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[1] The CarboEurope Regional Experiment Strategy (CERES) experiment took place in
May and June 2005 in France and offers a comprehensive database on atmospheric CO2

and boundary layer processes at the regional scale. One ‘‘golden’’ day of CERES is
interpreted with the mesoscale atmospheric model Meso-NH coupled on-line with the
Interactions between Soil, Biosphere and Atmosphere, CO2-reactive (ISBA-A-gs) surface
scheme, allowing a full interaction of CO2 between the surface and the atmosphere. The
rapid diurnal cycle of carbon coupled with water and energy fluxes is parameterized
including, e.g., plant assimilation, respiration, anthropogenic emissions, and sea fluxes.
During the analyzed day, frequent vertical profiles and aircraft transects revealed high
spatial and temporal variabilities of CO2 concentrations within the boundary layer at
the regional scale: a 10-ppm gradient of CO2-mixing ratio is observed during the day by
the aircraft measurements. The Meso-NH model proved able to simulate very well the
CO2 concentration variability as well as the spatial and temporal evolution of the surface
fluxes and the boundary layer in the domain. The model is used to explain the CO2

variability as a result of two complementary processes: (1) the regional heterogeneity of
CO2 surface fluxes related to the land cover (e.g., winter crops versus a pine forest) and
(2) the variability of mesoscale circulation across the boundary layer: development of
the sea breeze in the western part of the domain and dominating wind flow in the
eastern part of the domain.

Citation: Sarrat, C., et al. (2007), Atmospheric CO2 modeling at the regional scale: Application to the CarboEurope Regional

Experiment, J. Geophys. Res., 112, D12105, doi:10.1029/2006JD008107.

1. Introduction

[2] The atmospheric carbon dioxide (CO2) measurements
provide key information to improve our understanding on
the terrestrial carbon budget. An important issue of the
carbon cycle is to improve the retrieval of sources and sinks
by inverse modeling [Rayner et al., 1999; Bousquet et al.,
1996; Gurney et al., 2002].
[3] At the regional scale, vegetation carbon uptake and

ecosystem respiration, in combination with diurnal varia-
tions in vertical mixing, result in a pronounced diurnal cycle
of CO2 in the atmospheric boundary layer (ABL). Even at

the continental scale, Denning et al. [1996] or Chevillard
et al. [2002] showed the importance of the diurnal cycle of
biospheric exchanges and of regional transport to take into
account the short-term variations in the CO2 concentrations.
[4] Preliminary studies with high resolution mesoscale

models are reported by, e.g., Nicholls et al. [2004] and
Denning et al. [2003], who showed that the mesoscale
Regional Atmospheric Modeling System (RAMS) model,
coupled with the biospheric SiB-2 model, was able to
retrieve the CO2 flux and concentration measurements made
on a tall tower at various heights. The study of Geels et al.
[2004] describes a mesoscale CO2 simulation to investigate
the CO2 synoptic variability with a relatively large spatio-
temporal resolution (daily, 1� � 1�).
[5] In order to improve our knowledge and themodels at the

regional scale, a regional experiment has been executed in
2005 in the southwest of France: CarboEurope Regional
Experiment Strategy (CERES), within the frame of the Euro-
pean project CarboEurope-IP. Campaigns on regional CO2

have been held before {Regional Assessment and Monitoring
of the Carbon Balance within Europe (RECAB), COCA,
Schmitgen et al. [2004], COBRA, Gerbig et al. [2003]}, but
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CERES has a longer temporal coverage (6 weeks) and a much
denser sampling of both atmospheric concentrations and of
ecosystem fluxes [Dolman et al., 2006].
[6] This paper summarizes a high-resolution modeling

study of an episode of the CERES campaign. This is a
so-called ‘‘golden’’ day that presents unexpected regional
distribution of CO2 concentrations with strong hetero-
geneities in the ABL.
[7] In order to separate the contribution of the different

physical processes (fluxes versus transport processes) involved
in controlling the spatiotemporal CO2 evolution, the distribu-
tion of atmospheric CO2 this day is simulated with a high
resolution mesoscale meteorological and transport model.
[8] After a description of the experimental and modeling

configurations, the modeling results, in comparison with the
observations, are discussed and used to explain the roles of
mesoscale circulations and surface exchanges in the region-
al pattern of CO2, in particular the contrasts between forest
and crop covered landscapes.

2. The CarboEurope Regional Experiment
Strategy: CERES

[9] The CarboEurope Regional Experiment Strategy
(CERES) campaign too ce in the southwest of France

in May and June 2005 [Dolman et al., 2006], over an area
of 300 � 300 km, including the Landes forest, winter and
summer croplands areas, the cities of Bordeaux in the
northwest part of the domain, and Toulouse in the southeast
part. The studied domain is contained in Figure 1 represen-
ting the ECOCLIMAP land cover by Champeaux et al.
[2005].
[10] The aim of CERES was to determine the regional

balance of carbon over the southwest of France and to
provide a rich database on CO2 concentrations, surface
fluxes, and atmospheric conditions to quantify the carbon
budget.
[11] This region has been chosen because of its geogra-

phical location: the Atlantic Ocean at its western boundary
(expectedly offering incident ‘‘well-mixed’’ air masses at
the domain’s boundary), a large and homogeneous area of
pine forest (Les Landes), and agricultural areas at the
eastern part of the domain. The region is only slightly
affected by anthropogenic emissions of CO2 with the
exception of the two large cities of Bordeaux and Toulouse.
Moreover, this region is very well known in terms of
meteorology and hydrology because of past experimental
efforts in the area (e.g., the Hapex-Mobilhy experiment
[André et al., 1986; Noilhan et al., 1991; Habets et al.,
1999].

Figure 1. Map of surface vegetation cover over the CERES domain with experimental network (black
squares are flux stations).
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[12] A total of 10 eddy covariance flux stations gave
continuous measurements of energy, water, and CO2 fluxes
over different types of vegetation (maize, winter crops such
as wheat and rapeseed, forest, grassland, vineyard, beans,
and clear-cut). A central site was based in La Cape Sud in
Les Landes forest, with energy and CO2 flux measurements,
intensive radio-sounding launches during Intensive Obser-
vation Period (IOP), and an ultrahigh frequency (UHF)
radar for wind measurement (Figure 1). A secondary site
was based in Marmande, in the center of the domain
dominated by cropland, which included a tower equipped
to measure CO2 concentrations at five levels up to 20 m. A
50-m tower was based in the Atlantic Ocean shoreline in
Biscarosse to measure continuously the CO2 concentrations.
[13] Four research aircraft were operated during IOP.

These instrumented aircraft sampled the horizontal and
temporal heterogeneities of the CO2 distribution and fluxes
at the regional scale in the morning and afternoon. The
aircraft also sampled the heterogeneity in and above the
ABL, executing vertical profiles above the different sites
(La Cape Sud, Marmande, and shoreline). The in situ CO2

measurements used in this study come from the Piper-Aztec
and the Eco-Dimona air In the Piper-Aztec, the CO2 is

measured by infrared absorption (CONDOR system), and
aboard the Eco-Dimona, the measurements were made
using a closed-path licor, an open path licor, and flask
analysis. CO2 in situ data have been adjusted to match the
measurements of simultaneously collected flask samples by
the two aircraft and thus are not regarded as independent
measurements.
[14] This study focuses on 26 and 27 May (hereafter

referred as may-26 and may-27) because this period is
intensively documented. Anticyclonic weather conditions
prevailed (clear sky, high temperatures, and light winds),
which favored the development of breeze circulations.

3. The Modeling Configuration

[15] The simulation is performed with the Meso-NH
atmospheric model [Lafore et al., 1998] coupled on-line
with the ISBA surface scheme [Noilhan and Planton, 1989]
in its carbon interactive mode [Calvet et al., 1998]. Meso-
NH is a nonhydrostatic mesoscale atmospheric model
allowing two-way nesting simulations. The chosen confi-
guration for Meso-NH is composed of two nested domains
at 10-km resolution for the larger one (width, 900 � 900 km)

Figure 2. Comparisons between observed (Piper Aztec aircraft) and simulated vertical profiles of CO2

concentrations (top) and potential temperature (bottom) (a) over La Cape Sud and (b) over Marmande.
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and 2-km resolution for the small one (width, 320 � 320 km
included in Figure 1). The vertical grid, which is composed
of 57 levels, has a higher resolution close to the surface,
with 20 levels between 0 and 1000 m, in order to obtain a
detailed description of the ABL. The simulation of the
CERES IOP2 starts on may-26 at 1800 Coordinated Uni-
versal Time (UTC) and continues until may-28 at 0000 UTC.
The model is initialized and forced at the lateral boundaries
every 6 hours by the European Centre for Medium-Range
Weather Forecasting (ECMWF) large-scale analyses for
atmospheric and surface variables (the initialized soil mois-
ture was found close to the observations). The CO2 con-
centrations are initialized with a homogeneous vertical
profile all over the domain at 1800 UTC on may-26, issued
from aircraft observations. At the lateral boundaries, a zero-
gradient condition is applied for CO2. The surface energy
and CO2 fluxes are computed on-line by the surface model,
ISBA-A-gs, including vegetation assimilation and respira-
tion [Calvet et al., 1998]. A tile approach is used to take full
advantage of the 1-km resolution vegetation database. The
land cover is from the ECOCLIMAP database [Champeaux
et al., 2005; Masson et al., 2003]. It contains 62 types of
cover and discriminates winter crops from summer crops
(see Figure 1). The oceanic CO2 fluxes are estimated
according to Takahashi [1997] using simulated winds

for air-sea gas exchanges. The anthropogenic sources come
from the 10-km resolution inventory of the Stuttgart Uni-
versity [Dolman et al., 2006].

4. Results

[16] The studied day (may-27) is warm; air temperature in
Marmande reaches 31.82�C. In the morning, the anti-
cyclonic conditions drive a weak southeasterly wind at
low levels. During the afternoon, the Piper Aztec flew over
the Landes forest to Marmande and landed in Toulouse.
During the flight, two vertical profiles were made: the first
one over the forest (La Cape Sud) at 1400 UTC and the
second one over the maize cropland (Marmande) half an
hour later. These observed vertical profiles are illustrated in
Figure 2, together with the simulated ones (all the modeling
results are provided by the 2-km resolution model). The
vertical profile of potential temperature is well reproduced
by the model over both sites: the boundary layer height is
1600 m in La Cape Sud and only 800 m in Marmande, both
in data and model. The differences of ABL height are due to
large differences in the surface sensible heat flux, in
agreement with observations (not shown). The sensible heat
flux is high over the forest, whereas in the eastern agricul-
tural area, the sensible heat flux is lower. In the agricultural
area, the latent heat flux is high where the winter crops are
fully developed and low in the summer crop areas (mainly
maize) dominated by bare ground at this period of the year.
For this land cover, the sensible heat is reduced because of
high heat storage in the ground.
[17] The temperature vertical profile discrepancies

between the model and the observations do not exceed
2�C in and above the ABL.
[18] The comparisons between observed and simulated

CO2 mixing ratio vertical profiles over La Cape Sud can be
considered in good agreement in the well-mixed ABL even
if there is a 4-ppm discrepancy near the surface. The
observations indicate that there is a net CO2 sink near the
surface (inferred from the gradient in CO2, Figure 2a), but
the model results show an opposite gradient. In the model,
because of an excessive ecosystem respiration, the net CO2

in the afternoon tends to be slightly overestimated. This is a
component of the surface scheme which needs to be
improved, particularly the dependence between the eco-
system respiration and the surface temperature. In Mar-
mande, the comparisons are in good agreement in all the
ABL. These observed profiles at the two sites are well
mixed in the ABL with a sharp gradient at the capping
inversion, stronger in the Marmande case.
[19] What is remarkable in these two punctual observa-

tions is that the mean CO2 mixing ratios in the boundary
layer are different at the two sites: 377 ppm in Marmande
and 381 ppm in La Cape Sud, that is to say a significant
difference between these two selected sites separated by
70 km only.
[20] These differences in CO2 concentrations are even

emphasized between the forest area and the cropland as
measured during the Eco-Dimona flight (Figure 3a) over a
distance of 750 km: a 10-ppm horizontal gradient of CO2

mixing ration exists between these two zones (the aircraft
trajectory is plotted in blue in Figure 4d). The observed and
modeled CO2 concentrations show a remarkably good

Figure 3. Temporal evolution of CO2 concentrations
measured and simulated (a) during the Eco-Dimona flight
and (b) during the Piper Aztec flight (VP, vertical profile).
Aircraft trajectories in Figure 4d. The CO2 concentration
comparisons are done at the exact time and location.
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Figure 4. Simulated two-dimensional fields of: (a) CO2 concentrations with wind arrows at the first
level of the model (i.e., 20 m) at 1000 UTC and (b) 1400 UTC; the black line represents the vertical cross
section shown in Figure 5; (c) CO2 surface fluxes (mg m�2 s�1) at 1000 UTC and (d) aircraft trajectories:
in blue, the Eco-Dimona and in red, the Piper Aztec.
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agreement in the ABL, and this is during the 5 hours of the
flight path. The model is able to reproduce the CO2 spatial
and temporal heterogeneity at the regional scale. In fact,
when the aircraft flies over the forested area or near the ocean
shoreline, i.e., between 1230 and 1500 UTC, the air sampled
is rich in CO2 (up to 386–388 ppm), and when it flies over
the agricultural area, i.e., between 1500 and 1530 UTC over
Marmande, the air is more depleted, with mixing ratios of
down to 372 ppm, measured and also simulated.
[21] The CO2 gradient between the forest and the agri-

cultural area is also sampled by the Piper Aztec aircraft
(Figure 3b) on a larger horizontal distance. The CO2 con-
centrations slowly decrease from the western part of the
domain to the eastern part on a distance of 200 km, both in
the model and in the observations. Once again, the model
reproduces the slight variations of CO2 at the scale of a few
hundred kilometers.
[22] This CO2 difference between these two ecosystems

are due to several processes occurring during this day. The
mesoscale modeling is an efficient tool to clearly show that,
during the morning, the dominant wind direction in the
CERES region is from southeast (see Figure 4a). The
southeast of the domain is mainly cultivated with winter
crops (yellow on the map, Figure 1). This vegetation type
assimilates a larger amount of CO2 compared to other
vegetation types. The uptake of CO2 in the morning and
in the afternoon is higher in this area than anywhere else as
seen in Figure 4c. The winter crop uptake creates a CO2

depletion (well shown in Figure 4b) in the shallow morning
ABL that is advected to the northwest toward Marmande.
On the other hand, in the beginning of the afternoon, a sea
breeze is developing and penetrates a few tens of kilometers
inland from the southwest. Over the forest, high CO2

concentration is assoc with the wind convergence

between the westerly sea breeze and a southeast wind in
the eastern part (Figure 4b).
[23] The CO2 gradient between the forest and the agri-

cultural area, together with the ABL height differences
between these two zones, are clearly simulated as shown
in the vertical cross section of CO2 concentrations displayed
in Figure 5. This vertical cross section of CO2 is along the
black line represented in Figure 4b, from the ocean to
Marmande, running through La Cape Sud. Although the
ABL in La Cape Sud reaches up to 1600 m, the vertical
mixing of CO2 into the ABL is not sufficient to decrease the
concentrations that remain higher than in Marmande, where
the ABL reaches only 800 m between 1400 and 1500 UTC.
[24] The wind convergence and the difference of surface

fluxes between the forest and winter or summer crops are
the two factors that generate a 10-ppm horizontal gradient
between the forest and the cropland. This hypothesis is
confirmed by the budget calculations made with the model.
During the morning and until 1100 UTC, the entrainment at
the top of the boundary layer is negligible, while the surface
fluxes of CO2 are identical at the two sites (forest and
cropland). Over the forest, the advective tendencies are very
weak for CO2 concentrations and slightly positive (advec-
tion of air rich in CO2), while over the summer cropland, the
negative advective tendencies pilot the CO2 concentration
evolution (loss of CO2 by advection of air depleted in CO2

and coming for the area covered by winter crops in the
eastern part of the domain). In the morning, the advection
process represents, in Marmande, a loss of up to 4 ppm of
CO2 per hour.
[25] Figure 6 gives a schematic representation of the main

physical processes along a west-east vertical cross section.

5. Conclusion

[26] The CERES experiment conducted in the southwest
of France in May and June 2005 offers an adequate and
comprehensive database for mesoscale atmospheric modeling
of carbon dioxide. It reveals interesting regional conditions
in which the geographic distribution of CO2 is mainly
driven by the surface exchanges and atmospheric boundary
layer processes and also regional circulations. During one
‘‘golden’’ day of CERES, the observations of two research
aircraft exhibit a large gradient of CO2 mixing ratio with a
difference of mean 10 ppm between the forest and the
agricultural area over a distance of 70 km in the boundary
layer for several hours.
[27] The meteorological model Meso-NH, coupled with

the ISBA-A-gs surface scheme and driven by a very precise
land cover map, reproduces the gradient of CO2 very
accurately, as well as the ABL vertical profile of potential
temperature.
[28] The model proved to be an efficient tool for under-

standing the processes involved in the observed CO2

heterogeneity. In fact, the model shows a special pattern
of regional circulation with (1) at the eastern part of the
domain, a southeast flow that advects low CO2 concentra-
tion in air exposed to winter crop assimilation and (2) at the
western part of the domain, higher CO2 concentrations that
accumulate over the forest because of a lower assimilation
(the forest becomes a source during the afternoon) and the
sea breeze advecting higher CO2 concentrations.

Figure 5. Vertical cross section of simulated CO2 concen-
trations (ppm) on may-27 at 1400 UTC. The dotted line
represents the approximative height of the atmospheric
boundary layer.
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[29] The model analysis allows us to conclude on the
importance of the combination of surface processes and
mesoscale circulations in the ABL in order to establish
precise budget of CO2 at the regional scale.
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