Atmos. Chem. Phys., 11, 8103131, 2011 iy —* -

www.atmos-chem-phys.net/11/8103/2011/ Atmospherlc
doi:10.5194/acp-11-8103-2011 Chemls_try
© Author(s) 2011. CC Attribution 3.0 License. and Phys|cs

Representation of tropical deep convection in atmospheric models
— Part 2: Tracer transport

C. R. Hoyle!2, V. MarécaP, M. R. Russd, G. Allen4, J. Arteta®, C. Chemef, M. P. Chipperfield, F. D’Amato??,
0. Dessen¥’, W. Feng?, J. F. Hamilton!2, N. R. P. Harris?, J. S. Hosking %", A. C. Lewis'?, O. Morgenstern’-",
T. Petert, J. A. Pyle’, T. Reddmanr®, N. A. D. Richards®, P. J. Telford®, W. Tian?, S. Viciani'!, A. Volz-Thomas'3,
0. Wild®, X. Yang'?, and G. Zend"*

Linstitute for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland

2Department of Geosciences, University of Oslo, Norway

3Institute for Climate and Atmospheric Science, School of Earth and Environment, University of Leeds, UK
4NCAS-Weather, Centre for Atmospheric & Instrumentation Research, University of Herfordshire, UK

SCentre National de Recherche$f#orologiques/Groupe étude de I'’Atmospére Meteorologique, Mteo-France and
CNRS, Toulouse, France

6Lancaster Environment Centre, Lancaster University, UK

’NCAS climate, Centre for Atmospheric Science, Department of Chemistry, University of Cambridge, UK
8|nstitute for Meteorology and Climate Research, Karlsruhe Institute of Technology, Karlsruhe, Germany
9European Ozone Research Coordinating Unit, University of Cambridge Department of Chemistry, Lensfield Road,
Cambridge CB2 1EW, UK

0Centre for Atmospheric Science, University of Cambridge, Cambridge, UK

LCNR-INO (Istituto Nazionale di Ottica) Largo E. Fermi, 6 50125 Firenze, Italy

L2University of York, Heslington, York, YO105DD, UK

B|nstitute for Energy and Climate Research, Forschungszeniilioh JGermany

14Centre for Atmospheric Science, University of Manchester, Manchester, UK

“now at: National Institute of Water and Atmospheric Research, Lauder, New Zealand

“now at: British Antarctic Survey, Cambridge, UK

Received: 5 July 2010 — Published in Atmos. Chem. Phys. Discuss.: 27 August 2010
Revised: 19 June 2011 — Accepted: 12 July 2011 — Published: 9 August 2011

Abstract. The tropical transport processes of 14 differ- from around 300 hPa to almost 100 hPa among the different
ent models or model versions were compared, within themodels, and the upper tropospheric tracer mixing ratios dif-
framework of the SCOUT-03 (Stratospheric-Climate Links fer by up to an order of magnitude. The timing of convec-
with Emphasis on the Upper Troposphere and Lower Stratotive events is found to be different between the models, even
sphere) project. The tested models range from the regionaamong those which source their forcing data from the same
to the global scale, and include numerical weather predictiolNWP model (ECMWF). The differences are less pronounced
(NWP), chemical transport, and chemistry-climate models.for longer lived tracers, however they could have implica-
Idealised tracers were used in order to prevent the model'sions for modelling the halogen burden of the lowermost
chemistry schemes from influencing the results substantiallystratosphere through transport of species such as bromoform,
so that the effects of modelled transport could be isolatedor short-lived hydrocarbons into the lowermost stratosphere.
We find large differences in the vertical transport of very The modelled tracer profiles are strongly influenced by the
short-lived tracers (with a lifetime of 6 h) within the trop- convective transport parameterisations, and different bound-
ical troposphere. Peak convective outflow altitudes rangeary layer mixing parameterisations also have a large impact
on the modelled tracer profiles. Preferential locations for
rapid transport from the surface into the upper troposphere
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Ocean. In contrast, models do not indicate that upward transsurface air which is convectively lofted to the zero radiative
port is highest over western Africa. heating level, and eventually reaches the stratosphere, is de-
termined by the tail of the distribution of convective outflow
heights. This is not well known from either observational or
modelling studies, and there has recently been considerable
1 Introduction debate on this matter (e.§upper et al. 2004 Ricaud et al.
2007, Fueglistaler et aj2009.
The timescales for atmospheric transport and photochemical pata from model runs using different moist convection
production/loss are critical, interlinked factors in determin- gng boundary layer schemes was comparedviajjowald
ing the distribution of trace species in the atmosphere. Shortet al. (1995, which suggested that the mid-and-upper tro-
lived chemical SpeCieS emitted at the Earth’s surface are r6pospheric prof"es of atmospheric Species may not be par-
moved in the lower troposphere unless they encounter metegicularly sensitive to the boundary layer scheme used, while
rOlOgical conditions that result in fast upward transport to theusing different convection parameterisation schemes had a
upper troposphere or lower stratosphere (UT/LS). In the trop{arger impact. Lawrence and Rasct2005 compared the
iCS, rapid vertical transport can be achieved within individ- p|ume ensemble formulation and a bulk formulation of con-
ual thunderstorms and larger areas of convection. Howevekective transport in the MATCH chemical transport model,
the amount of short-lived species which reach the UT/LS isand found that the bulk formulation, which has a greater rate
not known with great confidence from either observationalof mid-tropospheric entrainment, results in significantly less
or modelling studieslaw and Sturges2007). Recently the  transport into the upper troposphere compared to the plume
issue has received even greater attention since the contribgmsemble approach.
tion of very short-lived bromocarbons to the stratospheric A number of studies have tried to quantify the effect of
bromine budget, and therefore to stratospheric ozone congjfferent model formulations and convection parameterisa-
centrations, has been recognised as a potentially importaiions on the height of the main convective outflow and the
term (e.gSturges et al200Q Salawitch et al.2005 Sinnhu-  efficiency of convective transpoiolkins et al (2006 com-
ber and Folkins2006 Feng et al.2007 Laube et al.2008  pared two convective parameterisations in a one-dimensional
Hossaini et al.201Q Liang et al, 2010. In addition, fast  framework as well as two further parameterisations in the
transport is important in determining the atmospheric distri- GEOS-3 and GEOS-4 global models: using climatologies of
butions of other natural, short-lived species (e.g. hydrocarco, H,0, HNO; and G for comparison with model data,
bons and their breakdown products) as well as anthropogenighey found that models with a clearly defined convective out-
pollutants such as CO 28> (Park et al. 2008 and, by im-  flow layer in the region of 10-13km (or ca. 265-165 hPa)
plication, NQ,. The lifetime of such short-lived species, once matched the measurements bestteta et al.(20093 used
in the UT/LS, is largely determined by the altitude at which an online regional model, CATT-BRAMS, to investigate the
they are detrained from the convective column. sensitivity of tropical tracer transport to the convective pa-
Short-lived halocarbons such as bromoform and dibro-rameterisation, andrteta et al.(20091 evaluated the effect
momethane, are likely to contribute to part, if not all, of of resolution on the simulated tracer distributions, showing
the reported "missing” bromine in the stratospheric brominethat the higher resolution versions of their model exhibited
budget; in order to understand the role of these gases imore efficient convective transport, reaching higher altitudes.
stratospheric ozone depletion it is therefore important tovarious studies@eng et al. 2004 Wild and Prather2006
quantify their vertical transport from the surface to a regionRind et al, 2007 have shown that increased horizontal and
of upward motion $innhuber and Folkin2008§. vertical resolution improves the skill of the model in pre-
In the tropics there is a gradual transition from tropo- dicting tracer transport by convection. Five different con-
spheric to stratospheric chemical and dynamical regimesyective parameterisations were investigated in the chemistry-
known as the tropical tropopause layer (TTL) (e.g. climate model ECHAM5/MESSYy, byost et al.(2010, who
Fueglistaler et al.2009 and references therein). Net up- found mean differences between the convection schemes of
ward motion occurs above the level of zero radiative heatingjess than 25% for long-lived tracers, and up to 100 % for
which is where radiative heating becomes positive and airshort-lived tracers. They attribute these differences not only
rises. The height of the zero radiative heating level dependso the strength and frequency of convective events, but also
on the local temperature profile, the water vapour mixingto processes such as wet scavenging, and chemistry, which
ratio and whether or not clouds are present (Elagrtmann  are also affected by the transport of species to different re-
and Larson2002 Corti et al, 2005. A typical value is  gions. The chemistry-climate model STOCHEM-HadAM3
15km (ca. 120 hPagherwood and Dessleg2000, whichis  was used byDoherty et al.(2009 to investigate the influ-
above the level of main convective outflow (about 12—13 km,ence of convection on upper tropospherig @hey find that
or 195-165hPa)Holkins et al, 1999 2000. As a result, the effect of convective overturning decreases the concentra-
only a small fraction of the air lofted up in convective towers tion of Oz in the upper troposphere, despite a positive con-
reaches this higher level, and therefore the relative fraction ofribution from changes in ©chemistry associated with the
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convective transport. It is further pointed out Bpherty In Sect.2 of this paper, the models and their setups are
et al. (2005 that their results contrast with the increase in described. The rationale for the choice of the idealised trac-
global OQ; simulated byLawrence et al(2003 with a similar  ers and their characteristics are explained in Sgcind in
model. They suggest that this could be due to model differ-Sect4, we describe the measurements datasets used for com-
ences in convective mixing. parison with model data. Results are described in Sgct.
Upper tropospheric ®and CO data from four chemical focusing on specifically on tracer profiles in the Tropics
transport models was used Barret et al.(2010 which (Sect.5.1), the strength and spatial distribution of tropical
found general agreement between models, and showed thabnvection (Secb.2), and a comparison of the idealised CO
elevated CO and gobservations were due to convective up- with measurements (Sed.3). The main conclusions are
lift of biomass burning emissiondBarth et al.(2007) com-  drawn in Sect6, as well as discussing the lessons learnt from
pared the transport of several chemical species in eight modeomparison of the models’ representation of tracer transport
els. They found longer lived species such asadd CO to  in strongly convective regions.
compare well between models, although substantial differ-
ences were found in the predicted mixing ratios of soluble
species in the cloud anvil. 2 Models
In this set of two papers we attempt to evaluate and
compare the transport of short-lived tracers in many of theA total of 14 models, or model versions, participated in this
global and mesoscale models used within the SCOUT-O3nter-comparison: 7 global off-line chemical transport model
project. These include chemical transport models, coupledCTM) simulations, 4 coupled chemistry-climate models
chemistry-climate models, general circulation models and(CCMs) and 3 numerical weather prediction (NWP) models.
a mesoscale model. Various differences exist between thén initial series of modelling experiments were run, Round
models in this study, such as resolution, boundary layerl (R1), and based on the results of these, the tracers were re-
schemes and convective transport parameterisations, as wdlhed and a second set of experiments was carried out Round
as the methods used to calculate the vertical winds, eve2 (R2). A summary of the configuration of these runs is pro-
when the same meteorological data is used (for the offlinevided in Tablel. The CTM, and nudged CCM model sim-
models). All these factors contribute to differences in the ulations were run for the year 2005, the un-nudged CCMs
modelled tracer profiles. Some of the model configurationsused boundary conditions representative of this time period.
used in this paper only differ in one aspect (see SBHcal- The NWP model WRF was run for February, August and
lowing us to attribute differences in transport between someNovember 2005, and CATT-BRAMS was run for the Mar-
of the models. itime Continent area for November 2005. The models are
In the first papeRusso et al(2011), (hereafter R2011),  described below.
we evaluated the models’ convection by comparison of mod-
elled meteorological parameters to satellite observations2.1 TOMCAT CTM
The main findings of this analysis were as follows: the fre-
quency and distribution of cloud top heights reaching aboveTOMCAT is a 3-dimensional CTM with a variable horizon-
15km varied largely between different models; the modelstal and vertical resolutionGhipperfield 2009. The model
represented reasonably well the average values and observégiforced using 6-hourly ECMWF analyses for vorticity, di-
seasonal cycle of precipitation rates (used as a proxy for convergence, humidity and temperature. The vorticity and di-
vection) for continental regions, however larger discrepan-vergence fields provide the large-scale horizontal winds and
cies with observations were found for the Maritime Conti- vertical winds are diagnosed from the analysed divergence.
nent, an important region for convective transport. Sub-grid scale transport is parameterised in the model using
In this second paper we compare the modelled verticainformation from the large-scale analyses.
transport of tracers. This task is hampered by the lack The convection scheme implemented in TOMCAT is sim-
of an observational quantity which can be considered aslar to the scheme described Byedtke (1989, which uses
“truth”; uncertainties in emissions and in chemical degra-a bulk model to represent an ensemble of shallow, midlevel
dation schemes limit the degree to which any discrepanciesnd deep convective clouds. In TOMCAT, mid-level convec-
can be ascribed to the transport schemes. Therefore, the cotien and convective down-drafts are not included and there is
of our comparison is based on idealised tracers which arao organised entrainment of environmental air above cloud
prescribed in the same way for all models. These can reveabase Stockwell and Chipperfieldl999. The scheme does
model differences but do not in themselves indicate whichinclude cumulus up-drafts in the vertical column entrainment
model’s transport scheme is best. To shed light on the latteof environmental air into the cloud and detrainment of cloud
issue, a semi-realistic tracer (idealised CO) is used and comair to the environment. The magnitudes of these are related
pared to measurements. Since the primary source of CO ito horizontal convergence of moisture below cloud and the
the troposphere is at the surface, it is a good tracer to studgifference between cloud and environmental specific humid-
upward vertical transport. ity at cloud base. Mass balance within the vertical column is
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Table 1. The models which participated in the inter-comparison. The models were run at the following institifidhsniversity of Leeds,
2 Karlsruhe Institute of Technology;®910.11.12 ynjversity of Cambridge® University of Oslo,” Lancaster University:3 Méteo-France
and CNRS and University of Geans 14 University of Herfordshire.

Model Type Resolution Transport BL mix. Circulation Reference
Round 1
1TOMCAT Louis CT™M 2.8x2.8°L31 Prather(1986 Louis (1979 ECMWF operational Tiedtke(1989
2KASIMA CT™M 5.6°x5.6°, 750m  Zalesak(1979 no BL ECMWEF operational none
3UMCAM CCM 2.5°x3.8L19 Leonard et al(1995 see text N/A Gregory and Rowntre990
4UMUKCA-UCAM (R1) CCM 2.5°x3.8°L38 semi-Lagrangian Lock et al.(2000 N/A Gregory and Rowntre€990
SUMSLIMCAT CCM 2.5°x3.8L64 Gregory and Wes2002  no mixing N/A Gregory and Rowntre 990
Round 2
60slo CTM2 CT™M 2.8x2.8°L40 Prather(1986 Holtslag et al(1990 ECMWEF IFS cycle 29 see text
"FRSGC/UCI CTM 2.8x2.8°L37 Prather(1989 Holtslag et al(1990 ECMWE IFS cycle 29 see text
8TOMCAT (R2) CT™M 2.8x2.8°L31 Prather(1989 Holtslag and Bovillg1993 ECMWF operational Tiedtke(1989
9pTOMCAT CTM 2.8x2.8L31 Prather(1986 Holtslag and Bovillg1993 ECMWF operational Tiedtke(1989
10hTOMCAT-tropical CT™M 2.8x2.8°L31 Prather(1986 Holtslag and Bovillg1993 ECMWF operational Barret et al(2010
11UMUKCA-UCAM _nud  nudged CCM 25x3.8°L38 Priestley(1993 Lock et al.(2000 Nudged with ECMWF operational Gregory and Rowntre990
12yM-UCAM _highres global NWP 0%6x0.8°L38 Priestley(1993 Lock et al.(2000 Initialised from UKMO Gregory and Rowntre€1990
13CATT-BRAMS Regional N\WP  60km x 60km L39 Tremback et al(1987) Mellor and Yamad#1982  Initialised from ECMWF Grell and Cevenyi (2002
14WRF global NWP 1.9x1.3°L38 Skamarock et a(2008 Sukoriansky et a2005 Initialised from ECMWF Grell and Cevenyi (2002

maintained by including sub-grid subsidence of environmen-2.2 pTOMCAT CTM
tal air (induced by convection) within the same time step.

Two TOMCAT runs were performed. For the simulation PTOMCAT is a global CTM originally derived from TOM-
TOMCAT _Louis the model was run at 2.& 2.8 with 31 CAT. It still uses the same horizontal and vertical coordi-
hybrid o-p levels from the surface to 10 hPa. This run usednates, the same advection and convection schemes and is
the boundary |ayer (BL) mixing scheme bbuis (]_9797 forced using the same ECMWEF analysis files. pTOMCAT
which is a local scheme, where only the local gradients inhas a horizontal resolution of 2.& 2.8” and 31 hybridr-p
wind shear and lapse rate are calculated, and it is assumé@vels from the surface to 10hPa. This run used the non-
that vertical diffusion can be treated similarly to molecular local boundary layer mixing scheme idbltslag and Boville
diffusion (Stockwell and Chipperfie|d1999. The limita- (1993, and is therefore very similar to run TOMCAR2.
tions of this kind of scheme are that it does not account forPTOMCAT is described if©’Connor et al(2009.
entrainment at the top of the BL, and that it cannot account N pPTOMCAT-tropical, the original implementation of the
for eddy transport of tracers throughout the BL. This leads toTiedtke(1989 — based convective mass flux scheme used in
less mixing within the BL, and between the BL and the free P-TOMCAT has been updated to increase convective trans-
troposphere, compared to a non-local scheme such as that gprt to the mid and upper tropospheia(ret et al. 2010.
Holtslag and Boville(1993. Furthermore, théouis (1979 The entrainment and detrainment rates are set to be half the
BL mixing scheme produces low BL he|gh'[‘q,\/ang et al. value suggested b]?ledtke(1989 This means there will be
1999. less stable ambient air entrained into the cloud and thus posi-

TOMCAT_R2 is similar to TOMCATLouis except that tive buoyancy in the cloud is retained to higher altitudes. This
the non-local boundary layer mixing schemeHafitslag and ~ change offsets the problem in off-line models of diagnosing
Boville (1993 was used, leading to more mixing within the convection with analyses that have already been convectively
BL, and between the BL and the free troposphere_ Instead OﬂdeSted. Other Changes include using ISCCP satellite cloud
using an eddy-diffusivity determined at each point over thedataRossow et al(1996 to specify the fraction of saturated
vertical extent of the boundary layer, as in the local schemeWwater vapour in each surface model grid box and putting de-
the non-local scheme dfoltslag and Boville(1993 deter-  trainment at the cloud top layer rather than in each layer be-
mines an eddy diffusivity profile over the diagnosed bound-tween cloud top and bottom to allow a maximum lift for trac-
ary layer extent, and has the advantage that it may produc@rs from the boundary layer. The deep convective precipita-
significant vertical transport even where the temperature protion is set to be from each layer’s newly formed condensed
file is not absolutely unstable across the whole boundanyiquid water. This updated scheme is also included in the
layer height. The same convective parameterisation was usegudy ofFeng et al(2011).
in both TOMCAT Louis and TOMCATR2. Further inves-
tigation of the impact of different treatments of convection
with the TOMCAT CTM is given inFeng et al(2011)
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2.3 KASIMACTM duction of convective available potential energy (CAPE) to
zero (CAPE closure approach) as Hnitsch and Chappell

KASIMA is a global CTM, with a lower boundary at a pres- (1980. The boundary layer parameterisation is based on the

sure altitude of 4 km. The transport is calculated on a spherinon-local boundary layer scheme lodck et al.(2000. It

cal grid with a T21 resolution (approximately 8.8 5.6%). also includes an explicit parameterisation of entrainment at

Advection is calculated using the two-step flux-correctedthe boundary-layer top.

scheme described Walesak(1979. Meteorological data Three UKCA runs were performed. Run UMUKCA-

from ECMWF operational analyses is used to drive theUCAM (R1) is a free running version of the UKCA at the

model, and the vertical wind is derived from the divergenceusual climate horizontal resolution of N48 (ca. 2:53.8°)

of the horizontal winds. There is no convective transport, andand 38 levels from 0 to 39 km.

no boundary layer mixing scheme. For the lower boundary, The nudged model (UMUKCA-UCANhud) was run at

tracer concentrations were set according to the initial distri-N48 resolution with 38 levels from 0 to 39 km. The nudged

butions used in the experiments, in a virtual layer below themodel uses ECMWF operational analyses available every

model domain. When upward vertical winds are present, thes h. This data is interpolated onto the model time-steps and

tracer is transported from this layer into the model domain. Ajevels. The model temperature and horizontal winds are con-

full model description can be found Kouker et al.(1999. strained to this data using the technique of Newtonian relax-
ation.This version of the model is describedTelford et al.
2.4 UMCAM CCM (2008.

UM-UCAM _highres is a higher resolution run of the free-
UMCAM is an Eulerian CCM based on the Met Office Uni- running UKCA model (N216, 0.83x 0.56") with 38 levels
fied Model (UM) version 4.5. The horizontal resolution from 0 to 39 km Petch et al.2007 Hosking et al. 2010.
is 2.5 latitude x 3.75 longitude, with 19 vertical layers  The model s initialised using UKMO assimilated initial con-
between the surface and 4.6hPa. Convection is parameiitions and is constrained by sea surface temperatures and

terised using the penetrative mass flux schem&®@gory  seaice derived from the GISST 2.0 climatolo@atker et al.
and Rowntreg1990, which uses a bulk approach to rep- 1995.

resent an enseble of shallow, midlevel and deep convective
clouds. The boundary layer is mixed using a MOSES-1Non-2 6 UMSLIMCAT CCM
local K scheme with entrainment (UKMO surface exchange

scheme version 1). Sea surface temperatures and sea ice digMSLIMCAT is a coupled chemistry-climate model based
tribution are prescribed from the BADC dataset for 2005. on the extended middle atmosphere version of UM ver-

The model is described iieng and Pyl¢2003. sion 4.5 Tian and Chipperfield2009. Like UMCAM,
the horizontal resolution is 2H3atitude x 3.75 longitude
2.5 UKCACCM but the model has 64 vertical levels between the surface

_ _ _ and 0.01 hPa. Advection is calculated with the monotonic
UKCA is an Eulerian CCM based_ on the “new dynamlcs" Quintic-Mono Schemeqregory and WesQooa, and con-
version of the Met Office UM Davies et al. 2009. This  vection with the bulk penetrative mass flux scheiBesgory

model is non-hydrostatic and vertical velocity is calculated and Rowntree1990. There is no mixing of tracers in the
as a diagnostic variable on hybwdheight coordinates. Not  houndary layer.

using the hydrostatic approximation allows runs at very high
resolution. To increase stability the model uses a two time-2.7 Oslo CTM2
level, semi-Lagrangian advectioRrfestley 1993 and semi-
implicit time stepping. The model is described in detail in The Oslo CTM2 is a global CTM, run on 40 vertical levels
Morgenstern et a(2009. between the surface and 2 hPa (hyhrigp coordinates) for

As in UMCAM CCM, the convective parameterisation these experiments. The mass centre of the upper model layer
scheme is based on the bulk convection modeGofgory  is at 10 hPa. The horizontal resolution used here is T42 (ap-
and Rowntreq1990. Both shallow and deep convection prox 2.8 x 2.8). The model uses winds from the ECMWF
are included. Cloud base closure for shallow convection isintegrated Forecast System (IFS) model, with the vertical
based onGrant (2007), where the cloud-base mass flux is wind being calculated from the divergence of the horizon-
based on the turbulence kinetic energy budget in the mixedal fields. The meteorological input data were generated by
layer below the cloud base. Parameterised entrainment andinning the IFS model at ECMWF in a series of forecasts,
detrainment rates for shallow convection are obtained fromstarted from the analysed fields every 24 h (at 12:00 UTC).
Grant and Browr{1999, assuming that the entrainment and Each forecast was run for 36 h, allowing for 12h of spin-
detrainment rates are related to the rate at which turbulencap. Linking together all the forecasts results in a continuous
kinetic energy is created in the cloud ensemble. For deepecord of input data. Data are sampled every 3h. The fore-
convection, the thermodynamic closure is based on the reeasts were run with the cycle 29 version of the IFS model,

www.atmos-chem-phys.net/11/8103/2011/ Atmos. Chem. Phys., 11, 81882011
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with a spectral resolution of T319L40, which is truncated to with ECMWF 6-hourly analyses. Nudging is carried out

T42 for the simulations in this study. over 4 model grid points from the lateral boundaries, with
As well as providing large-scale winds, the IFS forecastsa relaxation timescale of 6 h. For the top boundary, a 3h re-

provide archived convective mass fluxes. The convectivdaxation timescale is used above 25 km. The horizontal reso-

transport of tracers is then parameterised as an “elevator syddtion used is 60 krmx 60 km (~0.5° x 0.5°). The simulation

tem”. Starting from the bottom of a model column, the dif- uses 39 vertical levels from surface to 40 km. Initial condi-

ference in upward mass flux between the top and bottom ofions are from ECMWF analyses. Sea surface temperatures

a model grid box determines whether entrainment or detrainare from satellite-derived weekly analyses.

ment to or from the grid box takes place. If there is no dif-

ference between the fluxes through the top and bottom of th.10 WRF NWP

box, the up-draft simply passes through without any entrain-

ment or detrainment of tracers. The maximum height of con-WRF version 3.1.1 is a NWP model, run on 38 layers from

vection is determined by the lowest level where either precip-the surface to 5hPa using a terrain-following hydrostatic-

itation flux is zero, or upward mass flux is zero. Full mixing pressure vertical coordinate syste®kéamarock et 812008.

of entrained air into the up-draft core is assumed. Turbu-The horizontal resolution over the global domain is N96

lent mixing in the boundary layer is treated according to the(1.87%longitude by 1.25 latitude) and the time step is 600

non-local scheme dfloltslag and Bovillg(1993. The Oslo s. The model uses the third order Runge-Kutta time split-

CTM2 is described ilBerntsen et al(2006). ting advective transport scheme describedWigker and
Skamarock(2002, which is conservative, but not positive
2.8 FRSGC/UCICTM definite, nor monotonic. The initial state at the surface

and throughout the model atmosphere is derived from the
FRSGC/UCI is a global CTM with a similar configuration to ECMWF analyses at a spectral resolution of T511 (horizontal
that of the Oslo CTM2. The model was run at T42 resolu-resolution of about 05. The WRF model physics does not
tion for these studies, with 37 vertical layers from the sur- predict sea ice, SST, vegetation fraction, and albedo. These
face to 2 hPa (hybrid-p coordinates). The mass centre of fields are updated in time every 6 h during the model sim-
the upper model layer is at 10 hPa. The meteorological forculation. The deep layer soil temperature is updated every
ing data is the same as that used by the Oslo CTM2, excepi h as well. Sub-grid scale effects of convective and shallow
that the lowest 5 layers of the 40-layer output are combinecclouds were parameterised by the Betts-Miller-Janjic (BMJ)
into two layers. Convection is parameterised with an eleva-cumulus schemelénjic 1994 2000. The non-resolved con-
tor approach based on net convective mass fluxes up througVective transport of tracers is parameterised using an elevator
the atmospheric column, with additional treatment of explic- approach based on the convective mass flux through the at-
itly defined entrainment/detrainment fluxes where these arenospheric columnGrell and Devenyi, 2002 as in CATT

non-zero. The model is describedwild et al. (2004. BRAMS). The mass flux is calculated using precipitation
rates and cloud properties. The entrainment/detrainment pro-
2.9 CATT-BRAMS regional model file and downdraft parameters are used to determine the ver-

tical redistribution of tracers. Tracers are not chemically ac-
CATT-BRAMS is a regional (limited area) meteorological tive. The surface and boundary layers are represented using
3-D model including a tracer and aerosol transport modelthe quasinormal scale elimination (QNSE) parameterisation
(Freitas et al.2009. The advection scheme is a flux-form scheme $ukoriansky et al2005.
forward-upstream scheme of second or@iermback et al.
(1987. Deep and shallow convection are parameterised
following the formulation ofGrell and Cevenyi (2002, as 3 Tracers
described inArteta et al.(20093. This scheme uses a
multi-closure and multi-parameter ensemble approach withThe idealised tracers used in the R1 and R2 modelling exper-
typically 144 sub-grid members. An ensemble of entrain-iments are listed in Tabl2 The tracers’ definition, and their
ment/detrainment profiles and/or down-draft parameters igole in the analysis of vertical transport are described below:
used to determine the vertical redistribution of tracers. Tur-
bulent mixing in the boundary layer is treated according to — T20 This tracer had a lifetime of 20 days. The initial
the level 2.5 scheme d¥lellor and Yamadg1982, which concentration was 1 pptv at the surface, and zero else-
employs a prognostic turbulent kinetic energy. The model where. Throughout the model run the surface concen-
uses a zero-gradient configuration at the lateral boundaries  tration was held constant, in the rest of the atmosphere
for both meteorological and tracer variables, except for the the only loss process for the tracer was decay according
normal wind component for which a radiative condition is to Eq. @), wheret is the time step and is the tracer
used according t&lemp and Wilhelmsor(1978. In addi- lifetime. This tracer, having a lifetime similar to that of
tion, the model is nudged at the lateral and top boundaries = bromoform CHBg, can be used to assess the differences
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Table 2. The idealised tracers used in the experiments More detailsTable 3. The tracers included in the different model runs.
are provided in the text.

Model T20 T6h CO
N Initial S Lifeti -
ame c”o'ﬂﬁition ouree fetime TOMCAT _Louis yes no no
T20 0 1 pptv at 20 days KASIMA yes no no
the surface UMCAM yes no no
T6h 0 1 ppbm at 6h UMUKCA-UCAM (R1) yes no no
Z<500m UMSLIMCAT yes  no no
Cco 0 mixing ratios prescribed  1-3 months (decay rate Oslo CTM2 yes yes yes
atZ <700hPa is a function of pressure) FRSGC/UCI yes yes  yes
TOMCAT (R2) yes yes yes
. . . . pTOMCAT yes yes yes
in short-lived halogenated species reaching the TTL and pTOMCAT-tropical yes yes  yes
lowermost stratosphere between different models. UMUKCA-UCAM nud yes yes yes
. UM-UCAM _highres no yes no
C=Coe /" 1) CATT-BRAMS no yes no
WRF no yes no

— T6h The lifetime of this tracer was 6 h. It was initialised
at the beginning of the model run with a zero mixing ra-

tio everywhere in the atmosphere, except between the The modelling experiments were carried out in two rounds
surface and 500 m, where the mass mixing ratio was g exp

set to 1ppbm. The 1 ppbm condition was maintainedOf intercomparisons. In the first round, the basic T_20 tracer
N, was used, and based on the results of these experiments, the
in this lower layer throughout the model run. The only T6h and CO tracers were included in the second round. Not
loss process was decay according to EQ. (Being all models participated in both rounds of the e er'ménts
extremely short-lived, the T6h tracer could be used to particip : u Xperme
however. Tablg lists the tracers run in each model. The first

investigate very fast transport mechanisms between th X . ) .
surface and the upper troposphere, such as convectioﬁve models in Table3 only participated in the first round

. . .. of intercomparison, therefore they only ran the T20 tracer.
The T6h tracer was also suitable for comparisons WlthFurthermore annual mean data for the tropics could not
the limited area models, as the short lifetime reduced Lo
. be contributed by three models, UM-UCARIghres, WRF

the influence of transport from the model outer bound—and CATT-BRAMS. For UM-UCAMhiahres and WRE this
aries. Additional_ly, Téh requirgd shorFer spin-up times was because they.were only run forgthe months we focus
for the computationally expensive regional models. on here, i.e. February, August and November, and CATT-
— CO The idealised CO tracer was initialised from MO- BRAMS, being a regional model, could not be run for the

PITT data Deeter et al.2007) between the surface and whole tropical area. This excludes them from the annual,

700 hPa. Everywhere else in the atmosphere the initiatropical mean comparison using the T6h tracer, which is pre-

mixing ratio was zero. Loss of the tracer occurred only sented in Sect.1 Due to the long spin-up times required

via reaction with a prescribed, constant mean OH fieldor the lack of chemical solver, UM-UCAMighres, CATT-

with a concentration of 0.510° moleccnt. This ~ BRAMS and WRF could also not include CO or T20.

value is up to a factor of two lower than recent estimates

of the global mean OH concentration (eWang et al,

2008, however it should be noted again that the objec-4 Observational data

tive was to create a highly simplified tracer which would

behave with some similarity to CO in the atmosphere. In Sect.5.3, modelled CO is compared with in situ measure-

Secondary sources of CO from the oxidation of hydro- ments made during the SCOUT-O3 and ACTIVE campaigns,

carbons are also ignored, and the use of a single valu@nd satellite based measurements made by the Tropospheric

for the OH concentration does not take into accountEmission Spectrometer (TES).

latitudinal or seasonal changes in solar radiation (OH During the SCOUT-O3 measurement campaign carried

concentrations are much higher during the day than theout in the area of Darwin, Australia, in November and De-

night, and are higher in the tropics than at mid and po-cember 2005, the concentration of CO was measured with the

lar latitudes). The reaction rate was pressure-dependenGOLD (Cryogenically Operated Laser Diode) instrument on

given byk = 1.5x 10~ 13x (14 0.6 Pam) (Sander etal.  board the Geophysica research aircraft. The COLD instru-

2003, where Py is pressure (in atmospheres), @nd mentis a mid-infrared tunable diode laser airborne spectrom-

has units of cthmolec1s~1. The CO tracer allows a eter for in-situ measurement of trace gases. A liquid nitrogen

qualitative validation of modelled transport via compar- cooled lead-salt diode laser is used in combination with an

isons with measured CO distributions. astigmatic Herriott multi-pass cell (providing an optical path
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of 36 m) to detect the absorption signal of the molecules un5 Results
der analysis. A direct absorption detection technique, which
does not need in-flight calibration, is employed in conjunc- In this section, the fields of the modelled tracers are com-
tion with fast sweep integration. For CO measurements, arpared between the models as well as with observational data.
in-flight sensitivity of few ppbv is achieved, with a time res- The models have rather different resolutions, and even when
olution of 4s, a precision of 1 % and an accuracy in the rangehe spacing of the grid points is similar, the actual positions
of 6%—-9%, mainly due to the accuracy of the molecular often differ. For the comparisons in Sebtl, the data from
database\(ciani et al, 2008. each model has therefore been linearly interpolated in the
The aerosol and chemical transport in tropical convectionnecessary spatial and temporal dimensions. By interpolating
(ACTIVE) campaign was carried out from Darwin, Australia to a more finely resolved grid than the best model resolu-
from November 2005 until February 2006. The aim of the tion, the smoothing out of peaks or minima was limited. For
campaign was to quantify the influence of convection on theglobal plots, such as in Se&.2, the monthly mean model
composition of the TTL Yaughan et a).2008. In addi- data were linearly interpolated to the same grid as the Oslo
tion to other measurement platforms, two aircraft were de-CTM2, in order to compare identical pressure levels. Several
ployed; the NERC-Dornier-228, and the ARA Grob G520T of the models did not run all of the experiments, therefore
Egrett. While the Dornier conducted measurements up to aisome models are not included in each of the plots shown be-
altitude of approximately 4 km, the Egrett was used up tolow.
around 15km. Fluorescence-based CO measurements were
performed aboard both aircraft, with the instrument on the5.1 Tropical concentration profiles
Dornier having an integration time of 10 s, and a detection
limit of around 2 ppbv Allen et al, 2008. The precision  We start our analysis with the T6h tracer; this tracer’s mixing
of this instrument wask2 ppbv, with an accuracy (using a ratio decreases by half in4 h and goes to zero after24 h.
200 ppbv CO in air calibration gas) &f4 ppbv. The calibra- Because of its extremely short lifetime, this tracer can only
tion gases used for this instrument are tied to the NOAA COexperience fast transport processes and its vertical profile
scale. The instrument on the Egrett collected data at a frewill be therefore mainly affected by convective transport. To
guency of 1 Hz, a precision aE2 ppbv and an accuracy of analyse the convective transport in the different models using
+£3 ppbv (5% at mixing ratios-60 ppb) Heyes et al.2009. T6h (and T20 in the next section), we focus on the Tropics
TES is an infrared Fourier transform spectrometer which(20° N-2(° S) as well as three specific geographical regions,
was launched on-board NASA's Aura satellite in 208&¢r  namely South America, West Africa and the Maritime Conti-
et al, 2001). TES is the first satellite instrument to provide nent (hereafter abbreviated as SA, WA and MC), which have
vertical information on tropospheric ozone whilst simultane- been chosen to provide examples of different types of land
ously measuring CO on a global basis. The data used in thignd island deep convection. These regions are the same as in
study comes from the TES Global Survey operating modeR-2011, and are shown in Fig.
in which TES makes nadir observations with a .8.3 km In R.2011, we performed a detailed comparison of mod-
footprint, providing near-global coverage approximately ev-elled and observed cloud top height distributions to inves-
ery 16 days. TES ozone and CO profiles are provided ortigate differences in the strength of the convection and the
67 vertical levels from the surface to 0.1 hPa and have beebility of convective parameterisations to reproduce the ob-
extensively validated against in-situ observatidnso(et al, served vertical distributions of clouds. Here we investigate
2007 Nassar et al.2008 Osterman et al.2008 Richards  how the same convective parameterisations differ in the ver-
et al, 2008 Lopez et al. 2008. In order to correctly com- tical transport of tracers. In particular, we focus on the height
pare TES and model profiles one must account for the limitedof the mean convective outflow and the tracer's peak con-
vertical resolution and the effects of a priori information in- centrations at the outflow relative to the surface concentra-
herent in the retrieved TES profiles. This is achieved throughtion. If one compares the same model in different regions,
the application of the TES observation operator to the modethe changes in the height of the tracer's main convective out-
profile. The observation operator consists of the averagindglow should be determined by changes in the vertical extent
kernels and the a priori profile used in the retrieb¢gers  of the convection, while the changes in tracer’s peak concen-
and Connor2003. The application of the TES operator to tration at the outflow should follow changes in the number of
a comparison profile is described in detailWorden et al.  convective events reaching that height. However, differences
(2007. For this study the unique TES observation operatorbetween models are not always directly attributable to such
for each TES profile was applied to each model profile be-changes. In fact, the way models parameterise venting of the
fore averaging the resulting profiles for monthly mean com-boundary layer, and the values of entrainment-detrainment
parisons. rates in the convective plume, can have a larger impact on
the tracer distribution than the vertical extent or frequency of
the convection. For example, some models use convective
schemes which release the tracer at the top of the convection
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Fig. 1. The rectangles show the regions which were examined in this study, South America, West Africa and the Maritime Continent.

while others distribute the tracer throughout the convectivethe exception of the WA region, these two models show
column. Therefore, one should keep in mind that differencesa consistently smaller percentage of clouds reaching above
between models’ vertical profiles of T6h are not always di- 10 km compared to observations and other models. This in-
rectly attributable to differences in the vertical extent of the dicates that the vertical extent of tropical convection, and the
convection or the number of convective events. For this reaassociated fast vertical transport, might be underestimated in
son, the meteorological analysis of convective properties inhese models.

R_2011 will help to attribute differences in the models’ con- Most of the models are either forced by or nudged to
vective transport. ECMWF winds (the only exceptions in Fig.being WRF,

The convective transport in each of the three regions iSCATT-BRAMS and UM-UCAM highres). The span of re-
analysed for one month, during which the region exhibits asults between the different models shows that the short-lived
strong convective activity (see R011 for further discussion tracer transport depends more on the details of the convec-
on the choice of the regions and the respective months). Théve parameterisation than on the forcing data, or the model
monthly mean vertical profiles of T6h are shown in Ry.  resolution. Indeed, Oslo CTM2 and FRSGC/UCI use virtu-
averaged over SA in February, WA in August and MC in ally identical wind fields, and while they have very similar
November. Additionally we show for comparison the annual outflow heights, lower down in the model profiles there are
mean tracer profile averaged over the whole tropical regiorsignificant differences, for example at 600—700 hPa over the
(note that only a subset of the models have archived the nedviC and WA, and 300 hPa and below over WA, which appear
essary information for this plot). to be related to the representation of the boundary layer.

We first analyse the height of the mean convective out- Modifying the convective parameterisation scheme in
flow and how it varies between models and between differ-pTOMCAT (pTOMCAT tropical, shown as the dashed line
ent geographical locations compared to the tropical meanin Fig. 2) produces cloud top heights which are in better
For the tropical region, we can distinguish between two setsagreement with observations (see als@@® 1); the tracer’s
of models, those with a mean convective outflow at a heightconvective outflow for this modified version is also signifi-
of ~190 hPa £12.5km) and those with a lower convective cantly higher, and very similar to the high resolution CATT-
outflow at~300 hPa £9km). These two model categories BRAMS model, which uses its own dynamics as opposed
are also clearly marked for SA, with outflow heights at 190—to ECMWF forcing. A comparison of convective transport
200 hPa and 300 hPa respectively. Radar reflectivity data wag pTOMCAT _tropical with other models, and with observa-
used byMullendore et al(2009 to investigate the level of tions, was also presented Barret et al. (2010, where the
detrainment in a convective storm observed over Brazil dur-modelled deep convective mass flux for August 2006 was
ing January 1999. For this particular event, the maximumfound to reach approximately 170 hPa, similar to the maxi-
detrainment was found to be at around 11 km, or approxi-mum outflow height of p TOMCATtropical shown here, and
mately 220 hPa, which is not greatly different than either of within the range of outflow heights produced by other models
the sets of models. included in that study (125 hPa—200 hPa).

For the MC region the outflow heights of the first set of In general, the relative heights of the convective out-
models are further split betweenl50hPa {¢14km) for  flow for the different models do not change significantly
CATT-BRAMS and pTOMCATtropical, and 190-200 hPa with geographical location, with the exception of TOM-
for most other models, while TOMCAT and pTOMCAT out- CAT and pTOMCAT which have significantly higher out-
flow heights remain around 300 hPa. For the WA region, dif-flow heights for WA compared to all other regions. CATT-
ferences in the height of the convective outflow are smallerBRAMS and pTOMCATtropical have the highest outflow
with values of~180-200 hPa for most models and 250 hPaheights (150 hPa;-14 km for the MC region), and although
(~10.5km) for TOMCAT and pTOMCAT. The lower out- the cloud top height analysis in Fig. 9. of 11 does
flow heights displayed by TOMCAT and pTOMCAT can be not point to them as having the highest percentage of high
explained by the cloud top height analysis il2B11: with clouds, this apparent discrepancy can be explained by the
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Fig. 2. The mean profile of T6h volume mixing ratios, for each model, averaged over three different areas for particular months of 2005, as
well as an annual mean for the tropical region (lower right panel).

fact that both these models have convective detrainment ahdeed has lower cloud top heights in these two regions than
the top of the cloud rather than throughout the column.Oslo CTM2 and FRSGC/UCI, but very similar values over
FRSGC/UCI, Oslo CTM2, WRF, UMUKCA-UCANhud  the MC, where the tracer outflow height is also similar.

and UM-UCAM_highres have fairly similar convective out-
flow heights for all regions (in the range 170-200 hRa3—

12 km), with FRSGC/UCI, Oslo CTM2 and WRF being
slightly higher for some regions compared to the two UCAM
models. The cloud top analysis in®11 shows that the
cloud top distributions are highest for FRSGC/UCI, Oslo
CTM2, and UMUKCA-UCAM.nud, and slightly lower for
WRF and UM-UCAMhighres. In this case, the inconsis-
tency between the high cloud tops produced by UMUKCA-
UCAM_nud and the relatively lower convective outflow
height can be attributed to the fact that the cloud frac-
tion within the large model gridbox (324 2.5%) starts de-
creasing with height above-13km. Despite having one
of the lowest convective cloud top height distributions
over WA, UM-UCAM_highres has a relatively high convec-
tive outflow, similar in altitude (although greater in magni-
tude) to UMUKCA-UCAM._nud. Over WA and SA, WRF
shows slightly lower outflow heights than Oslo CTM2 and
FRSGC/UCI, and this is related to the distribution of the
cloud top heights shown in Fig. 9 of R011, where WRF

We now analyse the tracer mixing ratio at the convective
outflow in Fig.2 and how it varies between models and be-
tween different geographical locations compared to the trop-
ical mean. Generally FRSGC/UCI, Oslo CTM2 and WRF
have the largest mixing ratios at the level of convective out-
flow, while TOMCAT and/or UMUKCA-UCAMnud have
the lowest. The other models predict mixing ratios between
these extremes. The profiles from UM-UCAMghres and
UMUKCA-UCAM _nud are similar in all regions except WA,
where the high resolution version of the model produces both
a larger, and a higher altitude peak in tracer concentrations
than the nudged model. Over SA, the nudged model has
a much more pronounced mid-tropospheric minimum than
" UM-UCAM _highres. The very low monthly-mean tracer
mixing ratio produced by UMUKCA-UCANMnud for WA re-
sults from an anomalously low number of convective events
for this region compared to other regions. Further investiga-
tion and additional model analysis showed that this underes-
timation of convection over the West Africa region is due to
a problem with the interactive soil scheme used in the model.
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For this region, the interactive soil scheme leads to underesing data, is found in the timing and relative strength of the
timation of the soil moisture compared to soil climatologies vertical transport.
(e.g.Willmott et al, 1985, and this in turn leads to areduc-  The FRSGC/UCI and Oslo CTM2 produce similar time
tion of low-level moisture and convective activity. series, differing from pTOMCAT and TOMCAT (R2) data
Using the monthly mean precipitation rates shown in mainly by the mixing ratio, and altitude. At the very begin-
Fig. 6 of R2011as a proxy for convective strength, it is dif- ning of the time series, both FRSGC/UCI and Oslo CTM2
ficult to explain the differences between the models. Whileshow moderate transport to higher levels, while pTOMCAT
Oslo CTM2 and FRSGC/UCI have one of the weakest pre-and TOMCAT (R2) show very little vertical transport in this
cipitation rates among the models (in agreement with meagperiod, although the diurnal cycle peaks at similar times. The
surements), the outflow mixing ratios of the T6h tracer areinclusion of mid-level convection and generally enhanced
the highest. WRF has comparatively high precipitation ratesconvection in pTOMCATtropical leads to clearly higher
and a similar tracer outflow concentration to Oslo CTM2 andtracer mixing ratios at 500-600 hPa, as well as much higher
FRSGC/UCI, however TOMCAT/pTOMCAT have rather outflow heights in the upper troposphere, highlighting the
high precipitation rates, and comparatively low peak tracerimportance of the convective parameterisation on tracer dis-
mixing ratios at the outflow level. The picture is more con- tributions. The increased resolution of p TOMCAT06, on
sistent over WA, where the high outflow mixing ratios of the other hand, has little effect, when compared with the
CATT-BRAMS, WRF and UM-UCAMhighres correspond pTOMCAT results (se&eng et al.2011for further discus-
with higher precipitation rates (Fig. 5 of R011), however sion). Although the time resolution of the input meteorolog-
Oslo CTM2 and FRSGC/UCI still have high outflow concen- ical data, as well as the calculation method for the horizon-
trations, despite having the lowest precipitation rates amongdal winds, differs for the TOMCAT models and, for example
the models. Oslo CTM2 (see Sec®), the modification of the convec-
Comparing the tracer mixing ratios at the outflow height tive scheme in pTOMCATropical leads to results which are
between the different regions shows that for the Tropics, themuch more similar to Oslo CTM2 than the original pTOM-
tracer mixing ratios at the convective outflow height vary CAT configuration.
within the range 0.9-2.5% of the mixing ratio imposed at UMUKCA-UCAM _nud shows greater transport to about
the surface. These values are generally smaller compare200hPa at days 305-308, a feature which is not seen in the
to mixing ratios at the convective outflow for the three dif- TOMCAT (R2) or pTOMCAT plots. The lower convective
ferent domains, which show mixing ratios in the range 1.4—activity around day 320 is seen in all of the models, how-
5%, 0.5-3.5%, and 1-7% for SA, WA, and MC respec- ever it starts 1-2 days earlier for TOMCAT (R2), pTOM-
tively (note that for WA we have ignored the anomalously CAT and UMUKCA-UCAM_nud than the other models. The
low value associated to UMUKCA-UCAMud). The gen- free-running models produce generally similar results to the
erally larger mixing ratios for these regions suggests that forforced models. The timing of the enhanced concentrations in
most models under investigation, convective transport fromthe upper troposphere differs slightly between UMUKCA-
the surface to the convective outflow height level is more ef-UCAM _nud and UM-UCAMbhighres, for example around
ficient in these three regions at the selected times compareday 315.
to the annual average convective transport in the whole trop- The magnitude of the daily changes in vertical transport
ical region. One exception is West Africa: for this region differs greatly between the models. CATT-BRAMS has the
TOMCAT, pTOMCAT, pTOMCAT tropical and UMUKCA-  strongest daily cycle in convective activity, with T6h mix-
UCAM _nud have smaller mixing ratios at the convective out- ing ratios almost completely decaying to zero between con-
flow than they have for the Tropics. secutive peaks due to convective uplift, indicating that up-
While convection lifts the T6h tracer typically only to its ward transport is negligible in the evening and early morn-
convective outflow height, differences in the outflow height ing. The other models have far less variability in the upper
and in the tracer mixing ratio at this level will also have an troposphere, as the amount of convective transport varies less
impact on the amount of surface species which are subseduring a 24 h period. UMUKCA-UCANNud produces fairly
quently transported upward from the TTL to the lower strato- constant enhanced mixing ratios at about 700 hPa, while in
sphere. CATT-BRAMS, Oslo CTM2 and FRSGC/UCI the lower tro-
The data in Fig2 can also be viewed as a time series, aspospheric peak mixing ratios are much more variable.
shown in Fig.3. Due to the short lifetime of T6h, a marked  The differences in tropospheric transport to the convective
diurnal cycle, associated with convective development andutflow height results in different transport from this level
decay, is observed in the upper tropospheric mixing ratiosto the lower stratosphere, where differences between mod-
and indeed, there is a marked periodicity in the T6h mixingels increase further, as illustrated by the T20 mixing ratios
ratios for all the models. Differences in both the altitude of shown in Fig.4. While the maximum difference between
the main convective outflow, as well as the strength of thethe November mean mixing ratio over the Maritime Conti-
vertical transport are obvious. A surprising difference, con-nent of two models (UMSLIMCAT and FRSGC/UCI) was
sidering that most models use the same meteorological forcabout a factor of three at around 100 hPa, at 70 hPa it is more
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Fig. 3. Modelled profiles of mass mixing ratio as a function of time, for T6h, averaged over the Maritime Continent. The data runs from day
304 to 334, i.e. midnight on 1 November 2005 to midnight on 30 November 2005.

than an order of magnitude, and continues to increase wittfCAT _Louis. The TOMCAT (R2) and TOMCATLouis mod-
increasing altitude. There are two processes contributing tels differ in the boundary layer scheme, and it appears that
the divergence of the modelled mixing ratios, firstly the alti- the Louis scheme reduces the amount of tracer reaching the
tude at which the slow up-welling into the lower stratospherelower troposphere compared to the boundary layer scheme
begins, and secondly, the different rates of ascent providedised in TOMCAT (R2). As described in Se2tl, although

by the models. For example, while the upper troposphericooth TOMCAT (R2) and TOMCATILouis contain the same
peak in mixing ratios from UMCAM is lower than that of convective parameterisation, the Louis BL mixing scheme
FRSGC/UCI over WA and SA, UMCAM has larger mix- produces a lower BL, less diffusion of tracers and no entrain-
ing ratios in the stratosphere, due to larger vertical transportnent at the top of the BL, leading to less convective transport
within the lowermost stratosphere. On the other hand, in theof tracers from the BL. This leads to significantly smaller
tropical mean panel, FRSGC/UCI has greater mixing ratiosmixing ratios for TOMCAT.Louis than TOMCAT (R2) up to

in the upper troposphere than pTOMCAT, and the differencesabout 100 hPa. The boundary layer mixing scheme therefore,
in mixing ratios continue to increase with altitude, due to ahas the potential to influence tracer mixing ratios throughout
faster lower stratospheric up-welling in FRSGC/UCI than in the troposphere.

pTOMCAT. However, the use of analysed divergence fields +The profile for KASIMA starts at 600 hPa, as this is the
to calculate vertical transport in the TOMCAT/pTOMCAT lower boundary of the model. Due to the lack of a convective
model is known to overestimate the rate of vertical tracertransport parameterisation, the profile of KASIMA shows no
transport, in comparison to the use of heating ratésnge-  pronounced upper tropospheric peak, and has smaller mixing
Sanz et a.2007 Hossaini et a].2010. ratios than the profiles of the other models in the upper most

. . _ troposphere and lowermost stratosphere.
In Fig. 4, the lowest tracer concentrations in the lower

troposphere, except in West Africa, are those of TOM-
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Fig. 4. The mean profile of T20 volume mixing ratios, for each model, averaged over three different areas for particular months of 2005, as
well as an annual, tropical mean (lower right panel). The legend is split over the lower two panels, but refers to all four panels. No data were
available for UMUKCA-UCAM.nud above 90 hPa.

The profiles from UMUKCA-UCAMnud and Gettelman(200]) pointed out that the observed stratospheric
UMUKCA-UCAM (R1) look very similar except over water vapour mixing ratios could also be explained if air
the MC, where the nudged version produces higher tracepassed more or less horizontally though a cold area (“cold
mixing ratios in the middle troposphere, more in line with trap”) in the upper troposphere, but did not necessarily enter
the results of the other models. Over WA, the situation isthe stratosphere at that location. Transport from the tropi-
reversed, with the nudged version showing lower mixing cal boundary layer to the tropical tropopause layer and the
ratios than all the other models between about 800 hPa anstratosphere during January 2001 was investigatedeiine
400 hPa. By comparing Fi@ and Fig.4, one can also note et al.(2007), who found that two thirds of the transport from
that the very large model differences in the vertical profilesthe planetary boundary layer to the TTL occurs vertically
for the extremely short lived T6h tracer are greatly reducedover the Indian Ocean, Indonesia and the western Pacific.
for the longer lived T20 tracer. Evidently, the lifetime of the On the other handRicaud et al(2007) found that convec-
tracer plays a role in how sensitive the details of the tracertive transport of trace gases into the lower most stratosphere

distribution are to the differences in model transport. mainly takes place above land convective regions, particu-
larly Africa, in the season March-April-May.
5.2 Location of convection The annual mean enhancement in T20 mixing ratio at ap-

proximately 200 hPa is shown in Fi§. This was calcu-
The geographical location of convection is important as it de-lated by dividing the annual mean T20 mixing ratio at each
termines the mixing ratios of water and the chemical speciegrid point by the annual, global mean mixing ratio on the
transported to the upper troposphere and the lower strato200 hPa level. The models generally agree on the location
sphere. The idea of a “stratospheric fountain”, with air pref- of the highest mixing ratios, although the magnitude of the
erentially entering the stratosphere over the western tropitracer mixing ratios varies from model to model. The high-
cal Pacific and the Maritime Continent, was put forward by est T20 mixing ratios are seen in the tropics, indicating that
Newell and Gould-Stewa(i98]). Subsequenthdolton and  vertical transport to this level preferentially occurs there, as
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Fig. 5. The fraction enhancement of the 2005 annual mean mixing ratio of the T20 tracer, for each model, at the 200 hPa level. The
enhancement was calculated by dividing the value at a particular point by the global mean at that level.

expected. The width of the band of high convective activ- of the smallest among the models, and while the mixing ra-
ity does not vary greatly between the models, and all mod-+ios of T20 for these models are also comparatively small
els show the greatest vertical transport taking place over that 200hPa, at 90 hPa the mixing ratios for Oslo CTM2 are
western Pacific and Indian Ocean. Most of the models alsdhe largest among the models. Again, while the model trans-
show transport being slightly enhanced over South Amer-port generally depends on the meteorological forcing data,
ica and Africa. At 90hPa (Fig6), the picture is similar, the details of the models convective transport parameterisa-
with most models indicating that the vast majority of the up- tion have a large impact. At the 90 hPa level, the main dif-
ward transport is taking place over the western Pacific anderence between the models is the size of the T20 mixing
Indian Ocean, with very little contribution from other ar- ratio enhancement, related to the strength and depth of the
eas. FRSGC/UCI, Oslo CTM2, TOMCAT (R2) and pTOM- convection, while the location of the highest mixing ratios is
CAT also show smaller contributions over South America very consistent across all the models shown.

and western Africa. No data were available at the 90hPa The seasonal cycle of the T20 mixing ratios at 90 hPa in
level for UMUKCA-UCAM_nud. This general picture is the three areas SA, WA, MC as well as a tropical mean are
also seen in Fig. 4 of R011, where maps of the annual shown in Fig.7, which can be compared with the seasonal
mean precipitation rates are plotted. The measurement angycle of precipitation for the three study regions shown in
re-analysis data shows high precipitation rates over the MCFig. 3 of R2011. The 90 hPa level was chosen as it is located
Indian Ocean, across the Pacific, and to a lesser extent, oveyell into the TTL and is above the level of zero radiative
SA, and WA. TOMCAT and pTOMCAT greatly overestimate heating. Tracers reaching this level will likely be transported
the measured precipitation rates, and have relatively highnto the lower stratosphere.

T20 mixing ratios at 200 hPa. pTOMCAfopical, also has Over SA, most of the models show a seasonal variation
high precipitation rates but has a comparatively low T20 miX- ith minima from about July to September and larger mixing
ing ratio at 200 hPa. At 90 hPa, however, the T20 mixing ra-ratios from about January to March. A similar pattern is seen
tios of p TOMCAT tropical, TOMCAT (R2) and PTOMCAT  gyer the MC with low values from about June to September
are similar, again illustrating the effect of the modified con- gpg larger values in November and December. The mixing
vective transport in pTOMCATropical. Similarly, the pre-  ratios over the MC are also generally larger than in the other
Cipitation rates fOI‘ OS|0 CTM2 and FRSGC/UC' are some areas, which leads to the genera| Cyc'e over the MC being
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Fig. 6. The fraction enhancement of the 2005 annual mean mixing ratio of the T20 tracer, for each model at the 90 hPa level. No data was
available at this level for UMUKCA-UCANMNnud. The enhancement was calculated by dividing the value at a particular point by the global
mean at that level.

similar to that seen in the tropical mean. In contrast to thein T20 mixing ratios and approximately the lowest amplitude
other models, UMSLIMCAT shows a peak in T20 concen- change in precipitation rate. The situation is similar over the
tration in August-September over the MC. MC.

Over WA, few of the models show significant varia-  Qver WA, there is also a seasonal cycle in precipitation
tion throughout the year, exceptions are UMCAM and rates, however, as described above, there is no pronounced
UMUKCA-UCAM (R1), which both show larger mixing ra-  seasonal cycle in T20 mixing ratios at 90 hPa for most of
tios towards the middle of the year. In the tropical average,the models. The convective outflow heights shown in Big.
mixing ratios are generally smaller from about JU'y to Octo- are lower for WA than the MC and SA, and at 200 hPa (not
ber, and larger from November to May. For most of the mod-shown), most of the models show a seasonal cycle over WA
els, the seasonal development of the tropical average showghich correlates with the changes in precipitation throughout
a strong similarity to that over the MC, suggesting that thethe year. The vertical transport from the surface to 90 hPa is
MC is the controlling region for the upper tropospheric tracer therefore strongly linked to convection for the MC and SA
miXing ratios. In contrast, the mean tropical seasonal CyCl%ut not for WA. Boundary |aye|’ tracers in the tropics are
for UMUKCA-UCAM (R1) shows a similarity with that over  generally lofted convectively to a certain level (as shown in
WA, with a peak in July—September. Fig. 2), and above that level large-scale transport processes

If convection is the main control on tracer mixing ratios are responsible for the further vertical transport. In WA, the
at 90 hPa in a particular region, the seasonal cycles in T2@racer mixing ratios at higher levels in the models are con-
mixing ratio shown in Fig7 should relate to the precipita- trolled to a greater extent by large-scale transport processes.
tion rates shown in Fig. 3 of R0O11. Over South Amer- This corresponds well with observations carried out dur-
ica, all models show a marked seasonal cycle in precipitatioring the AMMA (African Monsoon Multidisciplinary Anal-
rates, which is reflected in the T20 mixing ratios shown in yses) campaign during July and August 2006. Aircraft based
Fig. 7. There is no direct relationship between amplitude of measurements of several gas species were used to show the
seasonal changes in the precipitation and amplitude of thenain convective outflow to be around 200 hPa in this region,
seasonal changes in T20 for the different models, e.g. Osl@and on certain days up to 100 hRaag et al, 201Q Fierli
CTM2 and FRSGC/UCI have the highest amplitude changest al, 201]). Satellite based measurements of CO during the
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Fig. 7. The variation throughout 2005 of the T20 mixing ratio in the different models at 90 hPa over SA, WA, the MC and as a tropical mean.
The legend is split over the two upper panels, but applies to all panels.

same time period show a convective influence up to aroundeen affected by the strong convective systems (“Hector”)
220 hPa, with CO distributions above 150 hPa being con-which form over the Tiwi islandsBrunner et al.2009. On

trolled by large-scale transpoBérret et al. 2008. 16 November, air in the outflow of a Hector was sampled.
Air which was not affected by the convection was also sam-
5.3 Comparison with measurements pled on another leg of the flight, leading to the two branches

of the measurement with substantially different mixing ra-

The idealised CO tracer used in the models has a uniforn{i©S: ©n 23 Ni())vemlier thekqwescem TTL waE sampdled, and
removal rate and no additional sources, therefore it cannof" 22 November only weak convection was observed. On 30

be expected to exactly reproduce the observed CO data OHovember, relatively strong convection influenced the sam-
a particular day. It can still be used however, to evaluatepled air masses.

general features of the model transport, such as the represen-|n general, all the models produce idealised CO values
tation of seasonal Cycles or the StTEHch and altitude of thQNhICh are similar to the measured values. On 16 Novem-
transport of lower tropospheric air to the upper troposphereper, UMUKCA-UCAM_nud underestimates the measured
Because of its relatively Iong photochemical lifetime (|e ca.Cco mixing ratio in the lower-mid troposphere, while at about
1-3 months), the vertical distribution of CO is determined to 350 hPa, pTOMCAT overestimates the mixing ratios. Higher
a large extent by transport processes, although there is als@ the atmosphere, around 100 hPa, most of the models bet-
a significant atmospheric source, due to the oxidation of hy+er reproduce the convectively perturbed CO values than the
drocarbons and methane (eShindell et al.2006. background values, with UMUKCA-UCAMud still return-

The modelled idealised CO fields were interpolated to theing the lowest mixing ratios, which are within the range of
measurement times and locations along the flight track othe measurements. None of the models has sufficient spatial
the Geophysica, and a comparison with the measured data igsolution to reproduce the difference between the perturbed
plotted in Fig.8. One of the focuses of the SCOUT-O3 mea- and non-perturbed measured values. On 30 November, again
surement campaign in Darwin was to measure air that hadhe models capture the UT/LS CO as well as the slope of the
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Fig. 8. A comparison between modelled and measured CO mixing ratios along the Geophysica flight track for 16, 23, 25 and 30 November
2005. The measurements were made during the SCOUT-O3 campaign in Darwin, Australia.
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Fig. 9. A comparison between modelled and measured CO mixing ratios along the Egrett flight track for 16, and 30 November 2005. The
measurements were made during the Active campaign in Darwin, Australia.
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Fig. 10. A comparison between modelled and measured CO mixing ratios along the Dornier flight track for 16, 23, 25 and 30 November
2005. The measurements were made during the Active campaign in Darwin, Australia.

decay in mixing ratios with increasing altitude. In the lower of the profiles, below about 600 hPa, can be examined to
troposphere, however, all models significantly overestimatedetermine if the surface CO mixing ratios may explain the
the measured values. model behaviour. In Fig9, on 16 November, most mod-
On the less convectively active days, such as 23 Novemgls have similar near-surface CO mixing ratios to those mea-
ber, the models capture the lower troposphere mixing ratiosSuréd- UMUKCA-UCAMnud has rather lower values, due

however they all overestimate the values measured betweei® the larger grid including low CO air masses in the grid

about 150 hPa and 60 hPa, while on 25 November, the modbox average. This will contribute to the lower UMUKCA-
els generally reproduce the lower to mid tropospheric COYCAM-nud CO mixing ratios in the upper troposphere com-

mixing ratios but, except for UMUKCA-UCANhud, over- pared to the other models. Low level measurements (below

estimate the CO above 100 hPa. In general, the models aff00hPa) were also recorded by instrumentation on board

appear to have a vertical transport that corresponds more t§1€ Domier (Fig.10).  The Dornier carried out measure-
convectively influenced profiles. ments both in air masses representative of the unperturbed

i i ) i background, and also targeted air which was influenced by
In order to investigate if the over or under estimated CO|ocalised biomass burningAlen et al, 2008. The two

values are related to boundary layer CO in the models,&Fig. yinqs of measurements are clearly visible in the panels of
was created by interpolating the model data onto the fI|ghtFig_ 10, where the background CO values build the verti-
track of the EgreFt, on 16 and 30 November 20,05' O_n 16cal column of measurements, and the biomass burning CO
Novemper, th? air sampled by the Egrett contamgd h'gheR/aIues form the horizontal layers with very high CO mixing
CO mixing ratios than observed from the Geophysica, espe;iiqg At these lower tropospheric levels, the models all un-
cially for convectively influenced air in the upper region of derestimate the average CO mixing ratios on 16 November
the profile. The models were, due to their resolution, Un-(yhe horizontal sections of measurement data showing par-
able tq resolve these different air masses, and generally urﬁcularly high CO mixing ratios are where biomass burning
derestimate the Egrett-based measurements. The lower part
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Fig. 11. A comparison between TES (Tropospheric Emission Spectrometer) satellite-based measurements of CO, and the monthly mean
modelled CO mixing ratio at 350 hPa, for February 2005.

influenced air was sampled). The different aircraft measurevalues generally remain fairly constant with altitude below
ments on 16 November show that there was a fair amount 0600 hPa, overestimating CO above 900 hPa, and underesti-
spatial variability in the CO mixing ratios, on a scale which mating it below, with the exception of TOMCAT (R2) which
the models were not designed to resolve. On 23 Novemmatches the behaviour of the measurements very well. As
ber, Fig.10 shows that most of the models slightly overes- only weak convection was observed on 25 November, it is
timate the average CO measurements near the surface (eret likely that the general overestimation of low level CO
cept UMUKCA-UCAM_nud), and while they do not have mixing ratios (above 900 hPa) in the models may explain the
the resolution to resolve the magnitude of the CO enhanceeverestimation of the Geophysica based CO measurements
ment in the biomass burning plumes which were observed, aat higher altitudes. Rather, as for 23 November, the vertical
approximately 920 hPa they do show a slight increase in CQransport in the models is likely slightly too rapid under con-
mixing ratios. The Geophysica based measurements did natitions with little convective activity. With its reduced con-
focus on convectively perturbed air on 23 November, there-vective transport compared to pTOMCATopical, pTOM-

fore the overestimation of boundary layer CO by the modelsCAT does a notably better job of reproducing the decay of
should not contribute to the overestimation higher in the tro-CO with height in Fig8, at least up to 100 hPa.

osphere.
posp On 30 November, most of the models again have higher

On the 25 November, the measured CO mixing ratiosCO mixing ratios near the surface than were measured
very close to the surface were generally between 110 andFig. 10), and as the measurements performed from the
150 ppbv, rapidly decaying to average values of betweerGeophysica and Egrett observed convectively influenced air,
approximately 80-100 ppbv above 900 hPa. The modelledhis low level overestimation may explain part of the high
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Fig. 12. As in Fig. 11, but for August 2005.

modelled values up to about 120 hPa (Figsnd9). How- tracer profiles, for species with lifetimes of a few weeks or
ever, even UMUKCA-UCAMnud produced generally high longer.
values, especially around 200 hPa, despite underestimating In general, the agreement of the models with the measure-
the CO below 700 hPa. This gives further weight to the sug-ments throughout the troposphere is encouraging, however
gestion that a too rapid vertical transport is the cause of mosthe vertical transport appears slightly too rapid. Furthermore,
of the overestimation. one should keep in mind that the differences between the
There is a general pattern in Figj.regarding which mod- models decrease as the lifetime of the tracer increases, and
els have consistently higher CO mixing ratios than otherswith a lifetime of between 1 and 3 months, depending on lo-
and it is interesting to note that this does not correlate withcation and season (the lifetime is closer to 1 month in the
the cloud top height data presented in Fig. 9 aP®l1.  tropics), CO can be considerably longer lived than halogen
There, pTOMCATtropical has clearly lower average cloud species with lifetimes of the order of days or weeks, such as
top heights over the MC during November than Oslo CTM2 bromoform (with a lifetime of about 30 days), although di-
or FRSGC/UCI, and UMUKCA-UCANMnud even has the bromomethane is actually much longer lived (with a lifetime
highest cloud tops, however UMUKCA-UCAMud has for  of over 6 monthsHossaini et al.2010.
the most part, the lowest CO mixing ratios along the profiles, The modelled monthly mean CO mixing ratios are com-
and pTOMCAT.tropical the highest. This shows again that pared with TES CO measurements at 350 hPa and 195 hPa,
the tracer transport in the models does not depend solely oand for February, August and November 2005 in Figk-
the depth of the convective transport, but also on how thel6. In most cases, the models reproduce the seasonal large-
entrainment and detrainment is parameterised. The lack a$cale features in the TES data, such as the interhemispheric
correlation with cloud top heights also suggests a significangradients in concentration and the seasonal changes in the
role of non-convective vertical transport on determining thebackground CO concentration. In Figl, however, all of the
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Fig. 13. As in Fig. 11, but for November 2005.

models except TOMCAT (R2) overestimate the backgrounda greater overestimation of the background CO values than
CO mixing ratios in the Northern Hemisphere, particularly for p TOMCAT. In both Fig.11 and Fig.12, the general be-
north of 30 N. The plume of high CO values to the west haviour of the models is to produce too high background CO
of Africa is captured by all models, while the enhanced COvalues. For small areas of high CO mixing ratios, the fact that
mixing ratios over Indonesia are reproduced by all modelsthe CO emissions are averaged over the model grid box leads
except TOMCAT (R2) and UMUKCA-UCANMNnud. This  to lower surface values, and therefore lower values higher
difference is due to the generally lower rate of vertical in the troposphere (e.g. west of Africa in FitR), however
transport in TOMCAT (R2), and in the case of UMUKCA- the larger areas of peak CO are well represented by most
UCAM_nud, due to the slightly coarser model resolution, models. In Fig.13, the high CO mixing ratios over Africa
which leads to lower peak surface CO values, and thereand South America are reproduced well by all models, with
fore a slightly reduced ability to reproduce high tracer con- TOMCAT (R2) having comparatively low values and pTOM-
centrations over small areas. In August (Fi®), TES  CAT tropical again showing the highest values, as a result of
shows generally lower CO values, with enhanced mixingthe increased vertical transport. Again, all models overesti-
ratios west of Africa, and east of Asia. Most of the mod- mate the background CO values.

els reproduce this pattern, again with an overestimation of At 195hPa, the models do a significantly better job of re-
the background values (except for TOMCAT (R2)). While producing the measured background CO mixing ratios. The
UMUKCA-UCAM _nud produces the higher CO mixing ra- width of the tropical band of high CO mixing ratios is simi-
tios east of Asia, the plume to the west of Africa is missing, lar to the measurements in all cases. There are also smaller
and TOMCAT (R2) shows little sign of regional enhance- differences in the peak CO mixing ratios among the models,
ments of CO mixing ratios. Also here, the generally more however as was the case at 350 hPa, pTOM®@4ipical has
active transport of p TOMCATropical is evident, leading to  the highest CO mixing ratios in the plume west of Africa, and
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Fig. 14. As in Fig. 11, but for 195 hPa and February 2005.

TOMCAT (R2) has one of the lowest peak CO mixing ratios 6 Discussion
west of Africa. For August (Figl5) and November (FidlL6),
the situation is similar, with all models doing a reasonable jobFor the offline models, i.e. those which use a pre-calculated
of reproducing the background and peak CO values. Comset of meteorological forcing data, the short-lived tracer dis-
paring Figs.11-16 with the annual mean precipitation rates tribution is influenced to a large extent by the sub grid trans-
shown in Fig. 4 of R2011illustrates again that that the differ- port parameterisations in the model. The model differences
ences in the modelled tracer mixing ratios do not strictly de-are largest for the very short lived T6h, but are still observ-
pend on the meteorological fields. The annual mean precipiable for tracers such as CO, which have a much longer life-
tation rates are highest for TOMCAT (R2) and pTOMCAT, time (ca. 1-3 months). Specifically, the choice of bound-
slightly lower for pTOMCAT. tropical, and those for Oslo ary layer mixing scheme has a large influence on the tro-
CTM2/FRSGC/UCI and UMUKCA-UCAMnud are similar  pospheric tracer profile, as less dispersive schemes limit the
(UMUKCA-UCAM _nud having the slightly higher precipi- flux of a tracer emitted at ground level into the free tropo-
tation rates). Despite this, both the peak, and backgroungphere. When comparing the profiles from TOMCRduis
CO mixing ratios shown here are lowest for TOMCAT (R2). and TOMCAT.R2 in Fig.4, the influence of the lower bound-
Oslo CTM2 and FRSGC/UCI have comparatively high val- ary layer heights and reduced mixing caused byltbeis
ues, similar to those of pTOMCAT, despite having far lower (1979 boundary layer mixing scheme can be seen through-
annual precipitation rates than pTOMCAT. out the T20 tracer profile, up to at least 100 hPa. Similarly,
pPpTOMCAT and pTOMCAT-tropical differ only in the cal-
culation of convective transport. The large differences in
the outflow height as illustrated by the T6h profiles shown
in Fig. 2, as well as the differences in their CO profiles
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Fig. 15. As in Fig. 11, but for 195 hPa and August 2005.

again illustrate the significant influence of the convective pa- Although ECMWF meteorological data was used to drive
rameterisation on vertical tracer transport. The only modelall the offline models, there is around 100 hPa of difference in
which does not contain a convective transport parameterisathe altitude at which detrainment results in peak tracer con-
tion, KASIMA, also produced a tracer profile with smaller centrations, between several of the models. All aspects of the
concentrations compared to other models up to 100 hParacer distribution, i.e. the profile shape, the concentrations
Over the middle portion of the tropical mean profile around and the timing of transport events differ between several of
150 hPa—400 hPa, KASIMA and TOMCAIouis produced the models which use the ECMWEF data. This is in part due
very similar T20 concentrations, smaller than the remainingto the way in which vertical winds and convective activity
models, further under-scoring the importance of the choiceare calculated from the ECMWF meteorological fields, as
of boundary layer mixing scheme, and the use of an ac-s shown by the large variability in precipitation rates among
curate convective transport parameterisation, when studyinghe models which was presented ir?R11, and from the dif-
tropospheric tracer transport. The nudged version of UKCAferences in tracer profiles between pTOMCAT and pTOM-
(UMUKCA-UCAM _nud) shows significantly lower mixing CAT _tropical. However it was also shown that the modelled
ratios for the T6h tracer over parts of the profile for SA and tracer profiles do not strictly correlate with proxies for con-
WA, than is the case for the high resolution free runningvection, for example, despite particularly high precipitation
version (UM-UCAM highres). Better agreement with other rates, TOMCAT (R2) had one of the weakest convective ver-
models is achieved with (UM-UCAMighres). Despite the tical transports among the models tested. Clearly, despite the
lack of an explicit boundary layer mixing scheme, UMSLIM- use of forcing data from the same source, the transport pa-
CAT did not have a tropospheric tracer profile which was sig-rameterisations implemented in the individual models play a
nificantly different from that of the other models. substantial role in determining the tracer distribution.
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Fig. 16. As in Fig. 11, but for 195 hPa and November 2005.

All of the models included in Figsl1-16 reproduced the For tracers with a lifetime of the order of a month, a prior-
general structure of the monthly differences in observed CGity should be for the model to reproduce the observed altitude
well, in comparison with the TES measurements, suggestingt which tracer detrainment occurs. For shorter lived tracers,
that the differences in model transport remain relatively con-the intensity of the transport also becomes increasingly im-
stant throughout the year. All of the models except TOM- portant.

CAT (R2) overestimate the background TES CO values at The results presented here show that the timing of the
350 hPa, suggesting a too rapid transport of CO away fromtransport events (on time scales of several days) is of lesser
the boundary layer, into the middle troposphere. TOMCAT importance for average tracer mixing ratios in the UTLS, as
(R2), however, represents the background TES CO valuet the long term the amount of tracer transported into the
well. The coarser horizontal grid of UMUKCA-UCAMud  |ower most stratosphere will not strongly depend on the tim-
in comparison to the other models leads to a greater reductiofhg of the events. On the other hand, if the diurnal timing
in peaks of surface CO mixing ratios, and does not allow theof the transport events is linked to the stability of the bound-
model to reproduce enhanced CO over small areas, such agy layer in the different models, this may create a systematic
Indonesia in Fig11, despite having similar background CO difference in the amount of tracer transported upwards, as the
values to most of the other models. The tendency of mosktability of the boundary layer affects the emission strength
of the models to overestimate the observed CO profiles inof PBL tracers into the free troposphere. For the composi-
Fig. 8 cannot be explained in all cases by too high surfacetion of air entering the lowermost stratosphere, FRyand4
mixing ratios, and therefore also points to a too rapid verticalshow that the combination of convective detrainment height
transport. and vertical advection rate in the UT/LS is important. Mod-
els with a low convective detrainment altitude may still have
larger mixing ratios of CO, for example, in the lowermost
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