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[1] A multimodel assessment of the performance of chemitimate models (CCMSs)

in the extratropical upper troposphere/lower stratosphere (UTLS) is conducted for the
first time. Processriented diagnostics are used to validate dynamical and transport
characteristics of 18 CCMs using meteorological analyses and aircraft and satellite
observations. The main dynamical and chemical climatological characteristics of the
extratropical UTLS are generally well represented by the models, despite the limited
horizontal and vertical resolution. The seasonal cycle of lowermost stratospheric mass is
realistic, however with a wide spread in its mean value. A tropopause inversion layer is
present in most models, although the maximum in static stability is located too high above
the tropopause and is somewhat too weak, as expected from limited model resolution.
Similar comments apply to the extratropical tropopause transition layer. The seasonality in
lower stratospheric chemical tracers is consistent with the seasonality in the Biagen
circulation. Both vertical and meridional tracer gradients are of similar strength to those
found in observations. Models that perform less well tend to use a.sgrangian transport
scheme and/or have a very low resolution. Two models, and the multimodel mean, score
consistently well on all diagnostics, while seven other models score well on all diagnostics
except the seasonal cycle of water vapor. Only four of the models are consistently below
average. The lack of tropospheric chemistry in most models limits their evaluation in

the upper troposphere. Finally, the UTLS is relatively sparsely sampled by observations,
limiting our ability to quantitatively evaluate many aspects of model performance.

!Department of Physics, University of Toronto, Toronto, Ontario,

Car;ada. ) ) o ) ~ 3Geophysical Fluid Dynamics Laboratory, NOAA, Princeton, New
Atmospheric Chemistry Division, National Center for Atmospherlgersey‘ USA.

Research, Boulder, Colorado, USA. 4 ATMOS, Institut PierreSimone Laplace, UVSQ, UMPC, CNRS/
3Max Planck Institut fir Chemie, Mainz, Germany. INSU, Paris, France.
“Jet Propulsion Laboratory, California Institute of Technology, 5Department of Chemistry, Cambridge University, UK.

Passadena, California, USA. 1%\iet Office, Exeter, UK.
New Mexico Institute of Mining and Technology, Socorro, New  “School of Earth and Environment, University of Leeds, Leeds, UK.

Me>é|co, USA. _ o ~ BGlobal Modelling and Assimilation Office, NASA Goddard Space
Department of Atmospheric and Oceanic Sciences, McGill Universitglight Center, Greenbelt, Maryland, USA.

Mor71treal, Quebec, Canada. ‘ ®Dipartimento di Fisica, Universita degli Studi deAuila, L*Aquila,
Karlsruhe Institute of Technologynstitute for Meteorology and Italy.

Climate Research, Karlsruhe, Germany. 2)GAME/CNRM, MétéoFrance, CNRS, Toulouse, France.

zDepartment of Chemistry, University of Waterloo, Waterloo, Canada. 2\ational Institute of Water and Atmospheric Research, Lauder, New
Deutsches Zentrum fir Lufund Raumfahrt, Institut fir Physik der zealand.
Atmosphare, Oberpfaffenhofen, Germany. 2%Environment Canada, Toronto, Ontario, Canada.

1230?1!15 Hopkins University, Baltimore, Maryland, USA. Z3physikalischMeteorologisches Observatorium Davos, Davos,
National Institute for Environmental Studies, Tsukuba, Japan.  Switzerland.

2Environmental Physics Laboratory, Universidade de Vigo, Ourense, 24|nstitute for Atmospheric andl@nate Science, ETH, Zurich,

Spain. Switzerland.

25Canadian Centre for Climate Modelling and Analysis, Victoria,
Copyright 2010 by the American Geophysical Union. British Columbia, Canada.
01480227/10/2010JD013884 28Meteorological Research Institute, Tsukuba, Japan.

DOOMO9 1 of 24



DOOMO09 HEGGLIN ET AL.: EXTRATROPICAL UTLS MULTIMODEL ASSESSMENT DOOMO09

Citation: Hegglin, M. I., et al. (2010), Multimodel assessment of the upper troposphere and lower stratosphere: Extratropics,
J. Geophys. Resl15 DOOMO09, doi:10.1029/2010JD013884.

1. Introduction (EXTL) [Fischer et al. 2000;Zahn et al, 2000;Hoor et al,

02]. The EXTL is a global feature with increasing depth
[2] The upper troposphere/lower stratosphere (UTLgd -1 s high latitudes, and has been found to be different for
plays an important role in the radiative forcing of the clima . '

. S . erent tracersHegglin et al, 2009]. The transition has
system an_d n chem|strglllm_ate coupllng$hepherd2007]. een interpretedwagq[he result of r]ecurrent wareaking
Changes in the extratropical UTLS determine the Stra&?ents, forced by synopticale baroclinic disturbances,

?{'ch stir tropospheric and stratospheric air masses with very
ifferent chemical and radiative characterist®isgpherd
2007]. IndeedBerthet et al[2007] have shown that strato-

spheretroposphere exchange events traced by Lagrangian

spheric influence on the troposphere through for exam
the transport of stratospheric ozone into the troposphere,
fluxes Hegglin and Shepher@009], or radiative forcing of
the surface climateSplomon et a).2010]. It is therefore

important that chemistrglimate models (CCMs) used forbackward trajectories calculated from lasgale wind fields
the prediction of the ozone layer and climate change r

resent accurately the chemical and dynamical structureg he ECMWF reanalyses reveal the layer of tropospheric

the UTLS. For the first time, a multimodel assessment Wlﬁ? ence just above the tropopause. Srsaflle processes

foous on the extratropical UTLS has been performed wit ch as threelimensional turbulence and ultimately molec-
pical per - I]ﬁrl]ar diffusion then act to reduce these inhomogeneities.
E’ggﬁvz IofzghefC#er\r;\llstl%Ilglate Mogel Valldﬁtg)n actVity i1 The radiative properties of the UTLS are determined
al 2) of the Wor imate Research Prograrmsne P
Stratospheric Processes and their Role in Climate (SPA the distributions of greenhouse gases, aerosols, and

; . ds. The low temperatures in this region lead to a net
project. The tropical UTLS and global UTLS trends hav@ yiziive cooling that is close to zero around the tropopause,
been assessed in a companion papeGbitelman et al.

[2010] which implies a strong temperature sensitivity to radiative
[3] T.he focus of the multimodel assessment presenCh nges Glough and lacono1995]. Moreover the large
E trast between the low temperatures around the tropo-

?eer%:?gzte z)g:]a:;%p:gﬂouygsﬁggicg isrgeresc:l(il;inzg datsht &use and the higher temperatures at the surface means that
9! W ioposp (approx. ) hanges in the radiative properties of the tropopause region

upper boundary of the tropically controlled transition regi%ake a : -
: particularly strong contribution to the greenhouse
(around 22 km IRosenlof et a].1997]). It includes the g0 This sensitivity has been quantified Fyrster and

Iowermo;t stratosphere (LMS), the region. between t ﬂine[1997], who found that the Easthsurface tempera-
extratropical tropopause and the 380 K potential temperatjjy response to an ozone perturbation is maximized when

surface Holton et al, 1995], which is equivalent to the A
: ; ; the perturbation is introduced around the tropopause.
stratospheric part of themiddleworld [Hosking 1991]. 5]pThe dynamical properties of the UTLSIO apre directly
grk;egxgalegage t%istgsglb;lﬁgenz::j tQSt:r);rtwriiggplloca![rgr;rs endent on the radiative properties of this region since the
ped by the tropop y FVailing latitudinal temperature gradients affect the strength
processes on various time and length scales. The effec location of the subtropical jet, which organizes eddy

transport is greatest on the shoiieed greenhouse gases . oq'and surface pressure distributiRaridel and Held
water vapor and ozone (WIFh lifetimes pf up to one yearéggll_ These eddy fluxes appear to play a key role in
and much less on the longkved, well mixed greenhouse oo ohereroposphere couplingggldwin and Dunkerton
gases such as GHor CFCs (with lifetimes of several 001; Thompson et al2006], and suggest a way in which

decades). Thus, it is most critical to characterize the dige,; coneric processes may affect tropospheric weather and
tributions of ozone and water vapor. A defining characteris @gional climate [e.gThompson and Wallaca998]

g:e';zg LM()SteAStizatlllqathgr?r?g;?nes t'ﬂteertsrf)dosthﬁetrrec’p:ﬁgus 5] Chemical, radiative, and dynamical processes are all
y p y 9 posp portant for maintaining the structure in chemical tracer

zfrabto;phtiarre IVIfil Lai[)r]lcihquata:ﬂlflbatrl]c rmotlk?n.B-r”:Ee f)lov;erdistributions and physical quantities in the UTLS. These
abatic clrcuiatio e stratosphere (the Brefebso structures can therefore be used to validate indirectly the

circulation) is predominantly downward in the extratropice, 1o, representation of these processes. In this multimodel
which on its own would transport aged stratospheric air in QIaIuation, we focus in a first step on how well the CCMs

tS_?L;NtIS' Howtever, mendlqnal m'x'”% frofg th% trr]pprllcf’:l epresent the main dynamical and chemical climatological
ransports younger air masses to mid and high 18ty 1res of the UTLS. The evaluation is only capable of
tudes andrejuvenatesair as it slowly descends into the o, ooiing the weaknesses or strengths of the models; it
Ia_\lr\1/| dSS[Egsﬁglr(zjfzgt()?l].lg?e,?freigtmﬁgritif?ej.dz%a%;egtgg? does not give us the reasons Why a _model perfO(r_ns well or
[2005] ar?dBt,')nisch et al [2009] the lower boundary of badly, since these reasons are invariably megetific. In
the LMS is defined b th.t ' hich is h é’ fi Sﬁctlon 2 we introduce the participating models and the
€ IS aefined by e tropopause, which IS neré delinglqe ations used for the comparisons. Section 3 describes
by a dynamical quantity. Distributions of chemical tracefg
that are affected by transport exhibit strong spatial gr
dients across the tropopause in a layer of finite deg

referred to as the extratropical tropopause transition Iayﬁr

different diagnostics and metrics used to qualitatively
\d quantitatively gauge the modelperformance in

roducing key features observed in the extratropical
LS. The results are shown in Section 4, before we come
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Table 1. Number, Name, Key References, Transport Scheme, Horizontal Resolution, and Number of Vertical Levels in the UTLS

HEGGLIN ET AL.: EXTRATROPICAL UTLS MULTIMODEL ASSESSMENT

Between 300 and 100 hPa of Participating CCMs

DOOMO09

Transport Horizontal Levels in
Number CCM Reference Schem@ Resolution UTLS

1 AMTRAC3 Austin and Wilsorj2010] FvV 200 km 7

2 CAM3.5 Lamarque et al[2008] FV 1.9° x 2.5° 7

3 CCSRNIES Akiyoshi et al[2009] STFD T42 6

4 CMAM Scinocca et al[2008] Spectral T31 7
de Grandpré et al[2000]

5 CNRM ACM Déqué[2007] SL cubic T42 8
Teyssedre et a]2007]

6 E39CA Stenke et al[2009] ATTILA T30 15
Garny et al.[2009]

7 EMAC Jockel et al[2006] FFSL T42 12

8 GEOSCCM Pawson et al[2008] FV 2° x 3.75° 7

9 LMDZrepro Jourdain et al.[2008] FV 2.5° x 2.5° 8

10 MRI Shibata and DeustP008a, 2008b] FFSL T42 6

11 Niwa SOCOL Schraner et al[2008] Hybrid T30 5
Egorova et al[2005]

12 SOCOL Schraner et al[2008] Hybrid T30 5
Egorova et al[2005]

13 ULAQ Pitari et al. [2002] FFEE 11.5° x 22.5° 3
Eyring et al.[2006, 2007]

14 UMETRAC Austin and Butcharf2003] FV 2.5° x 3.75° 9

15 UMSLIMCAT Tian and Chipperfield2005] FVv 2.5° x 3.75° 9
Tian et al.[2006]

16 UMUKCA METO Morgenstern et al[2009] SL, quasicubic 2.5° x 3.75° 7

17 UMUKCA UCAM Morgenstern et alf[2009] SL, quasicubic 2.5° x 3.75° 7

18 WACCM Garcia et al.[2007] FV 1.9° x 2.5° 7

®Transport scheme abbreviations: FV, finite volume; FFSL, ftum semilLagrangian; SL, senliagrangian; STFD, spectral transform and finite
difference; FFEE, flux form Eulerian explicit; ATTILA, fully Lagrangian.

to the discussion of the performance of each model low pressures and temperatures. Satellite measurements in
Section 5, and a summary and recommendations in Sectioth6.upper troposphere are often obscured by clouds, and are
moreover subject to significant spatial smearing. For this
2 Models and Observations reason, (_:Iifferent Qbserv_atior)s had_to be com_pile_d and vali-
) dated prior to their use in this multimodel validation effort.
2.1. Models 2.2.1. Aircraft Data

[7 Eighteenchemistrglimate models (CCMs; see Table 1) [9] Aircraft observations are generally characterized by
are evaluated in this multimodel assessment focusing on ###h accuracy, high precision, and high resolution data in
extratropical UTLS. All the CCMs used here participated € UTLS, but are restricted in their representativeness due
the CCMVal2 intercomparisonEyring et al, 2008]. The 1o limited sampling in time and space. .
CCMs are fully interactive models with a comprehensivel1d Data from various NASA, NOAA and German air-
stratosphere which aim to represent the coupling betw&&aft campaigns between 1995 and 2008 have recently been
chemistry and climate in order to simulate and predict tR@MPpiled into a high resolution aircraft based UTLS cli-
evolution of the stratospheric ozone layer over the padgtology of ozone, CO and,B [Tilmes et al.2010]. The
50 years and the 21st century. For this purpose different _set covers a broad altitude range up to 22 km. The
and future longerm simulations have been run usinépatlal coverage ranges over all Iatltu_des in the NH for most
specified greenhouse gas and halogen scenarios. Detail8foife four seasons, but coverage is predominantly over
the model specifications and the simulations are given Nprth America and Europe. The precision and accuracy of
Morgenstern et al[2010]. Note that CMAM is the only Fhe ozone data are 15%. .CO observations taken by different
model coupled to a dynamical ocean. For the diagnostg&truments have a precision of <1% and an accuracy of <3%.
presented in this study, we used model data obtained fréff Precision of HO data is estimated to be <5% and the
past simulations extending from 1960 to 2007 and usi@§curacy is between 0.3 ppmv and values of 10% depending

observed SSTs (REB1; seeMorgenstern et al[2010] for O the instrument. A key purpose of the aircraft climatology is
a detailed explanation of the simulation setup). to serve as a tool to evaluate the representation of chemistry

. and transport by CCMs in the UTLS.
2.2. Observations [11] A subset of those highesolution and higtprecision
[e] Observations of chemical species in the UTLS are st@ibservations used in this paper separately has been provided
relatively sparse considering the large temporal and spadalthe German SPURT (Trace Gas Transport in the Tro-
variations and gradients in tracer concentrations in tfigpause Region) aircraft campai@mgel et al. 2006]. The
region. Insitu observations are difficult to obtain due to theampaign consisted of 8 deployments distributed seasonally
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over the course of three years (200003), with a total of 2.2.2.3. MIPAS
36 flights, each yielding around 2 hours of observations. [16] MIPAS is a limb viewing Fourier transform emission
The flights were carried out between around 35°N and 758dectrometer covering the midfrared spectral region
over Europe and reached potential temperature leviesween 685 and 2410 Ghr{Fischer et al, 2008] on board
between 370 K and 375 K. CO typically showed a tot&nvisat in a sursynchronous polar orbit. MIPAS has pro-
uncertainty of 1.5%Hoor et al, 2004]. vided data since 2002 at about 1000 decations per day
[12] The other subset of higresolution data is from the from pole to pole during day and night. It covers the
NASA POLARIS (Photochemistry of Ozone Loss in thatmosphere from the upper troposphere to the mesosphere
Arctic Region in Summer) campaigNdwman et a].1999]. (6 to 70 km), thus MIPAS provides global distributions of a
During the campaign, 35 flights using the NASA BER large number of species. In its original observationuget
research aircraft were deployed from three locations at mitbm July 2002 to March 2004 it measured one limb radi-
to high latitudes with flights covering latitudes betweeance profile every 500 km along track with a vertical sam-
20°N and 70°N, a vertical range of 5 to 18 km, and Margsling of 3 km and a spectral resolution of 0.035%m
to September 1997. A large suite ofsitu measurementsValidation of these data products is providedMijz et al.
was made on board the ER For the Q and HO data used [2005, 2009],Wang et al.[2007], andSteck et al[2007].
in this study, the estimated accuracies a3&6 and 5%, Since January 2005, the observationigehas been changed
respectively Hflintsa et al, 1999]. The use of these data tdo slightly reduced spectral resolution (0.06259mbut
characterize the EXTL has been describedPhy et al. improved vertical (1.5 km) and horizontal alotrgck
[2004, 2007]. (400 km) sampling. Description of these data products is
2.2.2. Satellite Data given byvon Clarmann et al[2009]. In this study we use
[13] Satellite instruments have recently achieved tiIPAS Os; H,O, and HNQ observations which have been
technological maturity to measure the UTLS from spagaocessed at the Institute for Meteorology and Climate
offering unprecedented temporal and spatial coverage of Re&search (IMK)yon Clarmann et a).2003].
region. Investigating the accuracy and precision of thed®.2.4. Global Positioning System Radio Occultation
measurements is the focus of intensive validation efforata
We describe here the data from four different satellite inf17] The Global Positioning System Radio Occultation
struments used in this paper. (GPS RO) data used in this study were obtained from the
2.2.2.1. ACEFTS on SCISAT 1 COSMIC/FORMOSAT3 (Formosa Satellite Mission 3)
[14] The Atmospheric Chemistry Experiment Fouriemission, which is a collaborative project between Taiwan
Transform Spectrometer (ACETS) on Canada SCISAT and the United State#\fthes et a). 2008]. The mission
1 satellite features high resolution (0.02¢mand broad placed six microsatellites in different orbits at 70800 km
spectral coverage in the infrared (750 to 4406™%fBoone above the ground. These satellites form a it con-
et al, 2005; Bernath et al. 2005]. The instrument hasstellation that receives signals from US GPS satellites,
operated since February 2004 in solar occultation mogi®viding approximately 2508000 soundings per day
providing seasonally varying coverage of the globe, with ahmost evenly distributed over the globe. The mission has a
emphasis on midatitudes and the polar regions. Up to 3@elatively short data record since its mission launch was only
occultation events occur per calendar day. The very high2006. In this study, we use GPS RO retrieved temperature
signalto noise ratio characterizing the AGH'S infrared data between 2006 and 2009.
spectra makes it possible to measure more than 30 chenfical3. Meteorological Reanalyses
trace gas species with high accuracy and precision throughojus] For the comparisons of dynamical fields we use
the stratosphere and lower mesosphelerpaux et al.2008; meteorological reanalyses such as the ERAlata set from
Dupuy et al, 2009], and also in the UTL3Hegglin et al, the European Centre for Medium Range Weather Forecasts
2008]. This, together with vertical sampling ranging frodECMWF) and NCEP from the National Centers for Envi-
about 3 km to less than 1 km in the UTLS, provides the firstnmental Prediction and National Center for Atmospheric
global view of tracer distributions in the extratropical trdResearch. ERAO0 and NCEP both have a horizontal reso-
popause regiorHegglin et al, 2009]. lution of 2.5° x 2.5°, and exhibit 8 and 6 vertical layers in
2.2.2.2. Aura MLS the UTLS between 300 and 100 hPa, respectively. For a
[15] The Microwave Limb Sounder (MLS) on the EOSnore detailed description of these data sets we refer to
Aura satellite measures millimeteand submillimeter Uppala et al.[2005], Kalnay et al.[1996], Randel et al.
wavelength thermal emission from the limb of Eexth[2003], andSPARC2002].
atmosphereWaters et al.2006]. Aura MLS has data cov-
erage from 82°S to 82°N latitude on every orbit, providin, . . .
comprehensive information on UTLS tracer distributiong: Diagnostics and Performance Metrics
Vertical profiles are measured every 165 km along thgig] Diagnostics and performance metrics are used to
suborbital track and have a horizontal resolution 200... evaluate model performance in the UTLS in a qualitative
300 km alongtrack and 3.9 km acrosdrack. Vertical and quantitative way, respectively.
resolution of the Aura MLS data is typicallB. 4 km in the ) .
lower and middle stratosphets\esey et a).2007]. @ has 3-1. Diagnostics
been used successfully in studies to examine transport in theo] The diagnostics are chosen to evaluate the main
UTLS, although some biases still exist in the version 2characteristics of dynamics and transport in the UTLS in the
which is used in the evaluations presented here. Validatimodels. The main characteristics include the seasonality in
of UTLS Qs is discussed byivesey et al[2008]. the background LMS tracer distributions and LMS mass
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Table 2. Diagnostics Used for the Multimodel Assessrfient

Process Diagnostic Variables Observations Refétence
Dynamics Zonal mean zonal U (Zonal Wind) ERA40, NCEP
wind @200 hP&
Seasonal cycle M (Mass) ERA40 Appenzeller et al[1996]
in LMS mas§
TP pressure anomalies P (Pressure) ERANCEP
TP inversion layer T (Temperature) GPS Birner et al.[2002],
Birner [2006]
Randel et al[2007]
Transport and mixing Seasonal cycle of tracers 03, HNOs, H,0O MIPAS, MLS Logan et al.[1999]
@100 and 200 hPa ACE FTS
Meridional tracer gradients O3 MLS Shepherd2002]
@200 hPa
Normalized CO CcO SPURT Hoor et al.[2004, 2005]
relative to TP
Vertical profiles in H,0 and CO Aircraft, ACEFTS Pan et al.[2004, 2007];
TP coordinates Hegglin et al.[2009]
EXTL depth from H,0/03 Aircraft Pan et al.[2007];
tracertracer Hegglin et al.[2009]

correlations

3TP denotes tropopause.
PAdditional literature with information on the data sets or the diagnostics.
“Diagnostics which are used for final grading of the CCMs.

determined by the seasonally varying strength of tBel.5. Diagnostic 5
Brewer Dobson circulation, as well as the fiseale struc- [25] The seasonal cycles ofsOHNOs, and HO at 100
ture of the transition between the troposphere and t#uwed 200 hPa are used to test the modepresentation of
stratosphere determined by synoptic and smaller sctle seasonally varying strength in lagmale transport
eddies. Both these classes of characteristics are importantifayugh the diabatic Brewddobson circulation, and in
determining surface climate and stratospheygosphere quasihorizontal transport (and subsequent mixing) between
coupling, and can be tested with different diagnostics. Tthee tropics and the extratropics within the tropically con-
full list of diagnostics used for the validation of thdrolled transition region (38@20 K, or 100 hPa) or across
CCMVal 2 models in the extratropical UTLS is given irthe subtropical jet (34@80 K, or 200 hPa).
Table 2. The following sections provide in addition shof.1.6. Diagnostic 6
descriptions of each diagnostic: [26] The meridional gradient of Ois a measure of the
3.1.1. Diagnostic 1 chemical distinctiveness (i.e., different air masses can be
[21] The seasonal zonal mean zonal wind is used to tesadily distinguished by their chemical composition) of
the modelsrealism in representing the meridional gradientae UTLS in latitude, and therefore of the degree of
of the thermal structure. isolation of different regiam such as the tropics and the
3.1.2. Diagnostic 2 extratropics.
[221 The seasonal cycle of LMS masgsppenzeller et al. 3.1.7. Diagnostic 7
1996] is a basic test of the response of the atmosphere to[g] Vertical profiles of normalized CO in tropopause
combination of direct radiative forcing through changes gvordinates (here potential temperature units relative to the
UTLS temperatures as well as of dynamical forcing througltential temperature at the 2 PVU tropopause) allow us to
the wavedriven BrewerDobson circulation. It can be seerseparate transport into the LMS across the extratropical
as a basic measure of the vertical structure in a model. tropopause on short time scales from transport from the
3.1.3. Diagnostic 3 tropical and subtropical UT on longer time scales. It thereby
[23] Interannual anomalies in extratropical tropopauselps to determine the tropospheric influence on the low-
pressure are used as a measure of the response of the mege@lsst stratospheric background. The CO is normalized
to different forcings such as volcanoes, ENSO, etc. They afigh respect to the mean tropospheric value, in order to
strongly related to the LMS mass. remove discrepancies between model and measurements
3.1.4. Diagnostic 4 arising from the different tropospheric boundary specifica-
[24] The tropopause inversion layer (TILBifner et al, tion of CO used in the models.
2002; Birner, 2006] is a distinctive feature of the therma$.1.8. Diagnostic 8
structure of the tropopause, which reflects the balancfs] Mean annual profiles of ¥ and CO in tropopause
between radiative and dynamical processes. The formatierdinates (here kilometers relative to the thermal tropo-
of the TIL has been interpreted as a result of lacge pause height) at mithtitudes and northern hemisphere
dynamics or convection, but also seems to be forced pylar regions provide a critical diagnostic for testing the
maintained through the distributions of the radiatively activiegree of vertical distinctiveness of the UT and LS, as well
species @and HO. This diagnostic extends diagnostic @s to obtain information on chemical processes that deter-
from Gettelman et al[2010] to the extratropics. mine the tracer profiles.
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Climate Changge 2001] or in chemistry transport model
inter comparisonsBrunner et al, 2003, 2005]. The Pear-
sors correlatiorR used here as the first metric is given by

P _
LN fa, rb

RY,N ap

fr

For seasonal cyclasdenotes the month of the year aNd

is 12, while for latitudinal structure indexes the latitude
and N is the total number of latitude bins. For the calcu-
lation of the spatial correlation, the model data need to be
interpolated onto the latitude of the observations. In sta-
tistics the quantification of the difference between the two

Standard Deviation (Normalized)
o

0.5 fieldsr andf is most often given by the rosheansquare
(RMS) difference
> VI #
cos [(R) X
0.0 | b evt 17 & B &@p
0.0 0.5 1.0 1.5 2.0

Lo N nYil
Standard Deviation (Normalized)

Figure 1. Taylor diagram describing the pattern statisti@d the fullmean square difference betweeandr by
between a tesf)(and a reference field,(here denoted with 21, =2 2

Ref). The inverse cosine of the correlatiBr(indicated in E°%EDE &P
light blue) determines the location on the azimuthal aXWhere

The radial distance dffrom the origin corresponds to the

standard deviation of the test field normalized by the stan- Ewf 1 b
dard deviation of the reference fielsifésr, red line). The
normalized pattern RMS differencg’(dark blue line) s the mean bias and
between test and reference field corresponds to the distance v
between the two fields on the diagram. Gray thin lines indi- U s
cate the skill scoreq of the test field, here a value of 0.51. E’ 1/4{’I 1 f, T &, b’ &b
n¥sl
3.1.9. Diagnostic 9 quantifies the magnitude of the mismatch between the two

[29] The depth of the extratropical tropopause transitigratterns (the pattern RMS difference). NormaliZngy s,
layer (EXTL) based on the tractacer correlation methodi.e., B°= E/s,, it is easily shown that
using HO Oz by Pan et al.[2007] and its location relative
to the thermal tropopause are used to diagnose the mixing £y,
and transport characteristics of the models in the tropopause N
region.

2
2p 2 24 R=2%—1p1 2'R &P
r r

) ) so that%is determined onces/s, andR are known. Smaller

3.2. Performance Metrics and Grading £9(i.e. the closefandr are to each other) represent a better fit

[30] Performance metrics provide statistical measuresl@ftween the test field and the reference field. The Taylor
agreement between the model field and observational ddiegram uses;/s, andRas radial and azimuthal coordinates,
sets. The following metrics are used in this study to quamspectively. By scalin® by its inverse cosine, it turns out
titatively assess the ability of the CCMs to reproduce paitat E° exactly corresponds to the distance in the diagram
terns and mean state of the extratropical UTLS. While errdrsm the reference poinT aylor, 2001].
in the mean are simply defined (see Section 3.2.2), errors if32] An illustrative example of a Taylor diagram is pro-
the patterns are more complicated since they can arise &iad in Figure 2. Different test fieldgq, T2, .. T5, in
result of errors in either phase or amplitude. How can welor) are depicted together with a reference field (in black)
visualize this information in a simple way? in Figure 2 (left). The pattern statistics between the test and
3.2.1. Taylor Diagrams the reference field are then transferred into the Taylor dia-

[311 An answer to the above question is provided bgram on the rightT1 has the exact phase and amplitude as
Taylor diagramsTaylor [2001] and Figure 1). Taylor dia- the reference field, and therefore lies on top of the reference
grams provide a statistical summary of how well two pdield in the Taylor diagram, despite the fact that the test field
terns from a test (i.e. the model) field @nd a reference (i.e.is offset by 2 units in the girection. Taylor diagrams do
the observational) field) of the same quantity match eactot provide information on the mean error, and we need
other in terms of their correlatiorR), their pattern root therefore to have an additional grading of the mean to get full
meansquare (RMS) differencee(, and the ratio of their information on the model performance (see Section 3.3.2).
standard deviationss{/s,). Taylor diagrams have beenT2 and T3 have the exact phase (and therefore maximal
widely used to test various aspects of model performancecagelationR), but different amplitudes which correspond to
for example in the IPCC TARIjtergovernmental Panel on normalized standard deviations greater and less than unity,
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Figure 2. lllustrated are (left) examples of test (color coded) and reference fields (in black) and (right)
their pattern statistics in the Taylor diagram. See text for explanation.

moving them further away and closer to the origin, respedere, ny is a scaling factor (usually taken to be 3 if not
tively. It follows thatE%increasesT4 andT5 have both dif- specified differently)mthe monthly mean values from the
ferent phases and different amplitudes, which decreasesadibeervations and the models at all latitudes or for all months
correlationR and increasel® even further. (N), andsqps the standard deviation of the measurements.

[33] From Figures 1 and 2 it is clear that a certain value bliote thatng ands s are often not straightforwardly deter-
£9can be obtained by different combination®Rafnds¢/s,. mined, and therefore involve subjective choices. This needs
How do we gauge the relative skills of two models thab be taken into account when interpreting grades from this
obtain the sam&%but where one has a better phase and theetric, as emphasized Byaugh and Eyring2008] and
other a better amplitude? For this purpose, we can defin€@we and Saus€i2009].
skill score §) following Taylor[2001] which ensures that at3.2.3. Combining Pattern and Mean State Metrics
a fixed phase or amplitude the skill increases monotonicallyss] The final grade G, of model performance for each
with improvements in amplitude or phase, respectively, adiignostic is then defined by the linear combination of the
with values between 0 and 1: skill score §, see equation (7)) and the grading of the mean

(gm; See equation (8)):
431p RP o7b

&b 1="BaLp RoP Giot ¥4 8P g B2: b

Here, ” (si/s;) denotes the standard deviation of the test

field normalized by the standard deviation of the referencgse] The G of the different diagnostics are then listed in

field, and R, is the maximum correlation that models caa summary matrix (Figure 19). We will derive total grades

achieve. Choosing, < 1 allows us to account for uncer-only for the diagnostics 1, 2, and 5 to 8 of Section 3.1, since

tainty in the observations or model limitations such dkese diagnostics are easy to define or more established in

spatial and temporal resolution. The skl @pproaches the literature than diagnostics 3, 4, and 9. The latter diag-

unity as the model variance approaches the observed vagistics therefore have to be seene@gperimental diag-

ance (i.e., as' 1) and asR R,. The skill score is nostics.

indicated with gray lines in Figures 1 and 2.

3.2.2. Climatological Mean State Metrics 4
[34] As mentioned in the previous section, Taylor dia-’

grams do not yield information on how close the mean offal. Dynamical Structure of the Extratropical UTLS

given test field is to that of the reference field. We therefose1 1. Zonal Mean Zonal Wind at 200 hPa

use in addition to the skill factor as defined in equation (7),[37] The zonal mean zonal wind field is used to validate

a grading for the mean values as introduce®buyglass et the representation of the thermal structure of the models, and

al. [1999], which also has been applied within CCMMal therefore the basic dynamical state of the medatisio-

[Waugh and Eyring2008] and byGettelman et al[2010]:  spheres. For this diagnostic, monthly zonal mean wind fields
! averaged over the period 192999 and for JJA (June

SY

Results

gmVamax Q1 1 A iobs imod gp July.August) and DIF (Decembdanuaryfebruary) are
" N iy Ng i:obs compared between the model simulations and BRAe-

analyses. NCEP reanalyses are also included for further
comparison with ERAO0 and the models.

7 of 24



DOOMO09 HEGGLIN ET AL.: EXTRATROPICAL UTLS MULTIMODEL ASSESSMENT DOOMO09

60

u[ms’]
u[ms’]

— @ AMTRAC3 REF-B1

0 0
latitude latitude

== =-AMRI REF-B1
= = =-ANiwa REF-B1
—— @ S0COL REF-B1

o)

——— @ UMUKCA-METO REF-B1
= = =+ AUMUKCA-UCAM REF-B1
® WACCM REF-B1

o
&)
o
&

Standard Deviation (Normalized)
o

8 8
v \
‘P k) 0.99
s
o f - .

0.0 1 © 1 1.0 0.0 1 & 1 1.0

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Standord Deviation (Normalized) Standard Deviation (Normalized)

Figure 3. (top) Zonal mean zonal wind and (bottom) corresponding Taylor diagrams at 200 hPa for (left)
DJF and (right) JJA. Brown solid line represents ERAdata, brown dashed line and brown dot repre-
sent NCEP data, and black solid line is the multimodel mean.

[38] Figures 3, 4, and 5 illustrate that the models represeirculation, and represents an integrated measure for the
the strength and latitudinal behavior of the observed zot@lpopause behavior. Stratospheric mass variations due to
mean zonal wind in a realistic way. This is to be expectsdasonal tropopause height variations can contribute to strato-
since the zonal mean wind fields have been used extensisgiieretroposphere exchangBgpenzeller et §11996]. This
as a diagnostic to help improve gravity wave paraxchange transports ozone, reactive nitrogen, and other
meterizations in model development. ULAQ is the onlgpecies into the troposphere, where it affects the tropo-
model that shows clear deficiencies in resolving the latitspheric ozone budget and with it air quality. We test here the
dinal structure, especially during JJA. This lack of realismiisalism of the seasonal variations of the total LMS mass by
also expressed in the Taylor diagrams by very low latitudeomparing them to the NCEP reanalyses using a method
by latitude correlation and skill values. ULAQ also scoresmilar to that ofAppenzeller et a[1996]. The LMS mass is
very low in the climatological mean state metric, with 0.8efined as the mass of the stratospheric region that lies
during DJF and 0.3 during JJA. The low performance bktween the thermal tropopause, calculated using the WMO
ULAQ might be attributable to the very low resolution oflefinition [World Meteorological Organizatiori957], and
the model and the quageostrophic dynamical core charthe 100 hPa pressure surface. The thermal tropopause is
acterizing this model. In the mean state metric, the SOCQlerived from monthly zonal mean temperature fields aver-
based models score slightly lower than the multimodel meaged over a time period between 1990 and 1999. Note that
during both DJF and JJA. the 100 hPa pressure level, unlike the 380 K potential tem-

[39] Thetight correspondence between NCEP and ERA perature level, does not reflect the seasonal shifts in the upper
(the skill of NCEP is 0.98), with the models lying muchoundary of the LMS. The results are shown in Figure 6.
farther away from the reference point, indicates that th¢s2] In the NH, most models show a very high skill (with
reanalyses are consistent with each other and that the modaliges larger than 0.9) in reproducing amplitude and phase
may still have room for improvement. For example, seveiddl the seasonal cycle of the LMS mass from the NCEP
models displace the troposphescidy drivere jet in the SH reanalyses. One exception is LMDZrepro which only scores
summer (DJF) when compared to the observations. 0.62. LMDZrepres variability is too low (with a standard

[40] The total grading value<3{) obtained in Figures 4 deviation of about 0.5), however the model captures the
and 5 for the two seasons are averaged and listed in $sle@sonal evolution (correlation of 0.95). There are also quite a
summary matrix (Figure 19). few models that have difficulty in simulating accurate mean
4.1.2. Seasonal Cycle of LMS Mass values of the LMS mass as compiled in Figure 7. UMUKCA

[41] The seasonal cycle of the LMS mass is a basic test of M&ETO and UMUKCA UCAM exhibit too large LMS mas-
response of the atmosphere to a combination of direct radiasies, indicating an average tropopause pressure that is too
forcing through changes in UTLS temperatures as well ashigh. CCSRNIES, CNRMACM, EMAC, Niwa SOCOL,
dynamical forcing through the wawkiven BrewerDobson SOCOL, and ULAQ have smaller LMS mass values than
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Figure 4. Metric table for the zonal mean wind at 200 hPa (DIMMM « denotes the multimodel
mean. For convenience the colors are labeled by the lower limit of their range.

NCEP, indicating generally too low tropopause pressurdsl.3. Tropopause Pressure Anomalies

These findings are consistent with the evaluation of thd4s] The extratropical tropopause pressure is a basic
annual mean tropopause heightdsttelman et al[2010], measure of the vertical structure in a model. We focus here
which show that the SOCOhased (UMUKCAbased) on interannual anomalies in the monthly and zonal mean
models exhibit too low (high) tropopause pressures in bdtbpopause pressure that yield insight into the medels

the tropics and the extratropics. abilities to respond to forcing of the climate system. While

[43] In the SH, the modeisoverall performance is worsethe use of this diagnostic has proven to be useful in the

than in the NH. The skill based on the correlative metrit®pics [Gettelman et al.2010], we may not necessarily
lies around 2040% lower than in the NH for all models,expect the same strong connection between sea surface
with particular deficiencies for CAM3.5, CCSRNIEStemperatures and the tropopause pressure in the extratropics.
GEOSCCM, ULAQ, UMSLIMCAT, and WACCM. The This diagnostic has therefore to be seen as more explorative,
Taylor diagram reveals that almost all models exhibit stdior which reason we do not use it as a metric in the final
dard deviations that are too large, which moves them furtlemaluation.
away from the reference point (note the different radial axigs¢] The tropopause is calculated using the W&inition
scale in the Taylor diagrams in Figure 6). The followingnd averaged over 40°B0°N and 40°S60°S, respectively.
models have major deficiencies in representing the mélre analysis is based on monthly mean temperature fields.
values (see Figure 8): CNRMCM, CCSRNIES, UMUKCA The models are compared to five different analyses: ERA
METO, and UMUKCA UCAM. The differences betweeninterim, NCEP, NCEP2, JRA25, and ERI.
SH and NH are likely due to the much less pronouncedas7] Although the models seem to reproduce the seasonal
seasonality seen in the SH, but may also stem from the feytle of tropopause pressure well in the NH (based on the
that the reanalyses the models are being compared to aredegmostic for the LMS mass in Section 4.1.2), they show
consistent and therefore less reliable in the SH than in there problems in representing interannual variability. This
NH [Schoeberl2004]. can be seen from Figure 9. CNRAMCM has an unrealis-

[44] The total grading values (£ obtained in Figures 7 tically large interannual variability and a low tropopause
(for the NH) and 8 (for the SH) are averaged and listed jimessure, as also has been noted in the corresponding analysis
the summary matrix (Figure 19). The models that perforim the tropics Gettelman et al.2010]. The excessive vari-
the best (showing total scores{ larger than 0.8) are ability is due to a large signal from volcanic aerosol heating
AMTRAC3, CMAM, E39CA, GEOSCCM, and MRI, which (note the correspondence of anomalies with recent major
are the models that also reach the highest scores in the Nidlcanic events). CCSRNIES, EMAC, ULAQ and WACCM
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Figure 5. Same as Figure 4 but for JJA.
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Figure 6. (top) Seasonal cycle of LMS mass followiAgpenzeller et al[1996] and (bottom) corre-
sponding Taylor diagrams of model performance for (left) NH and (right) SH. Black line represents the
multimodel mean, and brown line and gray shading denote NCEP meanswithc2rtainty. Note the
different scale on the radial axis in the SH.

perform worst among the models due to both too high or lowjs]] N? has been calculated for 9 different models for
mean values and very small correlation with the observetiich the necessary instantaneous data fields (i.e. on model
variability structure. The low correlation is most obvioulevels) were available and compared to the COSMIC
during years that show volcanic events, where these mod€@enstellation Observing System for Meteorology, lono-
do not show the expected drops in pressure. sphere, and Climate) GASO data. Three years of data
[4¢] In the SH, the models simulate the interannualere used between 2006 and 2009, with up to 3000 profiles
variability somewhat better, except for CNRAMCM which per day. The analysis is performed in tropopause coordinates
exhibits a too large interannual variability and a too lowsing the tropopause pressure as referemgg énd with
tropopause pressure as found also in the NH. CCSRNIBESightz = SH In(p/prp), whereH is a scale height of 8 km.
MRI, ULAQ, and WACCM have a negative bias in thél'he observed TIL is computed using both data at full ver-
mean tropopause pressure, and ULAQ shows the wadisal resolution and data only at CCMV2lstandard levels,
correlation with the reanalyses. SO as to ensure a fair comparison between the high resolu-
4.1.4. Tropopause Inversion Layer tion observations and the lower resolution model fields. The
[49] A strong temperature inversion with a depth of a fewse of degraded observations reduces differences due to the
kilometers and located just above the tropopause (also catteatlels low vertical resolution, and the remaining differ-
the tropopause inversion layer, TIL), has been extensivelyces may then be attributed more likely to missing pro-
investigated using highesolution radiosonde8irner et cesses in the models.
al., 2002;Birner, 2006;Bell and Geller 2008] and Global [s1] Zonal mean crossections and tropical profiles ofN
Positioning System (GPS) Radio Occultation (RO) dasae discussed in detail l6yettelman et all2010]. Here, we
[Randel et al.2007;Grise et al, 2010]. The TIL is char- discuss in addition how models perform in simulating N
acterized by a sharp and strong maximum in static stabilitsofiles at two latitude bands, representing the Northern
(N? = 9?,—2). The presence of the TIL is believed to bé&lemisphere TIL in winter and summer (Figure 10). In
important for the impact of crogsopopause exchange orgeneral, the models seem to be capable of reproducing the
chemical tracer distributions, wabeeaking and wave qualitative structure and seasonality of the TIL. The TIL has
generation Miyazaki et al. 2010a], and for the dynamicala weaker maximum during winter and a stronger maximum
coupling between the stratosphere and the troposphere.
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Figure 7. Same as Figure 4 but for LMS mass in the NH.

during summer, which increases also with latituBienler, limited vertical resolution. A too weak TIL is likely to result
2006; Randel et al.2007]. in too weak potential vorticity gradients across the tropo-

[52] It can also be seen that maximum values of simulatpduse, which in turn may lead to too strong transport across
N? are comparable to or larger than those derived fraie tropopause and may also alter wavepagation into the
degraded GPS data. However, they are always weaker thmatosphere or wavgeneration in the tropopause region.
those computed from fulevel GPS data unless vertical . o )
resolution is sufficiently high as seen for the higisolution 4-2. Transport and Mixing Within the Extratropical
version of WACCM with a vertical resolution of 300 m inYTLS
the UTLS region. It is also evident that the location @f.2.1. Seasonal Cycle of Tracers at 100 and 200 hPa
maximum N in the CCMVal2 models is found always at [s54 The largescale BreweiDobson circulation consists
somewhat greater distances from the tropopause and t@b&vo main branches. The deeper branch is driven mainly
broader than in the full GPS data, but closer to that sd@n planetary wave breaking in the stratosphere and trans-
in the degraded GPS data. Again, the higbolution ports aged stratospheric air into the LMS. The shallow
WACCM version yields better results with a maximurh Nbranch is driven by the breaking of both synoptic scale and
location closer to the observed one, although the maximphanetary waves above the subtropical jet and transports
is still too broad. Some of the shift in thé faximum can (and ultimately mixes) younger tropical air masses to higher
therefore be explained by the limited resolution of tHatitudes. Both transport processes exhibit a seasonally
CCMs, and does not necessarily mean that they misrepresanying strength, and determine the chemical background
the processes determining the TIL structure. Another ma@mposition of the LMS. It is crucial for CCMs to capture
detailed comparison between a higisolution (T213L256) the relative strength and seasonality of these processes, since
and a lowresolution (T41L32) version of a global circulatiorihey determine the distribution of;@nd HO in the LMS
model (GCM), which supports this conclusion, is given bfgvhich through radiative heating have a strong impact on the
Miyazaki et al[2010b]. They show that the higtesolution temperature distribution and therefore on winds), and also the
version of their model (given all other model settings to lmonthly input of stratospheric ozone into the troposphere.
equal) was capable of reproducing the female structure and [551 The models representation of these largeale
seasonality of the TIL much better than the lmgolution transport and mixing processes, which take place on time
version, with the maximum in Nbeing more realistic and scales of weeks to a couple of months, is evaluated here
located closer to the tropopause. using the seasonal cycles iR, BINO;, and HO at 100 and

[53] The above comparisons indicate that the CCMs @80 hPa averaged between 40° and 60°N and S, respec-
gualitatively reproducing the TIL, but underestimate thavely. While O; and HNQ are expected to exhibit similar
strength of the TIL quantitatively, most likely due to theiseasonal cycles since their sources in the UTLS are mostly
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Figure 8. Same as Figure 4 but for LMS mass in the SH.
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Figure 9. Extratropical tropopause pressure variability for (left) SH and (right) NH.

stratospheric, O is a tropospheric tracer in the UTLSextratropics. The performance of the models therefore
(since the contribution of CHoxidation to the HO budget strongly depends on their ability to represent tropical pro-
is small) and gives insight into a possible tropospheriesses such as dehydration and the seasonal strength in the
influence. HNQ is further affected by chemistry andmeridional mixing between the tropics and the extratropics.
microphysics, which may cause some differences to thedels that score low in the tropical.,® diagnostic
structure seen in thes@easonal cycle. The monthly meafiGettelman et al.2010] indeed score low also in the diag-
zonal mean tracer fields from 20@D06 are compared tonostic presented here. The too large amplitude 3nmay
observations obtained by MIPAS between 2004 and 20@8o0 have its origin in the tropics, which is supported by the
MLS during 2006, and the ACETS between 2004 andfinding of Gettelman et a[2009] that most of the CCMVadl
2008. models O3 in the tropics increases too quickly at and above
[s6] The top two rows in Figures 11 and 12 show ththe tropopause. This bias is somewhat less pronounced in the
results for the 100 hPa level with the corresponding TaylBCMVal 2 models, but several outliers still exist. The sea-
diagrams in the NH and SH, respectively. In the NH,i$Q sonal cycles in the SH show generally smaller amplitudes,
relatively well represented in all the models despite a taeflecting the weaker influence of the Brewobson cir-
dency to overestimate the mean (not shown) and thdation. The models generally show the same behavior,
amplitude (i.e. standard deviation) of the seasonal cyblewever they tend to overestimate the megnalues.
relative to MIPAS observations. The modelariability is  [57] The results for the 200 hPa level are shown in the two
also too strong when compared to MLS observationspttom rows in Figures 11 and 12. At 200 hPa in the NH,
however the correlation improves slightly. The Taylor didhe O, seasonal cycle is well represented in almost all the
gram also reveals slightly lower correlation values thamodels. However, the mean values and amplitudes tend to
average for CAM3.5, ULAQ, UMUKCAUCAM, and be rather low compared to those in the observations.
WACCM. The seasonal cycle of HNQOnostly confirms CNRM ACM, Niwa SOCOL, and SOCOL score worst;
this behavior, with the exception of UMUKCKETO, these models show, apart from too low amplitudes, also
which exhibits a very low correlation with MIPAS satelliteelatively low monthby month correlations in comparison
observations. The behavior in the seasonal cycle,6fid with the MIPAS observations. HNCagain shows a con-
similar to the tropics [seG&ettelman et al.2010], pointing sistent behavior in almost all the models. The low mean
toward a strong connection between the tropics and theues in both @and HNG; can be explained by too much

(a) DJF N2 @ 50N (b) JJA N2 @ 80N

GPS full leve
GPS CCMVal level (dashed)

AMTRAC3

GEOSCCM
SOCOL

WACCM
WACCM—highres

NZ%10* (s7%) N2%10* (s72)

Figure 10. Vertical profiles of N in models and observations at (a) 50°N during DJF and (b) 80°N
during JJA.
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Figure 11. Seasonal cycles in monthly mean (lefg, @niddle) HNQ, and (right) HO between 40°N

and 60°N and corresponding Taylor diagrams at (top two rows) 100 hPa and (bottom two rows) 200 hPa
for different models (color code; see Figure 6 legend) and compared to MIPAS satellite data (brown solid
lines) £k (gray shading) over the years 202908. In addition to the MIPAS data, MLS@ata (brown

dashed line and brown dots) and AGES H,O data (brown diamonds) are also shown. The multimodel

mean is denoted in black.
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Figure 12. Same as Figure 11 but for latitudes between 40°S and 60°S.

transport across the subtropical and extratropical troatumn. The lack of a sophisticated tropospheric chemistry
pause. This is reflected also in too large amplitudes (standarchost models may also contribute to some of the observed
deviations) in the bD seasonal cycle, the tropospheric traceifferences. As the analysis is done on fixed pressure levels,
which is most sensitive to mixing due to its exponentigthe model biases could in principle originate from biases in
decrease across the tropopause. Tropospheric influetheetropopause altitude. However, this does not seem to be
seems to be particularly high during late summer atite case. MRI for example exhibits a too low tropopause,
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Figure 13. Meridional gradient in @at 200 hPa and corresponding Taylor diagrams for (top and bottom
left) JJA and (middle and bottom right) DJF. Brown thick lines and gray shading show MLS observations
averaged over 2002008 with 5 uncertainty.

but also too strong mixing, while UMSLIMCAT exhibits ameasurementddegglin et al, 2008], indicates that MIPAS
too high tropopause, but not enough mixing (inferred fror,O might be somewhat low especially during summer on
too high @, since HO is not available). SOCOL andthe 200 hPa level and in both hemispheres, a retrieval or
Niwa SOCOL both are too diffusive, possibly due to theinstrument issue which is currently under investigation.
semilLagrangian transport scheme. In the SH, the obserntédwever, the large noise and standard deviations in the
seasonal cycles of all the three tracers at 200 hPa sh®BE FTS data imply that the sampling from the ACES
smaller amplitudes consistent with the finding on the 100 hiRanot sufficient to determine the seasonal cycle gb H
level. Again, the modedsmeans and amplitudes (standardccurately. The discrepancies between the two satellite
deviations) in @and HNQ are shifted to values smaller tharobservations reveal how problematisHmeasurements in
expected from the observations withhQH indicating too the UTLS from space are, which is mainly due to the high
strong crosgropopause transport or too high tropopausariability and large spatial and temporal gradients j® H
temperatures. Note that there is some evidence that the gmad in the UTLS. At the moment, the metrics presented
sonal cycle in MIPAS BLO at 200 hPa exhibits a smallethere are therefore not defined accurately. Additional mea-
amplitude than other satellite observations like HALOE amsdrements with higher (spatial and temporal) resolution and
MLS. Indeed, comparison with the ACETS measurements, higher accuracy will be needed to resolve this issue and to
which yielded a good agreement with hig¥solution aircraft gain more confidence in this metric in the future. Comparison
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Figure 14. Same as Figure 4 but for meridional gradient yna®200 hPa for JJA.

with MLS Os on both pressure levels and for both hemthat they can reproduce the separation between the tropical
spheres however indicates good agreement between MIB and the extratropical LMS. In JJA (Figure 13, bottom
and MIPAS. left), the correlations are mostly higher than 0.9 except for

[s8] For this diagnostic we derive two different grades f@ENRM ACM, ULAQ and UMETRAC, which show cor-
each model. One grade is based on thes€asonal cycle, relations between 0.5 and 0.8. However, there is a sub-
and calculated as the average over all mean grgglearfd stantial spread in the models in terms of standard deviations,
skill scores obtained for both pressure levels and hemgsulting in decreased skill scores (also see Figure 14). Too
spheres. The other grade is based on gt $¢asonal cycle, low amplitudes in the meridional gradient are found in
calculated as the average of all skill scores obtained for b&NRM ACM, EMAC, the SOCOLmodels, ULAQ and
pressure levels and hemispheres. We do not include a grdddETRAC, and too high amplitudes in UMSLIMCAT and
for the mean value of #D, since it is already used as &JMUKCA METO, diminishing their skill score to values
metric in the vertical profiles (see Section 4.2.4). The modmlow 0.85. In DJF (Figure 13, bottom right, and Figure 15),
grades are then listed in the summary matrix (Figure 19the models perform slightly worse, especially CNRM
4.2.2. Meridional Tracer Gradients at 200 hPa ACM, ULAQ, UMETRAC and UMUKCA METO.

[59] Useful information on mixing barriers and therefore [61] A relation between this diagnostic and the zonal
the degree of isolation and chemical distinctness of differenéan zonal wind might be expected, however this seems to
regions such as the tropics and the extratropics is providedtrue only for ULAQ, which shows low grades for both
by the sharpness of meridional gradients of ltimgd spe- the zonal mean zonal wind and for the meridional gradient.
cies. Here we use the meridional gradient y1a®200 hPa It is noteworthy that the multimodel mean produces in both
(which is longlived compared to the transport time scales seasons the most realistic picture of the meridional ozone
this region). We use seasonal means for JJA and DOgiadient with skills reaching values of 0.94.
derived from monthly mean zonal meagn fi@lds from all 4.2.3. Normalized CO in Tropopause Coordinates
models and compare them to a multiyear seasonal climdsz] To evaluate the representation of tropospheric influ-
tology derived from MLS data (averaged over 2@PD8). ence on the background LMS in the models, and to distin-
Ideally one would examine the gradient of the mode of tigeiish between transport across the extratropical tropopause
probability density function rather than the me8hdpherd on short time scales and transport from the tropics and
2002], as this provides a more robust representation of gubtropics on longer time scales, we use CO which has an
tracer gradient. However, this would require 3D instantapproximate lifetime of 3 months in the LMS. In the middle
neous data which are not available for all the models. stratosphere abov@ = 500 K, CO is nearly constant with

[s0] The models generally reproduce the meridional gran observed background value of 18 ppbv Flocke et al.
dients in both JJA and DJF well (Figure 13), which impliex999], due to the chemical equilibrium between methane
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Figure 15. Same as Figure 4 but for meridional gradient yna®200 hPa for DJF.
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model year has a negligible impact on the results of this
evaluation. Data were analyzed in layers of 30 K relative to
the 2 PVU surface (represented by the centered layer means
at S15, 15, 45, and 75 K in Figure 16). The tropospheric
fraction of CO in the stratosphere (§@s determined by

CO? Y2 8CO Costrat P CQrop Costrat aop

where CQy 4 is the stratospheric background value of each
individual model defined as the mean value within the. 500
600 K layer, and CQ, is the mean value for the layer
betweenS30 and 0 K below the tropopause. The normali-
zation using the factor 1/(G@, COsyap accounts for the
varying boundary specifications of CO in the models, which
we do not want to test here. Models that did not provide
instantaneous fields were not included in the comparison.

[65] Two properties were tested and graded as follows.

[66] 1. The abundance of Cetween 30 and 60 K above
the tropopause as a measure for tropospheric influence. A
model was given a grad#&/l of 3, 2, 1, 0O if the difference
between the SPURT observations and the model was <1
<2s, <3s, and >3 of the observational standard deviation,
respectively.

[67] 2. The decreasing coupling to the local 2 PVU tro-
popause found in the layers3D K and 3090 K above the
tropopause as represented by the different gradients in CO
in the respective layers. A model was given a grade
following the same scheme as in (1) but comparing the ratio
of the gradients in COat the 60 K and 0 K levels obtained
for the model and the observations.

[e8] High values for both weights (Table 3) therefore
indicate a good separation from the extratropical tropo-

Figure 16. Profiles of CO (normalized CO) for winter/ gsphere and mainly weak influence from the subtropics (as
spring and summer/autumn in layers @ & 30 K from  seen for UMUKCAMETO and EMAC). Low values for
the dynamical tropopause. SPURT aircraft measuremepts (abundance), but high values a2 (separation) reflect
are denoted in brown with s1standard deviation indicatingtoo much tropospheric CO (Cpin the LMS, but the tran-
interannual variability (gray shading). The different modedion from the local troposphere to the LMS occurs correctly

are given in color. Black is the multimodel mean.

within dQ = 0.30 K (AMTRAC3 and CCSRNIES). Low

values for bothV1 andW2 indicate that the coupling to the

and CO oxidation. Any excess CO must then originate fr
the troposphere.

[63] To examine the coupling between the LMS and t
extratropical troposphere, CO was evaluated in tropopause

o?ﬁ(tratropical tropopause extends too deep into the strato-
sphere (LMDZrepro and Niw&OCOL during winter/
h%oring), leading to an unrealistic tropospheric contribution

coordinates, expressed in potential temperature units relaﬁigae 3. Grading for the Normalized CO Gradient in Tropopause

to the potential temperature of the 2 PVU surfad®) (@S  ordinates

applied to the SPURT data séidor et al, 2004, 2005].
Key results fromHoor et al. [2004, 2005] are: (i) The
coupling to the local troposphere drops below 25% over the
lowest 30 K above the 2 PVU tropopause. (ii) Higher above

Winter/

Spring

Summer/
Autumn

w1

w2

wi

w2

TOTAL
( W/12)

the tropopause (@ > 30 K), influence of the subtropical
troposphere accounts for the background CO in the LMSJTRAC3
which varies with season. (iii) The largest differences dféM3.5
found between winter/spring and summer/autumn. C,\Cﬂif\eﬂN'ES
[64] In order to test if the CCMVaR models represent cnrm ACM
these characteristics in the CO distribution, instantane@ysc
model output for the year 1995 was sampled within thé&DZrepro
SPURT measurement domain (3089°N, 20°W 10°E). ggngSfCOL
The year 1995 has been chosen for comparison since myrgs
models provided instantaneous data during the #8an umukca METO
during the SPURT period. We assume that the choice of tha8CCM
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Figure 17. (left) CO and (right) HO vertical profiles (top) in tropopause coordinates and (bottom) cor-
responding grading for the UT and LS. Models and theitufcertainty (error bars) are given in color,
and the multimodel mean is in black. Aircraft data are indicated with the brown solid line together with
their I1s uncertainty (brown thin dashed line). Also indicated are AT satellite data (brown thick
dashed line and brown triangles).

due to overestimation of transport across the extratropibale been shown to effectively decrease tracer variability due
tropopause. In fact, the SOCQOhodels score low iWl in  to geophysical variability (i.e. dap day variations in tro-
both seasons. popause height) in the region of £3 km and 5 km from the
[69] In general models tend to transport too much of theopopause in summer/autumn and winter/spring, respec-
tropospheric tracer into the LMS in winter as indicated Hively [Hegglin et al, 2008]. The diagnostic requires instan-
the low values oWl in Table 3. However, most modelganeous model output. For consistency with the coverage of
capture the separation (i.e. the change of gradient) arotimelaircraft datalliimes et al.2010], models are evaluated for
dQ = 30 K indicated byWw2. Thus most models are able tdhe years between 1995 and 2005.
separate between transport across the local tropopause in fag The region of analysis is chosen to be the part of the
extratropics and processes involving other time scales axtratropics that is not strongly influenced by the subtropical
source regions. During summer, the models are capabldropopause break and double tropopauses. Selection criteria
capturing the increase in tropospheric influence from theere: a tropopause height 0825 K in winter and spring
subtropics. The high summer valuesWi2 are a result of and 335 K in summer and fall, the absence of double
weaker differences in the vertical gradients in the two laydrespopauses, and a latitude equatorward of 80°N. The pro-
due to the enhanced transport from the subtropics accdites selected are largely within 480°N. The chemical
panied with larger variability found in the measurementscomposition of the lower stratosphere, as already discussed
[70] The best overall representation of transport amdl the introduction, is largely controlled by the downward
coupling is seen in CAM3.5, CMAM, CNRMCM, transport of aged stratospheric air via the Breldebson
EMAC, UMUKCA METO and WACCM, whereas circulation, with seasonally varying contribution from
LMDZrepro and NiwaSOCOL seem to be too diffusive orisentropic mixing between tropical and high latitudes. The
permeable across the tropopause, confirming the resultsegfion is therefore well suited for evaluating how well
the previous diagnostic using seasonal cycles. Most modalsdels represent the two competing processes. The vertical
tend to get the separation between the different regimesstiructure is examined using® and CO using annual mean
the LMS (UT, transition layer, background LMS) rightistributions. The CO evaluation can be seen as an extension
within the measurementsariability. of the metric using normalized vertical profiles of CO (see
4.2.4. Vertical Profiles in Tropopause Coordinates Section 4.2.3). A mean value is derived from observations
[711 The vertical structure of # and CO across theand models for both the UT (with data between 1 and 5 km
tropopause is evaluated using profiles in tropopause coordinatdsw the tropopause) and LS (with data between 1 and
[Logan et al, 1999;Pan et al, 2004, 2007Considine et a). 5 km above the tropopause) and used to calculate grades
2008;Hegglin et al, 2006, 2009]. Tropopause coordinateaccording to equation (8).
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Figure 18. (left) Fraction of air parcels within the EXTL plotted as a function of the distance relative to
the thermal tropopause (in arbitrary units, not normalized between models) for models from year 2000
(colors; see Figure 17 legend), for aircraft observations from 1997 and @M between spring

and fall (brown solid line), and for ACETS satellite data from 2002007 and 60°N70°N (gray thick

line). Black line indicates the multimodel mean. (right) Scatterplot between center and width of the EXTL.
Brown square indicates aircraft observations, gray diamond denote$AEHata, colored symbols are

the different models (see Figure 17 legend), and black diamond is the multimodel mean.

[73] The CO and HO vertical structures and the gradingo a polynomial function of second order to all data points in
values are shown in Figure 17. Most models are not yhae LS (<20 km) with HO < 10 ppmv. Similarly, a tropo-
designed to simulate tropospheric chemistry and anthroppheric branch is represented by a linear function derived
genic fuel or biomass burning sources of CO, resulting irbg fitting all data points with @ < 100 ppbv for both
significant underestimation of the simulated CO in the Udbservations and models. Mixed air masses are identified as
compared to the observations (Figure 17, left), but gotitbse points outside thes3Jange of both the stratospheric
agreement is generally found for the LS. This can be seerbmnch and the tropospheric branch. The fractional distri-
Figure 17 (bottom left) where grades are shown to be cldagtion of the identified air parcels is then plotted as a
to zero for the UT, but generally higher than 0.5 for the L8unction of their distance from the thermal tropopause (in
However, even the models including tropospheric chemistrigure 18). The observed transition layer is derived using
(CAM3.5, EMAC, and ULAQ) underestimate the CO verPOLARIS aircraft data in the NH, which include measure-
tical profiles substantially. ¥ is well simulated by the ments in spring, summer and faRdn et al, 2007]. The
models in both the UT and LS, except for MRI whicimodel output was chosen for the same latitudes and from
shows too high values in the LS. The corresponding gradbe same seasons. Note that the EXTL depth derived from the
(Figure 17, bottom right) are clustered at values of 0.7 for tg H,O pair is different from the one obtained using the
UT and 0.8 for the LS. The differences between observatiabg CO pair Hegglin et al, 2009]. The different EXTL
and models, although smaller than those observed in Glepths are explained by the fact tha€Hs strongly affected
may have significant implications for the simulation of suby the minimum temperature an air parcel experiences
face climatefrorster and Shinel997;Solomon et a)2010]. during its travel across the tropopause into the stratosphere,
The comparison with the ACETS satellite data indicates aand its longer lifetime compared to CO once it enters the
good agreement between the two data sets, within theiatosphere.
uncertainties. Differences between satellite and aircraftrs) Two parameters are used to quantify the compar-
observations may be due to the coarser vertical resolutiorisions: a) the center of the EXTL, defined as the center point
the satellite data and/or the smaller regional coverage of afrthe distribution at the half maximum, and b) the ExTL
craft observations. A final grade is calculated by averagingdth, defined as the width at half maximum of the proba-
the UT and LS HO grades for each model and is listed in thieility density function. These criteria are influenced by the
summary matrix. bin size, which was chosen as 0.5 km for the observations
4.2.5. EXTL Depth From Tracer Tracer Correlations  and for the models adjusted to their vertical resolution (0.5

[74] The extratropical tropopause transition layer (ExTIgr 1 km). ExTL width and center are shown in Figure 18
exhibits air masses with a mixed composition of partly tr¢grght). The EXTL is well manifested in most models.
pospheric, partly stratospheric afidcher et al. 2000; However, in all cases the EXTL is broader, between 2 and
Haynes and Shepheré001;Hoor et al, 2002;Pan et al, 4 km, compared to 1 km derived from the observations.
2004]. The representation of the EXTL characterizes h&wrther, the modelslayer centers are shifted upward by
well the models reproduce the tropopause as a transpdmdut 1 km in most cases. Observations from the ATE
barrier and its sharpness. The transition layer depth and ceséellite are also shown (observations taken from Figure 3
location is examined using the tradeacer correlation of Hegglin et al.[2009]). ACEFTS has an effective res-
method applied to ©and HO [Pan et al, 2007;Hegglin olution similar to the CCMs (around 1 km) and shows a
et al, 2009]. A stratospheric branch is identified using a fitehavior similar to that of AMTRAC3, CAM3.5, CMAM,
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Figure 19. Summary of metrics used to quantitatively evaluate the different meidvi » denotes
the multimodel mean. The diagnostics used as metriceld@200 the zonal mean zonal wind at
200 hPa (Section 4.1.13SEAS CYC 083 and *SEAS CYC H2Q the seasonal cycle of the tracers
(Section 4.2.1»GRAD @200 the meridional gradient in{at 200 hPa (Section 4.2.31;0 NORMr the
normalized vertical CO profiles in tropopause coordinates (Section 4.2.3H20dPROF H,O profiles

in tropopause coordinates (Section 4.2.4). Numbers indicate the lower bound of thawcgéorModels
with grades larger than 0.6 are considered to perform satisfactorily.

GEOSCCM, and WACCM, exhibiting a layer width of 2 kmlimitations in its representation may also contribute to the
and a layer center at 1 km above the thermal tropopause. pberer performance of the models in the transition region.
limited resolution of the models is therefore likely the prNote, however, that models including a more comprehen-
mary cause for this shift. Indeed, a higher resolution mod#le tropospheric chemistry are not seen to perform better
by Miyazaki et al.[2010a] is capable of better resolvinghan the others. The multimodel mean generally scores
the finescale structure of the EXTL. Uncertainties in trdaigher than any individual model, except for the seasonal
popause locations derived from the relatively coarse veycle of HO. In fact, most models seem to score lower in
tical resolution of the models or lack of representativendhss latter metric, which is likely due to the uncertainty in the
of the aircraft observations may also have contributed dbservations as discussed in Section 4.2.1. The fact that the
the discrepancies. multimodel mean scores so well on all diagnostics suggests
that there are no significant missing processes in the models,
i . although particular models may have significant deficiencies
5. Discussion of Model Performance in their representation of the processes.
5.1. Quantitative Discussion [771 Two models score consistently higher than 0.7
throughout the different extratropical UTLS metrics:

[76] The quantitative results of the metrics listed i TRAC3 .
: - - o : and CMAM. CMAM may deserve a special
Section 3.2 and discussed in more detail in the main body '\fe, since it has a relatively low horizontal resolution

e i s S ness spG2D): Whieh would usualy be expected 1o it model
9 9 J rformance. However, the ratio of vertical to horizontal

is sensitive to observational errors. However, while t . . . .
olution may be more importarfidx Rabinovitz and

models often reach very high scores, indicating a gopff ;o 1993]. Also the spectral transport scheme is
model performance in the extratropical UTLS, there are al wWn ’not to be diffusive. Other models that perform well

some obvious deficiencies. The models score better in -
trics testing dynamics (zonal mean zonal wind and Lh% CAMS.5, E39CA, EMAC, GEOSCCM, the UMUKCA

mass) rather than transport and mixing (seasonal cyclg o B igelfﬁ earr]’r?e:/r\i/?gﬁwev;i;gstgﬁ a?@%?g”&'&‘g%;:g?g 0.7
and HO, meridional gradient in £ normalized and abso- 9 yce oLk y

lute vertical profiles), and better in metrics focusing on tl%e]
LS (seasonal cycle of {at 100 hPa, meridional gradient ir%ﬂ

rforming models are CCSRNIES, LMD2gpro, and MRI.

e lowest scoring models are CNRAMCM, the SOCOL
dels, and ULAQ showing lower values than average for
st of the extratropical UTLS metrics. The SOChdels

. : . : ay score low due to a combination of their hybrid transport

a.nd normalized and absolute vertical profiles). Th|s may P& e and a relatively low horizontal (T30) and vertical

zmglr%icilljestrﬁ)ctltﬁgs I\/(\B/E%rl?czfrleesml?éhtgfnaﬁszml(:tale ?rg r§_solution (5 levels in the UTLS), and ULAQ due to its very
y % w horizontal (11.5° x 22.5°) and vertical resolution (3 levels

O3) rather than the transition between the troposphere
the stratosphere (seasonal cycle gefa®@d HO at 200 hPa,

pause region than in the stratosphere. At least for the dJs- . . ! )
tribution of O; the lack of tropospheric chemistry oh the UTLS) and its quageostrophic dynamical core.

CNRM ACM also uses a cubic serhagrangian transport
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scheme. UMETRAC and UMSLIMCAT are not rated hereorrelation with observations and underestimate the annual

since they lack grades for more than two diagnostics.  cycle amplitude. The CCSRNIES and the SOC®adels
seem to perform worst.

5.2. Qualitative Discussion 5.2.6. Sharpness of Meridional Gradients in @

[83] The results of this metric are largely consistent with

5.2.1. Seasonal Zonal Mean Zonal Wind
[78] Most models perform well in reproducing this quant-hose from the seasonal CYC'? o_t,_ &t 200 hPa. I\/I_oc_iels_
gnerally are capable of maintaining a clear distinction

tity, reflecting that the thermal structure and therefore tgﬁ ! ; S
basic dynamical state of the atmosphere is well represented§ffvéen the tropical UT and the extratropical LS, as indi-

the models. One exception to this is ULAQ. This might b ed in strong _maxima in the gradient at the Iocatiqn of
due to an insufficient horizontal and/or vertical resolutid UeMgLﬂ?,u%FXCTal Jedt' UHI\/(l)LVJVE\C/:eAr'MSé)¥106 mo((j:iels overegtlmate
and the quasgeostrophic dynamical core which introduces_,. an ) an | SOmE under-
errors in the thermal wind balance. estlmate_(CNRMACM and ULAQ) the maximum value in
5.2.2. Seasonal Cycle of LMS Mass the ?ra(il\llent. lized CO in Potential T .

[79) Most models represent well the phase and amplitu @I. i torma |_zre in ?_'e_n 'h"’; emperature
of the seasonal cycle of LMS mass, but not so the ann ative 1o the 1ropopause reig . L
mean value in LMS mass. Overall scores are generall 4]. Most models perform reasonably well.m this diag-
higher for the NH than for the SH. Models scoring high afoStic: except LMDZrepro, SOCOL, and NiMgOCOL,

AMTRAC3. CMAM. E39CA. and GEOSCCM ModeIsWhiCh have too much transport across the extra;ropical
that perform poorly are CCSRNIES, CNRAMCM, and ropopause. The SOCOiodels have a sentiagrangian
y y fansport scheme which together with a relatively low ver-

ULAQ. The diagnostic yields insight into the strength a : . ;
seasonality of the Brewddobson circulation which will r}lc?rl];?gohgi%ios?\}gl resolution may contribute to the models

affect stratosphertroposphere exchange and therefore bo X ) .
UT and LS tracer distributions. C'gﬁdin\z;fergcal Profiles of HO and CO in Tropopause

5.2.3. Tropopause Pressure Anomalies Th dels sh difficult imulating th
[s0] Although the models seem to reproduce the seasonz{fl;s] € models show some difncullies simulating the
cycle of tropopause pressure well in the NH (which | asonal mean vertical profiles qf the d|ﬁerent'trac_ers.

supported by the metric of LMS mass), they show more p _od_els perform better for 4@, possibly because it is pri-
: marily affected by the tropopause temperature and less

blems in representing interannual variability. CNRIGM :
has unrealistically large interannual variability and low trgiiected by chemistry and globstale transport than CO.

popause pressure. CCSRNIES, EMAC, ULAQ and WACCHC IS represented poorly, primarily because most models do
perform worst among the models, with both too high/Ion/Ot include tropospheric chemistry or treat it in a simplified

mean values and very small correlation with the structure jy- Note ho_vvever that CAM3.5 which includes tropo-
the observed variability. spheric chemistry shows about the same CO profile as

: WACCM which does not include tropospheric chemistry.

5.2.4. Tropopause Inversion Layer : ;
[1] Mostpm%dels simulate a Zlear TIL with a stron MAQ and ULAQ also have a comprehensive tropospheric
maximum inN? just above the extratropical tropopaus hemistry, however they do not perform remarkably better

except CCSRNIES which shows a more monotonic incred88" the other models. The lack of a more sophisticated tro-
in N across the tropopause. The models also simulg@SPheric chemistry will likely result in poor UTs@lis-
correctly the seasonal cycle of the TIL with stronger maxi utions, which remains to be_tested in a future assessment.
in summer than during winter. However, the maximum p2-2- Depth of the Extratropical Tropopause

the TIL is shifted to slightly higher altitudes above th&fansition Layer _

tropopause than expected from frésolution observations. L6 The models simulate an extratropical tropopause

Degrading the resolution of the observations shows a clol sition layer (EXTL.) that is deeper than observed in aircraf'g
match with the models and yields a more meaningful mod8PS€rvations, and shifted above the thermal tropopause. This
measurement comparison IS likely due to the modeidimited vertical resolutions, as

52.5. Seasonal Cycles in OHNO, and H,0 at 100 comparison with the ACEETS satellite observations indicates,
and 200 hPa ® 2 which have a resolution more similar to that of the models.

On the other hand, the aircraft measurements may lack
NI[—?Z] hl\c/)l\?vsetvgoct:lﬁés grigﬁtrl%ere?ssigibslét\gﬁtlllyfot%? rt]?geh é?presentativeness. CMAM scores best in this metric, which

100 hPa and too low at 200 hPa. The latter finding indicat’t"?sm)tev\’Orthy since CMAM has a relatively low horizontal

that the models exhibit too much transport from the tropif:%somt'on compared to other models. The ratio between

at and above 100 hPa, and across the tropopause at 200
The spread in skill in representing®lis larger than for
with models doing better at 100 hPa than at 200 hPa.
200 hPa, strong tropospheric influence causes too la
amplitudes in the seasonal cycle. Note that there exist la!
observational uncertainties in,® at the 200 hPa level.
Better measurements are needed to gain more confidencg in .

this quantitative metric. The spread in skill at representing Conclusions

HNOs in the SH at 200 hPa is even larger. UMSLIMCAT [87] We have presented here the first multimodel assessment
shows the highest score, but most other models have a mfwchemistryclimate models (CCMs) in the extratropical

%{cal and horizontal resolution might matter more. Models
hat 'show most difficulties in reproducing the EXTL are
OCOL, UMUKCAMETO, and CNRMACM, whose
sport schemes may be too diffusive. Also rather poor
pgi}ormance is seen for CCSRNIES, LMDZrepro, and MRI.
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. . . J
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; ; ; ; jge the ChemistrZlimate Model Validation (CCMVal) Activity of
capture the basic dynamlcal C“matOIOgy’ and with Eilppr@?CRF*S (World Climate Research Programme) SPARC (Stratospheric
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port and thereby tracer distributions on a climatologicab the model data analysis activity, and the British Atmospheric Data
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scale dynamics, a good representation of the distributions of

radiativelyactive tracers, and a proper representation ﬁfeferen ces

radiative transfer, that allow the models to represent a stability ) o
oshi, H., L. B. Zhou, Y. Yamashita, K. Sakamoto, M. Yoshiki,
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: : 3103, doi:10.1029/2007JD009261.
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