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Abstract

Inverse modelling of carbon sources and sinks requires an accurate estimate of the
quality of the observations to obtain a realistic estimate of the inferred fluxes and their
uncertainties. Representation errors, defined here as the mismatch between point ob-
servations and grid cell averages, may add substantial uncertainty to the interpretation5

of atmospheric CO2 concentration data. We used a high resolution (2 km) mesoscale
model (RAMS) to simulate the variations in the CO2 concentration to estimate the
representation errors for grid sizes of 10–100 km. Meteorology is the main driver of
representation errors in our study causing spatial and temporal variations in the error
estimate. Within the nocturnal boundary layer the representation errors are relatively10

large and mainly determined by unresolved topography at lower model resolutions.
During the day, surface CO2 flux variability and mesoscale circulations were found to
be the main sources of representation errors. Careful up-scaling of point observations
can reduce the importance of the representation error substantially. The remaining
representation error is in the order of 0.5–1.5 ppm at 20–100 km resolution.15

1 Introduction

Understanding the variation in atmospheric CO2 concentration is key to prediction and
quantification of global climate change. Terrestrial CO2 fluxes have a major impact on
the global and regional CO2 concentration levels and it is therefore important to un-
derstand their spatial and temporal variation. Since the atmosphere is on the short20

term an incomplete mixer of the CO2 surface fluxes, observations of CO2 concentra-
tions can be used to quantify the magnitude and strength of the surface fluxes. At the
global scale, such inversion studies have increased our knowledge about the terrestrial
source-sink distribution, but exact estimates of the sources and sink still vary consid-
erably (e.g. Fan et al 1998; Bousquet et al., 1999; Gurney et al., 2002; Rödenbeck et25

al., 2003; Baker et al., 2006). The difference between the results of the various studies
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are associated with errors in the simulated atmospheric transport (Gurney et al., 2002;
Yang et al., 2007; Stephens et al., 2007), aggregation of the surface fluxes over large
areas (Kaminski et al., 2001), errors due to a poor representation of the diurnal and
seasonal covariance of the surface fluxes with the boundary layer height, i.e. “rectifi-
cation” errors (Denning et al., 1996; Perez-Landa et al., 2007; Ahmadov et al., 2007)5

and errors introduced by the assumption that point observations are representative for
the average CO2 concentration in a model grid box, i.e. representation errors (Gerbig
et al., 2003a, b; Lin et al., 2004; Van der Molen and Dolman, 2007).

These errors may be reduced by increasing the resolution of global atmospheric
transport models or by employing high resolution regional models (e.g. Peters et al.,10

2004; Karstens et al, 2006; Geels et al., 2007; Perez-Landa et al., 2007; Sarrat et al.
2007a, b; Ahmadov et al., 2007). With higher resolutions the simulated CO2 concentra-
tions are potentially more accurate, because more small scale phenomena that cause
variations in the CO2 distribution are explicitly resolved. This becomes increasingly
important as observations in the boundary layer are used to constrain surface fluxes in15

more detail at the regional scale (e.g. Carouge 2006; Lauvaux et al., 2007; Peters et
al., 2007; Zupanski et al., 2007).

One important error associated with the use of continental CO2 concentration ob-
servations in inversions is studied here in more detail: the representation error (RE).
Previous studies showed that the error can be substantial when a point observation20

is assumed to be representative for a grid cell at relatively coarse resolutions over
the continent (Gerbig et al., 2003a, b; Van der Molen and Dolman, 2007). In global
scale inversions, large REs can be avoided by selecting “background” observations
and rejecting observations that are influenced too strong by local sinks and sources
(Houweling et al, 2000). However, in smaller scale inversions observations over the25

continent are used to constrain the fluxes. The RE due to variability in the concentra-
tions over the continent must thus be taken into account. From an analysis of aircraft
profiles in the COBRA experiment in North America, Gerbig et al. (2003a) suggested
that models may require horizontal resolution smaller than 30 km to capture the most
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important spatial variations of atmospheric CO2 in the boundary layer over the conti-
nent. Van der Molen and Dolman (2007) found comparable results in a modelling study
over Siberia.

In this paper, REs are studied in more detail using a high resolution mesoscale
model. This provides the opportunity to assess the spatial distribution of the RE, its5

temporal distribution during the day, and its variability due to meteorological circum-
stances and the surface properties. We aim to determine the main features and the
major causes of REs, at scales from 10 to 100 km resolution. In Sect. 2, the model
configuration and the calculation of the RE will be described. Section 3 will show the
results of the simulations and the main contributors to REs. These will be discussed in10

Sect. 4, where also some options to reduce the RE will be addressed.

2 Methods

2.1 Representation error calculation

The RE, i.e. the error introduced by the assumption that a point observation is repre-
sentative for the average concentration of a grid cell, is estimated based on the lateral15

variability in the CO2 concentration in a grid cell. The RE is calculated for resolutions of
10, 20, 50 and 100 km, using terrain following grid boxes. The variability is simulated at
2 km resolution with the Regional Atmospheric Modelling System (RAMS). The RE is
defined by the standard deviation of the CO2 concentration simulated at 2 km resolution
within the coarser grid boxes of 10×10, 20×20, 50×50 and 100×100 km:20

σCO2
=

√√√√ 1
n − 1

n∑
i=1

(x1 − x̄)2 (1)

x̄ =
1
n

n∑
i=1

xi (2)
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Where σCO2
is the RE, n is the number of 2 km resolution grid cells within the coarser

grid cell, xi the CO2 concentration of the 2 km resolution grid cell, and x̄ is the average
CO2 concentration within the coarser grid cell. This is equal to the approach in Gerbig
et al. (2003a) and Van der Molen and Dolman (2007), except that the study of Gerbig
et al. (2003a) includes the relatively small measurement error which is non existent in5

our model study.

2.2 Simulation setup

The atmospheric simulations are performed with the non-hydrostatic mesoscale model
RAMS (Pielke et al., 1992), which has been used to simulate the behaviour of CO2
in the atmosphere in a number of studies (e.g. Denning et al., 2003; Nicholls et al.,10

2004; Sarrat et al., 2007b; Perez-Landa et al., 2007). The version used in this study
is BRAMS-3.2, including the adaptations to secure mass conservation (Medvigy et al.,
2005; Meesters et al.1). The surface fluxes are calculated using Leaf-3 (Walko et al.,
2000) which was extended with the Farquhar photosynthesis model (Farquhar et al.,
1980; Sellers et al. 1996) to calculate surface fluxes of CO2. The standard vegetation15

parameters of Leaf-3 are used and completed with maximal rate of Rubisco activity
(Vcmax) based on values from Wullschleger (1993) and Sellers et al. (1996). Respi-
ration is simulated with an exponential (Q10) temperature–respiration relationship, in
which the Q10 and R0 values as estimated by Van Dijk and Dolman (2004) are used.
Further specifications of the simulations are given in Table 1.20

The simulations are performed for two days of the CERES experiment in South West-
ern France (Fig. 1) in spring 2005. See Dolman et al. (2006) for further details of
this experiment. The 300×300 km domain with a resolution of 2 km is nested in a
1200×1200 km domain at 10 km resolution. It is bounded in the west by the Atlantic

1Meesters, A. G. C. A., Tolk, L. F., and Dolman, A. J.: Mass conservation above slopes in
the regional atmospheric modelling system (RAMS), environmental fluid mechanics, submitted,
2008.
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Ocean and in the south by the Pyrenean mountain massif with tops over 3000 m height.
The area is characterized by several large areas of homogeneous land cover, with the
Les Landes pine forest in the west, woods and pastures in the northeast, and large
areas of cultivated plots in the rest of the domain (Fig. 1). Two major cities are located
in the southeast (Toulouse) and northwest (Bordeaux) corners of the domain.5

In this study two different days were simulated to compare the influence of different
synoptic scale meteorology on the REs. The first day, 27 June 2005, was very warm
with anti-cyclonic clear sky conditions. The wind came mainly from the southeast and
allowed the formation of a sea breeze in the afternoon. On the second selected day,
6 June 2005, north-western winds prevailed. This day was cooler, and some cumulus10

clouds formed in the afternoon in the northern part of the domain.
The two selected days were part of intensive observation periods within the CERES

campaign. The simulations were compared to the available observations and the most
important findings were described in the model intercomparison of 5 mesoscale models
by Sarrat et al. (2007b). That comparison shows the ability of the models to represent15

the atmospheric CO2 distribution satisfactory, in general agreement with the observa-
tions. They conclude that the complex spatial distribution as well as the temporal evo-
lution of CO2in interaction with the surface fluxes are realistically simulated compared
to the aircrafts observations. Our model, B-RAMS performed satisfactory in most as-
pects. Any possible further influences of discrepancies between the simulations and20

the observations on the estimate of the RE are addressed in the discussion section.
The surface fluxes in the standard simulations are calculated based on the Pelcom

land use map with a homogeneous LAI per land use class (http://www.geo-informatie.
nl/projects/pelcom). To test the sensitivity of the RE to the formulation of the sur-
face cover, land use maps derived from the Modis satellite data were used (http:25

//modis-land.gsfc.nasa.gov/vi.htm), where the LAI can vary per pixel. Additionally, a
simulation was performed in which a spatial homogeneous CO2 flux was prescribed
as a function of time. The prescribed maximal assimilation and respiration fluxes were
about the average of the previously calculated maximal fluxes.
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The standard simulations for the two days were thus kept very similar, i.e. with similar
land use maps and LAI and similar initialization of the CO2 concentration, so that the
differences between the two days represent the influence of meteorology on the RE.

3 Results

Our simulations show that a number of processes contribute to the total RE, and their5

relative contribution is different on both days simulated. REs are always associated with
strong horizontal gradients in the CO2 distribution. There are large variations across
the spatial domain due to differences in land-surface type and topography. In the next
sections, we will separately discuss each process contributing to the total RE, which
spans a range from 0.5 ppm to as much 10 ppm. First, we will illustrate the dominant10

mesoscale circulation patterns to provide appropriate background for the analysis.

3.1 Mesoscale circulations

The simulations show that the RE has a large spatial and temporal variability. The
two simulated days show a clear distinction, where the REs during the day at 27 May
exceeded those on 6 June. The largest difference between the two days is the synoptic15

wind direction, which originates from the southeast at 27 May and from the west at
6 June. On 27 May mesoscale circulations formed, these were suppressed on 6 June.

During the night of 27 May the south-eastern wind moved air with a high CO2 con-
centration, because of respiration, from the land over the sea. Since the CO2 fluxes
over the sea are relatively small the CO2 concentrations remain high there during the20

following day. In the course of the day a sea breeze developed. The direction of the sea
breeze was at 27 May opposite to the synoptic wind direction. The converging winds
led to the formation of a front (Fig. 2a). A gradient of about 10 ppm formed between the
high nocturnal concentrations over the ocean and the depleted concentrations over the
land perpendicular to the coast line. This was also described by Dolman et al. (2006),25
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Sarrat et al. (2007a) and Ahmadov et al. (2007).
Additionally, differences in vegetation types and corresponding sensible heat fluxes

induced mesoscale circulations. The relatively high sensible heat flux above the forest
resulted in a deep boundary layer compared to its surroundings. On 27 May the deep
boundary layer was stationary over the forest due to the opposing wind directions,5

strengthening the convection.
In contrast, on 6 June the synoptic wind was directed from sea to land and similar

to the main direction of the sea breeze. Neither advection of the nocturnal high con-
centrations from land to sea, nor the formation of a convergence zone during the day
takes place (Fig. 2b). The effects of the sea breeze on the CO2 concentration are thus10

suppressed by the westerly wind on 6 June. Also, the high boundary layer over the
forest is advected over the rest of the domain. This eliminates the strong contrast be-
tween the depth of the boundary layer over the forest and its surroundings. At 6 June
background CO2 concentrations from the ocean are advected over the land, where it
is depleted due to CO2 uptake at the surface during the day. This causes a gradual15

decreasing gradient in the CO2 concentration land inward (Fig. 2b).

3.2 Representation errors due to mesoscale circulations

The large concentration contrasts over small distances induced by mesoscale circu-
lations may lead to a large RE. On 6 June the gradual gradients and the absence of
mesoscale circulation fronts cause a horizontal homogeneous spatial distribution of the20

RE. On 27 May a higher RE is simulated than at 6 June (Fig. 3). At locations that are
not affected by mesoscale circulations, the REs on 27 May are comparable to those
observed at 6 June. The high RE on 27 May is located in grid cells in the vicinity of the
edges of the convergence zone (Fig. 4). Near the front a RE of about 2.5 ppm is found
at 10 km resolution, and about 5.5 ppm at 100 km resolution.25

On 27 May, the depleted air from the boundary layer is elevated in the convergence
zone, where it comes next to the free tropospheric air above the top of the boundary
layer in the rest of the domain. This leads to a band with high REs along the eastern
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edge of the convergence zone, which dominate the average RE over the domain. The
highest REs during the day are found around the top of the boundary layer (Fig. 5).

Also in the rest of the domain and on 6 June the RE is high around the mean height
of the top of the boundary layer (Fig. 5b). This is a result of the difference between
convection cells and their surroundings, causing strong horizontal gradients between5

the depleted boundary layer and free tropospheric air. On 6 June this effect stretches
over a large vertical range (Fig. 5b). This is due to the formation of clouds and the
consequent deep convection, causing horizontal variations in the CO2 concentration
up to 3000 m height during the day.

Above the sea the boundary layer is very shallow, and therefore the largest REs are10

limited there to the lower part of the atmosphere. For example, the RE at 250m height
as shown in Fig. 4 is small, since it is above the boundary layer. Within the boundary
layer over the sea, the RE depends strongly on the wind direction. On 27 May the
edges of air masses influenced by nocturnal land fluxes and transported from land
during the night, causing high REs. The high concentrations from the land contrast here15

with the background concentrations over the sea. On 6 June, the wind from overseas
brings “background” air, which is not influenced by any strong near field terrestrial
fluxes. The REs over most of the sea are therefore very small over the sea on 6 June.

3.3 Representation errors in the free troposphere

The free tropospheric RE is influenced by the CO2 concentration gradients in the resid-20

ual boundary layer (Fig. 5). Therefore, the differences between the two simulated days
due to the meteorological circumstances extend out towards the evening and the night.
During the first simulated nights the REs in the layers above the nocturnal boundary
layer are underestimated, because of the lack of residual boundary layer since the CO2
concentrations for both days are initialized homogeneous at 18:00 the previous day.25

During the evening of 27 May, the convergence zone due to the sea breeze remains
intact until the temperature of the land decreases towards the sea water temperature.
Up to that moment, the boundary layer air is forced to rise to higher altitudes. Com-
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bined with the influence of the upwind mountains, this leads to an ongoing increase in
the RE at higher altitudes (Fig. 5a).

Analyses of the RE for 6 June show that the RE in the residual boundary layer
gradually decreases during the evening and the night (Fig. 5b). After the collapse
of the boundary layer at the end of the day, the relative strong horizontal winds above5

the nocturnal boundary layer cause mixing. This diminishes the horizontal variations in
the CO2 concentration and thus the REs at altitudes that are no longer influenced by
the surface fluxes.

3.4 Representation errors due to topography

During the night the presence of the high mountains of the Pyrenees in the south of the10

domain strongly influences the RE at lower altitudes. In the simulations for both days a
band with high CO2 concentrations accumulates at the foot of the Pyrenees (Fig. 6). It
strongly contrasts with the lower concentrations in the flatter areas and the tops of the
mountains. This leads to a high RE near the surface during the night.

After sunrise, over the land the high CO2 concentrations at the foot of the Pyrenees15

are decreased due to the growth of the boundary layer and CO2 uptake at the surface.
Over the sea, the high CO2 concentrations are preserved in the shallow boundary layer
and lead to enhanced REs during the whole day.

Smaller scale topographic features also induce RE. During the night, accumulation
of CO2 is simulated in valleys with up to a hundred meters altitude difference. Fig-20

ure 6 shows the variations in the CO2 concentration at the end of the night, at 27 May
06:00 UTC, simulated with a spatially constant CO2 flux. These variations are thus
totally due to CO2 transport. The variations induced by small scale variations in the
surface altitude, remote of the Pyrenees, cause a RE of 0.5–3 ppm at 10 km resolution,
and about 3 ppm at 100 km resolution. After sunrise, the gradients in the CO2 concen-25

trations formed during the night decrease, and consequently the representation error
is reduced near the surface.

3296

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/3287/2008/acpd-8-3287-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/3287/2008/acpd-8-3287-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
8, 3287–3312, 2008

Representation
errors of atmospheric
CO2 concentrations

L. F. Tolk et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

3.5 Representation errors due to CO2 flux variability

The RE during the night hardly differs between the simulations with calculated and spa-
tially homogeneous prescribed fluxes. CO2 flux variability thus appears unimportant in
the nocturnal RE. During daytime, the REs simulated with a spatial homogeneous flux
are only half as large as those of the standard simulation. The REs are reduced at all5

heights within the boundary layer and at all resolutions addressed. Gradients caused
by the surface CO2 flux extend over a large range of spatial scales. Blocks of con-
trasting vegetation types and accompanying contrasting CO2 fluxes cause large scale
variations that may strengthen the effect of the mesoscale circulations. Ahmadov et
al. (2007) showed the covariation (3-D-rectifier) between the mesoscale circulations10

and these gradients as the surface flux responds to local weather. Additionally, the
surface signal is advected in the direction of the main wind, and results in atmospheric
stripes with different CO2 concentrations downwind of the surface flux variation. Vari-
ations in the surface CO2 flux contribute at 100 km resolution up to 2 ppm to the total
RE during daytime and are thus an important contributor.15

4 Discussion and conclusions

The RE of atmospheric CO2 concentration at regional scales is found to be substantial.
It is a source of uncertainty that should be taken in account in inversion studies to
avoid biased results. However, not a single constant number can be used, because
of the heterogeneity in time and space. The order of magnitude of the RE above the20

continent appears to be comparable to other sources of uncertainties like transport and
rectification errors. The most important contribution to RE in our small domain during
the day comes from surface flux variability and mesoscale transport phenomena such
as the land-sea breeze. Our numbers are somewhat higher, but in the same order of
magnitude as the REs estimated in the studies of Gerbig et al. (2003a, b) based on25

aircraft observations within the COBRA experiment over North America and the model
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study by Van der Molen and Dolman (2007) over Siberia.
The reliability of the estimates of the RE in this study was tested with a number of

sensitivity tests. The conclusions in this work appeared not to depend on the initial
CO2 concentration. The use of the Modis land use map instead of the Pelcom land use
map (Table 1) did not change the main sources of REs. On 6 June, the boundary layer5

height was simulated correctly compared to the observations. On 27 the boundary
layer height was underestimated by the model at some locations (for details see Sarrat
et al., 2007b). The strength of the vertical mixing determines the dilution of the surface
signal in the atmosphere. Therefore, the occasional underestimation of the boundary
layer depth may have led to a slight overestimation of the REs in this study.10

The assumption that the simulation at 2 km resolution captures all variability in the
CO2 concentration may on the other hand lead to an underestimation of the RE. The
variation caused by small scale eddies and variability in the CO2 fluxes at scales
smaller than 2 km are ignored in this study. The former are generally random, and
are probably removed from observations by averaging the data over half an hour or15

more. Flux variability at a scale smaller than 2 km may add some extra RE. The RE
due to CO2 flux variability as described in the result section is likely to extend over a
large range of scales, including the fine scale.

Hence, the absolute values of the RE in this study must be handled with caution. The
processes we found to cause the RE are robust and the difference of the RE between20

the two days is larger than the sensitivity to the model settings. Therefore, it seems
justified to use the simulations as a basis for a qualitative analysis of the RE.

Our work gives a suggestion for the reduction of REs. Within the boundary layer,
the RE is lowest during the day in the well mixed part. This is thus the best location
and time to get a representative sample. Observation locations close to the edges25

of contrasting surface covers or elevation differences should be handled with caution,
because mesoscale circulations may lead there to high REs. Observations around the
top of the boundary layer should be avoided as the RE is high there.

During the day the largest REs in our simulations were associated with the sea
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breeze front caused by the sharp contrast between air masses with different flow histo-
ries. A correct interpretation of a CO2 concentration observation as representative for
air with a terrestrial footprint, in our simulations east of the front, or as representative for
air within the sea breeze can vastly reduce the RE. The measured wind direction at the
observation location, and a possible change in the observed CO2 concentration as the5

sea breeze reaches the observation location, may indicate the origin of the measured
air mass. In transport models the location of the front may not be simulated entirely
correct, due to transport errors or coarse resolutions. Reinterpretation of the sampling
location in the model for such an observation may help to reduce the RE.

At night, topography is the main source of REs. The simulated accumulation of CO210

in the valleys is in line with the findings of previous model (Nicholls et al., 2004; Van
der Molen and Dolman, 2007) and observational studies (Eugster and Siegrist, 2000;
Araújo et al., in preparation; Goulden et al., 2006; Aubinet et al., 2003) which show
that near surface cooling leads to katabatic drainage flow of CO2 rich air. Nocturnal
observations at high mountains may after data selection be taken as representative of15

the CO2 concentration at their height above sea level (e.g. Schmidt et al., 2003; Geels
et al., 2007) with accompanying relatively low free tropospheric REs.

Katabatic drainage due to small scale topography of up to 100 m altitude leads to
concentration gradients within the nocturnal boundary layer (Fig. 6). Concentrations
in the valleys are enhanced by accumulation of respired CO2, while concentrations at20

higher parts are reduced. Consequently, when an observation that is taken in a valley
is assumed to be representative for a larger area, including higher parts, the average
CO2 concentration will be overestimated for that area. Observations on high parts
will conversely lead to a systematic underestimation of the real CO2 concentration. In
our simulations the accumulated CO2 concentration was seen to be advected by the25

dominant winds, which may further complicate the interpretation of CO2 concentration
observations. Therefore, if nocturnal CO2 concentrations are regarded important it is
advisable to avoid locations close to river valleys and hills and the foot of large scale
topographic features. Otherwise, near these features REs of up to about 3 ppm should
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be taken in account.
Further, increasing the number of observations to achieve a better constraint on the

mean CO2 concentration can reduce the RE. The required accuracy of the observa-
tions depends on the resolution at which the REs will be interpreted. Our simulations
indicate that even at a relatively high resolution (10 km) the RE over the land exceeds5

the error introduced by the measurement accuracy aimed for at high accuracy sta-
tions. Extra towers can thus give a better constraint on the average CO2 concentration.
To reduce the RE an observation network with a number of clustered towers may be
favourable over a regularly spaced network. The ring of towers around the WLEF tower
is an example of such a tower cluster (Zupanski et al., 2007), which may be applied at10

smaller scales too.
Obviously, increasing the model resolution is the most straight forward manner of

decreasing the RE. How much the resolution must be increased to resolve the main
CO2 concentration variability depends on the strength and the horizontal extent of the
surface CO2 flux variability and the meteorology. Since variations in CO2 concentra-15

tion are present at all scales, increasing the resolution always leads to a reduction of
the RE. The results of this study suggest that much can be gained when increasing
the resolution from relative coarse scales of 100 km toward finer resolutions (Fig. 3),
especially when large scale phenomena like the sea breeze cause contrasts in the
CO2concentration. To reduce the RE due to small scale variability the largest gain20

is obtained when the resolution is increased to finer scales than 10 km. An optimum
resolution must be found considering additionally computational expenses, input data
availability, model parameterizations, etcetera. Alternatively, one may consider nesting
a high resolution grid around a high accuracy observation within the coarser simulation
to reduce REs and to preserve most of the information in the observation.25

We conclude that REs in tracer transport modelling can be considerable and need to
be taken into account. High REs are simulated in the nocturnal boundary layer caused
by topography. These may lead to systematic errors in the estimation of the mean CO2
concentration. During the day CO2 surface flux variability causes REs in both high
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and low resolution simulations. Additionally, mesoscale circulations may give rise to
high REs, and observations must therefore be scaled up carefully. If observations are
associated with the proper influence history, our simulations suggest that the RE in the
boundary layer during the afternoon can be limited to below 1 ppm up to at least 20 km
resolution, or a coarser resolution when the circumstances are favourable like in this5

study at 6 June.
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Table 1. Simulation specifications. Where two options are mentioned the second is used for
sensitivity tests.

Atmospheric model Brams-3.2
Vegetation model Leaf-3
CO2 flux model Farquhar model
Turbulence scheme Mellor Yamada
Simulation setup:
Nesting Two way nested
Domain, resolution 300×300 km, 2 km; 1200×1200 km, 10 km
Domain centre 44.4 N, 0.1 W
Initial conditions:
Meteorology, ECMWF ERA40 reanalysis dataset
Soil moisture and Temperature (http://www.ecmwf.int)
CO2 concentration 1. Homogeneous 382 ppm

2. 375 ppm below, 382 above 1000 m
Boundary conditions:
Meteorology 6 hourly nudged to ECMWF data
CO2 concentration Zero gradient
Surface Characteristics:
Land use 1. Pelcom database

(http://www.geo-informatie.nl/projects/pelcom)
2. Modis biomes and LAI
(http://modis-land.gsfc.nasa.gov/vi.htm)

Topography USGS dataset
(http://www.atmet.com)

Soil textural class UN FAO dataset
(http://www.atmet.com)

Fossil fuel emissions IER database
(http://carboeurope.ier.uni-stuttgart.de)
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Fig. 1. Simulation domain and land use in southwest France. The domain is bounded in the
west by the Atlantic Ocean and in the south by the Pyrenees.
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Interactive DiscussionFig. 2. CO2 concentration in ppm and wind speed and direction at 250 m agl at 14:00 UTC,
27 May 2005 (a) and 6 June 2005 (b). The opposing wind directions on 27 May lead to large
CO2 concentration gradients which are absent on 6 June.
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Fig. 3. Domain average RE at 250m above the surface for 12:00 at 27 May 2005 (red) and
12:00 at 6 June (black). This shows the increase of the RE with decreasing resolution, and the
higher RE when mesoscale circulations are important at 27 May.
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Fig. 4. Spatial distribution of the RE [ppm] at 10 km resolution; 250 m above the surface at
14:00 UTC 27 May 2005. Blue indicates sea and green land. The highest REs are located
near the edge of the mesoscale circulation front.
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Fig. 5. Variations of the representation errors at 27 May 2005 (a) and 6 June 2005 (b) with
time and altitude. The representation errors are averaged over the area north of 44.16◦ N.
The circles in (a) indicate the height of the boundary layer in the convergence zone and the
triangles the main boundary layer height over the rest of the land area at 27 May, in (b) the
circles represent the more homogeneous main boundary layer height over the land at 6 June.
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Fig. 6. South-North vertical crosscut of the CO2 concentration in ppm at 27 May 06:00 UTC at
0.41◦ W, simulated with a spatially constant CO2 flux. The concentrations between 43.3◦ and
43.8◦ N, at the foot of the Pyrenees (on the left of figure), reach 450 ppm. Relative high CO2
concentrations are also seen in the valleys of the Garonne river (44.6◦ N) and the Dordogne
river (44.9◦ N).
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