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[11 We evaluated how climate change, rising atmospheric CO, concentration, and land
use change influenced the terrestrial carbon (C) cycle for the last century using a
process-based ecosystem model. Over the last century, the modeled land use change
emitted about 129 Pg of C to the atmosphere. About 76% (or 98 Pg C) of this emission,
however, was offset by net C uptake on land driven by climate changes and rising
atmospheric CO, concentration. Thus, the modeled net release of C from the terrestrial
ecosystems to the atmosphere from 1901 to 2002 is about 31 Pg C. Global net primary
productivity (NPP) has significantly increased by 14% during the last century,
especially since the 1970s. From 1980 to 2002, global NPP increased with an average
increase rate of 0.4% yr'. At global scale, such an increase seems to be primarily
attributed to the increase in atmospheric CO, concentration, and then to precipitation
change. Over the last 2 decades, climate change and rising CO, forced the land carbon
sink (1.6 Pg C yr~' for 1980s and 2.2 Pg C yr~' for 1990s) to be larger than land
use change driven carbon emissions (1.0 Pg C yr~' for 1980s and 1.2 Pg C yr '

for 1990s), resulting a net land sink of 0.5 Pg C yr ' in the 1980s and of 1.0 Pg C yr
in the 1990s. The largest C emission from land use change appeared in tropical
regions with an average emission of 0.6 Pg C yr ' in 1980s and 0.7 Pg C yr~" in 1990s,
which is slightly larger than net carbon uptake due to CO, fertilization and climate
change. Thus, net carbon balance of tropical lands is close to neutral over the past 2
decades (about 0.13 Pg C yr~' in 1980s and 0.03 Pg C yr~ ' in 1990s). We also found
that current global warming has already started accelerating C loss from terrestrial
ecosystems, by enhanced decomposition of soil organic carbon. In response to
warming trends only, the global net carbon uptake significantly decreased, offsetting
about 70% of the increase in global net carbon uptake owing to CO, fertilization during
1980—-2002. The global terrestrial C cycle also shows large year-to-year variations,
and different regions have quite distinct dominant drivers. Generally, interannual
changes of carbon fluxes in tropical and temperate ecosystems are mainly explained by
precipitation variability, while temperature variability plays a major role in boreal
ecosystems.

Citation: Piao, S., P. Ciais, P. Friedlingstein, N. de Noblet-Ducoudré, P. Cadule, N. Viovy, and T. Wang (2009), Spatiotemporal
patterns of terrestrial carbon cycle during the 20th century, Global Biogeochem. Cycles, 23, GB4026, doi:10.1029/2008GB003339.

1. Introduction

CO, concentration curve and global climate [Cox et al.,

[2] Terrestrial ecosystems play an important role in the
global carbon (C) cycle due to the large amount of C storage
and the large magnitude of the gross fluxes of C exchanged
with the atmosphere. Even a small shift in each gross flux
may result into a great change in the net carbon balance of
terrestrial ecosystems, and thus affect the future atmospheric
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2000; Friedlingstein et al., 2006]. Previous studies indicated
that over the last several decades, global terrestrial ecosys-
tems acted as net carbon sinks, taking up 2—4 Pg C yr~ ', and
accounting for 10—60% of the C emitted through human
activities [/[PCC, 2007]. Monitoring and understanding these
patterns and processes in the terrestrial C cycle is critically
important because it will help us not only to more accurately
predict its behavior in the future, but also to determine the
reasonable goal of reducing fossil fuel emissions.

[3] Climatic factors exert direct controls on the terrestrial
C exchange with the atmosphere primarily through the
balance between photosynthesis, respiration and fire distur-
bances [Houghton, 2000; Schaefer et al., 2002]. Although it
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Table 1. Description of Simulations Used in This Study

Simulation CO, Climate Land Use Change Fire
S1 Yes  Yes No Yes
S2 Yes No No Yes
S3 No  Yes, but only temperature No Yes
S4 No  Yes, but only precipitation No Yes
S5 Yes  Yes No No
S6 Yes  Yes Yes No

is well known that rising temperature will increase the
growing season length and promote vegetation productivity
in the middle and high latitudes of the Northern Hemisphere
[Lucht et al., 2002; Fang et al., 2003], the effects of current
temperature change on the terrestrial C balance have not
been adequately quantified [Piao et al., 2008], because
rising temperature also accelerates C loss through soil de-
composition [Rustad et al., 2001; Davidson and Janssens,
2006; Kirschbaum, 2000]. Net uptake of carbon occurs
where gains due to increased vegetation growth outweigh
soil C losses and disturbances. Changes in precipitation
amount and distribution also significantly alter current
regional-scale and global-scale terrestrial C cycles [Churkina
and Running, 1998; Ciais et al., 2005; Fang et al., 2005].
Previous observation analyses and simulation models both
found a net abnormal source of CO, from tropical ecosystems
during the El Nifio phase of El Nifio—Southern Oscillation
(ENSO), which is known to increase dry season length and
decrease wet season rainfall in tropical region [e.g., Keeling
et al., 1995; Behrenfeld et al., 2001; Jones et al., 2001;
Rodenbeck et al., 2003; Zeng et al., 2005].

[4] Land use change is the major disturbance that can
alter terrestrial carbon storage and fluxes, and can have a
particularly long-term impact on the terrestrial carbon cycle
at regional and global scales [Gitz and Ciais, 2003; Sitch et
al., 2005]. Generally, when forests are cleared for cultiva-
tion or pasture, the carbon contained in the living material
and soil is released to the atmosphere, but the regrowth of
forests on abandoned agricultural land will cause the se-
questration of carbon [Vuichard et al., 2008]. The carbon
losses from land use changes are generally quicker than
the recovery of carbon stocks [Arrouays et al., 2002].
Over the 6past three centuries, there has been a net loss of
12 x 10° km? of forest and woodlands to cropland, and
about half that amount of grasslands, savannas, and steppes
to cropland [Ramankutty and Foley, 1999]. Such large-
scale changes in land cover have been suggested to be
responsible for a large portion of the human induced
increase in atmospheric CO, [McGuire et al., 2001,
Houghton, 2003; Jain and Yang, 2005], but there are large
uncertainties due to lack of detailed information on the
land use change [DeFries et al., 2002; Houghton, 2007].

[5] During the past decades, considerable efforts have
been made to improve our knowledge about the separate
effects of climate, atmospheric CO, and land use change on
terrestrial C cycle. However, the mechanisms and factors
that govern the uptake and release of C from the terrestrial
reservoir, and their regional importance, are still poorly
quantified because long-term in situ measurements are very
sparse, and remote sensing techniques are only partially
effective [Valentini et al., 2000; IPCC, 2007]. There have
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already been several C cycle modeling studies for under-
standing and predicting global terrestrial carbon cycle
[McGuire et al., 2001; Cao et al., 2002; Zeng et al.,
2005; Peylin et al., 2005], but most of them have not
separated the contribution of change in temperature and
change in precipitation to global carbon balance. In this
study, we use a process-based C cycle model, Organiz-
ing Carbon and Hydrology in Dynamic Ecosystems
(ORCHIDEE) [Krinner et al., 2005] to quantify the effects
of changes in climate, atmospheric CO, concentration and
changes in land cover area on terrestrial C cycle for the
period from 1901 to 2002. Since most deforestation occurs
in forests with a very long natural fire return interval, and
ORCHIDEE does not separate between forests prone to
fire and moist forests which never burn in each pixel, fire
disturbance was not activated in the simulations S5 and S6
used to calculate the land use flux (Table 1). A central goal
of the study is to investigate the temporal and spatial
variability of terrestrial C cycle over the last century and
to separately identify the relative contributions of different
factors.

2. Methods
2.1. ORCHIDEE Model

[6(] The ORCHIDEE model [Krinner et al., 2005] is a
dynamic global vegetation model (DGVM) representing
key vegetation processes governing terrestrial biogeochem-
istry and biogeography. In this study, however, we switched
off vegetation dynamic simulation module since there are
large uncertainties in DGVM modeled vegetation distribu-
tion [Krinner et al., 2005; Sitch et al., 2008]. ORCHIDEE
distinguishes 12 plant functional types with different photo-
synthetic, phenological and morphological characteristics.
Plant CO, assimilation in ORCHIDEE model is based on
work by Farquhar et al. [1980] for C3 plants and Collatz et
al. [1992] for C4 plants. Maintenance respiration is a
function of each living biomass pool and temperature, while
growth respiration is computed as a fraction of the difference
between assimilation inputs and maintenance respiration
outputs to plant biomass. According to the resource balance
hypothesis and optimal allocation theory [Friedlingstein et
al., 1999], plants adjust C allocation among leaves, stem
and roots in a way that balances resource acquisition (e.g.,
carbon, nutrients, and water). Heterotrophic respiration
parameterization is taken from CENTURY [Parton et al.,
1988], while a simple parameterization of fire follows
McNaughton et al. [1989] and Sitch et al. [2003].

[7] The current version of ORCHIDEE takes into account
the effects of land use change on terrestrial C cycle. For
each year, the fractions of each land use type are updated
annually. With changes in natural vegetation, a specified
amount of C contained in heartwood and sapwood above-
ground are transferred to three product pools with different
turnover times (1 year, 10 years, and 100 years), while the
C contained in other biomass pools (leaves, roots, sapwood
belowground, fruits and heartwood aboveground) is added
to litter reservoir and eventually released to the atmosphere
through decomposition. The fraction of C assigned to each
product reservoir depends on vegetation types, and the rate
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of decay for each product pool does not vary through time.
Following McGuire et al. [2001], 59.7%, 40.3%, and 0% of
harvest heartwood and sapwood aboveground biomass for
the tropical vegetation (tropical broad leaved evergreen
forest, tropical broad leaved raingreen forest, and C4 grass)
was assigned to the product decay pools with 1 year, 10 year,
and 100 year turnover times, respectively, while 59.7%,
29.9%, and 10.4% ratios were applied to temperate and
boreal vegetation types. In the case of cropland abandon-
ment, corresponding natural vegetation is allowed to regrow
in the area of abandoned land.

[8] Crop carbon cycle is disturbed by human activity
more intensely than that of other natural vegetation. Unlike
natural vegetation, for instance, parts of crop production are
harvested and consumed by humans directly. Independent
of crop types, the fraction of annual NPP (FANPP) consumed
by humans ranges from 0.25 to 0.85 [Hicke and Lobell,
2004]. The value of FANPP was set to 0.45 in this study. In
addition, several studies have shown that anthropogenic
factors, such as tillage, generally accelerate soil organic C
decomposition rate [Murty et al., 2002; Buyanovsky and
Wagner, 1998], and the magnitude of this effect may also
vary among crop management activities. In this study, the
effect of cultivation on crop soil C decomposition rate is
considered through simply multiplying the decomposition
rate in each pool by a cultivation factor like in the
CENTURY model [Parton et al., 1988], where the cultivation
factor was set to be 1.1 for drill, 1.3 for sweep, row-cultivator
and rodweeder, and 1.6 for ploughing and cultivator. Lacking
information on historic changes in spatial distribution of
cultivation techniques, the cultivation factor in our current
simulation is set to be spatially constant, but dependent on
crop types. We take a higher value of 1.3 for C4 crops and a
lower value of 1.1 for C3 crops. This is because most C4
crops are mainly distributed in tropical regions where gener-
ally more than one crop per year grow. It should be also noted
that ORCHIDEE does not represent accurately cultivated
plants and the farming practices impacting their growth.
However, these processes missing may be not significantly
influence the accuracy of land use change caused global C
emission estimation because of the lack of historical infor-
mation on the spatial patterns of cultivated plants and farming
practices. The parameterization of C process for pastureland
is simply treated as nature grassland.

[v] ORCHIDEE has been extensively validated against
observed seasonal cycles of energy and water exchanges
and C fluxes at various eddy-covariance sites and, through
the use of an atmospheric transport model, against the sea-
sonal and interannual variability of atmospheric CO, con-
centration at globally distributed atmospheric sites [Krinner
et al., 2005; Ciais et al., 2005; Piao et al., 2008]. Spatio-
temporal change in leaf area index (LAI) derived from
ORCHIDEE is also compared with that in satellite-observed
greenness indexes from 1982 to 2002 [Krinner et al., 2005;
Piao et al., 2006], showing that the modeled phenology
captures the observed interannual and decadal greenness
trends well. The ORCHIDEE simulated response of NBP
(Net Biome Production) to future climate change and rising
CO, concentration is intermediate among five DGVM which
were compared by Sitch et al. [2008]. These former studies
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suggest a potential applicability of the model for exploring
historical terrestrial C cycle dynamics.

2.2. Data Sets

[10] The meteorological data used to run ORCHIDEE
include air temperature, precipitation, wet day frequency,
diurnal temperature range, cloud cover, relative humidity of
the air, and wind speed. Monthly data sets, with a spatial
resolution of 0.5° x 0.5° for 1901-2002, were supplied by
the Climatic Research Unit (CRU), School of Environmental
Sciences, University of East Anglia, United Kingdom
[Mitchell and Jones, 2005]. Since wind speed data are only
available starting 1960, we used the average wind speed data
during the period 1960—2002 in our historical simulation
from 1901 to 2002. In other words, wind speed data are not
changed during the whole study period. Since the climate
forcing in ORCHIDEE was defined at a half-hourly time step,
weather generator algorithms were employed to disaggregate
monthly climate variables into half-hourly. For precipitation,
the occurrence of wet or dry days and daily precipitation
amount were determined from monthly precipitation, with
wet day frequency from a Richardson-type weather generator
[Richardson and Wright, 1984]. Daily precipitation amounts
were converted to half-hourly by evenly distributing rainfall
throughout the day. For temperature, daily minimum (Tmin)
and maximum values (Tmax) were approximated from mean
monthly air temperature and diurnal temperature range
through multivariate generation models conditioned on the
wet or dry status of the day according to Richardson [1981].
Half-hourly temperature are then generated from daily values
of Tmin and Tmax by using a sine wave assuming that max-
imum temperature occurs at 14:00 local time and minimum
temperature occurs at sunrise [Campbell and Norman, 1998].
Daily surface pressure was calculated on the basis of the
function of daily temperature and elevation, and the constant
value was assumed throughout the day. Following the ap-
proximation of daily wind speed values from monthly means
by linear interpolation, half-hourly wind speed were calcu-
lated by a logarithmic function of both daily value and
independent random number generated from the normal
distribution [Nicks et al., 1990]. For specific humidity,
monthly relative humidity derived from monthly vapor
pressure was linearly interpolated to daily values, which
were further calibrated conditioned on the wet or dry status
of the day [Nicks et al., 1990]. The daily specific humidity
can thus be obtained from air temperature and relative
humidity. The approach implemented in generating half-
hourly specific humidity values from daily is the same as
for air temperature mentioned above. Half-hourly down-
welling shortwave radiation under clear sky condition was
calculated on the basis of solar zenithal angle, depending on
the hour, the day of year and latitude. It is then modulated
by daily cloud cover (obtained from the monthly fields in
the same way as daily temperature) based on the linear
regression parameters from Friend [1998].

[11] Cropland area from 1860 to 1992 is prescribed each
year from the data set of Ramankutty and Foley [1999]. We
have combined this data set with that of Goldewijk [2001] to
account for the changing extent of pasture from 1860 to
1992. The distribution of natural vegetation at each grid cell
is derived from Loveland et al. [2000]. The extent of natural
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Figure 1. Changes in anomalies of total terrestrial net primary productivity (NPP, Pg C yr 1),
heterotrophic respiration (HR, Pg C yr "), nature fire-induced carbon (C) emission (Pg C yr™'), total
terrestrial net biome productivity (NBP, Pg C yr~'), anomalies of annual precipitation (mm), and
anomalies of annual mean temperature (°C) from 1901 to 2002. C flux is derived from simulation S1
which only considers climate change and rising atmospheric CO,. The averages of global total NPP, HR,
and fire emission from 1901 to 2002 are 70 Pg C yr ', 65 Pg C yr ', and 4 Pg C yr ', respectively.
Positive values of NBP indicate carbon sinks, and negative values of NBP indicate carbon sources.

vegetation varies with time as a function of the prescribed
extent of cropland and pasture. Changes in crop and pasture
extent from 1992 till 2002 is derived from the IMAGE 2.2
scenarios (http://www.mnp.nl/image/image products/). We
use an anomaly procedure to ensure consistency between
both data sets. Detailed description on this data set is given by
N. de Noblet-Ducoudré et al. (2008, http://www.cnrm.meteo.
fr/ensembles/public/data/LandUseMaps_Informations.pdf).

3. C Balances Associated With Changes
in Climate and CO, Over the Last Century

[12] In this section, we analyze the climate change driven
interannual variation of C flux over the last century. To do
so, we first integrated the model at a resolution of 2° x 2°
for about 1000 years until the C pools reach equilibrium
(less than 0.01% year to year C storage change) based on

transient climate data during the period 19011910 and the
1860 atmospheric CO, concentration of 286.05 ppm. The
model was then run until 1900 with the variable climate of
the period 1901-1910 and the corresponding atmospheric
CO; concentration data during 1860—1900. This state was
used as the initial condition for the last century simulation
(S1) which only considered climate change and rising
atmospheric CO, (Table 1).

3.1. Global C Balance

[13] Figure 1 shows the interannual variability and trends
in modeled global annual NPP, heterotrophic respiration
(HR), fire emissions, and resulting net C balance (NBP).
The variability of NBP is also compared to the one of tem-
perature and precipitation from 1901 to 2002 (Figures 1b
and 1c). Global annual NPP and HR significantly increased
during the last century, especially since the 1970s. The
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Figure 2. Interannual variation in anomalies of annual
NPP (g C m 2 yr''), annual NBP (g C m? yr ),
anomalies of annual precipitation (mm yr~ '), and anomalies
of annual temperature (°C) at different latitudes from 1901
to 2002. C flux is derived from simulation S1 which only
considers climate change and rising atmospheric CO,.
Positive values of NBP represent carbon uptake, and
negative values of NBP represent carbon release.
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global annual NPP increased from 67.5 Pg C yr ' in 1901
to 77.0 Pg C yr~' in 2002, a total increase of 14.1% or an
average rate of 0.11 Pg C yr~'. Annual NBP fluctuated
around 0 during 1901-1970, while often showed positive
values (sink) during the following 3 decades because of the
rapidly increasing vegetation productiVity (Figure 1).

[14] Interannual variations in global NBP lockstepped
more closely those in NPP (R*=0.58; P <0.001) than those
in HR (R*>=0.27, P < 0.001) and fire (R2 0.02, P=0.12),
implying that, in ORCHIDEE, the variations in terrestrial net
C balance are primarily determined by the variations in
vegetation productivity (as observed by Law et al. [2006]).
In terms of climate effects, variations in global NBP are
best explained by variations in precipitation, in agreement
with earlier studies [Schaefer et al., 2002]. For example, the
“hump” in terrestrial net C uptake during the period 1973—
1975 was anomalously large (3.7 +£0.6 Pg C yr '), is strongly
linked with abnormally high NPP (4.0 = 0.6 Pg C yr})
caused by above-average precipitation (43 = 8 mm yr—1'). In
contrast, substantially low precipitation was observed in 1914,
1930, 1940, 1965, and 1987, leading to a corresponding large
C loss from terrestrial ecosystems in these years.

3.2. Spatial Patterns of the Interannual Variations
in C Balance

[15] The interannual variations in modeled NPP and NBP
at different latitudes are illustrated in Figure 2. In compar-
ison to the early last century, NPP during the last 2 decades
have significantly increased at nearly all latitudes, except in
the latitude strip of 5—15°N, where NPP showed persistent
negative anomalies (<—50 gC m~2 yr~ ') during the 1980s.
The drought stress due to a dramatic decrease in precipita-
tion (Figure 2c) is likely responsible for the reduced
vegetation productivity during that period in these regions.
On the other hand, the modeling results show that patterns
of NPP changes correspond closely with temperature
changes over the high-latitude region (north of 50°N). For
instance, vegetation productwlty north of 50°N was abnor-
mally high (>10 gC m~? yr™') during the periods 1940—
1960 and 1980-2000, which is associated with abnormally
high temperature (Figure 2d). Conversely, likely due to tem-
porary cooler temperatures, NPP significantly decreased in
the 1960s and 1970s across the high-latitude belt.

[16] There is a large variability in the magnitude and sign
(sink or source) of NBP from year to year, in response to
climate anomalies. As shown by Figure 2b, carbon losses
from tropical ecosystems have been abnormally strong
(<—=50 gC m 2 yr~') in warm and dry years, such as 1914,
1930, 1940, 1965, 1983, and 1987, whereas wetter and
cooler years were significantly correlated with an increase
in net C uptake (e.g., 1917, 1956, 1973-1975, 1985, 1989,
and 2000).

[17] In order to analyze both spatial and temporal vari-
ability of land C fluxes driven by climate, an empirical
orthogonal function (EOF) analysis was conducted for NPP
and NBP in the early (period 1901—-1920) and late (period
1980—1999) 20th century. The results suggest that time
evolution (principal component) of the first EOF component
of both NPP and NBP is significantly related with the
interannual variation of monthly Southern Oscillation Index
(SOI), particularly with SOI for January (R* = 0.28, P <
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Figure 3. Spatial patterns of the first empirical orthogonal function (EOF) component from EOF
analysis of NPP and NBP derived from simulation S1 which only counts climate change and rising
atmospheric CO, during the periods 19011920 and 1980—1999.

0.05 for NPP; R* = 0.19, P < 0.05 for NBP), February (R* =
0.52, P<005 for NPP; R2 0.34, P<005 for NBP), and
March (R* = 0.24, P < 0.05 for NPP; R* =0.16, P < 0.05 for
NBP). The spatlal patterns of the ﬁrst EOF component of
NBP is close to that of NPP, particularly in the late 20th
century, further suggesting that variation in NBP is primar-
ily regulated by variation NPP (Figure 3). Similar to
previous analysis by Zeng et al. [2005], the spatial patterns
of the first EOF component of NPP and NBP generally
mirrored C flux anomalies during El Nifio events (Figure 4),
indicating that ENSO forced changes in climate are the
dominant mechanism explaining the variability in NPP and
NBP during the last century. In the southeastern United
States, southeastern South America, eastern Europe, and
eastern China however, the first EOF component of NBP is
negatively correlated with the El Niflo pattern. In compar-
ison with the early 20th century, the spatial patterns of
positive abnormal NBP seem to have moved northward
over America (Figure 3).

3.3. Characteristic Response of C Balance to ENSO

[18] In order to further explore the spatial patterns of
ENSO effects on terrestrial C balance, we first calculated
the anomalies of NPP and NBP in 1989, the strongest La
Nifia event on record, and in 1998, the strongest El Nifio
event, relative to the 9 year means over the period surround-
ing each event by +4 years.

[19] It is well known that precipitation decreases over the
most of tropical region during El Nifio episodes and
increases during La Nifia episodes [Jones et al., 2001]. In
addition, generally significant increase in temperature was
also observed during El Niflo episodes [Hashimoto et al.,
2004]. In response to El Nifio in 1998, the modeled NPP 1s
strongly decreased over the Amazon (<—100 gC m™ Zyrh,
the savannas region and eastern equatorial forests in Africa
(—=100——50 gC m~2 yr "), in the eastern United States and
in South Asia (<—100 gC m~? yr~') due to drought, while
there is an increase of NPP in the eastern parts of China

(>150 gC m~2 yr '), India (>100 gC m~2 yr "), and over
most of western and northern North America (>30 gC m™>

~1) (Figure 4b). Similar patterns are observed from
satelhte derived NDVI data sets from Tucker et al. [2005]
(Figure 4d) in most of regions except in the eastern Amazon
basin and Indonesia, which may be related to cloud effects
on satellite greenness [Slayback et al., 2003]. As shown in
Figure 4f, the terrestrial biosphere functions as a net source
of CO, to the atmosphere during the major El Nifio event of
1998 particularly in the tropical regions (<— 50 gC m 2
yr~') and eastern North America (<—50 gC m 2 yr ). An
opposite regional response compared to El Nifio is found for
La Nifia events in the modeled NPP and NBP (Figures 4a—
4b and 4e—4f), except in central and eastern Europe and in
European Russia and western Siberia, where both La Nifia
and El Niflo coincide with a drop in NPP and an abnormal
source for NBP. The same direction of changes in NBP of
these regions during both El Nifio in 1998 and La Nifa in
1989 suggests that regional C flux changes are not signif-
icantly affected by ENSO [Schaefer et al., 2002].

4. Changes in Terrestrial C Balance Forced by
Changes in Climate and CO, From 1980 to 2002

[20] As shown in Figures 1 and 2, the period from 1980 to
2002 saw the most rapid increase in NPP of the 20th century.
In this section we focus in more detail on the attribution of
this NPP trend to the forcing of atmospheric CO,, temper-
ature, and precipitation for the period 1980—2002. To do so,
we performed new sensitivity simulations (S2, S3, and S4)
by varying only one driving variables during 1980—2002
(Table 1). S1 simulation—derived state in 1979 is used as
initial conditions for the simulation of S2, S3 and S4. In
simulation S2, only atmospheric CO, is varied, and climate
variables in 1979 are used during the whole 1980—2002
period. In simulation S3, only temperature is varied, and in
simulation S4, only precipitation is varied. The effects of
other climate variables other than temperature and precip-
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Figure 4. Spatial patterns of modeled NPP, NBP, and satellite-derived annual NDVI anomalies in
El Nifio years (1998) and La Nifia years (1989). NBP is derived from simulation S1 which only
considers climate change and rising atmospheric CO,. Annual NDVI is defined as sum of bimonthly

NDVI which is lager than 0.1.

itation are evaluated by subtracting the sum of S2, S3 and
S4 from the previous simulation (S1) where all forcing
variables are varied. Finally, the individual contribution of
each factor (atmospheric CO,, temperature, and precipita-
tion) to the trend in C fluxes is defined as the ratio of the
linear flux trend over 1980—2002 derived from each sensi-
tivity simulation (S2, S3, and S4, respectively) to that of
simulation S1.

4.1. Attributing the Global Trends in NPP and NBP

[21] Simulation S1 predicted that global NPP has increased
from 74.3 Pg C yr ! in the early 1980s (average of 1980—
1982)t0 80.3 Pg C yr ' in the early 2000s (average of 2000—
2002) with a linear trend of 0.3 Pg C yr 2 or 0.4% yr'
(Figure 5). Such a significant increase of NPP seems to be
primarily attributed to the increase in atmospheric CO,
concentration (contributing 0.24 Pg C yr 2 or 80% of the
NPP linear trend), and then by precipitation trend to wetter
conditions (0.07 Pg C yr—2). Conversely, rising temperature
alone is modeled to cause a weak negative trend in global
NPP (—0.02 Pg C yr2). On the other hand, interannual
changes in global NPP in simulation S1 are most significantly
correlated with those in simulation S4 where only precip-
itation varies (R = 0.84, P < 0.001). This suggests that at
global scale, rainfall variability is the dominant control of
NPP interannual variability in ORCHIDEE, whereas it is

less important in controlling NPP trends over the past
2 decades.

[22] For global NBP, our results suggest that global
warming has already begun to accelerate global C loss
(Figure 5). In response to rising temperature alone, global
NBP has significantly decreased by 0.05 Pg C yr ' (P <
0.05), which is about 70% of increase in NBP driven by
rising atmospheric CO, concentration (0.07 Pg C yr '; P <
0.05). Overall, the simulation S1 modeled global NBP varies
between 1.3 Pg C yr ' in 1983 and —4.5 Pg C yr " in 2000,
with a slight increase in the sink of 0.05 Pg C yr 2 over the
past 2 decades (Figure 5). The interannual variability of
global NBP in simulation S1 matches most closely with that
in simulation S4 which only considers precipitation changes
(R = 0.88, P < 0.001), further indicating that year-to-year
variation in global NBP is mainly driven by precipitation
variation, just as for NPP. However, it should be noted that
the large, anomalous, negative, climate-driven NBP anom-
aly (net C emission, simulation S1) in 1998 is due to the
significant increase in global temperature, consistent with
previous studies [e.g., Erbrecht and Lucht, 2006].

4.2. Spatial Patterns of NPP and NBP Trends

[23] Figure 6a displays the spatial distribution of the
linear NPP trend from 1980 to 2002 (simulation S1). The
largest NPP positive trend (over 5.0 gC m~2 yr?) is seen
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Figure 5. Interannual changes in anomalies of global total
NPP (Pg C yr ') and total NBP (Pg C yr ') estimated from
simulations S1 (considered both atmospheric CO, and cli-
mate variability), S2 (only considered CO, increase), S3
(only considered temperature change), and S4 (only con-
sidered precipitation change) from 1980 to 2002. Positive
values of NBP represent carbon uptake, and negative values
of NBP represent carbon release.

over the central United States, the La Plata basin in South
America, Guyana, Sahelian, Sudanese and southern African
savannas, southern European Russia, southwestern China,
the maritime continent and northern Australia. In contrast,
southwestern United States, northeastern China, most of
eastern Europe and the Great Lakes region in Africa show a
persistent negative trend of NPP (Figure 6a). Overall, NPP
increased over 80% of the ecosystems, indicating a domi-
nant rise in productivity during the last 2 decades.

[24] Due to substantially enhanced vegetation productiv-
ity, the largest increase in carbon sink in simulation S1 is
found in central United States, central Africa, western
Russia, maritime continent and northern Australia, with a
linear trend of over 3.0 gC m 2 yr 2 (Figure 6b). Only a
few areas mostly experience a dramatic decrease in NBP
over the last 2 decades. These regions with decreasing
NBP are broadly similar with those of decreasing NPP
(Figure 6a).

[25] A summary of ORCHIDEE-derived NPP and NBP
trend different forcing factors in four different regions is
presented in Figure 7. All regions show significant increas-
ing trend of NPP in simulation S1, but relative contributions
of different factors are not constant (Figure 7). The CO,
fertilization effects (simulation S2) are the major cause for
the increase of NPP in tropical region (114 Tg C yr ?)
(between 20°S and 20°N) and northern temperate region
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(63 Tg C yr?) (between 20°N and 50°N) where a decreas-
ing trend of annual NPP (=7 Tg C yr %) occurs in
simulation S3 that only considered the effects of tempera-
ture variability, indicating that the recent warming alone
does not benefit vegetation growth in this region. In the
Southern Hemisphere (south of 20°S) and the boreal region
(north of 50°N), the contribution from climate change is
comparable to that from CO, fertilization effects.

[26] The insignificant decrease in annual NBP (16 Tg C
yr?) obtained in simulation S1 is found in northern tem-
perate region where in response to solely current tempera-
ture change, net C uptake significantly decreased at the rate
of 23.6 Tg C yr 2 (R = 0.54, P < 0.05), which offsets the
increase in sink caused by rising atmospheric CO, concen-
tration (15.2 Tg C yr 2). The modeled net C uptake of
tropical (35 Tg C yr—?) and boreal regions (18 Tg C yr—2) is
enhanced during the last 2 decades, and CO, fertilization
effects are primarily responsible for this enhancement
(32 Tg Cyr Zand 17 Tg C yr 2, respectively). In addition,
precipitation change also contributed to the increase in
carbon sink in the Southern Hemisphere (4.6 Tg C yr?)
and tropical region (13.8 Tg C yr 2).

4.3. Impacts of Climate Change on the Interannual
Variability in C Flux

[27] Figure 8 shows the spatial distribution of climatic
controls on the interannual variability in NPP and NBP
derived from the S1 simulation (considering all factors) over
the last 2 decades. The explained variability caused by each
climatic factor (temperature, precipitation, and other climate

<10 -7 5 3 2 -4 1 2 3 5 7

>10 gC/m* iyr *

Figure 6. Spatial distribution of the trends in annual
(a) NPP and (b) NBP derived from simulation S1 (con-
sidered both atmospheric CO, and climate variability) from
1980 to 2002. The trends were calculated on the basis of
linear regression of C fluxes with year using ordinary least
squares. Positive values of NBP indicate increasing net
carbon uptake.
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factors) is assessed through calculating the square of tem-
poral correlation coefficients between C fluxes derived from
each corresponding simulation (S3, S4, and S1 — S2 — S3 —
S4, respectively) to that from simulation S1.

[28] As shown in Figure 8a, temporal changes in NPP in
high-latitude regions and Tibet are mainly explained by
temperature changes, while precipitation variations are the
major driving variable accounting for NPP variations in
most other regions, except western Amazonian forests
where the contributions from different climatic factors are
also significant (radiation limited photosynthesis). These
different controls on NPP are expected since northern
ecosystems and Tibet are rather cold and rarely water
limited, while most other regions are warmer and relatively
more water limited [Reichstein et al., 2007]. In the north-
eastern part of Siberian region, our results show that other
climate factors than temperature and precipitation are pri-
marily responsible for the interannual variations in vegeta-
tion productivity (explaining more than 50% of the total
variance in NPP). Cloud cover change may exert significant
control over the interannual variability in NPP in this region,
mainly through influencing light availability for plant
growth.

[20] Similar patterns of controlling drivers are also ob-
served in NBP (Figure 8b), but the temperature explained
variation of NBP in boreal regions is somewhat weaker than
that of NPP. This may be attributed to the parallel positive
responses of NPP and HR to temperature change. Overall,
in more than 70% of global vegetation surface, precipitation

Figure 8. Spatial distribution of climatic controls on interannual variation of NPP and NBP due to
temperature, precipitation, and other climate factors. Red color indicates that the interannual variation of
modeled C flux is primarily explained by temperature change, green color indicates that the interannual
variation of modeled C flux is primarily explained by precipitation change, and blue color indicates that
other climate factors (e.g., solar radiation and humidity) play a dominant role.
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Figure 9. Change in carbon emissions from land use change (simulation S6 — S5), net carbon exchange
(NBP) associated with all factors including climate, atmospheric CO, and land use (simulation S1 +

S6 — S5), and crop land area from 1901 to 2002.

change is still more strongly associated with the interannual
variation in NBP than other climatic factors, particularly in
temperate and tropical regions, further supporting the con-
clusion that precipitation change is primarily driver of the
global NBP variability [Schaefer et al., 2002; Zeng et al.,
2005].

5. Effects of Land Use Change on C Balance

[30] In this section, we analyze the effects of land use
change on terrestrial C balance over the last century. As
mentioned in section 1, we performed two new simulations
(simulation S5 and S6) without considering natural fire
disturbances (see discussion in section 6.3). In simulation
S5, only atmospheric CO, and climate were varied over the
last century, while in simulation S6 atmospheric CO, and
climate as well as land use were varied. The individual
effect of land use changes were estimated by subtracting S5
from the S6 results. Similar to simulation S1, both simu-
lations are initialized in 1860 with repeated climate con-
ditions from the 1901-1910 period, the 1860 atmospheric
CO, concentration of 286.05 ppm, and 1860 land cover.

5.1. Global Scale

[31] The global NBP changes associated with land use
change over the last century is shown in Figure 9. The land
use change caused global C emission showed increasing
trend until 1950s, and then sharply decreased during the
period 1960—1990 (Figure 9a), which is consistent with the

change in area of cropland (Figure 9b). Furthermore, it was
converted to slightly increase since 1990. Such variation in
land use change caused a mean CO, source to the atmo-
sphere. However, it is not strong enough to affect the modeled
interannual variation in net C exchange between terrestrial
ecosystem and atmosphere (R = 0.04, between S6 — S5 and
S1), reflecting the dominant role of climate in the interannual
variation of net C exchange (R? = 0.97).

[32] Over the last century, the modeled land use change
emitted about 129 Pg of C to the atmosphere. About 76%
(or 98 Pg C) of this emission, however, was offset by the net
C uptake on land driven by changes in climate and CO,
(simulation S1) in other regions. Thus, the modeled net
release of C from the terrestrial ecosystems to the atmo-
sphere from 1901 to 2002 is about 31 Pg C, reflecting that
20% of the increase in atmospheric CO, concentration was
contributed by the feedback of terrestrial C cycle to the
atmosphere over the last century. For the period 1980s and
1990s, climate change and CO, rising (simulation S1) forced
C uptake (1.6 Pg C yr ' for 1980s and 2.2 Pg C yr ' for
1990s) is much larger than land use change driven C emis-
sion (1.0 Pg C yr~! for 1980s and 1.2 Pg C yr_1 for 1990s),
leading to a net C sink of 0.5 Pg C yr ' in 1980s and of
1.0 Pg C yr~ " in the 1990s (Figure 9a).

5.2. Spatial Patterns

[33] In response to land use change over the last century,
the largest C emission (>10 gC m™? yr ') is mainly
distributed in central North America, eastern Europe, South
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Figure 10. Spatial distribution of carbon emissions from land use change (simulation S6 — S5) and net
carbon exchange (NBP) associated with all factors including climate, atmospheric CO, and land use
(simulation S1 + S6 — S5) for the periods 1901-1999 and 1980—1999.

Asia and eastern South America (Figure 10a). Only a few
areas principally in North America and Europe exhibit a
considerable decrease of crop area during the last century.
Consequently, net C uptake is detected as a legacy of past
land use changes across these regions (Figure 10a). In
comparison to the period 1901-1999, land use change
caused C emission in central North America and eastern
Europe is somewhat decreased (Figure 10b). In contrast, C
emission in tropical regions is slightly increased (Table 2).
Due to forest regrowth, central Europe has a net C uptake asso-
ciated with land use change during 1980—1999 (Figure 10b).
We estimate that the net C uptake from European land use
change in the 1980s and 1990s is about 0.01 PgC yr~' and
0.02 PgC yr ', respectively (Table 2).

[34] Figures 10c and 10d show the spatial distribution of
NBP associated with climate, CO,, and land use change
(S1 4+ S6 — S5) for the periods 1901-1999 and 1980—1999,
respectively. Due to strong land use change caused C
emission which largely offsets the climate and CO, induced
sinks, a net C source is obtained in the North American
middle west agricultural regions) and in eastern Europe over
the last century (Figure 10c). Both regions experienced a
strong expansion of croplands over natural grasslands and
forests, and the “carbon debt” of these early century
changes in land use has not yet been recovered. Eastern
South America and southwestern Africa also show net land
use induced C emission during the period 1901—1999. Sim-
ilar spatial patterns of NBP is observed during 1980—1999
(Figure 10d), but the net C uptake in most of temperate and

Table 2. Carbon Emissions From Land Use Change (Simulation S6 — S5) and Net Carbon Exchange Associated With All Factors®

Carbon Emission due to Land Use Change (Pg C yr")

NBP (Pg C yr ")

This Study Houghton Jain and Yang This Study
(Simulation S6 — S5) [2003] [2005] Other Studies (Simulation S1 + S6 — S5)
Region 1901-1999  1980s  1990s  1980s  1990s 1980s 1980s 1990s  1901-1999  1980s  1990s
Tropical America 0.27 0.28 0.38 0.77 0.75 0.24 0.4° 0.5° —0.12 0.24 0.00
Tropical Africa 0.07 0.07 0.12 0.28 0.35 0.08 0.1° 0.1° —0.01 -0.21  0.05
Tropical Asia 0.19 0.27 0.25 0.88 1.09 0.34 0.2° 0.4° —0.07 —0.15 —0.08
Tropics 0.54 0.62 0.74 1.93 2.20 0.67 0.7° 1.0° —0.20 —-0.13  —0.03
North America 0.23 0.12 0.07 —-0.09 —0.08 0.01 —0.08 0.24 0.53
Europe 0.03 —-0.01 —0.02 —0.02 —0.02 0.00 0.02 0.10 0.09
Former Soviet Union 0.29 0.20 0.23 0.03 0.02 0.00 —0.02 0.16 0.29
China 0.07 0.03 0.13 0.11 0.03 —0.03 —0.02 0.13 0.02
Global 1.27 1.03 1.22 1.99 2.18 0.67 0.6—1.0° —0.31 0.55 0.99

*Factors include climate, atmospheric CO», and land use (simulation S1 + S6 — S5). Positive values of net carbon exchange (NBP) represent net carbon

uptake.
DeFries et al. [2002].
“Mcguire et al. [2001].
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boreal regions is higher than the average value of last
century due to the effects of climate change and rising
atmospheric CO,.

6. Discussion
6.1. NPP Changes

[35] Previous observational and modeling studies have
documented that terrestrial photosynthetic activity has
increased over the past 2—3 decades [Fang et al., 2003;
Nemani et al., 2003; Boisvenue and Running, 2006].
Using a satellite-based model of NPP, Nemani et al. [2003]
inferred that global NPP increased by 0.34% yr~' over the
past 2 decades, which is close to our modeling result
(0.4% yr™ ).

[36] There has been much debate about the cause of such
a significant increase in NPP. Although satellite-based
models could relatively accurately estimate the change in
vegetation NPP, it is still a great challenge using these
models to understand the mechanisms because remotely
sensed greenness observations result from the combined
effects of several factors, such as climate change, rising
atmospheric CO, concentration, nitrogen deposition and
land management [Nemani et al., 2003]. Process models
that describe major biogeochemical behaviors influencing
the C processes are potentially effective tools for this
purpose. Previous modeling experiments showed that rising
atmospheric CO, concentration is primarily responsible for
the current increase in global NPP [Friedlingstein et al.,
1995; Friend et al., 2007], although there also remain large
uncertainties in attempts to model the direct effects of CO,
fertilization on plant growth [Bazzaz et al., 1995]. Recently,
Norby et al. [2005] analyzed the response of NPP to
elevated CO, in four free-air CO, enrichment (FACE)
experiments in forest stands and showed that the enhance-
ment of forest NPP by rising CO, (about 180 ppmv) is about
23%. Assuming a linear extrapolation from these FACE site
results, the increased atmospheric CO, concentration from
338 ppmv in 1980 to 378 ppmv in 2002 would imply
approximately a 5% increase in global NPP during the
study period, which is consistent with our modeling result.
In response solely to atmospheric CO, change (simulation
S2), the modeled global NPP increased by about 6%,
accounting for 80% of the increase in simulation S1.

[37] Recent climate change alone also leads to increase in
global NPP, but its relative contribution is not constant
across global land surface. Some studies have showed a
strong link between enhanced vegetation growth and warm-
ing in the northern region [Zhou et al., 2001]. This is
consistent with our simulation result that annual NPP in
boreal region increased with current rising temperature (see
Figure 8). Global warming might be expected to have strong
negative impacts on vegetation growth in already warm
regions, by increasing the potential evapotranspiration.
Indeed, our simulations reveal that, unlike in boreal eco-
systems, the current rise in temperature alone does not
benefit to vegetation NPP in temperate and tropical eco-
systems (water-controlled biomes in Figure 8), a response
probably associated with reduced soil moisture content.
Such a negative relationship between temperature and tree
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growth is also observed in historical tree ring record for
both tropical forest and temperate forest [Clark et al., 2003;
Liang et al., 2003], suggesting that water availability is a
key limiting factor controlling vegetation NPP in these
regions. This is further evident from the 2003 summer
drought in Europe [Ciais et al., 2005] and the recent dry
summers in mid and high northern latitudes [Angert et al.,
2005]. Current precipitation change is an important factor
responsible for enhanced vegetation productivity in the
Southern Hemisphere (south of 20°S) and tropical region,
where precipitation change alone has led to significant in-
crease in annual NPP by about 0.26% yr~' and 0.15% yr ',
respectively, contributing about 40% of the annual NPP
increase. In addition, our results suggest that in response to
land use changes (S6 — S5), global NPP has not signifi-
cantly increased over the last 2 decades (R* = 0.04, P <
0.10), implying that the contribution of land use change to
the increasing trend of global NPP over the last 2 decades
may be limited.

6.2. NBP Associated With the Change in Climate
and CO,

[38] Figure 11 shows the comparison of interannual
variation in our modeled global NBP with the anomalous
flux deduced from one atmospheric inversion and from the
LPJ bottom-up model (same data as given by Peylin et al.,
2005). Generally, the representation of interannual timing
and magnitude of NBP variations in the ORCHIDEE is
better during 1990s than during 1980s. For example,
ORCHIDEE produces a negative anomaly of NBP in
1998 (an El Nifio year) which is very close to that derived
from inverse modeling, while both ORCHIDEE and LPJ
estimated anomaly of NBP in 1983 (another El Nifio year)
is somewhat stronger than that from inverse modeling.
This is probably due to the limited number of atmospheric
stations (less than 25) before 1985 [Peylin et al., 2005].
One can also note that after the cooling induced by
aerosols emitted by the volcanic eruption of Mount
Pinatubo in June 1991, the global NBP increased during
the period 1992—1993, but the increasing magnitude from
ORCHIDEE (and LPJ as well) is larger than that analyzed
by the inversion.

[39] In addition to interannual variability, the magnitude
of current global NBP without considering land use change
is generally comparable to earlier estimates. We estimated
that global annual NBP in the 1980s attributed to climate
change and CO, fertilization is about 1.6 Pg C yr~', which
is within the range of 1.1-2.3 Pg C yr ' derived from other
terrestrial models [McGuire et al., 2001; Jain and Yang,
2005]. About 70% of our estimated land C sink is distrib-
uted in the Northern Hemisphere, consistent with the result
detected by atmospheric inversion modeling [Ciais et al.,
1995; IPCC, 2007].

[40] Climate change and CO, fertilization caused global
land C sink in the 1990s is larger by about 0.6 Pg C yr~'
than that in the 1980s. Such increase in global NBP is
mainly distributed in boreal and tropical regions, contributing
about 70% of the increasing NBP over the last 2 decades.
Our results also show that rising atmospheric CO, made a
greater contribution to the increased global NBP (simulation
S1) than climate change. It is noteworthy that although both
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Figure 11. Anomalies in NBP obtained from this study, LPJ model, and atmospheric inverse model
[Peylin et al., 2005] over the past 2 decades. Positive values represent carbon uptake, and negative values

represent carbon release.

this study and several previous analyses [Lucht et al., 2002;
Piao et al., 2006] highlighted a significantly enhanced
vegetation productivity in response to recent warming in
boreal ecosystems, a small, warming-induced, decreasing
trend was present for the modeled annual NBP at the
continental scale (R = 0.20, P > 0.05). This result indicates
that rising temperature will not necessarily increase net C
uptake in high-latitude regions owing to concurrent stimula-
tion of HR which is normally more sensitive to temperature
change than NPP [Vukicevic et al., 2001; Cao et al., 2002].

6.3. NBP Associated With Land Use Change

[41] Current lack of information on the amount and spatial
patterns of deforestation and impacted forest biomass
stock [Houghton, 2007] makes it extremely challenging
to accurately estimate the magnitude of NBP changes
associated with land use change, particularly in tropical
region [DeFries et al., 2002]. Although our modeled total
C emission (129 Pg C) from land use change during the
last century is comparable with the previous estimation of
120 Pg C derived by bookkeeping model [Houghton,
2003], there is a large difference in its temporal and spatial
patterns due to different rate of temporal change in cropland
area (Table 2 and Figure 9). During the period 1901—-1960,
the ORCHIDEE modeled results produce generally a larger
source than those of Houghton [2003], although both
estimations show increasing trends in global C emission
driven by land use change. Since about 1960, the net source
due to tropical forest clearing estimated by Houghton [2003]
exceeded our estimate, particularly during the 1980s.

[42] At the global scale, our inferred land use flux to the
atmosphere (1.0 Pg C yr~' for 1980s and 1.2 Pg C yr! for
1990s) is only 50% of the one derived from the book keep-
ing model of Houghton [2003] (1.99 Pg C yr~' for 1980s
and 2.18 Pg C yr ' for 1990s). This discrepancy mainly
arises from the very different prescribed rates of cropland
area changes (Figure 9). The study of Jain and Yang [2005]

suggested that the land use source in the 1980s was nearly
doubled when applying the cropland area of Houghton
[2003] instead of the one of Ramankutty and Foley
[1999], but their estimation (0.6—1.3 Pg C yr ') was still
not as large as estimated by Houghton [2003]. Our calcu-
lated land use flux of 1.0 Pg C yr ', is considerably larger
than that of Jain and Yang [2005] (0.67 Pg yr~ "), and larger
than that of McGuire et al. [2001], although all three carbon
models were prescribed the same Ramankutty and Foley
[1999] cropland data set. Such larger C emission in response
to land use change may be caused by our set up and dif-
ferent simulation scenarios (Table 1). Because most defor-
estation has occurred in moist tropical forests with a very
long natural fire return interval, we calculated the effect of
forest clearing on C balance without considering natural fire
disturbances. To check on this indirect effect of fires on the
land use flux, we also integrated ORCHIDEE by activating
natural fire disturbances. The results indicate that in com-
parison with the simulation results without fire disturbance,
annually about 0.3 Pg (or 30%) of less C emission from land
use change is estimated when fires are included (Figure 12).
This finding illustrates the indirect importance of natural
fires in the calculation of C emissions associated with land
use change.

[43] The largest difference in land use flux between our
new estimation and Houghton [2003] lies in tropical
regions. The ORCHIDEE simulated land use flux is of
0.62 Pg C yr ' in 1980s and 0.74 Pg C yr ' in 1990s,
which is only 30% of the source given by Houghton [2003]
(1.9 Pg C yr ' in 1980s and 2.2 Pg C yr ' in 1990s). An
assessment based on satellite data and the latest published
information on forest biomass, however, also challenges
the estimation by Houghton [2003] as unrealistically high,
claiming that the deforestation induced source of C was
about 0.7 Pg C yr~' in 1980s and 1.0 Pg C yr™' in 1990s
[DeFries et al., 2002], still slightly larger than our numbers
(Table 2). As stated above, uncertainties associated with the
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Figure 12. Comparison of modeled carbon emissions from land use change between fire simulation and

fire-excluded simulation.

historical rate of change in croplands and in pasture area
(Figure 9) contribute largely to the spread of estimates. Due
to the smaller C emission associated with land use change,
our modeling results suggest the net carbon balance of
tropical lands is close to neutral (about 0.13 Pg C yr ' in
1980s and 0.03 Pg C yr ' in 1990s). This result is
comparable to the terrestrial carbon model analysis of Jain
and Yang [2005], but it does not support inverse modeling
estimation derived from atmospheric inversions models
(12 = 1.2 Pg C yr ") [Gurney et al., 2002]. The recent
cross validation study of Stephens et al. [2007] using
vertical CO, profiles revealed a common bias of nearly
all of these transport models, with the few models which
closely reproduced the vertical CO, profiles giving a
weaker net tropical emission of 0.1 PgC yr~'.

6.4. Limitation and Next Steps

[44] Several uncertainties are existed in our current sim-
ulation due to the uncertainty of model input such as climate
forcing data and historical land use information. For exam-
ple, due to the lack of historical climate data with high tem-
poral resolution (e.g., half-hourly time step), the monthly
CRU climate data were interpolated to half-hourly weather
variables using a weather generator, which may be one of the
big sources of uncertainty in our simulation. Regarding
historical land use changes, we only include the effects of
deforestation during the agricultural conversion to croplands
and pastures as well as agricultural abandonment, while the
effects of wood harvesting and forest regrowth are not
included in our study, although they may play a significant
role in shaping historic C fluxes, especially in North America
and Eurasia. This may be one of the causes for the over-
estimates of land use change driven C emission for Northern
Hemisphere in the 1980s and 1990s, particularly in North
America (0.10 Pg C yr~ " of this study versus —0.09 Pg C yr~"
of Houghton [2003]). In addition, the effects of no-tillage
management practice on the C balance are also not taken into
account in this study. To quantify and reduce uncertainties of
C balance caused by these model input data set, spatially and
temporally explicit historic climate and land cover/use data
sets are needed.

[45] It should be noted that the ORCHIDEE model still
misses some processes, which could lead to some misinter-
pretation. First, our simulation did not consider the effects
of nitrogen limitation and of nitrogen deposition on the C
cycle. Ignoring nitrogen limitations may yield to overesti-
mate the CO, fertilization effect on vegetation growth in
the model. N deposition is generally expected to enhance
the net C sink across temperate and boreal forests, but the
magnitude of its contribution is still poorly quantified due
to our current lack of knowledge on the N cycle process
[Magnani et al., 2007; Churkina et al., 2007; Sutton et al.,
2008]. Second, the effects of ozone pollution are also not
taken into account for this study. It was found that increase in
the tropospheric ozone level will decline vegetation growth
[Adams et al., 1989, Sitch et al., 2007]. Thus, the increase in
NPP may have been overestimated in our study, given greater
rates of ozone pollution over the last 2 decades. However, it is
possible that the negative effects of ozone pollution are com-
pensated by enhanced vegetation growth due to N deposition.
Finally, human managements including fertilization and
irrigation may also substantially influence C cycle at regional
scales [Bondeau et al.,2007; Gervois et al., 2008], but it is not
considered in this study. The effects of cultivation on crop soil
C decomposition rate are simply parameterized by multi-
plying a cultivation factor (1.3 for C4 crops and 1.1 for C3
crops), while pastureland is simply treated as nature grass-
land, since we currently know far too little about the C cycle
processes for crop and pastureland as well as their response to
human disturbance. Further studies are needed to quantify the
effects of all these factors on global terrestrial C balance.

7. Conclusions

[46] The results of this study, which attempts to use a
recently developed ecosystem model to calculate the his-
torical changes in regional C fluxes, show complex responses
of regional C balance to changes in climate, atmospheric
CO,, and land use. The global C cycle has been accelerated
under current climate change and rising atmospheric CO,
concentration, which led to enhanced vegetation productivity
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and a faster turnover of the terrestrial C reservoirs. While
global terrestrial ecosystems act as a small C sink and its
magnitude tends to increase slightly over the last 2 decades,
our calculations also suggest that current global warming has
already begun to accelerate C loss in tropical and temperate
regions, offsetting about 70% of the increase in global NBP
due to CO, fertilization effects. We expect such a response
will act as a positive feedback to global warming in the
coming decades [Cox et al, 2000; Friedlingstein et al.,
2006]. Further, land use change dramatically affects current
C balance, although our estimation of the land use flux is only
half of a previous estimation by Houghton [2003]. Accord-
ingly, our results suggest that net carbon balance of tropical
lands is close to neutral over the past 2 decades, supporting
current inversion analysis by Stephens et al. [2007]. To help
resolve this discrepancy and to more accurately quantify the
effects of land use change on the C balance, it is desirable to
develop reliable historical global land use map with high
spatial and temporal resolution.
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