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Drought can trigger both immediate and time-lagged responses of terrestrial ecosystems and even cause
sizeable positive feedbacks to climate warming. In this study, the influences of interactive nitrogen (N)
and dynamic vegetation (DV) on the response of the carbon cycle in terrestrial ecosystems of China to
drought were investigated using the Community Land Model version 4.5 (CLM4.5). Model simulations
from three configurations of CLM4.5 (C, carbon cycle only; CN, dynamic carbon and nitrogen cycle; CNDV,

gey WO{}‘:S: dynamic carbon and nitrogen cycle as well as dynamic vegetation) between 1961 and 2010 showed that
rougnt the incorporation of a prognostic N cycle and DV into CLM4.5 reduce the predicted annual means and

Terrestrial carbon cycle . 1 R . . .

CLM45 inter-annual variability of predicted gross primary production (GPP) and net ecosystem production (NEP),

except for a slight increase in NEP for CNDV compared to CN. They also resulted in better agreement
with the gridded flux data upscaled from eddy covariance observations (7.0 PgCyr—1!) of annual GPP over
the terrestrial ecosystems in China for CLM45-CN (7.5PgCyr-!) and CLM45-CNDV (7.3 PgCyr—!) than
for CLM45-C (10.9 PgCyr—!). Compared to the CLM45-C, the carbon-nitrogen coupling strengthened the
predicted response of GPP to drought, resulting in a higher correlation with the standardized precipitation
index (SPI; rc=0.62, ren =0.67), but led to a weaker sensitivity of NEP to SPI (rc=0.51, rcy =0.45). The
CLM45-CNDV had the longest lagged responses of GPP to drought among the three configurations.

© 2017 Elsevier B.V. All rights reserved.

Interactive nitrogen cycle
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Standardized precipitation index

1. Introduction

As amajor sink in the global carbon cycle, terrestrial ecosystems
have sequestered 25%—30% of anthropogenic carbon dioxide (CO;)
emissions for the past five decades (Le Quéré et al., 2009). Terres-
trial ecosystems slow increases in atmospheric CO, concentration
by sequestering carbon in the vegetation biomass and soils, provid-
ing a negative feedback mechanism in the climate-carbon system
(Chenetal., 2011; Panetal.,, 2011; Reichstein et al., 2013; Zhao and
Running, 2010). The occurrence of extreme climatic events (e.g.,
drought) can affect the functioning of the carbon cycle in terres-
trial ecosystems by reducing photosynthetic capacity or altering
respiratory processes (Zeng et al., 2005; Zscheischler et al., 2014).
Severe regional drought has become more frequent under a chang-
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ing climate and is likely to increase in frequency for the foreseeable
future (Dai, 2013; Qianetal.,2011; Stocker et al.,2013). China expe-
rienced frequent severe droughts during the second half of the 20th
century (Zou et al., 2005) and faces a projected increase in drought
risk in the future (Wang and Chen, 2014). Therefore, it is necessary
to explore the impact of drought on the carbon fluxes of terrestrial
ecosystems; this will advance our understanding of the mechanism
of carbon and water coupling under drought conditions and provide
information needed for policy-making.

Site-level measurements from a global observation network
(Schwalm et al., 2010; Sun et al., 2006) and satellite-based obser-
vations (Zhang et al., 2012; Zhao and Running, 2010; Zscheischler
et al., 2014) usually have been used to quantify the impacts of
drought on the carbon fluxes of terrestrial ecosystems. Compared
toinsitu and satellite-based observations, process-based terrestrial
carbon cycle models can better capture the coupling mecha-
nism between increasing climate extremes and decreasing carbon
uptake (Reichsteinetal.,2013; Zeng et al.,2005) and have been used
to examine the response of the terrestrial carbon cycle to droughts
over China (Liu et al., 2014; Pei et al., 2013; Xiao et al., 2009; Yuan


https://doi.org/10.1016/j.ecolmodel.2017.11.009
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2017.11.009&domain=pdf
mailto:bhjia@mail.iap.ac.cn
https://doi.org/10.1016/j.ecolmodel.2017.11.009

B. Jia et al. / Ecological Modelling 368 (2018) 52-68 53

et al.,, 2014). For example, Xiao et al. (2009) used a process-based
biogeochemistry model, the Terrestrial Ecosystem Model, to inves-
tigate the impact of twentieth-century droughts on the terrestrial
carbon cycle in China and found that severe and extended drought
substantially reduced the countryside annual net primary produc-
tion (NPP) and net ecosystem production (NEP). Moreover, results
showed that strong decreases in NPP were mainly responsible for
the anomalies in annual NEP during the drought periods; het-
erotrophic respiration also experienced a strong decrease, but with
smaller magnitude (Xiaoetal.,2009). Yuanetal.(2014) pointed that
the multiyear precipitation reduction changed the regional carbon
uptake of 0.011 PgCyr~! in Northern China from 1982 to 1998 to a
net source of 0.018 PgC yr~! from 1999 to 2011, and the average
maize yield from 1999 to 2011 was reduced by 440kgha~1yr-!
compared with linear trend yields. During the summer of 2013,
southern China experienced the strongest drought on record for
the past 113 years, which significantly reduced the satellite-based
vegetation index, GPP, and evapotranspiration (Xie et al.,2016) and
altered the regional carbon cycle (Yuan et al., 2016).

As one of the most important factors in terrestrial carbon cycle,
nitrogen (N) plays an important role in the coupling between
carbon and water by affecting photosynthetic rates and stoma-
tal conductance (Bonan and Levis, 2010; Gotangco Castillo et al.,
2012; Thornton et al., 2009). The process of carbon-nitrogen-water
coupling leads to a change in canopy transpiration; the chang-
ing transpiration then affects photosynthesis through water stress
(Lee et al., 2013). Furthermore, N limitation can decrease the pos-
itive effect of CO, fertilization on the vegetation productivity in
unmanaged ecosystems (Langley and Megonigal, 2010); leaf photo-
synthesis may be more sensitive to reduced stomatal conductance
at elevated CO, levels when N is limited (McMurtrie et al., 2008). In
addition, dynamic vegetation (DV) models have been designed to
be coupled with some land surface models for the study of global
ecosystem—climate interactions (Zeng et al., 2008). The incorpora-
tion of DV in land models has been found to reduce the seasonal
variability in predicted leaf area and moisture fluxes (Gotangco
Castillo et al., 2012) and enhance climate persistence in earth sys-
tem models by introducing long-term memory to the earth system
(Delire et al., 2004). However, few studies have examined the influ-
ences of including the N cycle and DV on simulating the responses
of terrestrial carbon cycle to drought.

The process-based model, Community Land Model version 4.5
(CLM4.5) (Oleson et al., 2013) has an option for running a prog-
nostic carbon—nitrogen model (Thornton et al., 2007) or a dynamic
global vegetation model (Gotangco Castillo et al., 2012; Levis et al.,
2004; Zeng et al., 2008) or both. In this study, it was used to present
an analysis on the relationships between drought (indicated by the
standardized precipitation index, SPI) and vegetation production in
China. The model simulations were compared with gridded obser-
vational carbon flux data (Jung et al., 2009, 2011). The objectives of
this study were to (1) explore the diverse impacts of the interactive
N and DV on the simulated changes in the response of terrestrial
ecosystem carbon cycle to drought, (2) investigate such responses
across plant functional types and climatic regions, and (3) discuss
why the carbon-nitrogen coupling and dynamical vegetation would
predict different responses to drought compared to the carbon-only
configuration.

2. Model and methods
2.1. Model descriptions
The CLM4.5 model is the latest version of the CLM family and

contains detailed biophysics, hydrology, and biogeochemistry rep-
resentations (Oleson et al., 2013). Compared to previous versions,

CLM4.5 has many new modifications in the physical and biogeo-
chemical parameterizations (Bonan et al., 2011; Koven et al., 2013;
Li et al,, 2013; Oleson et al., 2013).

The CLM4.5 model can be operated with a dynamic carbon
cycle only (CLM45-C) or with an interactive carbon-nitrogen
cycle (CLM45-CN). In addition, the CLM45-CN model configuration
includes an option to include vegetation dynamics (CLM45-CNDV).
A general description of the carbon—nitrogen cycle and dynamic
vegetation processes in CLM4.5 is provided in Section 2.1.1 and
2.1.2, respectively. Further detailed descriptions can be found in
Oleson et al. (2013).

2.1.1. Carbon-nitrogen cycle

In the CLM45-CN model the biophysical framework of CLM
(Olesonetal.,2013)is merged with the prognostic carbon and nitro-
gen dynamics of the terrestrial biogeochemistry model Biome-BGC
(Biome BioGeochemical Cycles) (Thornton and Rosenbloom, 2005).
The integrated model is fully prognostic with respect to all carbon
and nitrogen state variables in the vegetation, litter, and soil organic
matter, and retains all prognostic quantities for water and energy
in the vegetation snow-soil column from CLM4.5. These state vari-
ables are tracked for leaf, live stem, dead stem, live coarse root, dead
coarse root, and fine root pools.

In CLM45-CN, the maximum rate of carboxylation (Vemax) for
leaf-level photosynthesis is calculated as following (Thornton and
Zimmermann, 2007):

chax = chaxZS 'f(Tv) 'f(DYL) : ﬂty (1)
Vemax2s = Na - FIng - Fag - Gros, (2)

where Vinaxos is the maximum rate of carboxylation at 25°C; Ty
and DYL are leaf temperature and day-length, respectively; Ny is the
area-based N concentration, Fyng, Fyg, and dgos are three constant
parameters, which represent the fraction of leaf N in Rubisco, the
mass ratio of total Rubisco molecular mass to N in Rubisco, and the
specific activity of Rubisco, respectively. S; is a soil water stress
function, representing the influences of soil moisture on leaf-level
photosynthesis. In addition, soil water has a direct effect on the leaf
stomatal conductance g (i.e., the inverse of stomatal resistance ry)
through the Ball-Berry conductance model expressed as Eq. (3)
(Collatz et al., 1991):

L
rs ST Cs/Patm
where m is a plant functional type (PFT) dependent parameter,
Ap is leaf net photosynthesis, c; is the CO, partial pressure at the
leaf surface, Py is the atmospheric pressure, hg is the leaf surface
humidity, b is the minimum stomatal conductance, and S is a soil
water stress function. The function B; ranges from one when the
soil is wet to near zero when the soil is dry and is given:

B = ZWirn (4)

where w; is a plant wilting factor and depends on the soil water
potential of each soil layer; r; is the distribution of roots in layer
i and depends on the plant functional type (Oleson et al., 2013).
Eq. (4) suggests that soil moisture estimations affect the accuracy
of terrestrial carbon fluxes through the soil water stress function
Bt in turn, B¢ has a large impact on soil water content simulation
through the transpiration in each layer, called the “soil moisture
sink term” (evapotranspiration loss) in the soil water equation (Jia
etal., 2013a).

The canopy-level photosynthesis (or gross primary production,
GPP) is derived by summing the sunlit and shaded leaf-level photo-
synthesis rates multiplied by the sunlit and shaded leaf area indices,
including potential reductions due to limited availability of mineral

hs +bpt, 3)
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nitrogen (Oleson et al., 2013). The carbon available for allocation
to new growth is calculated at each model time step. Total plant
nitrogen demand for each time step is calculated from the carbon
allometry and nitrogen concentration for each tissue type specified
by the PFT. Overall, the leaf-level photosynthesis is used to calcu-
late the GPP, and GPP is scaled by the nitrogen limitation factor in
the carbon and nitrogen allocation module.

The CLM45-CN model also simulates both autotrophic (R;) and
heterotrophic respiration (Ry,). Autotrophic respiration is equiv-
alent to the sum of maintenance respiration (Ry) and growth
respiration (Rg); Rm is calculated as a function of the tempera-
ture and N concentration of live tissues (Thornton and Rosenbloom,
2005) and Rg is calculated as a constant fraction (0.3) of the car-
bon allocated to growth. Heterotrophic respiration is the carbon
released to the atmosphere during the decomposition of litter and
soil organic matter.

The NPP is calculated by removing the autotrophic respiration
R, from the GPP (Eq. (5)):

NPP = GPP — Ry, (5)
and the NEP is the balance between NPP and Ry, (Eq. (6)):
NEP = NPP — Ry, = GPP —R,, (6)

where ecosystem respiration (Re) is the sum of the R, and R;,. Pos-
itive values of NEP indicate net carbon gain by the ecosystem (i.e.,
the ecosystem is a carbon sink) and negative values signify a net
carbon loss (i.e., the ecosystem is a carbon source).

2.1.2. Dynamic vegetation

The CLM45-CNDV model can simulate only unmanaged veg-
etation, which includes the tree, grass, and shrub PFTs, using
biogeography rules that are climate-based (Gotangco Castillo et al.,
2012; Oleson et al., 2013). Crops may exist in the carbon—nitrogen
component, but the interactive crop management model was not
included in the simulations performed for the present study.

In CLM45-CNDV, tree mortality occurs as a result of fire, anthro-
pogenic land cover change, wind throw, insect attack, disease, heat
stress, low growth efficiency, and increasing age (Levis et al., 2004;
Oleson et al., 2013). The latter two effects are directly or indirectly
driven by climatic trends and correspond best to the type of mor-
tality events that have been reported for the field sites. Drought
reduces the growth efficiency of trees (expressed as NPP per leaf
area); when a PFT ends the year with negative NPP, it is removed
from the grid cell and its carbon is converted to litter. The age-
related mortality can be influenced indirectly by drought episodes
since water scarcity changes the composition of trees in terms of
their maximum non-stressed longevity (Levis et al., 2004).

2.1.3. Atmospheric forcing data

In this study, CLM4.5 was forced using a 110 year (1901-2010)
observation-based atmospheric forcing data set, the Climate
Research Unit (CRU)-National Centers for Environmental Predic-
tion (NCEP) reanalysis (CRUNCEP) (Viovy, 2011); this data set
comprises six hourly interval data on precipitation, solar radiation,
air temperature, pressure, humidity and wind. It is a combination
of two existing datasets: the CRU TS3.2 half-degree monthly data,
covering the period 1901-2002 (Mitchell and Jones, 2005), and the
NCEP reanalysis 2.5°, six hourly data, covering the period from 1948
to near present. The CRUNCEP dataset has been used to force the
CLM in several studies of vegetation growth, evapotranspiration,
and the terrestrial carbon cycle (Mao et al., 2012; Piao et al., 2012;
Shi et al., 2013).

2.2. Experimental design

In this study, the control experiment was a default CLM45-C
simulation with prescribed nitrogen limitation (Bonan and Levis,
2010; Thornton et al., 2007). The “treatments” were the CLM45-CN
and CLM45-CNDV simulations, which used the same atmospheric
forcing data as the CLM45-C simulation, but the spin-up processes
were slightly different. Based on the sub-data set from 1901 to
1960, the CLM45-C and CLM45-CN simulations were first spun-up
using land cover, atmospheric CO,, and N deposition levels from the
year 1850 to attain a near-equilibrium state. Then, they were run
to 1961, forced by repeating the 60 year sub-data set (1901-1960)
with the transient CO, concentration, N deposition and historical
land use data spanning 1850-1960, to obtain the initial conditions
for the start of simulations.

A complete spin-up of the DV in CLM4.5 first requires establish-
ment of the carbon and nitrogen pools and fluxes. In this study,
the process for spinning up CLM45-CNDV was similar to that of
Gotangco Castillo et al. (2012); beginning from the end of the
CLM45-CN transient simulation in 1850, the DV was spun up from
bare ground in a 2400-year offline CLM45-CNDV simulation, with
repeating 1901-1960 meteorological variables, performed as an
equilibrium spin-up. After that, the 60-year data were used to force
the CLM45-CNDV and obtain the initial conditions for the year 1961.

Finally, the 1961-2010 atmospheric forcing data were used to
force the three simulations (CLM45-C, CLM45-CN, and CLM45-
CNDV) using initial conditions from 1961. CLM45-C and CLM45-CN
used the surface data for the year 2000 while CLM45-CNDV updates
biogeography annually (Gotangco Castillo et al., 2012; Oleson
et al,, 2013). Noted that all simulations were performed at a hor-
izontal resolution of 0.5° x 0.5° and in half-hour time steps and
the CO, concentration was held fixed at year 2000 levels, 368.9
ppmv (Gotangco Castillo et al., 2012). In this study, the focus was
on comparing the three simulations over the past five decades
(1961-2010). Some results are considered within specific sub-
regions in China, defined as such according to regional climatic
characteristics (Fig. 1a) (Liu et al., 2014; Pei et al., 2013; Piao et al.,
2009).

2.3. Observational data for evaluation

Jung et al. (2011) generated a gridded carbon flux data set
by upscaling FLUXNET measurements from eddy covariance flux
tower sites to the global scale using the machine learning tech-
nique, model tree ensembles (hereafter MTE, Jung et al., 2009).
The MTEs were first trained to predict carbon fluxes at site-level
based on remote sensing indices, climate and meteorological data,
and information on land use. Then, the trained MTEs were applied
to generate global fields at a 0.5° x 0.5° spatial resolution with a
monthly temporal resolution (Jung et al., 2011). The MTE data used
in this study include GPP and net ecosystem exchange (NEE) cover-
ing the mainland China from 1982 to 2010. Although the MTE data
are not direct carbon flux measurements, they have been proved
to agree better with the FLUXNET observations than some ecosys-
tem models (Jung et al., 2011; Wang et al., 2015). For example,
modeling efficiency and root mean square error (RMSE) of mean
GPP at the site level is 0.74 and 270gCm~2 yr-! while the RMSE
of three ecosystem models (LPJ, Orchidee, Biome-BGC) for the GPP
of forests in Europe was about 420 gCm~2yr~!. Wang et al. (2015)
found that, compared to the CLM4-CN, the MTE data agreed bet-
ter with ground-based GPP observations with lower RMSEs (38
and 11 gCm~2 month~! for the forest and grass, respectively) and
higher correlation coefficients (0.9 and 0.99 for the forest and grass,
respectively).Inaddition, the CO, fertilization effect is not explicitly
included in this dataset, the same configuration as the simulations
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Fig. 1. The spatial distributions of (a) nine sub-regions (R1-R9) in China; and (b) plant functional types (PFT). R1: northeast China (Heilongjiang, Jilin, Liaoning); R2: Inner
Mongolia; R3: northwest China (Gansu, Ningxia, Xinjiang); R4: north China (Beijing, Hebei, Henan, Shandong, Shanxi, Shaanxi, Tianjin); R5: central China (Hubei, Hunan); R6:
Tibetan Plateau (Qinghai, Tibet); R7: southeast China (Anhui, Fujian, Jiangsu, Jiangxi, Shanghai, Taiwan, Zhejiang); R8: south China (Guangdong, Guangxi, Hainan, Hongkong,
Macao); and R9: southwest China (Guizhou, Sichuan, Yunnan, Chongqing). The PFT information is shown in Table 2.

of this work. Therefore, we used the MTE data as the “reference” to
evaluate the three CLM4.5 simulations in the present study.

2.4. Methods

Researchers have developed many indexes to monitor different
types of drought (McKee et al., 1993; Palmer, 1965; Vicente-Serrano
et al., 2010). As one of the simplest drought indexes, SPI has been
proved to be suitable for quantifying most drought events (Lloyd
Hughes and Saunders, 2002). Furthermore, the SPI commonly has
been used to consider the effect of drought on the terrestrial carbon
cycle due to its simplicity, temporal flexibility and spatial consis-
tency (Liu et al., 2014; Pei et al., 2013). Since only the effect of
precipitation was considered in this study, the SPl index was chosen
as an appropriate index by which to quantify the drought severity
in China. The SPI was computed by first fitting a probability density
function (PDF) to the frequency distribution of precipitation over
a specific time scale of interest. This was performed separately for
each month (or whatever the temporal basis was of the raw precip-
itation time series) and for each spatial location. Each PDF was then
transformed into a standardized normal distribution, with a mean
of zero and a variance of one (Lloyd Hughes and Saunders, 2002;
McKee et al., 1993). A clear and detailed description for calculating
the SPI can be found in Lloyd Hughes and Saunders (2002). In the
present study, the SPI with five running time intervals, i.e. 1,3, 6,9,
12 months, covering the period from 1961 to 2010, was used. Using

Table 1

Classifications of drought based on standardized precipitation index (SPI) values.
SPI values Drought Abbr.
SPI>2.0 Extreme Wet ExWe
1.5<SPI<2.0 Severe Wet SeWe
1.0<SPI<1.5 Moderate Wet MoWe
0.5<SPI<1.0 Mild Wet MiWe
—0.5<SPI<0.5 Normal Normal
—-1.5<SPI<-0.5 Mild Drought MiDr
—-1.5<SPI<-1.0 Moderate Drought MoDr
—2.0<SPI<-1.5 Severe Drought SeDr
SPI<-2.0 Extreme Drought ExDr

Drought classification based on standardized precipitation index (SPI) values.

SPI as an indicator, a drought was considered to occur when the SPI
was less than zero (McKee et al., 1993). As described by McKee et al.
(1993) and Zhang et al. (2012), drought in a given year can be clas-
sified into nine categories, according to the 12-month SPI, through
to the end of December (Table 1).

The effects of the drought on carbon flux are assessed using a
standardized anomaly index (SAI) (Katz and Glantz, 1986), which
has been used in past research (Liu et al., 2014; Lotsch et al., 2005;
Pei et al., 2013). The SAl is defined as the standardized departure
from the average values using Eq. (7):

CF; — Mean

SAl = (7)
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Fig. 2. Drought in China: (a) mean annual standardized precipitation index (SPI) across China; and (b) percentage of areas within China subjected to each severity of drought

(see Table 1) from 1961 to 2010.

where CF; is the carbon flux value for the year i; and, Mean and Std
are the mean and standard deviation, respectively, of the annual
values from 1961 to 2010.

3. Results

3.1. Characterization of drought events in China during the past
50 years

During the past five decades (1961-2010), China witnessed sev-
eral drought events, with different intensities and areal extents
(Dai, 2013; Qian et al., 2011). The means of the annual SPI (the 12-
month SPI through to the end of December), and the percentages
of the total areas in China affected by different drought intensi-
ties in each year, show several years of extreme drought (Fig. 2).
In particular, China experienced extensive drought in 1965, 1966,
1968, 1972, 1978 and 1986 between 1961 and 1990 (SPI< —0.35;
Fig. 2a) when more than 24% of the total area in China was affected
by moderate, severe, and extreme drought (Fig. 2b). The year 1986
showed the lowest value of spatially averaged SPI during the last
50 years (SPI=—0.51) and the area of China affected by severe
and extreme drought was 15% (approximately 1.4 million km?);
drought was also observed across approximately 750 ground-based
meteorological stations (Liu et al., 2014). Over the last two decades
(1991-2010), the drought events in 1997 and 2006 were the most
serious (SPI<—0.2), as more than 20% of the area in China was
affected by moderate, or even more severe drought.

According to the spatial distribution (Fig. 3) of drought dur-
ing the key years identified above, most regions of China in 1986
experienced drought events, except for parts of southwest China,
northeast China and northwest China (Fig. 3f). In 1972, vast areas of

China (14%) also experienced severe and extreme drought (Fig. 3d).
Even though drought did not occur widely throughout China in
1965, the severity was mostly severe to extreme where drought
occurred (18% of the total area of China), mainly in the Tibetan
Plateau, Inner Mongolia and north China (Fig. 3a). Drought contin-
ued into 1966, but occurred in different areas, mainly the middle
and southeastern areas of China. Southeast China and north China
experienced severe drought in 1978 (Fig. 3e) and 1997 (Fig. 3g),
whereas the drought events in 2006 were mostly mild (Fig. 3h).

3.2. Temporal variations of carbon fluxes and their responses to
droughts

In general, the CLM45-C and CLM45-CN simulations exhibited
a similar temporal variation in their carbon flux anomalies and
showed a clear decline of terrestrial ecosystem productivity dur-
ing periods of drought (Figs. S1a and S1b) due to the low soil
water stress function 8; (Fig. S1d). Moreover, it is clearly seen from
Fig. 4 that the carbon fluxes existed a significant decrease with the
increase of drought intensity (the decrease of SPI). However, the
introduction of the N cycle decreased the mean annual predicted
carbon fluxes. For example, the annual GPP and NEP for the CLM45-
CN simulation were 7.5PgCyr-! and 0.18 PgCyr~1, respectively,
compared to 10.9PgCyr~! and 0.53 PgCyr~!, respectively, for the
CLM45-C simulation. Furthermore, the CLM45-CN simulation pre-
dicted lower inter-annual variability (IAV) in GPP and NEP, as
measured by the standard deviation, compared with the CLM45-C
simulation. The IAVs of GPP and NEP for the CLM45-CN simu-
lation were 0.27PgCyr~! and 0.21PgCyr—!, respectively, while
Stdgpp=0.32PgCyr~! and Stdngp=0.26 PgCyr—! for the CLM45-C
simulation (Fig. S1).
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Fig. 3. Spatial distribution of drought severity over Chinain (a) 1965, (b) 1966, (c) 1968, (d) 1972, (e) 1978, (f) 1986, (g) 1997, and (h) 2006. (For definitions of the abbreviations

regarding the drought severity classifications, see Table 1).

The reduction in the carbon fluxes (GPP and NEP) from CLM45-
CN compared to those of CLM45-C can be explained as following.
Since the C-N biogeochemistry is active, the amount of N required
to support the potential growth is diagnosed in CLM45-CN, and
GPP is reduced if N availability is insufficient to sustain the poten-
tial biomass increment. In contrast, CLM45-C uses a prescribed N
factor, which varies among plant functional types, to represent N
constraints on photosynthesis. Fig. 5 illustrates the difference in
N limitation between the C-N coupling model and C-only model
by presenting the spatial distribution of annual mean values of
an instantaneous N limitation factor. This factor is the ratio of
down-regulated GPP to potential GPP and expressed as a scalar
ranging from 0 to 1, with values closer to 0 indicating stronger N
limitation. It is seen that CLM45-CN (Fig. 5b) shows a stronger N
limitation over the southeast, central and northeast parts of China,
suggesting fewer amount of N than CLM45-C (Fig. 5a). Neverthe-

less, the changes in N limitation over other areas were small, on the
order of £ 5% (Fig. 5¢). It suggests that the availability of mineral N
in CLM45-CN is insufficient to maintain required plant C:N stoi-
chiometry and sustain the potential biomass increment. Because
canopy-level photosynthesis (or GPP) is derived by summing the
sunlit and shaded leaf-level rates scaled by the sunlit and shaded
leaf area indices and limited to the availability of mineral N. Unmet
plant N demand is translated back to a carbon supply surplus which
is eliminated through reduction of GPP, representing direct down-
regulation of photosynthetic rate under N limitation. The indirect
N limitation effect of reduced allocation to new growth on light
capture is another significant downregulation mechanism in the
model, which operates on longer time scales and has a strong influ-
ence on global-scale plant-soil system states and fluxes (Thornton
et al., 2007). It is noted that the reduction in GPP may lead to a
decrease in LAI, which then induces a reduction in canopy evap-
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otranspiration (Oleson et al., 2013). Although the reduction in
evapotranspiration may lead to an accumulation of soil water and
increase the soil water stress function g (Fig. 4d) and thus increase
N mineralization, the changes in soil water in tropical rainforest
and boreal forest regions (e.g. over most parts of southern China)
are insignificant (Lee et al., 2013). Therefore, decreasing canopy-

level photosynthesis due to the stronger N limitation in CLM45-CN
would directly decrease the predicted national total GPP in China. In
addition, lower N content in CLM45-CN also decreased autotrophic
respiration because tissue N content is a suitable index of cellular
metabolicrate (Olesonetal.,2013). The total heterotrophic demand
for mineral N is in competition with the total plant N demand from
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information is shown in Table 2.

all PFTs sharing space on a single soil column. Limited mineral N in
CLM45-CN also decreased the heterotrophic respiration. However,
the reduction of Re (Fig. 4¢) has a smaller magnitude (Fig. 4c) than
that of GPP, which then leads to a decrease of NEP in CLM45-CN
compared to CLM45-C. Notably, the difference between the influ-
ences of the magnitude of N limitation and the dynamics of the
internal N cycle on the response of the terrestrial carbon cycle to
drought was not separated in this study.

The annual carbon flux predicted by the CLM45-CN simulation
under drought conditions were relatively smaller than those from
the CLM45-C simulation (Fig. 4 and S1). For example, the predicted
total NEP in China in 1986 (SPI=—0.51) decreased by 0.53 PgCyr~!
and 0.32PgCyr~! in the CLM45-C and CLM45-CN simulations,
respectively. Due to continuous water scarcity in 1965 (SPI= — 0.45)

and 1966 (SPI=-0.36), a clear reduction in NEP was predicted for
1966 (Fig. S1a); NEP decreased by 0.69PgCyr—! and 0.37 PgCyr~!
for the CLM45-C and CLM45-CN simulations, respectively. The
same results were obtained for GPP (Fig. S1b). In addition, under
the drought conditions, less available soil water reduced nitro-
gen mineralization and increased nitrogen limitation (Felzer et al.,
2011). This increased the correlation coefficient (r=0.67) between
the SPI and GPP anomalies (Fig. S1b) for CLM45-CN, compared with
CLM45-C (r=0.62). Meanwhile, since tissue N content has a close
relationship with autotrophic respiration, the correlation between
the SPI and Re anomalies also increased in CLM45-CN (Fig. S1c).
However, the correlation between SPI and NEP decreased, (r=0.51
and 0.45 for CLM45-C and CLM45-CN, respectively). We have not
identified a mechanism explaining the reduction in the sensitiv-
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Fig. 7. Spatial distributions of the 1986 standardized anomaly index (SAI) values of annual net ecosystem production (NEP, left panels), gross primary production (GPP, central
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the 50-year means; positive values represent fluxes greater than the 50-year means.

ity of NEP predictions to variation in precipitation in CLM45-CN
compared to CLM45-C.

In general, compared to the default PFT map of CLM4.5 (used
both in CLM45-C and CLM45-CN) (Fig. 6a, Table 2), the DV sim-
ulation in the CLM4.5 model produced a reasonably accurate
vegetation distribution over northwest and northeast China; how-
ever, the predicted distribution over north and southeast China
was less accurate (Fig. 6). Because CLM45-CNDV can simulate
only unmanaged vegetation, the crop PFTs for the CLM45-C and
CLM45-CN simulations over northern China were instead com-
prised of deciduous broadleaf trees. In addition, the incorporation
of the DV model in CLM4.5 tended to decrease evergreen forests
in the CLM45-CNDV simulation over southern China, which fur-
ther reduced the mean (7.3PgCyr~') and IAV (0.19PgCyr-1) of
predicted GPP (Fig. 4b). Nevertheless, CLM45-CNDV predicted a
slight increase in the NEP mean value (0.43 PgCyr—!) compared
to CLM45-CN (0.18 PgCyr—1). These differences were due mainly
to the different biogeography and mortality processes. CLM45-
CNDV changes the CN framework only as needed to simulate
biogeography, which induces the differences of the PFT distribution
(Fig. 6). Moreover, CLM45-CN assumes the whole-plant mortal-
ity to be a constant rate of 2% yr—! for all vegetation types. In
contrast, CLM45-CNDV calculates the gap mortality based on heat
stress and growth efficiency. The different mortality algorithm of
CLM45-CNDV resulted in lower vegetation mortality compared
to CLM45-CN (Gotangco Castillo et al., 2012). Thus, the CLM45-
CNDV simulation maintained more total vegetation carbon and
generated less litter and soil carbon than the CLM45-CN simu-
lation, which in turn reduced heterotrophic respiration to give
higher NEP. The intensity of the predicted change in GPP induced
by drought also was dampened by the DV model. For example,
the total GPP in China, according to the CLM45-CNDV simula-
tion, decreased by only 0.3 PgC yr—! and 0.2PgCyr~! in 1966 and
1986, respectively, compared to reductions of 0.53PgCyr—! and
0.46PgCyr~! in the CLM45-CN simulation. Further, because the
spatio-temporal variations of the DV distribution had a stronger

response to the atmospheric forcing data due to the incorporation
of the DV model than did the static vegetation distribution in the
CLM45-C or CLM45-CN simulations, the SPI contributed more to
the GPP anomalies (r=0.74) and Re (r=0.68). But, CLM45-CNDV
showed a weak relationship between the soil water stress function
Br and drought index SPI (r=0.42) while the CLM45-C (r=0.64)
and CLM45-CN (r=0.63) showed similar correlation coefficients
between these two parameters (Fig. S1d).

Compared to the MTE data between 1982 and 2010, all three
CLMA4.5 configurations captured the temporal variation of GPP
well before 2002, but showed large discrepancies thereafter (Fig.
S1b). The CLM45-C overestimated the mean of total GPP in China
(10.9PgCyr—1), while CLM45-CN (7.5PgCyr—1) and CLM45-CNDV
(7.3PgCyr~1) predicted GPP that was closer to the MTE dataset
(7.0PgCyr—1). In addition, CLM45-C (0.32PgCyr-!) and CLM45-
CN (0.27PgCyr—1) overestimated the IAV in GPP compared to
the MTE data (0.19PgCyr—!), while the CLM45-CNDV simulation
(0.18 PgCyr—1) showed a slight underestimation. Since no NEP
observations were available, the NEE data from MTE were used to
evaluate the CLM4.5 simulations by multiplying the NEE data by a
factor of —1.0; however, the accuracy for this transformation may
have been affected by some disturbances, e.g. biomass burning or
land use (Oleson et al., 2013). The IAV of NEP in Chinese terrestrial
ecosystems between 1982 and 2010 was predicted to be 0.26, 0.21
and 0.06 PgCyr~! by the CLM45-C, CLM45-CN, and CLM45-CNDV
simulations, respectively, compared to 0.08 PgCyr~! for the MTE
data. It is noted that current attempts to produce maps of NEE from
flux towers have been much less successful than for GPP (Jung et al.,
2011).

3.3. Carbon cycle extremes in China’s terrestrial ecosystems

As the most severe drought over the past 50 years occurred in
1986 (Fig. 3f), the corresponding spatial distribution of the SAIs for
the terrestrial ecosystem carbon fluxes (NEP, GPP, R¢) (Fig. 7) was of
particular interest. The predicted GPP mainly decreased over most
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Table 2
Typical plant functional types (PFTs) used in this study and their corresponding PFTs in the CLM4.5 model.
Abbr. PFT in this study PFT in CLM45
1 ENF Evergreen needleleaf forest Needleleaf evergreen tree (temperate, boreal)
2 EBF Evergreen broadleaf forest Broadleaf evergreen tree (tropical, temperate)
3 DNF Deciduous needleleaf forest Needleleaf deciduous tree (boreal)
4 DBF Deciduous broadleaf forest Broadleaf deciduous tree (tropical, temperate, boreal)
5 SHR Shrubland Broadleaf evergreen shrub (temperate); Broadleaf deciduous shrub (temperate, boreal)
6 GRS Grassland C3 arctic grass; C3 grass; C4 grass
7 CRP Cropland Crop
8 BAR Bare soil Bare soil
9 OTH Water or Urban Glacier; Lake; Wetland; or Urban
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Fig. 8. Spatial distributions of the 1966 standardized anomaly index (SAI) values of annual net ecosystem production (NEP, left panels), gross primary production (GPP, central
panels), and ecosystem respiration (Re, right panels) for (a) CLM45-C, (b) CLM45-CN, and (c) CLM45-CNDV. Negative SAI values represent annual carbon fluxes smaller than

the 50-year means; positive values represent fluxes greater than the 50-year means.

of the Tibetan Plateau, and parts of southwest, southeast and north-
ern China (Fig. 7, middle panel); in these areas, there was also a clear
decrease in ecosystem respiration (Fig. 7, right panel). Compared
to GPP and Re, there were large differences in the NEP predic-
tions among the spatial patterns produced by the three CLM4.5
configurations. Fewer areas experienced the extreme decrease in
carbon sequestration (NEP) according to the CLM45-CNDV simula-
tion, compared to the CLM45-C and CLM45-CN simulations.

Although the drought events in 1965 (Fig. 3a) and 1966 (Fig. 3b)
were not the most severe, continuous water scarcity led to the
greatest reduction in vegetation productivity of all the years in
1966 (Fig. 8). The decrease in GPP mainly occurred in the central
areas of China (Fig. 8, middle panel) and the three CLM4.5 config-
urations produced similar spatial patterns, except for lower SAls
simulated by CLM45-CNDV. However, the CLM45-CNDV simula-
tion showed a greater decrease in Re over central and southeast
China due to differences in the representation of vegetation types
in three model configurations. This area is mainly covered by crop
and evergreen needleleaf forest for the fixed PFT in the CLM45-C
and CLM45-CN simulations (Fig. 6a), but by deciduous broadleaf
forest in the CLM45-CNDV simulation (Fig. 6).

3.4. The lagged effects of drought on GPP and NEP

Drought not only has immediate effects on the carbon cycle,
but also can initiate lagged responses (Pei et al., 2013; Reichstein
et al.,, 2013). As shown in Fig. 9, for the past 50years the SAI of
simulated GPP (GPPsp;) was closely correlated with the SPI over
southern China (r>0.6,p <0.05), especially over cropland and grass-
land regions. The accumulative lagged effect of drought on the
GPPsa; occurred over relatively short timescales (e.g., 1-3 months)
over most areas of southern and central China; over the Tibetan
Plateau, southwest China and northwest China the NEP responded
to drought over longer timescales (6-12 months). The CLM45-CN
simulation (Fig. 9d) predicted a similar response to drought as
the CLM45-C simulation (Fig. 9b). In contrast, the DV model trig-
gered a stronger response, with higher correlations in northern and
northeast China (Fig. 9e) and longer timescales in Qinghai Province
(Fig. 9f). These differences further prove that the inclusion of both
interactive N and DV simulations in the CLM4.5 model yields a
stronger response of GPP to drought, compared to inclusion of
the interactive N simulation alone; this may be because the CNDV
configuration is able to adjust the response according to both the
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Fig. 9. Spatial distributions of the maximum correlation coefficients (left panels) between the standardized precipitation index (SPI) at different timescales (1-, 3-, 6-, 9- and
12-month), and monthly standardized anomaly index of predicted gross primary production (GPPsa;) and their corresponding timescales (right panels), for the CLM45-C,
CLM45-CN, and CLM45-CNDV simulations, respectively. Areas with insignificant correlations (p <0.05) are indicated in white.

nitrogen-carbon interaction and the establishment (and mortality)
of vegetation (Fig. 6).

The NEP is a balance between GPP and Re, so the complex
relationship between Re and the SPI led to a weaker correla-
tion between the NEPs,; and the SPI, compared to that between
GPP and SPI (Fig. 10). The maximum correlation coefficients for
the CLM45-CNDV simulation mainly occurred over the Tibetan
Plateau and Inner Mongolia (Fig. 10a and c), and also across north-
ern and northeast China (Fig. 10e). Compared to GPPsp;, NEPsa;
was not significantly correlated with the SPI (p <0.05) over many
vegetation-covered areas of southern China (Fig. 10, left panel). In
addition, drought had a longer lagged effect on NEP than on GPP
(Fig. 10, right panel).

4. Discussion
4.1. Effects of climate conditions and vegetation types

Previous studies have pointed out that the effects of drought
on terrestrial ecosystems are dependent on the vegetation types
and climate regions (Liu et al., 2014; Pei et al., 2013; Reichstein
et al., 2013). For the three CLM4.5 simulations, the anomalies of
annual GPP and R. were significantly correlated with the annual
mean SPI (p <0.05) over all of the sub-regions in China (Fig. 11). The

response of GPP to drought was relatively strong (r>0.6) over most
of the nine sub-regions (Fig. 11a). Both the CLM45-CN and CLM45-
CNDV simulations increased the correlations of GPP with annual
SPI, compared to the CLM45-C simulation. The comparatively lower
correlations in southwest China may have occurred because ample
water is usually available for the vegetation growth in this area,
while radiation is an important climate driver of GPP (Jia et al.,
2013b; Nemani et al., 2003).

There were significant discrepancies in the simulated response
of Re to drought among the three CLM4.5 configurations (Fig. 11b).
Compared to the CLM45-C simulation, the CLM45-CN simulation
produced higher correlations of Re with annual SPI; the incorpora-
tion of the DV model further strengthened the predicted response
to drought, which is consistent with the results shown in Fig. S1.
The SAls of predicted NEP for the three simulations showed posi-
tive and significant correlations with the annual SPI over arid and
semiarid regions (regions R2, R3, and R4), as well as in northeast
China (R1), but the correlations were not significant over southwest
China (Fig. 11c). In addition, the NEP anomalies from the CLM45-
CNDV simulations were not significantly correlated with the annual
SPI over central and southern parts of China (R5, R7, and R8).

Overall, the predicted anomalies of annual GPP and Re were sig-
nificantly correlated with the annual mean SPI (p <0.05) over all of
the PFTs. Notably, there is no evergreen needleleaf forest based on
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Fig. 10. Spatial distributions of the maximum correlation coefficients (left panels) between the standardized precipitation index (SPI) at different timescales (1-, 3-, 6-, 9- and
12-month), and monthly standardized anomaly index of predicted net ecosystem production (NEPsa;) and their corresponding timescales (right panels), for the CLM45-C,
CLM45-CN, and CLM45-CNDV simulations, respectively. Areas with insignificant correlations (p <0.05) are indicated in white.

the CLM4.5 surface data set in China in the CLM45-CNDV simulation
(Fig. 6) or in simulations that exclude the DV model (Fig. 1b). Com-
pared to other PFTs, the GPP of the evergreen broadleaf forest had a
lower correlation with SPI (Fig. 12a), and a similar response can be
seen for Re (Fig. 12b). These results indicate that water may not be
the most important climate factor controlling evergreen broadleaf
forest (Liu et al., 2014), which exists mainly over southern China
(Fig. 1b), while radiation dominantly drives its IAV of productiv-
ity of this PFT (Jia et al., 2013b; Nemani et al., 2003). In addition,
both croplands and grasslands were predicted to have higher cor-
relations between the annual mean NEP anomalies and the SPI
(Fig. 12c). The effects of human activities (e.g., irrigation, grazing)
were not taken into consideration in this study, yet the two vegeta-
tion types do not have much capability in resisting severe drought
and they are water sensitive. For example, they cannot obtain water
from deeper soil layers with their shadow roots during the drought
period compared with forest ecosystems and thus the NEP would
be greatly reduced (Wu and Chen, 2013). When sufficient soil mois-
ture and favorable temperatures are available, the NEP also tends to
respond more rapidly. This high sensitivity has been demonstrated
in previous studies (Huxman et al., 2004; Wu and Chen, 2013). To
further investigate the effect of interactive N cycle on the response
of terrestrial ecosystem carbon cycle to drought across PFTs, we
examined the relationship between the total N mineralization flux

and soil water stress function f; for 6 PFTs over China (Fig. 13). It
is seen that CLM45-CN has lower N mineralization than CLM45-C
for all PFTs, which suggests that the incorporation of interactive N
cycle clearly reduces the availability of N mineralization and thus
induces the reductions of GPP and Re (Fig. 4 and S1). Fig. 13 also
shows that the N mineralization decreases with the decrease of soil
water stress function S (e.g., intensification of drought) for both
CLM45-C and CLM45-CN over all PFTs except the EBF (Fig. 13b).
The reason is similar to that for the carbon fluxes (Fig. 12), which
may be due to that evergreen broadleaf forest exists mainly over
southern China (Fig. 1b) where soil moisture is sufficient (Nemani
et al., 2003; Jia et al., 2013b; Liu et al., 2014). In addition, the cor-
relations between the N availability and soil water availability for
CLM45-CN are higher over all PFTs than those for CLM45-C except
the EBF. This confirms that the carbon-nitrogen coupling increases
the relationship between the N mineralization and soil water and
thus strengthens the predicted response of GPP to drought (Fig. S1).

4.2. Impacts of drought intensity

To better understand the drought sensitivities of the three
model configurations, responses to three levels of drought (25,
50 and 75% reductions in precipitation) were examined through
two ideal site-level drought experiments located in temperate
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Fig. 11. The correlation coefficients between the annual standardized precipitation
index (SPI) and standardized anomaly index (SAI) of (a) gross primary production
(GPP), (b) ecosystem respiration (Re) and (c) net ecosystem production (NEP) for
the CLM45-C, CLM45-CN, and CLM45-CNDV simulations, over each of the nine sub-
regions (shown in Fig. 1a) in China.

deciduous forest (51.25°N, 126.75°E) and grass (46.25°N, 116.25°E)
ecosystems, respectively. The three configurations (CLM45-C,
CLM45-CN, and CLM45-CNDV) were compared to determine the
level of the agreement in the timing and magnitude of the predicted
responses of ecosystem carbon fluxes to different levels of drought
(Fig. 14). All model simulations followed a standardized spin-up,
similar to that described in Section 2.2, and were initialized from
these spin-ups followed by three years (2003-2005) of reduced
precipitation for each site. The three drought levels (25, 50 and
75% reductions in precipitation) are denoted hereafter as d25, d50
and d75, respectively, while dO identifies the control simulation
under observed precipitation (0% reduction). Notably, precipitation
was reduced all year, but other meteorological variables were not
manipulated. The incorporation of interactive N and DV simulations
decreased predicted GPP and NEP under different drought levels
at both sites (Fig. 14), compared to the simulation with the basic
CLM4.5 model. As drought intensity increased, there was increas-
ing disagreement in the magnitude of carbon fluxes predicted by
the basic and amended CLM4.5 models. For the grass ecosystem,
the discrepancy between CLM45-C and CLM45-CN became smaller
as drought intensity increased (e.g., d50 and d75; Fig. 13d and f).
Compared to the forest PFT, grass showed a quicker decrease in
GPP, suggesting that it is more sensitive to drought due to relatively
short roots.

4.3. Uncertainties of the CLM4.5 simulations

As described in Section 3.2 and shown in Fig. 4, CLM45-C over-
estimated the mean and IAV of GPP compared to the MTE data.
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Fig. 12. The correlation coefficients between the annual standardized precipitation
index (SPI) and standardized anomaly index (SAI) of (a) gross primary production
(GPP), (b) ecosystem respiration (Re ) and (c) net ecosystem production (NEP) for the
CLM45-C, CLM45-CN, and CLM45-CNDV simulations for six plant functional types
(PFTs) (See Table 2 for PFT definitions).

In contrast, the incorporation of the interactive N cycle simula-
tion into CLM4.5 decreased the mean and IAV of predicted GPP
by 31% and 16%, respectively; the addition of the DV model led
to a further reduction of 3% and 33% in the mean and IAV of pre-
dicted GPP, respectively. These results suggest that the inclusion of
interactive N (i.e., modifying CLM45-C to CLM45-CN) has greater
impact on the averaged values of predicted GPP than does the
further addition of the DV model (i.e., modifying CLM45-CN to
CLM45-CNDV). For carbon sequestration by the terrestrial ecosys-
tems (i.e., NEP) in China, CLM45-C and CLM45-CN overestimated
the IAV while CLM45-CNDV showed a slight underestimation, com-
pared to the MTE data (Jung et al., 2011). In fact, the average NEP
in China predicted by the CLM45-C, CLM45-CN and CLM45-CNDV
models was 0.52,0.18, and 0.42 PgCyr~!, respectively. The CLM45-
CN simulation is comparable to the results from five process-based
ecosystem models (Piao et al.,, 2009), which produced NEP esti-
mates ranging from 0.13 PgCyr—! to 0.22 PgCyr—! with an average
0f 0.173 £0.039 PgCyr—'. The CLM45-C and CLM45-CNDV models
overestimated NEP compared to the results of Piao et al. (2009). It
is noted that the analysis of the carbon-nitrogen coupling is subject
to some limitations in the present study. Nitrogen deposition and
application increased significantly in China during recent decades,
which might regulate the terrestrial carbon cycle in China, but these
factors were not considered in this paper.

5. Summary

In this study, the effects of incorporating the interactive N and
dynamic vegetation simulations in the process-based land surface
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model, CLM4.5, were investigated. Specifically examined were the
effects on the predicted response of the terrestrial carbon cycle
across China to drought. As indicated by the SPI, China experienced
several drought events with different intensities and areal extents
from 1961 to 2010; especially notable years include 1965, 1966,
1968, 1972, 1978 and 1986, in which the SPI<—0.35 and more
than 24% of the total area in China was affected by either mod-
erate, severe or extreme drought. Due to the continuous scarcity of
soil water across 1965 and 1966, the total predicted NEP of China
declined by 0.69PgCyr-! and 0.37PgCyr-! in 1966, according to
the CLM45-C and CLM45-CN simulations, respectively.

Compared to the default PFT map of CLM4.5, the CLM45-
CNDV produced a similar vegetation distribution over northwest
and northeast China except the differences over southern China,
where the deciduous forest was observed in CLM45-CNDV instead
of the evergreen needleleaf forest. In general, incorporating the

interactive N and DV into the CLM4.5 model mostly reduced the
annual means and [AV of the simulated terrestrial carbon fluxes
(i.e., GPP and NEP), except for a slight increase in the NEP mean
value predicted by CLM45-CNDV (0.43 PgCyr—!) compared to that
by CLM45-CN (0.18 PgCyr—1). This difference was mainly due to
CLM45-CNDV’s different mortality algorithm (based on heat stress
and growth efficiency). Compared to the MTE data (7.0 PgCyr—1)
between 1982 and 2010, CLM45-C overestimates the annual GPP
of the terrestrial ecosystems over China (10.9PgCyr—1), while
CLM45-CN (7.5PgCyr-1) and CLM45-CNDV (7.3PgCyr~!) have
lower biases. In addition, CLM45-C (0.32PgCyr~!) and CLM45-
CN (0.27PgCyr~1) overestimate the IAV in GPP compared to
the MTE data (0.19 PgCyr~1), while the CLM45-CNDV simulation
(0.18 PgCyr—1) shows a slight underestimation.

The carbon-nitrogen coupling strengthened the predicted
response of GPP to drought, yielding a higher correlation with
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dO which are, respectively, 75, 50, 25, and 0% reductions in precipitation.

SPI (rc=0.62, ren=0.67), but a weaker sensitivity of NEP to SPI
(rc=0.51,rcny =0.45). Results also showed that drought has an accu-
mulative, lagged effect on GPP and that CLM45-CNDV predicted
the longest lagged responses among the three CLM4.5 configura-
tions. The lagged effects on GPP occurred over relatively shorter
timescales in humid and warm areas (e.g., southern and central
China) and over longer timescales across the Tibetan Plateau. In
contrast, the predicted response of the NEP to drought was not sig-
nificant over many vegetation-covered areas, and the lagged effect
occurred over longer timescales because ecosystem respiration had
a complex relationship with drought.

This study provides an indication of the impacts of drought on
the terrestrial carbon cycle, with or without the use of interactive
N and vegetation dynamics. The results can provide insight into
how the CLM4.5 model predicts different response of the terres-
trial carbon cycle to drought depending on whether simulations
incorporate the interactive N and DV. Due to limited observations,
however, the present study did not examine which version of the
model could better simulate vegetation response to drought. In
addition, although certain results from the present work are model
specific, this approach can be applied to compare the impacts
of drought on terrestrial carbon cycle using carbon-only models
versus prognostic carbon—nitrogen models, or models with static
versus dynamic vegetation.
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