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Abstract. This paper reports a comparison between large-1 Introduction
scale simulations of three different land surface models
(LSMs), ORCHIDEE, ISBA-A-gs and CTESSEL, forced Terrestrial ecosystems currently mitigate climate warming by
with the same meteorological data, and compared with thesequestering in plants and soils a significant portion of an-
carbon fluxes measured at 32 eddy covariance (EC) flusthropogenic carbon dioxide (Gemissions, which are con-
tower sites in Europe. The results show that the three simulasidered to be primarily responsible for the increase in global
tions have the best performance for forest sites and the poosurface air temperature since the mid-20th century (IPCC,
est performance for cropland and grassland sites. In additior2007). In particular, European terrestrial ecosystems have
the three simulations have difficulties capturing the seasonbeen reported to be a significant sink of £Quyssaert et
ality of Mediterranean and sub-tropical biomes, character-al., 2012). The mechanisms that drive net carbon uptake in
ized by dry summers. This reduced simulation performanceEurope partially depend on changes in environmental condi-
is also reflected in deficiencies in diagnosed light-use effi-tions that occurred during recent years (Beer et al., 2010). In
ciency (LUE) and vapour pressure deficit (VPD) dependen-addition, the net carbon uptake is also affected by re-growth
cies compared to observations. Shortcomings in the forcingf young forests (Bellassen et al., 2011), land management
data may also play a role. These results indicate that more repractices (Ciais et al., 2010; Kutsch et al., 2010), nitrogen
search is needed on the LUE and VPD functions for Mediter-deposition (Churkina et al., 2010), and response to extreme
ranean and sub-tropical biomes. Finally, this study highlightsclimate events (Ciais et al., 2005).
the importance of correctly representing phenology (i.e. leaf Land surface models (LSMs) were developed in the last 20
area evolution) and management (i.e. rotation—irrigation foryears with the aim to improve the simulation of surface en-
cropland, and grazing—harvesting for grassland) to simulateergy fluxes (e.g. latent heat, sensible heat, and net radiation)
the carbon dynamics of European ecosystems and the impoend biochemical fluxes (G at a global scale. The LSMs
tance of ecosystem-level observations in model developmentow include representations of ecological and hydrological
and validation. processes, in relation to the vegetation biomass and to the
terrestrial water cycle. Examples of land surface or dynamic
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global vegetation models are represented by CLM4 (Bonarand (iii) describe the main ecological functions controlling
etal., 2011), CTESSEL (Boussetta et al., 2013), ISBA-A-gscarbon fluxes.

(Calvet et al., 1998), LPJ (Sitch et al., 2003), or ORCHIDEE

(Krinner et al., 2005). However, the differences in the model .

schemes and in their assumptions have led to considerab® Material and methods

discrepancies between the different LSMs in both present cli-
mate simulations (Jung et al., 2007; Schwalm et al., 2010;Carbon fluxes from the three LSMs (ORCHIDEE, ISBA-A-

Weber et al., 2009) and future climate scenarios (Friedling-gs and CTESSEL) are compared with the fluxes measured at

stein et al., 2006). In this context, an extensive comparison?’2 EC flux tower sites (Table 1), which represent the main
between LSM outputs and in situ flux measurements Car{European ecosystems.

help highlighting the processes and parameters that triggeé
the main discrepancies (Friedlingstein et al., 2006; Gregory

etal., 2009). _ . Table 2 reports the main characteristics of the three analyzed
Most LSMs use a plant functional types (PFTs) classifica-| sims, All models were forced using the same meteorologi-
tion to map the model parameters at a global scale. Thanks,| gata set. ECMWF ERA-I (see Sect. 2.2).

to the FLUXNET worldwide network of eddy covariance
(EC) measurements (Aubinet et al., 2012), continuous multi-2.1.1  The ISBA-A-gs model
annual EC data are now available for a wide range of ecosys-
tems. The observational information has a highly relevantThe ISBA-A-gs LSM (Calvet et al., 1998, 2004; Gibelin et
role in understanding the land—atmosphereo,@Qocesses al., 2006; Calvet et al. 2008) is a G@esponsive version
(Baldocchi, 2008) and in evaluating/validating carbon LSMs of the ISBA (interactions between soil, biosphere, and at-
(Friend et al., 2007) at regional and global scale. For thesenosphere) (Noilhan and Planton, 1989; Noilhan and Mah-
reasons, EC data represent an essential resource to descritoeif, 1996) model. It is part of the SURFEX (SURFace EX-
with greater confidence how ecosystem carbon fluxes (neternalisée) platform developed by Météo-France to be used
ecosystem C@exchange — NEE, gross primary production in operational NWP and hydrological models (Masson et
— GPP and ecosystem respiration — Reco) act in response tl., 2013). Photosynthesis and respiration are simulated fol-
past and present climate changes in Europe (Gilmanov et allpwing the A-gs scheme (Calvet et al., 1998; Calvet, 2000).
2007; Ciais et al., 2010). EC measurements have been exAccording to the model classification framework set out in
tensively used for the development of LSMs. They are typi- Arora (2002), the photosynthesis model within ISBA-A-gs is
cally used for calibration/optimization and for the evaluation based on a soil-vegetation—atmosphere transfer (SVAT) bio-
of LSM performance (Kuppel et al., 2012; Boussetta et al.,chemical approach. The representation of photosynthesis is
2013), or at global scale using data-oriented models (Jundpased on the model of Goudriaan et al. (1985) modified by
et al., 2010). In addition, all information collected at EC flux Jacobs (1994) and Jacobs et al. (1996). This parameteriza-
towers, such as biomass and soil carbon content, can be helion has the same formulation for C4 plants as for C3 plants,
ful for benchmarking analysis. However, most of these stud-differing only by the input parameters. Moreover, the slope
ies focus on the parameterization of specific ecological re-of the response curve of the light-saturated net rate of CO
sponse functions over few eddy covariance sites, mainly aaissimilation to the internal G{concentration is represented
forested locations, or on the evaluation of a sole model aby the mesophyll conductancey(). Therefore, the value of
regional or global scale. the gm parameter is related to the activity of the Rubisco en-
In this work, three generic LSMs namely ORCHIDEE, zyme (Jacobs et al., 1996), while in the Farquhar model this
ISBA-A-gs and C-TESSEL, forced by ERA-Interim surface quantity is represented by a maximum carboxylation rate pa-
atmospheric variables, are compared using European E@meter {c max. The model also includes an original repre-
sites as reference. This experimental set-up aims at reprodusentation of the soil moisture stress; two different types of the
ing a realistic scenario for the operational Copernicus atmo-plant response to drought are distinguished, for both herba-
sphere monitoring servicétitp://atmosphere.copernicuseu/ ceous vegetation (Calvet, 2000) and forests (Calvet et al.,
which will link state-of-the-art numerical weather prediction 2004). Broadleaf forests, grasslands, and C4 crops (conifer-
(NWP) products with state-of-the-art LSMs for the monitor- ous forests and C3 crops) follow a drought-tolerant (drought-
ing of terrestrial carbon exchanges at the global scale. Ouavoiding) response to soil moisture stress. In order to obtain
aim is to assess the capability of basic model simulationghe CQ balance at the ecosystem scale, the A-gs model is
to describe the carbon dynamics for a variety of ecosystemsoupled to an ecosystem respiration module with a depen-
and to identify potential ways to improve these simulations.dency on soil moisture and surface temperature. Ecosystem
More specifically we test how well the simulations: (i) per- respiration is described as a basal rate modulated as a func-
form to describe the daily, seasonal and interannual variabiltion of soil moisture and temperature (Albergel et al., 2010).
ity of carbon fluxes; (ii) describe carbon dynamics for differ- For most prognostic variables the time step of the model is
ent ecosystems (forest, grassland and cropland) and climate$5 min with LAI and biomass calculated on a daily basis.

1 Models description

Biogeosciences, 11, 2662678 2014 www.biogeosciences.net/11/2661/2014/
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Table 1. List of sites and years used for the models evaluation and characteristics.

Site ID Country Lat Long Elevation Climate Start Stop Number of Reference
[deg] [deq] [m] Koppeft year year years

ENF — evergreen needleaf forest
CZ-BK1 Czech Republic  49.5 18.5 908 Dfb 2002 2008 7 Reichstein et al. (2005)
DE-Bay  Germany 50.1 11.9 775 Cfb 1997 1999 3 Staudt and Foken (2007)
DE-Tha  Germany 51.0 13.6 380 Cfb 1997 2008 12 Grunwald and Bernhofer (2007)
DE-Wet  Germany 50.5 115 785 Cfb 2002 2008 7 Rebmann et al. (2010)
IT-Ren Italy 46.6 11.4 1730 Dfb 1999 2008 9 (no 2000) Montagnani et al. (2009)
DBF — deciduous broadleaf forest

DK-Sor Denmark 55.5 11.7 40 Cfb 1998 2008 11 Pilegaard et al. (2003)
FR-Fon France 48.5 2.8 90 Cfb 2005 2008 4

IT-Col Italy 41.9 13.6 1550 Cfa 2001 2008 5 (no2002-2003) \Valentinietal. (1996)
IT-LMa Italy 45.6 7.2 350 Cfb 2004 2007 4

EBF — evergreen broadleaf forest

FR-Pue France 43.7 3.6 270 Csa 2001 2008 8

PT-Esp Portugal 38.6 —8.6 95 Csa 2002 2006 5 (no 2003)

GRA — grassland

CZ-BK2 Czech Republic 49.5 18.5 855 Dfb 2007 2008 2

DE-Gri Germany 51.0 135 385 Cfb 2004 2008 5 Prescher, et al. (2010)
DE-Meh  Germany 51.3 10.7 286 Cfb 2003 2006 4 Don et al. (2009)
DK-Lva  Denmark 55.7 121 15 Cfb 2004 2008 5 Gilmanov et al. (2007)
ES-VDA Spain 42.2 15 1770 Cfb 2004 2008 5 Gilmanov et al. (2007)
FR-Lgl France 45.6 2.7 1040 Cfb 2004 2008 5 Gilmanov et al. (2007)
FR-Lg2 France 45.6 2.7 1040 Cfb 2004 2008 5 Gilmanov et al. (2007)
HU-Bug  Hungary 46.7 19.6 140 Cfb 2004 2008 5 Nagy et al. (2007)
HU-Mat  Hungary 47.9 19.7 350 Cfb 2004 2008 5 Pintér et al. (2008)
IE-Dri Ireland 52.0 -8.8 187 Cfb 2003 2006 4 Byrne et al. (2007)
IT-Mal Italy 46.1 11.7 1730 Cfb 2003 2004 2 Gilmanov et al. (2007)
NL-Cal Netherlands 52.0 4.9 0.7 Cfb 2004 2006 3 Jacobs et al. (2007)
PT-Mi2 Portugal 38,5 -8.0 190 Csa 2005 2008 3 (no 2007) Gilmanov et al. (2007)
CRO - cropland

BE-Lon  Belgium 50.6 4.7 167 Cfb 2004 2008 5 Moureaux et al. (2006)
CH-Oe2  Switzerland 47.3 7.7 452 Cfb 2004 2008 5 Ammann et al. (2007)
DE-Geb  Germany 51.1 10.9 161.5 Cfb 2003 2008 6 Kutsch et al. (2010)
DE-Kli Germany 50.9 135 480 Cfb 2004 2008 5 Prescher et al. (2010)
DK-Ris Denmark 55.5 12.1 10 Cfb 2004 2008 5 Gilmanov et al. (2007)
ES-ES2  Spain 39.3 -0.3 10 Csa 2004 2008 5

IE-Cal Ireland 52.9 -6.9 50 Cfb 2004 2007 4 Gilmanov et al. (2007)
IT-BCi Italy 40.5 15.0 20 Csa 2004 2006 3 Kutsch et al. (2010)

2 Dfb: humid continental; Cfb: Oceanic—European; Csa: Mediterranean; and Cfa: sub-tropical.

The SURFEX version 6.2 is used with the “NIT” option of thesis and respiratory processes at the surface (Boussetta et
ISBA-A-gs, as in Szczypta et al. (2012). The simulations areal., 2013). Photosynthesis and canopy conductance dynamics
performed several times per grid cell in order to simulate thefollow the same scheme as ISBA-A-gs (Calvet et al., 1998;
various PFTs. The simulations corresponding to the towerCalvet, 2000). Ecosystem respiration is described by empiri-
site PFT are used. cal functions of vegetation type, soil moisture, soil tempera-
ture and snow depth (Boussetta et al., 2013; Normann et al.,
1992). This carbon module does not have a prognostic land
surface carbon pool as generally included in land ecosystem
exchange models and all variables are simulated on a 30 min
time step. Two vegetation types are selected per grid box as

over Land model (H-TESSEL) (Boussetta et al., 2012: Bal_part of the tiling approach, namely, one for high vegetation
samo et al. 2011 2009: van den Hurk et al 2‘600_ \f;terboand one for low vegetation. Spatial distribution of vegeta-
and Betts, 1999: Viterbo et al., 1999: Viterbo and Beljaars,tlon is prescribed by the Global Land Cover Characteriza-

1995). It contains a carbon module that simulates photosynElon database (GLCC, Loveland et al. 2000) and phenology

2.1.2 The CTESSEL model

Carbon-TESSEL (CTESSEL) is the latest version of
Hydrology-Tiled ECMWF scheme for Surface Exchange

www.biogeosciences.net/11/2661/2014/ Biogeosciences, 11, 26878-2014
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Table 2. List of models and characteristics and references.

Model Soil layers  Vegetation LAI C3,C4 Nitrogen Canopy Conductance Respiration Calibration Reference
types/map parameters cycle scheme parameterization with EC
data
C-TESSEL 4 GLCC Derived from No No Jacobs (1994); Norman et al. (1992); Yes Boussetta
MODIS Calvet et al. (1998) modified etal. (2013)
ISBA-A-gs 3 ECOCLIMAP-II Prognostic Yes No Jacobs (1994); Norman et al. (1992); No Calvet
C4: maize Calvet et al. (1998) modified in etal. (1998)
Abergel et al. (2010)
ORCHIDEE 2 Olson Prognostic Yes No Ball et al. (1987); Parton et al. (1987) for soil No Krinner
classification C4: maize Farquhar et al. (1980) respiration); et al. (2005)
(Vérant et al., Autotrophic respiration
2004) (Ruimy et al. 1996)

follows a MODIS LAl (collection 5) derived climatology on  of different PFTs within a grid cell, and the tiles of a grid

a 8 day basis (Boussetta et al., 2012) rather than prognosticell share the same soil water reservoir. Here, we used the
LAl estimates. As reported by Boussetta et al. (2013), pa-Olson classification to derive spatial distribution of vegeta-
rameters for a particular PFT were optimized by grouping ation, distinguishing 13 different PFTs (Vérant et al., 2004).
number of EC sites with the same PFT for the year 2006.0nly the PFT that seems the nearest from the class attribute
These parameters are the unstressed mesophyll conductanckthe FLUXNET site is considered. For cropland we con-
(gr) and the reference respiratioRd). Others parameters sidered winter wheat for C3 and maize for C4; irrigation and
were taken from the literature (White et al., 2000; Calvet etharvesting were not activated.

al., 2000, 2004). The EC sites used in the parameters opti-

mization were not considered in the validation and compari-2.2  Atmospheric forcing

son of CTESSEL with others models.

All the simulations reported in this paper were forced with
2.1.3 The ORCHIDEE model 3-hourly meteorological data extracted from the ECMWF-

Interim (ERA-I) reanalysis (Dee et al., 2011) which covers
ORCHIDEE is a dynamic global vegetation model which the period from 1979 to present. The ERA-I data is available
can be run either coupled to global or regional atmospherion a reduced Gaussian grid (N128) corresponding to a res-
circulation models, or forced by meteorological fields. OR- olution of about 80 km. The ERA-I grid point nearest to the
CHIDEE consists of three linked sub-modules (Krinner et tower location has been selected for the forcing. The tem-
al., 2005); the “SECHIBA’ module (Ducoudré et al., 1993) perature, surface pressure, humidity and wind fields are in-
is a land surface energy and water balance model with a 3@tantaneous values representative of the lowest level of the
minute time step. The phenology (Botta et al., 2000) andatmospheric model corresponding to a height of 10 m above
carbon fluxes of terrestrial ecosystems are modelled in thehe surface. The incoming short-wave and long-wave radi-
“STOMATE” module (Viovy, 1997) that simulates the pro- ation components, rainfall, and snowfall are provided on a
cesses of photosynthesis, carbon allocation, litter decomposB-hourly basis. The instantaneous fields are linearly interpo-
tion, soil carbon dynamics, maintenance and growth respiratated in time to match the time step of the LSM. System-
tion, and phenology on a daily time step, and long-term pro-atic increments in the meteorological data assimilation sys-
cesses (on yearly time step) of vegetation dynamics includindem cause a slight imbalance in the ECMWF atmospheric
sampling establishment, light competition, and tree mortal-model and the first 9 h of the forecasted atmospheric vari-
ity are adapted according to LPJ (Sitch et al., 2003). Photoables cannot be used. Therefore, forecast intervals 9-12, 12—
synthesis at canopy level, and the instantaneous energy arib, 15-18 and 18-21h starting from the daily analyses at
water balance of vegetated and non-vegetated surfaces, a@®:00 and 12:00UTC are used in this study. Twice daily
simulated by coupling leaf-level photosynthesis and stom-forecast of fluxes and instantaneous fields are matched by
atal conductance processes based on Ball et al. (1987) angrification time and concatenated, which results in an un-
Farquhar et al. (1980). Stomatal conductance is reduced binterrupted time series with a full diurnal cycle and a time
soil water stress (McMurtrie et al., 1990), as a function of soil resolution of 3 h. Precipitation is kept constant over the 3-
moisture and root profiles. This reduction is done indirectly hourly interval, long-wave downward radiation is linearly in-
by reducing maximum Rubisco carboxylation rat& (nax terpolated and downward solar radiation is disaggregated in
which then reduces stomatal conductangg. (Two soil wa-  time making use of the solar angle, but conserving the 3-
ter reservoirs are considered: a surface reservoir which rehourly integral. Land surface variables like soil temperature,
fills in response to rain events and which is brought to zerosoil moisture, and snow depth are slow variables and are not
during dry periods, and a deeper soil reservoir updated actaken from ERA-I but are the result of the time integration
cording to evaporation, root uptake, percolation and runoff.of the land surface scheme. The potential effect of the ini-
ORCHIDEE uses a tiled approach allowing the simulationtial condition is eliminated by performing long cyclic runs to

Biogeosciences, 11, 2662678 2014 www.biogeosciences.net/11/2661/2014/
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achieve equilibrium (i.e. to get a proper equilibrium between,ologies (Aubinet et al., 2012). Data gaps due to sensors mal-
e.g., soil moisture and the soil characteristics of the particulafunctioning or less than ideal turbulence conditions (Papale
model). et al., 2006) are filled using the MDS method described in
The use of ERA-I data is subject to limitations that are Reichstein et al. (2005). The two main components of the
largely documented for re-analyses (Simmons et al. 2009net carbon exchange (GPP and Reco) are estimated using
Dee et al. 2011), but in extra-tropical continental areas prethe flux-partitioning technique based on the extrapolation of
cipitation and radiation forcing show good skill in reproduc- night-time flux observations with temperature dependent re-
ing observed climate (Szczypta et al., 2011; Balsamo et al.lations (Reichstein et al., 2005). The methodology is the one
2010). A comparison between in situ and ERA-I forcing vari- proposed and implemented in the European Fluxes Database
ables and in situ meteorology data confirmed that the ERA-I(http://www.europe-fluxdata.¢and used also in the context
global data set is a good proxy of local climatic conditions. of the FLUXNET synthesis activities.
It is well known that carbon models are sensitive to biases The geographical distribution of the EC sites covers
in climate forcing data (see e.g. Zhao et al., 2006). In ourthe main PFTs as defined by the International Geosphere—
case, ERA-I precipitation, which is a major component of Biosphere Programme (IGBP) existing in Europe. The se-
the forcing, turns out to be very competitive compared to, forlected sites include 8 croplands (CRO), 4 broadleaf decid-
example, GPCP products for mid-latitudes with sometimesuous forests (DBF), 2 evergreen broadleaf forests (EBF), 5
a small benefit from bias correction (Balsamo et al., 2012;needleleaf evergreen forests (ENF) and 13 semi-natural and
Szczypta et al., 2011). The realism of our global forcing canmanaged grassland locations (GRA) (Table 1). Details about
also be seen in the derived products from offline land sur-the flux EC sites, the years of available data and their charac-
face simulations in verification of soil moisture, snow, and teristics as well-corresponding PFT and Képpen—Geiger cli-
runoff (Albergel et al., 2012). The error in meteorological mate class are provided in the Table 1.
variables caused by the difference spatial resolution of the in
situ data simulated fluxes from the LSMs is strictly related 2.4 Performance of the large-scale simulations
to spatial resolution of the model grid. Zhao et al. (2012, o ) ) ]
their Appendix B) studied the differences between a virtuaIThe yer|f|cat|on _protoc_ol .proposed In th's .study aims at as-
80 kmx 80 km (ERA-I grid) flux with homogeneous vege- S€SSING unc.ert.alnty within globgl monitoring .systems'. The
tation type and a 1km 1km (scaled SAFRAN grid) flux glopal mom_torlng sysFem requires global grl_dded climate
for the same vegetation type. They recognized that the un{0r¢ing for implementing large-scale simulations and yet
certainty in gridded meteorological variables at fine spatial®MY In situ local data are available for model benchmarking
resolution is smaller than that caused by coarser resolution@nd t0 evaluate model bias at local scales. Due to this well-
(i.e. ERA-). However they showed that for ORCHIDEE the Known scaling mismatch between forcing and benchmarks,
model behaved similarly at the two grid scales. p055|ble_mlsrepresentatlons must _be co_nS|d_ered from (1) lo-
In this study, ISBA-A-gs and ORCHIDEE provided simu- cal ph_y_5|ography (related to the_fleld site, its aspects, and
lations consistent with the local vegetation type by prescrib-€XPOsition), (2) local meteorological effects (e.g. local tur-
ing the PFT type to match local vegetation types. Regarding?u'ence' presence of breeze, isolated precipitation), (3) the
CTESSEL, the model vegetation type selection for a particu-Ull complexity of the bio-geophysical processes controlling
lar tower location was according to the model climate data sefurface fluxes, and (4) the difference in spatial resolution be-
rather than to the vegetation type of the tower location. If thefWeen in situ and gridded climatological data. Therefore, it is
tower location is representative for a large area, it is likely to/MPortant to realize that the evaluation reported here does not
be the same, but this is not always the case. The evaluation &MY include model errors, but also errors in the forcing and
CTESSEL was also made with actual tower vegetation typdN€ Potential mismatch between vegetation type in the foot-
(CTESSEL_obs). The overall error in simulating NEE, GPP print .of the EC tower anq the model veg.etatlon type for that
and Reco coming from a satellite derived global map and thdocation. Consequently, it is an evaluation of an integrated
actual tower vegetation type is comparable (see Table S1 ifyStem rather than the land-surface model only.

the Supplement). The analysis is based on 32 sites (Table 1), for a total of
164 site-years, selected on the basis of the data availability
2.3 FLUXNET sites description and data elaboration and to cover different PFTs and climate conditions. Only the

sites containing at least one year of carbon flux data of good

The eddy covariance technique allows measuring directlydu@lity and only daily data with a percentage of gap-filled
COp, latent heat (LE) and sensible heaf)(fluxes between half hours less than 15 % were used in this analysis.

the ecosystem and the atmosphere relative to an area (the

footprint) of hundreds of metres around the EC tower de-

pending on the tower and vegetation heights. The EC data are

collected at high frequency (10 Hz) and converted to fluxes

over 30 min or 1 hintegration periods using standard method-

www.biogeosciences.net/11/2661/2014/ Biogeosciences, 11, 26878-2014
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Table 3. Performance of the models (ISBA-A-gs, ORCHIDEE, CTESSEL) in simulating daily carbon fluxes for all PFTs: ENF — evergreen
needleleaf forest; EBF — evergreen broadleaf forest; DBF — deciduous broadleaf forest; GRA — grassland; and CRO — cropland. N.Site —
number of available sites for each PFT; N.Data — number of available days; CORR — correlation coefficient; RMSE — root mean square error;
Bias; N. SitesE' > 50 % — number of sites with model efficienc¥ X higher than 50 %.

PFT  Model N. N | NEE | GPP | Reco
Site  Data | CORR RMSE Bias N. Sites| CORR RMSE Bias N. Sites| CORR RMSE Bias N. Sites
(gC (gC E >50% (gC (gC E >50% (gC (gC E >50%
@ m2dh) m2d ) @ m2dl) m2d ) G m2d) m2d )
ENF  ISBA-A-gs 5 15294| 0.60 2.44 0.70 0 0.71 3.21 0.08 3 0.46 2.42 0.78 3
CTESSEL 5 15294 0.65 1.87 —0.08 1 0.82 291 —-1.79 2 0.78 2.61 —1.87 0
ORCHIDEE 5 15294/ 0.65 2.29 1.28 0 0.86 2.00 0.64 5 0.75 251 1.92 2
EBF  ISBA-A-gs 2 4199 | 0.37 2.86 0.56 0 0.43 3.23 -0.91 0 0.36 1.69 —0.35 0
CTESSEL 2 4199 | 0.50 2.09 0.99 0 0.65 1.87 —0.87 0 0.43 1.73 0.12 0
ORCHIDEE 2 4199 | 0.39 2.16 1.03 0 0.55 2.86 157 0 0.59 2.98 2.60 0
DBF  ISBA-A-gs 4 7191 0.39 3.23 0.70 0 0.67 4.07 —-1.79 1 0.67 2.45 —1.08 0
CTESSEL 4 7191 | 0.49 2.65 0.05 0 0.78 4.41 —2.37 0 0.56 3.42 —2.32 0
ORCHIDEE 4 7191 | 0.74 2.67 0.85 0 0.87 3.67 1.60 1 0.67 3.44 2.43 1
GRA  ISBA-A-gs 13 16311 0.40 1.97 0.30 0 0.61 3.57 —2.28 1 0.53 2.87 —1.98 1
CTESSEL 13 16311 0.48 2.12 -1.0 0 0.75 2.45 —0.82 5 0.55 2.72 -1.82 0
ORCHIDEE 13 16311 0.41 2.55 0.36 0 0.69 3.00 0.21 2 0.72 1.76 0.57 6
CRO ISBA-A-gs 8 12218 0.09 4.57 0.57 0 0.26 5.53 —-1.19 0 0.59 1.93 —0.62 0
CTESSEL 8 12218 0.25 3.55 —0.52 0 0.51 4.45 —1.05 0 0.71 241 —1.56 0
ORCHIDEE 8 12218| 0.28 5.48 1.05 0 0.41 6.86 0.05 0 0.60 2.56 1.11 0

The simulation quality in predicting daily EC fluxes was  In order to analyze the contribution of climate and PFT
performed using the following statistical parameters: correla-properties to the performance of the different simulations,
tion coefficient (CORR), efficiencyH) (Weglarczyk, 1998), we carried out a statistical analysis of the daily simulation
root mean square error (RMSE) and bias: outputs and EC measurements by grouping the EC sites by

PFTs and Kdppen—Geiger climate classes (Peel et al., 2007).
(Pl— )(Ol—O) In addition, the seasonal and interannual variability were
i assessed using monthly means and annual cumulative flux
CORR= N N (1) anomalies, respectively. The flux anomalies were calculated
\/ (Pi—P )2 > (0i-0 )2, the sites with at least 9 years of flux data as
i=1

It

i=1
NEE,, — avg(NEE)

avgNEE)

IAVanomalygg ,, = (5)

N 2 N . 2

2(0’ 0) _El(Pl_Ol) where NEEyr is the cumulative NEE for year (yr) and

E= ~ : (2)  avg(NEE) is the average annual cumulative NEE for all the
> (0i— 0)2 available years. For example a positive anomaly value for
i=1 the year (yr) indicates that the carbon uptake is lower for this

year following the convention that negative NEE corresponds

to a carbon uptake by the ecosystem.

Z _ 0i)? 3) Moreover, we analyzed the simulation capability to repro-

’ duce environmental response curves by comparing the ob-
served and modeled GPP response to short-wave incoming
radiation Rg), to vapor pressure deficit (VPD) and the Reco
response to air temperaturgy) for forest sites.

. 1 Y
Bias= 5 ;(Pl — 0i), (4)

whereO; and P; represent daily averaged measured and sim-
ulated fluxes, respectivel@ and P denote their means.

The E value can range fromoo to 1 and a value close to
1 indicates a perfect match between simulated and observed
data. A negative value occurs when the observed mean is a
better predictor than the simulation. Positive values of the
bias indicate an overestimation by the simulation and nega-
tive values indicate an underestimation.
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Figure 1. Performance of the simulations (ISBA-A-gs in blue, CTESSEL in green and ORCHIDEE in red) of daily carbon fluxes (NEE,
GPP, and Reco) across PFTs on a sitgear basis: (from top to bottom) annual CORR, RMSE, and bias scores — correlation coefficient, root
mean square error, and bias, respectively. The tops and bottoms of each “box” are the 25th and 75th percentiles of the samples, respectivel
and the distances between tops and bottoms are the interquartile ranges. The line in the middle of each box represents the median value. TF
whiskers are drawn from the ends of the interquartile ranges to the 25th and 75th percentiles. The highest/lowest annual outlier scores are
displayed with a dot symbol.

3 Results For NEE, all simulations perform best at ENF sites
(Fig. 1d) and the variability of the annual CORR s limited.
3.1 Simulation performance by PFT Only ORCHIDEE always presents good NEE CORR values

for DBF, in conjunction to relatively low RMSE values. For
Table 3 reports the scores of the three simulations (ISBA-the other PFTs, the low NEE CORR values and the large in-
A-gs, C-TESSEL and ORCHIDEE) for daily carbon fluxes terquartile ranges indicate that all the simulations have lim-
(NEE, GPP and Reco), pooled by PFT. The distributionijted ability in predicting NEE.
of the scores on a sitex year basis is represented by  For Reco, Table 3 indicates that the best CORR values are
box plots in Fig. 1. obtained by CTESSEL and ORCHIDEE over ENF sites. Fig-
Overall, the best CORR values are obtained for the GPP of re 1d shows that the interquartile range is small for the three
evergreen needleleaf forests (ENF, Table 3 and Fig. 1d), fogjmulations, as for GPP. CTESSEL presents the best CORR
the three simulations. The median ENF CORR values of the,a|yes for ENF and CRO sites: ORCHIDEE for the EBF and
three simulations are comparable and the interquartile ranggRA sites.
is small. This means that the CORR values are closely dis- Table 3 reports the number of sites for which the model ef-
tributed around the median values and that ENF forests siteficiency (£) in simulating the fluxes is higher than 0.5. It can
show very similar annual CORR values. be assumed that such valuegtindicate an acceptable level
Also, the GPP of deciduous broadleaf forests (DBF) is rep-of performance since it means that the simulated fluxes ex-
resented well by the three simulations (Table 3). Howeverplain more than 50 % of the variability of the observed data.
CTESSEL and ISBA-A-gs show a wide variation of the an- while this never happens for EBF and CRO sites, the ENF
nual CORR values (Fig. 1b) and the outlier CORR values aresjtes present a rather large proportion of fair GPP (and to
much lower than the outliers for ENF forests. some extent Reco) simulations. For NEE this happens only
For GPP, Table 3 shows that ORCHIDEE presents the besgnce, for an ENF site CTESSEL simulation.
CORR score for ENF and DBF; CTESSEL presents the best
CORR score for the other PFTs (EBF, GRA, CRO), while
ISBA-A-gs shows the poorest performances.

www.biogeosciences.net/11/2661/2014/ Biogeosciences, 11, 26878-2014
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— R ) T3 e o of dai oral s and Koppen'’s climate classes
e = = CTESSEL) of daily NEE for all PFTs and Kopp limate cl
pot o é ? % s ? ? @ ? | on sitex year basis: ENF — evergreen needleleaf forest; EBF — ev-
=g @ 4l ergreen broadleaf forest; DBF — deciduous broadleaf forest; GRA —
- SN TR ET PO RO grassland; and CRO — cropland; N.Site — number of available sites
1 = T 2 SR : = Kol for each PFT; N.Data — number of available days; CORR — correla-
= E =] e tion coefficient.
=% o i
5’8 DBF PFT  Koppen’s Model N.Site N.Data CORR
1 —oRser " FRFon  TTLWE climate class =)
1 S g e p— CRO Cfb ISBA-A-gs 6 1642 0.26
T |e=F e B CTESSEL 1642 0.53
.C__EE 0 . ORCHIDEE 1642 0.59
=0 £ Csa ISBA-A-gs 2 1276 -0.31
il ey mi e ey CTESSEL 1276 —0.23
DEB DETh DEW
il ... ORCHIDEE 1276 —0.39
T | =Fwm @ = E T = & =B DBF Cfa ISBA-A-gs 1 1443 0.04
55 ot . CTESSEL 1443 0.35
Wi b ORCHIDEE 1443  0.69
£ 1 L L L L L 1 L 1 L L I 1 L 1 L L L Cfb ISBA‘A‘ S 3 1385 041
' —DEGi 'DEMen DKva ESVDA FRigT  FRIg2 CTESSEQ’L 1385 0.39
ORCHIDEE 1385 0.71
ol FEF B Eh
_E o H = | EBF Csa ISBA-A-gs 2 1957  0.38
<9 CTESSEL 1957 0.48
N N N e GRA ORCHIDEE 1957  0.46
1~ HUBWG Thuwa  TEDA i NLCal
ENF Cfb ISBA-A-gs 3 2426 0.59
Figure 2. As in Fig. 1, except for NEE and CORR, for sites (Ta- gTF-zEC?-lSISEE ;:222 8'298
blg 1) corresponding tp the Cfb Kbppen's climate class — Temperate Dfb ISBA-A-gs 2 2478 0.66
without dry season, with warm summer. CTESSEL 2478 0.70
ORCHIDEE 2478 0.64
. . . GRA Cfb ISBA-A-gs 11 1577 0.42
3.2 NEE simulation performance at the site level CTESSEQL 1577 050
S o ORCHIDEE 1577 0.42
Box plots in Fig. 2 show the distribution of the NEE an- Csa ISBA-A-gs 1 957 0.44
nual CORR values for EC flux sites grouped by PFT for CTESSEL 957 055
Cfb (temperate without dry season and with warm summer) ORCHIDEE 957 045
N B Dfb ISBA-A-gs 1 482 0.49
Koppen's climate class. On average, ORCHIDEE shows the CTESSEL 182 068
largest correlation values for all temperate DBF and ENF ORCHIDEE 482 059

sites with a reduced Variab”ity across yearS (Flg va C)' OR-= Dfb: humid continental; Cfb: Oceanic—European; Csa: Mediterranean; and Cfa: sub-tropical.

Table 4. Performance of the simulations (ISBA-A-gs, ORCHIDEE,

CHIDEE also shows good correlation for croplands (Fig. 2a),
except for the BE-Lon site. For grasslands, ISBA-A-gs and

CTESSEL simulations tend to present better scores than OR- Table 4 reports the average NEE CORR scores for PFT
CHIDEE simulations (Fig. 2d, e). Across the temperate cli- and climate classes. Overall, all NEE simulations show good
mate zone, the variability of CORR for grasslands and crop-skill for ENF and GRA sites located in Dfb climate zones.
lands can be related to the specific year-to-year site managén addition, ORCHIDEE shows a very good score for the
ment which is not accounted for by the models: single cropNEE of DBF sites located in both Cfa and Cfb climate zones.
sites (e.g. DK-Ris and IE-Cal) or sites affected by crop rota-ORCHIDEE and CTESSEL simulations are also fair for Cfb-
tion (e.g. BE-Lon, DE-Geb), and grazing (FR-Lgl, FR-Lgl) CRO sites. However, all Csa CRO simulations show negative
and harvesting (DE-Gri) for grasslands. CORR scores for NEE.

Box plots in Fig. 3 show the performances in simulating
NEE of CRO, EBF and GRA sites located in Csa (temperate3-3 Seasonal variation of forest carbon fluxes
with dry and hot summer) Képpen’s climate class. The two
CRO simulations present poor CORR scores, always neg

ative for the ORCHIDEE and ISBA-A-gs simulations. For as derived from the three simulations and from EC flux

EBE and GRA sites. all simulations show the same scoreéowers measurements for forest PFT classes. This analysis
’ was conducted considering only the forest sites that repre-

sent natural ecosystems without any notable anthropogenic
impact during the considered period, grouped according to

Figure 4 reports the mean seasonal variation of carbon fluxes

Biogeosciences, 11, 2662678 2014 www.biogeosciences.net/11/2661/2014/
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Csa - Mediterranean CTESSEL underestimate GPP for the two Cfb-DBF sites.
1 For the Csa-EBF site, CTESSEL follow the daily GPP dy-
O CRO namics observed by EC while ISBA-A-gs overestimate GPP,
ﬁg 0 -~ ] Plots in Fig. 7 show the GPP response curvesRfp
&0 o L & o ﬁj (Fig. 7a) and VPD (Fig. 7b) and the Reco responsd;to
o = (Fig. 7c) for the sites DK-Sor, FR-Fon and FR-Pue for
ESES2 ITBCi July 2006. All simulations present some limitation in de-
1 scribing ecological functions controlling GPP for all sites
== E {f — (Fig. 7a, b). However, ORCHIDEE describes better GPP-
: VPD function for DK-Sor and FR-Fon. On the other hand,
ORCHIDEE tends to overestimate VPD slopes for the FR-
EBF Pue EBF Mediterranean site where CTESSEL and ISBA-A-
FRPue PTEsp gs show better results. As reported for the GPP-VPD func-
1 tion, ORCHIDEE tends to simulate better GRg slopes for
E Bl E DK-Sor and FR-Fon sites, CTESSEL and ISBA-A-gs show
better results for FR-Pue Mediterranean site. CTESSEL and
ISBA-A-gs capture Rec@x slope for FR-Fon site and OR-
GRA CHIDEE describe better Rectislope for DK-Sor (Fig. 7¢).
PTMi2 All simulations present limitations in describing the Retp-

of FR-Pue Mediterranean site showing higher Reco values
Figure 3. As in Fig. 2, except for the Csa Koppen's climate class — 5nq lowerT, values for this period.

temperate with dry summer and with hot summer.

3.5 Comparison of in situ and ERA-I climatological
forcing

the Koppen’s climate classes. Moreover, simulated and mea-
sured flux data were averaged on a monthly basis acrosk) order to analyze the mismatch between in situ and ERA-|
sites. All simulations capture relatively well the NEE sea- forcing variables, Fig. 8 shows the comparison for global ra-
sonal variability of Cfb ENF sites but CTESSEL markedly diation (Rg, Fig. 8a), vapor pressure deficit (VPD, Fig. 8b),
underestimates GPP and Reco. The NEE seasonal variatigi'd air temperature7, Fig. 8c) for the sites DK-Sor, FR-
for Dfb ENF sites is not captured well except for CTESSEL Fon, and FR-Pue for 2006. It is clear from Fig. 8 that ERA-
simulations. The ORCHIDEE and ISBA-A-gs simulations shows a good correlation with the local observations, but
markedly overestimate Reco. The three simulations preserifiévitably there are random and systematic errors. Down-
limitations in capturing the seasonality of either NEE, GPp Ward radlat|on,R% (Fig. 8a), is overestimated in the range
or Reco for Cfb DBF and Csa EBF sites. between 50 Wm? and 250 W nt? and underestimated for

Figure 5 shows the anomalies of NEE (Eq. 5) derived fromValues higher than 250 Wni. Both the random and system-
the three simulations and the anomalies measured by g@tic errors in ERA-I radiation are dominated by cloud errors.
flux towers for four EC sites: DE-Tha, DK-Sor and FR-Pue. This will also affect the ratio of diffuse and direct radiation,
ISBA-A-gs simulations show very similar pattern of interan- Which is not considered in this paper, although it is probably
nual variability of NEE in agreement with EC data while the felevant for plant response.
CTESSEL simulations show much more discrepancies than AS shown in Fig. 8b, ERA-I tends to underestimate VPD
observed fluxes. All simulations represent NEE well in 2003 for the DK-Sor and FR-Pue sites, which may be related to
for the FR-Pue Mediterranean forest site. Moreover, ISBA-limitations of the tiling approach. With the tiling approach
A-gs and CTESSEL are able to simulate NEE well for the it is impossible to represent the atmospheric response to the

other two sites in 2003. local biome, because the atmosphere is assumed to be well
mixed across tiles. In contrast a very good estimatiof,a$
3.4 Environmental controls of fluxes shown by ERA-I for all sites (Fig. 8c).

During summer drought periods, GPP can be limited by a4 piscussion

combination of reduced soil water content availability, high

leaf temperature and vapor pressure deficit (VPD) stressq.1 GPP simulations

which impact stomatal conductance, photosynthetic activ-

ity and ecosystem respiration. Figure 6 shows an exampl&he evaluation of the three LSM simulations shows that they
of the seasonal GPP trend of two Cfb-DBF sites (DK-Sorall represent the ENF GPP relatively well. This is particu-
and FR-Fon) and a Csa-EBF site (FR-Pue). Overall, OR{arly true for ORCHIDEE, which presents E values higher
CHIDEE overestimates GPP for all sites. ISBA-A-gs and than 0.5 for all the ENF sites. The simulations also show

www.biogeosciences.net/11/2661/2014/ Biogeosciences, 11, 2858-2014
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Figure 4. Seasonal variation of average monthly carbon fluxes (NEE, GPP, Reco) for sites sorted by Képpen'’s climate classes (Dfb — Humid
continental; Cfb — Oceanic—European; Csa — Mediterranean) and ENF, DBF, and EBF PFTs (evergreen needleleaf forest, deciduous broadlec
forest and evergreen broadleaf forest, respectively) for the three simulations: ISBA-A-gs in blue, CTESSEL in green, ORCHIDEE in red,
while in situ eddy covariance measurements are in black. The grey area represents the standard variation of EC-derived estimates across site
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Figure 5. IAvanomaly of NEE for three forest sites: from top to bottom, DE-Tha, DK-Sor, and FR-Pue. ISBA-A-gs, CTESSEL, and OR-
CHIDEE anomalies are in blue, green, and red, respectively. EC-derived anomalies are in black.
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Figure 6. Example of annual cycle of the daily GPP for three forest sites (DK-Sor, FR-Fon and FR-Pue) in 2006. ISBA-A-gs simulation is
in blue, CTESSEL in green and ORCHIDEE in red, while black line represents EC measured data.
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Figure 7. GPP response curves (a) global radiation Rg) and to(b) VPD; and Reco response curve(ty air temperaturel) for three
forest sites (DK-Sor, FR-Fon and FR-Pue) in 2006. ISBA-A-gs model simulation is in blue, CTESSEL in green and ORCHIDEE in red,
while black line represents EC measured data.

good results for DBF sites (Table 3). Overall, CTESSEL EC flux data (Boussetta et al., 2013). Note, however, that the
and ORCHIDEE show better scores than ISBA-A-gs. OR-EC sites used in the optimization of CTESSEL are not con-
CHIDEE tends to overestimate GPP while ISBA-A-gs and sidered in this study.

CTESSEL tend to underestimate GPP. The over- or under- The high variability of the DBF annual scores and the
estimation of GPP limits the capability of the simulations to small or negative values of CORR for NEE and Reco (Fig. 1)
represent both NEE and Reco fluxes. Reco depends to sontan be explained by the climatic variability associated with
extent on biomass and is therefore related to GPP. Errors ithe sites of this PFT class (Table 1). DBF forests are located
both GPP and Reco impact the diurnal and seasonal NEE cyin both sub-tropical (Cfa) and Oceanic—European (Cfb) cli-
cles (Schwalm et al., 2010; Richardson at al., 2011; Schaefemate regions with and without marked dry summer periods,
et al., 2012). Therefore, the NEE is particularly difficult to respectively, and the carbon dynamics and ecosystem eco-
represent in large-scale simulations. A fair simulation of thelogical responses are controlled by different factors (Migli-
daily NEE (£ = 0.51) is obtained only for the DE-Tha ENF avacca et al., 2011).

site by CTESSEL (Table 3). This site is characterized by an

Oceanic—European climate (Grunwald and Bernhofer, 2007).

The difference between CTESSEL and the other simulations

can be related to the prior optimization of CTESSEL against

www.biogeosciences.net/11/2661/2014/ Biogeosciences, 11, 26878-2014
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Figure 8. Comparison of in situ and ERA-I forcinga) global radiation Rg); (b) vapor pressure deficit (VPD); arfd) air temperatureZ).

Red lines represent the linear fit to the data and the black lines:drdirfes. The coefficients of the linear fit and the correlation coefficients
are shown in top left corner of the panels.

4.2 Scale issues 4.3 Mediterranean areas

The mismatch between the large-scale atmospheric forcinghe difficulties in predicting carbon fluxes of the Csa EBF
and the local atmospheric variables impacts the model interforest sites considered in this study (FR-Pue and PT-Esp, Ta-
comparison. Another perturbing factor is the possible mis-ple 1) can be related to a misrepresentation of phenology
match between the model PFT and the local characteristicgSzczypta et al., 2013). More specifically, uncertainties in the
of the vegetation. representation of the soil water stress characterizing the Csa
The differences in simulating carbon fluxes betweenclimate affect the simulations of GPP and Reco (Migliavacca
ISBA-A-gs and the other two models can be associated withet al., 2011). Many environmental factors impact the diur-
the sensitivity to errors in atmospheric forcing, LAl mod- nal and seasonal variability of carbon fluxes in water lim-
elling versus LAI climatology, and the photosynthesis mod-jted biomes (e.g. soil moisture, rain pulses). The poor esti-
ule (Table 2). In ISBA-A-gs a photosynthesis-driven growth mations of NEE at these forest sites is related to the sum-
model is used to compute leaf biomass and LA, and all themer drought period with reduced soil water content availabil-
atmospheric variables influence LAI in ISBA-A-gs simula- ity, high air temperature and high VPD stress, which impact
tions. Therefore, errors in any of the atmospheric variablesstomatal conductance and photosynthetic activity (Schaefer
can have a marked impact on LAl (Szczypta et al., 2013).et al., 2012).
Moreover, in this study, ISBA-A-gs and and ORCHIDEE
have a prognostic LAl while CTESSEL uses a satellite- 4.4 Phenology and agricultural practices
derived LAl climatology. Gibelin et al. (2008) have shown
that ISBA-A-gs and ORCHIDEE present similar scores at The improvements of LAl and phenology are believed to be a
temperate and high latitudes of the Northern Hemispherehigh priority in agreement with a previous study by Richard-
based on LSM simulations driven by locally observed atmo-son et al. (2012). For monitoring applications, the model veg-
spheric variables. Also CTESSEL presents a similar score iretation seasonality could be imposed by near-real time (NRT)
simulating fluxes deriving vegetation types from a satellite remote-sensing products as it would force deciduous forest,
derived map or actual tower vegetation type (Table S1 in thegrassland and cropland phenology and would help captur-
supplement). ing parts of the land management practices (mainly grazing
and harvesting). For wider applications, advance in under-
standing which factors (photoperiod, cold temperatures, and
warm temperatures) regulate spring bud burst is needed and
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is a prerequisite to better simulate the vegetation responsdsnce. The temperature, humidity, and drought scaling fac-
to climate change (Richardson et al., 2012). The grasslandsrs determine temporal variability in simulated GPP, but the
and croplands management is crucial in the definition of carLUE parameters determine the magnitude of simulated GPP.
bon sink/source activity for these agro-ecosystems (Ciais eTo improve simulated GPP, model developers should focus
al., 2010). In addition, cultivated land occupies about 50 %first on improving the leaf-to-canopy scaling and the values
of earth’s surface, and nearly 18% of the cultivated landof those model parameters that control the LUE. Moreover,
now receives supplementary water trough irrigation (IPCC,understanding the functional relationship between soil-root
2007). The NEE seasonality of croplands (Fig. 1a) and grasseharacteristics and vegetation water uptake remains chal-
lands (Fig. 1e) is related to management (e.qg. irrigation, ferdenging, particularly to describe globally over broad time and
tilization, grazing, manure, or harvesting) as well as C3/C4space scales the short-term effects on GPP and Reco due to
climate-driven dynamics. Models used in this study did notdry conditions (Migliavacca et al., 2011). Therefore, further
consider the agricultural practices. The lack of description ofefforts should be focused on the understanding of the most
agricultural practices and of the crop dynamics in the modelsappropriate ecological functions able to describe the com-
interferes with the soil water stress at the end of the grow-plexity of the plant eco-physiological responses (e.g. adapta-
ing period. This likely causes the negative value of correla-tion, mortality, defoliation) in dry conditions (van der Molen
tion (CORR) observed in Fig. 1a and e. Moreover, Mediter-et al., 2011).
ranean grasslands are very sensitive to rain pulses in spring
and in autumn, after a drought period. Therefore, local-scalet.6 ERA-I forcing in offline LSM simulations
model structures that describe ecosystem functionalities ob-
served in situ are a major component of carbon fluxes in thisThe comparison of in situ and ERA-I atmospheric forcing
biome. For example, the grassland management consists @Fig. 8) showed that ERA-I is a good proxy for in situ data al-
either cutting or grazing practices and the carbon balance dehough some limitations faRg and VPD are present. Quality
pends on the type and intensity of management (Soussana and limitations of ERA-I are well documented by several au-
al., 2007; Wohlfahrt et al., 2008). thors, for example, Simmons et al. (2009), Dee et al. (2011),
All models show negative correlation values for cropland Szczypta et al. (2011) and Balsamo et al. (2010) reported that
sites located in the Mediterranean climate area (Csa, Fig. 3)ERA-I showed a remarkable skill in predicting precipitation
As reported by Kutsch et al., (2010) these sites are irrigatedand radiation in extra-tropical areas.
and their phenology is driven by the presence of water in Some of the errors in the ERA-I forcing will be related to
the soil and not by meteorological condition. Irrigation is a mismatch between the 80 km grid box of ERA-I and the
not accounted for in the models. Moreover, cropland sitesvegetation type or land use at a particular location. ERA-I
are mainly managed following yearly crop rotation schemes.accommodates for land heterogeneity by using surface tiles
Current models assume a single crop type and managemenivhich allow for interaction of a single atmospheric grid point
Therefore, future efforts should focus on implement- with multiple land cover tiles. However, the terrain hetero-
ing new cropland and grassland management schemes ingeneity represented in this way, is not kept in the atmosphere,
LSMs. A possible approach is to couple LSMs with exist- which is a clear limitation of the tiling approach (see e.g.
ing or new models focused on cropland and grassland manManrique-Sunen et al. (2013) for a study on the contrast be-
agement. Alternatively, model development could be consoltween lake and land tiles, Baldocchi et al. (2014) for biome
idated by the introduction of new modules, for example, landheterogeneity, and Vila-Guerau de Arellano et al. (2014) for
management such as rotation, irrigation, grazing and harveseffects of broken clouds).
ing, which would help simulating the carbon uptake of cul- It is therefore suggested that ERA-I remains a very pow-
tivated areas in Europe. For instance, work is already undererful data set to use as input of LSMs. Its uniqueness is re-
way to couple ORCHIDEE with the PASIM model (Vuichard lated to the data availability at global scale at hourly time
et al., 2007; Ciais et al., 2010), which takes pasture manageresolution. Moreover, the ERA-I data set is strongly con-
ment into account as well as STICS modules (Gervois et al.strained by millions of daily in situ and remote-sensing ob-

2008), related to crops phenology. servations that are consistently assimilated using statistically
optimal schemes and a modeling system that ensures inter-
4.5 Impact of drought on model parameters nal coherence of the physical/dynamical fields. Therefore,

the adoption of a meteorological forcing from re-analyses
The poor simulation performance during drought periodsis attractive, particularly because it allows simulations on a
could be linked to an inadequate representation of LUE.global scale. The use of local observations to force the LSMs
Simulated LUE is controlled by the leaf-to-canopy scaling should be a possibility, but they are also affected by limi-
strategy and a small set of model parameters that definetions such as missing data, instrumental biases and small-
the maximum potential GPP, such agax (light-use effi-  scale representativeness. For many applications, LSM simu-
ciency),Vc max (unstressed Rubisco catalytic capacitiax lations need continuous atmospheric forcing that can be pro-
(the maximum electron transport rate), or mesophyll conducvided by global atmospheric data sets as ERA-I. On the other
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hand, in situ observing networks are essential as “groundThe Supplement related to this article is available online
truth” verification to study and monitor the quality of land at doi:10.5194/bg-11-2661-2014-supplement
carbon modelling systems.

5 Conclusions
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ble 2), plant functional types (Fig. 1), climates and sites
(Figs. 2 and 3).

It is shown that the best performance is obtained for
ENF sites in continental and humid climate areas withoutapergel, C., Calvet, J.-C., Gibelin, A.-L., Lafont, S., Roujean, J.-
a marked dry season. All simulations show some limita- L., Berne, C., Traullé, O., and Fritz, N.: Observed and modelled
tions in capturing the NEE seasonality for Mediterranean and ecosystem respiration and gross primary production of a grass-
sub-tropical ecosystems characterized by a dry summer sea- land in southwestern France, Biogeosciences, 7, 1657-1668,
son. This could be due to several environmental factors that doi:10.5194/bg-7-1657-201@010.
control GPP during summer dry conditions with low water Albergel, C., de Rosnay, P., Balsamo, G., Isaksen, L., and Mufioz
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The model stress fun(_:tions in Fig. 7 show large errors  gepends on management intensity, Agric. Ecosyst. Environ., 121,
for the drought-affected sites, which suggest that these stress 5_0, 2007.

functions can be improved by using more appropriate equaarora, V.: Modelling vegetation as a dynamic component in soil-
tions and parameters in the LSMs. Also working at higher vegetation-atmosphere transfer scheme and hydrological models,
resolution and better biome characterization at the tile scale Rev. Geophys., 40, 1-25, 2002. _

are expected to contribute to improvements in the productsAubinet, M., Vesala, T., and Papale, D.: Eddy Covariance — A Prac-
Furthermore, all simulations show large errors in the descrip-  tical Guide to Measurement and Data Analysis, Springer, ISBN:
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L dri houl ) in f | f ment system, Aust. J. Bot., 56, 1-26, 2008.
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cluding irrigation, and (i) describing changes in model pa- Ball, J., Woodrow, T., and Berry, J.: A model predicting stomatal
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