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We developed ISBA-CC, a new version of the ISBA land surface model, to represent the fluxes
and reservoirs of the terrestrial carbon cycle. The simulated latent heat flux, sensible heat
flux and net ecosystem exchange are validated against in-situ measurements at 26 sites of
the FLUXNET network, located at temperate and high latitudes of the Northern Hemisphere.
Overall, ISBA-CC captures well the temporal variations of the fluxes, from the diurnal to the
seasonal and the inter-annual scales. The best results are obtained for deciduous broadleaf
and needle leaf forests, while the worst are found for agricultural sites, suggesting the need

Keywords: to take into account agricultural practices in order to better simulate both the energy fluxes

Carbon cycle and the net carbon flux. The ranking of the sites in terms of scores is consistent for the

Carbon balance different fluxes. We show that taking into account the response of heterotrophic respiration

Surface energy balance
Evapotranspiration
Eddy correlation

to soil moisture allows a better representation of the variations of the net ecosystem
exchange along with soil water content. ISBA-CC also compares favourably with other
terrestrial ecosystem models. All these results show that the model matches the observed
variability driven by the climate and can be used to assess the response of the terrestrial
biosphere to future climate changes.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction ecosystem respiration) are estimated each at about

120 GtC year %, resulting in a nil net flux during the pre-

Terrestrial ecosystems are a key component of the global
carbon cycle. Carbon is stored in vegetation biomass, soil
organisms and organic dead matter (about 2300 GtC,
Sarmiento and Gruber, 2002). Large quantities of carbon are
also exchanged between the terrestrial biosphere and the
atmosphere. Atmospheric CO, is absorbed and fixed in the
plant biomass by photosynthesis, while CO, is rejected by
plant respiration and the dead biomass decomposition. The
two main natural fluxes (gross primary production and
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industrial period (Sarmiento and Gruber, 2002). Since 1750,
human activities (mainly fossil fuel burning and deforestation)
have released large amounts of CO, into the atmosphere and
have disrupted the natural carbon cycle. Overall, this perturba-
tion enhances the uptake of carbon by the ecosystems, and
about half of the anthropogenic CO, is absorbed by the
terrestrial biosphere and the ocean, while the other part
remainsin the atmosphere (Ciais et al., 1995). Several processes,
among which direct effects of increase in CO, on vegetation
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physiology, namely CO, fertilization and increase in water use
efficiency, explain the additional terrestrial sink. However, in
the future decades, the oceanic and terrestrial sinks could
decrease or even become carbon sources, because of climate
changes resulting from the increase in atmospheric CO,
concentration (Denman et al., 2007).

Numerical models are efficient tools to study and understand
the carbon cycle in the past and to assess its evolution under
future climate changes. Several modelling approaches have
been developed to represent the terrestrial carbon cycle,
depending on the main goal of the model. For example, existing
models are classified in three approaches (biochemical, light-
use efficiency and carbon assimilation) and two types (soil-
vegetation-atmosphere transfer (SVAT) schemes and ecological
models) by Arora (2002), depending on the method to estimate
photosynthesis and the framework within whichitis simulated.
One of these approaches consists of adding biogeochemical
processes to SVAT schemes, originally designed to provide
surface energy and water fluxes to atmospheric models, in order
to calculate consistent carbon and water exchanges between
the terrestrial surface and the atmosphere (e.g. Foley et al., 1996;
Sellers et al., 1996; Calvet et al., 1998; Cox et al., 1998; Dickinson
et al.,, 1998; Krinner et al., 2005). In parallel, some models of
oceanic carbon cycle have been developed, and these carbon
cycle models can be coupled with general circulation models to
investigate the interactions between the climate and the carbon
cycle (e.g. Cox et al., 2000; Dufresne et al., 2002). Recently,
Friedlingstein et al. (2006) inter-compared 11 coupled carbon-
climate models driven by the Intergovernmental Panel on
Climate Change (IPCC) Special Report on Emissions Scenarios
(SRES) A2 emission scenario. All models simulated a positive
feedbackbetween the carbon cycle and the future climate for the
end of the 21st century, i.e. an increase in both the atmospheric
CO, concentration and in the global surface temperature.
However, there was a large uncertainty on the magnitude of
the feedback and on the relative sensitivities of the land and the
ocean. Moreover, no consensus was found concerning the
attribution of the reduction of land carbon absorption to
changes in net primary production versus changes in respira-
tion. These results show the need to improve the modelling of
the carbon cycle in order to reduce the uncertainties in
projections of future climate changes.

In this study, we present a new version of the SVAT-type
ISBA model (Interactions between Soil, Biosphere and Atmo-
sphere; Noilhan and Planton, 1989; Noilhan and Mahfouf, 1996),
referred to as ISBA-CC (ISBA-Carbon Cycle), designed to
simulate all the components of the terrestrial carbon cycle.
ISBA-CC is based on the CO, reactive model ISBA-A-gs (Calvet
et al., 1998). ISBA-A-gs simulates the carbon assimilation by
photosynthesis (i.e. the gross primary production) and the
evolution of the leaf biomass, but does not represent the other
carbon reservoirs in the plant and in the soil. Moreover, the
ecosystem respiration is parameterized by a very simple Qi
formulation only depending on soil temperature (Rivalland
etal., 2005). This parameterization presents several limitations.
First, no distinction is made between autotrophic and hetero-
trophic respiration, and the model is not able to calculate net
primary production (NPP). Second, the parameterization
requires to calibrate a respiration coefficient by using observa-
tions, but flux measurements are not available everywhere.

Third, the effect of soil moisture on heterotrophic respiration is
not taken into account. Finally, the parameterization does not
simulate the carbon stored in the soil, and hence is not
appropriate to study the evolution of the terrestrial carbon cycle
over long periods of time. ISBA-CC was developed to overcome
these flaws. ISBA-CC uses the same photosynthesis parame-
terization and leaf biomass growth model than ISBA-A-gs,
which has been validated both in local and global studies (e.g.
Calvet et al., 1998; Calvet and Soussana, 2001; Gibelin et al.,
2006). We modified the growth model to represent all the
biomass reservoirs in the plant (namely roots and woody
biomass). This allowed to calculate the autotrophic respiration
and to couple the model with a heterotrophic respiration
module (Parton et al., 1987). Therefore, ISBA-CC is a state-of-
the-artland surface model, able to simulate all the components
of the terrestrial carbon cycle in a fully prognostic way. As
mentioned before, there are large uncertainties in modelled
land carbon fluxes. This new terrestrial ecosystem model will be
helpful to explore these inter-model uncertainties, as it uses
innovative formulations for photosynthesis (Jacobs et al., 1996)
and its response to drought (Calvet, 2000; Calvet et al., 2004).

In this paper, we describe the new ISBA-CC model and
validate it against flux measurements at 26 FLUXNET sites
located at temperate and high latitudes of the Northern
Hemisphere. We already compared the Leaf Area Index (LAI)
simulated by ISBA-A-gs at global scale to satellite-derived
estimates (Gibelin et al., 2006). It is essential to validate the
carbon module at a finer temporal and spatial scale using
direct in-situ measurements. The FLUXNET data set provides
carbon and energy fluxes measured with the same method,
which allows for a consistent validation of the respective
simulated fluxes. With FLUXNET we can also analyze the
performances of the model for various vegetation types and
climate conditions. We focus on the model ability to reproduce
both mean diurnal and seasonal cycles, as well as intra-
seasonal and inter-annual variability, as these characteristics
play a key role in the behaviour of the terrestrial biosphere as a
sink or a source of carbon. They also permit an indirect
validation of the prognostic vegetation phenology, which
controls the partition of the net energy at the surface between
the latent and the sensible heat flux, and the absorption of
carbon by vegetation. We also pay attention to the variations
of the carbon flux with soil moisture, as drought can limit both
the carbon assimilation by photosynthesis and the carbon
release by respiration. The FLUXNET data set is presented in
Section 2. Section 3 presents the principles of the model
(equations are fully described in Appendices A and B) and the
simulations performed. Results concerning the validation of
energy and carbon fluxes are presented and discussed in
Section 4. ISBA-CC is also compared with the state-of-the-art
model ORCHIDEE (Organizing Carbon and Hydrology in
Dynamic EcosystEms, Krinner et al., 2005), which has been
run for the same FLUXNET sites. Finally, Section 5 gives a
summary of the results and future perspectives.

2. The FLUXNET data set

FLUXNET is a global cooperative network of tower sites
designed to measure the exchanges between terrestrial
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Table 1 - Characteristics of the 26 FLUXNET Sites

Code Site name Location Selected years ECOCLIMAP vegetation type Citation
GU Gunnarsholt 63°50'N 20°13'W 1996-1998 70% DBF and 30% CC3 Valentini et al. (2000)
HE Hesse 48°40'N 7°04'E 1996-2000 DBF Granier et al. (2000)
HV Harvard Forest 42°32'N 72°11'W 1992-1999 70% DBF and 30% NLF Goulden et al. (1996)
SO Soroe 55°29'N 11°38'E 1997-1999 DBF Pilegaard et al. (2001)
VI Vielsalm 50°18'N 6°00'E 1996-1998 70% DBF and 30% NLF Valentini et al. (2000)
WB Walker Branch 35°57'N 84°17'W 1995-1998 80% DBF and 20% NLF Wilson and Baldocchi (2000)
FL Flakaliden 64°07'N 19°27'E 1996-1998 NLF Lindroth et al. (1998)
HY Hyytiglad 61°51'N 24°17'E 1996-2000 70% NLF and 30% CC3 Rannik et al. (2002)
NO Norunda 60°05'N 16°13'E 1996-1998 NLF Lindroth et al. (1998)
AB Aberfeldy 56°36'N 3°48'E 1997-1998 90% NLF and 10% HC3 Valentini et al. (2000)
BR Brasschaat 51°19'N 4°31'E 1996-1998 60% NLF and 40% DBF Carrara et al. (2003)
BX Bordeaux 44°43'N 0°46'W 1997-1998 70% NLF and 30% HC3 Berbigier et al. (2001)
LO Loobos 52°10'N 5°44’E 1996-2000 80% NLF and 20% HC3 Dolman et al. (2002)
ME Metolius 44°27'N 121°33'W 1996-1997 NLF Law et al. (2001)

TH Tharandt 50°58'N 13°34'E 1996-2000 80% NLF and 20% HC3 Valentini et al. (2000)
WE Weiden Brunnen 50°10'N 11°53'E 1996-1999 80% NLF and 20% HC3 Valentini et al. (2000)
SKo Sky Oaks (old stand) 33°22'N 116°37'W 1997-2000 80% EBF and 20% HC4 Law et al. (2002)

SKy Sky Oaks (young stand) 33°22'N 116°37'W 1997-2000 80% EBF and 20% HC4 Law et al. (2002)

CP Castelporziano 41°45'N 12°22'E 1997-1998 70% EBF and 30% bare soil Valentini et al. (2000)
PO Ponca City 36°46'N 97°08'W 1997 CC3 Law et al. (2002)

BVS Bondville 40°00'N 88°18'W 1998 CC3 Meyers (2001)

BVC Bondville 40°00'N 88°18'W 1997 and 1999 CC4 Meyers (2001)

UP Upad 70°16'N 148°53'W 1994 50% HC3 and 50% bare soil Oechel et al. (2000)
LW Little Washita 34°57'N 97°59'W 1997-1998 HC4 Meyers (2001)

FI FIFE 39°07'N 95°29'W 1987 HC4 Betts and Ball (1998)
SH Shidler 36°56'N 96°41'W 1997 HC4 Law et al. (2002)

Abbreviations for the ECOCLIMAP vegetation types are DBF: deciduous broadleaf forests; EBF: evergreen broadleaf forests; NLF: needle leaf
forests; HC3: C3 natural herbaceous; HC4: C, natural herbaceous; CC3: C; crops; CC4: C4 crops.

ecosystems and the atmosphere (Baldocchi et al., 2001).
FLUXNET offers a unique data set to validate land surface
models, as it operates on a long-term and a continuous basis,
and it samples the main biomes worldwide. In this study, we
used a set of 25 sites (Falge et al., 2005) located at high and
temperate latitudes of the Northern Hemisphere, listed in
Table 1. In addition, we also used the 1987 FIFE site-average
dataset collected over a prairie of central Kansas (Betts and
Ball, 1998). For convenience, these 26 sites are designated as
FLUXNET sites everywhere else in this paper. All these sites
were selected by Krinner et al. (2005) to validate the ORCHIDEE
model, according to the availability of meteorological forcing
and quality criteria on measurements.

Exchanges of carbon dioxide (CO,), water vapour and
energy are measured above the vegetation canopy using eddy
covariance methods. We used available half-hourly fluxes to
evaluate the latent heat flux, the sensible heat flux and the net
carbon ecosystem exchange simulated by ISBA-CC. The
FLUXNET data set also provides all the meteorological
variables necessary to force a land surface model: downward
solar radiation, downward infrared radiation, air temperature,
air humidity, precipitation, wind speed, and surface pressure.
Long-term model simulations need continuous temporal
climate series, and missing data were reconstructed using
the gap-filling method described in details by Krinner et al.
(2005). Nearby weather stations provided average, minimum,
and maximum daily temperature, mean daily dew point
temperature, daily precipitation, and mean daily wind speed.
A linear regression was then applied to calculate the daily
average at the FLUXNET site, except for rainfall. The ECMWF
ERA15 1 x 1 degree reanalysis was used to get the incoming

short-wave radiation. Half-hourly values were rebuilt from the
daily averages by applying a shape of diurnal cycle depending
on the variable. The incoming long-wave radiation was
computed from air temperature, air humidity, and incoming
short-wave radiation. For surface air pressure, gaps were filled
with the average value at the site if measurements were
available, otherwise a constant value of 1015 hPa was taken.
Moreover, ISBA-CC needs distinct liquid and solid precipita-
tion to resolve the energy and the water balance. Total
precipitation was split into snowfall and rainfall linearly
according to the air temperature between —2°C and 0 °C.
Beyond these values, precipitation was totally converted into
either snow or rain, respectively. Finally, each forcing variable
was interpolated at the 5 mn time step of the model.

3. Modelling

The ISBA model (Interactions between Soil, Biosphere and
Atmosphere) (Noilhan and Planton, 1989; Noilhan and
Mahfouf, 1996) is a land surface model designed to calculate
the exchanges of water and energy between the land surface
and the atmosphere, for use in numerical weather prediction
models and climate models. A CO,-responsive version of ISBA,
called ISBA-A-gs (Calvet et al., 1998), allows accounting for the
effect of the atmospheric carbon dioxide concentration and
the interactions between all environmental factors on the
stomatal aperture. ISBA-A-gs also calculates the two main
carbon fluxes between the land surface and the atmosphere
(i.e. gross primary production and total ecosystem respira-
tion). In this study, we developed a new version of ISBA,
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Fig. 1 - Schematic representation of the plant carbon reservoirs and fluxes in ISBA-CC for herbaceous (a) and woody (b)
vegetation. The various biomass reservoirs (prefixed by B) are listed in Table 2. Input and output fluxes are indicated for
each reservoir (see Appendix A for details): allocation and storage (A and S, dotted arrows), mortality (M, dashed arrows)
and respiration (R, solid arrows). The autotrophic respiration is the sum of all the biomass respiration terms.

named ISBA-CC (ISBA-Carbon Cycle), in order to represent in a
more detailed manner the fluxes and the reservoirs of the
terrestrial carbon cycle.

3.1.  Photosynthesis

ISBA-CC uses the parameterization of photosynthesis of ISBA-
A-gs, based on the model of Goudriaan et al. (1985) modified by
Jacobs et al. (1996). This parameterization is different from
that commonly used in most land surface models (Farquhar
et al., 1980 for C; plants and Collatz et al., 1992 for C4 plants).
Farquhar’s model aims to describe biochemical processes of
photosynthesis, while Jacobs’ one is based on the concept of
resistance to diffusion of CO,, analogous to that used in some
parameterizations of physical processes in atmospheric
models. The model calculates successive limitations of
photosynthesis rate by temperature, atmospheric CO, con-
centration, air humidity, and light intensity. It has the same
formulation for C4 plants as for C; plants differing only by the
input parameters. The model also includes an original
representation of the soil moisture stress. Two different types
of drought responses are distinguished for both herbaceous
vegetation (Calvet, 2000) and forests (Calvet et al., 2004),
depending on the evolution of the water use efficiency (WUE)
under moderate stress: WUE increases in the early soil water
stress stages in the case of the drought-avoiding response,
whereas WUE decreases or remains stable in the case of the
drought-tolerant response.

3.2.  Carbon allocation and autotrophic respiration

ISBA-A-gs calculates interactively the leaf biomass and the
Leaf Area Index (LAI) (defined as the leaf area per unit ground
area), using a simple growth model (Calvet et al., 1998). The
leaf biomass is supplied with the carbon assimilated by
photosynthesis, and decreased by a turnover and a respiration
terms. Phenology is modelled implicitly: LAI is inferred from
the leaf biomass multiplied by the Specific Leaf Area (SLA)
ratio, which depends on the leaf nitrogen concentration
(Calvet and Soussana, 2001; Gibelin et al.,, 2006). SLA is

calculated from vegetation parameters listed in Table 4:
SLA=e N;+f. Gibelin et al. (2006) showed that ISBA-A-gs
simulates realistic LAI at the global scale under various
environmental conditions, and this growth model therefore
remains unchanged in ISBA-CC. The growth model has been
completed by adding new biomass reservoirs in order to
represent all the living carbon in the plant. A schematic
representation of the growth model is shown in Fig. 1. ISBA-CC
simulates 4 (6) biomass reservoirs in all for herbaceous
(woody) vegetation types (Table 2). Leaf biomass By, and active
structural biomass Bg s correspond to metabolic biomass B
and structural biomass Bs respectively, previously defined by
Calvet and Soussana (2001) and related by the nitrogen decline
equation. The passive structural biomass B p,s is a part of B,
in Calvet and Soussana (2001), and the sum of structural
reservoirs (Bgact + Bspas) represents the non-woody above
ground biomass different from leaves. Roots are now explicitly
represented, with a non-woody below ground biomass (Bsg).
Moreover, two woody reservoirs By, g and By g (above and
below ground) are now simulated for woody vegetation.

The variation of each biomass reservoir during one day is
calculated according to the generic Eq. (1):

%:AVDFRB (1)
where B (kgm?) is one of the biomass reservoir listed in
Table 2, At=1 day, Ag (kgm~2day ) is a term of increase in
biomass coming from photosynthetic assimilation or alloca-
tion from another reservoir, Dg (kgm™2day?) is a decrease
term due to mortality (Mg) or reallocation to another reservoir

Table 2 - List of the plant biomass reservoirs simulated
by ISBA-CC

BL Leaf biomass

Bs act Active structural biomass

Bg pas Passive structural biomass

Bsbg Below ground structural biomass
Byrag Above ground woody biomass
Bz Below ground woody biomass
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Fig. 2 - Schematic representation of the heterotrophic respiration parameterization of ISBA-CC, adapted from Parton et al.
(1987). The soil carbon pools are indicated together with input mortality terms (dashed lines), fluxes of carbon exchanged
between the pools (dotted lines), and fluxes of mineralized carbon (solid lines). The heterotrophic respiration is the sum of

all the fluxes of mineralized carbon.

(Sg), and Rp (kgm 2 day ) is a decrease term due to respira-
tion. All of these terms are explicitly described for each reser-
voir in Appendix A.

The autotrophic respiration R, (gC m~2 day?) is the sum of
all the respiration terms of the plant (there is no respiration
term associated to woody reservoirs):

a = 10° Pc(R, + Ra, ., + Rp, 1o, + R, ;) 2

where P is the proportion of carbon in the dry plant biomass
(a value of P, =40% is used as in Calvet et al., 1998).

3.3.  Heterotrophic respiration

ISBA-CC also includes a parameterization of heterotrophic
respiration following Parton et al. (1987), schematized in Fig. 2.
The model simulates seven soil organic matter pools in all,
listed in Table 3. Four litter pools are differentiated, depending
on the lignin content of the input residues (metabolic litter for
low lignin content or structural litter for high lignin content)
and their location (above- or below-ground). The litter pools
are supplied by the fluxes of dead biomass My from each
biomass reservoir (see Appendix A). The model also simulates
three soil carbon pools (active, slow and passive). They are

Table 3 - List of the soil organic matter pools simulated
by ISBA-CC

LCs,ag Above ground structural litter
LGrmag Above ground metabolic litter
LCsbg Below ground structural litter
IGrpe Belohw ground metabolic litter
SCact Active soil carbon

SCslow Slow soil carbon

SE Passive soil carbon

characterized by their turnover times (from a few years for the
active pool to 1200 years for the passive pool). The various
pools represent different states of resistance to the decom-
position of organic matter, but the vertical distribution of
carbon is not dealt with. The model calculates the evolution of
the seven carbon pools due to the decomposition of the
organic matter, and the fluxes of carbon exchanged between
the pools and rejected into the atmosphere. The equations of
the soil carbon model are fully described in Appendix B.

The heterotrophic respiration Ry, (gC m~2 day %) is the sum
of the mineralized carbon fluxes produced by decomposition
in all carbon pools during one day:

dc
Rn = Z fe.co, at 3)
C

where f¢ oo, is the fraction of the decomposition flux dC/dt
from the carbon pool C that is mineralized (see Appendix B).

3.4. Simulations

ISBA-CC is run off-line at the 26 FLUXNET sites of Table 1, in
the tile version to deal with the surface heterogeneity: the
simulation is performed for each vegetation type present at
the site, and then the fluxes are averaged weighted by the
fraction of each type. At the scale representative of a FLUXNET
site, soil carbon is a mix of inputs from all vegetation types.
The assumption that vegetation types are separated is realistic
at the larger spatial scales usually simulated by land surface
models. In this case, it is essential to simulate separately the
evolution of soil variables for each type (in particular for soil
moisture which highly varies spatially), as some surface
parameters of the model strongly depend on the vegetation
type, e.g. root depth. Moreover, the simulation of soil carbon
pools has to be consistent with the other soil variables
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Table 4 - Values of ISBA-CC parameters for the ECOCLIMAP vegetation types (g, inmm s~
in gkg™; f; dimensionless; g. in mm s™7; strategy of response to soil moisture stress (drought-tolerant or

inm>m % D; .

drought-avoiding), §c dimensionless; e in m*kg™* %~ %; f in m* kg™%; and N; in %)

1 v in days; 1y, in years; LALy;,

Vegetation type [ ™ Tw  LAlmin Dy i Jec Strategy Oc e f N;

Deciduous broadleaf trees 3 230 40 0.3 109 0.51 0.15 Tolerant 0.3 4.83 2.53 2

Evergreen broadleaf trees 2 365 30 1 124 0.57 0.15 Tolerant 0.3 4.83 2.53 2.5
Needle leaf trees 2 365 50 1 124 0.57 0 Avoiding 0.3 4.85 -0.24 2.8
Cs crops 1 150 - 0.3 50 0.95 0.25 Avoiding 0.3 3.79 9.84 1.3
C,4 crops 9 150 - 0.3 33 0.6 0.15 Tolerant 0.3 7.68 —4.33 1.9
Cs natural herbaceous 1 150 - 0.3 50 0.95 0.25 Tolerant 0.3 5.56 6.73 1.3
C4 natural herbaceous 6 150 — 0.3 52 0.6 0.15 Tolerant 0.3 7.68 —4.33 1.3

(temperature and soil water content) that play a role in their
evolution. The surface parameters (such as soil texture,
albedo, emissivity, surface roughness and parameters listed
in Table 4) are prescribed from ECOCLIMAP, a global database
of surface parameters providing a coherent ensemble of the
soil and vegetation characteristics used to initialize the land
surface models (Masson et al., 2003). The model parameters
are the same as those used in two dimensions simulations so
that the main conclusions of our validation study remain valid
at a larger scale. The values of the vegetation parameters
specific to ISBA-A-gs are the same as those used at the global
scale by Gibelin et al. (2006) (Table 4). The unstressed
mesophyll conductance at 25°C, g;,, controls the carbon
assimilation in the model of photosynthesis. The potential leaf
life expectancy ny controls the turnover rates of the leaf and
the structural biomass pools, while 7, controls the turnover
rates of woody reservoirs. A minimum LAI value, LAl iy, is
needed to calculate a minimum level of photosynthesis at the
start of the growing season. D, is the maximum leaf-to-air
saturation deficit, i.e. the value of deficit above which stomata
are fully closed. f; is the maximum ratio between the
intercellular and the atmospheric CO, concentration, reached
when the deficit is 0. The cuticular conductance g. describes
the diffusion of water and carbon through the cuticle. Two
different types of drought responses are distinguished for both
herbaceous vegetation (Calvet, 2000) and forests (Calvet et al.,
2004), depending on the evolution of the water use efficiency
(WUE) under moderate stress: in the case of the drought-
avoiding response, the WUE increases in response to a
moderate soil water stress, whereas in the case of the
drought-tolerant response, the WUE decreases or remains
stable. The choice of the strategy of response to soil water
stress is derived from previous studies at the local scale
(Calvet, 2000; Calvet et al., 2004; Rivalland et al., 2005; Calvet
et al,, 2007): the drought-avoiding strategy is adopted for
needle leaf forests and Cs crops, while the drought-tolerant
strategy is selected for deciduous and evergreen broadleaf
forests, C4 crops and Cs; and C4 natural grasslands. Residence
time of the woody biomass is adapted from Krinner et al.
(2005), depending on the vegetation type. The critical
extractable soil moisture 4. is a threshold used for the
parameterization of response to soil water stress. The nitrogen
plasticity parameters e and f and the foliar nitrogen concen-
tration Nj are used to calculate the ratio between LAI and leaf
biomass. The atmospheric CO, concentration is kept constant
and set equal to 350 ppm.

ISBA-CC is run with a 5mn time step. The original soil
carbon model CENTURY was designed for a use with a

monthly time step (Parton et al, 1987), but here the
heterotrophic respiration parameterization is used with the
model time step to be consistent with the other parameter-
izations of the land surface model, and avoid large disconti-
nuities in heterotrophic respiration.

The biomass reservoirs and the soil carbon pools simulated
by ISBA-CC are not measured at FLUXNET sites and cannot be
initialized realistically. Therefore, three spin up simulations are
run toreach the equilibrium of all the reservoirs: the first one (10
years) for fast reservoirs such as soil water content or leaf
biomass, the second one (500 years) for woody biomass
reservoirs, and the third one (10 000 years) for the soil carbon
pools. After each of these two last simulations, a supplementary
10-years spin up simulation is run to ensure the equilibrium of
fast reservoirs. After that, the final simulation is performed
during the period of available meteorological forcing for each
site (see Table 1). This procedure involves that the gross primary
production simulated by the model is balanced by the
ecosystem respiration and that the net ecosystem exchange
flux is close to zero, on an annual basis. Yet, most of the
FLUXNET sites of this study are carbon sinks (Law et al., 2002). At
this spatial scale, the behaviour of the terrestrial biosphere as a
sink or a source is driven by climate and CO, concentration, but
also by natural disturbances and anthropogenic management.
Due to the lack of information about some of these factors,
predicting the real value of the carbon budget was not feasible.
Therefore, there is a systematic bias in the simulation which is
not due to the model but to the insufficient knowledge of the
history of the site, and a direct comparison of the absolute net
carbon exchange simulated by the model with the observations
is not possible. Since we assumed that the difference is related
to the impossibility to initialize the soil and the vegetation
carbon stocks, we corrected the ecosystem respiration without
changing the gross primary production. Thus, the simulated
NEE is corrected to obtain the same mean value as the observed
NEE over the simulation period, by scaling the modelled
ecosystem respiration by a constant factor. For that reason,
only the temporal variations of NEE are considered in the
following.

4. Results and discussion
4.1.  Energy fluxes
In this study, we evaluate the ability of the model to represent

both the seasonal and the diurnal variations of the exchanges
between the terrestrial surface and the atmosphere. Contrary
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Table 5 — Mean values (calculated with all dates for which measurements are available) of observed and modelled fluxes,

and RMSE between monthly means for net radiation (Rnet), latent heat flux (LE) and sensible heat flux (H) (W m~2) at the 26
FLUXNET sites

Code Observed Modelled RMSE Observed Modelled RMSE Observed Modelled RMSE
Rnet Rnet Rnet LE LE LE H H H
GU 47 62 18 20 25 8 -7 37 47
HE 75 73 15 34 40 12 6 32 30
HV 76 97 25 38 35 18 34 65 43
SO - - - 20 28 12 11 22 24
VI 64 54 19 22 24 7 24 48 30
WB 95 133 41 48 73 29 34 73 45
FL 53 41 27 20 19 11 10 24 33
HY 68 58 32 23 27 11 16 20 22
NO 55 66 17 29 27 8 15 48 43
AB 53 59 19 16 20 10 7 41 39
BR 61 72 18 22 28 11 4 35 37
BX 97 88 11 50 46 13 21 51 32
LO 62 64 10 39 25 17 8 39 33
ME 98 142 55 42 30 16 43 130 93
TH 60 70 17 36 41 16 26 28 17
WE 68 60 24 29 38 17 0 34 41
SKo 123 133 45 48 45 38 100 124 45
SKy 118 144 50 28 49 38 89 108 46
CP 118 85 34 34 33 14 44 57 23
PO 87 133 47 65 84 46 22 52 43
BVS 83 106 25 50 62 40 21 44 41
BVC 84 105 33 46 50 18 29 55 32
UP 105 112 23 43 32 18 45 55 32
LW 103 125 25 37 54 28 42 77 39
FI - - - 106 103 13 24 30 20
SH 109 125 22 47 71 36 24 54 36

to meteorological forcing, gap filling of observed fluxes is not
necessary to compare the model to the observations. Thus, the
comparison was done by selecting only the model values for
dates when observations are available. For the annual cycle
validation, in-situ observations and model outputs are first
averaged monthly. Then, statistics (correlation coefficients
and root mean square errors) are calculated by considering
only the months for which more than half of measurements
are present. For the diurnal cycle validation, model outputs are
averaged half-hourly, and statistics are calculated with June,
July and August (JJA) time series, when the surface fluxes are
the largest. Anomalies series are calculated by subtracting the
mean annual cycle (at a monthly time step) and the mean
summer daily cycle (at a half-hourly time step) from monthly
means and half-hourly values, respectively. The correlation
coefficients between the monthly anomalies and between
half-hourly anomalies allow assessing the performance of the
model to capture inter-annual and intra-seasonal variability,
respectively.

Table 5 shows the mean observed and modelled values, as
well as root mean square errors (RMSE), for net radiation
(Rnet), latent heat flux (LE) and sensible heat flux (H) at the 26
FLUXNET sites. The difference between model and observa-
tions is generally less than 25 W m 2 for Rnet, except for sites
WB, ME, SKy, CP and PO. These highest values are due to an
over-estimation of the energy absorbed by the surface, except
for CP. For LE, the bias is generally lower than 15 W m 2, and
the largest differences with observations are due to an over-
estimation of the flux by the model during the peak in spring
and summer. The differences are larger for H and correspond
to a systematic positive bias of the model for all sites. RMSEs

are of same order of magnitude as biases. Fig. 3 shows
examples of observed and modelled mean annual cycles for
LE, H and NEE for a deciduous forest site (HE), a coniferous site
(BX), an agricultural site (PO) and a natural herbaceous site
(LW). The model reproduces well the amplitude of the latent
heat flux for HE and BX, but underestimates LE for PO and LW.
The sensible heat flux is underestimated for all sites, but the
annual dynamics is realistic. Besides, the phasing of the cycles
is generally captured well by the model for the three fluxes,
both for the peak and the beginning and the end of the cycle.
As aresult of the larger bias for H than for LE, the model shows
a lot of sites with a larger H than LE, whereas most sites have a
larger mean LE in observations (Fig. 4). However, the model is
able to reproduce the main outliers with a very large H (SKo
and SKy) or LE (FI), as well as the relative position of sites
within a vegetation type, in particular for deciduous broadleaf
forests, C; crops and C4 natural herbaceous (Table 5 and Fig. 4).
Such differences between the model and the observations
may look huge, but the eddy correlation method is associated
with several limitations, due for example to sampling duration
and frequency, instruments drift and calibration, or validity of
steady-state conditions and constant flux layer assumptions
(Baldocchi et al., 2001). As a result, flux measurements often
reveal a lack of closure of the surface energy balance (Twine
et al., 2000; Wilson et al., 2002). Wilson et al. (2002) found a
mean imbalance in the order of 20% for 22 FLUXNET sites, 16 of
which are used in this study, due to an under-estimation of the
sum of the turbulent energy fluxes (LE + H) compared to the
available energy. Such an imbalance prevents validation of the
absolute values of the modelled fluxes, and in the following we
focus only on the temporal variations of the fluxes at various
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Fig. 3 - Mean annual cycle of LE (a), H (b) and NEE (c) at a deciduous forest site (HE), a coniferous forest site (BX), an agricultural
site (PO) and a natural herbaceous site (LW): observations (solid line) and model (dashed line).

time scales (Figs. 5 and 6). Correlations between LE monthly
means are generally higher than 0.8 (except for HV, ME, SKo,
SKy, PO and UP), showing a good representation of the annual
cycle by the model. Variations of H also generally agree with
observations, but poor correlations are obtained for PO, BVS,
UP and FI (Fig. 5a). For sites where several years of data are
available, correlations between deseasonalized monthly
anomalies show that the model is able to represent well the
inter-annual variability for some sites (e.g. HE, WB, LO, SKy,
BVC), but also obtains very low scores for some other sites (HV,
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AB, CP) (Fig. 5b). Diurnal statistics are less sparse but
correlation of H is still very low for the BVS site, and intra-
seasonal variations of LE or H are not reproduced well for ME,
CP, BVS and FI (Fig. 6).

The largest differences between modelled and observed
heat fluxes are obtained for sites where the net radiation is
also badly reproduced (WB, ME, SKo, SKy, PO and BVS).
Differences between the model and the observations can be
attributed to three main sources of errors: errors in the
atmospheric forcing, errors in the model and errors in the flux
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Fig. 4 - Mean annual values of latent heat flux (LE) and sensible heat flux (H) at the 26 FLUXNET sites for measurements (a)
and ISBA-CC (b). Each symbol corresponds to one vegetation type: DBF (plus signs), EBF (diamonds), NLF (asterisks), HC3 (X

signs), HC4 (circles), CC3 (triangles) and CC4 (squares).
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simulated by ISBA-CC and measured at FLUXNET sites (open squares: LE; open triangles: H; solid diamonds: NEE).
Vegetation types are divided by vertical lines, from left to right: DBF, NLF, EBF, CC3, CC4, HC3, HC4.

measurements. As there are missing values in measurements,
the atmospheric variables series have been gap-filled, and that
can be a first source of uncertainty. Solar downward radiation
in particular was reconstructed from the climatology of the
ERA-15 reanalysis, but simulated radiation of ERA-15 at 1°
resolution can differ largely from in-situ radiation. Moreover
no inter-annual variation in solar downward radiation was
taken into account. Likewise, long-wave radiation was
retrieved from air temperature, air humidity and solar
radiation. Differences can also come from the model for-
mulation and the choice of parameters values. For example,

Correlation (JJA half—hourly values)

the surface albedo controls the net radiation. It can be under-
estimated if the bare soil fraction is too low in the model. In the
absence of a detailed description of the actual vegetation cover
and to be consistent with the formulation of the model at any
horizontal scale, the vegetation fraction is defined empirically
as a constant for forests in this study, and its relatively high
value (0.95 for needle leaf forests and deciduous broadleaf
forests, and 0.99 for evergreen broadleaf forests) can explain
the over-estimation of the net radiation for WB, ME, SKo and
SKy. On the contrary, CP is the only site for which a large
fraction of bare soil is imposed (30%) and where the model
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under-estimates the net radiation. Moreover, key model
variables, like soil water content or LAI, drive the partitioning
of net radiation between the latent and sensible heat fluxes,
and a wrong simulation of their evolution can lead to errors in
the temporal variations of the fluxes. However, these variables
cannot be validated as they are not available on a continuous
basis at most of FLUXNET sites (for this study we had soil water
content data only for BVC, LW and ME). Finally, the various
limitations of the eddy covariance method listed above can
also alter the consistency of temporal variations in the
measurements.

4.2. Net carbon flux

Figs. 5 and 6 also show the correlation coefficients between
modelled and observed net ecosystem exchange (NEE). The
variations of the net carbon flux are reproduced in a
contrasting manner depending on the site. NEE correlations
are generally lower than those of the energy fluxes. The
annual cycle is poorly reproduced for SKo, SKy, CP, PO and
BVS, due to a phase difference in the peak of carbon absorption
in summer. The negative score for site ME is due to a shorter
absorption period in the model than in the observations. As for
LE and H, the summer diurnal variations seem better
constrained than the seasonal ones, as shown by a narrower
range of correlation values. Overall, the best scores are
obtained for GU, HV, SO, WB, BX, LO, TH and SH, while the
worst are found for ME, SKy, CP, PO, BVS, BVC and UP. Table 6
shows mean annual values and RMSEs for GPP reconstructed
from observations and simulated by ISBA-CC. GPP is recon-
structed by fitting nocturnal NEE and temperature with a Qq
function for 15 days periods, and by extrapolating diurnal
values to calculate the ecosystem respiration Reco. Recon-
structed GPP is then calculated as the difference between NEE
and Reco. It must be noted that this method is equivalent to
model Reco as a function of temperature only, without taking
account other variables such as soil water content. There is a
good agreement between modelled and reconstructed values
for about half of sites. Differences are quite large for the
second half of sites, again including the sites with poor scores
for the other fluxes (e.g. SKy, CP, PO, BVS, BVC). These results
show that the performances of the model to simulate the
energy, the water and the carbon fluxes are closely related.
The best results are obtained for deciduous broadleaf forests
and coniferous forests, while the three agricultural sites are
systematically among the sites having the lowest scores.
However, this result must be regarded with caution, as only a
few sites and years of data are available for evergreen
broadleaf forests, crops and natural grasslands.

As for turbulent heat fluxes, differences between the model
and the measurements can be attributed to uncertainties in
the forcing climatic variables, in the model formulation and
parameterization, and in the observed fluxes. The quality of
the net carbon flux simulation depends on the realism of
several variables in the model. In particular, the poor
correlations at agricultural sites PO, BVS and BVC are probably
explained by a wrong simulation of the vegetation growth
cycle, as practices such as sowing or irrigation are not taken
into account in the model. Moreover, the net ecosystem
exchange is the balance between two large and opposite

Table 6 - Mean values (calculated with all dates for which
measurements are available) and RMSE between

monthly means of gross primary production (GPP)
(g C m~2 day?) reconstructed from observations and
simulated by the model at the 26 FLUXNET sites

Code  Reconstructed GPP  Modelled GPP RMSE GPP
GU 2.9 2.4 1.2
HE 45 6.5 2.7
HV 3.4 3.0 2.2
SO 4.2 3.8 1.5
VI 44 45 1.8
‘WB 4.6 7.9 4.3
FL 1.8 2.3 1.8
HY 2.9 3.2 1.3
NO 7.0 3.4 4.6
AB 5.2 4.3 1.8
BR 2.9 5.2 3.3
BX 5.0 5.3 1.8
LO 41 48 1.9
ME 4.2 4.0 2.7
TH 5.2 46 1.6
WE 3.6 4.0 1.8
SKo 2.0 2.7 3.3
SKy 1.1 3.3 4.1
CP 5.1 8.5 5.3
PO 3.1 6.3 6.0
BVS 2.3 47 5.4
BVC 4.3 6.3 4.5
UP 0.9 0.9 0.3
Lw 1.6 5.0 5.6
FI - = =
SH 5.5 9.0 4.8

fluxes, the gross primary production and the ecosystem
respiration. A small error in these fluxes produces a large
one in the net flux, and can even lead to an error in the flux
sign. Concerning the observations, it is likely that the flaws
responsible for the non-closure of the energy balance also
impact the quality of the net carbon flux measurements
(Twine et al., 2000; Wilson et al.,, 2002). Also, the under-
estimation of the night-time carbon flux by the eddy
covariance method (Baldocchi et al., 2001) can produce an
erroneous shape of the diurnal cycle. Likewise, lateral air
advection has been pointed out recently as a large source of
error in estimated fluxes (Papale et al., 2006; Sun et al., 2007).

ISBA-CC includes a complex parameterization of hetero-
trophic respiration, which deals with the effect of soil
moisture on the soil organic matter decomposition. To assess
if this parameterization allows an improvement of the net
carbon flux simulation, we investigated the link between the
net carbon flux and the soil water content (SWC), both in the
observations and in the two versions of the land surface
model, ISBA-A-gs and ISBA-CC. We calculated the correlations
between the daily means of these two variables, selecting only
night-time measurements to eliminate the contribution of
gross primary production from the net flux. Daily means are
organized in temperature classes of 5K range, in order to
reduce the influence of the background correlations between
respiration and soil moisture with temperature. As the soil
water content is seldom measured at FLUXNET sites, we used
the modelled SWC to calculate the correlations with observed
NEE, after we verified that the correlations are similar to those
obtained with observed SWC at sites where data are available
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correspond to various ranges of temperature (see legend).

(ME, BVC and LW). Fig. 7 compares the correlations between
SWC and observed NEE with those obtained with modelled
NEE by ISBA-A-gs and ISBA-CC, respectively. Concerning the
observations, most of sites show temperature ranges for
which absolute correlations values are higher than 0.2,
denoting a partly linear relationship between the two
variables. Overall, observed correlations are positive for the
highest temperatures, and negative for the lowest ones. As the
ecosystem respiration only depends on soil temperature in
ISBA-A-gs (Rivalland et al., 2005), this version of the model
systematically produces negative correlations, due to the
negative correlation between temperature and soil moisture.

On the contrary, ISBA-CC is able to produce both negative
correlations at high temperatures, and positive correlations at
low temperatures, thanks to its parameterization of hetero-
trophic respiration and its response to soil moisture. At high
temperatures (at the end of Spring, in Summer or at the
beginning of Autumn), the soil water content is usually
between the wilting point and the field capacity, and an
increase in soil moisture enhances the microbial activity (see
Eq. (B.8)). At low temperatures (at the end of Autumn, in
Winter or at the beginning of Spring) the soil water content is
often between field capacity and saturation, and an increase in
soil moisture tends to reduce available oxygen and to limit
decomposition. Therefore, the new version of the model
improves the representation of the net carbon flux. This skill is
of particular importance for studying the response of the
terrestrial biosphere to future climate changes. Indeed, a
strong decrease in net primary productivity has been observed
during the heat wave of summer 2003 in Europe, due to a
reduction of gross primary production but also of ecosystem
respiration, contrary to what could be expected as a result of
an increase in temperature (Ciais et al., 2005; Granier et al.,
2007; Reichstein et al., 2007). These anomalies were mainly
driven by limitation of water rather than by higher tempera-
tures. Such extreme climate events are likely to be more
frequent in the next decades over numerous regions of the
globe due to the anthropogenic climate change (Meehl et al.,
2007).

Finally, Table 7 compares the carbon pools in vegetation
and in soil collected by Houghton (1999) and simulated by
ISBA-CC, grouped by ecosystems. The model overestimates
biomass for the three ecosystems of forest. This result can be
explained by the parameters values, in particular by the
vegetation fraction, which is quite high for forests (see Section
4.1). Carbon in vegetation is underestimated for grasslands,
but this result (and the associated high value of standard
deviation) is mainly due to the tundra UP site, encountering
unfavourable conditions for photosynthesis. Moreover, bio-
mass of herbaceous vegetation types has a strong annual
cycle, and the maximum values are about twice the mean
values of Table 7 for grasslands and crops. The size of soil
pools is much larger in the model than in Houghton (1999).
However, the mean values in Houghton (1999) are obtained
from measurements in the first meter of soil, while the model
values are calculated as the sum of the carbon in all litter and
soil reservoirs. As the model does not simulate the vertical
distribution of carbon, a direct comparison is not possible. It

Table 7 - Statistics about carbon stocks in vegetation and soil for various ecosystems: mean values collected by Houghton

(1999) and simulated by ISBA-CC (Mg C ha™"), standard deviation for ISBA-CC, number of FLUXNET sites

Ecosystem C vegetation  C vegetation STD C vegetation C soil Csoil STDCsoil N
(Houghton, 1999)  ISBA-CC ISBA-CC (Houghton, 1999) ISBA-CC ISBA-CC
Boreal forests 90 127 49 200 295 99 4
Evergreen temperate forests 160 170 40 130 319 80 10
Deciduous temperate forests 135 191 52 130 297 76 5
Grasslands 7 4 3 190 312 139 4
Crops 5 5 1 = 460 129 3

For ISBA-CC, stocks in vegetation and soil are obtained by adding the reservoirs listed in Tables 2 and 3, respectively.
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Fig. 8 - Square correlations between the monthly means of the fluxes measured at FLUXNET sites and simulated by ISBA-CC
(solid circles) and by ORCHIDEE (open diamonds) for LE (a) and NEE (b). Vegetation types are divided by vertical lines, from

left to right: DBF, NLF, EBF, CC3, CC4, HC3, HC4.

must also be noted that these values of soil carbon are those
simulated at equilibrium. The values of soil carbon for
cultivated areas are highly variable in Houghton (1999) (from
32 to 165 MgC ha?) and no mean value has been indicated in
Table 7. Anyway, the simulated values cannot be directly
compared to those of Houghton (1999) for crops, as the model
does not simulate agricultural practices such as harvesting
and ploughing. Overall, Table 7 shows that the model
simulates realistic values of carbon in biomass and soil.

4.3. Comparison with ORCHIDEE

Krinner et al. (2005) have run the ORCHIDEE model on the
same FLUXNET sites used in this study and have calculated
statistics between their simulations and the measurements
(ftp://ftp.agu.org/apend/gb/2003GB002199). This offers the
opportunity to compare ISBA-CC with a state-of-the-art
terrestrial carbon model. Figs. 8 and 9 show the square
correlations between in-situ measurements and the two

Square Correlation — ISBA-CC and ORCHIDEE — LE (half—hourly values)
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Fig. 9 — Same as Fig. 8 but for half-hourly values.
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models for LE and NEE at seasonal and diurnal timescales. The
correlations obtained by ISBA-CC and ORCHIDEE are very close
for most of sites for the latent heat flux. No model system-
atically proved better than the other. At some sites, ORCHIDEE
performs better than ISBA-CC (e.g. at FL, SKo, PO, BVS), but the
opposite is also obtained for about the same number of sites
(VI, BR, SKy, LW). The seasonal differences between the two
models are more pronounced for the net carbon flux.
ORCHIDEE (ISBA-CC) variations are closer to observations
for 13 (8) sites. As we noticed before, correlations are generally
lower for NEE than for LE, and the lowest scores are obtained at
the same sites for the two models (ME, SKy, CP and BVS). This
latter result suggests that the differences between the
simulations and the observations come from atmospheric
forcing or flux measurements uncertainties (see Section 4.1),
or from the same shortcomings in the two models. ORCHIDEE
and ISBA-CC share the same parameterization of hetero-
trophic respiration, but it is unlikely that this parameteriza-
tion is responsible for the common lowest scores for NEE at
these sites, as the two models also jointly obtain poor scores
for the energy fluxes, notably for net radiation. The other
processes (energy budget, hydrology, photosynthesis) are
treated differently, but the two models are based on the same
general assumptions: for example both of them are big-leaf
models, resolving a single energy budget for soil and
vegetation within a tile; also, the versions used in this study
represent crops as perennial grasslands, without taking
agricultural practices into account (for PO, BVS and BVC);
moreover, Mediterranean sites (CP, SKo and SKy) are treated as
evergreen broadleaf forests by both ORCHIDEE and ISBA-CC,
while this type is dedicated to represent evergreen tropical
forests.

ISBA-CC also favourably compares with other models
validated with the FLUXNET data set in other studies. For
example, the bias between the observed and simulated energy
fluxes are of the same magnitude than those found by Stockli
and Vidale (2005) at forest sites CP, VI, TH, GU and NO. Also,
Morales et al. (2005) inter-compared four terrestrial ecosystem
models (GOTILWA+, LPJ-GUESS, ORCHIDEE and RHESSys) at 15
forest sites of the EUROFLUX network, 11 of which are used in
this study. ISBA-CC often gets the best statistics for LE and
thus confirms the skill of ISBA for reproducing hydrological
processes already emphasized in several inter-comparison
projects (e.g. Boone et al., 2004; Decharme and Douville, 2007).
Results are more different for NEE, but overall, ISBA-CC
obtains similar scores than those of the other models.

5. Summary and conclusion

This study presents a new version of the ISBA land surface
model, ISBA-CC, which simulates the main processes of the
terrestrial carbon cycle, i.e. the evolution of the carbon
reservoirs in the vegetation and in the soil, and the net
ecosystem exchange flux components (gross primary produc-
tion, autotrophic and heterotrophic respiration). The simu-
lated energy and carbon fluxes are validated against in-situ
measurements at 26 FLUXNET sites located at temperate and
high latitudes of the Northern Hemisphere, sampling the main
biomes present in the area.

e Overall, the model represents well the temporal variations
in the fluxes, both at diurnal, seasonal and inter-annual
scales. Nevertheless, the model obtains poor scores for some
sites. Our study shows that there is a close relationship
between the scores obtained by the model for the various
fluxes. For example, defaults in the simulation of net
radiation have repercussions on the latent heat, the sensible
heat and the net carbon fluxes at ME and SKy sites. This
result emphasizes the interest of the validation against the
FLUXNET dataset, which provides coherent measurements
of all these fluxes.

e The best results are generally obtained for deciduous
broadleaf forests and coniferous forests. Results are more
variable for the other vegetation types, but no definitive
conclusion can be drawn about the performances of the
model for representing the various vegetation types, as
fewer sites and years of data are available for evergreen
broadleaf forests, grasslands and crops. In the future, the
model will also be validated over tropical ecosystems.

Correlation coefficients with observations are generally

lower for the net ecosystem exchange flux than for the

energy fluxes, showing that the parameterization of the
carbon processes is less robust than the parameterization of
the energy processes at this time in the model. However,

ISBA-CC obtains similar scores than those of other state-of-

the-art terrestrial ecosystem models.

e The parameterization of heterotrophic respiration used in
ISBA-CC takes into account the effect of soil water content
on the variations of the carbon emissions. This formulation
allows a better simulation of the observed link between the
carbon flux and the soil water content compared to ISBA-A-
gs. This skill is of particular importance for regions
experiencing strong variations in precipitation and in soil
water availability.

e The comparison with observations suggests several improve-
mentsin the model, namely the representation of the fraction
of vegetation and the simulation of agricultural practices,
such as sowing or irrigation. Apart from the model formula-
tion and parameterization, the differences between the
simulations and the measurements also can be attributed
to the errors in the atmospheric forcing gap-filling, and to
uncertainties in the flux measurements due to the eddy
covariance method. In this respect, it would be helpful to
systematically measure and make available other surface
variables together with the fluxes at FLUXNET sites, such as
LAI and soil water content, to clearly establish the causes of
the discrepancies between the models and the observations.

e Finally, this study shows encouraging results for using ISBA-
CC to assess the response of the terrestrial biosphere to
future climate changes, as the model matches the observed
flux variability driven by climate. When coupled with a
general circulation model, this new land surface model will
also allow an analysis of the retroactions between the
climate and the carbon cycle.

Acknowledgements

The authors thank all the investigators of CarboEurope,
AmeriFlux and FIFE sites used in this study for collecting



1624

AGRICULTURAL AND FOREST METEOROLOGY 148 (2008) 1611-1628

the data. We also thank the people involved in the FLUXNET
data archive, for creating an essential tool for validation and
improvement of terrestrial models at a local and a global scale.
We are also grateful to two anonymous reviewers for their
constructive remarks, which helped to improve the quality of
this manuscript.

Appendix A. The growth model
A.1. Respiration

Theleafrespiration is the same asin Calvetetal. (1998). The
model first calculates the photosynthesis rate in light-
saturating conditions Ay, (mgCO, m 2s~?) and then calcu-
lates the dark respiration Rq (mg CO, m 257 %) as:

Ry =-2 (A.1)

The dark respiration flux is integrated over the canopy:

Ryc = LAIRy (A.2)

Finally R4c is averaged over 1 day and converted into
kgm™2day " to obtain the daily flux Rg;:

6 Mc
Rp, = > 107°——=—Rycdt (A.3)
t ldzay PcMco, ¢

where dt is the model time step (s), Pc is the proportion of
carbon in the dry plant biomass (40%), and Mc and Mco, are the
molecular weights of carbon and CO, (12 and 44 gmol?,
respectively).

The respiration of By, (kgm ?day ?) is calculated
following Calvet and Soussana (2001):

RB, .. =R Qiio"s—ZS)/lo Bs act (A.4)

where T; is the surface temperature (in °C), nr is a respiration
coefficient of 1% of Bg »c¢ per day, and Qqo = 2.

The other structural reservoirs respiration is calculated
according to the linear formulation proposed by Ruimy et al.
(1996):

Rs, ;. = Ro(1 + 0.16 T5)Bs pas (A.5)

Rs,,. = Ro(1+0.16Tp)B; bg (A.6)

s, bg
where Ty, is the soil temperature (in °C), R, is the value of
respiration at 0°C, taken to 1.19gg ‘day ' (the value for
sapwood reservoir in Ruimy et al., 1996).

By,ag and By, pg are wood reservoirs and do not respire.

A.2. Decline

The other term of decrease in biomass is called decline. It
includes decreases due to mortality and reallocation to other

reservoirs. The decline term Dg of the biomass B is calculated
by the generic equation:

Dg = B(1 — e 2t/m) (A7)

where At=1 day and 73 is a residence time (in days) which
depends on the reservoir B.

gL, Varies in time and is calculated as in ISBA-A-gs (Calvet
et al., 1998). It depends on the maximum span time of the leaf
biomass, ty, on the maximum leaf net assimilation reached on
the day before time t, Anm(t), calculated by the model, and on
the optimum leaf net assimilation, Ap max-

Anfm (t)

An.max

TBL (t) =M (AS)

The other residence times are constant. In order to limit
the number of parameters in the model, the residence times
of structural biomass reservoirs are defined as a function of

™.

TBs,act = TM (A-9)
T

TBs,pas — TM (A.10)

TBs,bg = ™ (A.11)

The same parameter t, is used for above and
below ground woody biomass reservoirs and depends on
the vegetation type. Values of 7y and 7, are listed in
Table 4.

A.3. Storage, allocation and mortality

A part of the decline term Dy represents mortality (Mg),
and will feed the litter pools of the heterotrophic respiration
parameterization. The remaining part of decline is a storage
term (Sg), which is allocated to other biomass reservoirs. As
in Calvet and Soussana (2001), the division of the decline
term between storage and mortality depends on the
evolution of the leaf biomass B;. Leaf biomass increases
with the net assimilation of carbon by photosynthesis
(difference between the gross photosynthesis and the leaf
respiration), and decreases according to the decline term Dg;.
In the growing phase, i.e. when the net balance between
these two contributions is positive, all decline is converted to
storage, whereas in case of leaf senescence (negative
balance), only a half of the decline term is assigned to
storage. Storage of Bspg is equal to zero in the case of
herbaceous species. Storage is equal to zero for woody
biomass reservoirs anyway.

Allocation of carbon to By, Bg act and Bg pas is the same as in
Calvet and Soussana (2001). By, is supplied by gross assimila-
tion, and the evolution of By, Bg act and Bs 5 are linked by the
nitrogen dilution relationship during the growing phase.
During senescence, Bgae: and Bgpas do not receive input
biomass.
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The allocation to the structural below ground reservoir is
given by:

ABS-,bg = fS.BL‘ Bs,bg SmL + fS.Bs‘act.Bs.bg SBs.act

+ fS.Bs,pas,Bs,bg SBSPBS (A-12)

where fs g1 Bs,bg, f5,Bs,act,Bs,bgy @A fs Bs,pas,Bs bg are the fraction of
SgL, Ses,act and Sgs pas allocated to Bg g, respectively. During the
growing phase, fs 1 Bsbg i time varying and is the remaining
fraction of Sg; after allocation to B 5t according to the nitrogen
dilution relationship. During leaf senescence, fsgr pspbg=1-
fs,Bs,act,Bs,pg @Nd fs Bs pas,Bsbg are constant. They are fixed to 1
for herbaceous plants and 0.3 for woody plants during the
growing phase and are set to 0 during senescence. These
fraction values were chosen to obtain both realistic shoot to
root biomass ratio and accumulation of woody biomass in the
case of forest vegetation types.

Woody reservoirs are supplied only for woody vegetation

types:

Agw,ag = (1= fg Bs,act,Bs,bg) SBs,act + (1

- fS,Bs,pas‘Bs‘bg) SBS,PaS (A13)

ABw,bg = SBs‘bg (A-14)

Finally, mortality is diagnosed as the difference between
decline and storage by the following generic equation for each
reservoir B:

M; = D5 — Sg (A.15)

Appendix B. The heterotrophic respiration
parameterization

B.1. Distribution of dead organic matter in the litter pools

The mortality fluxes Mg calculated by the growth model are
distributed in the litter pools according to the position of the
biomass reservoirs above or below the surface and the lignin
content of the residues. fyim, the fraction of My going into
metabolic litter is given by (Parton et al., 1987):

fatm =085 — 04018;—2 (B.1)

Table B1 - Values of the lignin to nitrogen ratio of the
biomass reservoirs

Biomass reservoir Lg/Ng
B 8.8
Bs,act 14
Bs,pas 14
Bsbg 14
By,ag 14
Bubg 14

Table B2 - Values of the maximum decomposition rate
parameter (day %)

Carbon pool Kc

e 1.12 x 102
LG 415 x 1072
i 1.12 x 1072
LG 415 x 1072
SCact 1.84 x 1072
SCslow 5.10 x 107
SERe 113 x 10>

where Lp/Njy is the lignin to nitrogen ratio in the biomass
reservoir B. Values of Lg/Np are given in Table B1 for each
Teservoir.

The remaining fraction, fu s, is allocated to structural litter:

fM.s:l_fM.m (B.Z)

B.2. Decomposition of organic matter in the soil

The evolution of the soil carbon state variables is calculated
following Parton et al. (1987):

% =K&cr(T) cw(w) C (B.3)
where C (gCm™?) is one of the carbon pool of Table 3, K&
(day™?) is the maximum decomposition rate of the carbon
pool C, cr and ¢y, are normalized functions dealing with the
effect on decomposition of soil temperature and moisture,
respectively.

The maximum decomposition rates K& are constant
and equal to values of K¢ listed in Table B2 for all carbon
pools, except for LCsag and LCgpg, Which are a function of
the lignin content of the structural material, and for SCqct,
which is a function of the soil texture (Parton et al,
1987).

KI‘iCs.ag = Kics,ag e 3lsag (B.4)
Kics.bg = Kics bg e 1% (B.5)
KgCact = Kscact(1 - 0.75 (fsilt + fclay)) (B6)

where Lg o5 and Lg pg are the lignin fraction in LCs 55 and LS pg,
respectively, and fs; and faay are the silt and clay fractions in
the soil.

As the soil organic matter model is used in the
framework of a land surface model, cr and cy, are expressed
as functions of instantaneous soil temperature and
moisture calculated by the model, following Krinner et al.
(2005). Moreover, c,, is modified to take into account the
limiting effect of high values of soil moisture on decom-
position.

cr(T) = 2(T-30/10 (8.7)
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¢w(w) = min (0.05, max(1,a 62 s + b Ouite e + ), if w < we

Cw(w) =max (0.5, 1 — 0.56g sar), if w>wg
(B.8)
with a=—-1.1, b=2.4, c=-0.29, and:
Ot fo = —2— Wwilt
Wit IC — .
o W™ (8.9)
fe,sat = Wsat — Wt

where T is the soil temperature in °C, w is the soil water content
inm® m 3, Wy, Wi and w,: are the soil water content at wilting
point, field capacity and saturation, respectively. For the above
ground litter pools, the temperature and soil moisture variables
in Egs. (B.3), (B.7)—(B.9) are the surface variables of the ISBA
model, while for the below ground litter pools and soil carbon
pools, they are the variablesrepresentative of the deep soillayer.

B.3. Carbon fluxes

The decomposition of organic matter dC/dt in soil carbon
pool C (Eq. (B.3)) consists of several carbon fluxes (Parton et al.,
1987). A part of carbon is mineralized and rejected as CO, into
the atmosphere, while the remaining part is redistributed
towards the other soil reservoirs. The fractions fcc multi-
plying dC/dt to form each flux from pool C to pool C’ follow
Parton et al. (1987) and are detailed below (the sum of all
fractions is 1 for each pool C):

F1Cy g 5Cae = 0-55 (1 — L ag)

LC: g, SCsow — 07 Ls.ag (B.10)
fic, .y co, = 045 —0.15Lg o
im0 Z A5 (B.11)
)‘Lcm_ag.co2 =0.55
fie, vg,SCace = 045 (1 —Lg bg)
100 1g.5Cuow = 07 Lsbg (B.12)
Fi6, 0y c0, = 0-55 = 0.25Lg g
=0.45
fLCm.bg‘SCact_ O 55 (B13)
LCm g, CO2, — ™
F5Cuc SCuoy = 0-146 + 0.68 (foie + fetay)
F8Cace, SCpes = 0-004 (B.14)
fsCa.co, =085 =068 (fepe + fotay)
S $CanSCa = 042
SCytow: SCpaz — 003 (B.15)
SCyow.CO; = 0-55
s, 5Caer = 045 (5.16)

Jcscpas,coz =055
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