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Abstract

We investigate the performance of cloud convection and tracer transport in a global
off-line 3-D chemical transport model. Various model simulations are performed using
different meteorological (re)analyses (ERA-40, ECMWF operational and ECMWF In-
terim) to diagnose the updraft mass flux, convective precipitation and cloud top height.5

The diagnosed upward mass flux distribution from TOMCAT agrees quite well with
the ECMWF reanalysis data (ERA-40 and ERA-Interim) below 200 hPa. Inclusion
of midlevel convection improves the agreement at mid-high latitudes. However, the
reanalyses show strong convective transport up to 100 hPa, well into the tropical
tropopause layer (TTL), which is not captured by TOMCAT. Similarly, the model cap-10

tures the spatial and seasonal variation of convective cloud top height although the
mean modelled value is about 2 km lower than observed.

The ERA-Interim reanalyses have smaller archived upward convective mass fluxes
than ERA-40, and smaller convective precipitation, which is in better agreement with
satellite-based data. TOMCAT captures these relative differences when diagnosing15

convection from the large-scale fields. The model also shows differences in diagnosed
convection with the version of the operational analyses used, which cautions against
using results of the model from one specific time period as a general evaluation.

We have tested the effect of resolution on the diagnosed modelled convection with
simulations ranging from 5.6◦×5.6◦ to 1◦×1◦. Overall, in the off-line model, the higher20

model resolution does not make a large change to the diagnosed convective tracer
transport. Similarly, the resolution of the forcing winds in the higher resolution CTM
does not make a large improvement compared to the archived mass fluxes.

Including a radon tracer in the model confirms the importance of convection for re-
producing observed midlatitude profiles. The model run using archived mass fluxes25

transports significantly more radon to the upper troposphere but the available data
does not strongly discriminate between the different model versions.
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1 Introduction

Cumulus cloud convection is one of the major processes that affects the dynamics
and energetics of atmospheric circulation systems (Bechtold et al., 2001). Convection
has to be parameterised in all general circulation models (GCMs) and most numerical
weather prediction (NWP) models due to their coarse spatial resolution. The cumulus5

parameterisation aims to represent/formulate the collective effects of sub-grid-scale
clouds on mass, momentum, and vorticity distribution in terms of prognostic variables
of grid scale in numerical models (e.g., Arakawa, 1993).

There are two types of cumulus parameterisations used in large-scale models: 1)
Convective adjustment schemes (Manabe et al., 1965) are used to simulate the effects10

of dry and/or moist convection by adjusting the lapse rates of temperature and moisture
to specified profiles within the local grid column which oversimplifies the physical pro-
cess (Emanuel, 1994). 2) Mass-flux schemes use a cloud model to explicitly calculate
profiles of cumulus mass flux and thermodynamic variables (e.g., Tiedtke, 1989). Mass
flux schemes have been more widely used in models because they can provide an in-15

ternally consistent representation of turbulent mixing, updraft dynamics, microphysics
and tracer transport.

Off-line three-dimensional chemical transport models (CTMs) are widely used to
study processes controlling tracer distributions in the atmosphere. Although most
CTMs can reproduce the general features of tracer distributions, there are still large20

uncertainties in the model simulations. This is due to the complex set of processes
in the model (e.g., chemistry, photolysis, aerosol, large-scale advection, convection,
dry/wet deposition, planetary boundary layer mixing, emissions) as well as the quality
of meteorological analysis data used. The parameterisation of sub-gridscale trans-
port processes in CTMs is particularly problematic. The two possible approaches are25

(i) include a scheme in the CTM to diagnose convection from the large-scale meteo-
rological fields or (ii) read in information on convective transport (i.e. from the same
source which provides large-scale winds). Approach (i) is necessary if only the large-
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scale meteorological fields are available. For example, the ECMWF does not routinely
archive information on convection in their operational analyses, although they do for the
lower resolution reanalyses such as ERA-40 and ERA-Interim. However, in approach
(i) the CTM is attempting to diagnose convection from large-scale fields which may
have already experienced its effects, i.e. they are already stabilised. Approach (ii) has5

the advantage that the CTM transport will be more fully consistent with the dynamics of
the NWP model (or GCM) providing the meteorological data. However, this approach
still depends on the accuracy of the convection produced in the NWP system.

Mahowald et al. (1995) compared the performance of 7 different convection param-
eterisations within the same CTM. The schemes tested included two versions of the10

Tiedtke (1989) scheme. They found that tracer distributions in the CTM were very
sensitive to the choice of convection scheme. They emphasised that their tests were
not able to definitively determine if any scheme was better than the others though
they found that the Tiedtke scheme generally performed well. Tost et al. (2006) tested
a range of convection parameterisations within the framework of a general circulation15

model (GCM). As they were dealing with a GCM the focus was on investigating dif-
ferences in the hydrological cycle and meteorology. In a later paper Tost et al. (2007)
compared convection/lightning parameterisations within the same model. Recently,
Tost et al. (2010) extended their studies by investigating tracer transport. By compar-
ing with campaign data they found the shorter the lifetime of a species, the larger the20

impact of different convection schemes. While longer lived species such as CO and O3
varied by ±25% with different schemes, shorter lived species varied by ±100%.

Examples of off-line tropospheric CTMs which use archived convective mass fluxes
include the Oslo CTM2 (Berntsen et al., 2006) and the related FRGSUCI model (Wild
et al., 2004). These avoid the problem of availability of convection information by pro-25

ducing their own forecast data by running a version of the ECMWF Integrated Forecast
System (IFS) model. As a variation on this approach, Aschmann et al. (2009) used
archived ECMWF ERA-Interim convective detrainment rates to model tracer transport
in the upper troposphere. Their off-line model had a lower boundary at 330 K (about
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10 km) and they used the archived detrainment rates in the upper troposphere (UT),
along with an assumed tracer mixing ratio in the convective plume, to inject tracers into
the lower model levels. This approach allowed them to reproduce observed profiles of
CHBr3 and CH3I in the tropical UT.

As part of the EU SCOUT-O3 project, Russo et al. (2010) and Hoyle et al. (2010)5

compared the treatment of convection in global GCMs, global CTMs (including our de-
fault TOMCAT model) and regional mesoscale models. Russo et al. (2010) focused on
the meteorology while Hoyle et al. (2010) compared the transport of short-lived species
to and through the tropical tropopause layer (TTL). Their idealised model tracers had
lifetimes ranging from 6 h to 20 days. The different models produced very different rates10

of transport of short-lived species to the TTL and there were also significant differences
between the 5 CTMs considered, despite the fact they were all forced by ECMWF me-
teorology. Clearly the details of the models’ convection treatments are likely to play
a key role in determining these different distributions of short-lived tracers in the TTL,
however other model differences (e.g. resolution, advection scheme) may also play15

a role.
Therefore, a key uncertainty in tropospheric CTMs is the accuracy of modelled sub-

gridscale transport by convection. In this paper we investigate the performance of cloud
convection and tropospheric tracer transport in the TOMCAT 3-D CTM (Chipperfield et
al., 1993; Chipperfield, 2006). We compare approaches which diagnose convection20

from the large-scale meteorological fields with using mass fluxes archived by NWP
systems. Therefore, we are able to investigate specific causes for the different per-
formance of CTMs reported in Hoyle et al. (2010). For the diagnosed convection we
investigate the impact of resolution on the modelled convection, the impact of different
external forcing meteorology and surface data, and the use of different parameteri-25

sations. We evaluate the model by comparing diagnosed convective quantities with
ECMWF reanalyses and observations, and by using radon as a model tracer.

Section 2 of this paper describes the TOMCAT CTM and modifications made for
this study. Section 3 describes the meteorological data used to force the model and
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the observations used to test the convection parameterisation. The model results are
presented in Sect. 4 and further discussed in Sect. 5. Our conclusions are presented
in Sect. 6.

2 Model and experiments

2.1 TOMCAT 3-D CTM5

TOMCAT/SLIMCAT is an off-line 3-D CTM first described in Chipperfield et al. (1993).
The TOMCAT version uses a hybrid σ-p vertical coordinate and the model has a vari-
able horizontal resolution and vertical levels. Horizontal winds, temperatures and spe-
cific humidity are specified using ECMWF meteorological (re)analyses (ECMWF oper-
ational analyses, ERA-40 or ERA-Interim analyses). Vertical advection is diagnosed10

from the large-scale divergence field (Chipperfield, 1999, 2006). The model uses the
Prather (1986) advection scheme which conserves second-order moments of transport
tracers and uses vertical turbulent parameterisation of Holtslag and Boville (1993) for
the boundary layer mixing.

The convection scheme in TOMCAT is based on Tiedtke (1989) which uses a bulk15

entraining plume-type cloud model for all convective types and assumes different en-
trainment and detrainment rates for different types of convection. In general the Tiedtke
scheme considers three types of convection (deep, shallow, midlevel) and includes an
unsaturated downdraft. Deep convection is driven by moisture convergence in the en-
tire column. Shallow convection is driven by moisture convergence in the boundary20

layer, and the midlevel convection occurs when there is upward motion creating con-
ditional instability (e.g., Tiedtke, 1989; Mahowald et al., 1997). The default TOMCAT
convection scheme includes cumulus updrafts in the vertical column, entrainment of
environmental air into the cloud and detrainment of cloud air to the environment (sim-
ilar to the “Tiedtke-TM2” code tested by Mahowald et al., 1995). However, it does25

not include midlevel convection and convective downdrafts and there is no organised
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entrainment of environmental air above cloud base (see Stockwell and Chipperfield,
1999; hereafter SC1999).

Recently we have extended the options of moist convection parameterisations in
TOMCAT. We have updated the default convection scheme to include midlevel convec-
tion and convective downdrafts. The entrainment and detrainment rates for the three5

types of convection use the same values as Tiedtke (1989). Vertical wind speed is
diagnosed from the (re)analyses divergence fields. Large-scale ascent and an envi-
ronmental relative humidity of more than 90% are needed for midlevel convection to
occur which is the same as in the CHIMERE CTM (Hodzic et al., 2006). The magni-
tudes of the entrainment/detrainment are related to horizontal convergence of moisture10

below cloud and the difference between cloud and environmental specific humidity at
cloud base. Mass balance within the vertical column is maintained by including sub-
grid subsidence of environmental air (induced by convection) within the same timestep.

In the Tiedtke scheme, the updraft mass flux is proportional to boundary layer mois-
ture convergence for the shallow and deep convection and the upward motion in the15

midlevel convection while the height of convection is dependent on the buoyancy of
the plume. Therefore, the surface evaporation flux is an essential input for the model
moisture convergence. The default TOMCAT uses evaporation fluxes from the UGAMP
GCM (see SC1999) which are available at a resolution of 2.8◦×2.8◦. For this work we
created a high resolution evaporation flux dataset at 1◦×1◦ resolution to enable the20

model run at higher horizontal resolution.
As an alternative, we have updated TOMCAT to include the option of using mass

fluxes of entrainment and detrainment in the updrafts and downdrafts archived from
NWP simulations in the CTM. To be consistent with the large-scale TOMCAT forcing,
here we use the ERA-Interim archived mass fluxes. We retrieved the updraft/downdraft25

detrainment rate and updraft/downdraft mass flux at 1◦×1◦ L60 resolution from the
ECMWF Meteorological Archival and Retrieval System (MARS) and recalculated the
instantaneous updraft/downdraft entrainment/detrainment mass flux every six hours, to
match the availability of the other meteorological forcing data. These fluxes are then

22959

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/22953/2010/acpd-10-22953-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/22953/2010/acpd-10-22953-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 22953–22991, 2010

Evaluation of cloud
convection and tracer

transport

W. Feng et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

used in the model’s convective transport scheme instead of the fluxes diagnosed from
the Tiedtke scheme.

2.2 Experiments

A series of 16 model runs were conducted to investigate the performance of the con-
vection scheme in the TOMCAT model (see Table 1). The basic model was run at5

a horizontal resolution of 2.8◦×2.8◦ and 60 levels from the surface to 0.01 hPa in runs
“A E40” and “B EI”. These were integrated from 1989 to 2005 using ERA-40 (ECMWF
operational analyses after 2001) and ERA-Interim reanalyses, respectively. These runs
used the default model convection scheme with surface evaporation fluxes from the
UGAMP GCM (UGCM). Runs “C E40noconv” and “D EInoconv” were the same as10

runs “A E40” and “B EI”, respectively, but without convection. Run “E EInewevap” was
the same as run “B EI”, but used the high resolution surface evaporation fields. Run
“F EInewconv” was the same as run “B EI”, but used the updated version of the Tiedtke
scheme.

A number of shorter sensitivity runs were performed for 2005. Runs “G 5.6”, “I 1.4”,15

and “H 1.1”, were similar to “E EInewevap” but had horizontal resolutions of 5.6◦, 1.4◦

and 1.1◦, respectively. All of these runs were forced using T42 ECMWF analyses.
Run “J T106” was the same as “H 1.1” (1.1◦×1.1◦ horizontal resolution) but used T106
ECMWF analyses.

Runs “L 2EVAP” and “M 0EVAP” were similar to run “B EI” but used 2 or 0 times20

the UGCM surface evaporation flux. Run “N 1991” was performed in order to com-
pare our results with those of SC1999. This run used the same version of the model
as our default experiments (e.g. runs “A E40” and “B EI”) but used identical ECMWF
L31 operational winds from 1990/91 as SC1999. Run “K L31” was the same as run
“A E40” (for 2005) but used 31 levels to 10 hPa. Note that run “K L31” is the TOMCAT25

simulation analysed in the model intercomparison paper of Hoyle et al. (2010).
Run “P det” is the same as run “E EInewevap” but employed updates to the ba-

sic TOMCAT Tiedtke scheme designed to increase convective transport to the mid
22960
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and upper troposphere. In Run “P det”, detrainments are assumed to be at the top
layer rather than in each layer between cloud top and bottom as in the default ver-
sion, to allowing maximum lift for tracers from boundary layer. These updates were
used in the pTOMCAT runs of Barrett et al. (2010) and involve reducing the entrain-
ment/detrainment rates to half the values suggested by Tiedtke (1989) and using IS-5

CCP data (Rossow et al., 1996) to specify the fraction of saturated water vapour in the
near-surface model grid boxes. The aim of decreasing the entrainment/detrainment
rates is to reduce the mixing of stable environmental air into the cloud and thus main-
tain positive buoyancy to higher altitudes within the cloud. This will offset the problem
in off-line models of diagnosing convection with analyses that have already been con-10

vectively adjusted. The use of ISCCP data should give a more realistic distribution of
triggered convection.

Finally, run “O EIar” is a new version of the TOMCAT model which reads in 6-hourly
archived convective mass fluxes from ERA-Interim reanalyses.

3 Datasets15

3.1 ECMWF reanalyses

We have used the archived ECMWF convective mass fluxes to compare with values
calculated within our CTM or, in some experiments, to force the CTM. Convective mass
fluxes are not saved in the operational ECMWF analyses but are only stored from the
lower resolution reanalyses such as ERA-40 and ERA-Interim. In the ECMWF archive20

the accumulated updraft/downdraft convective mass fluxes and updraft/downdraft de-
trainment rates are saved at four forecast steps (3, 6, 9 and 12) from 0:00 and
12:00 UTC. We use these accumulated fields (at horizontal resolution of 1◦×1◦) for
the 6- and 12-h forecasts to create average 6-hourly convective fields.

22961

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/22953/2010/acpd-10-22953-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/22953/2010/acpd-10-22953-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 22953–22991, 2010

Evaluation of cloud
convection and tracer

transport

W. Feng et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

3.2 Cloud top height measurements

MODIS (Moderate Resolution Imaging Spectroradiometer) on the NASA Earth Ob-
serving System (EOS) Terra and Aqua platforms provides measurements for deriv-
ing global and regional cloud properties (Menzel et al., 2008). The cloud-top pres-
sure and effective cloud amount are determined using radiances measured in spec-5

tral bands located within the broad 15 µm CO2 absorption region. Here we use the
Level-3 MODIS Atmosphere Monthly Global Product from the Terra platform which
contains roughly 800 statistical datasets that are derived from the Level-3 MODIS
Atmosphere Daily Global Product. The data is available from July 2002 from (ftp:
//ladsweb.nascom.nasa.gov/allData/51/MYD08 M3/). We convert cloud top pressure10

to cloud top height assuming a surface pressure of 1000 hPa and a scale height of
7 km.

3.3 Convective precipitation

Apart from the widely used simulated precipitation fields from NWP models (e.g, NCEP,
ECMWF), there are some other useful precipitation datasets sources.15

GPI rainfall data are IR satellite-based rainfall estimates which are an intermediate
product of the Global Precipitation Climatology Project (GPCP) (Arkin and Meisner,
1987). GPI is a precipitation estimation algorithm which estimates tropical rainfall us-
ing cloud-top temperature as the sole predictor. Numerous studies have shown that
the GPI yields useful results in the tropics and warm-season extratropics. The major20

advantage of the technique is that it is based on IR data which is available frequently
over most areas of the globe from geostationary and polar orbiting satellites. The major
weakness of the method is that estimation of precipitation from cloud-top temperature
is relatively far removed from the physics of the precipitation generation process (more
information see www.cpc.ncep.noaa.gov).25

Xie and Arkin (1997) constructed a global monthly mean precipitation analyses
dataset CMAP (CPC Merged Analysis of Precipitation) by merging several kinds of
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individual data sources with different characteristics including gauge-based monthly
analyses from the Global Precipitation Climatology Centre and a number of satellite
estimates, including the IR-based GPI, OLR-based OPI, MSU-based Spencer, NW-
scattering-based NOAA/NESDIS and the NW-emission-based change and precipita-
tion forecasts from the NCEP-NCAR reanalysis.5

3.4 Radon measurements and emissions

Radon (222Rn) is a radioactive inert gas which enters the atmosphere at ground level,
where it is formed by the radioactive decay of the trace quantities of uranium found
naturally in rocks and soils. It has no chemical activity and is not subject to wet or
dry deposition (e.g., Jacob and Prather, 1990; Josse et al., 2004). Because it is inert,10

and not scavenged by precipitation, the only significant removal mechanism for atmo-
spheric radon is its own radioactive decay, which occurs with a half-life of 3.8 days.
Hence, radon is an interesting trace atmospheric constituent for studying transport in
the troposphere. It has been widely used to evaluate the tracer transport in global
models (e.g., Jacob et al., 1997; Stevenson et al., 1998; Stockwell and Chipperfield,15

1999; Taguchi et al., 2002; Josse et al., 2004; Zhang et al., 2008). As discussed in
these studies, 222Rn emissions likely vary in time and space. Here we use the same
radon source function as Jacob et al. (1997). The Radon flux is 1.0 atom cm−2 s−1

over land between 60◦ S–60◦ N; 0.005 atoms cm−2 s−1 over oceans between 60◦ S–
60◦ N; 0.005 atoms cm−2 s−1 between 60◦ and 70◦ latitude in both hemispheres and20

zero polewards of 70◦. The 222Rn data used here are based on in situ measurements
in the atmospheric surface layer at different continental, oceanic and coastal sites and
observed campaign profiles.
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4 Results

4.1 Updraft convective mass fluxes

Figures 1 and 2 compare the JJA and DJF averaged zonal mean upward mass fluxes
from archived 6-hourly ERA-40 and ERA-Interim reanalyses and calculated in selected
TOMCAT experiments. The ECMWF archived mass fluxes show the expected be-5

haviour of convection: there is maximum updraft mass flux in the lower levels and larger
values in the tropical region. There is also stronger convection in summer. Note that in
the tropics these archived mass fluxes indicate that significant convective transport ex-
tends up to nearly ∼100 hPa, i.e. the tropopause region. The ERA-40 and ERA-Interim
reanalyses show similar mass flux distributions but there are differences in detail. For10

example, ERA-Interim gives smaller average convective transport in the tropics.
The diagnosed mean upward mass flux distributions from the four TOMCAT runs

shown in Figs. 1 and 2 agree reasonably well with the ECMWF reanalysis data below
200 hPa in the tropics. However, the most obvious disagreement is that the reanalyses
show strong convective transport up to 100 hPa, i.e. well into the TTL, which is not15

captured by any of these TOMCAT runs (e.g. compare altitude of 0.001 kg m−2 s−1

contour). The model also underestimates the convective mass flux in the mid-high
latitudes.

When forced using different analyses the model does capture differences between
ERA-40 and ERA-Interim archived mass fluxes. Run “A E40” (forced by ERA-40) gives20

stronger tropical convection below 200 hPa than run “B EI” (forced by ERA-Interim).
This is due to differences in the large-scale wind, temperature and humidity fields which
drive the CTM.

Run “E EInewevap” is the same as run “B EI” but uses a higher horizontal surface
evaporation fluxes. This data gives stronger convection below 400 hPa but there is little25

difference at higher altitudes in the tropics.
The basic TOMCAT convection scheme does not include downdrafts and mid-

level convection. We have tested the inclusion of these processes in model run
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“F EInewconv”. These make a significant difference to the calculated mass fluxes in
mid latitudes (compare runs “E EInewevap” and “F EInewconv”) which improves agree-
ment with the archived ECMWF fluxes. However, on average run “F EInewconv” has
less convective mass flux in the tropical low troposphere than “E EInewevap” and
shows no improvement in the tropical UT.5

Therefore, there is clearly a difference between diagnosed convective mass fluxes in
TOMCAT and the archived ECMWF reanalyses. The previous detailed analysis of the
TOMCAT convection scheme was performed by SC1999 where, based on short model
runs, they concluded the model performed well. In order to compare our results with
SC1999 we performed a run with the current version of TOMCAT using the 1990/9110

L31 operational ECMWF winds used by SC1999. Figure 3 compares results from this
run “N 1991” with the two runs of the same model version which use the reanalysis
data (runs “A E40” and “B EI”) averaged over the same period. The tropical convec-
tive mass fluxes are larger in the mid troposphere in run “N 1991” and extend slightly
higher. Therefore, results of the CTM convection scheme do vary with different forcing15

datasets and older operational winds appear to give stronger tropical convection than
the ERA-40 reanalyses. This illustrates possible dangers of comparing results from
different experiments of the same CTM or of using results from an evaluation of the
CTM during one period to explain results during another. However, despite the slightly
stronger convection in run “N 1991”, again the diagnosed convection does not extend20

as high in the tropics as indicated by the ECMWF reanalysis data.
Figure 4 compares time series of the zonal mean updraft convective mass fluxes

at 500 hPa from ERA-40 and ERA-Interim reanalyses and TOMCAT runs “A E40” and
“B EI”. At this altitude the model captures the annual cycle and latitudinal variation in
the tropical convection. This figure again highlights that there are significant differences25

in the archived convective mass fluxes between the two ECMWF datasets. The two
basic model runs capture these differences but underestimate the archived mass flux
values. Note the large change in modelled convection in run “A E40” in 2002 when
ERA-40 analyses change to operational ones. Clearly, the performance of the model
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convection scheme changes strongly with the analyses used to force the model.
The TOMCAT results presented so far have used a horizontal model resolution of

2.8◦×2.8◦ and T42 (re)analyses. The resolution of both the model and the winds
used to force it might be expected to impact on the diagnosed convection in the CTM;
higher resolution might trigger more convective events. Figure 5 shows results from5

model sensitivity runs which investigate the effect of resolution in both the CTM and
the forcing meteorology. On degrading the resolution of the model and forcing analy-
ses from 2.8◦×2.8◦ (run “E EInewevap”) to 5.6◦×5.6◦ (run “G 5.6”), the CTM produces
less convective transport. However, the change is not large compared to model ver-
sus archived mass flux differences. Similarly, on increasing the model resolution to10

1.4◦×1.4◦ (run “I 1.4”) and 1.1◦×1.1◦ (run “H 1.1”), but with T42 analyses, although the
diagnosed mass fluxes are larger, the calculated convection is similar. Finally, for the
high resolution model (1.1◦×1.1◦) increasing the forcing analyses from T42 to T106
(runs “J T106” versus “H 1.1”) there is a further small increase in convective mass
fluxes. Overall, however, the impact of large changes in resolution are small and do15

not really improve on the most significant discrepancies with the archived mass fluxes
in the tropical upper troposphere and at high latitudes.

Figure 5 also shows results from runs “L 2EVAP” and “M 0EVAP” which investigate
the sensitivity of the diagnosed convection to large changes in the surface evapora-
tion flux. These changes to the evaporation flux have large impacts on the modelled20

convection in the lower troposphere and in the tropical mid-troposphere, i.e. shallow
convection. However, even the extreme case of doubling the surface evaporation flux
does not significantly change the modelled convective transport to the tropical UT.

Model run “P det” included changes to the TOMCAT convection scheme aimed at
increasing tracer transport to the mid/upper tropical troposphere. In this run the an-25

nual mean, zonal mean convection does extend higher (e.g. the 0.001 kg m−2 s−1 con-
tour reaches 200 hPa) which is an improvement over the basic model run. However,
even this model run does not reproduce the convective mass fluxes above 200 hPa as
archived in the ERA-Interim reanalyses.
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Finally, Fig. 5 includes results from run “O EIar” in which TOMCAT was modified
to read in the archived convective mass fluxes. In this run, as expected, the model
convection agrees with the ERA-Interim reanalyses. The small difference between
panels (a) and (i) are due to the lower resolution of the model run compared to the
archived data.5

Figure 6 summarises the comparison of the tropical annual mean (2005) convec-
tive mass fluxes from ERA-Interim and a range of TOMCAT runs. Panel (a) compares
different versions of the model and forcing wind fields, panel (b) compares different
model and wind resolutions and panel (c) compares the impact of different surface
evaporation fluxes. Figure 6a shows that up to about 300 hPa that the experiments10

with different model formulation span the archived ECMWF values. Interestingly, run
“N 1991”, which used older ECMWF operational analyses from 1990/91, shows the
largest modelled convective mass fluxes below 200 hPa in this panel. Above 300 hPa
there is a sharp fall off in the modelled convection except for runs “N 1991”, “P det” and
run “O EIar” which uses archived mass fluxes. Run “P det”, in which a lower en-15

trainment rate is used, has significant convective mass fluxes extending higher (i.e.
0.001 kg m−2 s−1 reaches 200 hPa) than the other runs which diagnose convection.
However, this profile comparison confirms that run “P det” also fails to reproduce the
archived convective mass fluxes between 200 and 100 hPa. Figure 6b confirms that
changing the resolution of the model and the analyses used to force the model has20

little impact on the diagnosed convection in TOMCAT. Higher resolution does lead to
to slightly more convection but the different is not large. Note that the model version
which used archived mass fluxes (i.e. as used in run “O EIar”) would show even less
sensitivity to resolution. Figure 6c shows that large changes to the assumed surface
evaporation fluxes does have a large impact on modelled convection in the lower and25

mid troposphere.
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4.2 Cloud top height comparison

A critical property of a convective parameterisation is the ability to accurately diagnose
from the grid-scale forcing the depth to which convection occurs (e.g., Mahowald et al.,
1995). As the formation of convective clouds depends on the occurrence of cumulus
updrafts, observed cloud top height in convective regions can be used as a measure5

of the depth of convection.
Figure 7 compares the observed cloud top height from MODIS for 2002–2005 with

TOMCAT runs “A E40” and “B EI”. These model runs are representative of the basic
TOMCAT runs which diagnose convection. The observations show all observed clouds
while the model results only show convective clouds. The model runs “A E40” and10

“B EI” capture the observed annual cycle of tropical (convective) clouds with the
strongest convection occurring in the summer hemisphere. The modelled average trop-
ical cloud top height peaks at about 10 km in the northern summer and about 8 km in
the southern summer. This underestimates the observations which show mean cloud
top heights up to 12–13 km in both summer hemispheres.15

Figure 8 shows a further comparison between MODIS and runs “A E40”, “B EI”,
“K L31” and “P det”. For this figure, the maximum daily cloud top height in the tropics
(30◦ S–30◦ N) was found and then averaged into a monthly value. The highest monthly
mean maximum cloud top heights occur in the northern summer and are up to 15 km. In
general TOMCAT underestimates the observed average maximum cloud top height and20

in particular these large values around July. Run “K L31”, which has a lower vertical
resolution than run “A E40”, generally shows a lower cloud top height. For this version
of the model, modifications to the entrainment/detrainment rates in run “P det” increase
the cloud top height by up to 2 km. However, the model still underestimates the highest
observed cloud top heights.25

Overall, Figs. 7 and 8 confirm that the model underestimates the vertical extent of
tropical convection but the discrepancy of a few km in mean cloud top height does not
appear as large as the differences in the profile of the convective mass fluxes.
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4.3 Convective precipitation

Surface rain rate is an important parameter in meteorology and is also important for
the washout of some chemically active species. As precipitation rates are measured
and archived by NWP reanalyses, they provide another meteorological comparison
to test the overall performance of the CTM convection schemes. Column integrated5

precipitation will not be sensitive to key issues such as extent of convection in the
tropical UT, but nevertheless will provide some information on the overall fidelity of the
schemes used.

Figure 9 shows zonal mean precipitation rates from observations (GPI and CMAP),
meteorological reanalyses (ERA-40 and ERA-Interim) and model runs “A E40” and10

“B EI” from 1989 to 2005. The much larger precipitation rates in ERA-40 compared
to ERA-Interim and the observations can clearly be seen. The model captures the
seasonal variation in precipitation. In tropics, Run “A E40”, forced by ERA-40 reanaly-
ses, produces stronger precipitation than run “B EI” which was forced by ERA-Interim,
but significantly underestimated in extra-tropics. However, run “B EI” overestimates15

the peak mean values in the tropics compared to the observations and ERA-Interim,
while run “A E40” still underestimates the very large values of ERA-40. Further com-
parisons of precipitation rates for January and and July 2005 are shown in Fig. 10.
This figure shows that the model generally captures the latitudinal variation of the
observed/ERA-Interim precipitation but there are large differences between the ex-20

periments. Runs “A E40” and “B EI” slightly overestimate the observations. Runs
“K L31” and “P det” both use a lower vertical resolution. Run “K L31” overestimates
the observed precipitation rates while run “P det”, which uses ISCCP data to specify
the fraction of saturated water in each grid box, gives much better agreement.

4.4 Radon tracers25

In this section we use observations of radon to investigate the accuracy of different con-
vective treatments in the CTM. A number of the model runs include radon as a tracer
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using a typical source distribution. Figure 11 compares how modelled radon from se-
lected model runs compares with observations at a range of surface sites. Generally,
the model reproduces the observed magnitude of radon, showing that the assumed
Radon emissions produce realistic surface distributions. The largest discrepancy oc-
curs at the continental European station of Hohenpeissenberg where the model over-5

estimates the surface observations by up to a factor of 2.
Figure 12 compares observed and modelled mean profiles of radon over Northern

Hemisphere land areas for summer (JJA) and winter (DJF). The observations show
stronger lifting of radon (i.e. large concentrations around 10 km) in the summer com-
pared to the winter. The model runs which include convection agree reasonably well10

with the summer observations. Runs “C E40noconv” and “D EInoconv”, which do not
include convection more clearly underestimate the observations, as expected. The
stronger convective transport to higher altitudes in run “O EIar” appears to cause the
model overestimation at the highest level (11 km). However, the data does not extend
to higher altitudes where the model-model differences are more prominent. In winter all15

the model runs show weaker convection and agree with the profile shape above 5 km,
though none of the runs captures the observed C-shape profile.

Figure 13 is a further comparison of radon profiles with campaign data from Moffett
Field in June 1994 (Kritz et al., 1998) and NARE in August 1993 (Zaucker et al., 1996).
The Moffett Field observations show large day-to-day variability in the profiles during20

the campaign. The observations from NARE do not extend above 6 km but show the
model radon mixing ratios in the lower atmosphere are reasonable. As model run
“O EIar” does not cover the year of the observations results from runs “A E40” and
“B EI” are plotted for both the observation period and for 2005 to show the impact of
interannual variability. Run “O EIar” produces higher radon values in the mid and upper25

troposphere than the other 2005 runs, although the model output for 1994 from runs
“A E40” and “B EI” are larger above 11 km.
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5 Discussion

The results presented here show a wide range in performance of the convection
scheme in different CTM simulations. In particular, the comparison of the convec-
tive mass fluxes between the runs which diagnose convection and that which reads
in the archived values will explain a large part of the CTM differences seen in Hoyle5

et al. (2010). The use of convective mass fluxes from the same NWP system which
produced the large-scale analyses appears to be more self-consistent than diagnosing
them within the CTM with a different code. However, this does not necessarily mean
that the archived convective mass fluxes will directly lead to more realistic modelled
tracer distributions.10

In a recent study, Hossaini et al. (2010) used the TOMCAT/SLIMCAT CTM to investi-
gate the transport of the short-lived species CHBr3 (lifetime about 30 days) and CH2Br2
(lifetime about 6 months) to and through the TTL. The version of TOMCAT used was
the same as run “A E40” in this study, i.e. the default model but with 2007 winds. When
comparing with aircraft campaign data, Hossaini et al. (2010) showed that the p-level15

TOMCAT model tended to overestimate the abundance of these species in the TTL,
suggesting that modelled vertical transport may be too rapid. In this study we show
that run “A E40” produces convection which is less intense than other simulations,
notably runs “O EIar” and “P det”. The implication here, therefore, is that stronger con-
vection in TOMCAT would degrade the comparison of these short-lived tracers in the20

upper troposphere. Hossaini et al. (2010) argued that the θ-level model (SLIMCAT)
gave a more realistic tracer profile in the TTL due to slower large-scale advection. It
is possible that a too strong large-scale advective transport overcompensated for an
underestimate in convection.

Hossaini et al. (2010) also looked at the effect of convection on CHBr3 and CH2Br225

by performing runs with this process switched off. For these species, even without
modelled convection (though still with mixing out of the PBL), there was still significant
transport to the TTL. Of course, the effect would have been more marked in a version
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of TOMCAT with stronger convection (e.g. model version used in runs “O EIar” or
“P det” as opposed to “A E40”) and for tracers with even shorter lifetimes. Lawrence
and Salzmann (2008) raised questions about how results from experiments such as
this should be interpreted. They argued that the effects of convection cannot be re-
moved by simply turning off the parameterisation in a CTM. They suggest that there is5

large overlap between the convective and large-scale transport, i.e. the resolved winds
used in the CTM dynamics already contain information about the convection.

6 Conclusions

We have used the TOMCAT 3-D off-line chemical transport model to investigate issues
related to the treatment of convective tracer transport. The basic model diagnoses10

convection from the specified large-scale meteorological fields using a version of the
Tiedtke scheme. For this work the Tiedtke scheme in the model has been updated to
include midlevel convection along with a new option to specify convection from archived
convective mass fluxes. These archived mass fluxes provide a reference for the con-
vection calculated within the CTM.15

In general the model versions which diagnose convection underestimate the convec-
tive mass fluxes compared to the ECMWF archived values. The inclusion of midlevel
convection in the updated TOMCAT model improves comparisons at mid-high latitudes
in the mid troposphere. However, the most significant disagreement concerns the ver-
tical extent of convection. The archived mass fluxes show significant tracer transport to20

about 100 hPa in the tropics while the diagnosed fluxes extend to only around 200 hPa.
A range of model experiments have been performed with the version of the model

which diagnoses convection. With the identical model code, there can be relatively
large differences in diagnosed convection with different versions of ECMWF datasets.
This needs to be borne in mind when comparing CTM results from different studies or25

when using earlier evaluation of CTM convection to interpret recent results.
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The resolution of the CTM did not make a great difference to the extent of diagnosed
convection. At higher resolution there was more convective transport but this did not
seem to be a significant factor in reducing other model discrepancies, including the
vertical extent of convection. Changes to Tiedtke parameters (entrainment/detrainment
rates) could be used to increase the extent of convective transport, but that may affect5

the precipitation diurnal cycle as well as the mean and variability of the simulated pre-
cipitation as mentioned by Bechtold et al. (2004). Moreover, it is not clear the changes
in the entrainment/detrainment rates would be altered by changes in the PBL param-
eterisation, the closure assumptions in the cumulus parameterisation and other model
physical processes (Wang et al., 2007). Changes to the modelled surface evaporation10

fluxes only impact shallow convective mass fluxes in TOMCAT.
The radon tracer has been included in the model runs. The limited profile observa-

tions available do not really discriminate between the different model versions. Clearly,
some treatment of model convection in this paper improves agreement with observa-
tions. However, variability in the observations means that both the diagnosed convec-15

tion and using the archived convection agree with the data which extends up to 10 km
in middle latitudes.

While the use of archived mass fluxes would appear to be an improvement for the
CTM, and provide a model which is consistent with the forcing ECMWF meteorology,
the significant transport to the tropical UT produced in this model needs to be tested.20

Observations of short-lived species in the tropical UT will be used for this in a future
study extending on the work of Hossaini et al. (2010) and Aschmann et al. (2009).
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Table 1. TOMCAT model experiments.

Run Resolution Meteorological analysis Convection Evaporation Rn Period
flux

“A E40” 2.8◦×2.8◦ L60 T42 ERA-40/Operational SC1999 – Tiedtke UGCM Yes 1989–2005
“B EI” 2.8◦×2.8◦ L60 T42 ERA-Interim SC1999 – Tiedtke UGCM Yes 1989–2005
“C E40noconv” 2.8◦×2.8◦ L60 T42 ERA-40/Operational No UGCM Yes 1989–2005
“D EInoconv” 2.8◦×2.8◦ L60 T42 ERA-Interim No UGCM Yes 1989–2005
“E EInewevap” 2.8◦×2.8◦ L60 T42 ERA-Interim SC1999 – Tiedtke 1×1 Yes 1989–2005
“F EInewconv” 2.8◦×2.8◦ L60 T42 ERA-Interim Updated Tiedtke 1×1 Yes 1989–2005
“G 5.6” 5.6◦×5.6◦ L60 T42 Operational SC1999 – Tiedtke 1×1 No 2005
“H 1.1” 1.1◦×1.1◦ L60 T42 Operational SC1999 – Tiedtke 1×1 No 2005
“I 1.4” 1.4◦×1.4◦ L60 T42 Operational SC1999 – Tiedtke 1×1 No 2005
“J T106” 1.1◦×1.1◦ L60 T106 Operational SC1999 – Tiedtke 1×1 No 2005
“K L31” 2.8◦×2.8◦ L31 T42 Operational SC1999 – Tiedtke UGCM Yes 2005
“L 2EVAP” 2.8◦×2.8◦ L60 T42 ERA-Interim SC1999 – Tiedtke 2×UGCM No 2005
“M 0EVAP” 2.8◦×2.8◦ L60 T42 ERA-Interim SC1999 – Tiedtke 0 No 2005
“N 1991” 2.8◦×2.8◦ L31 T42 Operational SC1999 – Tiedtke UGCM No 1990–1991
“O EIar” 2.8◦×2.8◦ L60 T42 ERA-Interim ERA-Interim archive Yes 2005
“P det” 2.8◦×2.8◦ L31 T42 Operational Barret et al. (2010) UGCM Yes 2005
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(a) (b)

(c) (d)

(e) (f )

Fig. 1. Zonal mean convective updraft mass flux (kg m−2 s−1) averaged for JJA from
(a) ERA-40 reanalyses (1989–2001), (b) ERA-Interim reanalyses (1989–2005), (c) run
“A E40” (1989–2005), (d) run “B EI” (1989–2005), (e) run “E EInewevap” (1989–2005), and
(f) run “F EInewconv” (1989–2005). The bold contour indicates 0.001 kg m−2 s−1.
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(a) (b)

(c) (d)

(e) (f )

Fig. 2. As Fig. 1, but for DJF.
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(a)

(b)

(c)

Fig. 3. Zonal mean convective updraft mass flux (kg m−2 s−1) for runs (a) “A E40”, (b) “B EI”,
and (c) “N 1991” averaged from 27 December 1990–11 January 1991. The bold contour indi-
cates 0.001 kg m−2 s−1.
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(a) Zonal mean updraft 500 hPa  ERA-40

(b) ERA-Interim

(c) Run A

(d) Run B

Fig. 4. Time series of zonal mean monthly mean updraft convective mass flux (kg m−2 s−1)
at 500 hPa from (a) ERA-40 reanalyses, (b) ERA-Interim reanalyses, (c) Run “A E40” (forced
by operational winds from 2002 onwards), and (d) Run “B EI”. The bold contour indicates
0.001 kg m−2 s−1.
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(a) ERA-Interim (b) Run E (c) Run G

(d) Run H (e) Run I (f ) Run J

(g) Run L (h) Run M (i) Run O

(j) Run P

Fig. 5. Zonal mean annual mean convective updraft mass flux (kg m−2 s−1) for 2005 for (a)
ERA-Interim reanalyses (1◦×1◦ grid), (b) run “E EInewevap”, (c) run “G 5.6”, (d) run “H 1.1”,
(e) run “I 1.4”, (f) run “J T106”, (g) run “L 2EVAP”, (h) run “M 0EVAP”, (i) run “O EIar”, and (j)
run “P det”. The bold contour indicates 0.001 kg m−2 s−1.

22983

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/22953/2010/acpd-10-22953-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/22953/2010/acpd-10-22953-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 22953–22991, 2010

Evaluation of cloud
convection and tracer

transport

W. Feng et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

(a) (b) (c)
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Fig. 6. Zonal mean annual mean tropical (25◦ S–25◦ N) updraft convective mass
flux (kg m−2 s−1) for 2005 from ERA-Interim reanalyses and (a) runs “A E40”, “B EI”,
“E EInewevap”, “F EInewconv”, “K L31”, “N 1991” (December 1990 to January 1991),
“O EIar”, “P det”, (b) runs “E EInewevap”, “G 5.6”, “H 1.1”, “I 1.4”, “J T106”, and (c) runs
“B EI”, “E EInewevap”, “L 2EVAP”, “M 0EVAP”.
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(c) Run B

(a) MODIS monthly mean cloud top height (km)

(b) Run A

Fig. 7. Time series of monthly mean cloud top height (km) from (a) MODIS (b) run “A E40”,
and (c) run “B EI”.
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30S-30N

Fig. 8. Time series of monthly mean maximum daily cloud top height (km) for 2002–2005
averaged between 30◦ S–30◦ N from MODIS and model runs “A E40”, “B EI”, “K L31” and
“P det”.

22986

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/22953/2010/acpd-10-22953-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/22953/2010/acpd-10-22953-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 22953–22991, 2010

Evaluation of cloud
convection and tracer

transport

W. Feng et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

(a) (b)

(c) (d)

(e) (f )

Fig. 9. Zonal mean convective precipitation (mm/day) from (a) GPI data, (b) CMAP data, (c)
ERA-40 reanalyses, (d) ERA-Interim reanalyses, (e) run “A E40”, and (f) run “B EI”.
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(a) Jan 2005

(b) July 2005

Fig. 10. Zonal mean convective precipitation (mm/day) from CMAP data, ERA-Interim reanal-
yses and model runs “A E40”, “B EI”, “K L31” and “P det” for (a) January 2005, and (b) July
2005.
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(a)

(b)

(e)

(d)

(c)

Fig. 11. Comparison of observed surface radon concentrations (mBq/m3 STP) with model runs
“A E40” and “B EI” at (a) Parà, Brazil (2.5◦ S, 305◦ E), (b) Hohenpeissenberg (47.5◦ N, 11◦ E),
(c) Cape Grim (40.4◦ S, 144.4◦ E), (d) Amsterdam Island (37.5◦ S, 77.3◦ E), and (e) Bermuda
(32.2◦ N, 295.6◦ E). Note different x axis and y axis scales.
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(c)

(d)

(a)

(b)

Fig. 12. Comparison of observed radon profiles (mBq/m3 STP) averaged between 30◦ N
and 60◦ N over land for (a) summer (JJA) and (b) winter (DJF) with model runs “A E40”,
“B EI”, “C E40noconv”, “D EInoconv”, “E EInewevap”, “F EInewconv”, “O EIar” and “P det”.
Panels (c) and (d) show the differences between runs “A E40”-“B EI”, “D EInoconv”-“B EI”,
“C E40noconv”-“A E40”, and “F EInewconv”-“E EInewevap” for summer and winter, respec-
tively.
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(a)

(b)

(c)

(d)

Fig. 13. Comparison of observed radon profiles (mBq/m3 STP) at (a) Moffett Field in June
1994 and (b) NARE campaign in August 1993 with results from model runs “A E40”, “B EI”,
“C E40noconv”, “D EInoconv”, “E EInewevap”, “F EInewconv” and “O EIar”. Panels (c) and (d)
show the same two campaigns as (a) and (b), respectively, along with model runs “A E40” and
“B EI” but also include results from model runs “A E40”, “B EI”, “O EIar” and “P det” sampled
for 2005.
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