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Simulation of stratospheric tracers using an improved
empirically based two-dimensional model transport
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Abstract. We have developed a new empirically based transport formulation for
use in our Goddard Space Flight Center (GSFC) two-dimensional chemistry and
transport model. In this formulation, we consider much of the information about
atmospheric transport processes available from existing data sets. This includes
zonal mean temperature, zonal wind, net heating rates, and Eliassen-Palm flux
diagnostics for planetary and synoptic-scale waves. We also account for the effects
of gravity waves and equatorial Kelvin waves by utilizing previously developed
parameterizations in which the zonal mean flow is constrained to observations.
This scheme utilizes significantly more information compared to our previous
formulation and results in simulations that are in substantially better agreement
with observations. The new model transport captures much of the qualitative
structure and seasonal variability observed in stratospheric long lived tracers, such
as isolation of the tropics and the southern hemisphere winter polar vortex, the
well-mixed surf-zone region of the winter subtropics and midlatitudes, and the
latitudinal and seasonal variations of total ozone. Model simulations of carbon
14 and strontium 90 are in good agreement with observations, capturing the peak
in mixing ratio at 20-25 km and the decrease with altitude in mixing ratio above
25 km. We also find mostly good agreement between modeled and observed
age of air determined from SFg outside of the northern hemisphere polar vortex.
However, inside the vortex, the model simulates significantly younger air compared
to observations. This is consistent with the model deficiencies in simulating CHy
in this region and illustrates the limitations of the current climatological zonal
mean model formulation. The model correctly propagates the phase of the lower
stratospheric seasonal cycles in 2CH4+H20 and CO;. The model also qualitatively
captures the observed decrease in the amplitude of the stratospheric CO5 seasonal
cycle between the tropics and midlatitudes. However, the simulated seasonal
amplitudes were attenuated too rapidly with altitude in the tropics. The generally
good model-measurement agreement of these tracer simulations demonstrate that
a successful formulation of zonal mean transport processes can be constructed from
currently available atmospheric data sets.

1. Introduction

Two-dimensional (2-D) chemistry and transport mod-
els have been used extensively to study various natural
physical processes in the middle atmosphere and to as-
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sess the long-term impact of human activity on strato-
spheric ozone. Recent emphasis has been put on model
studies and assessments of long-term ozone changes due
to perturbations in the lower and middle stratosphere.
Such perturbations include anthropogenic chlorine load-
ing [World Meterological Organization (WMO), 1995],
the injection and dispersion of volcanic aerosols [e.g.,
Solomon et al., 1996; Jackman et al., 1996; Rosenfield
et al., 1997], and the projected emissions of supersonic
aircraft [e.g., Stolarski et al., 1995]. In the lower and
middle stratosphere, ozone has a relatively long photo-
chemical lifetime and is strongly influenced by the dy-
namics in this region. Therefore for 2-D models, proper
representation of zonal mean transport processes below
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~ 35 km is crucial in providing reasonable model simu-
lations of stratospheric ozone.

We have recently developed an upgraded empirical
transport formulation that utilizes several quantities de-
rived from observational data sets: zonal mean temper-
ature, zonal wind, net heating rates, and Eliassen-Palm
flux diagnostics for planetary- and synoptic-scale waves.
We also use the parameterizations of Lindzen [1981] and
Holton and Zhu [1984] to account for the effects of grav-
ity waves in which the zonal mean flow is constrained to
observations. In a similar fashion, we use the parame-
terization of Dunkerton [1979] to account for the effects
of equatorial Kelvin waves. These quantities are then
used to derive self-consistent residual circulation and
diffusion fields. The unique approach here is that we
have incorporated these wave parameterizations and ex-
plicit diagnostic quantities into one comprehensive, em-
pirically based transport scheme. Such a scheme should
be able to resolve more of the details of middle atmo-
spheric transport compared to our previous empirically
based formulations.

Historically, it has been difficult to validate model
dynamical fields given the sparsity of available observa-
tions and the competing roles of transport and photo-
chemistry on model simulations of ozone and long-lived
tracers. Previously, observations of radioactive debris
from nuclear bomb tests during the 1960s provided a
means of validating model transport in the upper tropo-
sphere and lower stratosphere [Prather and Remsbery,
1993; Kinnison et al., 1994]). However, these model-
measurement comparisons were limited by the sparse
observations available. More recently, high-quality mea-
surements of SFg [Elkins et al., 1996; Harnisch et al.,
1996; Ray et al., 1999] and CO, [Boering et al., 1996)
from several aircraft and balloon in-situ campaigns,
and long term satellite measurements of HoO and CH,
from the Upper Atmosphere Research Satellite (UARS)
[Mote et al., 1998; Randel et al., 1998], provide a pow-
erful database from which stratospheric transport rates
can be characterized. These observations therefore pro-
vide a means to more fully evaluate model transport
through various model-measurement comparisons.

The purpose of this paper is to provide a detailed
evaluation of our new 2-D model transport formula-
tion in the upper troposphere and stratosphere. We
have performed several diagnostic tests of the model
transport and will show model-data comparisons of to-
tal ozone, CHy, the inert radioactive tracers carbon 14
and strontium 90, age of air derived from SFg, and the
propagation of seasonal cycles in CO; and the quan-
tity 2CHy + H2O. Through these extensive model-
measurement comparisons, we demonstrate that our
new empirically based transport scheme can success-
fully reproduce many of the transport-sensitive features
observed in the stratosphere.
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2. GSFC 2-D Model

The 2-D model at NASA Goddard Space Flight Cen-
ter (GSFC) was originally described by Douglass et al.
[1989] and extended to mesospheric heights by Jackman
et al. {1990]. The model has recently undergone signif-
icant development in several areas, including improve-
ments in the method of computing the photolytic source
term and the photolysis of O [Jackman et al., 1996].
We have also recently updated the model reaction rates
and photolysis cross sections to the Jet Propulsion Lab-
oratory (JPL) 1997 recommendations [DeMore et al.,
1997).

As discussed by Jackman et al. [1996], we have made
significant improvements to the model transport formu-
lation. In this paper, we validate this new scheme by
presenting detailed model-measurement comparisons of
long-lived tracers in the lower and middle stratosphere.
We note that the transport has undergone some mi-
nor changes since the recent Models and Measurements
II (MMII) intercomparison project, so that the results
shown here will differ somewhat from those presented
in the MMII publications [Hall et al., 1999; Park et al.,
1999]. This new scheme is summarized below.

The methodology generally follows that of interactive
2-D models [e.g., Garcia et al., 1992; Bacmeister et al.,
1995], as originally formulated by Garcia and Solomon
[1983]. However, the new transport fields are based
on empirical data sets as opposed to being computed
interactively in the model. A meridional stream func-
tion (*) is calculated to obtain the transformed Eule-
rian circulation (7*,%*). The coeflicients of the ellip-
tic stream function equation depend on the zonal mean
temperature and zonal wind, which are based on the 17
year average (1979-1995) of temperature data from the
National Centers for Environmental Prediction (NCEP)
for 1000-1 mbar, and the CIRA-86 empirical reference
model for the mesosphere above 1 mbar [Fleming et al.,
1990]. Outside of the tropics, the zonal mean winds are
derived from temperature using the gradient wind rela-
tion, with wind measurements from the high resolution
Doppler imager (HRDI) on board UARS used for the
zonal winds at tropical latitudes (20°S-20°N). We have
merged the zonal mean temperature and wind data sets
in a manner that maintains exact thermal wind balance
throughout the model domain, as necessitated by the
stream function formulation.

Forcing of the stream function is proportional to:
(1) the vertical gradient of the mechanical forcing from
planetary- and synoptic-scale waves, gravity waves, and
equatorial Kelvin waves; and (2) the latitudinal gradi-
ent of the total heating rate which is comprised of dia-
batic, latent, and net eddy heating from gravity waves
and planetary- and synoptic-scale waves.

Planetary wave forcing is proportional to the Eliassen-
Palm (E-P) flux divergence [e.g., Andrews et al., 1987]
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which we have computed offline from the 17-year NCEP
3-D analyses for 1000-1 mbar and the CIRA-86 plane-
tary wave climatology [Barnett and Labitzke, 1990] for
the mesosphere above 1 mbar. Eddy winds are de-
rived from the balanced wind relation poleward of +20°,
with HRDI measurements used for 20°S-20°N. Follow-
ing Randel and Garcia [1994], latitudinal eddy diffusion
(Kyy) is obtained self-consistently as the ratio of the E-
P flux divergence to the latitudinal gradient of zonal
mean potential vorticity (g,). To approximate the cir-
culation associated with the equatorial semiannual os-
cillation (SAQ), we use the methodology of Dunkerton
[1979] and Gray and Pyle [1987] along with the em-
pirical zonal mean wind field to diagnose the mechan-
ical forcing from thermally damped equatorial Kelvin
waves.

To obtain distributions of vertical eddy diffusion
(K ;) and mechanical forcing from gravity waves in the
mesosphere and upper stratosphere, we use the param-
eterization originally developed by Lindzen [1981] and
modified by Holton and Zhu [1984]. Here, we utilize the
empirical zonal mean temperature and zonal wind fields
(described above) in the parameterization to diagnose
the latitudinal, seasonal, and vertical distributions of
gravity wave drag and diffusion based on a given set
of gravity wave parameters. In the troposphere and
lower stratosphere, we scale K, based on the vertical
temperature gradient, so that a stronger lapse rate, in-
dicative of more rapid convective overturning, implies a
larger value of diffusion. This methodology gives a large
mixing rate in the troposphere and a very small K, in
the lower stratosphere, with a sharp gradient across the
tropopause boundary. We specify a lower limit on K,
of 0.01-0.02 m2s~! in the lower stratosphere following
the observational analyses of Hall and Waugh [1997b]
and Mote et al. [1998].

Diabatic heating rates are computed following Rosen-
field et al. [1994], utilizing climatological distributions
of temperature, ozone, and water vapor. The climato-
logical latent heating rate distribution is adapted from
Newell et al. [1974]. Net gravity wave heating is com-
puted following Schoeberl et al. [1983] and Huang and
Smith [1991], utilizing the vertical diffusion rates com-
puted from the gravity wave parameterization discussed
above. Eddy heating from planetary- and synoptic-scale
waves [e.g., Andrews et al., 1987] is computed from the
3-D meteorological fields discussed above.

To obtain a reasonable circulation in the troposphere
and lower stratosphere, it is necessary to impose a
suitable lower tropospheric boundary condition on the
stream function at 760 mbar. Following Garcia et al.
[1992], this is computed from the integral of the total
zonal momentum forcing above the 760 mbar surface at
each latitude. This follows from the downward control
principle under quasi-geostrophic scaling [e.g., Haynes
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et al., 1991] and generally results in upward motion out
of the boundary layer equatorward of +£50° and down-
ward motion into the boundary layer at higher latitudes.

We have implemented a new numerical advection al-
gorithm replacing the previous scheme based on Prather
[1986]. The new algorithm is a 2-D version of the flux
form scheme developed by Lin and Rood [1996] cur-
rently used in the GSFC 3-D chemistry and transport
model [Douglass et al., 1996]. The new scheme is mass
conserving and utilizes an upstream piecewise parabolic
method (PPM) [Colella and Woodward, 1984; Carpen-
ter et al., 1990]. We use the fully monotonic PPM so
that no new minima or maxima are generated by ad-
vection. This algorithm includes cross terms to account
for errors produced by operator splitting, i.e., the suc-
cessive application of meridional and vertical advection
operators. A time step of 12 hours is used for the ad-
vection of constituents. The PPM is highly accurate
(to fourth order) and preserves sharp tracer gradients
quite well, while exhibiting very little numerical diffu-
sion. This was found to be especially important for
simulations in regions of strong wind shear and sharp
gradients in the tracer field, such as water vapor near
the tropical tropopause.

3. Results

We now compare the spatial structure and seasonal
evolution of model-simulated tracer fields with observa-
tions. We first show CH, and ozone from our standard
model which has been run for 20 years to obtain a sea-
sonally repeating steady state solution. We then show
results from time dependent simulations of SFg, CO3,
and radioactive products of atmospheric nuclear bomb
tests, carbon 14 and strontium 90, to illustrate more de-
tailed aspects of the model transport in the upper tro-
posphere and stratosphere. We also compare our new
model simulations with those using the previous ver-
sion of the model transport to illustrate how the new
methodology improves the tracer simulations.

3.1. Methane

Figure 1 shows latitude-height sections of methane
from the model simulation (solid contours) and observa-
tions (dashed contours) for the months indicated. Here
we compare with the combined climatology compiled
by Randel et al. [1998] based on data from the Halo-
gen Occultation Experiment (HALOE) and the Cryo-
genic Limb Array Etalon Spectrometer (CLAES) in-
struments aboard UARS. The CLAES data have been
used to fill in the high-latitude regions during winter
where HALOE does not obtain measurements. This
climatology has been averaged using potential vortic-
ity (PV) as a horizontal coordinate and then mapped
to equivalent latitude (the latitude of an equivalent PV
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distribution arranged symmetrically about the pole; see
Randel et al. [1998] for details). This averaging proce-
dure increases the effective latitudinal coverage of the
data. Results are similar to standard latitude averag-
ing except at high northern latitudes during winter and
spring, when the vortex can be significantly displaced
from the pole.

The structure and seasonal variations of the model
compare qualitatively well with the data. Character-
istic dynamical features are evident, such as the steep
horizontal gradients in the subtropics associated with
the isolation of the tropics, and the weak gradients of
the well-mixed surf-zone region of the winter midlati-
tudes. The model captures the isolation of the south-
ern hemisphere (SH) vortex in October in the lower
and middle stratosphere. In the upper stratosphere,
flat tracer gradients indicating strong horizontal mixing
into the polar region are evident during October in both
the data and model (the 300 ppbv contour). Note also
the high-latitude descent during autumn in the upper
stratosphere is evident in both hemispheres. Small CH,4
values characteristic of mesospheric air extend down to
35-40 km in both the model and data.

The comparison in Figure 1 also shows some model
discrepancies. For example, the absolute values of CHy
in the model tend to be underestimated in the mid-
dle and upper stratosphere. Also, the model does not

fully resolve the isolation of the northern polar vortex
observed in January. This is not surprising since this re-
gion experiences large longitudinal variability which is
accounted for in the equivalent latitude mapping of the
data, but is not resolved with the standard zonal mean
model formulation. In contrast, the southern polar re-
gion during winter and early spring typically exhibits
less variability, so that the model agrees fairly well with
the data in this region in Figure 1.

The UARS climatology for April shows the well-
known “double-peaked” structure at low latitudes in the
upper stratosphere. This feature is associated with the
meridional circulation induced by the SAO and is most
pronounced during the NH spring. The model shows
some indication of this feature above 45 km but under-
estimates the overall magnitude and does not reveal the
SAOQ signature below ~45 km seen in the observations.
Similar findings were reported in other modeling studies
of the SAQ which used climatological data sets to de-
rive the zonal mean transport fields [Choi and Holton,
1991], and results from the NCAR MACCM2 3-D model
simulations [Randel et al., 1994; Waugh et al., 1997).

3.2. Ozone

Our model total ozone simulation and comparison
with the Total Ozone Mapping Spectrometer (TOMS)
version 7 data were reported by Jackman et al. [1996).
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Since that publication, the simulation has improved
somewhat in the SH midlatitudes, and we provide a
summary of our current model-TOMS comparison here.
Figure 2 shows the model total ozone for 1990 condi-
tions of total chlorine loading, along with the TOMS
data averaged over 1988 to 1992, and the difference
(model minus TOMS). Much of the observed seasonal
structure is qualitatively simulated by the model, in-
cluding the on-the-pole maximum of ~440 Dobson units
(DU) during the NH spring and the minimum in the NH
autumn; the seasonality in the tropics, with a maximum
during October, a secondary maximum during April,
and a minimum during the NH winter; the off-the-pole
maximum during the southern late winter-spring; and
the very low ozone at the southern pole characterizing
the Antarctic ozone hole during spring.

There are some notable discrepancies in the simu-
lation: (1) the model overpredicts total ozone at NH
midlatitudes during summer and early fall; (2) the mag-
nitude of the simulated southern off-the-pole-maximum
is not as large as observed; and (3) the model does not
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simulate the near elimination of strong latitudinal gra-
dients at high southern latitudes observed following the
breakup of the ozone hole. The model also shows no-
ticeably less ozone compared to TOMS at high southern
latitudes during summer and early fall. To check if dis-
crepancy 3 is due to an underestimation of horizontal
mixing during the spring breakup of the Antartic vor-
tex, we performed an additional model run with K,
set to a very large value of 4x10°%cm?s~—! poleward of
50°S throughout the lower stratosphere during October
and November. However, this gave only a marginal im-
provement compared to the standard model simulation.
This suggests that other deficiencies in the model are
causing the larger than observed latitudinal gradients
during the austral spring and summer. We note that
the model dynamical fields have been contructed from
a 17-year average (1979-1995) of NCEP data, whereas
the TOMS observations in Figure 2 are taken as a 5-year
average for 1988-1992. This difference may account for
some of these model-measurement discrepancies.

Our model profile ozone simulations were previously
compared with NOAA 11 Solar Backscattered Ultravi-
olet 2 (8BUV/2) data as discussed by Jackman et al.
[1996]. In Figure 3 we compare model vertical ozone
profiles for several latitudes and seasons with the 1988-
1996 climatology based on the Stratospheric Aerosol
and Gas Experiment (SAGE) II and ozone sonde data.
This was compiled by J. Logan and R. McPeters for
the MMII intercomparison project [Park et al., 1999].
In the lower stratosphere below ~30 km, the model
shows good agreement with the data in most of the
comparisons. An exception is at 75°S during January,
where the model underestimates the data between the
tropopause and 25 km. This results in the model un-
derestimating the total column ozone relative to TOMS
in the SH high-latitude summer as seen in Figure 2. At
45°N during July (Figure 3b), the model shows a small
overestimation of the observed ozone at all levels be-
tween the tropopause and 30 km. This is reflected in the
overprediction of the model total column ozone relative
to TOMS in the NH midlatitude summer in Figure 2. In
the region above 35 km, the model shows a systematic
underestimation of the observed ozone at most latitudes
and seasons. This well-known “ozone deficit” problem
in our model is caused by an overprediction of chlo-
rine radicals. This problem can be significantly reduced
when including the reaction C10+OH— > HC1+ O, in
the model chemistry [e.g., Chandra et al., 1993; Lipson
et al., 1997]. However, this reaction is not included in
our present model, which follows the current JPL-1997
recommendations [DeMore et al., 1997).

3.3. Carbon 14 and Strontium 90

The radioactive products of atmospheric nuclear bomb
tests, carbon 14 (*4C) and strontium 90 (*°Sr), are very
useful in testing the transport in a model [e.g., Jackman
et al., 1991; Prather eand Remsberg, 1993; Kinnison et
al., 1994]. These compounds have chemical lifetimes
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Figure 3. Vertical profiles of ozone mixing ratio (ppmv) for the latitudes and months indicated.
Shown are the model simulation (solid line) and the 1988-1996 climatology (dashed line-asterisk)
compiled by J. Logan and R. McPeters [see Park et al., 1999]. The climatology is based on a

combination of SAGE II and ozonesonde data.

and lower stratospheric source regions which are simi-
lar to long-lived products of supersonic aircraft exhaust.
Therefore model-measurement comparisons of 14C and
908r are especially helpful in evaluating the accuracy
of model assessments of the effects of stratospheric air-
craft.

The initial conditions for 14C and %°Sr input into our
model were taken from Prather and Remsbery [1993],
and their latitude and altitude dependent distributions
were specified on October 15, 1963, and on October
15, 1964, respectively. Time and hemisphere dependent
ground boundary conditions for *C and latitude and
altitude dependent settling velocities for ®°Sr were also
specified from Prather and Remsberg [1993].

Our time dependent simulation of !*C is shown in
Figure 4 for the months of January and July in 1964,
1965, and 1966. The peak at middle to high lati-
tudes persists through July 1965, although the model
transport moves the enhanced 14C in the tropical lower
stratosphere up through the middle (January 1965) and
upper (July 1965) stratosphere before being totally dis-
sipated (January 1966). Strong gradients in the north-

ern lower stratosphere between the tropics and extrat-
ropics persist through January 1966, indicating the very
slow transport and mixing that takes place in this re-
gion. The final distribution shown in July 1966 is simi-
lar to that of a long-lived source gas (see CHy in Figure
1), except the largest amounts of 14C are found in the
upper stratosphere with smaller amounts at lower alti-
tudes. It thus takes about 3 years for a primarily NH
lower stratospheric source distribution of a substance
to become relatively well mixed throughout the strato-
sphere.

Detailed comparisons between the model and mea-
surements at 31°N are shown in Figure 5. Also shown
are model results from an older version (designated the
1995 model) as well as the new version of our model
transport (designated the 1999 model). The 1999 model
is clearly an improvement over the 1995 model during
the period of the 1C simulation. The 14C peak between
20 and 25 km and the very large gradient between 10
and 20 km in the measurements are represented much
better by the 1999 model.

We also show comparisons of #Sr between the two
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and October 1966. Plotted are the time dependent model simulations using the new transport
formulation (solid), the previous 1995 transport formulation (dotted), and observations (Kinnison

et al. [1994].

text.

versions of our model and the measurements at 34°S in
Figure 6. Again it is apparent that the 1999 model sim-
ulates ®9Sr more realistically than the 1995 model. Sim-
ilar comparisons between the two model versions were
also seen at tropical latitudes (9°N, not shown). The
two model simulations in Figure 6 especially diverge
from one another in late 1965. The excellent agree-
ment between the 1999 model and the measurements
in October 1966 may be fortuitous, given that the real
atmosphere undergoes interannual dynamical variabil-
ity that is not contained in our 1999 model transport.
It is significant, however, that the modeled %°Sr gener-
ally simulates the gradual decrease of measured strato-
spheric %Sr over 1965 and 1966, while representing the
peak concentration at 20-25 km in a very reasonable
manner.

There are substantial differences between our 1999
model and 1995 model transport formulations which
are reflected in these 14C and %0Sr simulations. While
the advective transport by the mean circulation exhibits
some differences, much of the changes seen in Figures
4-6 are due to changes in the meridional and vertical
diffusive transport. The 1999 model is generally less
diffusive in a globally averaged sense. However, more
important, the sharp changes in diffusion that occur
across certain atmospheric regions are much better re-

et al. [1994], dashed-asterisk). Units are proportional to mixing ratio as in the work by Kinnison
Model simulations include a settling velocity for strontium 90 as discussed in the

solved in the 1999 model. These include the changes in
vertical mixing across the tropopause, and the changes
in horizontal mixing between the tropics, subtropics,
and midlatitudes in the stratosphere.

3.4. Age of Air From SFg

Sulfur hexafluoride (SF¢) is a nearly inert anthro-
pogenically produced tracer. It has had a relatively
steady source at the ground over the past 2-3 decades,
allowing for a quasi-linear temporal increase in atmo-
spheric concentration [e.g., Geller et al., 1997]. The
time lag of SFg between a given point in the strato-
sphere and a reference location at the ground deter-
mines the mean age of air, I' [Elkins et al., 1996; Har-
nisch et al., 1996]. This has become a widely used diag-
nostic of model transport [e.g., Hall and Plumb, 1994;
Waugh et al., 1997; Hall et al., 1999]. The annually
averaged I' derived from stratospheric SFg above the
380 K potential temperature surface is very similar to
the mean age determined from the first moment of the
age spectrum in model simulations [Hall and Plumb,
1994; Hall and Waugh, 1997a; Hall et al., 1999]. In
addition, seasonal variations of the stratospheric age
determined from SFg can be significant.

Our model simulations of I' determined from SF¢ for
January and October are shown in Figure 7. Here we
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Figure 7. Mean age of air (years) derived from time
dependent model simulations of SFg for January and
October. The age is taken relative to the global mean
value at the surface. The contour interval is 0.5 years.

have taken the area weighted global mean value at the
surface as the reference point and have accounted for
the small nonlinear effect in the time increase of SFg
[Volk et al., 1997]). This nonlinear effect slightly in-
creases the mean age compared to the simple time lag
method, with the difference approaching 0.5 years for T’
of ~6 years. In the troposphere, the interhemispheric
gradient of SFg makes the one-to-one relationship be-
tween mean age and the mean value of SFg ambiguous.
We note however, that there is a 1-1.5 year time lag
between midlatitudes of the NH and SH in the tropo-
sphere. This interhemispheric exchange time is in good
agreement with SFg measurements [e.g., Harnisch et
al., 1996; Geller et al., 1997].

The very lower stratosphere exhibits sharp vertical
gradients in age due to the drastic reduction in verti-
cal mixing across the tropopause into the lower strato-
sphere. The age of air contour shapes in the strato-
sphere are qualitatively similar to other long-lived trac-
ers (e.g., CHy, Figure 1), consistent with the mean cir-
culation. The youngest stratospheric air occurs just
above the tropical tropopause (about 4 months older
than the global mean surface value), with the oldest
air of 6-6.5 years occurring in the mesosphere and po-
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lar winter upper stratosphere. The mean age in the
mesosphere is relatively uniform owing to the vigorous
meridional circulation and vertical mixing characteristic
of this region. The older ages seen in the polar strato-
sphere in fall and winter are indicative of the descent
of older mesospheric air within the polar vortex. As
expected, this feature is more pronounced in the SH
where, relative to the NH, the polar vortex is more iso-
lated from the younger midlatitude air. The isolation
of the SH polar region in the lower stratosphere persists
into October, as indicated by the local maximum in T'
centered near 50 mbar at the South Pole in Figure 7.
This isolation was also reflected in the CH4 simulation
in Figure 1.

Observations of I' can be made in certain regions us-
ing measurements of SFg¢ from aircraft [Elkins et al.,
1996], balloons [Harnisch et al., 1996; Patra et al., 1997;
F.L. Moore et al., manuscript in preparation, 1999], and
the space shuttle [Rinsland et al., 1993]. Mean ages can
also be derived from CO; measurements after taking
into account the annual cycle in CO, at the ground
and a small correction for CH, oxidation [e.g., Boering
et al., 1996; Andrews et al., 1999]. Ages derived from
CO; in this way were found to be similar to those de-
rived from SF¢ data at 20 km [ Waugh et al., 1997; Hall
et al., 1999].

Figure 8 shows the mean age for October/November
1994 computed from the model at 20 km compared with
that derived from SFg data at 19-21 km taken from
the Airborne Chromatograph for Atmospheric Trace
Species (ACATS) instrument onboard several NASA
ER-2 flights [Elkins et al., 1996]. The global mean sur-
face time series of Geller et al. [1997] is used as the ref-
erence point for the SFg measurements. Again for both
the model and observations, we have accounted for the
small nonlinear effect in the time increase of SFg [ Volk et
al., 1997]. The base 1999 model simulation (solid line)
in Figure 8 captures much of the latitudinal variation
seen in the data, including the sharp gradient between
the equator and £20°. Ages near the equator are ~1.5
years in both the model and data. While there is a fairly
large spread in the observations at middle and higher
latitudes, the model I' tends to be close to the average
of the data points in these regions.

Figure 9 shows vertical profiles of I' from the model
and balloon SFg data of Harnisch et al. [1996] (aster-
isks and squares) and the Observations of the Middle
Stratosphere (OMS) campaign Lightweight Airborne
Chromatography Experiment (LACE) instrument (F.L.
Moore et al., manuscript in preparation, 1999) (trian-
gles), for the latitudes and seasons indicated. Again
we have used the global mean value at the surface as
the reference function [Geller et al., 1997] which gives
stratospheric ages that are 0.25 to 1 year younger than
those derived using the NH tropospheric reference func-
tion of Harnisch et al. [1996]. At all latitudes in Figure
9, the vertical gradient of I' from the the standard 1999
model (solid line) agrees rather well with the data in



23,920 FLEMING ET AL.: 2-D SIMULATIONS OF STRATOSPHERIC TRACERS
Mean Ag Oct/Nov 1994 20 km
81 ' s 1995 Model | -

7 = 1999 Model 17
i t3. - - - - 1999 Model w/ CFC-115 loss]
6 A vg A AER-2 46
o8 l
TS : 5
> T >
[ o
<3 32
2 2
1 11
0 L L L L L | 0

-60

|
©0
o

-30

30 60 90

Figure 8. Age of air derived from SF as a function of latitude for October/November 1994 using
ER-2 measurements at 19-21 km (triangles) and model simulations at 20 km (lines). Included
are model simulations using the previous 1995 model transport (dotted line), the 1999 transport
(solid line), and the 1999 transport with a photochemical loss identical to CFC-115 imposed on
SFg (dashed line). The age is taken relative to the global mean value at the surface.

the very lower stratosphere below ~20-22 km. This in-
cludes the transition from very weak gradients in the
troposphere to much stronger gradients in the lower
stratosphere. This is consistent with the model-data
comparisons of C and %°Sr seen in Figures 5 and 6.
Above ~25 km, the data generally indicate a transition
to little or no vertical gradient, and the 1999 model
qualitatively reproduces this feature in most of the com-
parisons.

In Figure 9, the model above ~22 km agrees well
with the data at 44°N but not as well at 35°N. These
data show age differences of about 1 year in the middle
stratosphere, even though they are at similar latitudes
and seasons (September). The data were taken dur-
ing different years (1996 versus 1993), so some of the
difference may be due to interannual dynamical vari-
ability effects which are not contained in the model.
At high latitudes, the model agrees fairly well with the
late winter observations in March taken outside of the
polar vortex at 68°N (Figure 9f, squares), and the sum-
mer observations at 65°N (Figure 9¢). However, the
model did not capture the very old air (8-10 years) ob-
served inside the vortex above 20 km at 68°N during
March (Figure 9f, asterisks). We also note that a few
measurements of I" as old as 8-9 years at 20-25 km are
shown in the June profile at 65°N. These data are sig-
nificantly older than the model and reflect the fact that
this OMS balloon flight passed through remnants of the
winter/spring polar vortex (F. Moore and E. Ray, pri-
vate communication, 1998). The model also shows a
region of reduced vertical age gradients at 10-17 km in
the summer profile at 65°N which is indicated in the
data. This model feature at these levels is characteris-
tic of middle and high latitudes during summer and fall
in both hemispheres (Figure 7).

Figures 8 and 9 also show the mean age from our
previous 1995 model version (dotted line) which was
discussed in the ¥C and %°Sr simulations (section 3.3).
Relative to the observations and the 1999 model sim-
ulation, I' from the 1995 model is significantly under-
estimated, and the associated latitudinal and vertical
gradients are much flatter. This is consistent with the
1995 model simulation of 4C and °Sr and reflects the
overly strong diffusive and advective nature of this pre-
vious model transport.

While these model simulations assume that SFg is
an inert tracer, it is possible that SFg incurs a small
photochemical loss in the mesosphere. This loss rate is
currently not well characterized. If such a loss exists,
it would cause the observed I in Figures 8 and 9 to be
overestimated. Including such a loss in the simulations
would increase the model-inferred lag time tc be older
than the base simulation of I' shown above. Hall and
Waugh [1998] found that the inferred mean age in the
high-latitude middle stratosphere can be significantly
affected when imposing simple mesospheric loss rates on
SFg simulated in 3-D models. To test the influence of a
mesospheric SFg loss in our model, we included a loss
identical to C,CIF5 (CFC-115) in our 1999 model sim-
ulation in Figures 8 and 9 (dashed line). The CFC-115
photolytic losses are taken from DeMore et al. [1997]
and result in a lifetime of about 600 years in our mods!.
Significant increases in the model-inferred age occur a.
middle and high latitudes and at the higher altitudes
in the tropics when including this mesospheric loss. At
20 km (Figure 8), I' is generally 0.5 to 1 year older at
middle to high latitudes, with ages increased by nearly
2 years at the SH pole during spring. This latter re-
sult reflects the mesospheric character of air within the
SH vortex, even at levels reaching down to the lower
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Figure 9. Vertical profiles of age of air derived from SFg from the model and balloon data taken
at the latitudes and seasons indicated. The observations are from OMS data (triangles) and the
balloon data of Harnisch et al. [1996] (asterisks and squares). Included are model simulations
using the previous 1995 model transport (dotted line), the 1999 transport (solid line), and the
1999 transport with a photochemical loss identical to CFC-115 imposed on SFg (dashed line).
The age is taken relative to the global mean value at the surface.

stratosphere. In Figure 9, including the mesospheric
loss increased I' in the mid-stratosphere by 1 year at
low latitudes, 2 years at middle latitudes, and 3 years
at high latitudes.

Overall, it is not clear if the model I is in better agree-
ment with the data at the higher altitudes and/or lat-
itudes when including this mesospheric loss. The com-
parisons inside the NH vortex are improved; however,
the model still underestimates the observations by 1 to
2 years (Figure 9f, asterisks). The agreement is also
improved at 35°N (Figure 9c), but is worsened at 44°N
(Figure 9d) when including the mesospheric loss. Fur-
thermore, the data generally show a sharp reduction
in the vertical gradient near 25-30 km with little or
no gradient above this level. The standard 1999 model

shows this characteristic shape, whereas the model with
the mesospheric loss indicates a continued increase in T’
with increasing altitude above 25 km.

We emphasize that we are not attempting to fully
explain the model-measurement differences in Figures 8
and 9 by including a loss rate comparable to CFC-115
in the model simulations. Such a loss rate is considered
a probable upper limit and is shown here primarily as
a qualitative example of how such a loss could affect
the model I'. Furthermore, analysis of T derived from
OMS SFg and CQO; data, with the latter corrected for
CH, oxidation, shows that the SFg ages are older than
the CO2 ages by only 1 year or less (J.W. Elkins et al.,
manuscript in preparation, 1999). Since CO does not
undergo any net photochemical loss in the stratosphere,
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Figure 10. Age of air derived from SFg as a function of latitude for October/November 1994.
The ER-2 observations (triangles) are identical to Figure 8. The model simulations are for 20 km
and include the standard 1999 model as in Figure 8 (solid line), the standard 1999 model with the
minimum lower stratospheric K, increased to 0.1 m?s~—! (dashed line), and the standard 1999
model with the minimum lower stratospheric K, increased to 1 m?s~! (dash-triple dot line). No

mesospheric loss is imposed on SFg.

this suggests that a photochemical loss of SF, if one ex-
ists, is smaller than the CFC-115 loss. Certainly, better
laboratory characterization of the mesospheric loss in-
curred by SFg is needed.

Differences between the base model simulation and
observations in Figures 8 and 9 probably also reflect lim-
itations of the model formulation. Figures 8 and 9 show
that the model-measurement agreement is fairly good
in the very lower stratosphere below ~20 km. How-
ever, in some of the comparisons, the model shows a
tendency to increasingly underestimate the observed T’
with increasing height above 22-25 km, especially in the
NH vortex region. This discrepancy does not appear to
be caused by the model having too strong of a circula-
tion in the upper stratosphere and mesosphere. Model
sensitivity tests reveal that significantly decreasing the
mesospheric gravity wave drag and hence the global cir-
culation throughout the upper stratosphere and meso-
sphere increases the simulated I' by only 2 months at 35
km. Discrepancies within the NH polar vortex seen in
Figure 9f are probably due to the fact that the vortex is
frequently centered off the pole and exhibits large year
to year variability and, as such, cannot be resolved by
the current zonal mean climatological model formula-
tion. In contrast, the model does a reasonable job in
qualitatively resolving the SH vortex (Figures 1 and 7),
which has smaller longitudinal and interannual variabil-
ity.

3.5. Age of Air Sensitivity to K,

An important transport component in 2-D models is

the vertical eddy diffusivity (K,,). In the mesosphere,

diffusion coefficients can be determined from gravity
wave parameterizations [e.g., Lindzen, 1981], which pro-

vide for reasonably good long-lived tracer simulations
le.g., Garcia and Solomon, 1985; Chandra et al., 1997).
Determination of K, in the upper troposphere and
lower stratosphere is very important for proper treat-
ment of the tropopause boundary and troposphere-
stratosphere exchange processes. In this region of our
model, K, is proportional to the vertical temperature
gradient which gives a large K, in the troposphere
and very small mixing in the lower stratosphere. We
specify a minimum K, of 0.01-0.02 m2s~! in the lower
stratosphere following observational analyses [Hall and
Waugh, 1997b; Mote et al., 1998).

An evaluation of the lower stratospheric vertical dif-
fusion specified in models was recently made by Hall et
al. [1999]. These authors discussed the influence of K,
on the propagation of seasonal signals in the tropics and
concluded that a value of K,, < 0.1 m2s~! is most re-
alistic. Here we illustrate the sensitivity of the model
global distribution of I" to the lower stratospheric min-
imum in K,,. This will help to evaluate the qualitative
realism of our new model K, field.

Figures 10 and 11 show the mean age from the base
1999 model simulation along with the SFg observations
as shown in Figures 8 and 9. We also include two addi-
tional model scenarios in which the lower stratospheric
minimum K, is increased to 0.1 m?s~! and 1 m?s~?,
respectively, but are otherwise identical to the base 1999
model. Increasing the minimum rate of vertical mixing
reduces the mean age throughout the stratosphere. In-
creasing the minimum to 0.1 m2s™! decreases I only
slightly in the tropical lower stratosphere, but the dif-
ference increases to as much as 0.75 years in the middle
stratosphere and in the lower stratosphere extratropics.

With a minimum K,, of 1 m?s~!, T is signicantly
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Figure 11. Vertical profiles of age of air from the model
and OMS balloon SFg data taken at the latitudes and
seasons indicated. The OMS observations are as in Fig-
ure 9. The model simulations include the standard 1999
model as in Figure 9 (solid line), the standard 1999
model with the minimum lower stratospheric K, in-
creased to 0.1 m2s~! (dashed line), and the standard
1999 model with the minimum lower stratospheric K,
increased to 1 m2s~! (dash-triple dot line). No meso-
spheric loss is imposed on SFg.

younger everywhere compared to observations and the
base model scenario. Maximum differences of ~3 years
occur at middle and high latitudes in the middle strato-
sphere. In addition, both the vertical and horizontal
gradients in mean age are drastically reduced in this
model run. This unrealistic scenario is far outside the
range of the observations and is similar to the “diffusive
regime” discussed by Hall et al. [1999] in their analy-
sis of seasonal signal propagation. Although the model
scenario with the minimum K,, set to 0.1 m2?s™! is
within the observational values of I, the overall model-
measurement agreement is not as good relative to the
base model case. This provides evidence that a mini-
mum K, of 0.01-0.02 m?s~! is most realistic, as was
suggested by the analyses of Hall and Waugh [1997b]
and Mote et al. [1998]. Our model-measurement com-
parisons of CH4 also reveal that a minimum K, of
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0.01-0.02 m?s~!
tion.

It is interesting to note the sensitivity to K, of the
meridional gradients in Figure 10. Previous attempts
to modify modeled gradients between the tropics and
midlatitudes have focussed on changes to K,, [e.g.,
Weisenstein et al., 1996]. However, Figure 10 reveals
that vertical transport is also important in determining
the isolation of the tropics from midlatitudes.

gives the most realistic model simula-

3.6. Seasonal Cycle in Carbon Dioxide

The source of carbon dioxide at the ground includes
a secular trend of ~1.4 ppmv/yr along with a large
biosphere-induced seasonal cycle. This seasonal varia-
tion is largest at high northern latitudes and is strongly
latitude dependent. At stratospheric levels, COs is
nearly inert: it has no photochemical loss and has only
a small production from CH,4 oxidation. The transport
characteristics of the stratosphere are therefore reflected
in the propagation of the CQO; seasonal cycle. As shown
in previous observational analyses, the stratospheric sig-
nal originates at the tropical tropopause and propagates
vertically in the tropics with a gradual loss of ampli-
tude. Just above the tropopause, the CO. signal is
also transported rapidly poleward with only a small de-
crease in amplitude. At higher altitudes (above ~460 K,
~19 km) the midlatitude signal is very small, indicating
that the barrier to poleward transport from the tropics
becomes increasingly strong with height [Strahan et al.,
1998; Mote et al., 1998]. Simulation of these character-
istics in CO4 therefore provides a diagnostic of model
transport.

Our time dependent model simulation of CO5 uses
lower boundary conditions based on monthly mean
global surface observations for 1979 to 1995 [Conway
et al., 1994]. The simulation was continued through
1997 by increasing the 1995 boundary conditions by 1.4
ppmv/yr. To properly compare with observations, the
model is run with all photochemistry included so that
the small CO2 source from CH,4 oxidation is accounted
for. This simulation also includes the corresponding
time dependent surface boundary conditions of CHy
[WMO, 1995]. Figure 12 shows the model simulated
annual cycle amplitude of COs, defined as one-half of
the difference from peak to trough of the seasonal vari-
ation. The amplitude maximizes at the ground in the
northern hemisphere extratropics (~7.5 ppmv) and de-
creases equatorward and with increasing height in the
troposphere. There is a sharp decrease in amplitude
(and phase lag, not shown) across the tropopause into
the lower stratosphere, especially in the NH extratrop-
ics. This illustrates a strong separation between the
model troposphere and stratosphere and is consistent
with observations showing that the CO, seasonal cycle
in the NH midlatitude lower stratosphere is propagated
from the tropics and not from the underlying tropo-
sphere [e.g., Strahan et al., 1998].
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Figure 12. Latitude-height cross section of the model amplitude of the annual cycle of CO,
(ppmv), defined as one-half of the difference from peak to trough of the seasonal variation. The
contour interval is 0.5 ppmv and includes the 0.1 and 0.3 ppmv contours.

The model simulation in certain regions of the strato-  entering the the stratosphere. Figure 13 shows CO;
sphere can be compared with CO2 observations from time series for 1992 through 1997 of model simulations
the ER-2 field campaigns [Boering et al., 1996]. We using the 1999 transport (solid line) and the previous
first examine the simulation at the tropical tropopause, 1995 transport (dotted line), along with the ER-2 ob-
which essentially is the boundary condition for CO, servations. Here we have plotted the ER-2 data just
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Figure 13. Time series of CO2 (ppmv) at the tropical tropopause for 1992 through 1997.
Included are model simulations using the previous 1995 model transport (dotted line) and the
1999 transport (solid line), along with averages of ER-2 CO; measurements taken just above the
tropopause from Boering et al. [1996] (triangles), and the stratospheric boundary condition time
series based the ER-2 CO; measurements (dashed line). See text for details.
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Figure 14. Time series of CO, (ppmv) for 1994 and 1995 based on ER-2 observations and model
simulations at 370-410 K and 440-480 K for three latitude ranges: tropics (6°S-12°N, solid line),
subtropics (12°N-30°N, dashed line), and midlatitudes (30°N-48°N, dashed-triple dot line). The
observations are least squares fits to the seasonal cycle and trend and are adapted from Strahan
et al. [1998]. Included are model simulations using the 1999 transport (middle column) and the
previous 1995 model transport (right-hand column). The data and model have been binned by

N2O. See text for details.

above the tropical tropopause [Boering et al., 1996; An-
drews et al., 1999] (triangles), along with the strato-
spheric boundary condition time series of the ER-2 CO,
measurements (dashed line) discussed in Andrews et al.
[1999].

The phase of the 1999 model simulation in Figure 13
agrees quite well with the observations. However, the
1999 model amplitude is underestimated by roughly a
third (1.1 versus 1.6 ppmv). At least part of this ampli-
tude deficiency is due to the coarse vertical resolution
(~2 km) of the model which cannot fully resolve the
very sharp transition in mixing observed around the
tropopause region. This issue will be addressed in fu-
ture versions of the model with improved resolution. It
also appears that the 1999 model does not fully resolve
the observed changes in the secular trend in CQO2. This
is reflected by the fact that in the early part of the
period, the model captures the observed maxima fairly
well but underestimates the minima, with this tendency
reversed in the latter part of the period. This discrep-
ancy probably reflects deficiencies in the model tropo-
spheric transport, although inconsistencies between the
observed CQO; surface boundary condition used in the
model and the ER-2 stratospheric measurements may
also contribute to the difference. As was shown in the
previous comparisons, the 1999 model in Figure 13 is in

significantly better agreement with the data compared
to the 1995 model transport. The 1995 model ampli-
tude is 40% smaller (0.65 ppmv versus 1.1 ppmv), and
the phase is lagged by about 2 months relative to the
1999 model.

To check the propagation of the CO; seasonal cycle
throughout the lower stratosphere, Figure 14 compares
the 1999 and 1995 model simulations at several latitudes
and levels with time series representing the ER-2 data
for 1994 and 1995 adapted from Strahan et al. [1998].
The ER-2 curves are least squares fits to a combination
of the estimated stratospheric input seasonal cycle and
the observed linear trend at stratospheric midlatitudes.
The data are binned by N3O for three latitude ranges:
tropics (6°S-12°N), subtropics (12°N-30°N), and mid-
latitudes (30°N-48°N), and for two potential tempera-
ture (©) ranges: 370-410 K (very near the tropopause)
and 440-480 K (18-20 km). The model values represent
the averages for the same latitude and © ranges used
for the observations.

Near the tropopause (370-410 K), the observations
show very similar seasonal amplitudes and phases in
the tropics and subtropics, illustrating the strong cou-
pling of these regions. At midlatitudes, some ampli-
tude attenuation and phase delay relative to the lower
latitudes is observed, indicating a weak isolation of the
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Figure 15. Vertical profiles of CO2 (ppmv) versus potential temperature (K) from the model
(solid line) and ER-2 measurements (crosses) for 10°S to 10°N for the month/year indicated.
Approximate altitude is shown on the right-hand axes.

midlatitudes from the subtropics. The 1999 model qual-
itatively captures these features, including the strong
coupling of the tropics and subtropics. Somewhat more
amplitude attenuation at midlatitudes is simulated than
observed, suggesting that the model slightly underes-
timates the poleward transport out of the subtropics.
The phase lag and decreased amplitude at midlatitudes
illustrate that the 1999 model seasonal cycle at 370-
410 K is being transported poleward from the tropi-
cal lower stratosphere and not from the underlying tro-
posphere. The 1995 model amplitudes in the tropics
and subtropics are somewhat weaker than simulated by
the 1999 model, consistent with the difference in am-
plitudes at the tropical tropopause seen in Figure 13.
However, a more notable discrepancy in the 1995 model
at 370-410 K is the lack of separation between the mid-
dle and lower latitudes seen in the observations and the
1999 model. This suggests that the 1995 model has
overly strong tropical-midlatitude transport at these
levels and/or the model extratropical lower stratosphere
undergoes excessive mixing with the underlying tropo-
sphere.

At the upper level (440-480 K), both the 1999 model
and data show a steady amplitude decrease and very
little phase change with increasing latitude. At midlat-
itudes, both show very little seasonal cycle with mainly
the secular increase in CO4 evident. This indicates that
poleward mixing of tropical air is significantly weaker
than at lower levels, and/or extratropical mixing pro-
cesses damp out the seasonal cycle at midlatitudes.
However, the 1999 model results show a systematic un-
derestimation of the observed amplitudes which is par-
ticularly acute in the tropics and subtropics. This is due
in part to the underestimation, by roughly a third, of
the signal amplitude entering at the tropical tropopause
(Figure 13), which then biases the model simulation
throughout the stratosphere. There also may be inad-
equacies in the model which further overattenuate the
signal in the stratosphere. Nevertheless, the 1999 model

simulation shows qualitative consistency with the obser-
vations and illustrates that the 1999 model reproduces
the tropical-midlatitude transport in a reasonable man-
ner. In contrast to both the data and the 1999 model,
the 1995 model at 440-480 K shows very little amplitude
change between the three latitude regions, suggesting a
lack of tropical isolation and excessively strong mixing
between the tropics and midlatitudes at this level.

To supplement these model-data comparisons, we
show vertical profiles of the ER-2 and the 1999 model
CO; plotted against potential temperature () in the
tropical lower stratosphere in Figure 15. Here the plots
are arranged by season (independent of year) to illus-
trate the propagation of the seasonal cycle with alti-
tude. A maximum is observed just above the tropi-
cal tropopause (380-400 K) during August, reflecting
the entry into the stratosphere of the seasonal max-
imum during June/July (see Figure 13). This maxi-
mum progresses to higher levels during the following
months. Likewise, a minimum is seen at 380-400 K
during October-November, progressing up to 430-440 K
during February and at or above 480 K in March. The
model shows some indication of this signal propagation;
however, the amplitude is underestimated, as was seen
in Figure 14. Again, this is probably due to an underes-
timation of the signal entering the stratosphere and to
an overattenuation of the signal amplitude in the model
stratosphere.

Figure 16 compares vertical profiles of the ER-2 and
1999 and 1995 model CO; for 30°N-40°N and 70°S-60°S
for the months indicated. Here we use N2O as the ver-
tical coordinate given that, unlike the tropics, CO; and
© are not highly correlated in the extratropics. The tro-
pospheric source of NO is seasonally invariant and un-
dergoes only a small secular increase which is contained
in our model simulations. In the lower stratosphere,
CO; and N,O form a compact relationship, since both
have very long chemical timescales and will be similarly
affected by the seasonal variations in transport. There-
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Figure 16. Vertical profiles of CO; (ppmv) versus N2O (ppbv) for 30°N to 40°N (left-hand
column) and 70°S to 60°S (right-hand column) for the month/year indicated. Included are the
ER-2 measurements (crosses) and model simulations using the previous 1995 model transport
(dotted line) and the 1999 transport (solid line). Approximate altitude is shown on the right-

hand axes.

fore variations in CO2 for a given value of NoO will
be due only to the transport of the seasonal cycle and
trend of the CO; source.

The 1999 model CO; — N3O relationship in Fig-
ure 16 shows good overall consistency with the data.
At 30°N-40°N during October /November 1995, the ob-
served CO; maximum at NoO = 300 ppbv is qualita-
tively simulated by the 1999 model. This reflects the
separation between tropospheric air at the lowest alti-
tudes and stratospheric air above, as was seen in Figure
12. The model maximum is not as sharp as seen in the
data, which may reflect the coarse model grid resolu-
tion as was discussed in Figure 13. At 70°S-60°S, the
1999 model shows a slightly weaker vertical CO, gra-
dient than observed, and this discrepancy occurs sim-
ilarly throughout the year (other seasons not shown).
At these latitudes the seasonal amplitude at all levels
is small (see Figure 12) so that CO2 exhibits primar-
ily a secular increase. This model-data difference may
reflect, in part, incomplete resolution of the CO, trend
entering the model stratosphere as was seen in Figure
13. This difference may also indicate inadequacies in
the model N3O photochemistry.

The 1995 model CO; — N2O correlations in Figure
186 are significantly different from both the observations
and the 1999 model. The 1995 model significantly over-
estimates the observed COs at NoO < 250 ppbv at
30°N-40°N and at almost all levels at 70°S-60°S. This

is consistent with the global-wide underestimation of
the mean age seen in Figures 8 and 9 and the model-
data differences in 14C and ?°Sr (Figures 5 and 6). This
results from an overly strong diffusive and advective
transport on a global basis in the 1995 model. These
transport inaccuracies also cause deficiences in the sim-
ulation of the CO; seasonal cycle which are reflected
in the 1995 model-data differences at the lower levels
(N2O > 275 ppbv) at 30°N-40°N in Figures 16a and
16b.

As seen in Figure 14, the seasonal amplitude in both
the model and data decreases substantially with in-
creasing height and latitude away from the tropical
tropopause, with only very small amplitudes at the NH
midlatitudes above ~ 18 km. Therefore it is interest-
ing that the model indicates secondary amplitude max-
ima centered near 16 km poleward of 60° in both hemi-
spheres in Figure 12. These features appear to be due
to descent within the polar vortices during winter and
early spring. Low CQO; values are advected downward,
resulting in late winter/early spring minima and hence
significant seasonal cycle amplitudes. This effect max-
imizes at the poles and is evident at 15-20 km, where
there is a substantial vertical gradient in CO,. Above
20 km, there is little vertical CO, gradient, so that the
downward motion has little effect on the seasonal cy-
cle. This feature was not indicated in previous model
simulations of the CO; seasonal cycle [Hall and Prather,
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1993; Waugh et al., 1997; Strehan et al., 1998]. It would
be difficult to validate this feature with the ER-2 data,
given the limited temporal coverage of these observa-
tions. Since this feature does not seem to be related to
the seasonal cycle in the CO2 source, extracting infor-
mation from the data by fitting a tropospheric annual
cycle and trend as was done by Strahan et al. [1998]
would not seem to be justified in this case.

3.7. Tropical Transport of 2CH,4 + H,O (H)

To supplement the seasonal cycle propagation of CO,,
we now discuss the modeled and observed seasonal vari-
ation of the quasi-conserved quantity, 2CHy + H2O (de-
fined as H following Mote et al. [1998]) in the equatorial
lower stratosphere. Plate 1 shows the model simulation
along with the UARS combined climatology [Randel et
al., 1998], both repeated for 3 years. The annual cy-
cle in the lower and middle stratosphere is qualitatively
captured in the model. This seasonal variation is driven
by the annual cycle in HoO at the tropical tropopause.
Dry (moist) air enters the stratosphere during the NH
winter (summer), coincident with the coldest (warmest)
tropopause temperatures. This seasonal variation is ad-
vected slowly upward by the residual circulation and
maintains its structure for a long time period because
of the weak horizontal and vertical diffusion character-
istic of the tropical lower stratosphere [e.g., Mote et al.,
1996]. While the UARS data show evidence of a semi-
annual cycle in the middle stratosphere above 30 km,
the model simulates an SAQ signal only in the upper
stratosphere above 40 km (see Figure 1b).

Annual Cycle of

S 140
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% - - - XUARS |36

- 3 134
£ 10} |% 132
< ‘* 130
5 20 \ 128
a X, 126
2 30 X _ 124
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The amplitude and phase lag based on Fourier anal-
ysis of the annual harmonic of the H seasonal signal
are shown in Figure 17. Here the quantities plotted
are relative to those at the tropical tropopause. The
model phase lag variation with height shows good agree-
ment with the data, although the model propagates the
signal a bit faster between 50 and 10 mbar. Between
100 and 10 mbar, the average phase propagation of the
model is about 0.37 mm/s compared to 0.34 mm/s in
the observations. However, a more notable discrepancy
is that the model amplitude attenuates faster with in-
creasing altitude compared to observations. This differ-
ence was characteristic of the various models analyzed
in the MMII intercomparisons [Hall et al., 1999]. Part
of this discrepancy is due to the fact that HALOE un-
derestimates the H2O annual cycle near the tropopause
[e.g., Mote et al., 1996; Andrews et al., 1999], result-
ing in an overestimation of the fractional amplitude
at higher altitudes. However, as shown in Figures 14
and 15, the model CO; simulation in the lower tropical
stratosphere suggests a larger seasonal amplitude de-
crease with height compared to the ER-2 in situ data.
Moreover, inspection of Plate 1 reveals that while there
is reasonable model-HALOE agreement in simulating
regions of large H (> 6.8 ppmv), regions where H < 6.6
ppmv are not as well resolved in the model. Therefore
some of the H amplitude discrepancy in Figure 17a is
probably due to difficiencies in the model.

To investigate the processes that affect the seasonal
signal propagation in this region, we have plotted our
model transport fields in the lower-middle tropical strato-
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Figure 17. Vertical profiles of the (a) fractional amplitude and (b) phase lag of the annual cycle
in 2CH, + H2.O at 10°S to 10°N from the 1999 model (solid line) and the UARS climatology
(dashed-asterisk line). These quantities were obtained by Fourier analysis of the values shown in

Plate 1. The amplitude has been normalized to the value at the tropical tropopause (100 mbar)

and the phase lag (years) is defined to be zero at the tropical tropopause.
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Figure 18. Vertical profiles of the 1999 model dynamics in the lower stratosphere at the equator
for January (thin solid), April (dotted), July (dashed), October (dash-dot), and the annual mean
(heavy solid). The dilution rate (10~®s~1) and its reciprocal, the dilution timescale (months), are
estimates of the horizontal in-mixing of midlatitude air and are based on the model K, values
(see text for details). Also included are the residual vertical velocity (mm/s) and the vertical

diffusion, K,,(m?s™!).

sphere in Figure 18. These can be compared with those
derived from HALOE data by Mote et al. [1998]. Here
we present values for the different seasons along with
the annual average. The annual mean residual verti-
cal velocity (w*) is in good agreement with the Mote
et al. analysis, with a minimum of 0.22 mm/s at 19-
21 km, increasing with height to about 0.4 mm/s at
30 km. The average phase propagation of 0.37 mm/s in
the model H in Figure 17b generally reflects the average
vertical velocity between 16 and 32 km. The minimum
w* at 19-25 km contributes to a slowing of the phase
propagation at these altitudes in Figure 17b, although
this feature is weaker than observed. Consistent with
previous findings, the seasonal variations in the lower
stratosphere reveal a maximum @* during NH winter
(January) and a minimum during the SH winter (July).
There is also especially strong upwelling above 30 km
during January. This seasonal variability is attributed
to the greater extratropical planetary wave driving dur-
ing the NH winter compared to the SH winter. This,
in turn, controls the seasonal variations of the verti-
cal mass flux in the lower tropical stratosphere [e.g.,
Rosenlof, 1995; Mote et al., 1996]. The seasonal varia-

tion in @* is thought to be responsible for the seasonal
temperature cycle at the tropical tropopause, which in
turn, drives the seasonal signal in water vapor reflected
in Plate 1. The model vertical diffusion rates in Figure
18d are specified to be generally consistent with obser-
vational analyses [Hall and Waugh, 1997b; Mote et al.,
1998] (see section 2). Values are 0.01-0.02 m?s~! at
17-29 km and increase to greater than 0.1 m2s~! above
30 km.

To provide a rough estimate of the dilution rate of
midlatitude air into the tropics, we computed the area-
weighted average K, value for 35°S-35°N divided by
the equator to 35° distance squared, which is taken as
the characteristic length scale of mixing into the tropics
from the midlatitudes of each hemisphere. The results
in Figure 18 reveal a minimum annual mean dilution
rate (maximum time scale) near 22 km. This is quali-
tatively consistent with observational analyses that sug-
gest that the tropics are considerably more isolated from
the midlatitudes above about 19 km than below [e.g.,
Schoeberl et al., 1997; Mote et al., 1998]. This was also
seen in the CO, comparisons in Figure 14. Our max-
imum annual mean timescale near 22 km is about 2.5



FLEMING ET AL.: 2-D SIMULATIONS OF STRATOSPHERIC TRACERS

years, a bit longer than reported by other previous stud-
ies [e.g., Schoeberl et al., 1997; Hall and Waugh, 1997b;
Randel et al., 1998] but much shorter than the 6-7 year
timescale derived by Mote et al. [1998].

The model dilution parameters plotted in Figures 18b
and 18c are meant to provide a rough estimate of the
mixing of midlatitude air into the tropics. There are
substantial spatial and seasonal variations in the model
K, field across the 35°S-35°N region which affect the
computed dilution rate. In Figures 18b and 18c, the
seasonal variability of the entrainment of midlatitude
air into the tropics is driven largely by the seasonal
variations in extratropical planetary wave activity. For
example, tropical dilution during January and July oc-
curs preferentially from the winter hemisphere, owing to
the large planetary wave mixing occurring in the winter
subtropics and midlatitudes. Similarly, the strong dilu-
tion during October occurs preferentially from the SH,
due to the large wave activity occurring in the SH sub-
tropics and midlatitudes during spring. The weak wave
activity in both hemispheres during April is reflected in
the relatively small tropical dilution rates during this
season seen in Figures 18b and 18c.

As discussed by Mote et al. [1998] and Hall et al.
[1999], entrainment of midlatitude air is largely respon-
sible for the attenuation of the observed tape recorder
signal in the lower tropical stratosphere, although ver-
tical diffusion is also important despite the relatively
small values. The observed entrainment is a minimum
at 19-25 km, which coincides with the reduced atten-
uation of the tape recorder signal in Figure 17a. Al-
though the model overattenuates the seasonal ampli-
tude relative to the observations in this region, it is not
clear that this is due to overentrainment of midlatitude
air in the model. The model dilution timescales above
20 km are quantitatively consistent with some obser-
vational studies, although they are significantly shorter
than reported in the Mote et al. [1998] analysis. To
test if the model entrainment rates are too large, we
set Ky, to a very small value of 1x108cm?s~? through-
out the year at 35°S to 35°N in the lower and middle
stratosphere. This corresponds to a dilution timescale
of 48 years and produces a very isolated tropical re-
gion. However, the corresponding attenuation of the H
seasonal amplitude was only somewhat diminished and
was still significantly greater than observed between 20
and 27 km. This suggests that the entrainment of mid-
latitude air in our standard model is reasonable and is
not the major cause of the model seasonal signal over-
attenuation.

Increasing the model vertical diffusion may effec-
tively reduce the signal attenuation to be closer to
observations. However, this will diminish the model-
measurement agreement in other areas [Hall et al.,
1999]. For example, the phase of the signal will be
propagated too quickly, and the vertical gradient of the
age of air will be decreased (see section 3.5, Figure 11).
Our model vertical velocity and vertical diffusion rates
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shown in Figure 18 are in fairly good agreement with
the observations so that model discrepancies in these
quantities do not seem to significantly contribute to the
overattenuation. Numerical diffusion introduced by the
advection scheme could artificially damp out the signal;
however, such diffusion is generally small in the current
scheme [Lin and Rood, 1996]. It is possible that the
overattenuation is caused by the relatively coarse ver-
tical resolution of the model (~2 km), which may not
enable the simulation to properly resolve the propaga-
tion of the observed seasonal signals. This possibility
will be addressed in future work.

4. Conclusions

We have developed a new empirically based trans-
port formulation for use in our GSFC 2-D transport
and chemistry model. To derive the transport fields, the
formulation utilizes empirically based zonal mean zonal
wind, temperature, diabatic and latent heating rates,
E-P flux diagnostics for planetary- and synoptic-scale
waves, and parameterizations to account for the effects
due to gravity waves and equatorial Kelvin waves. As
such, this scheme utilizes significantly more informa-
tion compared to our previous methodology, which was
based only on zonal mean temperatures and heating
rates.

To evaluate this new transport, we performed sev-
eral diagnostic tests and presented extensive model-
measurement comparisons of several long-lived tracers
in the upper troposphere and stratosphere. The model
captures much of the qualitative spatial and seasonal
variability seen in satellite and aircraft observations.
These include the isolation of the tropics and the well-
mixed surf-zone region of the winter midlatitudes. The
model-data agreement in the low-latitude tracer gradi-
ents supports the use of the HRDI wind data to derive
the model planetary wave driving and diffusion quanti-
ties in this region. At high latitudes the model captures
the general isolation of the southern polar vortex. How-
ever, because of the large longitudinal and interannual
variability at high northern latitudes in winter, much of
the NH vortex structure gets smoothed out when zon-
ally averaging meteorological data sets. Therefore the
model cannot adequately resolve the observed isolation
of the NH vortex.

The model total ozone field captures much of the ob-
served seasonal and latitudinal variability seen in the
TOMS data. A major discrepancy occurs in the mid-
dle to high southern latitudes in which the model does
not resolve the spring breakup of the Antarctic ozone
hole and, subsequently, maintains larger than observed
latitudinal gradients during the southern high-latitude
summer. Sensitivity tests reveal that this deficiency is
not due to an underestimation of horizontal mixing dur-
ing the breakup of the southern polar vortex and points
to other processes that are not accurately resolved in
the model.
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Simulations of carbon 14 and strontium 90 repro-
duced the observed peak in mixing ratio at 20-25 km
and the decrease with altitude in mixing ratio above
25 km. The latitudinal and vertical gradients of the
simulated mean age of air derived from SFg compare
well with aircraft and balloon observations in the lower
stratosphere below 20-22 km and outside of the NH
polar winter vortex. To qualitatively illustrate how a
mesospheric loss rate for SFg would introduce an error
in the calculation of I', we included a loss identical to
that of CFC-115 (corresponding to a ~600 year atmo-
spheric lifetime) in the SFg¢ simulation. This increased
the age of air by as much as 3 years in the high-latitude
middle stratosphere. However, it was inconclusive as to
whether including this loss rate provided better overall
model agreement with the balloon data above 25 km.
It is likely that if SFg does incur a mesospheric loss, it
is somewhat smaller than the CFC-115 loss rate. Cer-
tainly better laboratory characterization of the SFg loss
is needed.

The propagation of the seasonal signal in carbon diox-
ide from the tropical lower stratosphere to midlatitudes
is qualitatively reproduced by the model, and the model
simulates the observed near absence of seasonal variabil-
ity at higher levels at midlatitudes. However, simula-
tions of both CO5 and H show that the model attenu-
ates the seasonal signals too rapidly with altitude in the
tropics, a characteristic that is consistent among many
stratospheric models. We found that the model gen-
erally reproduces the altitudinal variation of horizontal
entrainment of midlatitude air into the tropics as re-
ported in several observational studies [e.g., Schoeberl
et al., 1997; Mote et al., 1998]. Furthermore, the ver-
tical phase propagation of H and the vertical gradient
of the mean age are both consistent with the obser-
vations. These results, along with various sensitivity
tests, suggest that the overattenuation of the seasonal
signal cannot be fully explained by an overestimation
of the horizontal in-mixing, the model explicit vertical
diffusion, and/or numerical diffusion introduced by the
numerical advection scheme. It is possible that this
model deficiency is caused in large part by the coarse
vertical and horizontal model resolution (~2 km by 10°
latitude). The model with such resolution cannot suf-
ficiently resolve and propagate the seasonal cycles, so
that the amplitudes are effectively reduced.

We found that the circulation in the upper tropo-
sphere and stratosphere is determined by a combina-
tion of the empirically determined net heating rates,
wave drive, and the bottom boundary condition in the
lower troposphere. Changes in this circulation will af-
fect methane, total ozone, mean age, and other diag-
nostic tracers in a consistent manner. For example, an
overly strong circulation will overestimate (underesti-
mate) CH, at low (high) latitudes, with the opposite
tendency in total ozone, and produce a mean age that is
too young at all latitudes. Obtaining reasonable model-
measurement agreement in these tracers simultaneously
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at different latitudes and seasons gives confidence that
the circulation is fairly consistent with the real atmo-
sphere. Furthermore, the simulations with the new
transport formulation are in substantially better agree-
ment with observations compared to our previous model
transport. Taken together, these model-measurement
tracer comparisons therefore provide a rigorous test of
the new model dynamics and demonstrate that such an
empirically based zonal mean transport scheme can suc-
cessfully reproduce many of the characteristic dynami-
cal features observed in the stratosphere. This enables
us to provide better model simulations of ozone for a
variety of scientific and assessment studies.
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