are 
indicated by numbers, as listed in Table 2. The square symbols represent values derived from 
HALOE HeO+2CH4 (for R) and in situ SF6 and CO2 (for dI'/dz), while the triangles represent 
estimatesfrom in situ CO2 and HeO+2CH4 (for R) and CO2 and SF6 (for dI'/dz). 

shown in Figure 5b. Note that r� < F as predicted by 
Hall and Waugh [1997a]. 

5.2. Model-Measurement Comparisons 

Figure 16b shows that most models propagate the 
annual cycle too rapidly in the vertical, while Figure 
5b shows that most models significantly underestimate 
tropical mean age. In Figure 16a, from 16 km to about 
20 km the wide range of model performances brackets 
the HALOE and in situ amplitude, while above about 
21 km most models have significantly smaller amplitude 
than HALOE. 

The phase lag time for the models and the measure-
ments to a first approximation increases linearly with 
height, implying a constant phase speed, c. Using the 
HALOE r� up to 26 km yields c = 0.33 (Az/Ar� from 
Figure 16b). For comparison, from the Randel et al. 
[1998] analysis, c = 0.28 mm/s from 16 km to 24 km. 
When only HALOE r� data in Figure 16b to 21 km are 
used, c = 0.22 mm/s is obtained, indicating somewhat 

slower upwelling in the lower tropical stratosphere than 
aloft [Mote et al., 1998]. Fitting a straight line through 
all the in situ data below 21 km yields c = 0.23 mm/s. 
(Recall that the vertical coordinate is 16 log (1000/p). A 
more accurate relationship between altitude and pres- 
sure results in slightly different values of c.) The phase 
speeds of the models from 16 km to 26 km range from 
0.30 mm/s to 1.09 mm/s (see Park et al. [1999] for 
individual model values). Most models propagate the 
annual cycle too rapidly. Note that none of the mod- 
els has a quasi-biennial oscillation (QBO), which may 
cause some bias in the time-averaged tropical upwelling 
(and c) compared to observations. However, the mag- 
nitude of QBO variatio� in tropical upwelling is only 
about 10% in the lower stratosphere [Randel et al., 
1998], small compared to the difference of most of the 
models' c from the observations. The QBO is not a 
major factor in evaluation of the models' annual cycle 
phase speed. 

We summarize the mean age variation of the lower 
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tropical stratosphere (Figure 5b) by its average verti- 
cal gradient, dF/dz. The model values of dF/dz range 
from 0.26 year/kin to 0.08 year/kin, all smaller than 
the value of 0.29 year/kin deduced from OMS SF6 and 
CO2. In general, models predict younger air than ob- 
served, in some cases by a factor of 2 or more. How-
ever, for all models, the phase speed c is larger than 
(dF/dz) -�, consistent (Note that with the observations. 
for perfectly isolated tropics with no vertical diffusion, 
(dF/dz)-�= c = w, the vertical velocity.) 

The cycle amplitude of the models and measurements 
decays exponentially with constant scale height, to a 
first approximation. From 16 km to 26 km the models 
attenuate the amplitude with scale heights, Ha, ranging 
from 2.2 km to 8.7 km (see Park et al. [1999] for indi- 
vidual values), while fitting an exponential decay to the 
Mote et al. [1998] HALOE analysis over the same region 
yields Ha = 7.6 kin. (For comparison, from the HALOE 
analysis of Randel et al. [1998], a value Ha m 10 km 
may be deduced.) The in situ data range up to about 
21 km (excluding the highest two points for reasons dis-
cussedabove) and yield Ha = 3.8 km. When only the 
HALOE points in Figure 16a through 21 km are used, 
the exponential fit produces Ha: 5.4 km, in somewhat 
better agreement with the in situ observations. 

A good measure of the amplitude attenuation is R = 
Ha/,�, where ,k = c x (1year) is the vertical wavelength 
of the annual cycle. What we would most like to infer 
from A(z) are the rates of processes such as diffusion 
and entrainment that cause the attenuation of A(z). 
Normalizing by the wavelength allows each model an 
equivalent amount of time (1 year) for its attenuating 
processesto act. Model values of R range from 0.2 to 
0.5, compared to 0.7 for the HALOE analyses and 0.5 
for the in situ analysis. On a per wavelength basis, most 
models overattenuate the annual cycle. 

Figure 17 displays these model-measurement com-
parisons graphically. The top panel is a scatterplot 
of model values of dF/dz versus c, while the bottom 
panel shows R = Ha/,� versus c. The numbers indi- 
cate the models as listed in Table 2, while the symbols 
indicate the values estimated from satellite and in situ 
observations. There is some correlation between model 

values of dF/dz and c, as both are affected by vertical 
advection in a model. However, the correlation is not 
perfect. The quantity dF/dz is strongly affected by the 
transport of extratropical air into the upwelling tropical 
plume, while c is only �veakly affected. 

5.3. Tropical Transport Mechanisms 

As an aid to interpret the differences between model 
results and the tropical observations in terms of specific 

density scale height, and r a relaxation time-constant 
to an extratropical value ;�e, which summarizes the rate 
at which upwelling tropical air entrains extratropical 
air. Although real atmospheric and 2-D and 3-D model 
transport is clearly more complicated, the TLP model 
is a useful guide. 

To illustrate briefly some properties of the TLP model, 
considera periodically varying mixing ratio cos(wt) at 
z - 0 (the tropopause). The solution to (1) with con-
stant coefficients, and assuming zero tracer oscillation 
amplitude in the extratropics, is 

x(z, t) - A(z) ½os - (z))] (2) 

whereA(z) - e -�/�, r�o(z)- z/c, and Ha and c are 
functionsof K, w, and r (see Hall and Waugh [1997b] 
for the explicit expressions). To illustrate the dependen- 
cies on the transport coefficients, Ha and c are plotted 
in Figure 18 versus K and r for an annual cycle with 
w - 0.3 mm/s. For K < 0.1 m2/s, diffusion plays only 
a small role in the propagation of the annual cycle, and 
c � w. At higher K values, diffusion plays a signifi-
cant role. For all K, the entrainment time r has little 
effect on c, as the extratropics adds air with no cycle 
amplitude, increasing c only to second order. For the 
amplitude, there are different regimes of dependence on 
diffusion. For K < 0.01 m2/s (and r _< 2 years), dif- 
fusion plays little role in attenuating the signal. The 
attenuation is due mostly to dilution by extratropical 
air, and Ha � wr. For intermediate K (0.01-0.3 m2/s) 
both diffusion and dilution are important, and for large 
/x' (> 0.3 m2/s), diffusion dominates. 

Matching TLP solutions (2) to HALOE and ER-2 
observations,Hall and Waugh [1997b] deduced average 
values over the lower tropical stratosphere of w m 0.3 
mm/s, r � 1.3 years, and K � 0.01 m2/s. This 
roughly agrees with previous independent estimates of 
r from 1.0 to 1.5 years [Minschwaner et al., 1996; Volk 
et al., 1996] and annual averages of estimates of w from 
heating rate calculations [Rosenlof, 1995; Eluszkiewicz 
et al., 1996]. Mote el al. [1998] matched a TLP model 
with height varying coefficients to HALOE data, de-
ducing If the same order as Hall and Waugh [1997b]. 
Mote et al. [1998] deduced a sharp local maximum in 
r around 22 km, but averaged from 16 km to 26 kin, 
their r � 1.6 years. 

These estimates for K, r, and w are in the low dif-
fusion regime of Figure 18. Over the tropical lower 
stratosphere entrainment of extratropical air appears to 
be the primary attenuation mechanism and advection 
the primary propagation mechanism of the annual cy- 
cles in H and CO2. Given the models' large deviations 
from the observations, averaged transport coefficients 

transport mechanisms, we use a simple one-dimensional from observations are most appropriate for comparison. 
"tropical leaky pipe" (TLP) model of tropical transport 

__ez/uO (e_Z/uIf )_ l(x X ) (1) ot + w5-; �zz -r 

for a tracer of mixing ratio X- Here w is a vertical 
velocity, 1,2 a vertical diffusion coefficient, H the air 

Ultimately, however, if detailed comparisons to obser-
vational inferences are to be made, the disagreements 
among the various observational inferences must be re- 
solved. 

Figure 19 illustrates the relative roles that vertical 
diffusion and advection play in transporting the annual 
cycles in four 2-D MM2 models. The quantities plotted 
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Figure 18. The dependence of (a) c/w and (b) /� on K in the simple tropical leaky pipe model 
for r = 0.5, 1.0, 2.0, 4.0, and 8.0 years (r=0.5 years is indicated by a long-dash line). For these 
curves, w = 0.3 mm/s. 

are (1) annually averaged Kzz, the vertical component However,Kzz > 0.1 m2/s, and c > �*. SUNY-SPB 
of the model's diffusivity tensor (interpreted as K in (Figure 19d) has Kzz � 0.5 m2/s, which again re- 
the context of the TLP model); (2) annually averaged sults in c > �*. (More typical implementations of the 
model r�o, whose slope is c; (3) r,� from the HALOE SUNY-SPB model use much smaller Kzz, as discussed 

f/ analysis; and (4) the timescale for advection by the by Yudin et al. [1999].) 
models' vertical residual circulation �-*. For GSFC-2D From this analysis, we conclude that several 2-D 
(Figure 19a), Kzz < 0.1 m2/s throughout the tropical models have explicit values of K,z that are too large, 
stratosphere, putting it in the low diffusion regime of in some cases by more than an order of magnitude. 
the TLP model (Figure 18a), so that c m �*. More- The 3-D models, on the other hand, have no explicit 
Over, the upwelling rate agrees fairly well with HALOE vertical diffusion. A few 3-D models (UCI23, GMI- 
//analyses.For GSFC-2Dint (Figure 19b) Kzz >> 0.1 NCAR, MONASH1) have values of c that are not too 
m2/s below 22 km. As a consequence, far from that observed (see Figure 17), while others the r� profile 
is significantly steeper than the advective time (i.e., propagate the signal too quickly (GMI-DAO, GSFC-3D, 
c > �*). In this regime, diffusion plays a large role MONASH2, UNIVAQ-3D, GISS8x10). A large value 
in transporting the signal (Figure 18a), contrary to the of c could be due to an overly vigorous residual cir- 
estimates from observations. CSIRO (Figure 19c) is culation, too much diffusion associated with resolved 
an intermediate case. The advective time is close to featuresof the'flow, or too much diffusion implicit in 
the phase lag from HALOE, suggestinga realistic �*. the numerical advection scheme. Numerical diffusion 
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Figure 19. Tropical profiles of model annually averaged K� (top log scale; dashedline), model 
r� (bott6m scale; solid line), HALOE H20+2CH4 r� (bottom scale;' dotted line), and model 
advective time by �* (bottom scale; symbols). The different panels correspond to different 
models' (a) GSFC-2D, (b) GSFC-2Dint, (c) CSIRO, and (d) SUNY-SPB. 

depends on the particular advection scheme and reso- propagating cycles due to periodic variations of con-
lution employed by the model. We have not system- served tracers at the tropopause. These simulations 
atically tested the schemes employed by MM2 mod- have been compared to recent observations in the lower 
els, a study which would be valuable. However, one- and middle stratosphere. Three general conclusions 
dimensional tests show that the second-order moments may be drawn. (1) There is large variation in transport 
scheme [Prather, 1986], at least, does not significantly among models, producing mean age fields that vary by 
attenuate a sinusoid with as few as four grid points more than a factor 2. There is no significant grouping 
per wavelength. Thus, for example, numerical diffusion by dimensionality (2-D versus 3-D). (2) Most models 
should not. be an issue for UCI23. have mean ages throughout the stratosphere that are 

significantly lower than observations, in some models 
and locations by a factor greater than 2. (3) Model-6. Conclusions and Discussion 
to-model variation in N20, NOu, and C1 u in the lower 

In this paper we have reported on simulations from stratosphere is well correlated with variations in mean 
a large set of stratospheric models of the mean age and age, indicating that uncertainty in simulation of these 
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speciesin the lower stratosphere (as defined by the It is important to appreciate that many components 
spread across model results) is due, in large part, to of transport, such as advection by the residual circula- 
uncertainty in model transport. The fractional magni- tion and mixing of extratropical air into the tropics, are 
tude of model-to-model variation in N20 is much less highly coupled. The coupling is dynamical for models 
than mean age, but for NOy and Cly it is comparable that compute the circulation in a self-consistentway. 
to mean age. We conclude that inaccuracies in model 
transport have significant impact on simulations of the 
chemical state of the lower stratosphere. 

In addition, we draw several more specific conclusions 
and isolate some aspects of model transport that need 
improving. (4) Several models (AER, CSIRO, GSFC- 
2D, SUNY-SPB, GMI-NCAR, MONASH1, MONASH2) 
have realistic zonally averaged contour shapes of mean 
age ("class B" in the nomenclature 5), but ex- of section 
cept for MONASH1, the magnitude of their mean ages 
is still too small. Other models have unrealistic fea-

tures in their contour shapes ("class A" or "class C" 
dependingon features) in addition to low mean ages. 
(5) Severaltwo-dimensional have explicit verti- models 
cal diffusion that is too large (i.e., their values of K,z 
are too large). (6) Models that compute planetary wave 
propagationand breaking interactively with the circu- 
lation tend to have local maxima in the high-latitude 
lower stratosphere, which is not observed. This suggests 
that quasi-horizontal mixing is too weak (i.e., values of 
Kvy are too small). (7) The vertical phase velocity in 
the tropics of a tracer with an annual cycle such as 
H20+2CH4 and CO2 is too rapid in most models. This 
fact, combined with low mean ages, indicates that ver-
tical upwelling in the tropics is too rapid, although in 
certain 2-D models a significant part of the phase ve- 
locity is due to their large vertical diffusion. (8) Many 
models have tropics that are not isolated enough from 
midlatitudes, as evidenced by the overattenuation per 
wavelengthof an annual cycle tracer and in the unreal- 
istically "flat" mean age contours (class C models). For 
some models, vertical diffusion within the tropics may 
be responsible for the overattenuation. 

We have not systematically examined the impact 
on long-lived tracer transport of numerical aspects of 
model formulation such as advection algorithm, grid 
resolution, and coordinate system. Such a study would 
be worthwhile, as all model formulations result in some 
degree of tracer diffusion, which in effect, represents 
transport due to unresolved motions. Nonetheless, some 
conclusionscan be drawn with regard to certain models. 
The mean age distributions are similar for the 3-D mod- 
els MONASH2 and GMI-NCAR, which differ only in 
their advection algorithm ("semi-Lagrangian" [Rasch, 

However, even for models that prescribe the compo-
nents explicitly, their effects on tracers are coupled. For 
example, we have seen that slowing the residual cir- 
culation and enhancing the mixing of extratropical air 
into the tropics both increase mean age. Although in- 
creasingmean age is clearly desirable in models in light 
of the observations, changing either of these transport 
componentsindependently (which may not even be pos- 
sible in dynamically self-consistent models) could have 
detrimental effects on the shape of mean age contours. 
A tropical region that is uniformly less isolated in the 
lower and middle stratosphere would, for most MM2 
models, cause the shape of mean age contours to be 
"flatter" in the extratropics and thus more unrealistic 
than they already are. A less vigorous residual circu- 
lation might have a similar contour flattening effect, as 
mixing processes are provided more time to entrain ex- 
tratropical air into the tropics. 

Despite these couplings, the magnitude of tropical 
upwelling likely provides the most leverage on the mean 
age. In the 2-D model study of Bacmeister et al. [1998], 
values of mean age through the tropical stratosphere 
varied in roughly inverse proportion to the upwelling 
rate in the 16 km to 20 km region (which, in turn, was 
varied by changing parameterized tropospheric heating 
rates), while the slopes of the mean age contours in the 
extratropics were less strongly affected. Varying plan- 
etary wave forcing had less effect on tropical upwelling 
or mean age but more on contour shapes. Potential 
complications arise, however, from other constraints on 
models imposed by photochemically active trace gases. 
For example, reducing upwelling rates may increase the 
stratospheric lifetimes of CFC-11 and CFC-12, which 
for many MM2 models are already too large [Park 
et al., 1999] compared to the observationally based es- 
timates of Volk et al. [1997]. There is, however, large 
uncertainty in the lifetime estimates. 

Mean age highlights the limits of our ability to model 
global stratospheric transport. Most of the models in 
MM2 are found wanting in several respects, when com- 
pared to observations. The path toward more realistic 
simulation of transport is not obvious, but is seems clear 
that continuing sensitivity studies to various aspects of 
model formulation in two and three-dimensions are nec-

essary.1994] for MONASH2 and "flux-form semi-Lagrangian" 
[Lin and Rood, 1996] for GMI-NCAR). On the other 
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