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[11 The Model for Ozone and Related Chemical Tracers, version 3 (MOZART-3), which
represents the chemical and physical processes from the troposphere through the lower
mesosphere, was used to evaluate the representation of long-lived tracers and ozone using
three different meteorological fields. The meteorological fields are based on (1) the Whole
Atmosphere Community Climate Model, version 1b (WACCML1b), (2) the European
Centre for Medium-Range Weather Forecasts (ECMWF) operational analysis, and (3) a
new reanalysis for year 2000 from ECMWF called EXP471. Model-derived tracers
(methane, water vapor, and total inorganic nitrogen) and ozone are compared to data
climatologies from satellites. Model mean age of air was also derived and compared to in
situ CO, and Sk data. A detailed analysis of the chemical fields simulated by MOZART-3
shows that even though the general features characterizing the three dynamical sets are
rather similar, slight differences in winds and temperature can produce substantial
differences in the calculated distributions of chemical tracers. The MOZART-3 simulations
that use meteorological fields from WACCM1b and ECMWF EXP471 represented best
the distribution of long-lived tracers and mean age of air in the stratosphere. There was a
significant improvement using the ECMWF EXP471 reanalysis data product over the
ECMWF operational data product. The effect of the quasi-biennial oscillation circulation
on long-lived tracers and ozone is examined.

Citation: Kinnison, D. E., et al. (2007), Sensitivity of chemical tracers to meteorological parameters in the MOZART-3 chemical
transport model). Geophys. Resl12 D20302, doi:10.1029/2006JD007879.

1. Introduction 1985; Crutzen and Zimmermanl991; Penner et al.
I%)891; Roelofs and Lelieveldl995; Milller and Brasseur

[2] During the last decade, three-dimensional (3- 5. Wang et al 1998] or into the midstratosphere
chemical transport models (CTMs) have been devglo ic’aIIy 10-5 hPa).[e gBrasseur et a).1998:Lawrence et
and used to quantify the global budget of tropospheric a -, 1999; Horowitz e't al, 2003], and the' influence of
stratospheric chemical compounds, and to simulate thgj: tospheric compounds on tropospheric chemistry was
atmospheric transport, chemical transformations and remay, ressed by specified upper boundary conditions. For
from the atmosphere. These numerical tools have a mple, in the Model for Ozone and Related Cher-nical

been used to assess the impact of human activities Q.o "\ ersion 2 (MOZART-2Hprowitz et al, 2003], the
global air quality. Many of the earlier chemical transpog.'i ! . '

: : ing ratio of species like ozone {fQinorganic nitrogen
models that were focused on tropospheric physical ag@des (NQ), and nitric acid (HN@) were specified in the
chemical processes, extended in altitude only to tﬁ‘atosphere according to climatological values, while in the
tropopause  (typically 100-50 hPa) [e.d.evy et al, Harvard GEOSCHEM modelBey et al. 2001], a net

stratospheric production was specified far ®hich deter-
INational Center for Atmospheric Research, Boulder, Colorado, usilined the downward flux of this compound through the
2Laboratory for Atmospheric and Space Physics, University éfopopause NicLinden et al. 2000]. Several studies

Colorado, Boulder, Colorado, USA. [Horowitz et al, 2003; Emmons et al.2003; Rotman et
ég;\?ﬁi"éYA,ﬁ?%ﬁtigrybm(\?e’*rg'tyBgfl'faerri's %o'g;ar‘i"so'lzlﬂ:nAc-e al., 2004; Gettelman et a).2004] have shown that the
SGoddard Earth Sciences and Technolc’)gy Center, University fgrmulation of transport cqndmons in the vicinity of the

Maryland, Baltimore County, Baltimore, Maryland, USA. tropopause ha_S a large influence on the Ca|CU!at§d .O
Max Planck Institute for Meteorology, Hamburg, Germany. concentrations in the troposphere, particularly during win-

’European Centre for MediuRangeweather Forecasts, Reading, UKter, Different models provide different quantitative values of
. . . . the cross-tropopauseszQlux, and hence of the global
Copyright 2007 by the American Geophysical Union.

0148-0227/07/2006JD007879 budget of tropospheric O
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[3] Since the climate-related interactions between chelavels of the middle atmosphere. This is a condition for
ical composition and radiative processes are particulatthese chemical transport models to adequately represent the
strong near the tropopause, and the vertical concentratiogridional transport of atmospheric tracers, the mean age of
gradients of radiatively active species are large in this reg@in in the lower stratosphere, and the flux of chemical
of the atmosphere, much care must be put in the repressnstituents through the tropopaustlton et al, 1995].
tation of dynamical and chemical processes in the upg@rch models need also to treat accurately chemical trans-
troposphere/lower stratosphere (UTLS) region. For exaformations and, specifically, heterogeneous processes on
ple, the vertical resolution adopted in this transition regigmolar stratospheric cloud (PSC) and aerosol particles.
should lead to a sufficiently accurate representation of crogs] Three-dimensional chemical transport models with a
tropopause exchanges as well as detrainment of air frioous on the middle atmosphere were developed over the
convective regions. A major challenge for modern modeldést decade [e.gRose and Brasseut989; Chipperfield et
to accurately describe the exchange of chemical compouatis1993;Rasch et a).1994;Lefevre et al, 1994;Brasseur
across the tropopause, which is strongly affected by swt-al, 1997; Douglass et al. 1997; Rotman et al. 2001;
optic-scale events and other small-scale mixing procesktghowald et al. 2002; Marsh et al, 2003; Rotman et aJ.

[Pan et al, 2004, 2007]. 2004; Considine 2004; Douglass et al. 2004]. These

[4] Severalrecent studies have highlighted the difficulty chemical transport models have included gas-phase and
accurately representing dynamical and transport processéeeilerogeneous reactions that represent realistically the dis-
the upper troposphere and lower stratospliayaglass et al. tribution of radicals contained in the,HO,, NO,, CIQO,,
[1999], for example, have shown that different meteorolognd BrQ, family of constituents that are important for the
ical fields used to drive chemical transport models can le@d balance in this region. Only one of these models
to very different distributions of chemical species in thepresented the chemical and physical processes of both
UTLS region. Specifically, they provide different estimatdbe troposphere and stratospheRotan et a). 2004],
of the impact on the stratosphere of the exhaust releasedvbyle another represented in detail the chemical and phys-
aircraft engines in the vicinity of the tropopauBeuglass ical processes of the mesosphere and lower thermosphere
et al. [2003] showed that, although chemical transpojiRose and Brasseufl989; Marsh et al, 2003]. Chemical
models driven by assimilated fields provide realistic shorodels covering the “entire atmosphere” have recently
term simulations, the use of dynamical fields produced bgen coupled “online” to general circulation models. The
atmospheric general circulation models might be mo@IM used in the present study, the Model for Ozone and
appropriate for long-term simulations of the stratospheRelated Chemical Tracers, version 3 (MOZART-3) chemi-
composition. Schoeberl et al[2003] showed that the cal formulation has, for example, been incorporated into the
assimilation process introduces additional noise in thki¢hole Atmosphere Community Climate Model (WACCM)
meridional motions, leading to excessive vertical dispersifBassi et al. 2005; Lamarque et a). 2006; Eyring et al,
and hence to an overestimation of the Brewer-Dobsaf06;Garcia et al, 2007;Marsh et al, 2007; Tilmes et al.
circulation in the stratosphere. As a result, the mean &f#7] at the National Center for Atmospheric Research, in
of air in the stratospherélfll and Plumb 1994;Hall et al, Boulder, Colorado, and into the Hamburg Model for Neutral
1999] is shifted toward values lower than suggested by thed lonized Atmosphere (HAMMONIA)Schmidt et al.
observationsGettelman and Sob§000] also showed that 2006] at the Max Planck Institute for Meteorology, in
assimilation systems could bias estimates of stratosphedemburg, Germany.
tropospheric exchange. Recentign Noije et al.[2004] [7] Several application studies using MOZART-3 have
showed that the enhanced Brewer-Dobson circulation preeently been publishe@grkman et al. 2003;Park et al,
duced by the ERA-40 reanalysis distributed by the Euro@804; Sassi et al.2004;Gettelman et al.2004;Kulawik et
an Centre for Middle-Range Weather Forecast (ECMWA&I), 2006]. The purpose of the present paper is (1) to provide
produces an excessive downward flux of &cross the the first detailed description of MOZART-3 (see auxiliary
tropopause. They concluded that simulations could bwterial), (2) to evaluate the distributions of chemical
improved if tropospheric chemical transport models driveompounds calculated using different meteorological fields,
by the ECMWF reanalysis, ERA-40, constrain thg Qwith an emphasis on the middle atmosphere region, (3) to
concentrations in the lower stratosphere by relaxation highlight the role including a quasi-biennial oscillation has
climatology (rather than by specifying the net stratospheiic modifying stratospheric ozone and its precursors, and
ozone source), and use the “forecast” fields rather than {#® to assess whether the new reanalysis meteorological
“analysis” (first-guess) fields to calculate the transport giroducts provided by ECMWF are suitable for future
chemical species. studies that include satellite observations to better under-

[s] The mean meridional circulation of the lower stratcstand stratospheric physical, dynamical, and chemical pro-
sphere, which affects vertical mass fluxes in the UTL®sses.Specifically, this paper investigates the sensitivity
region, is driven primarily by the “drag” provided byof the calculated tracer distributions and mean age of air to
planetary and gravity wave momentum deposition in thiee adopted temperature and wind fields, and assesses the
stratosphere and mesosphere. The “downward control piimpact of different physical and dynamical processes on the
ciple” [Haynes et aJ.1991] states that the mean verticalistribution of water vapor (#) and Q in the middle
velocity in the vicinity of the tropopause is influenced bgtmosphere.
momentum sources in the stratosphere, and even up to the
lower thermosphere. Therefore global three-dimensional
chemical transport models, even if they address issues, — —

. Auxiliary material data sets are available at ftp://ftp.agu.org/apend/jd/
related to tropospheric processes, should extend to the URBE&jd007879. Other auxiliary material files are in the HTML.
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Table 1. Model Simulations

Case Name Meteorological Fields Horizontal Resolution Vertical Resolution Vertical Domain
1 MZ3-WAlb WACCM, version 1b 28 28 Troposphere: 1 km 0-150 km
UTLS: 1.2 km

Stratosphere: 2—3 km
Mesosphere: 3 km

2 MZ3-Op ECMWF operational year 2000 1919 Troposphere: 0.5 km 0-65 km
UTLS: 1 km
Stratosphere: 1.5—-2 km
3 MZ3-EXP471 ECMWEF reanalysis 19 19 Troposphere: 0.5 km 0-65 km
version EXP471 year 2000 UTLS: 1 km

Stratosphere: 1.5—2 km

2. Model Description the mass conservation of stratospheric consistents (e.g.,

. ozone) is negligible.
[8]. The MOZART model, version 3 (MQZART—3), Was 111 A detailed description of the approaches adopted in
designed to represent chemical and physical processes f

the troposphere throuah the lower thermosphere. T ART-3 to account for meteorological and transport
posp oug X P . lr’%cesses, surface emission and deposition of chemical
model is an extension to the middle atmosphere of t

global tropospheric models MOZART-Briasseur et al. Semes, gas-phase and heterogeneous processes, as well

1998;Hauglustaine et a].1998] and MOZART-2Horowitz ggr;[gr?u?tu n:rear:s? | ;IP ngLharggnusstiasdégiigli\é%éhﬁ]iﬁrere;ﬁ;ﬁg:ng
et al, 2003;Emmons et al.2003]. MOZART-3 is designed aterialy P q y
in a framework similar to the earlier versions of MOZAR'II,n '

but accounts for additional processes such as (1) vertical ) .

mixing associated with gravity wave breaking in the upp8r Model Simulations

stratosphere/mesosphere, (2) molecular diffusion of constit;,] Three sets of meteorological fields are used to drive

uents important above 80 km, (3) source gases, radiCRizART-3 in this study. Below is a brief description of

chemical and photochemical reactions to represent the C¥ach set and of how the fields were used in the simulations
and BrQ families of constituents, (4) stratospheric sulfajgported here. See also Table 1.

aerosols and polar stratospheric clouds (PSCs) to represent . )
stratospheric heterogeneous processes and subsegueri-lo Case 1: Dynamical Fields From the WACCM1b
loss, (5) photolysis to wavelengths as short as 120 niio el
important for upper stratosphere and mesosphere photfrs] The Whole Atmosphere Community Climate Model,
chemistry, and (6) auroral N@roduction for better repre-version 1b (WACCM1b) is a comprehensive model, span-
sentation of high-latitude NCGand G photochemistry. ning the range of altitudes from the Earth’s surface to the
[f] MOZART-3 is similar to MOZART-2 Horowitz et lower thermosphereSpssi et a).2004]. This model is built
al., 2003] in that a detailed formulation of physical prodpon the numerical framework of the NCAR Community
cesses in the troposphere is included (e.g., boundary lagémate System Model (CCSM). The horizontal resolution
exchanges, convective transport, and hydrological cycle).8 2.8, with 128 64 points in a quasi-linear grid
(based on the Model for Atmospheric Transport and ChefiWilliamson 1997]. There are 66 vertical levels from the
istry (MATCH) [Rasch et a).1997]). Meteorological fields surface to approximately 150 km. The vertical resolution of
(e.g., temperature and horizontal wind components) ACCM1b is less than 1 km in the troposphere, and
needed to drive the transport of chemical compounds agproximately 1.2 km in the UTLS region,; it increases to
well as the hydrological cycle (cloudiness, precipitatiod—3 km in the stratosphere and t@ km in the meso-
etc.; see auxiliary material). These dynamical fields eghere/lower thermosphere (M/LT). The dynamical govern-
provided either from a general circulation model simulatidng equations are solved with a semi-Lagrangian technique
or from meteorological analyses produced through opef@lliamson and Olson1994].
tional weather prediction or reanalysis. ) . .
[1 The vertical velocities are derived in MOZART-3>:2: Case 2: Dynamical Fields From ECMWF
from the divergence of the horizontal velocity fields, usingperanonal Analy3|s _ )
an advection routine based on the workLaof and Rood  [14 Operational meteorological fields for the year 2000
[1996]. This routine is a numerically fast, flux form semiproduced by the European Centre for Medium-Range
Lagrangian transport scheme. Therefore the vertical vel¥¢eather Forecasts (ECMWF; http://www.ecmwf.int/) are
ities of the parent General Circulation Model (GCM) are ngg€d in this study. Like WACCML1b, the assimilation model
used. One consequence of using meteorological fields fr§fgd to derive these meteorological fields is based on a
GCMs is that the time evolution of the divergence of th€Mi-Lagrangian treatment of atmospheric dynamics and a
meteorological fields may not be consistent with the tinf@mprehensive representation of physical processes. The
evolution of the surface pressure field. This issue is d@Perational analysis system uses four-dimensional varia-
cussed in detail biorowitz et al[2003] andRotman et al. tional (4D-Var) assimilation. During 2000, this 4D-Var
[2004]. For the results shown in this paper, the errdyStém was changed from 6- to 12-hour cycling in Septem-
associated with adding in a surface pressure adjustmenP8h and spectral horizontal resolution was changed from
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T319 to T511 truncation in November. For use iinput meteorology was on a 6-hour average interval. The
MOZART-3, the archived meteorological fields are reducddOZART-3 model was integrated for multiple years for
to a uniform lower resolution by truncation to T63, consisteaich set of meteorological fields, until the deriveg O
with an N48 Gaussian grid of horizontal resolution 1.9 reached steady state in the stratosphere. The last year of
1.9. They are defined on 60 levels from the surface tbe simulation was used in this study. In the following
approximately 65 km, with vertical resolution about 0.5 kdliscussion, these simulations will be designated as MZ3-Op
in the midtroposphere, around 1 km in the UTLS regiofcase 2) and MZ3-EXP471 (case 3). MZ3-ECMWF will
and close to 1.5 km for most of the stratosphere. refer to both of the simulations.
. . [19] For all three cases examined in the paper, the sulfate

3.3. Case 3: Dyngmlcal Fields From the ECMWF surface area density was derived from year 1999 observa-
EXP471 Reanalysis _ tions [Thomason et a1.1997] (as updated byorld Mete-

[15] The ECMWEF reanalysis called ERA-40 was producestological Organization (WMO[2003]). Surface boundary

by a 3D-Var data assimilation technique using 6-hourfpnditions for C@, CH,, N,O, Hy, CHsCl, CCly, CHsCCls,
cycling. The assimilating atmospheric model had T1%Cl,, CF,Cl,, CFC-113, HCFC-22, C4Cl, CHsBr,
spectral truncation in the horizontal (using a linear reduceg;Br, and CRLCIBr are constrained by observations (see
Gaussian grid with 125 km spacing), and the same 60-levejuxiliary material for references). These surface boundary
vertical resolution as used in the operational analysis syste@hditions were set to 1999 conditions for the MZ3-WA1b
The model and the assimilation system are describedciise and 2000 conditions for the MZ3-ECMWE cases.
detail byUppala et al.[2005]. _ [20) For the mean age-of-air simulations, a tracer version

[16] Because of known deficiencies in ERA-40 fields fopf MOZART-3 was created. Here a flux is specified that
simulation of long-term chemical transport [ev@an Noije increases the atmospheric burden linearly in time. This
et al, 2004;Uppala et al, 2005], we use here an updategracer is conserved (i.e., there are no loss processes in the
set of ECMWF reanalysis fields for the year 2000. Th&mosphere). The behavior of such a tracer is similar to the
updated reanalysis, which is designated EXP471, is onepgkerved temporal evolution of SFhe mean age of air in
several carried out for particular time segments as part of fhe middle atmosphere was derived relative to the tropical
development of an improved assimilation system to be usgshopause. This procedure is discussed in more detail by
for a new reanalysis of the period from 1989 onward. Ti®arcia et al.[2007]. The age of air was integrated with the
assimilation system for EXP471 used the same resolutiomaseorological fields corresponding to the 3 model cases

ERA-40, but used 4D-Var rather than 3D-Var analyses, Wil steady state conditions were reached (approximately
12-hourly rather than 6-hourly cycling. It benefited alsgs years).

from many changes developed for the operational ECMWF ]

system over the period since 2001, when the ERA-&PH. Observations

system was fixed. These changes include revisions in thgi] Three observational data sets are used in this study
amount, type, bias correction and quality control of ingestéat comparison to the model simulations. For ,CH,0,
data, in the humidity analysis, in the dynamical backgrouiND,, and Q we use a climatology derived from instruments
error constraint, and in the assimilating model’'s parameten-board the Upper Atmosphere Research Satellite (UARS).
izations of convection and radiation. It was not feasible Eor comparisons to this satellite climatology, we are only
evaluate the changes individually over test periods lomgerested in how representative the MOZART-3 simulation
enough to quantify the separate impact of each on kesults are with respect to climatological means (i.e., we do
features such as the implied age of stratospheridairge- not attempt to compare specific features in the simulation to
Sanz et al[2007] discuss the changes most likely to havaatellite products on a given date). We also examine the
had significant effect. As done for the operational analysesplution of @ and HO from an occultation instrument
the reanalysis data have been truncated to T63 and ev#iat samples high-latitude regions in both hemispheres.

ated on the corresponding N48 grid. Here we give both the climatological mean (for comparison
. . to MZ3-WA1b) and the results from year 2000 (to compare
3.4. Simulations with the MZ3-ECMWF cases). We also examine the evo-

[171 The WACCM1b model was integrated from 1979 tution of total column ozone. In this case we are primarily
2001 using observed sea surface temperatures and grgférested in how the MZ3-ECMWF simulations agree with

house gas abundanceZapsi et aJ.2004]. High-frequency total column ozone derived for year 2000. Below is a brief
(3-hour average) meteorological output from this simulatig@scription of each data set.

was created for MOZART-3. The WACCM1b year 199851, POAM lIl: Ozone and Water Vapor
was chosen for this study because it had meteorologicg;] The Polar Ozone and Aerosol Measurement (POAM)
conditions similar to the ECMWF year 2000 for the||instrument Lucke et al.1999] was launched into a polar,
stratosphere in Northern Hemisphere winter/springun synchronous orbit in March of 1998, and operated until
MOZART-3 was integrated for multiple years (using repecember of 2005. POAM Il measured vertical profiles of
peatedly this meteorological year) until the model was @, NO,, H,O, and aerosol extinction using the solar
steady state with respect to stratosphesic@e last year of occultation technique with nine wavelength channels rang-
the simulation was used in this StUdy. In what follows, thlﬁg from 353 nm to 1018 nm. Because of its high-inc"na_
MOZART-3 WACCM1b simulation will be designated asion orbit, measurements could be obtained in the polar
MZ3-WA1b (case 1). . regions throughout the year. Each day, 14 occultations
[18] The MOZART-3 ECMWF operational and ECMWFseparated by about 25 degrees in longitude were made
EXP471 simulations were integrated in a similar mann@found a circle of approximately constant latitude. Latitudes
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varied slowly throughout the year, between aboutd#d tion on accuracy, precision, and coverage for EP/TOMS is
71 in the Northern Hemisphere, and 68nd 68 in the given byMcPeters et al[1998].
Southern Hemisphere. (A map of latitude points whe85.3. UARS Climatology: CH,, H,O, NOy, and O3
observations are made is included in Figure 14.) There affes] Details regarding the UARS climatology used in this
43,404 total occultations incorporated in the 1998-208&idy are given byRandel et al[1998]. These data were
climatology used in this study. The POAM III inversiormapped onto an equivalent latitude coordinate. The monthly
algorithm, which utilizes the optimal estimation techniquaean methane (Cji and HO climatologies are based
to simultaneously retrieve vertical profiles of all of therimarily on version 18 Halogen Occultation Experiment
measured constituents, has been described in detail(IHALOE) data between 1991 and 1997. To fill in the polar
Lumpe et al[2002]. regions not sampled by HALOE, the Cryogenic Limb Array
[23] Lumpe et al[2006] validated the POAM Il v4.0 Etalon Spectrometer (CLAES) version 7 data and the
H,O retrievals. The BD profiles extend from 5 to 50 km, Microwave Limb Sounder (MLS) version 4 data were used
with a vertical resolution of 1 km in the lower stratosphertgr CH, and HO, respectively. Data from these two instru-
3 km in the upper stratosphere, and 5-7% precisiorents were obtained during 1992-1993. Ozone data were
throughout the stratosphere. Comparisons with correlatprgmarily taken from HALOE, with MLS data for 1991—
measurements performed bympe et al[2006] suggest a 1997 used in the polar regions. Total inorganic odd nitrogen
high bias in the Northern Hemisphere POAM measureme(iX0,) from observations are defined by summing the NO +
(satellite sunrise occultations) of about 5-10% in th¢O, sunset data observed by HALOE and adding it to the
altitude range of 12-35 km. The Southern HemispherNO; data observed by CLAES. The definition of N
measurements (satellite sunset occultations) exhibit a hilgh model is slightly different, as explained in section 4.2.
bias of about 15-25% in the same range of altitude.
Differences between POAM measurements and correlative \1odel Results and Discussion
data decrease at higher altitudes. In the Northern Hemi- ) _ )
sphere, POAM agrees with other measurements at 40 kg7l The evaluation of MOZART-3 driven with the above
and is 10% low by 50 km. The high bias in the Southefentioned meteorological fields is divided into four sec-
Hemisphere decreases to about 10% by 50 km. In spitetigns. The first section examines similarities and differences
these systematic differences in the correlative comparisd¥giween the input zonal winds and temperature fields. The
the POAM HO measurements were found to be selfecond section compares modeled and observed long-lived
consistent, with no long-term trends in accuracy or precisisacers as surrogates for the global circulation and transport
[Lumpe et al.2008]. processes. The third section examines model representation
[24 Randall et al.[2003] validated the POAM Iil v3.0 of toj[al cqlumn ozone and polar processes. Th(_a goal of these
O retrievals, showing that the POAM data agree wifections is to show that accurate representation of temper-
correlative measurements to within +5% from 13—60 krture, dynamics, and transport is critical for achieving
The Q; retrievals exhibit a high bias compared to correlativgalistic chemical distributions, and specifically for obtain-
measurements of up to0.1 ppmv from 10—12 km. POAM ing correct distributions of long-lived tracers and of ozone.
Il O retrievals have a vertical resolution of 1 km from 1 . .
to 50 km, increasing to 1.5 km at an altitude of 10 km an%l' Zonal Winds and Temperature Comparisons

25 km at an altitude of 60 km. Random errors are abouk28 In Figure 1, the latitude-altitude monthly mean zonal
5% or less above 12 km. As described lnympe et al. wind distributions are shown for January, March, July, and

[2006], the primary improvements in the version 4. ctober. Solid lines represent zonal wind propagation from
retrievals used here over version 3.0 involve changestiif West (westerlies); dotted lines represent zonal wind

how the instrument pointing was calculated, and in tisopagation from the east (easterlies). In January the
parameterization of the spectral dependence of aeroebiCCM1b zonal winds are similar to the ECMWF zonal

extinction. These improvements had only very small effedtinds, except for the presence in the ECMWF data of a

on the POAM Il G retrievals, however, and the ConcIuWeSterly jet in the tropi_cs, c_entered at 50 hPa. It is We."
sions ofRandall et al[2003] apply to version 4.0. known that the zonal winds in the lower stratosphere shift

352 EP/TOMS: Total Column Ozone direction from easterlies to westerlies with a period of

; [ ly 27 months, a feature known as the quasi-
[25] The Earth Probe Total Ozone Mapping Spectromef@PProximately z
(EPITOMS) is currently operating in a 740 km, Su iennial oscillation (QBO). The year 2000 ECMWF zonal

synchronous orbit. The inclination is 98.with a period Winds show a clear QBO westerly structure in the tropical

of 99.65 minutes. The equatorial crossing time is 11:16 Agratosphere (as well as an enhancement of the easterly

The EP/TOMS field of view at nadir is 39 km latitude b i”k‘?'s near 10 mb). Tg‘e WAC%Mlb zonal winds e
39 km longitude. The current orbital characteristics of E r']”g these features %causz tl € QBOd'S nhot simu at:e
TOMS give 90% daily global coverage. Data used in thid the parent WACCM1b model. Instead, the tropica

study are taken from the NASA Goddard Space F“gﬁ{ratosphere in the WACCMlb simulation is in a permanent
Centers web page http://toms.gsfc.nasa.gov/eptorf@pterly phase. The importance of the QBO on tracer
ep.html). Daily zonal mean total column ozone data (t strlbutlons_ will be examined in section 4.2. In March,

Dobson Units) were averaged into [&titude bins for year _eréa are d|fferﬁnces betweﬁn the Op and ET(P‘.Wé zonal
2000 by the EP/TOMS science team. The total ozoWehds Inearhl Pa.hHere the '?XPAgl zona wml S a#a
retrieval gives an absolute error of +3 percent; the randdfSte"ly, whereas the Op zonal winds are easterly. This

error is approximately +2 percent. More detailed informg9ion of the tropical stratosphere is influenced by a
PP y P semiannual oscillation (SAO) in the zonal winds, and
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Figure 1. Latitude-altitude cross sections of zonal mean zonal winds tfa January, March, July,
and October for the ECMWF Operational, ECMWF EXP471, and WACCM1b meteorological fields.
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WACCM1b has a SAO signature similar to EXP47lhas a larger seasonal amplitude in temperature than the
WACCM1b zonal winds in the winter hemisphere areCMWF temperature products. The most significant differ-
generally stronger than in the ECMWF meteorologicehce between WACCM1b and the ECMWF temperatures
fields; this is especially true in the Southern Hemisphesee seen in November and December, when both ECMWF
winter (July) and in the transition from winter to springemperature products have temperature distributions that are
(October), which occurs too late in the model. Thulder by up to 4 K relative to WACCM1b. This difference
WACCM1b retains westerlies through 0.1 hPa, while im temperatures will be seen in the evolution of th®©hh
the ECMWF meteorological fields there are easterlies ab®extion 4.2.
1 hPa. The importance of this bias in WACCM1b meteo-[31] It should be noted that in the following sections the
rology can be seen in the Southern Hemisphere temperattomparisons of calculated chemical fields for specific
distribution. meteorological years are compared to various observational
[29] In Figure 2 the zonal monthly mean temperatures arthemical climatologies. Agreement or disagreement be-
shown for the three MOZART-3 simulations during Januaryyeen model results and observational climatologies in a
March, July, and October. Year 2000 was a cold year in theoad sense can be instructive, although specific features in
Northern HemisphereSpbutis and Manney2000], with either the climatology or model results should not be over-
minimum ECMWEF temperature approaching 190 K imterpreted. This approach can help discriminate between
January. Results from both Op and EXP471 are similartire effects of the different dynamical fields on chemical
this figure. The WACCM1b temperatures for January, in tliéstributions. An example of how this analysis approach has
polar Northern Hemisphere are also similar to ECMWbBeen successful is given IBouglass et al[1999].
results. At these temperatures in the polar lower strato- . .
sphere, one would expect significant activation of inorgarffcz:  Global Circulation and Transport
chlorine reservoir species. In March, the WACCM1b zonall32] One measure of the representation of the global
monthly mean Northern Hemisphere polar temperatuf@kculation and transport is the mean age of air derived in
are 5 K colder than the ECMWF meteorological producksmodel Hall and Plumb 1994;Hall et al., 1999;Waugh
in the polar lower stratosphere. This promotes more sprigd Hall, 2002]. In Figure 4 (top), the annual average mean
time O; loss in the MZ3-WA1b simulation relative to theage of air is shown for the Op, EXP471, and WACCM1b
two MZ3-ECMWF simulations. In July, the ECMWF andgneteorological fields. Figure 4 (bottom) shows the differ-
WACCM1b temperatures approach 180 K in the Southegice between the Op and WACCM1b cases relative to the
Hemisphere polar lower stratosphere. These cold temgeXP471 case. Corresponding comparisons for the Op and
atures extend lower in pressure (higher in altitude) in th&P471 analysis, and for ERA-40 and UK Met Office
WACCM1b fields relative to the ECMWF fields; this willanalysis, using the TOMCAT transport model have been
have consequences for dehydration between the simiigported byMonge-Sanz et a[2007]. The mean age of air
tions. In October, the Southern Hemisphere temperatufi@n the MZ3-Op simulation is significantly younger than
in WACCM1b in the polar lower stratosphere are cold®oth the MZ3-EXP471 and MZ3-WA1lb simulations. The
and this cold region has a vertical extent that is broaderaximum mean age of air for the MZ3-Op simulation is
altitude than the ECMWF meteorological products. Thigss than 4 years. The maximum mean age of air for the
will tend to promote more §oss over a larger vertical aredV1Z3-EXP471 and MZ3-WAlb simulations is 4.0 and
in the MZ3-WA1b simulation relative to MZ3-Op and MZ34.5 years, respectively. The shapes of the mean age-of-air
EXP471. isopleths are also very different for each meteorological
[3d The evolution of the daily zonal mean temperaturé$oduct. The derived MZ3-Op mean age of air shows weak
in the polar lower stratosphere and equatorial UTLS regiBieridional gradients throughout the lower stratosphere. In
are shown in Figure 3. At 88 there are noticeable differ-contrast, the derived MZ3-EXP471 mean age of air has
ences between EXP471 and Op temperatures, with EXP4#rong gradients in the lower stratosphere aN2dhd 20S.
being 3—4 K colder in winter/spring. Temperatures frolfiere the mean age-of-air isopleths are essentially constant
EXP471 are more similar to WACCM1b in this region up t# the MZ3-EXP471 simulation at altitudes between 18—
mid-October, when there is a final warming in EXP471, bd8 km, suggesting a strong lower stratosphere midlatitude
not in WACCM1b. In the latter case, the Southern Henfarrier to horizontal transport between the tropics and
sphere vortex stays isolated late into the spring, whigHbtropics. The derived mean age of air for the MZ3-
causes the Qdistribution in MZ3-WA1b simulation to be WAlb simulation does not show such a strong apparent
different from those in the MZ3-ECMWF simulations. Th&arrier to transport in this region. However, the annual
cold bias in temperature and isolation of the Southefierage gradients are larger in the +45-a@ 10—15 km
Hemisphere vortex in WACCM1b is consistent with theegion in MZ3-WAL1b relative to both MZ3-ECMWF sim-
zonal wind distributions shown in Figure 1. At 84 the ulations. In the tropics, between 30 and 40 km, the mean
Op and EXP471 temperatures are very similar through@@e-of-air isopleths in the MZ3-WAlb simulation have
the year. The ECMWF temperatures are also fairly consitong meridional gradients, suggestive of a more isolated
tent with WACCM1b temperatures until late winter/earf{fopical region in this simulation. This is consistent with
Spring when the ECMWF temperatures become war @ng-llved tracer distributions discussed below. In Flgure 5a,
than the WACCM1b temperatures. In the tropics, at tiemean age-of-air latitudinal cross section is shown at 20 km
cold point (85 hPa and 96 hPa for WACCM1b and ECMwfor both models and observatiorBokring et al. 1996;
respectively), January and February differ among the @)drews et aJ.2001;Elkins et al, 1996;Ray et al. 1999;
EXP471, and WACCM1b cases, with WACCM1b being théee alsoMonge-Sanz et al.2007]. The observational
coldest and EXP471 being the warmest. WACCM1b al§§timates of the mean age of air are based on measurements
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Figure 2. Latitude-altitude cross sections of zonal mean temperature (K) for January, March, July, and
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Figure 3. Annual cycle of zonal mean temperatures (K) at 43 hPa for ECMWF operational (blue),
ECMWF EXP471 (red), and WACCM1b (black) meteorological fields (a) fo68&b) at the tropical

cold point temperature (85 hPa for WACCM1b and 96 hPa for ECMWF meteorological fields), and (c) for
84 N.

of CO, and Sk. Overall, the MZ3-WA1b simulation betterand 22 km. At 7S, all three model simulations greatly
represents the observations at 20 km. In Figure 5b, the maeaderestimate the mean age of air above 22 km. Even at
age-of-air 7S profiles are shown. At B, the MZ3-EXP471 12 S (not shown), the three simulations underestimate the
simulation better represents the observations betweenobgerved mean age of air alS7(above 22 km). Therefore,

a) Op, AOA b) EXP471, AOA o WACCM1b, AOA
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Figure 4. Latitude-altitude cross sections of the annual average mean age of air (in years) for (a) MZ3-
Op, (b) MZ3-EXP471, and (c) MZ3-WA1b. The mean age-of-air isopleths are separated by 0.5 years.
(bottom) The difference between the MZ3-Op and MZ3-WA1b simulations relative to the MZ3-EXP471
simulation. For this comparison, the mean age-of-air isopleths are separated by +0.2 years.
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Figure 5. (a) Mean age of air at 20 km for MZ3-Op, MZ3-EXP471, and MZ3-WA1b along with the
mean age of air derived from balloon and aircraft observations ef(di@mond) and Sf(asterisk).

(b) Profiles of mean age of air atS for the same three simulations and observations derived from
balloon flights.

above 22 km, the tropics are younger in a broader regicimatology and they do not have the correct seasonal
than observations would suggest. At 84not shown), the evolution at the equatorial tropopause. The difference in
three simulations have air that is significantly older, hovwhe seasonal evolution of,B can be related to the seasonal
ever, only the MZ3-WA1lb simulation mean age of aievolution of cold point temperatures (Figure 3b). In the
approaches the mean age of air derived from observatifiz3-ECMWF simulations, the minimum in temperature at
at 7S. The model dynamics and transport that leads ttee cold point occurs in November and December. It is well
having too young mean age of air will be discussed in mdkaown that the year 2000 cold point temperatures during
detail below. November and December are colder than the climatological
[33] One diagnostic of the effect of input dynamics anohean Randel et al.2004]. Therefore the dry phase of the
temperature on model derived chemical constituents is thpe recorder signal starts earlier than the UARS climatol-
photochemical lifetime. In Table 2, the model photochermgy in both MZ3-ECMWF simulations. The wet phase
ical lifetime with respect to loss processes are shown foear 100 hPa) of the tape recorder is similar to the HALOE
CH,, N,O, CFC-11, CFC-12, CFC-113, HCFC-22, ¢ClI
CH5CCl;, CHiCl, and CHBr. The best estimates of the
lifetimes inferred from observations are also listed for each
species. In this study, for molecules that have a strofighle 2. Global Annual Average Photochemical Lifetime for
hydroxyl radical loss (e.g., CGiil the MZ3-EXP471 simu- gelected Specigs
lation gives the best result, followed by the MZ3-WA1b and nforred From

MZ3-Op simulations. This would suggest the tropopsherig_ . ob i MZ3-Op  MZ3-EXPA71  MZ3-WA1b
OH abundance is best represented in MOZART-3 when tl&l heees SELEnens s

. ; . 8.9 10.0 8.7 9.4
EXP471 meteorological fields are ysed. For species wh(p\gg 120 110 113 114
loss is dependent on stratospheric photolysis and/or lg$s-11 45 42 50 56
with O(D), the MZ3-WA1b simulation give the bestcFC-12 100 81 86 93
comparison to lifetimes inferred from observations, fofFC-113 88 73 79 85
lowed by MZ3-EXP471 and MZ3-Op. This result is contc <22 éﬁ? e P PR
sistent with the mean age of air being older in MZ3-WAlgy ccy, 5.0 53 4.7 5.1
simulation relative to the other two simulations. UsingHsCl 15 15 1.3 1.4
lifetimes analysis as a diagnostic for meteorological fiefehsBr 1.7 18 15 17

performance should be considered as only a rough metriéiifetimes are in years.

since there is considerable uncertainty in the results inferredfrom Intergovernmental Panel on Climate Char{geo1, Table 4.1].
from observations For CH,, this includes reactions with OH and’0}. It does not include
In Fi 6 .th t ical ti height ti ?F)il sink term. For BO, this lifetime is the global mean atmospheric
[34] In Figure 6, the tropical time-height propagation Qfetime, not the perturbation lifetime.
H,O in the equatorial region (averaged betweerSland °From WMO [2003, Table 1.6]. For CCl, this lifetime only includes
12 N) is shown. The MZ3-WA1lb simulation has strongeaction with OH. Additional sinks (e.g., chlorine radicals in the marine

propagation of dry and wet regimes up to the midstra yundary layer, soil uptake, or degradation in seawater) reduce this lifetime
to 1.3 years.

sphere. Th.iS prc:pagation pattern is known as 1@ tape 9From Happel and Rochd2003]. For CC} this includes only the
recorder s_lgnal_. The M_Z3-WA1b wet phase of '{he tap@mospheric lifetime (i.e., does not includes ocean or soil uptake). Including
recorder signal is too moist compared to observations. Tthisse other sinks reduces the lifetime 20 years. Tha @@lospheric
has been discussed Bark et al.[2004] andGettelman et lifetime is based oiolk et al.[1997]. e

al. [2004]. The MZ3-EXP471 and MZ3-Op simulations ar °From Yvon-Lewis and Butlgil997]. For CHBI, this lifetime is due to

- . situ reactions only. It does not include additional sinks (e.g., ocean
too dry relative to observations based on the HALO@ptake), which would reduce the lifetime to 0.7 years.
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