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ABSTRACT

The spatial distribution and the temporal variability of atmospheric CO, over Europe and western
Siberia are investigated using the regional atmospheric model, REMO. The model, of typical horizontal
resolution 50 km, is part of a nested modelling framework that has been established as a concerted action
during the EUROSIBERIAN CARBONFLUX project. In REMO, the transport of CO; is simulated
together with climate variables, which offers the possibility of calculating at each time step the land
atmosphere CO; fluxes as driven by the modelled meteorology. The uptake of CO; by photosynthesis is
calculated using a light use efficiency formulation, where the absorbed photosynthetically active solar
radiation is inferred from satellite measurements. The release of CO; from plant and soil respiration
is driven by the simulated climate and assumed to be in equilibrium with photosynthesis over the
course of one year. Fossil CO; emissions and air—sea fluxes within the model domain are prescribed,
whereas the influence of sources outside the model domain is computed from as a boundary condition
CO;, fields determined a global transport model. The modelling results are compared against pointwise
eddy covariance fluxes, and against atmospheric CO; records. We show that a necessary condition to
simulate realistically the variability of atmospheric CO; over continental Europe is to account for the
diurnal cycle of biospheric exchange. Overall, for the study period of July 1998, REMO realistically
simulates the short-term variability of fluxes and of atmospheric mixing ratios. However, the mean CO,
gradients from western Europe to western Siberia are not correctly reproduced. This latter deficiency
points out the key role of boundary conditions in a limited-area model, as well as the need for using
more realistic geographic mean patterns of biospheric carbon fluxes.

1. Introduction

The spatial and temporal distribution and variabil-
ity of CO, are still poorly known over large parts of
the globe. In the framework of the EUROSIBERIAN
CARBONFLUX project the possibilities of infer-
ring regional carbon fluxes over Europe and western
Siberia from a combination of CO, measurements and
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e-mail: anne.chevillard @irsn.fr

Present affiliation: Institut de Radioprotection et de
Sireté Nucléaire, DPRE/SERGD/LEIRPA, B.P. 17, F-92262
Fontenay-aux-Roses, France.

modelling efforts on different scales are investigated.
For a long-lived trace gas like CO, the spatial distri-
bution and temporal variation depends on the patterns
of sources and sinks as well as on local and large-
scale transport. To describe adequately all processes
involved, a hierarchy of models, from global down to
local scales, would be necessary. In this study we focus
on the intermediate scale, using a regional mesoscale
model of limited area, which covers most of the
Eurosiberian continent (36 x 10° km?). Our model has
a horizontal resolution on the order of 20-60 km and
canresolve the heterogeneity of the surface and the me-
teorological processes in much greater detail than most
present-day coarser global models. In order to run the
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limited area model, the large-scale meteorology has to
be specified at boundaries and initial conditions, here
taken from weather forecast analyses. Boundary con-
ditions for tracers must be specified, and we prescribe
them from the output of the global coarse-grid TM3
model.

Atmospheric transport of tracers can either be per-
formed “on-line” as part of the atmospheric model
which calculates the meteorology, or “off-line” by
reading meteorological fields from analyses and re-
computing subgrid scale processes. While the latter
approach is less time-consuming and therefore widely
used on global (Heimann, 1995; Ciais et al., 1997)
and regional scales (e.g. Engardt and Holmén, 1999;
Kjellstrom et al., 2002), the “on-line” transport mod-
elling offers the possibility to couple consistently
atmospheric transport and meteorology-driven bio-
spheric sources (e.g. Denning et al., 1996). This gives
access to the temporal variability of the meteorological
fields at the time-step level, and thus allows us to com-
pute biospheric fluxes at a fine inner day resolution.

In this study, we use the on-line regional scale at-
mospheric model REMO to simulate the transport of
CO, in Europe and western Siberia. The modelling
framework is described in Fig. 1. The model (two ver-
sions) is briefly described in section 2. In section 3, the
sources and sinks of CO, which are used in the simu-
lations, as well as boundary and initial conditions, are
described. Special attention in given to net ecosystem
exchange flux (NEE), driven by the model meteorol-
ogy and satellite observations. The simulated NEE is
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compared with eddy covariance flux tower measure-
ments. In section 4, the results of the simulations are
discussed for July 1998, and a more detailed compari-
son with atmospheric measurements is given in section
5. We selected measurements at 13 atmospheric sta-
tions, two short towers of flux measurements and two
aircraft intensive sets of vertical profiles.

2. Model description

The REgional MOdel REMO is based on the
Europamodell (EM) of the German Weather Service
(DWD) (Majewski, 1991). For almost 10 years the
Europamodell has been the operational regional
weather forecast model of DWD. REMO has the pos-
sibility of using either the physical parameterisation
package of EM or the same physics as the global cli-
mate model ECHAM-4 (Roeckner et al., 1996). Some
sensitivity studies in different climatic regions were
presented in Jacob and Podzun (1997).

The version of REMO (version 4.3) used in this
study includes the DWD physical parameterisation
package. The model uses the hydrostatic approxima-
tion with 20 vertical levels in a hybrid coordinate sys-
tem with six layers below 1500 m. The horizontal res-
olution is 0.5° in a rotated spherical coordinate system,
with the equator almost in the centre of the computa-
tional domain. This results in a horizontal grid size of
roughly 55 km x 55 km. In the present study the model
domain encompasses Europe and western Siberia

Tracer
g Boumdary Conditions |
TM3
*
Meresrology
Esundary Conditions — — - 7
ECMWE || i i b e EAANRY | ) { Atmospheric
REMO | w
XemuCty | €0y Flax : Mateorslegy :
Photerynthens, Backatzen,
Roespirution Temperaiure.
-4 Sea- uir C0 sxrh — —
Finwpher e simogpkes s exchange CO; Mux )
:H elsurement
TURC O ’
Vegratisn index
rabellide mearsrommi
VEGETATIOHN (SFOT4)

Fig. 1. Modelling framework to simulate biospheric fluxes and atmospheric CO, mixing ratios with the regional-scale model
REMO. The modelled Net Ecosystem Exchange is compared with pointwise eddy covariance data, whereas the modelled

CO; distribution is compared with atmospheric stations.
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Fig.2. The REMO model domain together with the sites used for the model-data comparison. Filled circles indicate continuous
atmospheric CO; records, open circles flask sampling stations and triangles eddy covariance sites used in this study.

(Fig. 2) and covers an area of 36 x 10° km?. Analyses
of the European Centre for Medium-Range Weather
Forecasts (ECMWF) are used as initial and boundary
conditions for the meteorological part of the model.
These boundary data are updated every 6 h.

The performance of REMO in simulating the at-
mospheric circulation on the regional scale has been
investigated in several studies by comparing model re-
sults to different types of measurements. Most of the
comparisons have been focused on water and energy
budget components and related parameters (Karstens
etal., 1996; Ahrens et al., 1998; Hollmann et al., 2000;
Lindau, 2000; Hamelbeck et al., 2001; Jacob et al.,
2001; Jirrens, 1999; Meijgaard et al., 2001; Rockel
and Karstens, 2001; Zhang et al., 2001). The com-
parison studies all showed that REMO is capable of
realistically simulating synoptic and subsynoptic fea-
tures. They also give an impression of the uncertainties
involved in atmospheric modelling and reveal specific
differences between model results and observations,
leading to further model development efforts. Because
the meteorological part of REMO in the version used
in this study is very close to the EM we can also rely on
the continuous verification efforts of DWD (Schrodin,
1993-1999).

The model was extended to an on-line atmosphere-
chemistry model by implementing modules for the
transport of tracers and tropospheric chemical pro-
cesses (Langmann, 2000). In REMO the tracer
transport is represented by horizontal and vertical ad-
vection, vertical diffusion and convective transport.
Advective transport is solved explicitly according to
the algorithm of Smolarkiewicz (1983). Subgridscale

vertical turbulent fluxes are calculated following Louis
(1979) in the surface layer and using a second order
closure scheme (Mellor and Yamada, 1974) in the lay-
ers above. Vertical transport of tracers in convective
clouds is parameterised in the same way as the trans-
port of liquid water in the mass flux scheme by Tiedtke
(1989). Tracer transport is calculated at every time step
of the meteorology computation in the model.

In general, REMO can be operated in two differ-
ent modes. In the “climate mode” (Jacob and Podzun,
1997) the model is initialised once and continuously
forced at the lateral boundaries using either results
obtained from a global climate model or analyses. In
the “forecast mode” (Karstens et al., 1996), the re-
sults of consecutive short-range forecasts (30 hs) are
used. REMO is started for each day at 00 UTC from
weather forecast analyses and a 30-hour forecast is
computed. To account for a spin-up time the first six
hours of the forecast are neglected. This spin-up time
has been shown to be sufficient for EM of DWD and is
therefore assumed adequate also in the present study.
By restarting the model every day from analyses, the
model state is forced to stay close to the weather situa-
tion of these analyses. The tracer transport is calculated
continuously like in the “climate mode”. This is done
by simulating only the meteorology in the first 6 hours
of each run and passing the tracer fields directly from
the last time step of the previous 30-hour forecast.

In previous tracer transport studies (e.g. Langmann,
2000), which were focused on short episodes (several
weeks), REMO was used in the forecast mode. How-
ever, the atmospheric transport of CO, should be stud-
ied on longer periods (several months to several years).

Tellus 54B (2002), 5
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Table 1. Correlation coefficient between simulated

and observed air temperature using two versions of

REMO
REMO forecast REMO climate
observations observations

SCH-30m 0.91 0.61
SCH-130 m 0.93 0.63
TVR - forest 0.66 0.48
TVR - bog 0.81 0.56
Z0T - forest 0.84 0.44
ZOT - bog 0.77 0.47

We will therefore also investigate the performance of
the model in the climate mode, which is computation-
ally more efficient. In future scenario simulations, for
instance to regionalise the impacts of climate change
given by a global climate model output, the climate
mode is more adapted.

Over the whole domain, the air temperature in July
1998 computed by the forecast mode is closer to the
ECMWEF analysis than the result of the climate mode.
In the lowest level, the spatial average of the REMO
minus ECMWF difference reaches 0.5 +2.3 °C in the
climate mode, whereas it is only —0.05+0.9 °C in
the forecast mode. The comparison of the observed
and simulated temperature time series at several sta-
tions shows a better correlation for the forecast mode
(Table 1). The correlation coefficient between model
and observations for the forecast mode is between 0.66
and 0.93, whereas it is only between 0.44 and 0.63 for
the climate mode.

In the following analysis of CO,, we will therefore
present mainly the results of the forecast mode. In
the comparison with measurements, we will, however,
also include the result of the climate mode (as well as
the global model TM3), in order to quantify the effect
of different atmospheric transport and meteorology on
the CO, mixing ratio. The differences between both
modes are also discussed in section 4.4.

3. Model set-up for the fluxes
and transport of CO,

In order to analyse the effects of distinct sources that
influence the CO, distribution, we transported sepa-
rately the different components (biospheric, oceanic
and anthropogenic) produced by sources inside the
REMO domain and by external sources, which pene-

Tellus 54B (2002), 5
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Fig.3. Monthly fluxes in July 1998: net ecosystem exchange
(NEE, upper panel), fossil fuel emissions (middle panel ) and
net sea—air fluxes (lower panel). Units are 10~ kgCm~2 s,

trate into the domain through the lateral boundaries,
as summarised in Fig. 1. Figure 3 shows the July 1998
monthly means of the biospheric, oceanic and fos-
sil fluxes. The monthly mean biospheric flux in the
REMO domain is estimated from the TURC model
to be a net sink of —0.35 GtC in July 1998. The net
uptake of CO, by the ocean within the model area is
—0.05 GtC, and the total fossil emission is 0.17 GtC.
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3.1. Vegetation—atmosphere exchanges (NEE)

The vegetation—atmosphere exchange of CO; is de-
scribed by the TURC model, Terrestrial Uptake and
Release of Carbon (Lafont et al., 2002; Ruimy et al.,
1996). The TURC model estimates carbon uptake
(photosynthesis) and release by vegetation and soil
(respiration) from meteorological variables and satel-
lite observations. Plant photosynthesis, or Gross Pri-
mary Production (GPP), is set to be in balance with the
sum of plant respiration for growth and maintenance,
and soil heterotrophic respiration over one year. The
net biospheric flux (NEE), positive when CO, is re-
leased into the atmosphere, is the sum of all respira-
tion terms minus photosynthesis. Photosynthesis de-
pends on (1) Rad, incident solar global radiation, (2)
¢, the estimated fraction of Rad to be photosyntheti-
cally active, i.e. PAR (c = 45.6%), (3) f, the absorp-
tion coefficient of the canopy, a linear function of the
NDVI (Normalised Difference Vegetation Index) com-
puted from satellite observations of VEGETATION, a
SPOT4 spaceborne instrument, (4) ¢, the photosyn-
thetic efficiency, ratio of canopy photosynthesis to the
absorbed radiation and (5) g, a “freezing factor” that
divides by two the GPP when daily average air tem-
perature is lower than —2 °C during more than three
consecutive days (Lafont et al., 2002).

GPP = A x Rad (1)

where A = g x ¢ X f X ¢ is a daily coefficient. Au-
totrophic respiration is separated into growth (RAg)
and maintenance fluxes (RAm). RAm depends linearly
on the ambient air temperature [eq. (2)]:

RAm = A’ x Ty + B’ 2)

where A’ and B’ are daily functions of plant biomass.

If daily GPP is larger than daily RAm, the remaining
assimilates are used by plants for growth respiration
[eq. (3)]. The coefficient D (=0.28 g g~') corresponds
to the amount of glucose used to produce 1 g of dry
matter (see Ruimy et al. (1996) for more details):

RAg = D x (GPP — RAm)daily mean- 3

The heterotrophic respiration (RH) is related to the
deviation of the soil temperature (7,;) from the ref-
erence temperature of 0 °C (Tj), according to a Q19
exponential relationship (Q 9 = 2). The coefficient V
in eq. (4) permits to decrease RH in wet soils and it
is adjusted to equilibrate the net biospheric flux on an
annual basis, which nevertheless restricts out analysis
to seasonal or shorter time scales:

A. CHEVILLARD ET AL.

Ts0il=T0
10

RH = Vy x 010( )

In this study we use two methods to obtain hourly
fluxes from the daily estimations of TURC. In REMO
climate mode, daily A, A’, B’, V, and RAg are pro-
vided by Lafont et al. (2002). One preliminary run of
REMO, without tracer transport, is performed to drive
TURC with the meteorological data necessary for the
determination of V, and RAg. The fluxes are then deter-
mined simultaneously with atmospheric CO, transport
in REMO, according to eqs. (1)—(4), using REMO me-
teorological fields at each time step (5 min). In REMO
forecast mode, the diurnal variations of GPP, RAm
and RH are parameterised according to the eqgs. (1),
(2) and (4). As this mode is strongly constrained by
the ECMWEF fields, daily mean biospheric CO, fluxes
are determined using information from ECMWF anal-
yses. The same procedure is also used in the global
TM3 simulation that provides CO, boundary condi-
tions to REMO (see section 3.2).

3.1.1. Sensitivity of NEE to the photosynthetic
efficiency. We tested two sets of & within the TURC
model. The first set is from the original version of
TURC by Ruimy et al. (1996), who used a uniform
value of the ¢ parameter (0.020 mol CO, per mol
PAR). The second set is from Lafont et al. (2002), who
suggest, based on a compilation of recently published
eddy flux tower measurements, that the original € value
is overestimated in bogs and boreal forests. The simu-
lated NEE at Zotino (Central Siberia) is most affected
by the lower ¢ values recommended by Lafont et al., in
contrast with the two other sites. Using lower ¢ values
greatly improved the TURC simulation there in July
1998, resulting in an important diminution (70%) of
the daily NEE amplitude, whereas the monthly mean
CO; sink is only reduced by 8%. At Fyodorovskoye
(European Russia), both the monthly biospheric sink
and the daily NEE peak-to-peak amplitude are re-
duced by 30%. At Hegyhétsdl (Hungary), the monthly
sink is doubled and the daily NEE amplitude stays
constant. One can therefore anticipate that the atmo-
spheric CO, concentration is sensitive to decreasing
the value of the ¢ factor between Ruimy et al. (1996)
and Lafont et al. (2002). On a monthly basis, the simu-
lated average CO, mixing ratio decreases at the lowest
level (6 ppmv smaller at Zotino and about 1 ppmv at
the two other sites), whereas it increases at 500 m
above the ground. This is mainly due to the “rectifica-
tion” coupling between daily variations of biospheric
fluxes and daily variations of the vertical mixing. In the

Tellus 54B (2002), 5
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following, we only discuss results obtained with the &
values of Lafont et al. (2002).

3.1.2. Comparison with NEE measured by eddy
covariance. We checked the TURC fluxes driven by
REMO forecast mode against eddy covariance mea-
surements of NEE (Net Ecosystem Exchange) at three
specific locations (See Appendix Al). The forecast
mode is here preferred because it is closer to the
observed meteorology on a day-to-day basis. Two
eddy covariance systems were installed over forest
and bog vegetation at Fyodorovskoye and Zotino as
part of the EUROSIBERIAN CARBONFLUX project
(Fig. 2). In addition, we used NEE data over a crop-
land/woodland mosaic at Hegyhatsdl in Hungary be-
cause a precise atmospheric CO, concentration record
is also available at that site on top of a tall tower.
Figure 4 compares the simulated NEE with eddy-flux

877

measurements. The simulated NEE represent a com-
posite average over the REMO grid cell which contains
aflux tower site. However, some large differences exist
in NEE between two towers within the same grid cell,
located over different vegetation types, due to subgrid
heterogeneity. For instance, at Fyodorovskoye over a
southern taiga area, the correlation between the mea-
sured NEE over a 150-yr-old spruce stand and over
a bog distant from few kilometres is of 0.66 only. At
Zotino, the correlation between NEE of a 220-yr-old
pine forest stand and a bog nearby is of 0.69. Compar-
ison between TURC driven by REMO and the eddy
covariance NEE is therefore qualitative, but it can nev-
ertheless provide a coarse check of the realism of the
simulated fluxes, which is a prerequisite to obtain real-
istic atmospheric CO, fields. In Figure 4 we observe a
large difference in the daily peak-to-peak amplitude of
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Fig. 4. Modelled (red) and observed (black) NEE along an East to West transect at Zotino (220-yr-old pine forest and
nearby bog in central Siberia), Fyodorovskoye (150-yr-old spruce forest and nearby bog in European Russia) and Hegyhatsal

(cropland and woodland mosaic in western Hungary).
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Table 2. Monthly mean peak-to-peak amplitude of
NEE (1076 gCm™2 s 2

NEE REMO forecast REMO climate  Observations
HUN 272.0 + 89.7 280.4 +93.7 566.1 +303.6
(0.61) (0.60)
TVR 145.1 £ 48.0 175.8 £ 61.5
Forest (0.71) (0.66) 359.1 + 84.8
Bog (0.70) (0.64) 1353 £55.5
70T 150.1 £ 32.0 138.6 + 33.6
Forest (0.76) (0.74) 130.8 £ 37.7
Bog (0.68) (0.66) 101.4 £43.7

2The correlation coefficient between model and observations
is indicated in parenthesis.

the measured NEE between the three sites, with higher
amplitude in Hegyhdtsél (566 x 107 gCm~2s~")and
lower ones at Zotino (131 x 107% gC m~2 s~! in for-
est and 101 x 107® gC m~2 s~! in bog). The TURC
model driven by REMO reproduces the variability of
NEE on the East to West transect between Siberia,
European Russia and Central Europe (Table 2).
At Zotino, the modelled fluxes are of the same or-
der of magnitude than the measured ones at the Pinus
sylvestris site (correlation of 0.76 in Table 2). At Fy-
odorovskoye, the daytime simulated uptake matches
reasonably well the spruce forest observations (cor-
relation of 0.71 in Table 2), but the night-time simu-
lated respiratory flux is lower than observed, and more
comparable with measurements over the nearby bog.
The measured respiration at the spruce site in Fyodor-
ovskoye presents some nights (e.g. 19-20 and 23-28
July 1998) very large values as compared to the bog
and to other days in forest (all flux data were cor-
rected from storage terms using measured CO, pro-
files within the canopy). The REMO model is not able
to reproduce such “events” (they do not occur at the
Zotino forest site). At Hegyhdtsal, similarly, very large
night-time respirations occasionally observed are not
reproduced in TURC (correlation of 0.61 in Table 2),
but the maximum daytime carbon uptake is well sim-
ulated by the model.

3.2. Ocean—atmosphere fluxes and fossil
fuel emissions

The sea-to-air flux of CO, is described according
to Takahashi et al. (1999), who assembled and in-
terpolated measurements of the sea minus air differ-
ence in CO, partial pressure (pCO,) and estimated

A. CHEVILLARD ET AL.

monthly mean net fluxes using a wind speed dependent
gas exchange coefficient (Wanninkhof, 1992). Regions
of maximum CO, uptake by the ocean in July 1998
are located south of Spitzbergen and over the North
Eastern Atlantic Ocean between Ireland and Southern
Greenland (Fig. 3).

As fossil CO, emissions, we used the Emission
Database for Global Atmospheric Research (EDGAR
V2.0) of Olivier et al. (1996), which consists of global
1° x 1° maps of emissions from industry, heating,
transportation and cement manufacturing. For this
database national CO, emissions are estimated us-
ing statistics on energy consumption (from IEA) and
industrial production (from the United Nations) to-
gether with CO,-specific emission factors. The emis-
sions are distributed within each country according
to point-source and area-source information in com-
bination with population density maps. Great Britain
and Central Europe are the regions with highest
emissions (Fig. 3). Only very few fossil sources are
mapped north of 60 °N, and there are almost no fos-
sil sources in Northern Siberia. The EDGAR fossil
CO, emission map corresponds to the year 1990.
Changes in geographic emission patterns between
1990 and 1998 with a decrease in Eastern Europe and
Russia have been reported (Marland et al., 2000) see
Trends Online http://cdiac.esd.ornl.gov/trends/trends.
htm. Emissions were stable between 1990 and 1998
over western Europe, but they decreased by 20% in
Russia and Eastern Europe. No seasonal nor diurnal
pattern is attributed to fossil CO, emissions, which
are prescribed to the lowest model layer, assuming the
maximum height at which industrial emissions are re-
leased to be 70 m.

3.3. Initial and boundary conditions

For along-lived trace gas like CO,, not only do local
influences have to be accounted for in a regional sim-
ulation but also the role of sources and sinks outside
the model domain is crucial. Therefore global CO,
mixing ratio fields are needed as initialisation and at
the lateral boundaries during the model run. The im-
portance of boundary conditions in REMO simulations
was already shown for a short-lifetime gas, radon-222
(Chevillard et al., 2002) and for ozone (Langmann and
Bauer, 2001). In the present study, initial and bound-
ary conditions are provided by the global transport
model TM3 (Heimann, 1995). The TM3 model has a
horizontal resolution of 4° x 5° along with 19 verti-
cal layers, and provides concentrations fields at 3-hr
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intervals. To ensure consistency when nesting REMO
into TM3, the CO, concentration is generated glob-
ally in TM3 with ECMWF transport fields that are
identical to those used in REMO forcing. Similarly,
the same set of CO, surface fluxes are used in REMO
and TM3. In TM3, the diurnal cycle of NEE is con-
structed from TURC in the same way as described for
REMO forecast, except that meteorological informa-
tion from ECMWF analyses are used. The TM3 model
does not provide an absolute concentration of CO,. To
compare model results to observations, we added an
“offset” value, constant in time and space. This value
(355 ppmv) has been determined such that the mod-
elled CO, concentration is closest to the observations
at 3000 m at Fyodorovskoye and Zotino during July
1998.

4. Results

We discuss here the patterns of the atmospheric CO,
simulated by REMO in forecast mode. For each CO,
component (fossil, biospheric and oceanic), we firstly
present the mean horizontal distribution over Europe
and Western Siberia, secondly the temporal variabil-
ity, and thirdly we discuss the specific influence of
the boundary conditions. The last point is focused on
the comparison between REMO climate and REMO
forecast simulations.

4.1. Modelled CO; spatial distribution

The REMO monthly averaged CO, for July 1998
is presented in Fig. 5 for each component within the
Atmospheric Boundary Layer (ABL). The 300 m level
roughly represents the average height of the ABL. The
CO, distribution in this layer is not only dominated by
the strong influence of the fluxes but also reflects the
contribution of local and large-scale horizontal trans-
port. It is immediately seen in Fig. 5b that the “classic”
image of a north—south concentration gradient in lat-
itude inferred from marine boundary layer measure-
ments (Conway et al., 1994) leaves place to a more
complex picture where east—west gradients between
oceans and land are dominant. It is possible to evalu-
ate separately the particular influence of each source
to the overall CO, concentration. Over central Europe,
higher CO, values are mainly caused locally by fos-
sil fuel emissions (Figs. 5b and f). In Siberia, lower
CO, values reflect on the other hand the vegetation
sink (Figs. 5b and d). Over the continents, the overall
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reduction of monthly CO, in the ABL (Fig. 5b) due to
uptake by photosynthesis exceeds in the monthly mean
the increase due to respiratory release. The biospheric
sink reduces CO,; in the boundary layer by approxi-
mately 2 ppmv in Central and Western Europe, and by
5 ppmv in Western Siberia as compared to the value
over the ocean. We attribute this West to East negative
gradient in biospheric CO, within the ABL mainly to
the increasing exposure of air to uptake by plants un-
der the dominant westerly circulation. Note that “ex-
posure” only occurs during daytime when the 300 m
level is directly connected to the surface fluxes by vig-
orous mixing in the ABL. Interestingly, the simulated
negative east minus west gradient at 300 m (Fig. 5d)
is of opposite sign than the east minus west difference
in NEE (Fig. 3), which shows less uptake in the east
than the west.

In the western corner of the model domain (Fig. 5b),
one can also detect the influence of uptake by vege-
tation over North America, which is advected across
the North Atlantic towards Europe. This illustrates the
importance of atmospheric transport acting on sources
from outside the model area (Chevillard et al., 2002).
The influence of the North Atlantic ocean sink on the
CO, concentration at 300 m over the continents is
smaller than the one of the vegetation sink, but it is
not negligible. Ocean uptake alone causes a reduction
of CO, concentration over north-western Europe and
Scandinavia of —0.5 ppmv as compared to the interior
of Siberia.

At 30 m, the influence of the biospheric CO, com-
ponent results in average concentrations higher than
just above (Figs. 4c and d). This effect results from the
covariance between NEE and vertical mixing in the
atmospheric boundary layer: at night, respired CO,
accumulates in the shallow nocturnal boundary layer,
whereas, during the day, the signal of photosynthetic
uptake is diluted over a deeper, often convective, air
column (Denning et al., 1996). In contrast, a source
with no diurnal variation, such as fossil fuel combus-
tion or air sea exchange results in a contribution of the
same sign on the CO, distribution at every altitude:
positive for the fossil emissions (Figs. 5e and f) and
negative for the ocean uptake (Figs. 5g and h).

4.2. Modelled CO, temporal variability

Figure 6 illustrates the temporal variability of CO,
in REMO, at three sites (Fig. 2): Schauinsland in west-
ern Europe, Fyodorovskoye in western Russia and
Zotino in central Siberia. In the ABL, both at 30 and
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Fig. 5. Monthly means simulated CO, mixing ratio (in ppmv) in July 1998 in the boundary layer at 30 m and 300 m above
ground, the first two model vertical layers in REMO. (a) Total CO, defined as the sum of fossil, biotic and ocean contributions
of sources within the domain and of boundary conditions to which an arbitrary offset value of 355 ppmv is added. (b)
Biospheric CO; resulting from photosynthesis uptake and plant and soil respiration, including its boundary conditions. (c)

Fossil CO;. (d) Ocean CO;.

300 m, the CO, temporal variability is clearly driven
by the terrestrial biosphere, and it is associated with a
very strong diurnal cycle. In summer, the mean diurnal
change in the biospheric CO, component is induced
by the covariance between NEE and vertical mixing in
the atmospheric boundary layer (see above). At 300 m,
the daily amplitude of the biospheric CO, component
is much smaller than at 30 m and its phase is slightly

shifted, approximately by 2 h. Near the surface, the
maximum of CO, is observed in the early morning
(at 5:00 AM) at Fyodorovskoye and Zotino. Gener-
ally, maximum release by respiration occurs about
2 h before the corresponding signal in CO, concen-
tration. The change in ABL depth occurs before the
variations of the biospheric fluxes. In the lowermost
free troposphere, on the other hand, the variability in
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Fig. 6. Modelled and observed CO; time series at Schauinsland (southern Germany), Fyodorovskoye (European Russia)
and Zotino (central Siberia) during July 1998. (a) Total CO;, (b) biospheric, (c) oceanic, (d) fossil components are shown
separates at 30 m (solid line), 300 m (dotted line) and 3000 m (dashed line).

CO, concentration (Fig. 6) is much smaller than in the
boundary layer, but is still dominantly influenced by
the biospheric component.

The diurnal variability caused by the fossil CO,
component, albeit lower than the one due to biospheric
CO,, is yet stronger at stations which are close to
fossil fuel sources: Schauinsland and Fyodorovskoye
(Fig. 6). Because in our simulation the fossil emis-
sions are prescribed constant in time, the diurnal vari-
ation in the fossil CO, component reflect only temporal
changes in the transport. Note that, in order to produce
a nocturnal increase in the fossil CO, component at a
given station, one needs fossil emissions in the vicinity
of that station in the REMO model. In the “pristine”
air of Siberia at Zotino, even though vertical transport
varies between day and night, there is no daily cycle
in fossil CO, (Fig. 6¢).

The diurnal variability of the ocean sink component
gets strongly dampened over the interior of continents.
At Schauinsland, in western Germany, there is no dis-
cernible diurnal variation of that component, whereas
at Mace Head (not shown), the peak-to-peak ampli-
tude of the ocean induced diurnal variation in CO, is
of 1 ppmv, a small signal as compared to the diurnal
effect of the biosphere at this marine station.

It is also interesting to analyse the modelled varia-
tions in the daily cycle of atmospheric CO, from one
day to the next. At Zotino for instance, during July
1998, the REMO model produces a fairly regular di-

Tellus 54B (2002), 5

urnal cycle with an amplitude of 20-25 ppmv near the
surface and of 4-7 ppmv at 300 m. The Zotino area
is under the influence of stationary high-pressure sys-
tems most of the time. In high-pressure regions the
ABL usually shows a very well defined structure with
a turbulent mixed layer during the day and a shallow
stable nocturnal boundary layer with a residual layer
aloft containing former mixed layer air (Stull, 1988).
Only on some occasions (e.g. July 8) do passing low-
pressure systems cause a reduction of the diurnal am-
plitude of biospheric CO, due to stronger and higher
reaching turbulent mixing, especially during the night.
At Fyodorovskoye and Schauinsland, the diurnal cycle
amplitude of the biospheric component is more irreg-
ular than at Zotino. Both stations are more frequently
influenced by the alternance of passing frontal sys-
tems and periods of high pressure. A comparison of
the simulated surface pressure with the observed pres-
sure (not shown) shows that the model is reproducing
this sequence with a correct timing. During periods
of high pressure the daily amplitude of the biospheric
CO; component is larger compared to Zotino, reach-
ing up to 40 ppmv at Fyodorovskoye and 50 ppmv at
Schauinsland. In these situations the local conditions
and the vertical exchange are mainly determining the
CO; distribution. During the passage of frontal sys-
tems, synoptic scale turbulence dominates the fluctua-
tions of the CO, concentration. At 300 m, the diurnal
variations are less regular than the ones closer to the
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Fig.7. Modelled time series of the vertical variability of CO; within the atmospheric boundary layer and the lower troposphere
at Zotino and Schauinsland. The simulated boundary layer height is indicated by a black line. Note the nocturnal accumulation
of respired CO; near the surface and the daytime dilution of plant uptake by convection.

surface. This indicates that the CO, concentration is,
at this height, more strongly influenced by the large-
scale synoptic transport.

Time series of the vertical CO, distribution in the
lowest 3000 m of the troposphere are shown for Zotino
and Schauinsland in Fig. 7, together with estimates
of the ABL height. The correlation between the sign
of biospheric fluxes and ABL turbulence results in a
time-mean vertical CO, structure with: (1) a layer of
comparatively low CO, concentrations in the planetary
boundary layer due to photosynthesis and (2) higher
values near the surface due to respiration. CO, de-
pleted air is mixed up in the daytime ABL compared
to CO; enriched air during stable conditions at night.
Above the ABL the CO, distribution is mainly influ-
enced by the large scale transport and much less vari-
able. At Zotino, where high-pressure situations with
a regular diurnal cycle of turbulence in the ABL are
prevailing, the separation between CO, enriched air
near the surface and CO, depleted air above is clearly
visible (Figure 7). At Schauinsland, the stronger ver-
tical exchange caused by the larger-scale turbulence
connected to the passing low-pressure systems is re-
flected in the CO, concentration pattern.

4.3. Influence of boundary and initial conditions

The simulated CO, concentration in each grid cell
results from the superposition of (1) CO, emitted from
sources inside the model domain, (2) CO, transported
across the lateral boundaries, and (3) CO, introduced
at the initialisation. Initial and boundary concentra-

tions both represent the contribution of the global
emissions in the TM3 simulation, after steady state
has been approached (4 yr). Initial and boundary con-
ditions for the simulation of CO, were transported in
this study as three separate components. For instance,
one can see, in Fig. 8, that the fossil fuel component al-
most entirely reflects the influence of emissions from
outside the model domain and prior to the start of the
simulation. Initial conditions clearly dominate the sig-
nal during the first 6 d and afterwards are gradually
replaced by information from the boundaries condi-
tions (Figs. 8a and b). Conversely, at stations closer to
the boundaries the influence of initial conditions is of
shorter duration, e.g. 3 d only at Mace Head.

On the other hand, the biospheric component at
Zotino is largely influenced by internal sources. In the
lowest level, the contribution of initial and boundary
conditions is small (Fig. 8c). Above the ABL, the in-
fluence of internal sources decreases and initial and
boundary conditions become more important, while
the temporal variability is of similar amplitude in all
components (Fig. 8d). In general, the average CO,
above the ABL is determined by short-term initial and
boundary conditions, whereas temporal variations are
equally influenced by internal and external sources.
Within the ABL, local sources have a dominant
influence.

4.4. Comparison between REMO “forecast” and
REMO “climate”

In this part, we study the difference between the
two modes of REMO (climate and forecast) on the
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simulated CO, concentrations. The version of REMO
run in climate mode is initialised on 1 March 1998 and
computes its own climate, contrarily to REMO run in
forecast mode which is readjusted everywhere each
day to the ECMWF analysis. The climate and ancillary
atmospheric tracer transport are consequently different
between the two versions of the same model.
Overall, differences in monthly mean CO, concen-
tration simulated by both model versions are large
in the centre of the domain. Close to the lateral
boundaries, the concentrations are very similar, conse-
quences of (1) the same 6 hourly forcing by ECMWF
fields and (2) the same 3 hourly prescribed CO, con-
centration fields from the global model TM3. On av-
erage over the whole domain, the CO, concentration
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difference between climate and forecast modesis 1.0 £
1.1 ppmv close to the surface and 0.6 &+ 0.4 ppmv at
500 m above ground.

First, a comparison of monthly fossil and oceanic
CO, components is performed (not shown), since
those components have identical surface sources in
both REMO modes. In the REMO-climate simulation,
the oceanic CO; is spread out from the North Atlantic
towards Scandinavia and northern Russia, in the low-
est model layer, whereas it stays centred over the North
Atlantic in the REMO forecast mode. This reflects a
stronger westerly transport in REMO climate. Simi-
larly, the fossil CO, component at 3000 m in REMO
climate is more widespread towards the east (western
Siberia), than in the REMO forecast run. At 300 m
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Fig. 9. Tllustration of the differences between two versions “forecast” and “climate” of REMO. Time series of fossil CO,
simulated by both versions of the model are given (a) at Schauinsland and (b) at Fyodorovskoye.

over Europe, where long range transport processes
have a smaller influence on the fossil concentration
than short range transport acting on nearby sources,
both REMO climate and REMO forecast simulations
give fairly similar results.

Figure 9 shows the time series of fossil CO, con-
centrations simulated by both versions of REMO at
Schauinsland and Fyodorovskoye. At Schauinsland, a
mountain station near an industrial emission area, fos-
sil CO, transported by REMO forecast is very close
to the one simulated in REMO climate over the pe-
riod of 9-20 July 1998, whereas both model versions
differ elsewhere. The period when both model ver-
sions agree corresponds to the passage of a frontal
system with high winds, during which the influence
of boundary conditions (similar in both model ver-
sions) is dominantly felt at Schauinsland. On the other
hand, intervals when the model versions disagree cor-
respond to the establishment of more local conditions.
At Fyodorovskoye, that is located further away from
industrialised emissions, the diurnal cycle of fossil
CO; has a smaller amplitude than at Schauinsland in
both versions of REMO (Fig. 9a). The variability of
fossil CO, time series in the two versions is however
very different, because far from the lateral bound-
aries, REMO in climate mode generates a distinct
meteorology.

In the following comparison with measurements,
results of REMO in the forecast mode are presented,
since its simulated meteorology is closer to the obser-
vations. Lafont et al. (2002) showed in their study that
the meteorological input fields used in TURC have a
strong influence on the spatial and temporal patterns
of the simulated NEE. Nevertheless, the comparison
shows that, even in the climate mode, the model gives
a realistic representation of the temporal and spatial
characteristics of atmospheric processes (section 2)
and tracer transport.

5. Comparison with atmospheric
CO; measurements

5.1. Modelled and observed CO; variability
at different stations

Time series of simulated CO, concentrations are
compared with measurements (Fig. 10) during July
1998 at five different sites: Mace Head (coastal sta-
tion), Schauinsland (mountain station), Hegyhatsal
(tall tower) and Fyodorovskoye and Zotino (two
short towers at each site with concentration records
above forest and bog canopies). A caution flag
should be raised regarding comparison between model
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Fig. 10. Observed and simulated (red) atmospheric CO; mixing ratios from the North Atlantic Ocean to central Siberia at
Mace Head, Schauinsland, Hegyhétsdl, Fyodorovskoye and Zotino. At Fyodorovskoye and at Zotino, the observations are
shown both over a bog at 8 m (blue) and forest canopy at 30 m (black) that are located within the same model grid cell. At
Hegyhaitsdl, a tall tower, CO, measured at two different heights is compared with the first two lower model layers. Red line,
REMO simulation at 30 m above model ground; orange line, REMO at 130 m a.m.g.

observations at only a few stations: this approach is
necessary but not sufficient for a comprehensive model
verification. Besides, although stations are generally
chosen to be representative of large regions, CO, may
be influenced by local conditions, not accounted for in
a model of average grid size of 55 km.

The observed CO, concentration at Mace Head ex-
hibits a stable marine baseline over which are super-
imposed CO, peaks of 10 ppmv (6, 15 and 18 July).
Those peaks lasting from a few hours up to a few days
are related to sudden changes in the wind direction
from well established west direction (ocean) to south
or east (land) and to a decrease in wind speed. A rapid
increase of the wind speed, associated with a return
to westerly winds, brings back the CO, concentration
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to the baseline value. The simulated standard devia-
tion of CO, is about half the observed value (Table 3).
Only the peak of 18 July is reproduced by REMO
(Figure 10a), which explains the poor model data cor-
relation in Table 4. 18 July is the longest and best
defined synoptic “event” in July, for which the wind
speed and direction changes are exactly reproduced
by the model. The CO, emitted inside the REMO do-
main by the biospheric source is the only component
that contributes to this peak. The amplitude of the peak
is, however, underestimated (by 5 ppmv). On the other
hand, two shorter duration peaks in 6 and 15 July are
not represented in REMO because they correspond to
very local conditions (wind speeds <5 m s~!) that are
not resolved at the model’s resolution, a mismatch also
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Table 3. Monthly means and standard deviation of CO, mixing ratio (ppmv)

Atmospheric CO, REMO forecast REMO climate T™M3 Observations
MHD 3574+ 15 360.7 £ 0.8 357.0 £ 1.6 362.4+2.8
SCH-30 m 3669 £ 11.1 366.9 +£9.7 368.4 + 12.1 362.3+5.7
SCH-130 m 3609 £5.3 3624 £5.7 3633 +45
HUN-30 m 376.3 £ 20.1 3772 £ 18.6 371.6 £59 372.5 £ 18.6
HUN-130 m 365.6 £ 11.0 3679 £10.4 363.6 £ 5.4 361.8 £ 8.8
TVR-forest 3644 +£94 367.1£09.1 367.2+£10.3 362.8 £ 15.5
ZOT-forest 362.8 + 8.9 367.6 £9.0 3619 £8.5 353.0+89
Table 4. Monthly mean peak-to-peak amplitude of CO, mixing ratio (ppmv)*
Atmospheric CO, REMO forecast REMO climate ™3 Observations
MHD 32+19 25+15 22+1.0 43+34
(0.35) (0.20) (0.09)
SCH-30m 30.5+10.5 263+ 12.7 275+174 126 £6.5
0.42) (0.38) (0.32)
SCH - 130 m 13.8+£5.2 124 + 6.1 11.5+35
(0.30) 0.22) (0.25)
HUN-30m 51.6 £17.6 46.3 + 14.8 358+ 19.4 52.8 +£209
(0.30) (0.50) (0.67)
HUN -130 m 277+ 11.6 25.0+£11.7 13.0+5.8 272+104
(0.51) (0.46) 0.41)
TVR 2424+179 25.1+6.2 23.6+9.4
Forest 0.73) (0.62) 0.74) 39.5+16.0
Bog 0.61) (0.59) (0.70) 84.9 £+ 40.1
70T 252446 248 £ 6.4 223 +82
Forest (0.51) 0.41) (0.61) 24.1 £10.2
Bog (0.64) (0.55) 0.77) 59.2+34.4

2The correlation coefficient between model and observations is indicated in parenthesis.

confirmed by ?’Rn simulations in Chevillard et al.
(2002). At Mace Head, the simulation of CO, de-
pends much on the quality of the wind fields. For this
study, we found that it is preferable to screen out local
“events” (Biraud et al., 2002) from the observed record
when trying to invert CO, fluxes using an atmospheric
transport model.

At Schauinsland, the observed CO, diurnal cycle
is small as compared to short towers just above the
canopy. In the afternoon, the mountain station is in the
well mixed ABL: photosynthesis exceeds respiration
and the air is depleted in CO,. During the night, forma-
tion of a shallow nocturnal boundary layer prevents the
air enriched in CO, by respiration from reaching the
mountain station. Therefore, biotic exchange controls
the CO, daily cycle, but, when the station is influenced

by local conditions (e.g. 1-4 July), regional fossil CO,
can also significantly contribute to it (Fig. 6¢). The al-
titude of the station is 1205 m a.s.l., whereas the model
ground is 700 m a.s.1. high, and one can therefore won-
der what is the most adequate vertical location of the
station in the model. Comparison between observed
and modelled CO, suggests that the layer at 130 m
above ground (830 m a.s.l.) would best match both
the daily amplitude and monthly mean value of CO,
(Table 3). Yet, the phase of the daily CO, oscillation
is more realistic cycle at 30 m (Table 4), as is the sim-
ulated *’Rn amplitude (Chevillard et al., 2002). Dif-
ferences between both model layers (up to 30 ppmv)
occur only during the night (Fig. 10b), when respi-
ration increases CO, near the ground. The afternoon
CO, values at both 30 and 130 m are similar, due to
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strong turbulence in the ABL. We thus recommend the
use of only selected mid-afternoon data in REMO, be-
cause they can be more robustly reproduced by either
of the first two model layers. Night-time accumula-
tion effects at a mountain station are almost impossi-
ble to simulate realistically when the model resolution
is smoother than the observed topography.

At the tall tower in Hegyhatsal, CO, is measured
at respectively 10, 48, 82 and 115 m (Appendix). We
compared REMO at 30 m (respectively at 130 m) with
observations interpolated (respectively extrapolated)
between the bracketing measurement heights assum-
ing a logarithmic profile of CO,. The data show a large
diurnal oscillation with a higher night-time maximum
by 25 ppmv at 30 m compared to 130 m, as implied by
strong gradients of respired CO, near the ground un-
der stable nocturnal conditions. Both levels, however,
show similar CO, mixing ratios which differ by less
than 1.2 ppmv during mid-afternoon when the ABL
is well mixed At 130 m, REMO reproduces well the
observed variability (Table 3), and the phase and am-
plitude of the diurnal cycle (data not shown). At 30 m,
the modelled phase signal is realistic, but the simulated
nighttime maximum (at 06:00) is underestimated by
15 ppmv. Given the fact that the simulated nocturnal
respiration is correctly matching the local eddy covari-
ance data (Fig. 4), we can conclude that the night-time
vertical mixing in REMO is too strong. Similar conclu-
sions were independently obtained based on >*’Rn in
Chevillard et al. (2002). In summary, we found that the
simulated daytime CO; on a tall tower can be robustly
compared to observations at each height of the profile.
In contrast, the simulated night-time CO, can only be
safely compared with data if the tower reaches up high
enough. This suggests that tall towers are much more
valuable than short towers in providing systematic data
for CO, sources and sink inferences in atmospheric
transport models.

At Fyodorovskoye, CO, shows a large diurnal os-
cillation over the spruce forest canopy (40 ppmv).
Note, however, that CO, is measured at this site to
evaluate the night-time storage terms affecting NEE
(Milyukova et al., 2002), and thereby it is not pre-
cisely calibrated against air standards as done at at-
mospheric stations. The accuracy of CO, measure-
ments on top of flux towers at Fyodorovskoye and
Zotino is estimated to be on the order of 10 ppmv
(Milyukova et al., 2002). Nevertheless, such data are
useful to compare with REMO for the phase and
typical amplitude of the daily signal. The observed
nocturnal CO, built-up over the bog is huge (ampli-
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tude 85 ppmv), but the bog tower is too close to the
ground (8 m) to allow proper comparison with REMO.
This is confirmed by a higher correlation between
modelled CO, and observed CO, at the forest tower
(30 m) than at the bog tower (Table 4). Figure 10d
shows that REMO underestimates the daily amplitude
of CO, over the forest canopy (Table 3), which is not
surprising because the amplitude of the modelled NEE
is also underestimated. In fact, the spruce forest stand
is a source to the atmosphere on a daily average even
during July because of the site history (Milyukova
et al., 2002), a feature that can not be captured within
the simplified annually balanced TURC diagnostic
model.

At Zotino, the daily oscillation of CO, above the
pine forest canopy shows a lower peak-to-peak ampli-
tude (24.1 ppmv) than at Fyodorovskoye. This reflects
a smaller peak-to-peak amplitude of NEE (130.8 ugC
m~2 s~! against 360 £gC m~2 s~! at Fyodorovskoye)
as well as differences in vertical mixing between Cen-
tral Siberia and European Russia. Inspection of the ra-
tio between the amplitude of NEE and the amplitude
of CO, above the canopy at both sites suggests that
the nocturnal stability of the boundary layer is more
pronounced (or more frequent) in central Siberia than
in European Russia, where more frontal systems reach
the site and break down the nocturnal stratification. As
for Fyodorovskoye, we discarded comparison between
REMO and the bog CO, measurements at 8 m above
ground. Figure 10e shows that REMO correctly repro-
duces the amplitude of the daily cycle in CO, (Table 4),
and even some of the synoptic variations, such as the
persistent decrease in daytime CO, minima between
15 July and 20 July.

5.2. Modelled and observed CO; diurnal variability
in vertical profiles

In order to investigate the performances of REMO
in simulating the vertical variability of CO,, the model
results are compared with measured CO, vertical pro-
files. During the EUROSIBERIAN CARBONFLUX
project, aircraft measurements of CO, concentration
profiles were performed at Fyodorovskoye and Zotino
in July 1998 three times a day during intensive cam-
paigns (Ramonetet al., 2002; Lloyd et al., 2002; Styles
etal., 2002). We use here continuous vertical CO, pro-
files sampled from 10 m up to 3000 m during several
consecutive days in July 1998.

A comparison of REMO with vertical profiles is
given in Fig. 11. The time-varying vertical structure of
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Fig. 11. Observed and modelled vertical profiles of CO, during an intensive period of observation in July 1998 where aircraft
in-situ CO; vertical profiles were sampled in the morning, early afternoon and evening. Simulations by the fine resolution
model REMO and by the coarse resolution model TM3 are represented. Left, Fyodorovskoye intensive campaign (28—

31 July); right, Zotino intensive campaign (9-24 July).

simulated CO, at Zotino in July 1998 is also presented
in Fig. 7. In Figure 11 the profiles are arranged in
such a way that morning, early afternoon and evening
flights at each site are grouped together. REMO has
nine layers of increasing thickness between the surface
and 3000 m.

For the two intensive aircraft campaigns, the mea-
surements show similar variability with small CO,
variations at 3000 m and large diurnal changes within
the ABL. The CO, concentration in the upper part of
the profiles (near 3000 m) that is representative for the
free troposphere is used to determine a constant offset
value. In general, the morning profiles show an accu-
mulation of respired CO, near the surface below 500 m
and a sharp decrease of the concentration above. At
noon, the CO, profiles are much more uniform. In the

afternoon, the cumulated net uptake by the vegetation
reduces the concentration, and daytime mixing trans-
ports the air depleted in CO, higher up. In the evening
the CO, concentration in the lower part of the profiles
is further reduced, and on some days CO, is increasing
with height in the ABL when convection has stopped.

REMO is able to reproduce realistically the diur-
nal variation in the CO, vertical profiles (Fig. 11).
In many cases, however, the reduction of CO, dur-
ing the day is not strong enough compared to the
measurements. Possible explanations could be that
the net uptake of CO, by the vegetation is underes-
timated in the model (not so clear from Fig. 3) or
that the vertical mixing in the model is too strong.
We favour this latter hypothesis, since it can be seen
that the sharp gradients across the top of the daytime
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convective ABL cannot be reproduced in REMO. Ad-
ditional inspection of the virtual potential temperature
and humidity profiles with measurements shows that,
during days when a clearly defined convective ABL
develops in the model (e.g. 28 July in Fyodorovskoye
and 9 July in Zotino), the CO, concentration within the
ABL is strongly reduced by approximately 10 ppmv
compared to the atmosphere above. One has to keep
in mind that the aircraft profiles reflect in the lower
part more local fluxes, whereas the model always rep-
resents an average for a 55 km x 55 km grid box. For a
more reliable interpretation of the ability of REMO to
simulate the vertical structure of the CO, concentra-
tion, more profiles under different conditions would be
needed.

5.3. Modelled and observed monthly average CO,
gradients among stations

We compare in Fig. 12 the simulated monthly av-
eraged CO, mixing with observations. Some stations
(Appendix and Fig. 2) are continuous sites, which of-
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889

fer an accurate determination of the monthly mean
CO; value within an instrumental error on the order
of 0.1 ppmv (ZEP, SCH, HUN, MHD). We do not use
here continuous records on short towers of eddy co-
variance measurements (TVR, ZOT), since those data
are not calibrated, although they proved informative to
study the variability (section 5.1). Other stations are
discrete sampling sites, mainly from NOAA/CMDL,
where flasks are collected approximately each week
(ICE, STM, BAL, KZD, KZM). Monthly average
CO, is computed in that case from a smoothed
fit to the weekly flask data in the GLOBALVIEW-
CO; (2001) data product. The error bar in Fig. 12
represents the standard deviation of individual flask
data from the fit. Finally, we also have four aircraft sites
(ORL, TVR,SYK, ZOT) where flasks are collected ev-
ery 2-3 wk in the lower troposphere below 3000 m.
We computed monthly average CO, values from air-
craft data using the same procedure as for ground
flask stations, except that the smoothed-fit curve was
obtained using all flask samples between 2000 and
3000 m.

CO: difference frem MHD (ppmv)
o
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Fig. 12. Mean gradient of CO, between the North Atlantic ocean and Central Siberia. The first four marine stations are
sorted as a function of increasing latitude. The nine remaining continental stations are sorted as a function of eastward
increasing longitude. Comparison between observations (crosses with error bars) and REMO selected (respectively unselected)
for daytime periods (12:00-14:00 PM LT) is given in filled symbols (respectively open symbols). Simulations using both
“forecast” (circles) and “climate” (squares) versions of REMO are presented.
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Flask samples both at ground stations and at air-
craft sites are collected preferentially during the day,
which implies that over continents we must accord-
ingly select the output of models. Aircraft sampling
is additionally biased towards fair weather conditions.
On the other hand, continuous stations record atmo-
spheric CO, mixing ratio all day round, and thus are
sensitive to night-time accumulation effects over con-
tinents. This is illustrated in Fig. 12 at the tall tower
HUN by the observed difference of 7.2 ppmv at 115 m
aboveground between the monthly averaged continu-
ous record and the monthly average determined from
daytime flask samples. We calculated monthly av-
eraged CO, mixing ratios from “selected” daytime
REMO output (12:00-14:00 LT) as well as from “un-
selected” output using all time steps.

Figure 12 compares the REMO results with obser-
vations. All data and models are arbitrarily referenced
against the monthly value of the MHD station, be-
cause only CO, gradients among sites can be predicted
by a model. For increasing latitudes over the North
Atlantic (Fig. 2), a slight increase in CO, of 0.87
ppmv is observed between MHD (53°N) and ZEP
(78°N), which is well captured in all the versions of
REMO. Both REMO climate and forecast versions
differ from the data by less than 0.5 ppmv in the way
they predict the CO, latitudinal distribution over the
ocean. We note also that the selected and unselected
REMO output are close to each other over the ocean
(<0.1 ppmv) because neither the air—sea fluxes nor the
marine boundary layer height have a diurnal variation.
Over Western Europe (ORL, SCH) REMO matches
the observations within 1 ppmv (ORL, SCH). On the
other hand, the composite set of ground stations and
aircraft sites shows that there is a large CO, drop of
6 ppmv between Western Europe and Western Siberia.
East of 30°E, however, all the data come from air-
craft sites or mountain stations, with the exception of
KZD, so that their CO, values reflect the attenuation
of the summer sink signal with height over Eurasia
(e.g. Nakazawa et al., 1997). If we had representative
CO, measurements closer to the ground, their day-
time CO, average value would be even more depleted
as compared to ocean stations (Fig. 5). Indeed, the tall
tower HUN record shows daytime CO, values that are
8 ppmv lower than the ocean baseline. REMO does
not capture the West to East CO, drop in the lower
troposphere. Since lower troposphere gradients nec-
essarily reflect a large-scale signal, we must search an
explanation which involves either an underestimate of
the July biospheric sink over Eurasia, or an underesti-
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mate in the July Northern Hemisphere sink, which is
advected into REMO via its boundary conditions pro-
vided by TM3. Preliminary simulations with REMO
and TURC of a full seasonal cycle of CO, and fluxes
(Chevillard, 2001) suggest that the seasonal phase of
NEE in TURC is incorrect, and produces too early a
drawdown in spring followed by too rapid a build up
in July.

In Figure 12 we observe that the daytime selection
of REMO output applied at aircraft sites has no effect,
because the diurnal cycle of CO, becomes attenuated
above the boundary layer (Lloyd et al., 2001; Ramonet
et al., 2002). In contrast, the daytime selection proce-
dure is critical when matching model calculations and
observations near the ground. At HUN, REMO does
not reproduces the mean CO; value, but the difference
between unselected and selected model output of 6.5
ppmv is close to the observed one of 7.2 ppmv. A simi-
lar effect of model selection is simulated at the ground
level flask station KZD. Finally, the differences be-
tween the two versions of REMO increase over the
interior of the Eurasian continent (up to 2 ppmv),
reflecting differences in meteorology (section 2), but
they remain small as compared to the mismatch be-
tween model and observations, which we attribute to
incorrect biospheric fluxes. As an order of magnitude,
we calculate that in order to bring REMO in agreement
with the observed drop in CO,, assuming a mean resi-
dence time of air of 5 d within the domain, an extra sink
0f 0.8 GtC would be needed in July over European Rus-
sia and western Siberia. That number translates into a
flux of 46 gC m~2 per month, which is about 20% of
the annual primary productivity of western Siberian
forests (Schultze et al., 1999). Part of the “missing
sink” in REMO comes from the fact that we assumed
an annually balanced biospheric flux. By doing so, we
ignore the well characterised existence of a terrestrial
carbon sink of 0.6-2.3 GtC per year in the Northern
Hemisphere (IPCC, 2001) to which uptake in Boreal
Asia may contribute as much as 0.5 £ 0.5 GtC per
year (Gurney et al., 2002).

6. Conclusions

We simulated the spatial and temporal variations
of CO, over the Eastern part of the North Atlantic,
Western Europe and Western Siberia in July 1998
using the regional atmospheric model REMO. The
spatial resolution of REMO is at least four times higher
than the one of global models commonly used to
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transport CO,, which is desirable to account for the
complex geography, meteorology and patterns of car-
bon sources and sinks in Europe. The variations in
CO, result from atmospheric transport acting on sur-
face fluxes. In this study, high-resolution Net Ecosys-
tem Exchange fluxes predicted by the TURC model
using satellite NDVI observations were transported
and driven by the simulated meteorology. The simu-
lated hourly Net Ecosystem Exchange compares well
with pointwise eddy covariance measurements along
an east to west transect in Siberia, European Russia,
and Hungary. In particular, the amplitude of the diur-
nal cycle is correctly reproduced. The simulated CO,
field was compared with atmospheric observations.
Firstly, we found that REMO was capable of realis-
tically reproducing the diurnal variation of CO, near
the ground, close to vegetation, which results from the
diurnal cycle of NEE being modulated by the diurnal
growth of the atmospheric boundary layer. Near in-
dustrial regions it was also observed that fossil emis-
sions can contribute to the CO, diurnal cycle. Sec-
ondly, we found that REMO was capable of correctly
simulating the diurnal variability of CO, vertical pro-
files between the ground and 3000 m, as compared
with intensive aircraft campaigns in European Russia
and Siberia. Thirdly, using two versions of REMO, we
found that a more realistic simulated synoptic meteo-
rology systematically improved the simulation of CO,.
In addition, the fine resolution model REMO better
reproduced the observations than the coarse resolu-
tion model TM3. The above optimistic conclusions,
should, however, be tempered by some shortcomings.
The monthly CO, drop of 6 ppmv observed in July
1998 between the North Atlantic Ocean and Western
Siberia was totally absent in REMO. This model fail-
ure has two origins. Firstly, the geographic and mean
seasonal patterns of the biospheric fluxes in TURC
are probably incorrect, with part of the disagreement
being due to the assumption of annually balanced bio-
spheric fluxes. By doing so, we do not account for
the proven existence of a terrestrial carbon sink over
northern hemisphere land masses, with at least a frac-
tion of it being located in Boreal Asia. Secondly, above
the boundary layer, we found that horizontal CO, gra-
dients are essentially reflecting the transport of lat-
eral boundary conditions prescribed from TM3. Thus
REMO acts merely as an interpolator of TM3 to sim-
ulate the mean gradients of CO; in the troposphere
over Eurasia. In the future, simulations of a full sea-
sonal cycle will be performed and compared with flux
and atmospheric measurements to evaluate further the
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performances of our modelling system. This study is
a first step towards an integrated model in which the
atmospheric and biospheric processes will be directly
coupled. This will allow us to account for feedbacks
between carbon, water and energy fluxes and atmo-
spheric transport over continental areas. Also, regional
inversions of carbon sources and sinks are underway
using the REMO model.
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Appendix: Dataset of atmospheric
CO; measurements

In this section we compare REMO with observa-
tions during July 1998, summarised in Table 5.

A.l. Mace Head, western Ireland (MHD)

Mace Head is located 5 m above sea level. Atmo-
spheric CO, has been continuously measured at Mace
Head since June 1992 (Bousquet et al., 1996; Biraud
et al., 2000). The meteorological situation is mainly
influenced by the westerly passage of frontal systems
originating from the North Atlantic Ocean, which de-
termines the CO, “baseline”. Synoptic variations in the
origin of air masses, from the North Atlantic or from
Europe, induce changes in the CO, concentration,
with large positive and sometimes negative anomalies
(Biraud et al., 2000).

A.2. Schauinsland, south Germany (SCH)

The station is located 10 km south of Freiburg in the
Black Forest on a mountain ridge about 100 m above
the Rhine Valley. It is operated by the German En-
vironment Agency, Berlin, and is part of the Global
Atmosphere Watch (GAW) program of the World
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Table 5. Summary description of atmospheric stations used in this study (Appendix)

Station Code Location Altitude (asl) Sampling Characteristics
Mace Head MHD 53°N, 10° W S5m Continuous Coastal station, Atlantic
Schauinsland SCH 48° N, 8° E 1205 m Continuous Mountain station,
western Europe
Hegyhatsal HUN 46° N, 16° E 248 m Continuous Tall tower, western
Europe
Fyodorovskoye TVR 56° N, 33°E 265 m Continuous, Short tower,
300-3000 m Aircraft European Russia
Zotino ZOT 60° N, 90° E 100 m Continuous, Short tower, central
100-3000 m Aircraft Siberia
Baltic sea BAL 55°N, 17° E 7 m Flask
Orléans ORL 48° N, 1° E 100-3000 m Aircraft flask
Iceland ICE 63° N, 20° W 100 m Flask
Kazakstan KZD 44° N, 78° E 412 m Flask
Kazakstan KZM 43° N, 78° E 2519 m Flask
Station “M” STM 66° N, 2°E 7m Flask
Spitzbergen ZEP 79° N, 12° E 474 m Flask

Meteorological Organisation. During moderate or
strong winds this station is shown to be representative
for mean atmospheric CO, conditions over Western
Europe (Schmidt et al., 2001; Schmidt et al., 1996;
Levin et al., 1995).

A.3. Fyodorovskoye, European Russia (TVR)

Fyodorovskoye is located in the Central Forest Re-
serve, southern taiga, about 300 km north-west of
Moscow. At this station three kinds of CO, con-
centration measurements are performed within the
EUROSIBERIAN CARBONFLUX project: (1) two
short towers of continuous eddy covariance NEE and
CO, above the canopy over a 150-yr-old spruce for-
est and over a bog, (2) regular biweekly flask mea-
surements between 200 and 3000 m and (3) vertical
profiles of CO, during intensive observation periods
(Milyukova et al., 2002; Arneth et al., 2002; Ramonet
et al., 2002).

A4. Zotino, central Siberia (ZOT)

Zotino is located 600 km north of the city of Krasno-
yarsk close to the small village of Zotino, located at the
Jenisey river. The region belongs to the north Siberian

taiga. Two short towers measure eddy covariance NEE
and CO,; concentration above the canopy (Lloyd et al.,
2002 and Arneth et al., 2002). Aircraft measurements
of CO, vertical profiles were performed on a regular
basis and during intensive observation periods (Lloyd
et al., 2002 and Styles et al., 2002).

A.5. Hegyhatsal, western Hungary (HUN)

Hegyhatsédl (Haszpra, 1999; Haszpra et al., 2001;
Barcza, 2001) is a tall tower located in a rural site in
western Hungary. CO, vertical profiles are measured
along a television transmission tower at 10, 48, 82 and
115 m. NEE has been measured since 1997 by an eddy
correlation system placed at 82 m. The surroundings
of the tower are covered by different agricultural fields
and forest patches.

A.6. Flask sampling sites (MHD, STM, ICE, KZD,
KZM, BAL, ZEP)

The NOAA CMDL Carbon Cycle Greenhouse
Gases group has operated the cooperative air
sampling network (http://www.cmdl.noaa.gov/ccgg/
flask/index.html) since 1992. The sites used in this
study are given in Table 5.
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