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ABSTRACT

The Eurosiberian Carbonflux project was designed to address the feasibility of inferring the regional
carbon balance over Europe and Siberia from a hierarchy of models and atmospheric CO, measure-
ments over the continent. Such atmospheric CO, concentrations result from the combination of con-
nective boundary layer dynamics, synoptic events, large-scale transport of CO», and regional surface
fluxes and depend on the variability of these processes in time and space. In this paper we inves-
tigate the spatial and temporal variability of the land surface CO, fluxes derived from the TURC
model. This productivity model is driven by satellite NDVI and forced by ECMWF or REMO me-
teorology. We first present an analysis of recent CO, flux measurements over temperate and boreal
forests, which are used to update the TURC model. A strong linear relationship has been found be-
tween maximum hourly CO, fluxes and the mean annual air temperature, showing that boreal biomes
have a lower photosynthetic capacity than temperate ones. Then, model input consistency and simu-
lated CO; flux accuracy are evaluated against local measurements from two sites in Russia. Finally,
the spatial and temporal patterns of the daily CO, fluxes over Eurasia are analysed. We show that,
during the growing season (spring and summer), the daily CO, fluxes display characteristic spatial
patterns of positive and negative fluxes at the synoptic scale. These patterns are found to correspond
to cloudy areas (areas with low incoming radiation) and to follow the motion of cloud cover areas
over the whole domain. As a consequence, we argue that covariations of surface CO; fluxes and atmo-
spheric transport at the synoptic scale may impact CO, concentrations over continents and need to be

investigated.

1. Introduction

The terrestrial biosphere is an important and poorly
known component of the global carbon cycle. As-
sessments of CO, fluxes are mainly available at two
scales: the local and the global scale. At the local
scale, a number of CO, flux measurements based on
eddy covariance systems have been organized in net-

*Corresponding author.
e-mail: sebastien.lafont@cesbio.cnes.fr

works, like FLUXNET (Baldocchi et al., 2001a) and
EUROFLUX (Valentini et al., 2000). These net-
works have resulted in significant advances in the
characterisation of carbon uptake and release by
ecosystems. Eddy covariance measurements, how-
ever, face challenging difficulties to produce CO,
exchanges integrated over time and space, due to
gap-filling and accuracy problems and due to a typ-
ical footprint of the order of 25 ha. On the other
hand, atmospheric inverse transport studies based on
the monitoring of CO, concentration in the atmo-
sphere give access to surface CO, fluxes integrated

Tellus 54B (2002), 5
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over large areas, typically from latitudinal bands
to continents (Ciais et al., 1995; Fan et al., 1998;
Bousquet et al., 1999). These studies are mainly based
on CO, data obtained from marine sites, primarily
because [CO,] over continents shows a strong vari-
ability, resulting from large and highly variable sur-
face fluxes and complex mixing of the atmosphere.
As a result, the partitioning of the retrieved sur-
face CO, fluxes between different continents and re-
gions is still poorly constrained (Fan et al., 1998;
Bousquetetal., 2000). In this context, the Eurosiberian
Carbonflux project was designed to address the feasi-
bility of inferring the regional carbon balance over
Europe and Siberia from a hierarchy of models and
atmospheric CO, measurements over the continent.
One of the key questions is to understand the influ-
ence of local versus remote CO, sources or sinks on
the CO, concentrations sampled at different levels in
the atmosphere. These concentrations result from the
combination of convective boundary layer (CBL) dy-
namics, synoptic events, large-scale transport of CO,,
regional surface fluxes and their variability in time and
space.

In this paper, we investigate the land surface CO,
fluxes derived from a satellite-driven productivity
model (TURC, Ruimy et al., 1996a) over Western
Eurasia. The main objectives are twofold. Firstly,
to evaluate the consistency of simulated CO, fluxes
and atmospheric model forcings (ECMWF analysis;
REMO model) using site measurements. These flux
simulations are used as boundary conditions in com-
panion studies (Chevillard et al., 2002; Kjellstrom
et al., 2002). Secondly, to characterize the temporal
and spatial variability of the CO, fluxes over conti-
nental mid-to-high latitudes, with a focus on the syn-
optic scale and the day-to-day variability. As opposed
to the diurnal and seasonal cycles, which have been ex-
tensively described by tower-based data (for instance
Malhi et al., 1999), spatial patterns of the day-to-
day anomalies have received less attention, although
they may significantly affect CO, concentration over
continents. This paper is organized as follows. Sec-
tion 2 presents the TURC model and the modifica-
tions resulting from an assessment of recent flux data
over boreal biomes. Section 3 presents the evalua-
tion of the forcings and model results with local data
from two sites in Russia and characterizes the spatial
and temporal variability of daily CO, fluxes over the
continent. Conclusions and perspectives are given in
Section 4.

Tellus 54B (2002), 5
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2. Data and models

2.1. The TURC model

The TURC model (Ruimy et al., 1996a) is a pro-
duction efficiency model which computes net primary
productivity (NPP) as the difference between carbon
uptake by vegetation (or gross primary production
GPP) and carbon release by autotrophic respiration.
This model uses meteorological forcings (air tempera-
ture, incoming solar radiation), together with satellite
observations (Normalized Difference Vegetation In-
dex, NDVI), and a map of ecosystem biomass. Daily
GPP is calculated as the product of absorbed photo-
synthetically active radiation (APAR) by a conversion
efficiency factor ¢. This factor was derived from a com-
pilation of experimental CO, flux measurements over
closed canopies and was initially assumed constant
for all ecosystem types (¢ = 4.04 gCO,/MJ APAR)
(Ruimy et al., 1995; Ruimy et al., 1996a,b). The frac-
tion of PAR absorbed by vegetation (fAPAR) is de-
rived from NDVI using a linear relationship. PAR is a
constant fraction (0.48) of incoming global solar radia-
tion, supplied in this study by atmospheric circulation
models. Autotrophic respiration is the sum of main-
tenance and growth respiration, which are computed
separately. For the maintenance respiration, different
plant organs are distinguished: leaves, fine roots and
wood. Using experimental data, an average mainte-
nance coefficient at 20 °C has been determined for
each organ. Maintenance respiration is then scaled as
a linear function of temperature and organ biomass.
The Olson vegetation map (Olson et al., 1985) gives
the total biomass for each grid cell. Leaf biomass
is derived from NDVI data, fine root biomass is as-
sumed equal to leaf biomass, and woody biomass
is calculated as the remainder. Growth respiration
is taken as a constant fraction (0.28) of GPP minus
maintenance respiration (see Ruimy et al., 1996a for
details).

The TURC model belongs to the Production Effi-
ciency Model (PEM) family. Its main originality is
to relate light absorption to GPP rather to NPP, and
to derive parameters from CO, exchange measure-
ment (canopy fluxes for photosynthesis, chamber mea-
surements for respiration parameter). During the Pots-
dam NPP model intercomparison study (Cramer et al.,
1999), the original Light Use Efficiency (LUE) of
TURC was among the highest values (Ruimy et al.,
1999).
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Heterotrophic respiration is related to soil tem-
perature through a Q) relationship (Q9 = 2). Soil
moisture impact on decomposition rate follows the
CENTURY model (Parton et al., 1993). For every grid
cell, heterotrophic respiration is assumed to be equal
to annual NPP (i.e. the net CO, flux is null on an annual
basis). This is an important hypothesis that allows the
scaling of the heterotrophic respiration to realistic lev-
els with regard to NPP (NPP being the main determi-
nant of respiration; Janssens et al., 2001), but restricts
the analysis to seasonal or shorter time scales. For con-
sistency reasons, the TURC simulations use the same
meteorological forcings as two companion studies, fo-
cused on atmospheric transport of CO, (Chevillard
et al., 2002; Kjellstrom et al., 2002), resulting in two
TURC runs. The first is based on a global data set from
ECMWEF analysis, at a 1° x 1° resolution. The second
uses computations of meteorological forcings by the
REMO regional atmospheric model at a 0.5° x 0.5°
resolution.

2.2. Analysis of recent CO; flux data over boreal and
wetland ecosystems and TURC model update

The conversion efficiency parameter (¢) used in
the original TURC model has been calibrated using
a compilation of CO, flux measurements over closed
canopies (Ruimy et al., 1996a). At that time, most data
were acquired over crops and temperate forests, and
very few values were available for boreal ecosystems.
There is growing evidence that boreal ecosystems have
arather low photosynthetic capacity compared to their
temperate and tropical counterparts (e.g. Malhi et al.,
1999). Gower et al. (1999) found a mean light use ef-
ficiency of 0.34 gDM/MlJj,, (based on above-ground
NPP) for boreal evergreen, whereas the original TURC
model leads to a higher value, of the order of 0.6. To
quantify this effect, we conducted a literature review
to compile measurements of maximum CO, fluxes
during clear summer days for boreal and temperate
forests covering a wide range of climatic conditions.
The maximum fluxes were obtained either by taking
the upper 99% bin of the histogram of semi-hourly flux
data (when long time-series were available) or by aver-
aging six consecutive semi-hourly data from selected
clear days (for studies presenting limited datasets).

Table 1 clearly shows a wide range of maximum
CO, fluxes, ranging from —4.0 wmol m~2 s~! for a
larch forest in eastern Siberia to —29.0 for a broad-
leaved deciduous forest in North America. As opposed
to incoming PAR during the peak growing season,

S. LAFONT ET AL.

fAPAR was significantly different between the sites,
with values ranging from 0.90 to 0.56 (Table 1). There-
fore, the flux values [FCO,] were normalized to a
standard fAPAR of 0.95, which is typical of a closed
canopy temperate forest. This produces potential CO,
flux capacities, FCOj calculated as:

FCOj; = FCO, x 0.95/fAPAR

which allow direct comparison between sites irre-
spective of LAI and light capture. The differences in
maximum CO, fluxes are slightly reduced when the
fluxes are normalized by fAPAR, with boreal biomes
showing lower flux capacities. This confirms that the
conversion efficiency is intrinsically lower for boreal
forests than for temperate forests, which is in agree-
ment with the idea that boreal forests are nutrient-
limited (Malhi etal., 1999). Figure 1 shows the normal-
ized maximum CO, flux as a function of mean annual
temperature (hereafter MAT), and displays a strong
linear relationship (r> = 0.80, n = 18, p < 0.0001).
The correlation may be interpreted as the result of
a correlation between annual temperature and nutri-
ent availability, and the annual mean temperature may
be seen as a proxy, rather than a direct mechanism.
It is likely that this relationship no longer persists
for warmer temperature, because of an increasing im-
portance of water stress. Low CO, capacities have
also been measured for arctic tundra (Williams et al.,
2001; Zamolodchikov and Karelin, 2001 among oth-
ers), which is in line with our findings. Such a strong
relationship was not observed in some previous stud-
ies, mostly because this trend is a large-scale pattern
and requires, to be observed, a sufficient range of an-
nual mean temperature (20 °C of amplitude here). The
scattering (Fig. 1) was small and partly explained by
forest type (e.g. BOREAS sites), stand age and site
quality (Buchmann et al., 1999). Given the dispersion,
the smaller temperature range of 11.2 °C for the EU-
ROFLUX analyses (Valentini et al., 2000) obscured
the GPP/temperature relationship, as pointed out by
Janssens etal. (2001). Interestingly, the American sites
and the Eurasian sites obey the same relationship (test
of heterogeneity of slopes, F = 0.73, not significant),
which is no longer the case when latitude is used in-
stead of MAT (Jarvis et al., 2001). Another advan-
tage of using MAT is that the boreal zones exhibit
strong continental gradients, for instance from Western
Europe to Central Siberia, along which the CO, flux
capacity decreases, irrespectively of latitude.

Tellus 54B (2002), 5
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FCO; Mean
FCO,  (umolm2s~!) fPAR, annual air
(pumol with fAPAR or LAl  temperature
Site name Position Species m~2s™!) normalisation) (—) (§®) Reference
Yakutsk 60°N 128°E  Larch —4 —5.8 LAl =2 -9.6 Hollinger
etal., 1998
Labrador 56°N 68°W  Spruce -8 —12.7 0.65 (b.e.) —4.9 Fan et al.,
1995
BN-OBS 56°N 98°W  Black spruce —10 —11.2 0.86 -29 Goulden
etal., 1997
BN-YJP 54°N 105°W  Jack pine -9 —13.2 0.65 -29 Joiner et al.,
1999
BN-OJP 56°N 99°W  Jack pine —5.5 —6.9 0.76 -2.9 Fitzjarrald,
2000
BS-OBS 54°N 105°W  Black spruce —10 —11.2 0.85 1 Jarvis et al.,
1997
BS-YJP 55°N 105°W  Jack pine —10.2 —14 0.69 1 McCaughey
etal., 1997
BS-OA 54°N 106°W  Aspen -20 -20 0.9 1 Grant et al.,
1999
BS-OJP 55°N 105°W  Jack pine -8 -9.7 0.78 1 Baldocchi
etal., 1997
Hyytalia 61°N 24°E  Scot pine —15 —16.5 LAI=4 32 Markkanen
(HY97) etal., 2001°
NOPEX 61°N 17°E  Spruce/pine —15.5 —17.3 0.85 (b.e.) 5.5 Constantin
etal., 1999
Howland 45°N 68°E  Spruce hemlock  —17 —19 0.85 (b.e.) 6.1 Hollinger
(HL96) etal., 1999°
Vielsalm 50°N 6.E Mixed forest —18 —19.3 LAI=45 74 Aubinet
(VB97) — beech etal., 2001°
Soroe 55°N 11°E  European beech ~ —21 —223 LAI=4.75 8.1 Pilegaard
(S097) et al., 2000
Harvard forest 42°N 72°W  Red oak/red =22 —25.5 LAI=34 8.5 Goulden
maple et al., 1996
Braschaat 51°N 4°E Scot pine, oaks —16 —189 LAI=3.1 10.2 Kowalski
(BR97) et al., 2000°
Landes 44°N 0°E Maritime pine —26 —274 0.85 12.5 Berbigier
(Bray) et al., 2001
Walker Branch  36°N 84°W  Dec. broad —-29 —29.8 LAI=6 14.5 Baldocchi
(WB98) leaved et al. 2000°
Zotino 61°N 89°E  Pine -9 —12.2 0.70 —-1.5 Shibistova
etal., 2001
Fyodorovskoye 56°N 33°E  Spruce —13 —14.5 0.85 3.8 Milukova
et al., 2002

4BN is for BOREAS Northern supersite, BS is for BOREAS Southern supersite. For BOREAS sites, fAPAR values follow
Chen et al. (1997) and Chen (1996). When only Leaf Area Index (LAI) values were available, fAPAR was estimated with the
following formula:

fAPAR = 0.95 x [1 — exp(—0.6 x LAD)].

(b.e.) is for a best estimate, based on qualitative site description, like ‘closed conifer canopy’.

YLong-term measurements from FLUXNET database.

Tellus 54B (2002), 5
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Fig. 1. Canopy CO; fluxes capacity (see text) versus mean annual temperature over boreal and temperate forests (Table 1).
Fluxes are normalized to an fPAR value of 0.95. The equation of fitis y = —0.9461x — 13.67 (1‘2 =0.80,RMSE=2.89,n =
18, p < 0.0001). Zotino and Fyodorovskoye sites () are not used to calculate the regression.

With a subset of eight sites, for which daily light-
use efficiency (LUE) calculations were possible, we
found a clear relationship between LUE and FCO}
(N =8;r2=0.92; p <0.01). This confirms that the
both parameters reflect the photosynthetic capacity
of an ecosystem. This subset also presents a clear
relationship between LUE and MAT (N = 8;r? =
0.67; p < 0.1). Given the strong links between daily
LUE and FCOj, and the much larger dataset and
temperature range for FCOj3, we preferred to use
the slope of the FCO3/MAT relationship to simu-
late a reduction of GPP from temperate to boreal and
Arctic zones. The light use efficiency of the TURC
model was reduced according to MAT (Legates and
Willmott, 1990). We assumed that the maximum ef-
ficiency (TURC original value) is valid for temper-
ate ecosystems (MAT = 13.5 °C). The temperature-
dependent epsilon (¢) is calculate as follows

if MAT > 13.5 °C, & = 0.02 mol[C]/molpag
if —9.6 < MAT < 13.5 °C,

e = 0.02 x (0.0358 x MAT + 0.5170)
if MAT < —9.6, ¢ = 0.0035

Note that two sites (Fyodorovskoye and Zotino) are
not included in this analysis, as they are part of the

Eurosiberian Carbonflux project and are used for
model evaluation in the next sections.

Similarly, Frolking et al. (1998) compiled light use
efficiency values for 13 wetland ecosystems (high-
latitude bogs and fens) and concluded that the aver-
age light use efficiency was half of the value used
in the original TURC model. Therefore, this mea-
sured mean value was used in the TURC model
for boreal wetlands. For each pixel, the wetland
fraction is derived from Cogley (1994), and the
conversion efficiency is computed as the weighted
mean of the wetland light use efficiency and the
temperature-dependent efficiency described above. As
these light use efficiency reductions reflect reductions
in overall plant functioning and/or nutrient status,
the autotrophic respiration was reduced in the same
proportions.

Finally, a frost stress on photosynthesis has also
been included, as it is commonly observed in boreal
forests (e.g. Bergh and Linder, 1999). This effect is
taken into account by reducing the conversion effi-
ciency by 50% during the three days following a severe
frost, defined by a daily mean air temperature lower
than —2 °C.

In this paper the TURC model refers to the model
version including the “temperature dependent effi-

ciency”, “wetland” and “frost” parametrizations.

Tellus 54B (2002), 5
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Table 2. Coefficient of determination (1) between daily local measurements at the two sites and REMO and

ECMWEF outputs
2 REMO model ECMWF model
Fyodorovskoye Zotino Fyodorovskoye Zotino

Air temperature Forest 0.73 0.80 0.95 0.97
Bog 0.47 0.78 0.95 0.97

Soil temperature Forest 0.74 0.90 0.69 0.41
Bog 0.43 0.78 0.84 0.96

Incoming PAR Forest 0.48 0.44 0.82 0.79
Bog 0.42 0.34 0.75 0.75

2.3. Input data

2.3.1. NDVI. The TURC model is driven by NDVI
(Normalized Difference Vegetation Index) from the
VEGETATION sensor on-board SPOT4 satellite.
Since April 1998, VEGETATION provides a daily
coverage of the earth with a 1 km resolution in the
visible spectrum. The NDVI product used here is the
so-called ‘S product’ from VITO centre, which is a
10-d maximum NDVI synthesis at 4 km resolution.
This temporal and spatial sampling discards most of
the cloudy pixels. The NDVI time profiles were fil-
tered with the BISE method on a pixel basis (Viovy
et al., 1992) and re-gridded to a 1° latitude—longitude
grid and the REMO grid (polarstereographic, 0.5° res-
olution). This gave a clear signal in most areas other
than moist tropical areas, which required a specific
processing.

2.3.2. Meteorological forcings. Two sets of mete-
orological forcings are used to drive the TURC model.
The first one consists of ECMWF' data, whereas the
second consists of REMO data (the REMO model is
derived from the German weather forecast model). The
ECMWEF data are part of the “first guess” fields which
consists of a series of 6-h forecasts after the assimi-
lation cycle. The first guess fields of downward solar
radiation, air temperature, soil temperature (first soil
level, 0-7 cm) and soil wetness were averaged to ob-
tain daily values. The REMO model (Karstens et al.,
1996) is an atmospheric regional model with an on-
line transport module and high vertical and horizontal
spatial resolution. The REMO model was run over the
Western Eurasia domain for 1998, with the ECMWF
dataset as boundary conditions. Given the large size
of the domain (between 40°N to 90°N in latitude and

!'European Centre for Medium-Range Weather Forecasts.

Tellus 54B (2002), 5

between 50°W to 120°E in longitude), the boundary
conditions represent a weak constraint.

3. Results

The TURC model was run at the global scale with
ECMWEF from April 1998 to December 1999. In 1998,
the estimated gross and net primary productivities are
150.19 and 64.03 Gt[C] yr*', respectively, and are
within the range of common estimates (e.g. Cramer
etal., 1999; Goetz et al., 2000). The values for 1999 are
very similar (GPP = 149.43 Gt[C], and NPP =65.61
Gt[C)).

3.1. Atmospheric forcings consistency

The atmospheric forcings from ECMWF and
REMO were compared with local measurements per-
formed at the Fyodorovskoye (56.46°N, 32.92°E) and
Zotino sites (60.75°N, 89.41°E). Meteorological data
and eddy covariance fluxes have been measured over a
forest and a bog at each sites (see Schulze et al., 2002
for site descriptions). Since the ECMWEF and REMO
atmospheric models have been extensively evaluated
(i.e. Klein and Jakob, 1999), we focus here only on
the variables that are important for computing CO,
fluxes.

The daily mean values of incoming solar radia-
tion and air temperature from the ECMWF dataset
agree very well with measurements on the two sites
(> > 0.8, see Table 2). Soil temperature in the upper
7 cm layer presents a weaker agreement (> =0.7 in
Fyodorovskoye forest, 72 =0.4 in Zotino forest) but
are still reasonable. ECMWF soil temperature esti-
mates reach a very low value during winter (below
—20°C) for both sites. Field measurements show that
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snow has a large insulation effect and that soil tem-
perature never decreases below —5 °C. Soil tempera-
tures that are too low, as estimated by the atmospheric
model, lead to an underestimation of soil respiration
fluxes during winter. In our case, moreover, since the
fluxes are balanced over the whole year, underesti-
mation of respiration during winter brings about an
overestimation during summer of about 10-15% in
absolute value. The accuracy of the soil water content
estimated by the ECMWF model is also questionable:
in non-arid areas, soil water content stays very close to
field capacity for the whole year, and does not decrease
even during summer.

Despite its finer grid resolution, the REMO simula-
tion has a lower correlation with local measurements,
especially for incoming solar radiation and air temper-
ature. This is due to the lack of constraints by atmo-
spheric observations in REMO model, compared to the
data-rich ECMWEF reanalysis. However, the REMO
estimates of soil moisture do not exhibit the “wet” be-
havior of ECMWF simulations.

We conclude that the ECMWF forcings are consis-
tent with the local data, except for the soil moisture
and winter soil temperature. The simulation of these
variables, and also their treatment during the data-
assimilation process, might have to be reconsidered
to properly address CO, flux estimations. One major
difference between the weather-forecast and the CO,
flux perspectives is that, in the first case, soil variables
are seen as a way to obtain good energy fluxes for
the atmosphere (and to match air temperature data),
whereas they are per se important drivers of the CO,
cycle. The lower correlations obtained with REMO are
explained by the fact that REMO generates its own cli-
mate and does not assimilate observations. Synoptic
weather structures are frequently shifted in time and
space, but the averages over a few days are more con-
sistent with the in-situ measurements. For instance,
on a weekly basis, the correlation between radiation
or temperature and ground data exceeds 0.8 for the two
sites.

3.2. Comparison between FCO, measurements and
TURC model results

Milyukova et al. (2002) and Kurbatova et al. (2002)
present and analyse the ground-based measurements
on the two Russian experimental sites, which are used
hereafter. The footprint of eddy covariance systems is
of the order of a few square kilometres, while simula-
tions with the TURC model were performed over grid

S. LAFONT ET AL.

cells of 2500 km? or more. At the very least the light
capture (fAPAR) is different at these two scales, be-
cause of land use and land cover heterogeneity (SPOT4
data acquired on 22 April 1998, not shown); there-
fore, we do not expect the modeled fluxes to rigorously
match the measurements. Nevertheless, we expect that
the TURC model and the measured fluxes to exhibit
similar temporal fluctuations, and reasonable correla-
tions, since we can assume that weather conditions
are more or less homogeneous over tens of kilometres
over flat terrain.

The correlation between measured and estimated
daily FCO, are given in Table 3, for periods corre-
sponding to the 1998 growing season (June—October)
and the whole 1999 year. The TURC model driven by
ECMWEF explains 29-47% of the variance of the daily
surface F'CO,, which is satisfying for a global model
driven by operationally available forcings and satel-
lite data. The TURC simulations driven by ECMWF
forcings are closer to the tower measurements than the
REMO driven simulations. This is mainly due to the
temporal inaccuracy of the REMO-simulated synoptic
events, as mentioned before. The question then arises
whether the unexplained variance can be attributed to
the TURC model or to the forcings.

In order to investigate this point, we performed sim-
ulations using local weather data (PAR, soil tempera-
ture, and air temperature) when available, and atmo-
spheric models data to fill any gaps. This analysis was
restricted to the days when all these variables, includ-
ing measured CO, fluxes over both bog and forest,
were available, leaving about 50 d for Fyodorovskoye
and 70 d for Zotino in 1998 (231 and 135 d, respec-
tively, in 1999). The use of local environment forcings
improved the TURC simulations significantly in most
cases. This is obvious for REMO-driven simulations:
r2 rises from 0.04 to 0.57 for Zotino, and from 0.16 to
0.46 for Fyodorovskoye (Table 3, see also Fig. 2c). It
is less important but still significant for the ECMWF-
driven simulations, with 72 > 0.50 (Table 3). The use
of local forcings always decreases RMSE. The highest
RMSE value (2.29 gC m~2 s™!) occur when TURC is
driven by REMO data. Using ECMWF and local forc-
ings results in RMSE of 0.76-1.22 gC m~2 s~!, which
are similar to those found by Amthor et al. (2001;
Table 6: RMSE between 0.75—1.07 g¢C m~2 s7!) dur-
ing a comparison of nine models with tower measure-
ments over a boreal forest.

Since the transport models used by companion stud-
ies require a description of the diurnal cycle as well,
an interpolation scheme was designed to distribute the
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Table 3. Comparison between daily surface CO; flux simulations and daily site measurements®

Fyodorovskoye site RMSE Intercept
Weather forcing input N (d) r2 (gC m~2d-1) Slope (gC m~2d1)
REMO 98 47 0.16 2.29 0.19 —0.31
ECMWEF 98 47 0.44 1.27 0.37 —0.11
ECMWEF 99 231 0.37 1.16 0.55 —0.36
Local data forcings 1998 (gaps filled by REMO) 47 0.46 1.92 0.29 —0.16
Local data forcings 1998 (gaps filled by ECMWF) 47 0.49 1.22 0.40 -0.22
Local data forcings 1999 (gaps filled by ECMWF) 231 0.46 1.08 0.59 —-0.4
Zotino site

REMO 98 67 0.04 1.31 0.23 0.10
ECMWEF 98 67 0.29 1.00 0.60 0.24
ECMWEF 99 135 0.47 0.81 0.63 0.21
Local data forcings 1998 (gaps filled by REMO) 67 0.57 0.94 0.97 0.71
Local data forcings 1998 (gaps filled by ECMWF) 67 0.58 0.85 0.97 0.57
Local data forcings 1999 (gaps filled by ECMWF) 135 0.51 0.76 0.63 0.18

2At each site we weighted the fluxes from the forest and bog towers using the wetland ratio of the corresponding TURC grid

cell.

CO, fluxes over a 24 h period, in keeping with the ba-
sic assumptions of the TURC model (Chevillard et al.,
2002). Briefly, GPP is distributed with the diumal cy-
cle of radiation, and respirations are distributed with
the cycle of temperature so that the daily means are
kept. Thanks to the additional variability enforced by
the diurnal cycle, the coefficients of determination be-
tween measured and simulated half-hourly CO, fluxes
rise to 72 = 0.65 or more for both sites, which gives
an indication of what can be expected from the TURC
model forced by local forcings. There is still room for
model improvement. Water stress caused by soil mois-
ture depletion or high vapour pressure deficit (VPD)
often reduces light use efficiency, and could be ac-
counted for if accurate moisture forcings can be ob-
tained. Overall, these different simulations show that,
without any calibration and assuming a balance be-
tween NPP and heterotrophic respiration, the TURC
model explains approximately half of the variance of
the daily FCO, data.

3.3. Day-to-day variability

A strong day-to-day variability of the net CO, fluxes
has already been described at the local scale on the ba-
sis of eddy covariance measurements (e.g. Baldocchi
etal., 1997; Lindroth et al., 1998, among others). Dur-
ing the growing season, although vegetation is active,
ecosystems may become a temporary source of CO,
on a 24 h average. This variability is mainly due to
rapid changes in cloudiness. Clouds reduce insolation
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which in turn limits photosynthesis. At the same time,
respiration, which is controlled by temperature and soil
moisture, stays more or less constant at this time scale.
Baldocchi et al. (2001b) carried out a spectral analysis
on 5 yr of eddy flux measurements over a temperate
deciduous forest and found a spectral peak for period
of 3.7 d, which they associated with “the passage of
weather fronts”. As far as we know, the occurrence
of such fluctuations has not been documented at the
continental scale.

The high temporal resolution of the TURC simula-
tions, compared to many carbon cycle models (Cramer
et al., 1999), allows such an investigation. Figure 2
presents a typical example of the day-to-day variabil-
ity of surface CO, fluxes, as seen at the site-scale.
Measurements acquired over the Fyodorovskoye for-
est during the beginning of August 1998 are displayed
together with the outputs of the atmospheric models
for the corresponding grid cell (Figs. 2a and b). As ex-
pected, ECMWF incoming radiation (Fig. 2b) matches
the local data very well, but REMO does not (Fig. 2a).
Comparison with METEOSAT images confirms that
the clouds are mis-localized by the REMO model (not
shown) but accurately simulated by ECMWEF (Fig. 3).
Fig. 2c and d also presents the observed and mod-
elled surface CO, fluxes for the same period. The
CO; fluxes shift from a source (before 12 August)
to a sink (after 12 August) and mirror the incoming
radiation curve. The ECMWF-driven TURC simula-
tion reproduces this pattern (Fig. 2d), as well as the
TURC simulation driven by local forcings (Fig. 2c).
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Fig. 2. (a, b) Incoming solar radiation from REMO and ECMWF forcings (0O), respectively, along with measurements (O)
over the Fyodorovskoye forest site between 6 and 15 August 1998. (c) CO, fluxes from the TURC model driven by REMO
(m) and local forcings (x). The shaded zone is the envelope of the CO, fluxes measurement over forest (highest value)
and bog (lowest value). Circles (®) represent a composite of forest and bog fluxes weighted by the wetland fraction of the
corresponding REMO grid cell (approx. 0). (d) CO; fluxes from the TURC model driven by ECMWEF forcings (m). Circles
(®) represent a composite of forest and bog fluxes weighted by the wetland fraction of the corresponding ECMWF grid cell
(approx. 0.38) (different resolution and different projection). Both simulation and measurement display a switch from CO,
source to CO; sink on 12 August corresponding to incoming radiation.

In this example, the rate of change is relatively slow be-
cause of the slow motion of clouds, but it can be much
quicker. The spatial extent of this event is shown on
Fig. 3. This figure presents maps of daily CO, fluxes
simulated by TURC (ECMWF forcings) along with
ECMWEF surface incoming radiation and correspond-
ing METEOSAT images for the same days. The daily
fluxes simulated by TURC over western Eurasia dis-
play clear patterns of CO, sinks and sources, generally
ranging from an uptake of 4 gC m~2 d~! to arelease of
2.5gCm~2d"". An analysis of the TURC simulations
showed that the primary driver of these patterns is the

surface incoming radiation (Fig. 3, left column), which
is due to optically-thick cloud ensembles, as indicated
by the METEOSAT images. As a result, the source
areas simulated by TURC-ECMWEF clearly match the
cloudy areas identified on the visible METEOSAT im-
ages. During these 5 d, cloudy air masses moved over
the Fyodorovskoye site, resulting in strong temporal
fluctuations of the surface fluxes. The variability of
the daily CO, flux observed at the tower scale (Fig. 2,
shift from source to sink) is the local perception of
a larger synoptic-scale picture (Fig. 3, movement of
source and sink patterns).
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Fig. 3. Sequence of 5 d over the Eurosiberian domain (REMO grid, polar stereographic projection). Left column: ECMWF
surface incoming radiation. Middle column: composite visible image from METEOSAT satellites at 0° and 63 °E longitude
at 12 UTC. Right column: daily CO; flux maps from TURC driven by ECMWF forcings. Fluxes are negative for ecosystems’
CO; uptake. Isolines represent null fluxes. The two crosses are for the measurement sites (West, Fyodorovskoye; East, Zotino).
These maps show that the spatial patterns of the daily CO; fluxes correspond to cloud ensembles.

To establish the robustness of this modelling-based
result, we performed a sensitivity study focused on
model assumptions. It has been recognized that the
daily maximum CO, uptake may occur during slightly
overcast days (Gu et al., 1999; Goulden et al., 1997;
Baldocchi and Vogel, 1995), which typically have a
high level of diffuse radiation. This in turn may lead
to a better distribution of light within the canopy,
and a better efficiency of leaf-level photosynthesis.
Such conditions may also correspond to lower VPD
(Freedman et al., 2001), which is important for some
plant types. These effects may be overlooked in TURC
simulations, as it uses a linear relationship between
daily photosynthesis and daily absorbed PAR. This
could lead to an underestimation of photosynthesis
during cloudy days, and exaggerate the contrast be-
tween source and sink patterns. We made a sensitivity
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test by modifying the form of the light/photosynthesis
response. Following Gu et al. (1999), photosynthesis
was enhanced by 40% for daily mean insolation corre-
sponding to high diffuse radiation (taken as days with
intermediate radiation level). This simulation resulted
in slightly smoothed CO, fluxes, but still revealed large
daily sink and source areas corresponding to cloud en-
sembles.

The patchy structure of the daily CO, fluxes, de-
scribed in Fig. 3 on a few particular days, occurs
every day during the vegetation period over Eurasia.
This shows that the domain is never totally a sink of
CO; even during the peak growing season. Figure 4
shows the distribution as a function of time of the rel-
ative sink and source areas for the whole domain. The
sink area increases from April to June and then de-
creases until the end of October. For any day around the
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Fig. 4. Time evolution of the fraction of land surface fixing
(left axis) or releasing (right axis) CO, over Western Eurasia
(see map in Fig. 3) simulated by TURC model using REMO
forcings.

maximum of the vegetation period (June) no more than
80% of the land is taking up carbon. Similar statistics
were found with the REMO and ECMWEF forcings.
Figure 4 also presents a significant day-to-day vari-
ability: 10% of the domain area can shift from sink
to source within only 2 d (for instance, see days 200
and 243).

The importance of such spatial and temporal dy-
namics of surface fluxes for atmospheric transport are
still to be investigated. Front passages, for instance,
generate specific atmospheric transport, which may
include transport from boundary layer to upper tro-
posphere, e.g. Bethan et al. (1998) and references
therein. More generally, over continents, large areas
of optically-thick clouds causing a temporary source
of surface CO, correspond to different synoptic sit-
uations and atmospheric mixings. The net effect on
CO, transport and CO, concentrations deserves fur-
ther investigation. The surface CO, fluxes simulated
by the TURC model are currently fed into atmospheric
transport models: the REMO model (Chevillard et al.,
2002) which has an on-line transport module, the
TM3 model (Heimann et al., unpublished) and the
MATCH model (Kjellstrom et al., 2002), which use
ECMWEF wind fields. The comparison with CO, pro-
files from aircraft data allows the evaluation of both
CO, fluxes and transport and the quantification of their
interactions.

S. LAFONT ET AL.

4. Conclusion

This article aimed at characterizing the spatial
and temporal patterns of surface CO, fluxes over
Eurasia. We first presented an analysis of recent CO,
flux measurements over temperate and boreal forests.
A strong linear relationship was found between max-
imum instantaneous CO, fluxes and the mean annual
air temperature, showing that boreal biomes have a
lower photosynthetic capacity than temperate ecosys-
tems. This effect is consistent with the idea that boreal
biomes are more nutrient-limited than their temper-
ate counterparts. Based on this analysis and simi-
lar studies on boreal wetland, a new version of the
TURC productivity model was developed and run
for 1998 and 1999 over Eurasia, using NDVI from
SPOT4-VEGETATION and climate forcings from the
ECMWF and REMO models. Input consistency and
CO; flux accuracy were evaluated against local mea-
surements from two sites in Russia. The spatial and
temporal patterns of the simulated daily CO, fluxes
were then analysed. The daily CO, fluxes displayed
characteristic patterns of positive and negative fluxes
even in the middle of the growing season. These pat-
terns were found to correspond to cloudy areas, and
to ‘follow’ the motion of cloud ensembles over the
domain. Of particular interest is the possible correla-
tion of the source/sink patterns, which corresponds to
synoptic events, with the atmospheric transport. This
question needs to be addressed, because it could lead
to preferential mixing of CO, depleted/enriched air.
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