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[1] The cold grasslands of the Qinghai‐Tibetan Plateau form a globally significant biome,
which represents 6% of the world’s grasslands and 44% of China’s grasslands. Yet little is
known about carbon cycling in this biome. In this study, we calibrated and applied a
process‐based ecosystem model called Organizing Carbon and Hydrology in Dynamic
Ecosystems (ORCHIDEE) to estimate the C fluxes and stocks of these grasslands. First,
the parameterizations of ORCHIDEE were improved and calibrated against multiple
time‐scale and spatial‐scale observations of (1) eddy‐covariance fluxes of CO2 above
one alpine meadow site; (2) soil temperature collocated with 30 meteorological stations;
(3) satellite leaf area index (LAI) data collocated with the meteorological stations; and
(4) soil organic carbon (SOC) density profiles from China’s Second National Soil Survey.
The extensive SOC survey data were used to extrapolate local fluxes to the entire grassland
biome. After calibration, we show that ORCHIDEE can successfully capture the
seasonal variation of net ecosystem exchange (NEE), as well as the LAI and SOC spatial
distribution. We applied the calibrated model to estimate 0.3 Pg C yr−1 (1 Pg = 1015 g)
of total annual net primary productivity (NPP), 0.4 Pg C of vegetation total biomass
(aboveground and belowground), and 12 Pg C of SOC stocks for Qinghai‐Tibetan grasslands
covering an area of 1.4 × 106 km2. The mean annual NPP, vegetation biomass, and soil
carbon stocks decrease from the southeast to the northwest, along with precipitation
gradients. Our results also suggest that in response to an increase of temperature by 2°C,
approximately 10% of current SOC stocks in Qinghai‐Tibetan grasslands could be lost,
even though NPP increases by about 9%. This result implies that Qinghai‐Tibetan
grasslands may be a vulnerable component of the terrestrial carbon cycle to future climate
warming.

Citation: Tan, K., P. Ciais, S. Piao, X. Wu, Y. Tang, N. Vuichard, S. Liang, and J. Fang (2010), Application of the ORCHIDEE
global vegetation model to evaluate biomass and soil carbon stocks of Qinghai‐Tibetan grasslands, Global Biogeochem. Cycles,
24, GB1013, doi:10.1029/2009GB003530.

1. Introduction

[2] The Qinghai‐Tibetan Plateau extends over 2.0 ×
106 km2 with an average altitude above 4000 m above sea
level. It is the largest geomorphologic unit on the Eurasian
continent, about 1.4 times the size of Alaska [Li and Zhou,
1998; Zheng et al., 2000]. The regional climate is charac-
terized by a short and cool growing season lasting from May

to September. But during the growing season, the vegetation
receives both high solar radiation and relatively high pre-
cipitation (Figure 1). The main vegetation of the plateau is
grassland, which includes alpine meadow, alpine steppe and
alpine meadow steppe [Sun, 1996]. The biome area is 1.39 ×
106 km2 [Editorial Board of Vegetation Map of China,
Chinese Academy of Sciences (EBVMC), 2001], which is
∼44% of the total grassland area of China [EBVMC, 2001]
and 5.8% of the worldwide grassland area [Scurlock and
Hall, 1998]. Qinghai‐Tibetan grasslands are hence region-
ally dominant and globally significant for understanding the
terrestrial carbon cycle. In addition, the Qinghai‐Tibetan
plateau is a very sensitive region to climate change. Over the
last five decades, the temperature rose faster than in other
regions at the same latitude [Liu and Chen, 2000]. This
strong warming signal has been accompanied by a precipi-
tation increase in most parts of the region [Niu et al., 2004;
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Liu et al., 2007]. IPCC [2007] reported that regional tem-
perature will keep increasing in the future, under rising
greenhouse gas concentrations forcing.
[3] This unique climate regime, coupled with a low

intensity of human disturbance [Li and Zhao, 2001; Wang et
al., 2003] makes it important to quantify and understand
current carbon fluxes and stocks, and their future evolution.
Kato et al. [2004] measured CO2 exchange at an alpine
meadow site by eddy‐covariance method. Wang et al.
[2008] measured biomass and carbon stocks for Tibetan
(excluding Qinghai) grasslands by traditional carbon density
sampling methods, but their study failed to exhibit detailed
and spatial biomass carbon stocks. Combined with ecosys-
tem online flux measurements and inventory‐based C stock
surveys, process‐based ecosystem models provide an effec-

tive method to estimate present‐day regional C budgets and
predict their future response to climate changes [Sitch et al.,
2007; Piao et al., 2008, 2009]. Zhang et al. [2007] applied
the CENTURY ecosystem model 4.5 version (http://www.
nrel.colostate.edu/projects/century/) over the Qinghai‐Tibetan
grasslands. They investigated the spatiotemporal carbon
dynamics of vegetation and soil by integrating the model at
point locations (74 meteorological stations). The results
were then interpolated to the whole plateau grassland area.
This approach provides hints on coarse‐scale gradients of
carbon dynamics, but it does not allow precise geospatial
estimation. Piao et al. [2006a] applied the Carnegie‐Ames‐
Stanford Approach (CASA) model driven by remote sensing
and climate fields, in order to evaluate the terrestrial net
primary productivity (NPP) distribution over the Qinghai‐
Tibetan Plateau during 1982–1999. However, their results
were not evaluated by observations, and thus should be
viewed with caution.
[4] The primary objective of this paper is to quantify

the state of the carbon cycle of the high‐elevation Qinghai‐
Tibetan grassland biome and evaluate its response to future
warming. To achieve this goal, the spatially explicit pro-
cess‐based model Organizing Carbon and Hydrology in
Dynamic Ecosystems (ORCHIDEE) was applied. The
model parameterizations were calibrated using four com-
plementary data streams. First, eddy‐covariance measure-
ments at an alpine meadow site were used to constrain daily
to seasonal gross primary productivity (GPP), terrestrial
ecosystem respiration (TER), and net ecosystem exchange
(NEE). Second, soil temperature measurements from 30
meteorological stations distributed across the Qinghai‐
Tibetan Plateau grasslands were used to validate the
modeled soil thermal state, which in turns controlled soil
respiration. Third, satellite‐derived leaf area index (LAI)
data collocated with 39 meteorological stations in Qinghai‐
Tibetan grasslands were used to validate the simulated
phenology‐climate relationships at regional scale. Finally,
we used soil profile data from counties of the Qinghai‐
Tibetan Plateau sampled by China’s Second National Soil
Survey to validate the simulated soil carbon distribution. After
the calibration procedure where parameters were adjusted to
better reproduce the observations, the ORCHIDEE model
was integrated wall‐to‐wall over the Qinghai‐Tibetan grass-
lands (section 3.1). Based on the optimized model calcula-
tions, we assessedNPP and carbon stocks (section 3.2) as well
as their changes in response to rising temperature by 2°C
(section 3.3).

2. Data Sets and Methods

2.1. ORCHIDEE Model

[5] ORCHIDEE calculates the fluxes of CO2, H2O, and
heat exchanged with the atmosphere on a 1/2‐hourly basis,
and of variations of water and carbon pools on a daily basis.
The model is structured into two coupled modules [Krinner
et al., 2005]. The first module [Ducoudré et al., 1993]
describes the exchange of energy and water between the
atmosphere and vegetation canopy, and the soil water bud-
get with a time step of 30 min. The second module simulates
the terrestrial carbon cycle including photosynthesis, respi-

Figure 1. Spatial distribution of (a) grasslands, (b) average
growing season temperature, and (c) growing season precip-
itation in the Qinghai‐Tibetan Plateau. The 125 meteorolog-
ical stations used to generate monthly climate data are also
plotted in Figures 1b and 1c.
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ration, carbon allocation, litter decomposition, soil carbon
dynamics, and phenology on a daily time step. InORCHIDEE,
the vegetation is described globally with 12 plant functional
types (PFT). Each PFT follows the same set of governing
equations but takes different parameters values, except for
the leafy season onset and offset, which are defined by PFT‐
specific equations [Krinner et al., 2005; Piao et al., 2007a].
[6] Despite the complex processes described and their

interactions (photosynthesis, surface energy budget, soil
water balance, phenology, allocation, growth and mortality,
litter and soil organic carbon (SOC) decomposition), the
model has the advantage of requiring only generic climate
drivers, available either at sites or on a grid [Krinner et al.,
2005]. It has been tested against eddy‐covariance measure-
ments across diverse biomes [Krinner et al., 2005; Santaren
et al., 2007; Jung et al., 2007] and proven to be well suited to
study climate impacts on C balance [Ciais et al., 2005; Piao
et al., 2008, 2009].

2.2. Data Sets

2.2.1. Eddy‐Covariance Data
[7] The Haibei flux tower is located in an alpine meadow

(latitude 37°36′N, longitude 101°18′E, elevation 3250 m;
see Figure 1a), within the Haibei Research Station, Chinese
Academy of Sciences [Gu et al., 2003]. This meadow is
dominated by Kobresia humilis, and the soil is a clay loam,
with an average thickness of 65 cm, classified as Mat Cry‐
gelic Cambisols according to the Chinese national soil sur-
vey classification system [Institute of Soil Science and the
Chinese Academy of Sciences (ISSCAS), 2001; Gu et al.,
2003; Kato et al., 2004]. The annual precipitation and av-
erage temperature at the Haibei are 561 mm and −1.7°C for
the period 1981–2000 [Gu et al., 2003; Kato et al., 2004].
Online CO2 and water vapor fluxes were measured by an
open‐path eddy covariance system every 15 min during the
period of 2002–2004, and corrected using Webb‐Pearman‐
Leuning theory (WPL) density adjustments [Webb et al.,
1980; Kato et al., 2006]. Detailed methods to separate
fluxes of GPP and TER from NEE, and to fill gaps of missing
values of these fluxes, including those at friction velocity u* <
0.2 m s−1, are reported by Kato et al. [2006]. In addition to
carbon flux data, daily meteorology data sets, such as air
temperature, rainfall, short‐wave radiation, long‐wave radi-
ation, air humidity, atmospheric pressure, and wind speed,
were also observed for the period of 2002–2004.
2.2.2. Satellite‐Derived LAI Data Set
[8] Unfortunately, grassland leaf area index (LAI) was not

measured at the flux tower location. It was obtained instead
according to equation (1).

LAI ¼ �1=k � ln 1� FAPARð Þ ð1Þ

where Fraction of Absorbed Photosynthetic Active Radia-
tion (FAPAR) was provided by European Commission–
Joint Research Centre (EC‐JRC) (http://fapar.jrc.ec.europa.
eu/) from SeaWiFS at a resolution of 6 km/10 days from
2002 to 2004, with k the light extinction coefficient fixed to
0.5 [Gobron et al., 2006]. In addition to EC‐JRC data set,
we also used Global Inventory Monitoring and Modeling
Studies (GIMMS) LAI data with 0.25° resolution in 2001

(http://glcf.umiacs.umd.edu/data/gimms/) to validate our si-
mulations. GIMMS LAI data were produced from satellite
observations of normalized difference vegetation index
(NDVI) using a three‐dimensional radiative transfer model
and a global land cover map [Myneni et al., 1997; Piao et
al., 2006b]. The NDVI data are the GIMMS product of
the NOAA/AVHRR series satellites [Pinzon et al., 2005;
Tucker et al., 2005].
2.2.3. Soil Carbon Inventory Data
[9] China’s Second National Soil Survey conducted from

1979 to 1985 consists of a database of 2473 typical soil
profiles [National Soil Survey Office, 1993, 1994a, 1994b,
1995a, 1995b, 1996, 1998]. Each typical soil profile docu-
ments vegetation and soil type, county name of its geolog-
ical location, soil depth, organic matter content, soil bulk
density, soil texture, pH, and other soil physical and
chemical properties. SOC density (SOCD, kg C m−2) of
each typical soil profile can be calculated by equation (2)
[Wu et al., 2003].

SOCD ¼
Xn

i¼1

0:58� SOMi � hi � BDi � 1� Ci=100ð Þ=10 ð2Þ

where SOMi, hi, BDi, and Ci represent soil organic carbon
content (%), thickness (cm), bulk density (g cm−3), and the
fraction (%) of > 2 mm sand in a given soil layer i,
respectively; and 0.58 is the Bemmelen constant converting
SOM to SOC.
[10] We extracted from this data set soil carbon density

measurements at 119 typical grassland soil profiles widely
distributed over 51 counties of Qinghai‐Tibetan (Figure 1a).
The soil of Qinghai‐Tibetan grassland is relatively shallow
so that soil depth is mostly less than 100 cm, except in very
limited meadow areas. Overall, nearly 90% of total SOC is
concentrated in 0–50 cm soil layer, particularly in 0–30 cm
layer with 70% of total SOC (Figure 2). Due to the lack of
detailed geographical coordinate for each profile, we aver-
aged the carbon density measurements of all the profiles
within the same county to compare with the corresponding
model‐simulated grassland soil carbon densities for these
counties.
2.2.4. Vegetation Distribution Information
[11] Information on the grassland distribution in the

plateau was derived from the vegetation atlas of China
[EBVMC, 2001] with a scale of 1:1,000,000. We used
software Founder Mirage to digitize the atlas, and then
extracted the Qinghai‐Tibetan grass distribution from it
(Figure 1a).
2.2.5. Climate Data
[12] Monthly air temperature, air temperature amplitude,

precipitation, number of precipitation days, and air relative
humidity data at 0.2° spatial resolution during the period of
1980–1990 were derived through interpolating observing
climate data from 125 Chinese meteorological stations
around Qinghai‐Tibetan Plateau (39 of the stations are
located over Qinghai‐Tibetan grasslands), using kriging
method (Figures 1b and 1c). The information on spatial
distribution of monthly cloud cover and wind speed during
the 1980s was supplied by the Climatic Research Unit,
University of East Anglia, UK [Mitchell and Jones, 2005].
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In addition, soil temperature at 20 cm depth observed across
30 of the meteorological stations at Qinghai‐Tibetan grass-
lands for the period of 1980–1990 was also collected to
validate ORCHIDEE modeled soil temperature.

2.3. ORCHIDEE Model Simulations

[13] For site‐scale simulations at Haibei, we first ran the
model until ecosystem carbon pools reached steady state
equilibrium (long‐term mean annual NEE ≈ 0), using the
observed daily meteorology data sets (air temperature,
rainfall, short‐wave radiation, long‐wave radiation, air
humidity, atmospheric pressure, and wind speed) for 2002.
Starting from this equilibrium state, the model was inte-
grated for three years 2002–2004, forced by observed
weather data.
[14] For regional simulations, using average monthly cli-

mate data with 0.2° spatial resolution during the period of
1980–1990, we brought ORCHIDEE into steady state with a
spin‐up of about 1000 years. The output of this simulation
was then compared against observed soil temperature, LAI,
and SOC observations, and the model parameterizations
were optimized, where necessary. In order to further
investigate the equilibrium response of grasslands to future
climate change, we modeled the NPP and carbon stocks
distribution under a +2°C warmer climate. This prescribed
regional warming is at the lower range of the IPCC global
projections of a 1.8–4.0°C warming by the end of the
21st century [IPCC, 2007]. To perform this climate change
simulation, a new equilibrium state was calculated, forced
by cycling current meteorological drivers, except that tem-
perature was 2°C higher.

3. Results

3.1. Calibration of ORCHIDEE

[15] ORCHIDEE is an ecosystem model designed for
global applications, and has never been applied for Qinghai‐
Tibetan grassland C balance diagnostic and analysis. The
initial performances of the original model version Version‐0
(V0) are not satisfactory (Figures 3 and 4). This implies that
parameters calibration and/or model structural improvements
are needed. The parameter calibration procedure, using site‐
scale eddy covariance C flux observations and regional‐scale

soil C inventories, is described below in three separate and
incremental steps, leading to model versions V1 through V3
(Figure 3). These model versions have the same processes as
V0, first with a spin‐up to get steady state equilibrium for
the ecosystem carbon pools.
3.1.1. Flux Controlling Parameters Improved From
Eddy‐Covariance Measurements
[16] Ecosystem gross GPP, TER fluxes, and absolute

values of NEE are all overestimated in V0 (Figure 4). The
simulated phenology lags the observation by roughly one
month. The modeled leaf onset occurs too late and the initial
LAI growth phase is too abrupt. Senescence is also sluggish
and even never terminates during the late growing season
(Figure 4). Given that any bias of GPP will strongly affect
TER, and that the sum of these gross fluxes determines
NEE, we choose to improve GPP and TER in order.
[17] First, we optimized biophysical canopy parameters.

Observed attributes of Qinghai‐Tibetan grasslands point to
lower LAI, higher specific leaf area (SLA), shorter leaf age,
and lower shoot/root ratio than the V0‐version assigned
parameter values. Unrealistic biophysical parameter values
in V0 are suspected to be a primary source of the high bias
of modeled GPP. According to field observations, we dou-
bled SLA to 0.0288 m2 (g C)−1 [He et al., 2006], shortened
the critical leaf age from 180 days to 70 days [Eckstein et al.,
1999], and decreased the initial allocation of shoot/root ratio
in growing season from 2/1 to 1/2 [Hui and Jackson, 2006].
[18] Then, in order to improve the leaf onset/offset

phenology, we changed the critical functions to allow leaf
development at a lower temperature and leaf senescence at a
higher temperature. We decreased the growing degree‐day
critical threshold (GDD_crit) which depends on multiannual
mean temperature Tl [Botta et al., 2000; Krinner et al.,
2005] by 50°C × days (from GDD_crit = 270 + 6.25 ×
Tl + 0.03125 × Tl2 to GDD_crit = 220 + 6.25 × Tl +
0.03125 × Tl2). Leaf onset starts after actual GDD exceeds
GDD_crit. We increased the senescence temperature
threshold T_crit [Krinner et al., 2005] by 7°C (from T_crit =
−1.375 + 0.1 × Tl + 0.00375 × Tl2 to T_crit = 6.375 + 0.1 ×
Tl + 0.00375 × Tl2). Leaf turnover speeds up after actual
temperature falls under T_crit, then leaf senescence would
occur earlier. To avoid a too fast rise of GPP in the early
growing season, as it is the case in V0, we constrained LAI

Figure 2. (a) Average soil organic carbon (SOC) vertical proportional distribution (0–10, 10–20, 20–30,
30–50, and 50–100 cm), and (b) frequency distribution of the proportion of SOC in 0–30 cm layer to total
SOC of typical grassland soil profiles of Qinghai‐Tibetan Plateau.
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to remain below 5% of LAImax during the first 7 days of the
growing season, instead of 50% of LAImax during the first
14 days in the V0 version setup (LAImax = prescribed yearly
maximum LAI parameter). These parameters adjustments
altogether defined a new model version called Version‐1
(V1), calibrated to match the observed biophysical para-
meters and phenology.
[19] In the V1 version, GPP is realistically simulated, as a

consequence of a seasonal cycle of LAI which is closer to
observations. This implies that the resource use efficiency
calculated by ORCHIDEE was probably correct in the initial
V0 parameterization, so that an improved LAI dynamics
alone is sufficient to match the observed GPP. It can be seen
for instance that GPP in V1 shows a smoother increase
during the first half of the growing season (Figure 4a), and
that the phasing of simulated GPP and LAI is much closer to
observed (Figure 3). The set of model modifications in V1,
which targeted improvements of LAI, also has the positive
effect of decreasing mean TER. Yet, TER can be seen to
remain overestimated in V1 (Figure 4c), a bias which in turn
makes the absolute value of NEE uptake too small (Figure
4b). In particular, simulated TER is positive during the
nongrowing season (November–March; mean TER = 0.7 g
C d−1 m−2) unlike in the observations showing TER ≈ 0.
[20] To correct for this shortcoming, we modified the

respiration sensitivity to temperature f(T) by increasing the

Q10 parameter, which controls the SOM decomposition
response to temperature. The Q10 parameter was increased
from Q10 = 2 in Version V0 to Q10 equal to 3 according to
the observation of Peng et al. [2009], which gives:

f Tð Þ ¼ exp ln Q10ð Þ � T � 30�Cð Þ=10�C½ � ð3Þ

[21] This higher Q10 value at lower temperatures defines
a new model version, called Version‐2 (V2). In V2, a rea-
sonable agreement with the observed TER is found, and
subsequently a more realistic NEE seasonal phase and
amplitude (Figures 4b and 4c). The NEE model‐data cor-
relation coefficient is higher and centered root‐mean‐square
(RMS) difference lower in V2 than in V1, showing a clear
model improvement (Figure 3). Remark that the mean
annual NEE flux is about 0, which is different from
observed, because the grassland was assumed to be in
equilibrium state in the model (section 2.3).
3.1.2. Evaluation Against in Situ Soil Temperature
Data
[22] Soil temperature is a key determinant of soil respi-

ration, so it is necessary to ensure that ORCHIDEE can
simulate soil temperature well. The soil thermal module of
ORCHIDEE calculates temperature from the surface down
to 3 m depth, discretized with 7 layers. We used time series

Figure 3. Second‐order statistics of modeled and observed gross primary productivity (GPP), net eco-
system exchange (NEE), terrestrial ecosystem respiration (TER), and leaf area index (LAI) at Haibei site,
average soil organic carbon density for 51 counties (SOC), LAI data at 39 meteorological stations
(GIMMS LAI), and 20 cm depth soil temperature at 30 meteorological stations (S‐TE). The radial coor-
dinate gives the magnitude of total standard deviation (SD), normalized by the observed value, and the
angular coordinate gives the correlation of simulations and observations. It follows that the distance
between the OBSERVED point and any model’s point is proportional to the centered root‐mean‐square
(RMS) error, normalized by the observed SD Numbers indicate the model version.
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of 20 cm depth soil temperature from 30 meteorological
stations to evaluate the model. In this case, the model was
forced locally by observed meteorological data. As shown in
Figure 5, the simulation of shallow depth soil temperature is
comparable with the observation, with annual RMSE of
1.56°C, but the modeled temperature is a little cooler in
summer than observed, with spring, summer, autumn, and
winter RMSE of 1.53°C, 2.29°C, 1.55°C, and 1.67°C,
respectively.
3.1.3. Evaluation Against Satellite LAI Observations
[23] We integrated ORCHIDEE at all 39 meteorological

stations forced by observed climate data, and simulated LAI

as a proxy of vegetation activity. The LAI of Qinghai‐
Tibetan grasslands reaches its maximum in July or August,
when aboveground biomass and total biomass are the
highest. We thus compared the average of July–August
simulated LAI with the NOAA‐AVHRR GIMMS product
and the SeaWiFS FAPAR product for year 2001. The RMSE
between modeled and GIMMS‐LAI is high (Figure 6).
Nevertheless, modeled and observed LAI are distributed
around the 1:1 line. One possible explanation for the low
correlation is that the 0.25° resolution of the GIMMS data is
too coarse to be compared to our point‐scale simulations.
We also note that the (spatial) range of LAI is small (0.5

Figure 4. Comparisons of observed and modeled (a) GPP (g C d−1 m−2), (b) NEE (g C d−1 m−2),
(c) TER (g C d−1 m−2), and (d) LAI by the version of V0, V1, V2, and V3. Temperature in Figure 4a
is 5 day moving average daily temperature.
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to 2) which increases the noise. Comparison with the SeaWiFS
observations is slightly better, as shown by Figure 6. The fact
that the biases of NOAA‐AVHRR and SeaWiFS satellite
products are highly correlated between both sensors (Figure 6)
suggests a common source of error in their comparison with
point‐scale simulation.
3.1.4. Soil Carbon Stock Validation
[24] Soil carbon stocks reflect C inputs and decomposi-

tion, and pedogenesis, accumulated over hundreds of thou-
sands of years. Their spatial distribution is influenced not
only by litter input (related to NPP), but also by decompo-
sition and by processes not described in ORCHIDEE, such
as wind and hydraulic erosion, DOC and DIC losses to river
[Chapin et al., 2002], and human disturbances (very low in
that region). In the initial model version V0, the mean soil
carbon density was 1.4 times larger than the soil database
value (Figure 7a). Given that the seasonal cycle of NEE and

Figure 5. Comparisons of modeled and observed average
monthly 20 cm depth soil temperature (S‐20 cm Te) at 30
stations in Qinghai‐Tibetan grasslands for 1980–1990.

Figure 6. Relationship of average July and August LAI derived from ORCHIDEE model V3 with
corresponding GIMMS LAI and FAPAR across 39 meteorological stations in Qinghai‐Tibetan grass-
lands. RM‐G, RM‐F, and RG‐F represent correlation coefficient of modeled LAI and GIMMS LAI, modeled
LAI and FAPAR, and GIMMS LAI and FAPAR, respectively.

Figure 7. Comparisons of observed and modeled average
grassland SOC density by the (a) initial version V0 and
(b) final version V3 for 51 counties in Qinghai‐Tibetan.
The error bar shows minimum or maximum SOC density
in the soil profiles.
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TER is simulated correctly at the Haibei site by the model
version V2 (Figure 4), we assumed that the litter input flux
was reasonable, and tuned the decomposition rates para-
meters in order to fit the observed soil C stocks. Here,
we decreased the turnover time of passive soil carbon from
350 year to 70 years. Based on the previous estimates of
0.16 Pg C yr−1 in annual NPP [Piao et al., 2006a], 0.35 Pg
C in biomass stocks [Piao et al., 2007a], and 7.4 Pg C in
SOC stocks [Yang et al., 2008] of Qinghai‐Tibetan grass-
lands, one can estimate that the average turnover times for
the whole Plateau grassland carbon stocks is about 48 yr,
which is comparable to the results derived from V3 simu-
lation (40 years). Doing so decreases the simulated SOC
density and brings it closer to the observation (Figure 7b).

The “soil optimized” model version, incremental to changes
made in versions V1 and V2, is called V3. We checked for
consistency that between V2 and V3, the modeled seasonal
cycle of TER at Haibei is equally as well in agreement with
the eddy‐covariance measurements (Figures 3 and 4c).

3.2. Evaluation of NPP and Carbon Stocks of Qinghai‐
Tibetan Grasslands

[25] After the model “optimization” detailed in section 3.1,
yielding to the development of version V3, we applied this
version of ORCHIDEE on grids over the Qinghai‐Tibetan
grasslands, according to the protocol of section 2.3. Themean
annual NPP of Qinghai‐Tibetan grasslands (area = 1.39 ×
106 km2) is of 233 g C m−2 yr−1 over the period 1980–1990.
About 60% of the regional grasslands have an annual NPP
in the range 150–350 g C m−2 yr−1. The southeast and the
northwestern most part of the domain correspond to the
highest and to the lowest annual NPP values, respectively
(Figure 8a).
[26] The mean grasslands biomass C density is estimated

to be 259 ± 117 g C m−2, partitioned between 53.9 ± 27.7 g
C m−2 aboveground and 205 ± 91 g C m−2 belowground.
The spatial distribution of biomass C stocks is analogous to
that of NPP, with highest values in southeastern regions,
and lowest values in the northwestern part of the plateau
(Figure 8b). The soil C stocks of the Qinghai‐Tibetan pla-
teau grasslands are 11.94 Pg C, with an average soil carbon
density of 8.6 kg C m−2. Roughly 75% of grasslands soils
have a carbon density of 1–15 kg C m−2, and 30% take a
value of 10–15 kg C m−2 (Figure 8c).
[27] As shown by Figure 8, the spatial distribution of

NPP, biomass and subsequent soil C stocks are rather sim-
ilar to each other, with a negative gradient from the south-
east to the northwest. These patterns are controlled by the
interplay between temperature and precipitation controls
(Figures 1b and 1c). The spatial correlation between
NPP and biomass is high, as expected for annual plants
(RNPP‐Biomass = 0.88 for aboveground biomass and R =
0.83 for belowground biomass). The spatial correlation
between soil C and NPP is smaller (R = 0.69), even though
there is a well‐defined linear relationship between soil C
and NPP, as theoretically expected for the steady state
solution of a set of first‐order linear decay equations
[Wutzler and Reichstein, 2008]. The scatter around the
NPP versus soil C linear relationship is explained (in the
model) by the different controls of temperature and rainfall
on NPP (input) and on soil C decomposition rates.

3.3. Change in NPP and Carbon Stocks in Response to
Rising Temperature by 2°C

[28] Figure 9 shows the projected changes of NPP, bio-
mass, and SOC under a new future equilibrium climate with
temperature higher than today by 2°C. As shown by Figure 9a,
an increase in NPP is predicted in the southeastern part of
the plateau where relatively high precipitation prevails. In
contrast, a decrease of NPP is predicted in the dryer
western part, where growing season precipitation is below
300 mm and growing season temperature higher than 10°C.
The lower future NPP in the western part is likely to be

Figure 8. Spatial distributions of (a) annual net primary
productivity (NPP), (b) total biomass carbon density, and
(c) SOC density of Qinghai‐Tibetan grasslands.
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related to the soil moisture stress driven by higher temper-
ature. Overall, at the regional scale, a 2°C temperature in-
crease will cause an 8.7% increase of NPP. Biomass C
stocks (Figure 9b) changes follow a similar spatial pattern to
NPP changes. The total biomass C stock for the entire re-
gion, however, does not change.
[29] In contrast to increase in NPP and biomass, more than

65% of the regions show a net decrease in soil C storage
(Figure 9c). The largest soil C loss in response to warming
occurs over the midwestern plateau where more than 20% of
soil C stocks decrease under a 2°C warmer climate. At the
regional scale, it is about 1.2 Pg of soil C that will be lost in

2°C warmer world, which is approximately 10% of today’s
stock.

4. Discussion

[30] Several modeling studies have investigated the spa-
tiotemporal patterns of NPP and C stocks of the Qinghai‐
Tibetan Plateau. But very few studies tried to validate model
output against observations, due to limited field and ground
observations. Recently, Piao et al. [2006a] used the CASA
model driven by satellite data to diagnose a mean NPP of
0.16 Pg C yr−1. This satellite‐driven NPP estimate represents
only half of the process‐modeled value of this study
(0.32 Pg C yr−1; area = 1.3 × 106 km2 in the work of Piao et
al. [2006a] and 1.4 × 106 km2 in this study; see Table 1). A
rather low NPP (0.13 Pg C yr−1) was also estimated by
Zhang et al. [2007]. However, the ratio of aboveground to
belowground NPP used by Zhang et al. [2007] is 0.54,
which is much higher than observed [Hui and Jackson,
2006]. We obtained a biomass C pool of 0.36 Pg C,
which is consistent with the results of Piao et al. [2007a]
(0.35 Pg C using statistical regression between site‐scale
field data and NDVI) (Table 1). For the total soil C pool, our
estimation (11.94 Pg C) is larger than the one of Yang et al.
[2008] (7.4 Pg C) and Zhang et al. [2007] (9.72 Pg C)
(Table 1). It should be noted that, however, the results of
Zhang et al. [2007] were obtained for surface organic car-
bon stocks at the depth of 0–20 cm. Considering that the
proportion of SOC at 0–30 cm to that at 0–100 cm is 0.39–
0.60 for steppe and meadow [Yang et al., 2007], the Zhang
et al. [2007] estimate extrapolated to 0–100 cm depth would
be higher than our estimate.
[31] The total biomass carbon stocks of grasslands in

China being about 1.05 Pg C [Piao et al., 2007a] indicates
that the Qinghai‐Tibetan grasslands alone account for
34.3% of the whole‐country grasslands biomass. Consider-
ing that Qinghai‐Tibetan grasslands occupy 44% of total
country grassland area, the average biomass carbon density
of Qinghai‐Tibetan grasslands is lower than in the rest of the
country. Such relatively low biomass values are primarily
driven by regionally lower temperatures. On the other hand,
Wu et al. [2003] estimated the total SOC stock of China’s
grasslands to be 20–24 Pg C, of which Qinghai‐Tibetan
grasslands account for 50–60%. This means that, unlike
biomass which is lower, the average SOC density is 13–36%
higher than the mean of the country. Higher SOC is cer-
tainly related to slower decomposition due to lower tem-
perature, which offsets lower inputs to the soil. As shown by
Figure 1b, the mean growing season temperature over most
of the Plateau is lower than 10°C. Furthermore, the biomass
and soil C density of Qinghai‐Tibetan grasslands is about
two times lower than in Arctic tundra, which grow under a
similar short and cold growing season (based upon biomass
and SOC density of Arctic tundra of 700 g C m−2 and 22 kg
C m−2, reported by Post et al. [1982] and Adams et al.
[1990]).
[32] Grasslands in Qinghai‐Tibetan Plateau are suspected

to be very sensitive to climate change, particularly to rising
temperature [Kato et al., 2004], but the evidence for this is
very limited. Our simple (equilibrium) simulation under a 2°C

Figure 9. Spatial distributions of (a) the change in annual
NPP, (b) total biomass carbon density, and (c) SOC density
of Qinghai‐Tibetan grasslands under the scenario of a 2°C
increase in temperature.
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warmer temperature shows an increase in total GPP and NPP
for Qinghai‐Tibetan grasslands by 12% and 8.7%, respec-
tively, implying that at the regional scale, future warming will
benefit vegetation growth. Such an increase in vegetation
productivity may be related to lengthening vegetation grow-
ing season [Piao et al., 2007b]. Our simulation results indi-
cate that the growing season is extended by one month with
rising temperature of 2°C. The increase of vegetation pro-
ductivity, however, does not lead to increase in SOC storage,
even though a significant present‐day positive spatial corre-
lation between SOC and NPP or biomass density was mod-
eled (Figure 8). The change in SOC is dependent on the
balance between the increased amount of litter returning to the
soil and the increased C losses from decomposition that are
generally stimulated by rising temperature [Davidson and
Janssens, 2006]. Our results suggest that 2°C of rising tem-
perature causes an average increase of annual heterotrophic
respiration by 11% during the first 100 years. As a result,
in response to temperature increase of 2°C, the SOC pool
of Qinghai‐Tibetan grasslands decrease from 12 Pg C to
10.8 Pg C, i.e., a drop by 10%. This total C loss, of which 87%
will occur over the first 100 years, would represent an extra
0.15% of the anthropogenic CO2 emissions (7 Pg C yr−1)
released to the atmosphere by fossil fuel combustion and land
use changes in a century [IPCC, 2007], and thus would pro-
vide a positive feedback to the global increase of atmospheric
CO2 and climate warming.
[33] Despite its decrease as a whole, SOC density in

Qinghai‐Tibetan plateau exhibits a pronounced geographi-
cal heterogeneity in its trends (Figure 9c), probably due to
difference in climatic conditions. The increase in SOC
density mainly occurs in areas with low growing season
temperature but relatively high precipitation amount (200–
400 mm; see Figures 1 and 9) over the Plateau. Accordingly
in these regions, temperature may be the primary dominant
limiting factor for vegetation growth, and rising temperature
will significantly increase vegetation productivity (Figure 9a),
thus enhance accumulation of SOC stocks. On the other
hand, in the regions where growing season precipitation
is less than 100 mm (Figures 1 and 9), 2°C of rising tem-
perature causes decrease in biomass more than that in SOC
due to the inhibited SOC decomposition driven by low soil
moisture.
[34] Obviously, there are large uncertainties in our esti-

mation of the state of the carbon cycle of the Qinghai‐
Tibetan grasslands. A first uncertainty lies in our assumption

that this ecosystem is close to equilibrium, for it is out of our
present knowledge whether grasslands ecosystems reach
equilibrium state or not. The second uncertainty arises from
the gridded climate forcing obtained by kriging meteoro-
logical stations data. One particular shortcoming is the
network of meteorological stations being too sparse in the
northwest part of the Plateau. Any bias of forcing will
however have little effect on the simulated regional C bal-
ance, because the undersampled northwestern area (high
elevation and dry/severe climate) is covered with sparse
vegetation that has very low NPP and soil carbon stocks. A
model error in that region would thus barely affect our
whole‐Plateau total carbon stock estimate. Third, our cur-
rent modeling framework neglects human disturbances and
grazing influences, as well as SOC erosion, due to lack of
adequate information. Future inclusion of these processes
will certainly improve our understanding of the C cycle over
that region.

5. Conclusion

[35] The ORCHIDEE process‐based ecosystem model,
has been optimized to simulate NPP, biomass, and soil
carbon stocks of the Qinghai‐Tibetan grasslands. The opti-
mization was done in three steps of parameter tuning. The
optimized model is better able to reproduce the seasonality
of NEE at one flux tower site, the seasonal cycle of soil
temperature, and the spatial distribution of satellite‐LAI
observation and soil carbon density from inventories. This
model‐data fusion exercise not only suggests that a generic
model like ORCHIDEE has great potential for simulating
regional details of the C cycle of the Qinghai‐Tibetan grass-
lands, but it also highlights the necessity of validation data
on multiple temporal and spatial scales, to be able to con-
strain a global model for regional applications. In addition,
the optimized model was applied under a warmer equilib-
rium climate, suggesting that future climate warming may
cause in that region a significant decrease in total C storage.
More research is needed to investigate the detailed spatio-
temporal pattern of climate impacts on the Qinghai‐Tibetan
grasslands, and to formulate adaptation strategies.
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Table 1. Different Studies Estimated Grassland NPP, Biomass, and SOC in the Qinghai‐Tibetan and the Tibetana

Region
Area

(106 km2)

NPP Biomass SOC

Source
Total

(Pg C yr−1)
Density

(g C m−2 yr−1)
Total
(Pg C)

Density
(g C m−2)

Total
(Pg C)

Density
(kg C m−2)

Q‐T 1.24 0.35 282 Piao et al. [2007a]
Q‐T 1.31 0.16 122 Piao et al. [2006a]
Q‐T 1.48 0.13 90 9.72b 6.6b Zhang et al. [2007]
Q‐T 1.14 7.40 6.5 Yang et al. [2008]
Q‐T 1.39 0.32 233 0.36 259 11.94 8.6 This study
T 0.82 0.19 231 Wang et al. [2008]
T 0.89 0.20 230 This study

aQ‐T, Qinghai‐Tibetan; T, Tibetan (excluding Qinghai). NPP, net primary productivity.
bSoil organic carbon (SOC) only at the soil surface with the depth of 0–20 cm.
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