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Abstract. In recent years, China’s terrestrial ecosystemsGPP and ER. In eastern China, where is humid and warm,
have experienced frequent droughts. How these droughtdroughts have predominant and short-term lagged influences
have affected carbon sequestration by the terrestrial ecosy®n NEP. In western regions, cold and arid, the drought effects
tems is still unclear. In this study, the process-based Bo-on NEP were relatively weaker but prone to lasting longer.
real Ecosystem Productivity Simulator (BEPS) model, driven

by remotely sensed vegetation parameters, was employed

to assess the effects of droughts on net ecosystem produc-

tivity (NEP) of terrestrial ecosystems in China from 2000 1 Introduction

to 2011. Droughts of differing severity, as indicated by a

standard precipitation index (SPI), hit terrestrial ecosystems! e exchange of carbon dioxide (g(between land and the

in China extensively in 2001, 2006, 2009, and 2011. Theatmosphere is important to the global carbon cycle (Arnone
national total annual NEP exhibited the slight decline of €t al., 2008; Schwalm et al., 2010a). Carbon sequestration
—11.3Tg Cyr? during the aforementioned years of ex- by terrestrial ecosystems is affected by a number of factors,
tensive droughts. The NEP reduction ranged from 61.1 Tgncluding climate, atmospheric G@oncentration, nitrogen
Cyr!to 168.8 Tg Cyrl. National and regional total NEP deposition, land cover types, and land use change. Extreme
anomalies were correlated with the annual mean SPI, esp&limate events, such as drought, could substantially affect
cially in Northwest China, North China, Central China, and €c0System carbon fluxes and lead to significant inter-annual
Southwest China. The reductions in annual NEP in 2001 andyariability in the regional and even global terrestrial carbon
2011 might have been caused by a larger decrease in afudget (Running, 2008; Xiao et al., 2011). In contrast to
nual gross primary productivity (GPP) than in annual e‘Cosys_gradual climate change, carbon sequestration by terrestrial
tem respiration (ER). The reductions experienced in 2009€0systems might be strongly impacted by droughts in a rel-
might be due to a decrease in annual GPP and an increagiively short period. Both gross primary productivity (GPP)
in annual ER, while reductions in 2006 could stem from a@nd ecosystem respiration (ER), which releases carbon to
larger increase in ER than in GPP. The effects of droughts ohe atmosphere, significantly influence carbon sequestration

van der Molen et al., 2011).
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Particularly at the middle and high latitudes, droughtstivity (NPP), whereas others did not. Utilizing the Moder-
of greater frequency and severity are projected to occur imate Resolution Imaging Spectroradiometer (MODIS) GPP
the future under climate change characterized by decreasingnd NPP products, Zhang et al. (2012a) reported that the
precipitation and increasing temperature (IPCC, 2007; Dai,2010 spring drought caused detectable reductions of GPP
2013). Given the strong link between the carbon and wateand NPP in southwestern China. Using the light use effi-
cycles (Law et al., 2002), the effects of droughts on terres-ciency models CASA, MODIS-GPP, and Eddy Covariance
trial carbon sequestration have been widely investigated irLight Use Efficiency (EC-LUE), along with the dynamic In-
recent years (Cox et al., 2000; Zeng et al., 2004; Ciais et al.tegrated Biosphere Simulator (IBIS) vegetation model, Yuan
2005; Wu and Chen, 2013). Models and remote sensing aret al. (2013) found that the carbon sink over North China
effective tools for assessing how terrestrial carbon cycles redeclined by 0.011 Pg Cyt* during the 1999-2011 drought
spond to droughts on both regional and global scales (Cheperiod. However, these studies mainly focused on the influ-
et al., 2012a). Several modeling studies have recently beeance of droughts on GPP and NPP. The effect of droughts on
conducted to assess the impact of droughts on the productivaational net carbon exchange between the atmosphere and
ity and carbon budget of terrestrial ecosystems for westerrerrestrial ecosystems has not yet been thoroughly explored.
North America (Schwalm et al., 2012), the southern United This study assesses the impact of droughts on the net
States (Chen et al., 2012a), Europe (Ciais et al., 2005; Reecosystem productivity (NEP) of China’s terrestrial ecosys-
ichstein et al., 2007; Vetter et al., 2008), Amazonia (Phillipstems from 2000 to 2011. This assessment is based on
et al., 2009; Potter et al., 2011; Nunes et al., 2012), Eash process-based Boreal Ecosystem Productivity Simulator
Asia (Saigusa et al., 2010; Xiao et al., 2009), the Northern(BEPS) model, which is driven by climate data and remotely
Hemisphere mid-latitudes (Zeng et al., 2005), and the globesensed leaf area index (LAI) data. The objectives of this pa-
(Zhao and Running, 2010; Chen et al., 2013). All these studper are to (1) characterize the spatial and temporal variations
ies indicated that droughts significantly influence the terres-of droughts from 2000 to 2011 based on the standard pre-
trial carbon cycle and might even cause terrestrial ecosyseipitation index (SPI), (2) evaluate the regional and national
tems to shift from carbon sinks to carbon sources (Chen etesponse of NEP to drought, and (3) assess the accumulative
al., 2013; Ponce Campos et al., 2013; Piao et al., 2013).  and lagged effects of droughts on ecosystem carbon seques-

China has the third largest land area in the world, with di- tration.
verse climate and biome types (Cao et al., 2003). The coun-
try’s terrestrial ecosystems play an important role in the ter-
restrial carbon sink for the entire globe. Therefore, in study-
ing the past, current, and future roles of terrestrial ecosys2 Data and methods
tems in retarding not only the increase in atmospherie CO
concentration but overall climate change as well, the spatia.1 Model description
and temporal variations in China’s terrestrial carbon budget
must be quantified (Mu et al., 2008; Piao et al., 2009a; TianThe tool used in this study is the BEPS model (Liu et al.,
etal., 2011a). The absorption of carbon by China’s terrestriall997), which originally stemmed from the FOREST Bio-
ecosystems is limited by water availability, especially in vast Geochemical Cycles (FOREST-BGC) model (Running and
arid and semiarid regions (Hu et al., 2010; Yi et al., 2010; Yu Coughlan, 1988). This model includes photosynthesis, en-
et al., 2013). Many severe droughts have occurred in Chinargy balance, hydrological, and soil biogeochemical mod-
since the 1950s (Zou et al., 2005; Zhai et al., 2010), espeules (Ju et al., 2010a). Stratifying canopies into sunlit and
cially in the first 10 years of this century (Piao et al., 2009b; shaded leaves, it incorporates a new temporal and spatial
Qin et al., 2010; Lu et al., 2011; Wang et al., 2011; Wu et scaling scheme (Chen et al., 1999) into Farquhar’s instan-
al., 2011). These droughts have significantly influenced thaaneous leaf biochemical model (Farquhar et al., 1980) to
terrestrial carbon cycle on regional and national scales (Xiaaalculate daily carbon fixation. Although initially developed
et al., 2009). to simulate NPP in boreal ecosystems in Canada, the BEPS

Several studies have investigated the impact of droughtsnodel has been improved in many ways and widely used to
on China’s regional and national terrestrial carbon budgetsestimate regional terrestrial carbon and water fluxes in China
Using chronologies of tree-ring width along with the Ter- (Sun et al., 2004; Wang et al., 2005; Feng et al., 2007; Ju
restrial Ecosystem Model (TEM), Xiao et al. (2009) dis- et al., 2010b; Liu et al., 2013a, b), North America (Liu et
covered that severe and extended droughts during the 20tal., 1999; Ju et al., 2006; Sonnentag et al., 2008; Sprintsin et
century substantially reduced ecosystem carbon sequestrat., 2012; Zhang et al., 2012b), Europe (Wang et al., 2004),
tion, and may have even changed terrestrial ecosystems frofaast Asia (Matsushita and Tamura, 2002; Zhang et al., 2010,
carbon sinks to carbon sources. Using the Carnegie—Amesz2012c), and the globe (Chen et al., 2012b). Previous valida-
Stanford Approach (CASA) model, Pei et al. (2013) showedtions proved that the BEPS model was able to simulate the
that some droughts in the period from 2001 to 2010 sub-carbon and water fluxes well at various spatial and tempo-
stantially reduced China’s countrywide net primary produc-ral scales for different ecosystems (Wang et al., 2005; Ju et
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al., 2006; Mo et al., 2008; Schwalm et al., 2010b; Liu et al., parabolic. It deceases with the departure of SWC from an op-
2013a, b). timal value (typically 60 % of porosity). Droughts normally
Details about the BEPS model have been fully describedenhancery, in areas where SWC is usually above 60 % of
elsewhere (Liu et al., 1997, 2003; Chen et al., 1999, 2005; Jyorosity but limit R,, in areas where SWC is usually below
et al., 2006). Only some of the major methodologies related50 % of porosity. Such a decrease in respiration caused by

to the calculation of NEP are summarized here. droughts has been confirmed by flux measurements (Barr
_ et al., 2004; Yan et al., 2013). Therefore, the response to
2.1.1 NEP calculation droughts of NEP simulated by BEPS is not straightforward,

) ) but depends on the relative changes of GRR,Rm, and Ry,
NEP is calculated as the difference between photosyntht=15|§|Ong with the severity, duration and timing of droughts.
and respiration:

2.1.2 Regulation of stomatal conductance by soil water
NEP= GPP— Rm — Rg — R, 1) content

where Ry, is the heterotrophic respiration, and maintenance|n BEPS, the Jarvis model simulates stomatal conductance of
respiration Rm) and growth respirationRg) are the com-  gyn|it and shaded leaves (Jarvis, 1976) while temperature, at-
ponents of the autotrophic respiratiaRy is assumed to be  mospheric vapor pressure deficit, photosynthetic photon flux
25% of GPP andtn is calculated as a function of biomass, gensity, and SWC regulate the conductance. Assuming that

temperature, and reference respiratory rate aC2Qu etal.,  yegetation optimizes soil water uptake, the soil water scalar,
2006; Mo et al., 2008): Jw, is determined from
1 1 n
Rn=3Rmi = MirmiQl """ @ 2 fuibi @
i=1 i=1

where fy; is the soil water stress factor in laygrand g;

whereM; is the biomass carbon content (kg subscript 1S the weight of layer expressed as a function of soil water
i denotes leaf, stem coarse root, and fine root carbon pool@Vailability and root abundance (Ju et al., 2006):
respectivelyym ; is the respiration rate at a base temperature ri foui
Ty, set as 18C; T is the temperature. ﬂi=#,

The BEPS model simulates the dynamics of soil car- 2i=aifwi
bon using methodology adopted from the CENTURY model\yherer, is the root fraction within layet as determined from
(_Parton etal., 1993}y, is the total carbon released from five ‘Zhang and Wegehenkel (2006). The tefi; in layeri is
litter carbon pools: surface structural, surface metabolic, soil.g|culated as a function of volumetric SWC, wilting point,

structural, soil metabolic and coarse woody and from fourje|q capacity, and porosity of soil layé(Chen et al., 2005;
soil carbon pools: surface and soil microbes, slow, and pasyy et al., 2010b).

sive (Ju et al., 2006; Mo et al., 2008):

®)

2.2 Data used

9
Rh= fo kj Cj. (3) Both spatially variant and invariant data sets drive the BEPS
=t model. Atmospheric C® concentration is assumed to be

wherer; is the prescribed respiration coefficient of pgok spatially homogenous. The spatially variant inputs into the

the decomposition rate of pog) which equals the prescribed BEPS include:

maximum decomposition rate down-scaled according to soil 1 Remote sensing data: These include yearly MODIS

temperature, water content, texture, and lignin content; and land cover data sets (MCD12Q1 V051) from 2001 to
Cj s the size of pooj, updated for each time step. 2010 (Fried! et al., 2010) and 8-day LAl from 2000 to

In the BEPS model, photosynthesis rate is positively re- 2011. The LAI data set was inverted using the MODIS
lated to stomatal conductance, which is regulated by the soil reflectance product (MODO9A1 VO05) and an algo-
water availability. Drought causes a reduction in stomatal

; rithm based on the 4-scale geometric optical model
conductance, and subsequent decreases in GPRAmn (Deng et al., 2006; Liu et al., 2012). Previous studies

is positively and linearly linked with biomass (Eq. 2). Long- have shown that LAl inverted using this algorithm is
term droughts might lead to decreases in biomassfnd superior to the existing MODIS product (Pisek et al.,
As droughts become more severe, GRR, and Rg will de- 2007; Garrigues et al., 2008).

crease more sharplRy, is a function of the abiotic factors

of soil temperature and soil moisture, the size of various soil 2. Meteorological data: Using the inverse distance
carbon pools, and the inherent maximum rate of these pools. weighted (IDW) method, the incoming solar radiation
The response aRy, to soil water content (SWC) is inversely required to force the BEPS model along with daily
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maximum and minimum air temperatures, precipita- Table 1. Drought classification based on SPI values.
tion, and relative humidity were interpolated from ob-

servations at 753 basic meteorological stations across SPI values Drought category
China. In the interpolation of temperatures, a lapse rate =200 Extreme wet

of 6°C per 1000 m was assumed. Incoming solar radi- 1.50 to 1.99 Severe wet

ation is not observed at all meteorological stations, so 1.00 to 1.49 Moderate wet
this factor was estimated according to measurements 0.50 to 0.99 Mild wet

of sunshine duration at these stations (Ju et al., 2010b). —0.49t0 0.49 Near normal

—0.99t0—0.50 Mild drought

) ) ) —1.49t0—1.00 Moderate drought
3. Soil data: The volumetric fractions of clay, sand and —1.99t0—1.50 Severe drought

silt were interpolated from the soil texture maps de- <-20 Extreme drought
veloped by Shangguan et al. (2012) on the basis of the
1:1000000 scale soil map of China and 8595 soil pro-
files recorded in the second national soil survey datax
set. These clay, sand, and silt fractions were used to
estimate hydrological parameters, including the wilt- . .

ing point (water potential at 1500 kPa), field capacity NEPsa (@) = [NER() — Mean(NEP)/Std(NEP) )
(water potential at 33 kPa), porosity, saturated hydro-
logical conductivity, and air entry water potential.

uetal., 2012; Pei et al., 2013):

where NERa, (i) is the NEP anomaly for year NEP() is

the NEP in year, and Mean(NEP) and Std(NEP) are, respec-
tively, the mean and standard deviation of the annual NEP
2.3 Drought assessment from 2000 to 2011

_ o ) _ The carbon flux anomalies were classified into five
Although a variety of indices assessdroughtseverlty(M|shracategories: near normal|SAI| <0.5), slightly anoma-

and Singh, 2010; Dai, 2011), the SPI has commonly beery, 5" (g5 - |SAl| < 1), moderately anomalous @ |SAI| <
used owing to its simplicity, temporal flexibility, and spatial 1.5), severely anomalous .B< |SAI| < 2), and extremely

consistency (Hayes et al., 1999; Chen et al., 2012a). Its eﬁecénomalous IGAI > 2). GPP (GPBa) and ER (ERa)

tiveness in monitoring droughts in China has been demon-, 1 lies were assessed in the same way.

strated by recent studies (Zhai et al., 2010; He et al., 2011,

Pei et al., 2013; Zhang and Jia, 2013). SPI is computed by, 5 Assessment of accumulative lagged effects of

fitting historical precipitation data to a Gamma probability droughts on carbon sequestration

distribution function over a specific time period, and then

transforming the Gamma distribution to a standardized nor-The accumulative lagged effects of droughts on carbon
mal distribution with a mean of zero and a variance of onesequestration were assessed using correlations between

(Ji and Peters, 2003). The frequencies of different droughinonthly NER 4 values and monthly SPI. For each pixel, the
classifications for any timescale and any location are consisgqrrelation coefficient is calculated as follows:

tent (McKee et al., 1993; Hayes et al., 1999). SPI could be

calculated for.any duration of interest. For example, SPI was 3 [NEPsai(m, n) — NEPSAGm[SPom, L, ) — SPmw, L]
computed at timescales of 1, 2, 3, 6, 9, and 12 months by Jaire. )= 12”:1 = @)
et al. (2010) and at timesscales of 1, 3, 6, 9, and 12 months gl[NEPsmm.n)—NEPSA.w)]Z\/;[SPKm,L,n)—spkm,mz

by Pei et al. (2013).

In this study,L (L =1, 3, 6, 9, 12) month SPI was calcu- whereR(m, L) is the correlation coefficient between NEP
lated for a given month using monthly precipitation data in and SPI in month at a given value. (L =1, 3, 6, 9, 12)
the current and previou4.(— 1) months, spanning the period for a specific pixel, NEBa(m, n) is the NERas value in
from 1970 to 2011, to indicate droughts. Following McKee monthm of yearn, NEPsa (m) is the average of NER, in
et al. (1993) and the China Meteorological Administration’s monthm over 12 years, SPh, L,n) is the SPI value for a
drought classification standard (Zhang et al., 2011), droughtgjiven L in monthm of yearn, andSPKm, L) is the average
in a given year were classified into 9 categories, according taf SPIgn, L) values over 12 years. A value &f producing
the 12-month SPIs through the end of December (Table 1). the largesi (m, L) indicates that droughts have the strongest

accumulative lagged effect up fomonths on NEP.
2.4 Assessment of carbon flux anomaly Equations (6) and (7) were applied for each grid cell to an-
alyze the effect of droughts on NEP. China was divided into
The NEP anomaly caused by droughts was assessed usine climatic zones (Piao et al., 2009a), displayed in Fig. 1,
ing a standardized anomaly index (SAl) that has beento demonstrate spatial and temporal patterns of droughts and
used by others (Peters et al., 2002; Lotsch et al., 2005the terrestrial carbon cycle responses better.

Biogeosciences, 11, 2583599 2014 www.biogeosciences.net/11/2583/2014/
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Fig. 1. Spatial distribution of the nine sub-regions in China. North-  °
r N - ", N 2 X 1970 1975 1980 1985 1990 1995 2000 2005 2010
east China (R1) (Heilongjiang, Jilin, Liaoning), Inner Mongolia Year

(R2), Northwest China (R3) (Gansu, Ningxia, Xinjiang), North Fig. 3. P ¢ hit by diff . fd h
China (R4) (Beijing, Hebei, Henan, Shandong, Shanxi, Shaanxi. ig. 3. Percentages of areas hit by different severities of droughts

Tianjin), Central China (R5) (Hubei, Hunan), Tibetan Plateau (R6) oM 1970 t0 2011.
(Qinghai, Tibet), Southeast China (R7) (Anhui, Fujian, Jiangsu,

Jiangxi, Shanghai, Taiwan, Zhejiang), South China (R8) (Guang-,
dong, Guangxi, Hainan, Hongkong, Macao), and Southwest Chin to extreme droughts. Extreme droughts affected the Yunnan,

(R9) (Guizhou, Sichuan, Yunnan, Chongging). aGu'Zhou' and Hunan provinces. ) .
Though droughts also occurred widely throughout China
in 2009, the severity was mostly mild to moderate (Gao and
Yang, 2009; Lu et al., 2011; Barriopedro et al., 2012). Mod-
erate droughts mainly occurred in the southern parts of both
Southwest China and the Tibetan Plateau. In 2006, droughts
were mostly mild (Fig. 3), with moderate drought occurring
only near Chongging (Wang et al., 2011; Wu et al., 2011).

Figure 2 shows the national means of annual SPI (the 125 5 Response of carbon sequestration to droughts
month SPIs from January through December) in China for

the period from 1970 to 2011, indicating that more droughts3.2.1  Response of total national carbon sequestration to
occurred during the period from 2000 to 2011 than during the droughts
previous three decades. The national annual mean SPI was
below zero in 2000, 2001, 2004, 2006, 2009, and 2011. It wag-igure 5 shows the annual anomalies of total national NEP
even less thar-0.20 in 2001, 2006, 2009, and 2011, indicat- from the multiyear mean over the period from 2000 to 2011.
ing that China experienced extensive droughts in those year®uring the past 12 years, the total national NEP has exhibited
In 2001 and 2009, areas affected by droughts of various catthe slightly decreasing average rate<d1.3 Tg C yr2. This
egories accounted for 46.9 and 48.8 % of the total nationatecline was mainly caused by significant decreases in NEP
land area, respectively. Droughts in 2001 and 2011 weran 2001, 2006, 2009, and 2011. In these four typical drought
more serious, with more than 20 % of the total national areayears, national NEP totals decreased, respectively, by 62.9,
affected by moderate, severe, and extreme droughts (Fig. 3)88.0, 168.8, and 61.1 Tg Cy. The annual anomalies of
Differences in drought severity and drought areas becamaational total NEP were correlated with national means of
distinguishable in 2001, 2006, 2009, and 2011. In 2001,annual SPI (12-month SPI through the end of December)
droughts occurred in all regions except the Tibetan Plateau(r = 0.54, p = 0.06). The main drivers for NEP reductions
South and Southwest China (Fig. 4). Moderate and severearied during the study years. Annual total GPP and ER both
droughts mainly affected areas in Northeast China, Innedecreased in 2001 and 2011 in comparison to 12-year means.
Mongolia, North China, and Central China. The drought in The larger decrease in annual GPP than annual ER signifi-
2011 was recognized as the most serious one in the pasantly reduced total annual NEP in these two years. In 2006,
60 years (Sun and Yang, 2012). Vast areas of Southwesthe national total of annual GPP increased slightly, while
Central, South, and Southeast China experienced moderathe national total of annual ER increased on a larger scale,

3 Results

3.1 Spatial and temporal variations of droughts in
China during the 2000-2011 period

www.biogeosciences.net/11/2583/2014/ Biogeosciences, 11, 25332014
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3.2.2 Response of carbon sequestration to droughts

300 |- NEP ahomalyy —v:— ER anomaly o .
ie— GPP anomaly —®— Annual SPI in different regions
Eo T In 2001, the decrease in simulated NEP mainly occurred in
= 100 -  regions to the north of the Yangtze River (the blue and cyan
5 N ng colored areas in Fig. 6), including most of North China, the
= g northern parts of Southeast and Central China, and the east
E -100 of Northwest China (Fig. 6). In drought-affected regions, an-
3_200 nual GPP and ER decreased with low availability of water.
972 ARNNE RN S S S N S S S S The reduction in GPP was larger than that in ER in most ar-
) S eas, resulting in decreases in NEP; these decreases were most
5130 507 0 20 21t 5has Biie Bbi G008 Bt 50 0 Dhit significant in North and Northwest China. The SAl values of
Year total NEP in these two regions were belevt.5 (Fig. 7).

The decrease in NEP in 2006 mainly occurred in the

Fig. 5. Anomalies of annual national total NEP, GPP, and ER from tral f Chi the bl d | d :
multiyear means and annual mean SPI in China from 2000 to 2011?‘_:"n ral areas o ina (the blue and cyan colored areas in

Annual SPI presented here is mean of the 12-month SPI through thE19- 6), such as the northern parts of Southwest and Cen-
end of December for all pixels over China. tral China, the northern and middle parts of Southeast China,

and the eastern area of the Tibetan Plateau. The slight de-
crease in GPP and slight to large increase in ER were pri-
notably decreasing national NEP. The largest decrease in namarily responsible for the reduction in carbon sequestration
tional total annual NEP in the study period resulted from thein drought-affected areas. The SAIl values of regional total
drought of 2009, which decreased total national annual GPMEP in Southwest and Central China weré.25 and-1.26,
and increased total national annual ER. respectively (Figs. 6 and 7), indicating moderate reductions
in total regional NEP here.

Biogeosciences, 11, 2583599 2014 www.biogeosciences.net/11/2583/2014/
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Fig. 6. The spatial distributions of SAl values of annual NEP (left panels), GPP (central panels), and ER (right panels) in 2001, 2006, 2009
and 2011, respectively. SAIl values were calculated using Eq. (6). Negative values (the blue and cyan colored areas) represent annual GPI
ER, and NEP smaller than 12-year means, and vice versa.

NEP decreased throughout the regions of China in 200%50uth China (NEBa = —2.23), severely in the Tibetan
with the exceptions of Northeast China, most of the TibetanPlateau (NEBa; = —1.50) and Southwest China (NER =
Plateau and the western part of Northwest China (Fig. 6).—1.80), and moderately in Central (NER = —1.42) and
Moderate and severe droughts increased heterotrophic reSoutheast China (NER| = —1.08) (Fig. 7).
piration. The slight to moderate decreases in GPP along In 2011, moderate to extreme droughts hit regions south of
with slight to large increases in ER caused the large dethe Yangtze River (Fig. 4), resulting in decreased GPP. Con-
crease in NEP. Regional NEP totals decreased sharply icurrently, the reduction in heterotrophic respiration caused
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Fig. 7. Anomalies of annual total NEP, GPP and ER, along with annual mean SPI in nine regions of China from 2000 to 2011. SPI presented
here is the mean of 12-month SPI through the end of December for all pixels in a specific region of China. R1: Northeast China; R2: Inner
Mongolia; R3: Northwest China; R4: North China; R5: Central China; R6: Tibetan Plateau; R7: Southeast China; R8: South China; R9:

Southwest China.

by very low SWC led to a mild decrease in ER. As a con- ern terrestrial ecosystems account for a large fraction of Inner
sequence, the decrease in NEP was smaller in 2011 thakMongolia’s total carbon sequestration capacity. Therefore,
in 2009. The decrease in NEP mainly occurred in Centralthis region’s total carbon sequestration capacity is not very
China, the eastern part of Southwest China and adjacent asensitive to precipitation anomalies. In humid Southeast and
eas of North and Southeast China (Fig. 6). South China, the total NEP anomaly is also not significantly
Figure 7 shows the anomalies of annual total GPP, ERcorrelated with annual mean SPI. In these regions, temper-
and NEP, along with annual mean SPI in different regionsature and water availability are normally suitable for vege-
of China. The anomalies of annual total NEP were positivelytation growth, while radiation dominantly drives the inter-
correlated with annual mean SPI at the 0.01 significance levednnual variability of productivity (Nemani et al., 2003). Pre-
in Northwest, North, Central, and Southwest China. How- cipitation increase is normally associated with radiation de-
ever, the linkage of NEP anomalies with annual mean SPkrease, possibly causing NEP decrease to some extent here.
was not significant in Northeast China, Inner Mongolia or the The decrease in annual NEP with the increase in annual pre-
Tibetan Plateau, where temperature is also a key factor coreipitation was also recently reported by Yan et al. (2013) for
trolling carbon sequestration. It should be noted that most ara tropical old-growth forest and a subtropical old-growth for-
eas of Inner Mongolia are arid and semiarid, so vegetation acest in southern China on the basis of flux measurements for
tivity is mainly controlled by water availability. However, in  the period from 2003 to 2009.
the northeastern part of Inner Mongolia, where the climate is The simulations here indicate that droughts in China dur-
sub-humid or semiarid, water availability does not act as theing the past 12 years generally caused detectable reductions
most crucial limiting factor of vegetation activity. Northeast- of GPP and NEP in areas strongly affected by the droughts
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(Figs. 6 and 7). Similar negative effects of droughts on car-2013). Droughts might decrease the carbon sequestration
bon sequestration were reported in previous studies coneapacity of grassland (Dong et al., 2011; Yang and Zhou,
ducted in Europe (Ciais et al., 2005; Vetter et al., 2008)2013), or even change grassland from a carbon sink in “wet”
and the United States (Xiao et al., 2011; Chen et al., 2012ayears to a carbon source in “dry” ones (Aires et al., 2008;

Schwalm et al., 2012). Jongen et al., 2011). The simulation here shows that the na-
tional total of carbon sequestration by grassland in China was

3.2.3 Drought sensitivity of carbon sequestration by negatively affected by drought severity, but not significantly.
different vegetation types This is because a considerable fraction of grassland is lo-

cated in the Tibetan Plateau, where carbon sequestration is

The drought sensitivity of simulated carbon sequestrationvery sensitive to droughts. Our simulation showed that total
varied with land cover types (Fig. 8), which has been reportedcarbon sequestration by evergreen forests was more sensitive
by previous studies based on flux measurements (Schwalrto droughts than that by deciduous forests, which is consis-
et al., 2010a; Pannatier et al., 2012; Thomas et al., 2013)tent with the findings by Wu and Chen. (2013) for the re-
Overall, evergreen needleleaf forest showed the highest coisponse of carbon sequestration to droughts by different types
relation of annual mean NEP anomaly with annual meanof forests in North America. Granier et al. (2007) pointed out
SPI ¢ = 0.66, p = 0.018), followed by croplandr(= 0.55, that carbon sequestration by coniferous forests appeared to
p =0.07). The annual carbon sequestration by deciduouse less affected by droughts than that by broadleaved forests
broadleaf forest showed the lowest drought sensitivity. Otherduring the 2003 European heat wave; this contrasts with the
land cover types exhibited similar sensitivity. Because therelative sensitivity of carbon sequestration by coniferous and
same land cover types exist in different regions, it can bebroadleaved forests identified here.
concluded that the drought sensitivity of carbon sequestra-
tion changed more based on regions than on land cover type8.3 The accumulative lagged effect of droughts on NEP

Crops and grasslands, unable to use water in deeper solil
layers because of their relatively short roots, are typicallyFigure 9 shows the maximum correlation coefficient be-
sensitive to droughts (Schwalm et al., 2010a; Wu and Chentween SPI and monthly NEJR, for the 2000-2011 period
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Fig. 9. (a) Spatial distribution of the correlations between SPI and annuald)Efor the period 2000-2011. The values represent the
maximum correlation recorded for each pixel independently of the month of the year and the SPI tinfes&&té€timescales at which the
maximum correlation between SPI and NéaPis found. Areas with no significant correlations £ 0.05) are indicated in white. Desert and
ice areas are masked and not included in the analyses.

and the SPI timescales at which the maximum correlation2000 to 2011 £11.3Tg Cyr1), mainly due to consider-
coefficient is found. NEEj is correlated with SPI at the able reductions in NEP caused by extensive, severe droughts
0.05 significance level over 82 % of the vegetated land arin 2001, 2006, 2009, and 2011. In these four years, the de-
eas (Fig. 9a), especially in southwestern, southeastern antteases in national total NEP ranged from 61.1 Tg Cyo
northeastern China. The SPI timescales corresponding to th#68.8 Tg Cyr!, approximately 30 to 94 % of the average
maximum correlation between SPI and NgaPexhibit dis-  carbon sink strength of forests during the 1999-2008 period,
tinguishable spatial patterns (Fig. 9b). Droughts had rela-estimated using forest inventory data (Pan et al., 2011; Guo et
tively shorter timescales of accumulative lagged effect onal., 2013; Zhang et al., 2013). Therefore, droughts negatively
NEP in the southern regions of China (e.g., 1-3 months).influence the terrestrial carbon sink in China. With possible
In cropland regions, NEP responded to droughts at middlancreases in drought frequency and severity in future (IPCC,
timescales (about 6 months). Droughts might impact NEP aR007; Dai, 2013), the role of China’s terrestrial ecosystems
longer timescales in cold grassland areas than in other rein offsetting fossil fuel emission might be further weakened.
gions. Changes in GPP and ER play differing though dominant
roles in changing NEP in the four studied drought years.
) ) GPP and ER are two major components of NEP. The effect of
4 Discussion droughts on annual NEP depends on the relative responses of
annual GPP and annual ER to drought. The respong of
the major component of ER, to SWC is inversely parabolic.
Therefore, based on SWC, droughts might increase or de-
Srease ER. In addition, GPP is mainly affected by droughts
growing seasons, while ER might be affected by droughts
roughout all seasons. Vegetation can optimize the uptake of
oil water from different soil layers. At the initiation stage of
rought, GPP is impacted only marginally, thanks to the ab-
sorption of water from deep soil layers by vegetation, which

4.1 Drought impact on the national terrestrial carbon
budget

Although estimates are still inconsistent, many studies havi
indicated that China’s terrestrial ecosystems have acted aﬁ
carbon sinks in recent decades (Cao et al., 2003; Houghto
and Hackler, 2003; Pan et al., 2004; Piao et al., 2009a; Fan
etal., 2007; Tian et al., 2011b). Piao et al. (2009a) suggeste
that terrestrial carbon sinks amounted to 0.19-0.26 Pg€ yr Co ) .
during the 1980s and 1990s, accounting for 28-37 % of Con_mamtgms a ”9”*!‘?" photosyntheS|s. rate. At the same time,
ER might be significantly affected since soil organic carbon

current CQ emissions in China. The quick increase in an- ; I trated | i Theref th
thropogenic carbon emissions in China in recent years (Wan%;s usually concentrated In upper soil layers. 'heretore, the

et al., 2012a) implies the increasing importance of terrestria esponse to droughts of annual NEP alo_ng with GPF.’ and ER
carbon sinks. Our simulation indicates that the national to_m|ghtchange spatially and temporally with the severity, con-

tal NEP of China slightly declined during the period from tinuation and timing of droughts.
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4.2 Lagged effect of droughts on carbon sequestration ing in a reduction in NEP (Ju et al., 2006; Barr et al., 2007).
by terrestrial ecosystems These phenomena have been confirmed by eddy covariance
measurements (Granier et al., 2007; Kljun et al., 2007). Kr-
It was found here that droughts have lagged effects on NEHshnan et al. (2006) reported that after experiencing a three-
The timescales at which NEP most significantly respondsyear drought, a boreal aspen stand in central Saskatchewan,
to droughts differ spatially; they are short in the eastern re-Canada, continued a decline in both growth and LAI two
gions, which are warm and humid, and long in the northernyears after the drought. Pereira et al. (2007) demonstrated
and western regions, which are composed of cold, semiaridhat the GPP, ER, and NEP of a eucalyptus plantation located
grassland. Similar findings have been reported in studies thah southern Portugal decreased during the drought years, the
used the greenness index, chronologies of ring width, andargest absolute decrease occurring in the second year.
NPP as vegetation growth indicators for assessing the influ-
ence of droughts on vegetation. The lag time of drought ef-4.3 Uncertainties and remaining issues
fects on growth indicators is related to vegetation types and
local conditions. Ji and Peters (2003) found out that the 34n this study, the response to droughts of terrestrial carbon
month SPI was most strongly correlated with the growing- sequestration in China was explored with the BEPS model,
season NDVI in the US Great Plains. Based on the analysisvhich was driven by spatially distributed remote sensing data
of NDVI-SPI co-variability over different temporal scales, (LAI, land cover) as well as meteorological and soil texture
Lotsch et al. (2003) suggested that 5-month SPI be used tdata. There may still be some uncertainties. For example, the
assess the response of terrestrial ecosystems to droughts. Jaixplicit dynamics of soil water content is pivotal to under-
et al. (2010) showed that the NDVI has the highest corre-standing the impact of drought on carbon sequestration by
lation with 1-month, 3-month, and 9-month SPI in differ- terrestrial ecosystems (Reichstein et al., 2002; Samanta et
ent regions of India. In the US state of Texas, the growing-al., 2011). Like most ecological models, the BEPS model
season vegetation condition index (NDVI-based) was foundused here does not account for the horizontal movement of
to be most strongly correlated with the 6-month and 9-monthsoil water. This simplification would overestimate or under-
SPI (Quiring and Ganesh, 2010). The correlation betweerestimate the impact of droughts on carbon sequestration in
chronologies of ring width and different timescales of SPI for low and upper slope areas. Irrigation, popularly practiced
eight tree species in northeastern Spain indicated that the tréfer most croplands in China, was not included in the BEPS
growth most significantly responded to 9—11 months SPI formodel. Consequently, the negative effects of droughts on car-
xeric sites and to shorter than 5-month SPI for mesic sitesbon sequestration by croplands might be overestimated.
respectively (Pasho et al., 2011). Recent studies found that The LAl is a key input to the BEPS model. In this study,
correlations between drought intensity and NPP anomalieshe LAl was inverted using the MODIS reflectance data. Al-
in China were strongest during or after the peak of a droughthough the advantages of this LAl inversion algorithm have
(Chen et al., 2013; Pei et al., 2013). With vegetation indicesbeen proven in a series of previous studies, the quality of the
from satellite imagery, tree-ring growth series, and above-LAl depends largely on the quality of MODIS reflectance
ground net primary production records, Vicente-Serrano etdata, which is not guaranteed in many areas of China, es-
al. (2013) recently reported the responses of global biomepecially in summer. A locally adjusted cubic-spline capping
to droughts. They found that both arid and humid biomes(LACC) method (Chen et al., 2006) was employed here to re-
respond to droughts at short timescales, while semiarid andhove unrealistic fluctuations of LAl caused by residual cloud
sub-humid biomes respond to droughts at long timescalescontamination and atmospheric noise. However, it is impos-
This is similar to our findings in this study. Based on in sible to remove noise using the LACC method if high-quality
situ eddy covariance flux and meteorological observationMODIS data are not available for a lengthy period. The un-
data taken from the Qianyanzhou station in southern Chinagertainty in LAl would extend into estimated NEP.
Huang et al. (2013) found that droughts exerted an approxi- In this study, the site-observed precipitation data was inter-
mate one-month negative lagged effect on potential producpolated into spatial grid data using the IDW method. Spatial
tivity. variability and the density of observations largely determine
NEP is the balance between GPP and ER. Accordingly, thehe accuracy of precipitation interpolated in this way. In sum-
responses of GPP and ER to droughts determine the respongeer, precipitation often shows significant spatial variability,
of NEP. When surface soil dries during the initiation stage of especially in complex terrains. In addition, no meteorological
a drought, deep soil might be still wet, allowing plants to take data was available in the Taiwan province, and precipitation
in water and thereby maintain normal stomata functional ancobservations were sparse in northwestern China. These lim-
carbon assimilation. Meanwhile, heterotrophic respiration isitations inevitably lead to some uncertainties in interpolated
limited by the decreased availability of water in surface soil. precipitation data, and consequently in simulated sensitivity
Consequently, NEP would not decrease or even increasef carbon sequestration to droughts. In this study, only 1-, 3-,
With the continuation of a drought, water in deep soil layers6-, 9-, and 12-month SPIs were selected for assessing the ef-
will diminish and large decreases of GPP will occur, result- fect of droughts on carbon sequestration. This simplification
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might fail to identify the exact timescale at which droughts 4. Droughts have accumulative lagged effects on carbon

have the strongest lagged effect on carbon sequestration. sequestration. The speed and degree at which NEP re-
NEP is affected by a number of factors, such as climate, sponds to droughts vary spatially, rapidly and signifi-

disturbances, and land cover change. Here, only the influence cantly in the eastern regions of China, which are humid

of extensive, severe droughts on terrestrial NEP in China was and warm. In contrast, NEP responds to droughts rela-

investigated. Droughts might invoke other disturbances, such tively slowly and less significantly in the northern and

as fire, disease, insects, mortality or re-growth (Allen et al., western regions, which are cold and arid.

2010; Peng et al., 2011; van der Molen et al., 2011; Ma et

al., 2012). Such indirect effects on terrestrial carbon seques-

tration were not explored here. Changes in land cover antcxnowledgementsThis study is funded by the National Basic
land use could also significantly modify the terrestrial car- Research Program of China (973 Program) (2010CB950702 and
bon cycle (Piao et al., 2007; Xiao et al., 2009). During the 2010CB833503), Special climate change fund (CCSF201312),
study period, dramatic urbanization (Wang et al., 2012b) andhe Priority Academic Program Development of Jiangsu Higher
large-scale forest plantation programs have concurrently ocEducation Institutions, and the National Natural Science Founda-
curred in China (Piao et al., 2012), consequently impactingtion of China (41271354 and 41375160). We would greatly like
terrestrial carbon cycles at regional and national scales. Th& thank Professor Scott Munro, University of Toronto for editing
application of remotely sensed LAl here can only partially this _manuscrlpt. We gratefu_lly acknowled_ge the con_structlve sug-
represent the effects of land cover change and indirect ef9€Stions by anonymous reviewers for their constructive comments,
fects on carbon sequestration. For more accurate assessméfjtich helped to improve the quality of the manuscript greatly.

of drought effects on terrestrial_carbon sequestration, thes%dited by: J. Xiao

effects should be carefully considered in future research.
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