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Abstract A severedrought occurred in central and southernChina in the summer of 2013. Theprecipitation
dropped to less than 25% of the long-term average, and temperatures were abnormally high for more than
2months with return periods of 125 years and 301 years, respectively, which induced significant changes in
the terrestrial ecohydrological cycle. In this study, the impact of the severe drought on a subtropical forest
ecosystem was investigated using measurements from a newly established flux tower and simulations
performed by the Community Land Model version 4.5 (CLM4.5). Based on in situ observations, we found that
both gross primary production (GPP) and evapotranspiration experienced strong reductions of 76% and 40%,
respectively, during the prolonged dry and hot spell. There was an exponential relationship between
ecosystem respiration (Reco) and temperatures when soil moisture was not too dry, but Reco decreased along
with GPP when the temperature exceeded 32°C and soil moisture was below 0.14m3m�3. The ecosystem
even switched to a net source of carbon in late August. The model captured the variations in water vapor
fluxes well, with correlation coefficients r> 0.88, but overestimated net ecosystem CO2 exchange because it
did not adequately represent carbon fluxes responses to water stress and failed to capture the nonlinear
relationship between GPP and Reco during the drought period. The long-term simulation suggested that
water availability severely limited carbon sequestration, and both the underlying water use efficiency and
inherent water use efficiency reached their maximum values.

1. Introduction

Terrestrial ecosystems are a major sink in the global carbon cycle. They sequester carbon during photo-
synthesis and slow the CO2 increase in the atmosphere [Le Quéré et al., 2013]. Forest ecosystems make a
considerable contribution to the net uptake of carbon into the terrestrial biosphere [Beer et al., 2010;
Bonan, 2008; Cox et al., 2013; Pan et al., 2011]. However, severe regional extreme events, such as droughts
and heat waves, have become more frequent under a changing climate and their trend is expected to
continue for the foreseeable future [Dai, 2013; Wang et al., 2014]. Their occurrence may partially offset
carbon sinks or even cause net losses in carbon stocks, thereby releasing CO2 to the atmosphere [Zeng
et al., 2005]. Therefore, it is essential to study the impact of droughts on the terrestrial carbon cycle, which
can improve our understanding of carbon-climate interactions [Reichstein et al., 2013].

The impact of droughts on ecosystem water and carbon balances has been extensively investigated using
in situ observations. It has been found that both gross primary production (GPP) and ecosystem respira-
tion (Reco) declined considerably when soil moisture dropped below a critical threshold during the 2003
European drought [Granier et al., 2007]. Similar findings were also reported in a temperate broad-leaved
forest in 1995 [Baldocchi, 1997] and in a New Zealand tussock grassland from 1998 to 1999 [Hunt et al.,
2002]. However, the ecosystem response to droughts in humid climate zones is less well documented
because predicting drought in terms of time, duration, and intensity is more difficult [Baldocchi, 2008].
Droughts may have dramatic effects on the carbon exchange in these regions. For example, moderate
droughts may result in additional carbon uptake through increased photosynthesis and reduced
respiration in tropical and humid temperate forests because there is less rainfall associated with fewer
clouds and more available light [Saleska et al., 2003]. However, severe droughts lead to large reductions
in carbon uptake because photosynthesis is restricted in a subtropical evergreen forest ecosystem [Wen
et al., 2010].
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In addition to in situ measurements,
ecosystemmodeling has also been used
to understand the responses of the car-
bon and water cycles to droughts
[Keenan et al., 2009; Krinner et al., 2005;
Reichstein et al., 2007]. Coupled biogeo-
chemical cycle (BGC)-general circulation
models are some of the most important
approaches and tools for studying
biosphere-atmosphere interactions.
They can be used to predict global and
regional alterations in terrestrial ecosys-
tems and identify potential positive
feedback loops [Sakaguchi et al., 2011].
However, there is limited confidence in
simulating the biosphere’s response to

climate extremes due to large uncertainties in the dynamics and physical parameterizations associated with
climate extremes [Loreto and Centritto, 2008].

During the summer of 2013, a subtropical forest located in southern China experienced an extreme drought
[LeComte, 2014] when the July–August temperature was up to 2°C warmer than normal, and the total preci-
pitation was 236mm below normal for the 2months, which was only 13% of the average [Jia et al., 2015]. It
was a “flash drought” event due to its rapid development, unusual intensity, and devastating impacts [Yuan
et al., 2015]. Summer is the major growing season in this area, and the vegetation productivity, especially for
the forest, is susceptible to drought [Van der Molen et al., 2011]. However, the drought-responsive mechan-
isms in subtropical forest ecosystems are still not clear.

In this study, we used both the observations from a newly established flux tower, and a process-based land
surface model to investigate the influence of the 2013 summer drought on ecosystem CO2 and water fluxes
in a subtropical forest in southern China. We focused on the changes in terrestrial carbon and water cycles
under drought conditions, and the model performance in drought extremes in subtropical forest.
Furthermore, this study demonstrated how strong the link was between carbon and water cycles when they
responded to drought.

2. Methods
2.1. Study Site

Ningxiang field experimental observatory (NX, 112°34′E, 28°20′N, 110m above sea level) was established over
a hilly region in Hunan Province of Southern China in August 2012 (Figure 1 [Liu et al., 2013; Jia et al., 2015]).
The climate in this area is subtropical, with an annual mean rainfall of 1420mm and a mean temperature of
17°C. A 20m flux tower was set up after considering the homogeneity of the terrain and land cover. The local
terrain is relatively flat, and the experimental site is mainly surrounded by evergreen broadleaf trees (about
1 km2). The trees are over 40 years old, the dominant species include Cinnamomum camphora and Pinus
massoniana, and the average canopy height is about 7m.

2.2. CO2 and H2O Fluxes, and Meteorological Data

The CO2 and H2O fluxes were measured continuously from 1 January to 31 December 2013 using the eddy
covariance (EC) method, by instruments (EC150, Campbell Scientific, Logan, UT, USA) installed 17.5m above
the ground. Solar radiation components were measured at the same height. These fluxes were recorded by a
CR3000 data logger (Campbell Scientific) with a 10Hz sampling frequency. They were averaged every 30min.
Synchronous meteorological observation data included precipitation, air temperature, relative humidity, soil
temperature, and soil water content, which were collected by a CR1000 data logger (Campbell Scientific) and
recorded every 10min. Further details about the instruments can be obtained from Liu et al. [2013].

The raw fluxes for CO2, water, and heat were calculated and converted every 30min using algorithms for
three-dimension coordinate rotation [Liu et al., 2006; Wilczak et al., 2001], density fluctuations correction

Figure 1. The location of the study site and topography. The area
outlined in red is Hunan Province, and the red star represents Ningxiang
experimental station.
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[Webb et al., 1980], and the average value test method [Zhu et al., 2006]. After these corrections, only 61% of
net ecosystem CO2 exchange (NEE) data were available compared to the raw data. Therefore, a gap-filling
procedure, following the marginal distribution sampling method [Reichstein et al., 2005], was adopted in
this study.

The method outlined by Reichstein et al. [2005] was used to partition NEE into Reco and GPP. An exponential
regressionmodel with a reference temperature (Tref) of 10°C and a regression parameter (T0) of –46.02°C from
Lloyd and Taylor [1994] was used to estimate Reco according to equation (1):

Reco tð Þ ¼ Rref tð ÞeE0 1= T ref�T0ð Þ� 1= T tð Þ�T0ð Þð Þð (1)

where Rref, the base respiration at Tref, is a temperature independent parameter that varies temporally and E0
is the short-term temperature sensitivity of Reco, which was introduced to avoid the bias introduced by con-
founding factors [Reichstein et al., 2005]. GPP is the difference between NEE and Reco. More detailed informa-
tion about the quality-control, gap-filling and flux-partitioning processes can be found in Jia et al. [2015].

2.3. Modeling Approach

The process-based land surface model CLM4.5 [Oleson et al., 2013] is the terrestrial component of the
Community Earth System Model version 1.2. It includes biogeophysical, hydrological cycle, and biogeo-
chemical components and can estimate soil-plant-atmosphere carbon, water, and energy fluxes. The land
surface is represented as nested subgrid land cover types consisting of glacier, lake, wetland, urban, and
vegetation land. The vegetation land unit is further divided into bare ground (i.e., Bare) and 15 plant func-
tion types (PFTs). Each PFT has its own leaf and stem parameters, root distribution, and canopy height. The
terrestrial carbon cycle in CLM4.5 can be described as follows: the uptake of carbon from the atmosphere
via photosynthesis (i.e., GPP), the storage of carbon in biomass and soils, and the release of carbon back to
the atmosphere through plant (autotrophic) and microbial (heterotrophic) respiration [Hudiburg et al.,
2013]. Net ecosystem productivity is the difference between GPP and ecosystem respiration (i.e., the sum
of autotrophic respiration and heterotrophic respiration). The plant physiological response to drought stress
was modeled in two ways [Keenan et al., 2010; Oleson et al., 2013]. The first method is to constrain the sto-
matal conductance directly by reducing the minimum conductance with the soil water stress factor βt
(which ranged from 0 to 1):

gs ¼ m
An

cs=Patm
hs þ bβt (2)

where gs is the stomatal conductance, m is a plant functional-type dependent parameter, An is the leaf net
photosynthesis, cs is the CO2 partial pressure at the leaf surface, Patm is the atmospheric pressure, hs is the leaf
surface humidity, and b is the minimum stomatal conductance. The limitation in stomatal conductance can
further affect the available CO2 for photosynthesis.

The second method is to impose stress on photosynthesis by reducing Vcmax with βt:

Vcmax ¼ Vcmax�βt (3)

where Vcmax is themaximum rate of carboxylation. Reduction in photosynthesis can also limit the demand for
CO2 and indirectly influence the conductance process.

All simulations in this study were performed using CLM4.5 with the prognostic carbon and nitrogen dynamics
taken from the terrestrial biogeochemical model (Biome-BGC4.1.2 [Thornton and Rosenbloom, 2005]),
hereafter referred to as CLM4.5-CN. The default meteorological forcing data were from the China
Meteorological Administration (CMA) National Meteorological Information Center (hereafter referred to as
CMA; http://data.cma.cn [Jia et al., 2013; Shi et al., 2011]). They include precipitation, temperature, wind,
humidity, pressure, and downward shortwave radiation data. The CMA forcing data have a high spatial reso-
lution of 0.0625° and an hourly interval. In the CLM4.5 model, the maximum porosity was reduced from 0.489
to 0.289 to avoid a systematic wet bias for the soil moisture, and the land cover was specified as broadleaf
evergreen tree-temperate cover (i.e., BEM Tr) with default PFT parameters.

We ran CLM4.5-CN offline (i.e., not coupled to an active atmospheric model) with the prescribed vegetation
cover and conducted two sets of simulations. These involved changing the forcing data due to its important
effects on the performance of the ecohydrology simulation. In the first simulation, the 4 year (2009–2012) CMA
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meteorological forcing data were repeat-
edly used to drive the spin-up simulation
for 1200 years to establish equilibrium
states for the carbon and nitrogen pools
and fluxes. Based on the initial states
from the spin-up simulation, the simula-
tion named “CLM-CMA” was run using
the CMA forcing data from 2009 to
2013. In the second simulation, hereafter
referred to as “CLM-NX,” all conditions
were identical to CLM-CMA, with the
exception that the meteorological data
for 2013 were based on the local eddy
covariance towermeasurements.Wealso
conducted a climatological simulation to
reproduce the climatology of the ecosys-
tem response. As the CMA forcing data
only covered 5 years, we merged obser-
vations from the localmeteorological sta-
tionwithdata frommultiple satellites and
reanalysis data to create a new meteoro-
logical forcing data set. This was then
used to run the model during the period
of 1979–2012.

3. Results
3.1. Characteristics of the 2013
Summer Drought

Figure 2 shows the major meteorologi-
cal conditions at the NX site during the
2013 growing season (April–October).
The results showed that the daily mean
in situ air temperature (Ta, Figure 2a)
ranged from 7.7°C to 34.7°C, and mean

Ta for July–August (31.2°C) was 2.4°C higher than normal (28.8°C) and was the most severe heat wave in
recorded history (1979–2013, Figure 3b). There were 67 consecutive days (28 June to 2 September) during
which the daily maximum temperature exceeded the average temperature by 5°C. Estimated by the gen-
eralized extreme value method [Kotz and Nadarajah, 2000], the 2013 heat wave appeared to be a 301 year
extreme event. The CMA temperature data agreed with the in situ air temperature quite well, with a corre-
lation coefficient (r) of 0.99 and a root-mean-square error (RMSE) of 0.8°C. In contrast, the difference in
downward shortwave radiation (Rg) between the in situ measurements and the CMA forcing data was
larger, with a correlation of 0.94 and a RMSE of 54.1Wm�2. The CMA Rg data had smaller variabilities
and overestimated low values compared to the in situ measurements. A large bias in Rg affected the plant
growth simulation.

The cumulative in situ precipitation for the growing season in 2013 was 710mm, which was significantly
lower than the climatology (1001mm). In addition, there were only 4.1mm and 27.0mm of rainfall in July
and August, respectively, which were only about 3.1% and 22.7% of their expected climatological values
(129.7mm and 119.2mm, respectively) (Figure 2c). The 2013 summer drought was also an extreme event
(125 year return period) (Figure 3a). The CMA precipitation data also agreed well with the in situ measure-
ments in terms of temporal variation (r= 0.83). The high correlations between in situ measurements and
the CMA forcing data indicated the high quality of the two data sets and ensured the accuracy of meteoro-
logical forcing for land surface model simulations by CLM4.5.

Figure 2. Time series of daily mean (a) air temperature (Ta, blue and red
lines are for in situ (NX) and CMA forcing (CMA) data, respectively; black
line represents the climatology data, and the blue band indicates one
standard deviation from the historical data); (b) solar radiation (Rg);
(c) precipitation (Pr); and (d) monthly mean Pr and climatology (grey
bar with 95% confidence interval, which is calculated by p = 0.975 for
two-tailed test).
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3.2. Effect of Drought on Water Vapor and CO2 Fluxes

The meteorological drought (precipitation deficit) during July–August led to a severe agricultural drought: in
situ soil water content (SWC) at 5 cm declined rapidly from 0.35m3m�3 at the end of June to 0.12m3m�3 on
22 August, which was much lower than the expected climatological values (Figure 4a). The simulated SWC
captured the temporal variations in the in situ observations quite well with a correlation coefficient of r= 0.93
(Table 1). The systematic overestimation (RMSE> 0.09m3m�3, not shown) was alleviated by the modified
soil porosity, which is based on an empirical relationship with soil texture. However, the model did not cap-
ture the magnitude of the decline in soil moisture during August. This was mainly associated with very low
soil water potential and may have affected the ecosystem physiological response simulation in late
August. In the CLM4.5 model, soil moisture affected stomatal conductance directly by a soil water stress func-
tion where one represented no water stress and zero represented severe water stress. During the drought
period, the water stress factor decreased considerably (Figure 4b), which indicated that the model imposed
more stress on plant growth during the simulation. Consequently, the simulated canopy transpiration, which
is a significant component of evapotranspiration (ET) in forests [Reichstein et al., 2007; Schlesinger and
Jasechko, 2014], also decreased significantly due to water stress. It should be noted that the variation in ET
during the 2013 summer drought was within one standard deviation of the climatology data, and that the
average ET in July–August of 2013 was similar to the long-term average because water deficits reduced

Figure 3. Interannual changes of (a) precipitation (Pr), (b) air temperature (Ta), (c) soil water content (SWC), (d) evapotran-
spiration (ET), (e) ecosystem respiration (Reco), (f) gross primary production (GPP), (g) net ecosystem CO2 exchange (NEE),
(h) water use efficiency (WUE), (i) underlying water use efficiency (uWUE), and (j) inherent water use efficiency (IWUE) for
July–August from 1979 to 2013 at Ningxiang. Figures 3a and 3b are observed data, and Figures 3c–3j are simulated results.
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the ET values, whereas high tempera-
ture increased them. Figure 4c shows
that in situ ET also decreased from
6.2mmd�1 on 12 July to 1.0mmd�1

on 20 August. The CLM4.5 model re-
produced well the ET seasonal cycle
with a high r (>0.85) and a low RMSE
(<0.8mmd�1). In addition, apparent
differences in canopy evaporation from
the two simulations can be seen in
Figure 4e, and this might be related to
the differences in radiation and precipi-
tation (Figures 2b and 2d).

The dynamics of the ecosystem CO2

fluxes are shown in Figure 5. The mean
values for NEE, Reco, and GPP during
the growing season were �1.6 ± 2.4,
6.2 ± 1.7, and 7.8 ± 2.9 g Cm�2 d�1,
respectively. The NEE represents the
balance between carbon uptake and
release, and maximum carbon uptake
occurred on 12 June (–7.4 g Cm�2 d�1).
During the summer drought period, car-
bon uptake decreased as the soil water
content fell, and the ecosystem even
became a net source of CO2, with a rate
of 4.3 g Cm�2 d�1 on 23 August. The
NEE magnitude also decreased from
12.2 to 8.0 g Cm�2 d�1. Lloyd and
Taylor [1994] pointed out that Reco was
mainly related to temperature, while
the respiration rate at reference condi-
tions should vary seasonally to avoid
the bias introduced by confounding
factors in seasonal data, such as plant
physiological patterns, soil moisture
[Joo et al., 2012], decomposition,
and/or soil microbial growth dynamics
[Reichstein et al., 2005]. The soil water

deficit meant that the variation in Reco (Figure 5b) was not consistent with the change in temperature during
the drought period (Figure 2a). For example, Reco increased as the temperature warmed during April–June
but decreased in July and August. However, there was light rain (about 4mm) on 7 July, which led to a

Figure 4. Time series of daily mean (a) soil water content (SWC), (b) water
stress factor, (c) total evapotranspiration (ET), (d) canopy transpiration,
and (e) canopy evaporation during the 2013 growing season for the in situ
observations (OBS), the CLM-CMA and CLM-NX simulations, and the
climatological simulation (Climatology, the blue band indicates one
standard deviation from the historical data).

Table 1. Summary Statistics for the Two Simulations Compared to In Situ Observations During the 2013
Growing Seasona

Case Statistics SWC ET NEE Reco GPP

CLM-CMA r 0.93 0.85 0.22 0.58 0.49
RMSE 0.02 0.80 2.64 1.80 2.65

CLM-NX r 0.93 0.89 0.76 0.64 0.86
RMSE 0.02 0.70 2.20 1.80 1,79

aThe letter r is the correlation coefficient. RMSE is the root-mean-square error, and the units for soil water content
(SWC), evapotranspiration (ET), net ecosystem CO2 exchange (NEE), ecosystem respiration (Reco), and gross primary
production (GPP) are m3m�3, mm d�1, g Cm�2 d�1, g Cm�2 d�1, and g Cm�2 d�1, respectively.
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conspicuous increase in Reco. Before
the summer drought period, GPP
peaked at 14.7 g Cm�2 d�1 on 21 June,
but in August, GPP decreased to
3.5 g Cm�2 d�1 due to the soil water
deficit and the increasing vapor pres-
sure deficit (VPD). Both Reco and GPP
were far below the expected average
values, especially in August. The aver-
age Reco and GPP in July–August of
2013 reached the recorded minimums
(Figures 3e and 3f) with return periods
of 45 years and 41 years, respectively.

Modeled NEE in the CLM-NX simulation
had a better agreement with obser-
vations compared with CLM-CMA
(Figure 5a and Table 1, r increased from
0.22 to 0.76). However, even when
forced by in situ observations, the NEE
was less well simulated by CLM4.5
during the drought period (Table 2,
r= 0.55) than in the wet period
(r=0.83). CLM-NX also did not capture
the temporal variation in Reco well
(r=0.57), especially with regards to its
response to vapor deficits. In particular,
GPP was relatively low (Figure 5c) and

both simulations underestimated GPP in August. In the CLM4.5 simulation, Reco included heterotrophic
respiration (HR) and autotrophic respiration (AR). HR is the decomposition of litter and soil organic matter,
and AR is the sum of maintenance respiration (MR) and growth respiration (GR), where MR supports themeta-
bolic costs of existing live leaves, stems, and roots and GR is the additional carbon cost needed for new plant
growth [Oleson et al., 2013]. The time series for these components are shown in Figure 6. Heterotrophic
respiration decreased during the drought period but considerably increased after the drought (Figure 6a).
In early July, MR kept high values, contributing to high AR, which resulted in an overestimation of Reco. In late
August, HR had comparable values to AR, and they contributed equally to the low Reco values. The AR
simulation with in situ radiation forcings performed better (Figure 6b), which was similar to the improved
Reco simulation (Figure 5b), and was mainly due to the better simulation of GR (Figure 6c).

3.3. Water Stress Effects on Vegetation Growth

Figure 7 shows the relationship between Reco and air temperature under different soil moisture conditions
(SWC< 0.14, 0.14 ≤ SWC< 0.21, 0.21 ≤ SWC< 0.26, and SWC ≥ 0.26, unit in m3m�3). A clear exponential rela-
tionship was found when SWC> 0.14m3m�3. Reco was higher in wet soil than in dry soil, especially at high

Figure 5. Time series of daily mean (a) net ecosystem CO2 exchange
(NEE), (b) ecosystem respiration (Reco), and (c) gross primary production
(GPP) during the 2013 growing season for the in situ observations (OBS),
the CLM-CMA and CLM-NX simulations, and the climatological simulation
(Climatology, the blue band indicates one standard deviation from the
historical data).

Table 2. Summary Statistics for the CLM-NX Experiment Compared to In Situ Observations During the Wet and Dry
(July–August) Periods in the 2013 Growing Seasona

Period Statistics SWC ET NEE Reco GPP

Wet r 0.90 0.88 0.83 0.80 0.91
RMSE 0.03 0.69 2.29 1.51 1.80

Dry r 0.91 0.90 0.55 0.57 0.87
RMSE 0.02 0.72 1.97 1.53 1.75

aThe letter r is the correlation coefficient. RMSE is the root-mean-square error, and the units for soil water content
(SWC), evapotranspiration (ET), net ecosystem CO2 exchange (NEE), ecosystem respiration (Reco), and gross primary
production (GPP) are m3m�3, mm d�1, g Cm�2 d�1, g Cm�2 d�1, and g Cm�2 d�1, respectively.
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temperatures. When soil water content
was below 0.14m3m�3, Reco changed
little as the temperature rose. The
CLM4.5 captured the exponential rela-
tionship between Reco and Ta well under
wet soil conditions. Under very dry
soil conditions, simulated Reco had low
values instead of increasing as the tem-
perature rose.

Before and after the drought period, the
actual observations and model simu-
lations showed that there were no clear
relationships between Reco/GPP and
SWC (Figure 8). However, during the
summer drought, water availability
became the main limiting factor, and
both Reco and GPP declined as soil
moisture decreased. The decline trend
was captured by the model, although
the shape was slightly different from
the observed data. There was some
noise in the observation at the very
low end of the soil moisture range
where the exponential relationship
between carbon fluxes and water stress
did not hold.

We also investigated the relationship
between Reco and GPP using monthly
observed and modeled data. There was
a significant linear relationship between
Reco and GPP (Figure 9a). However,
there were some outliers for August
and September (crosses) because of

seasonal drought effects. Similar results were found by Sun et al. [2006] for a midsubtropical planted forest
in southeastern China. In this study, the simulated regression coefficient (excluding August and
September) was similar to the in situ observations, but the model failed to reproduce the nonlinear relation-
ship during the drought (Figure 9b).

Figure 6. Time series of daily mean (a) heterotrophic respiration (HR),
(b) autotrophic respiration (AR, i.e., MR + GR), (c) total growth respiration
(GR), and (d) maintenance respiration (MR) during the 2013 growing
season for the CLM4.5 simulation and the climatological simulation
(Climatology, the blue band indicates one standard deviation from the
history data).

Figure 7. The effect of daily air temperature on ecosystem respiration (Reco) under different soil moisture conditions from
April to October for (a) the in situ observations (OBS) and (b) the CLM-NX simulation (CLM4.5).
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Water is one of the major drivers of the forest ecosystem, and the carbon cycle is closely associated with
the water cycle partly via stomatal behavior. At the ecosystem level, water use efficiency has been used
to quantify the trade-off between the amount of assimilated carbon and water loss. It therefore reflects
the coupled relationship between carbon and water [Law et al., 2002; Yu et al., 2008]. In this study,
we assessed three formulations for water use efficiency under different assumptions, i.e., the original
water use efficiency (WUE=GPP/ET) [Cowan and Farquhar, 1977], the inherent water use efficiency
(IWUE=GPP · VPD/ET) [Beer et al., 2009], and the underlying water use efficiency (uWUE=GPP · VPD0.5/ET)
[Zhou et al., 2015]. WUE is defined as the amount of carbon gained per unit of water loss at the ecosystem
level; IWUE is derived by considering the diffusion process for CO2 and water leaving or entering the leaf;
and uWUE is based on IWUE and a simple stomatal model. The variation in WUE was quite small during the
summer drought, and there was a slight decline compared to the simulated climatology (Figures 10a and
3h). However, both uWUE and IWUE experienced a significant increase and reached their recorded

Figure 8. The relationship between soil moisture (SWC) versus (a, b) ecosystem respiration (Reco) and (c, d) GPP over
different periods (April-May-June, AMJ; July–August, JA; and September–October, SO) during the 2013 growing season
for (Figures 8a and 8c) the in situ observations (OBS) and (Figures 8b and 8d) the CLM-NX simulation (CLM4.5).

Figure 9. The relationship between ecosystem respiration (Reco) and gross primary production (GPP) on a monthly scale in
2013 for (a) the in situ observations (OBS) and (b) the CLM-NX simulation (CLM4.5). The crosses represent the values for
August and September, and blank squares represent the values for other months. The solid line represents the regression
line but does not include the data for August and September.
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maximums (Figures 10b and 10c and 3i
and 3j) if the nonlinear effect of VPD
was taken into account. The model also
reproduced the decrease in WUE and
increase in uWUE and IWUE but under-
estimated all three WUEs during the
water stressed period.

4. Conclusions and Discussion

In this study, the impact of the 2013
summer heat and drought on a mixed
evergreen ecosystem in southern
China was investigated using both
ground-based observations from a flux
tower and simulations by the land sur-
face model CLM4.5 with the prognostic
carbon and nitrogen dynamics. Based
on the July–August precipitation and
air temperature data from 1979 to
2013, the ecosystem experienced its
most severe drought and heat wave
with return periods of 125 years and
301 years, respectively. The precipita-
tion dropped to 23% of the mean preci-
pitation, and the temperature was
abnormally high for 67 days during the
summer. This led to the highest

recorded reductions in SWC. Due to severe water stress in the soil and atmosphere, plant photosynthesis
was clearly restricted in July and August and reached the recorded minimums.

Ecosystem respiration decreased along with GPP instead of accelerating as the temperature rose. Reco
increased exponentially with the increase in temperature when soil water content was plentiful but changed
little under dry soil conditions (<0.14m3m�3). As a balance between carbon uptake and release, NEE’s
magnitude also experienced a large reduction from 12.2 to 8.0 g Cm�2 d�1 and the ecosystem even switched
to being a net source of carbon with a rate of 4.3 g Cm�2 d�1 on 23 August. Moreover, dry soil conditions
limited plant water uptake, led to a decrease in stomatal conductance, and altered the coupling between
water and carbon fluxes.

The CLM4.5 model produced accurate estimations of SWC (r=0.93) and ET (r> 0.85) variability during the
growing season, and its ability to reproduce the carbon fluxes improved substantially (r= 0.76 for NEE) when
the atmospheric forcing data were replaced with in situ observations. However, the GPP simulated by CLM4.5
was smaller than the in situ observed GPP during the drought period, which led to the overestimation of the
release of carbon to the atmosphere. The simulated Reco values were also overestimated in early July and did
not capture the reduction shown in the observed values. Themismatch between the observed and simulated
values was complex as both the in situ data and the models contained some uncertainties. The observed and
predicted relationship comparison among GPP, Reco and water stress showed that the model had some
difficulties in representing the response of carbon fluxes to water stress and failed to capture the nonlinear
relationship between GPP and Reco. This suggests insufficient understanding of plant responses to water
stress and the necessity of improving the model parameterizations [Keenan et al., 2010]. However, the uncer-
tainty present in the in situ eddy covariance measurements should also be considered. As in situ Reco was
difficult to measure directly, we assumed that the nighttime NEE eddy covariance measurements would be
equal to Reco at night and compared them to in situ Reco estimates and simulated Reco values to evaluate
the plausible uncertainty (Figure 11). We found that the in situ Reco, which was estimated from an empirical
formula based on the hypothesis that respiration is a nonlinear function of temperature, captured the

Figure 10. Time series for the (a) water use efficiency (WUE), (b) underly-
ing water use efficiency (uWUE), and (c) inherent water use efficiency
(IWUE) daily means during the 2013 growing season for the in situ
observations (OBS), the CLM-NX simulation (CLM4.5), and the climatolo-
gical simulation (Climatology, the blue band indicates one standard
deviation from the historical data).
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nighttime NEE variability quite well
(r=0.92). While in CLM4.5, the calcula-
tion of Reco was rather complicated as
it took various environmental factors
and different plant growth processes
(e.g., heterotrophic respiration and
autotrophic respiration) into account.
Therefore, the Reco simulation by CLM-
NX was not very accurate (r= 0.51),
and a large uncertainty in the physical
representation of ecological process still
existed.

The summer drought played an impor-
tant role in the target ecosystem’s
carbon and water cycle, and the
reduced carbon fluxes were associated

with both the water deficit and high temperature. However, this study only quantified the short-term conse-
quences of summer heat and drought on the terrestrial carbon cycle. The immediate and time-lagged
responses (e.g., mortality or fire) need further investigation. Other in situ measurements with longer records
are being collected to investigate the drought-carbon coupling more comprehensively. The related ecohy-
drological parameterizations in land surface models also need to be improved if they are to represent
processes across scales.
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