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Abstract. Offline chemistry and transport models (CTMs) 1 Introduction

are versatile tools for studying composition and climate is-

sues requiring multi-decadal simulations. They are computaln recent years, coupled chemistry climate models (CCMs)
tionally fast compared to coupled chemistry climate models,have been used to study complex atmospheric phenomena
making them well-suited for integrating sensitivity experi- such as the recovery of the Antarctic ozone hole (Austin and
ments necessary for understanding model performance an@utchart, 2003; Tian and Chipperfield, 2005). The mod-
interpreting results. The archived meteorological fields usecels’ chemistry, dynamics, and radiation are fully coupled al-
by CTMs can be implemented with lower horizontal or verti- lowing the radiative properties of the constituents to feed-
cal resolution than the original meteorological fields in order back into the radiation calculation, the radiation to affect the
to shorten integration time, but the effects of these shortcutglynamics, the updated dynamics to then transport the con-
on transport processes must be understood if the CTM is tétituents, and so on. Model experiments attempting to re-
have credibility. In this paper we present a series of sensitiviroduce past observations or predict future climate states re-
ity experiments on a CTM using the Lin and Rood advectionquire multi-decadal simulations, which, for a coupled climate
scheme, each differing from another by a single feature ofmodel at reasonably high resolution, is computationally ex-
the wind field implementation. Transport effects arising from pensive. The time and cost to perform additional sensitivity
changes in resolution and model lid height are evaluated usexperiments with a coupled model, necessary for understand-
ing process-oriented diagnostics that intercomparg, @4,  ing its behavior, may be prohibitive.

and age tracer carried in the simulations. Some of the diag- An offline chemistry transport model (CTM) is a fre-
nostics used are derived from observations and are shown a/ently used tool that simplifies model calculations by using
a reality check for the model. Processes evaluated includ@rchived meteorological fields, making multi-decadal sim-
tropical ascent, tropical-midlatitude exchange, poleward cir-ulations tractable. Meteorological fields, generated from a
culation in the upper stratosphere, and the development ogeneral circulation model (GCM) or data assimilation system
the Antarctic vortex. We find that faithful representation of (DAS), are input into the CTM and updated several times per
stratospheric transport in this CTM is possible with a full model day. The CTM lacks the ability to simulate feedbacks
mesospherey1 km resolution in the lower stratosphere, and between the constituents, radiation, and dynamics, which
relatively low vertical resolution4 km spacing) in the mid- may be large for ozone loss in the polar vortex (MacKen-
dle stratosphere and above, but lowering the lid from the upZie and Harwood, 2000). This is, however, not necessarily a
per to lower mesosphere leads to less realistic constituent diglisadvantage for the CTM, as radiative coupling with ozone
tributions in the upper stratosphere. Ultimately, this affectsin the CCM will not lead to a more realistic simulation of
the polar lower stratosphere, but the effects are greater for thezone loss if the model has a cold pole problem (Austin,
Antarctic than the Arctic. The fidelity of lower stratospheric 2002). Constituent transport in a GCM will also be sensi-
transport requires realistic tropical and high latitude mixing tive to resolution, but that sensitivity cannot readily be tested
barriers which are produced &t:22.5°, but not lower reso-  because physical parameterizations in the GCM are tuned to
lution. At 2°x2.5 resolution, the CTM produces a vortex @ particular resolution. A CTM has the advantage of being
capable of isolating perturbed chemistry (e.g. high &id integrated much more quickly than a coupled model, which

low NOy) required for simulating polar ozone loss. also allows - even encourages - its users to conduct sensitivity

studies that increase the understanding of the model perfor-
Correspondence tdS. E. Strahan mance (e.g., sensitivity to boundary conditions, input wind
(sstrahan@pop600.gsfc.nasa.gov) fields, resolution, etc. ).
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Previous studies have examined the differences in strato2 Model description
spheric tracer transport between online and offline calcu-
lations. Rasch et al. (1994) used daily averaged winddmplementation experiments were conducted using an up-
from the Middle Atmosphere Community Climate Model 2 dated version of the Goddard Space Flight Center (GSFC)
(MACCMZ2) to transport simple tracers in an offline model three-dimensional CTM used in Douglass et al. (2003). The
and reported a significant speed up over the online calculaadvection core of the CTM uses a flux form semi-Lagrangian
tion. They found that many aspects of tracer transport werdransport code with a quasi-Lagrangian vertical coordinate
well represented, but mixing in the tropical lower strato- (Lin, 2004; Lin and Rood, 1996). All CTM experiments
sphere was much slower than in the online calculation. Thisbegan on 1 July and used a five-year sequence of meteoro-
was attributed to using daily-averaged winds that eliminatedogical fields from a 50-year integration of the Finite Volume
the large transients in vertical velocities that may be responGeneral Circulation Model (FVGCM) that had interannually
sible for significant vertical transport on short time scales.varying sea surface temperatures. Additional details of the
Waugh et al. (1997) experimented with temporal samplingFVGCM can be found in Stolarski et al. (2006). The native
of meteorological fields used in offline simulations and con- resolution of the FVGCM fields is“2latitude x2.5° longi-
cluded that to obtain good agreement with the online cal-tude (~220 kmx~275km at the equator) with 55 layers be-
culation, multi-year CTM simulations would require winds tween the surface and 0.01 hPa. Horizontal winds and tem-
sampled at least every 6 h. perature are updated in the CTM every 6 h using 6-hourly
. averages, as recommended by previous offline/online trans-
CTMs are widely used for assessments because the'f)ort comparisons (Waugh et al., 1997). Transport charac-

rap!d integration time makes 't. possible t(.) run-many SCe- istics of FVGCM meteorological fields have been previ-
narios (e.g., IPCC, 2001). Their computational expediency usly evaluated in the GMI CTM, which also uses a Lin

is important for predicting atmospheric response on decada?nd Rood advection scheme. The GMI-EVGCM simula-

timescales for problems such as ozone recovery and the eF . . .
. P . y ions were evaluated with observationally-based diagnos-
fects of increasing greenhouse gases on climate. In order t

: X ics, demonstrating the credibility of some aspects of strato-
understand the long-term simulated behavior, a humber o 9 y P

model sensitivity studies should be performed. For exam-Spherlc transport and meteorology with FVGCM winds at

ple, to understand a model's response to the Mt. Pinatubg' xS (N44_0 ka.N.SSO km) resolution (Strahan and Dou-
. : . ) ; : : glass, 2004; Considine et al., 2004).

eruption requires simulations with and without volcanic ef- Parameterized production and loss rates feradd CH;

fects, and with different levels of chlorine-loading (Stolarski were obtained fropm a 2-D model (Flemin Qet al., 1999)

et al., 2006). If the CTM uses input meteorological fields 9 " '

. S . .— These did not interact with the model’'s radiation code. A
with degraded resolution in order to decrease the mtegratlor?ixed surface boundary condition for the GRfopospheric
time — for example, putting the°Z2.5° fields on a 4x5° Y Posp

grid, or reducing the number of vertical levels — how will source was imposed at the two lowest model levels to elim-

L : . inate the need for boundary layer mixing; there is no upper
this affect the representation of stratospheric processes? Trl?oundary condition. Initial cyongitions forgeach species cz%e
assessment of CTM performance and sensitivity to inputs is‘from a Drevious Ioﬁ _term CTM simulation with FVGCM
vital to the credibility of CTM results and has been the hall- winds pEach experir?’nent has an age tracer whose source is
mark of the NASA Global Modeling Initiativ Ml ™ ' ; gy .

arkotthe S G_oba odeling nitiative (GMI),aC . created by forcing a mixing ratio of 1 at the lowest two model
project that emphasizes process-oriented model evaluation 85

. evels between 105-10 N for the first month of the simu-
a means to reduce model uncertainty. See, for example, Doy- ..
glass et al. (1999) and Rotman et al.(2001). L1at|on (Hall et al., 1999). After that, the model surface layer

is set to zero at all latitudes (surface loss). All CTM simu-
The choice of implementation, or usage, of archived windslations, except the one witt? ¥ 1.25 horizontal resolution,

in a CTM affects model results. We must determine the ex-were run for 5 years.

tent to which the compromises made in the input meteorolog-

ical fields corrupt the representation of transport processes.

In this paper we systematically explore a variety of meteo-3 CTM sensitivity to meteorological implementation

rological input implementations and evaluate their effects on

constituent distributions using methane ($Hozone (Q), 3.1 The implementation issues

and an age tracer. The differences between the offline and

online calculation at the same resolution are also presentedrevious studies have investigated the effects of different

Analyses of CH, Os, and age tracer from different CTM CTM implementations on transport. Bregman et al. (2001)

implementations are compared to assess how various strateompared simulations of lower stratospherig f@m three

spheric processes are affected by the “shortcuts”. Som€&TMs using the same advection scheme but with different

observations are used to assess the realism of the simul&orizontal and vertical interpolations of ECMWF winds (top

tions. We conclude with recommendations for implementa-level of 10 hPa). They attributed the large differences in per-

tions that have minimal impact on constituent distributions. formance to the interpolation of the original spectral winds

Atmos. Chem. Phys., 6, 289891Q 2006 www.atmos-chem-phys.net/6/2895/2006/
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Table 1. FVGCM online simulation and six CTM sensitivity experiments.

2897

Name Description Levels ModelLid Horizontal Spatial Information if
(hPa) Resolution different from resolution)
“Online” Online Chemistry in a GCM 55 0.015 °R2.5°
“Full Vert” Full resolution CTM 55 0.015 2x2.5°
“Reduced Vert” Reduced vertical resolution CTM 33 0.015 °x2.5°
or “High Lid”
“Low Lid” Reduced vertical 28 0.4 2x2.5°
resolution and low lid CTM
“Low Res” Reduced vertical and 28 0.4 °#45°
horizontal resolution, low lid CTM
“Smoothed” Reduced vertical resolution, 28 0.4 °x2.5° 4° x 5°
low lid, and smoothed winds CTM
“High Res” Higher horizontal resolution with 28 0.4 °41.25 2°x2.5°
no added spatial information CTM
CH, Vertical Gradients CH, Horiz Gradients
Ol ‘6 ->/J$' T 6:5 ﬂﬁ 01 6
=t
1.0 5 4 1.0 1
%] %]
w w
£ 100 £ 100 ;
100.0 100.0f 9
-50 0 50 -50 0 50
LAT LAT
O, Vertical Gradients O, Horiz Gradients
0.1 ===~ 01" ; ;
p 5.
10 E 3 10 E 3
n %) /\
Ll Ll 25\ N
£ 100} £ 100 . (%
@
=0 5 %
100.0=23 = d 100.0} WX
-50 0 50 -50 0 50
LAT LAT

Fig. 1. Gradients of Clj and G; calculated from April zonal monthly means from the GSFC CTM wiftx2.5° resolution and 55

vertical levels. The vertical coordinate is pressure (hPa). Vertical gradients (left column) have units of percentage change/km (calculated for
mixing ratios (upper box-lower box)100/lower box) with negative values indicate decreasing tracer with height. Horizontal gradients (right
column) have units of percentage changdatitude (calculated for mixing ratios (poleward-equatorward)x100/equatorward), with positive
values indicating a poleward increase. No values are calculated across the equator. White areas represent gradients of less than 5%.

to different horizontal grids, which may have lead to inaccu- differencing advection scheme of Russell and Lerner (1981)
racies in the vertical winds. However, each CTM came fromat 3 horizontal resolutions to investigate the effect on tracer
a different institution and there was more than one differenceprofiles in the Arctic vortex. They concluded th&t®° res-
between the simulations, for example both horizontal regrid-olution was too coarse to represent the vortex, but thaf3

ding and time between meteorological updates differed, makand P x 1° resolution performed equally well and better than
ing the determination of the cause(s) of the differences inex6° x9° resolution. But using a CTM with the Prather (1986)
act. Van den Broek et al. (2003) used a CTM with the finite- second order moments advection scheme, Searle et al. (1998)

www.atmos-chem-phys.net/6/2895/2006/ Atmos. Chem. Phys., 6, 2898-2006
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Fig. 2. Top panels: Zonal annual mean gkppb) and GQ(ppm), and mean age (years) in the GSFC CTM with full vertical resolution.
Bottom panels: Differences in G103, and mean age between a reduced resolution CTM and the full resolution CTM (Reduced Vert — Full
Vert). The vertical coordinate is pressure (hPa). The intervals in the difference plots are 50 ppd.Zppm @, and 0.1 year. Ozone is
sensitive to the slightly different spacing of levels in these models near its large tropical gradient.

found that transport across the vortex edge was insensitive t8.2 Model analysis tools
horizontal resolution even at 5.65.6°. (The second order
moments scheme is less diffusive because it retains highegyaluation of transport sensitivity requires constituents that
order moment information for transport.) It is vital to un- have significant vertical or horizontal gradients and rela-
derstand a model's sensitivity to resolution because of thejvely long photochemical lifetimes. Methane and ozone
serious consequences it may have on its ability to maintairare long-lived in much of the stratosphere. Methane has
high Cl, levels in the vortex and to disperse ozone-depleteda surface source and destruction in the upper stratosphere,
air to the midlatitudes. while ozone is produced and destroyed primarily in the mid-
Table 1 lists the series of experiments performed to testle and upper stratosphere. The locations of large gra-
different implementations of the input meteorological fields dients in CH and G are different because of the differ-
in our CTM. Each experiment is designed to test the effectences in their sources and sinks, but used together their
of only one thing — for example, the reduction of horizon- gradients show sensitivity to transport over much of the
tal resolution — and contains a single implementation changatratosphere. Model vertical and horizontal gradients are
relative to another, usually the experiment above it in the ta-shown in Fig. 1 to indicate where each constituent has the
ble. Some observations are used to establish the realism gfreatest transport sensitivity. Because the modej @htl
the simulation’s behavior, but most comparisons are betweeiDs distributions are realistic compared to the UARS ref-
experiments with the goal of understanding how one differserence atmosphere plots (setp://code916.gsfc.nasa.gov/
from another. The model intercomparisons presented allowpublic/Analysis/lUARS/urap/home.htjnlithe model gradi-
us to address questions such as ents in Fig. 1 are representative of observed gradients. Exam-
ples of zonal mean CHand G fields are presented in Fig. 2.
— How does the vertical resolution of the input wind fields Ozone has large sensitivity to transport across the subtropics
affect the CTM transport circulation? in the lower stratosphere and Gl especially sensitive to
vertical motions at high latitudes. Ozone gradients are sim-
— What is the impact on the stratosphere of lowering theilar in all seasons while CiHgradients tend to be largest at
CTM lid? the mid and high latitudes during the cold seasons. Smaller
transport sensitivity is seen fors@bove~20 hPa where its
— How does horizontal resolution affect tracer transport? distribution is strongly influenced by photochemistry.

Atmos. Chem. Phys., 6, 289891Q 2006 www.atmos-chem-phys.net/6/2895/2006/
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These species are also well suited for model evaluation
because they have been extensively measured by aircraft and CH4 (Off-On) - Annual AVg
satellite instruments. Long-term, global data sets of,@rdl 0.1
O3 are available from the Halogen Occultation Experiment
(HALOE) (Park et al., 1996) and the Cryogenic Limb Array 1.0
Etalon Spectrometer (CLAES) (Roche et al., 1996) on the ¢
Upper Atmosphere Research Satellite (UARS). This study '5.':J
uses process-oriented diagnostics derived from HALOE and - 10.0
CLAES measurements to evaluate how well physical pro-
cesses are represented by the models. Similar diagnostics 100.0
were used to evaluate transport in GMI CTM simulations
(Douglass et al., 1999; Strahan and Douglass, 2004).

-50 0 50

The behavior of the lower stratospheric Antarctic vortex in LAT
spring is examined in Fig. 8. The details and interpretation
of this analysis, including a description of the HALOE data CH4 (Off-On) - MAM
set used to derive this test, can be found in Strahan and Dou- 0.1

glass (2004). The springtime Ghbdfs, one from 60-80° S

(mostly vortex air, blue) and one from 4460 S (mostly

midlatitude air, red), illustrate vortex isolation and the man- 1.0
ner in which it erodes. The September Full Vert vortex has a ﬂ
sharper edge than HALOE, indicated by much greater sepa-0X 10.0
ration of the pdfs. During November, the model and analyzed

pdfs are very similar in shape, separation, and most probable

value. This is interpreted as the model forming a strong vor- 100.0

tex earlier than observed by HALOE, but having a realistic . .
dynamical evolution during spring. Results for Reduced Vert -50 0 50
are not plotted because they are indistinguishable from Full LAT

Vert. This behavior demonstrates that reduced vertical reso-

lution in the middle stratosphere and above has no significant

impact on the processes that maintain and erode the lower 0.1
stratospheric Antarctic vortex in spring. Similar behavior is

found in HALOE and the models at 600 K.

CH, (Off-On) - SON

1.0

PRES

4 Offline and online calculations 10.0

The CTM and FVGCM have been integrated with the same 100.0
parameterized CHoss and surface boundary conditions but . .
do not produce the same results. Figure 3 shows the differ- -50 0 50

ences between the FVGCM and the CTM simulation “Full LAT

Vert”, which was integrated with the same winds and grid

as the FVGCM. The annual mean differences, shown for therig. 3. Percentage difference in GHlistributions between the
5th year of the CTM simulation, which have reached a steadyoffline CTM calculation and an online chemical calculation in a
state, show that stratospheric £ the CTM is usually 1-  GCM ((offline-online)/onlinex100%). Top to bottom: annual aver-
5% lower than the FVGCM. Previous studies have suggeste@de. March-April-May mean, and September—-October-November
that offline transport differences arise from the differencesMean. The vertical coordinate is pressure (hPa).

between the vertical wind in the CTM (calculated from conti-

nuity using the 6-hourly averaged u and v fields) and the ver-

tical wind calculated in the GCM (Rasch et al., 1994; Waugh The other panels of Fig. 3 show the differences between
et al., 1997). The Clidifferences are greatest in the upper online and offline during the seasons of greatest vertical
atmosphere where both photochemistry and vertical transpotransport (diabatic descent) in each hemisphere, where CH
have greater tendency terms, and where errors in the calclhas large sensitivity to vertical transport. Photochemical loss
lation of either, for example due to time-averaging of winds, is negligible at high latitudes during fall and is unlikely to be
will increase the model differences. the cause of the differences. Horizontal maps (not shown)

www.atmos-chem-phys.net/6/2895/2006/ Atmos. Chem. Phys., 6, 2898-2006
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Full Vert 10 hPa
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Fig. 4. Left column: Age tracer on the 100 hPa surface in Full Vert (top) and Reduced Vert (bottom) for the first year of simulation. Right
column: age tracer on the 10 hPa surface, same simulations. Full Res has 12 levels between 100 and 10 hPa but Reduced Vert has only 8.

have the greatest differences during periods of strong wavés reduced by a process that maps the u and v wind fields
activity, which is usually accompanied by vertical motions, to a different set of vertical levels in a way that conserves
with near zero differences during quiescent periods. Rasch ahe divergence and mass flux of the vertical winds between
al. (1994) and Waugh et al. (1997) speculate that the use athe original levels (Lin, 2004). The resolution is very simi-
6-hourly averaged u and v in the CTM leads to smaller calcudar from 225-43 hPa, but from 43—-1 hPa Full Vert has twice
lated vertical velocity because mixing due to large transientthe vertical resolution and above 1 hPa it has three times the
waves is removed by averaging. This would result in slowerresolution.

tropical ascent in the CTM and for a Gtike tracer would Figure 2 summarizes the circulation differences. The top
produce differences with the same sign as shown here. panels show annual zonal mean distributions of,Gtid

O3, and the mean age in Full Vert after 5 years, while the
lower panels show the differences between the experiments.
Methane is sensitive to vertical transport in the middle strato-
In each section below, a pair of simulations is compared tosphere and above, yet the differences due to reduced resolu-

determine how the change in implementation affects strato-tlon are almost negligible. Ozone differences greater than

0, i i i -
spheric transport processes. An overview of the circula—2/0 only occur in the tropical lower stratosphere in the re

tion differences is presented first. Then, a series of process.glon with large vertical gradients and where there are slight

. . . . . ifferences in level spacing. Mean age differences are in-
oriented comparisons is made that examines tropical ascen?, P 9 9

exchange between the tropics and midlatitudes, polewarc?'gmf'cam' (The calculation of the true mean age would re-

transport of tropical air in the upper stratosphere, and the pedule a 20-year integration. After 5 years, the mean ages

- : : . . are asymptotically approaching their “true” value. The dif-
havior of the lower stratospheric Antarctic vortex in spring. ferencz bgtween ﬁegz ages ingthe o simulations reaches it

asymptotic limit much sooner, thus, the mean age differences
after Year 4 are nearly converged.)

Figure 4 examines the process of ascent using the arrival
This section compares CTM simulations using the originalof the age tracer on the 100 hPa and 10 hPa surfaces. The age
FVGCM 55 level winds (“Full Vert”) and one with 33 level tracer arrives at the tropical tropopause (100 hPa) with the
wind fields (“Reduced Vert”); both models have the same lid same timing and distributions in both simulations. Above
(0.015 hPa) and horizontal resolution. The number of levels56 hPa, Full Vert levels are more closely spaced and the

5 Results of CTM implementation experiments

5.1 The effect of decreasing vertical resolution in the
stratosphere and mesosphere

Atmos. Chem. Phys., 6, 289891Q 2006 www.atmos-chem-phys.net/6/2895/2006/
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: (~45 hPa) sort themselves by ascent rate, with slower ascent
FU” Ver.t Aprll 1 corresponding to higher CHless exchange with the midlat-
itudes), consistent with the age tracer comparison shown in
Fig. 4. Ascent in Low Lid and Low Res will be discussed
later in Sect. 5.
The annual cycle of CHHin polar upper stratosphere is
a good diagnostic for several processes on seasonal time
scales (Strahan and Douglass, 2004). Figure 7 shows a con-
toured pdf time series of CHat 1200K 5hPa) in the
Antarctic for Reduced Vert, with an outline of Full Vert con-
tours overlaying it. The contoured pdf can be interpreted
50 0 50 as follows. From Austral summer to early fall (December—
LAT April), the most probable ClHmixing ratios decline sharply
and have little variability. These features are the result of
Reduced Vert April 1 photochemical loss, weak wave activity, and by early fall,

. . descent. As wave activity increases in the fall (April-June),
w tropical upper stratospheric air with high @li$ transported
poleward. Wave activity is low in winter but increases again
in spring (October—December), resulting in large variability
due to transport of higher CHair from lower latitudes. Ul-
timately the vortex is destroyed and midlatitude air high in
CH, is thoroughly mixed into the polar region. The upper
stratospheric Cilannual cycle in Reduced Vert has nearly
the same distributions as Full Vert, but shows slightly less
variability. Similar results are found in the Arctic and at
-50 0 50 higher levels in the stratosphere. Although Fig. 5 showed

LAT that Reduced Vert has rapid mesospheric transport, because
mesospheric Clivalues do not differ much between the sim-
ulations, these transport differences do not impacj @khe
upper stratosphere. We will see later that it is the presence of

age tracer distributions near the end of the 2nd year of simulation.”" -
The vertical coordinate is pressure (hPa). a lid near the mesopause that matters to stratospheric CH

0.1

1.0

PRES

10.0

100.0

0.1

1.0

PRES

10.0

100.0

Fig. 5. Comparison of Full Vert (top) and Reduced Vert (bottom)

5.2 The effect of lowering the model lid without decreasing

. . . o stratospheric resolution
arrival time at 10 hPa shows that its ascent and meridional

spread are slower. The relationship between level spacinghis section compares the 33 level simulation having a
and ascent is quite strong in the mesosphere, where Reducefly15 hpa lid, referred to as Reduced Vert in the previous sec-
Vert has only 1/3 of the levels of Full Vert. This relationship tjon, with a 28 level version having a lower lid (0.4 hPa). The
is expected because the transport spreads the tracer uniformjgvest 27 levels of these simulations (surface to 1.33 hPa) are
through the grid box, and the fewer the grid boxes, the fastejgentical, as are their horizontal resolutions. In this section,
the diffusion (Rood, 1987). Figure 5 shows that after nearlyreduced Vert will be referred to as “High Lid” and the 28

2 years of simulation, the Reduced Vert age tracer has filledeye| model will be called “Low Lid” in order to emphasize
much more of the lower mesosphere than Full Vert. their difference.

Faster ascent and poleward transport lead to stronger ex- Figure 9 summarizes the mean circulation differences in
change between tropical and midlatitude air masses. Figure Bhe same way as Fig. 2. Lowering the lid has a much greater
shows the probability distribution functions (pdfs) for gH effect than reducing the vertical resolution above 43 hPa.
between 10S—46 N on isentropic surfaces in the lower and Low Lid has roughly 1% higher CHin the lower strato-
middle stratosphere. The shape of the long-lived tracer pdéphere but 10-30% less Glih the upper stratosphere. This
indicates the distinctiveness of tropical and midlatitude airis consistent with the pattern of mean age differences: the
(Sparling, 2000) and was used to discriminate between meair is younger where CHis higher and older where CHs
teorological fields in GMI model evaluation tests (Douglass lower. In contrast to Chl O3 and age are more strongly af-
et al., 1999). All simulations show a minimum between the fected by the lower lid in the southern hemisphere (SH). High
tropical and midlatitude distributions which indicates a sub- Lid has low ozone in the mesosphere that descends to the up-
tropical barrier to mixing; this is seen in winter and sum- per stratosphere during late summer and fall. The absence of
mer and at both levels shown. The tropical peaks at 500 Ka source of low ozone in Low Lid is probably the reason for
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Fig. 6. Probability distribution functions (pdfs) of Gthat 500K (top panels) and 1000 K (bottom panels) in winter (left) and summer (right)
for 4 CTM simulations. Full Vert (blue), Reduced Vert (green), and Low Lid (orange) all hax@.2° resolution. The peak separation of
Low Res (£ x5°, red) differs from the higher resolution models.

Reduced Vert 72-80S, 1200K northern hemisphere (NH) in this particular winter. This is
8T T T—T—T—T—T—T—T—T— consistent with trajectory analyses of Rosenfield and Schoe-
b ] berl (2001) that showed that the composition of the Arctic
' ] lower stratospheric vortex is often, though not always, com-
posed of air of middle and upper stratospheric origin, while
the Antarctic vortex generally contains a significant contri-
bution from mesospheric air.

ook Full Vert (overlay)

400 The age tracer at 31hPa (not shown) is nearly identi-

cal at all latitudes in the two simulations, implying that the
mesospheric lid height has little effect on middle and lower
stratospheric tropical ascent and meridional transport. This
is consistent with the identical tropical-midlatitude separa-
tions at 500 K shown in Fig. 6 (green and yellow). Figure 6

1L shows small differences due to the lid height have appeared
JFMAMJJASONDI at 1000K (8 hPa).

CH, (ppb)

200

0

Fig. 7. The annual cycle of model GH72-8C' S on the 1200 K Figure 10 shows latitude-height cross-sections of zonal
surface using contoured pdfs. Yellow and red are high values ofi€an age tracer for High Lid and Low Lid on three dates
the most probable mixing ratio, and purple and blue indicate lowin the 2nd and 3rd years of the simulations. High Lid
probability, or infrequently observed mixing ratios. Reduced Vert produces the two-lobed circulation in the mesosphere (1
is shown in color and the outline of the mean (solid) and rangeApril and 10 May), consistent with CHstructures seen by
(dashed) for Full Vert is overlaid. HALOE (Ruth et al., 1997) near equinox. This circula-
tion fills the lower mesosphere, and when cooling begins
in the Austral fall, poleward and downward transport of air
its higher ozone in the polar upper stratosphere. (Methandrom the lower mesosphere fills the Antarctic upper strato-
has very small vertical gradients in this region and is thussphere. By 10 May, horizontal transport near 1hPa has
insensitive here.) The lack of a full mesosphere has a negbrought the tracer to the Antarctic in High Lid while similar
ligible effect on middle and lower stratospheric ozone in thetransport is clearly lacking in Low Lid. The bottom panels
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(5 September) illustrate how the missing mesospheric circu-
lation has a similar effect as the Arctic vortex is forming. 014 . Sep 450K
Without a mesospheric circulation, the upper stratospheric '
transport is “short-circuited” in Low Lid and the Arctic up- 0.12F Vortex Surf Zone 7
per stratosphere_is still completely isolated after more than 2 . 0.10} Full Vert 3
years. Having a lid near the mesopaus8.01 hPa)resultsin 2 - HALOE
more effective constituent transport in the upper stratosphere.'.(aU 0.08f ]
Qo
. . . o 0.06
Differences in equator-to-pole transport in these models =
are also observed in the GHbolar upper stratospheric an- 0.04
nual cycle (contoured pdfs) shown in Fig. 11. Pdfs of 0.02
CLAES measurements during 5 southern hemispheric view-
) : . 0.00]
ing periods €35 days each) are overlaid on the model re-
sults with black contours; the innermost contour indicates 400 600 800 10001200140016001800
the most probable value. Both simulations show large vari- CH, (ppb)
ability associated with the breakdown of the vortex in late
spring (October—November) and a rapid decline throughout Nov 450K
the summer (December—April). Neither simulation main- 0.14 T T T T T
tains high CH up to mid-summer as shown in the obser- 0.12k Vortex Surf Z‘one ]
vations. Both CLAES and the models show a minimum in ' | !
the annual cycle in April, but by winter, only CLAES and >, 0.10F Full Vert | I| ]
High Lid show?ncreased Chesulting from strong_transport E 0.08k - --HALOE (I ]
from lower latitudes. Weak upper stratospheric poleward "
transport in “Low lid” is indicated by persistently low GH g 0.06
from May—September; this is also shown by the age tracer in o 0.04
Fig. 10 (10 May). Arctic CH in High Lid is systematically '
higher in the upper stratosphere than Low Lid, but CLAES 0.02
CHgy is higher still, suggesting that neither model has strong 0.00]

enough horizontal transport in the NH upper stratosphere. In 400 600 80010001200140016001800
the SH, High Lid compares very closely with CLAES, ex- CH, (ppb)

cept in early summer, suggesting that the upper mesospheric
lid is important for producing realistic transport in the upper

stratosphere. Fig. 8. Comparison of the separation of vortex (60=8) blue)

and midlatitude (44-60S, red) air masses in Full Vert (solid) and

) ) ) HALOE (dashed) CH in September and November. Full Vert has
Although Low Lid has too little upper stratospheric ¢H 5 sharper vortex edge in September than seen by HALOE, but by

in the fall, by late winter it has too much in the Antarctic November, model and observed vortex and midlatitude air masses

lower stratosphere, consistent with the pattern of general cirdistributions are very similar. Pdfs from Reduced Vert (not shown)

culation differences seen in Fig. 9. The differences caused byre indistinguishable from Full Vert.

the lid are greatest in the Antarctic vortex, as seen in Figs. 9

and 12. In Fig. 12, the midlatitude distributions of the two

simulations are indistinguishable, but the vortex pdf in Low 5.3 The effect of lower horizontal resolution

Lid has much higher CiH Air descending in the Low Lid

vortex is subject to stronger horizontal transport in the mid- This section compares the simulations “Low Res” and “Low

dle stratosphere and below, resulting in highersGhat de-  Lid” which have the same 28 vertical levels and 0.4 hPa lid

scends to the lower stratospheric vortex by the end of winterbut different horizontal resolution. The Low Re4° wind

Both simulations show vortex and midlatitude distributions fields were created by subsampling the Low Litix2.5

that remain isolated from each other in spring, in good agreefields.

ment with the analysis of HALOE CHbehavior in Strahan The comparison of mean GHOg3, and age differences

and Douglass (2004). Vortex isolation is slightly better in in Fig. 13 shows that decreased horizontal resolution has a

High Lid. High Lid vortex pdfs in September and November much greater effect than reduced vertical resolution or low-

(solid blue lines) have greater overlap (53%) than Low Lid ering the CTM lid. In the Low Res lower stratosphere, lower

vortex pdfs (dashed blue lines, 41%). That is, the Low Lid CH4 at low latitudes and higher GHat high latitudes (i.e.,

vortex pdfs change more during spring because more midlatflatter meridional gradients) suggest that lower horizontal

itude air is able to mix in. Similar differences in behavior are resolution leads to increased horizontal mixing. HighgirO

found are found in the NH. the northern lower and middle stratosphere suggests stronger
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Fig. 9. Top panels: Zonal annual mean ¢Hnd G;, and mean age in High Lid (Reduced Vert). Bottom panels: Differences in Okl

and mean age between Low Lid and High Lid (Low Lid — High Lid). The vertical coordinate is pressure (hPa). The intervals in the differnce

plots are 50 ppb Cil 0.2 ppm @G and 0.1 year.

transport out of the tropical production region. The patternsand the extratropics younger, and results in slightly older air
of age and CH differences are very similar. With young air ascending to the middle and upper stratosphere. This effect
more likely to circulate poleward than upward in Low Res, was also seen in Fig. 6, where the Low Res 500K tropical
the middle stratosphere and above are “depleted” in young@nd midlatitude peaks are shifted toward each other (more
air, increasing the mean age there and decreasing the agmixing) compared to the°X 2.5 simulations. At 1000 K
in the polar lower stratosphere. The mean age comparison@bove 10 hPa), both peaks are shifted to lower mixing ra-
shown in Figs. 3, 9, and 13 show that lowering the lid or tios, reflecting the difficulty of getting young air above the
decreasing the horizontal resolution noticeably compromisesropical lower stratosphere in thé »5° model.
transport, making it harder.for air tp get to the middle strato-  The excessive horizontal mixing in Low Res actually com-
sphere and above, but easier to mix poleward below that.  hensates for the inadequate upper stratospheric equator-to-
These circulation problems are easily traced to severapole transport caused by the lower lid (Fig. 11), demonstrat-
transport processes. Figure 14 shows age spectra in the polarg that two wrongs can appear to make a right. Figure 15
lower stratosphere (57 hPa) and near the tropicah@xi- shows how meridional gradients of Glih the upper strato-
mum (10 hPa) from four CTM simulations. The Low Res sphere are affected by the change in horizontal resolution and
age is markedly different from all the®22.5° age spectra, lid during Austral winter. In June, the strongest gradients are
especially in the southern hemisphere. In the polar lowerbetween 40—60S and are similar in all 3 simulations shown.
stratosphere, Low Res air arrives much sooner and continuBy September, the two°% 2.5 simulations show parallel
ously, rather than having an annual cycle of transport as seegradients at the vortex edge while the° is weaker. Fig-
in all other implementations. In the tropical middle strato- ure 11 showed that CHn the upper stratospheric vortex at
sphere, it arrives at 10 hPa before the others but there is ledbe end of winter was simulated well by High Lid but was too
of it because more has mixed out of the tropics before arrivdow in Low Lid. Figure 15 shows that Low Res moderates the
ing there. low vortex values seen in Low Lid; unfortunately, this im-

Figure 14 demonstrates that>45° resolution allows too provement is caused by the inability of Low Res to maintain

much leakage out of the lower stratospheric tropical pipe and® VOrtex edge gradient and the improved vortex agreement
explains the structure of the mean age difference in Fig. 13¢0Mes at the expense of midlatitude values.

Low Res allows greater mixing of young and old (midlati- The behavior of the Low Res Antarctic vortex demon-
tude) air in the lower stratosphere, making the tropics olderstrates a serious consequence of decreased horizontal
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Fig. 11. The annual cycle of CLAES and model gH2-8C S on

. o . . the 1200 K surface using contoured pdfs. Yellow and red are high
Fig. 10. Zonal mean age tracer distributions for High Lid (left pan- 5,65 of the most probable mixing ratio, and purple and blue indi-

els) and Low Lid (right panels) for 1 April (dgy 641), 19 May_(day cate low probability, or infrequently observed values. CLAES pdfs
680), and 5 September (day 797). The vertical coordinate is presg,m 5 goythern hemisphere viewing periods are overlaid on the
sure (hPa). Lacking a mesopheric pathway, Low Lid transports aifjjgh | ig (top) and Low Lid (bottom) annual cycles. The innermost

to the polar upper stratosphere much more slowly. contours of the CLAES pdfs are the most probable values.

resolution. Consistent with Fig. 15, Fig. 16 shows that 450 Ktic 0zone depletion, and for the dispersion of ozone-depleted
vortex and midlatitude air masses in September are less seRjr into the midlatitudes.

arated at 4x5° than at 2x2.5°. In spite of too little CH in

Low Res in the Antarctic upper stratosphere in fall, its exces-5.4 Requirements for producing a realistic vortex edge
sive horizontal mixing results in too much Glih the lower

stratosphere by spring. By November, the Low Res vortexWas the leaky vortex behavior of Low Res caused by the
air mass has significantly increased mixing ratios compared® x5° resolution of the advection calculation? Or, is forc-
to Low Lid. The overlap between the September and Novem-ing at scales smaller thar? 45° essential to forming and
ber vortex distributions indicates how much the vortex air hasmaintaining the vortex? If it is a resolution effect, do we
changed. Low Res has only 19% overlap, compared to 41%now that advection at°42.5° is adequate? These ques-
for Low Lid and 53% for High Lid, indicating considerable tions are addressed with two additional experiments. One
incorporation of midlatitude air by Low Res. In November, experiment is run at2 2.5 resolution, but uses the 45°

Low Res pdfs are overlapped and the vortex peak has inwinds that were linearly interpolated back t6>x2.5> and
creased by~200 ppb since September. This contrasts withthus contain no wave forcing below the scale of the g

the Full Vert vortex peak change of about +50 ppb duringgrid (“Smoothed”). The other experiment uses the origi-
spring. The lack of a strong barrier to mixing has impor- nal 2 x2.5° winds linearly interpolated to°k 1.25 (“High

tant consequences for the maintenance of the highaul Res”) and thus contains no wave forcing below the scale
NO, environment required to successfully simulate Antarc-of the 2x2.5> winds (Low Lid). We address the issue of
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sistent with the results of Waugh and Plumb (1994) showing
Sep 450K
0.10 g . . that small scale atmospheric structures could be produced
) Vort surf 7 from low resolution wind fields. Realistic vortex behavior
0.08} onex urrzone is impaired by the 2x5° resolution in this CTM, but not by
E " High Lid the lack of small scale wave forcing.
S 0.06f : ',, i The bottom panel of Fig. 17 compares thex2.5° ad-
8 . 1 ---Lowlid vection of “Low Lid” with an experiment using the Low Lid
g 0.04F ] winds interpolated to°Ix 1.25 (“High Res”). The winds in
0.02k ] High Res have the same information content as Low Lid. The
) differences in the shapes, peaks, and separations of the vortex
0.00 : ” . : and midlatitude pdfs are very slight, with High Res having a
600 800 10001200140016001800 slightly stronger barrier to mixir_19 (i_.e., Iqwer vortex GH
CH, (ppb) The top panel demonstrates a significant improvement in vor-
tex behavior going from%x 5° to 2° x2.5°, while the bottom
Nov 450K panel shows very little gain in vortex isolation &tx11.25
0.10 y y y y resolution. (Since the original resolution of the FVGCM is
Vortex Surf Zone 2°_>< 2.5°, we cannot say whether a higher resolution GCM
- 0.08f 3 1 might produce a better vortex.)
E 0.06} 7
3
o 0.04f : 6 Summary: Implementation effects on transport pro-
a cesses
0.02f 7
A chemistry and transport model using stored meteorologi-
0.00 Iy y p g g

600 800 10001200140016001800

CH, (ppb)

cal fields is a useful tool that can make complex atmospheric
studies tractable. It is essential that we understand how our
implementation choices affect the results calculated. To that
end, this paper has examined the representation of strato-

Fig. 12. Comparison of the separation of vortex (60=80) blue)
and midlatitude (44—60S, red) air masses in High Lid (solid) and
Low Lid (dashed) in September and November. The lid height
does not affect the midlatitude distributions, but the High Lid vortex
maintains lower Cl.

spheric processes using a variety of implementations to iden-
tify the consequences of lowering the CTM lid, the vertical
resolution, and the horizontal resolution.

Realistic tropical ascent in models is important for simu-
lating the propagation of an annually varying cycle into the
stratosphere, for example, the “tape recorder” in water (Mote
producing a realistic vortex edge by comparing these newet al., 1996). The rate of ascent was affected by level spac-
experiments with Low Lid and Low Res. These results areing, with more closely spaced levels leading to slower ascent.
specific to the Lin and Rood (1996) advection scheme used his could be caused by vertical diffusion (i.e., air can dif-
in this CTM; Searle et al. (1998) found that the sensitivity fuse faster when it has fewer grid boxes to travel through), or
to resolution depends on the diffusiveness of the advectiorit could result from the method of mapping the original wind
scheme. fields to lower vertical resolution. Mesospheric lid height had

What makes the Low Lid vortex behavior more realistic N0 impact on ascent rate below the middle stratosphere, but a
than Low Res? The top panels of Fig. 17 compare the state dpw lid slowed ascent slightly in the upper stratosphere. Hor-
the November vortex in Low Res (top) and Low Lid (middle) izontal resolution affected ascent, with the Low ReS(8°)
with an intermediate experiment, “Smoothed”, which has Simulation having faster ascent than all tfex2.5° simula-
2°x2.5> advection but 2x 5° information content. All simu-  tions (Fig. 14).
lations were begun on 1 July from the same initial conditions. The strength of the subtropical mixing barrier is relevant
The top panel shows that Low Res and Smoothed do not getb the impact of lower stratospheric midlatitude aircraft emis-
the same CHl distributions even though the winds have the sions on tropical ozone (Douglass et al., 1999). All CTM ver-
same scale wave forcings, implying that resolution matterssions produced some barrier to tropical-midlatitude exchange
in the formation of the vortex mixing barrier. In the middle in the middle and lower stratosphere, but the barrier was no-
panel, the experiments have the sarhge 2.5° advection but  ticeably weaker at%x 5° resolution. The simulation with the
different information content in the winds. The experiments’ slowest ascent also had the strongest barrier to mixing with
pdfs are nearly identical, suggesting that smaller scale wavethe midlatitudes. Surprisingly, the simulation with faster
do not play an important role in vortex behavior. This is con- ascent also had older mean age in the upper stratosphere
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Fig. 13. Top panels: Zonal annual mean glind G;, and mean age in the GSFC CTM with reduced vertical resolution and low lid (Low

Lid). Bottom panels: Differences in G103, and mean age between @4&° resolution CTM (Low Res) and the€ % 2.5° resolution Low

Lid. The vertical coordinate is pressure (hPa). The Low Res tropical pipe is not as isolated and poleward transport is much stronger in the
lower stratosphere. The intervals in the differnce plots are 50 pph G& ppm Q and 0.1 year.

because of the concomitant strong tropical-midlatitude ex-ing the horizontal resolution t6°45° produced a weak bar-
change that aged the tropical air. rier, with significant mixing between vortex and midlatitude

Douglass et al. (2004) demonstrated that transport is im_air masses throughout spring. The results of an experiment
run at 2 x2.5° with small scale wind structure removed de-

portant for the simulation of upper stratospheric ozone be- ; )
cause the distribution of NCand CIQ. families, which pro- termined that the poor vortex edge behavior was caused by

vide the primary losses for £ are controlled by transport. th? 49;:50 advection and not by a Iac:< of Smﬁ” sczle vxlnnds.
Polar upper stratospheric transport was not significantly af further experiment at<x1.25’ resolution showed only a
small increase in vortex isolation. Realistic containment of

fected by a reduction in vertical levels above the middle X o ; e
stratosphere. However, moving the lid from 0.01hPa toperturbed chemistry inside the vortex is possible in this CTM
' ' ' integrated at 2x2.5°, but not at lower resolution.

0.4 hPa did have a significant effect. The lack of a full meso-
sphere in Low Lid inhibited transport of air from low to high The sensitivity to lid height was not the same in the Arc-
latitudes, leading to a more isolated polar upper stratospherdic and Antarctic lower stratosphere. The age spectra of all
With a low lid and £ x5° resolution, the CTM compensated the 2 x2.5° simulations were nearly identical in the Arctic,
for weak transport in the polar upper stratosphere by enwhile in the Antarctic, the low lid model differed from both
hanced horizontal mixing. Stronger horizontal mixing flat- high lid models and indicated a greater influence from young
tened the high latitude gradients, ‘correcting’ the lowH air. This shows the need for a full mesosphere to represent
the polar region. This correction was cosmetic only and didthe Antarctic stratosphere, not just because the mesosphere
not improve the physical representation. is a source of old air, but because the vortex mixing barrier is
The behavior of the Antarctic vortex is clearly very im- slightly better represented with a high lid. The simulation of

portant to simulations of the 0zone hole, including those that\ctic lower stratospheric phenomena requires 2.5, but
predict its future disappearance. The reduction of verticalSOMe Arctic winters could be well represented without a full
resolution above the lower stratosphere had a negligible efMesosphere or high vertical resolution above 50 hPa.

fect on the behavior of the Antarctic vortex during spring, but  Low horizontal resolution compromises the model’s abil-
lowering the lid increased poleward horizontal transport andity to confine chemically perturbed air (e.g., high,Gind
mixing in the middle stratosphere. Low Lid allowed slightly low NO,), which is especially important in the Antarc-
greater mixing between the vortex and midlatitudes. Lower-tic vortex in September when ozone loss is rapid. This
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0.006 . 74l\,|’ o7 ,hPa . Fig. 15. Methane meridional gradients in the SH for High Lid
) (dashed), Low Lid (dot-dash), and Low Res (solid). The gradients
0.005F ;‘(1 ; of the three simulations are similar in late fall (top), but by the end
P il /1\“‘“\\ of winter (bottom), the Low Res gradient between the midlatitudes
3 0.004 A ; and the vortex is much flatter than the twdx2.5° simulations.
~ 0.003} «
) [ (U
S 0.002} ‘lpm . -

i) der moments advection scheme (Prather, 1986), which is less
0.001F ; diffusive because it carries more information about the con-
0.000 T , , , stituent distribution within each gridbox; they did find less

0 1 2 3 4 5 ozone loss as resolution decreased in a more diffusive ad-
Years vection scheme (Williamson and Rasch, 1989). Our CTM

implementation results are consistent with the analyses of

Fig. 14. Five-year age spectra in the tropical middle stratospheret"\’O 4 x5° simulations W'Fh the GMI CTM (an5|d|ne et
(top), and Antarctic (middle) and Arctic (bottom) lower stratosphere @l 2004). In the Antarctic, they found that high,Gkas
from 4 simulations. In the middle stratosphere, the simulation with N0t maintained long enough and ozone loss was not fast
the highest (lowest) spatial resolution (Full Vert, blue and Low Res,enough to sufficiently deplete ozone in simulations integrated
red) has the slowest (fastest) tropical ascent with the greatest (leasgt 4°x5°. Improvement in the containment of perturbed
tropical isolation. Low Lid shows transport differences from the chemistry in the GSFC CTM integrated &t>2.5° resolu-
high lid simulations in the Antarctic but not in the Arctic. tion has been seenin arecent 50_yr CTM simulation of ozone
recovery (Stolarski et al., 2006).

The experiments presented here show that a faithful repre-
conclusion applies to the Lin and Rood advection schemesentation of stratospheric transport in this CTM using Lin
used here. Searle et al. (1998) saw no sensitivity of po-and Rood advection is possible with relatively low verti-
lar ozone loss to horizontal resolution that ranged fromcal resolution £4 km spacing) in the middle stratosphere
1.£%x1.4 to 5.6x5.6° in their CTM using a second or- and above, but lowering the lid from the upper to lower
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and midlatitude (44—60S, red) air masses in Low Lid (solid) and 0.20F _ ]
. o . 40-60S
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Low Res vortex mixing ratios indicates vortex isolation is compro- > 0.15F I 1x1.25 60-80S ]
mised by low horizontal resolution. = v i 2x2.5
2 S
2 0.10F ]
mesosphere has consequences for the realism of upper strato- 5
sphere. This ultimately has an effect on the polar lower 0.05f | ]
stratosphere, but more so for the Antarctic than the Arctic. 0.00 I ' -

The fidelity of lower stratospheric transport is strongly de-
pendent on the presence of realistic mixing barriers in both
the subtropics and high latitudes, and thus requifes225®
resolution. The ability of CTMs to quickly perform sensi-
tivity studies such as these makes them a valuable tool foFig. 17. The effects of advection resolution and small scale winds
climate and chemistry assessments and in the development vortex behavior, demonstrated with the evolution of vortex and

of thoroughly evaluated, credible chemistry-climate models. midlatitude CH, pdfs. Top: simulations with different horizontal
resolution but same scale forcing in the wind field$x5°). Mid-
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