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Abstract In this study, the variations in surface soil liquid water (SSLW) due to future climate change are explored in the
‘Huang-Huai-Hai Plain’ (‘3H’) region in China with the Common Land Model (CoLM). To evaluate the possible maximum
response of SSLW to climate change, the combination of the conditional nonlinear optimal perturbation related to the parameter
(CNOP-P) approach and projections from 10 general circulation models (GCMs) of the Coupled Model Intercomparison Project
5 (CMIPS) are used. The CNOP-P-type temperature change scenario, a new type of temperature change scenario, is determined
by using the CNOP-P method and constrained by the temperature change projections from the 10 GCMs under a high-emission
scenario (the Representative Concentration Pathway 8.5 scenario). Numerical results have shown that the response of SSLW to
the CNOP-P-type temperature scenario is stronger than those to the 11 temperature scenarios derived from the 10 GCMs and from
their ensemble average in the entire ‘3H’ region. In the northern region, SSLW under the CNOP-P-type scenario increases to
0.1773 m* m™*; however, SSLW in the scenarios from the GCMs fluctuates from 0.1671 to 0.1748 m* m™>. In the southern region,
SSLW decreases, and its variation (-0.0070 m® m) due to the CNOP-P-type scenario is higher than each of the variations (—0.0051

to —0.0026 m* m~) due to the scenarios from the GCMs.
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1. Introduction

Soil moisture plays an important role in the climate system.
For instance, it influences the separation of precipitation into
surface runoff and infiltration as well as the partitioning of
net radiation into latent heat flux and sensible heat flux. The
persistence of soil moisture anomalies could affect floods,
droughts (Bonan and Stillwell-Soller, 1998; Wu and Zhang,
2013), extreme hot days (Hirschi et al., 2011), heat waves
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(Lorenz et al., 2010), etc. In climate models, the reasonable
representation of soil moisture has been shown to contribute
to improving sub-seasonal and seasonal forecasting (Conil et
al., 2006; Koster et al., 2004). For agriculture, soil moisture
information is vital for crop yields and irrigation scheduling
(Tao et al., 2003).

Due to climate change, components of the terrestrial hy-
drological cycle have changed, such as runoff and streamflow
(Aich et al., 2014; Yang et al., 2011; Wang G Q et al., 2012;
Peng et al., 2017). The impacts of climate change on hydro-
logical characteristics are typically evaluated using climate
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change scenarios, which are generally determined by the cli-
matic outputs from general circulation models (GCMs), as the
climatic inputs in a hydrological model. For constructing cli-
mate change scenarios, two approaches are commonly used.
One is to use hypothetical scenarios (Dan et al., 2012; Mehro-
tra, 1999) in which a constant (percent) change is added to
an observed baseline. Dan et al. (2012) have applied this
approach to project the hydrological changes in the Huang-
Huai-Hai Plain (3H) region of China. Another method is to
apply the downscaled outputs from GCMs to account for the
change in climate variability, in which the changes in clima-
tology and climate variability are both considered (Chen et
al., 2012; Sperna Weiland et al., 2012). A characteristic of
the method is to supply a possible and comprehensive cli-
mate change scenario. However, due to the uncertainties in
climate modeling (Dobler et al., 2012), downscaling methods
(Chen et al., 2013), and hydrological modeling (Bastola et al.,
2011), great uncertainty exists in modeling the hydrological
responses to climate change.

Another characteristic of using the outputs from GCMs is
to present the seasonal and regional heterogeneity in climate
change. In China, warming is more significant in winter and
spring (Chen and Frauenfeld, 2014a; Ding et al., 2006; Ren et
al., 2012). For precipitation, its increase in summer is higher
over part of eastern China (Chen and Frauenfeld, 2014a). Ad-
ditionally, the changes in summer rainfall over China primar-
ily exhibited a decadal change in spatial distribution in re-
cent decades (Zhang et al., 2013; Zhang, 2015). Based on a
multi-model ensemble of 20 GCMs from Phase 5 of the Cou-
pled Model Intercomparison Project (CMIP5), the increases
in temperature are projected to be greater over northern China
and the Tibetan Plateau by the end of the twenty-first cen-
tury (Chen and Frauenfeld, 2014b). Therefore, it is neces-
sary to introduce seasonal and regional change information
on climate change when the hydrological impacts of climate
change are evaluated. Although there are some merits in us-
ing the outputs of GCMs to discuss the uncertainty of the hy-
drological changes due to the changing climate, the uncer-
tainty of the hydrological changes may be underestimated for
the limited climate change scenarios from the limited GCMs.

To explore the maximum possible variation of the hydro-
logical changes using the climate change scenarios from
GCMs, the approach of conditional nonlinear optimal pertur-
bation related to model parameters (CNOP-P) is employed,
which is proposed by Mu et al. (2010) and is an optimization
method. The CNOP-P represents a type of model parameter
and could determine the upper uncertainty bound of the nu-
merical simulation and forecast error. The CNOP-P approach
has been applied in studying ENSO predictability (Duan and
Zhang, 2010), the transition to the Kuroshio large meander
(KLM) state (Wang Q et al., 2012), variations in terrestrial
ecosystems (Sun and Mu, 2011, 2012, 2013, 2014, 2017b),
and identifications of sensitive and important parameter
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combinations in numerical models (Sun and Mu, 2017a).
There are many studies on how to obtain CNOP-P (Chen et
al., 2015), which lead to the comprehensive application of
CNOP-P.

By considering the uncertainty of future climate change
in different seasons and regions, the combination of the
CNOP-P approach and outputs from GCMs may provide a
type of climate change scenario to disclose the maximum
possible response of the hydrological cycle to future possible
climate changes in the study area. The type of climate change
scenario determined by the above-mentioned combination
could be applied to investigate the maximum uncertainty of
numerical simulations and additionally display the seasonal
and regional characteristics of climate change within the
range projected by GCMs. In this study, temperature is only
considered to be a forcing parameter in the hydrological
model. The CNOP-P approach and 10 GCMs with high
spatial resolutions from CMIPS along with the Common
Land Model (CoLM; Dai et al., 2003) are used to obtain a
CNOP-P-type temperature change scenario to comprehen-
sively evaluate the hydrological changes caused by future
temperature change alone. The CNOP-P-type temperature
change scenario represents a scenario type that could cause
the maximum variation of simulated hydrological variables
under a reasonable temperature range projected by many
GCMs.

Furthermore, the monthly temperature change series (i.e.,
the difference between the projected monthly temperature
and the historical monthly temperature) projected by each
GCM, which also show the seasonal and regional tem-
perature change features, are deemed as a type of future
temperature change scenario as well and applied to inves-
tigate the possible responses of the hydrological cycle to
various temperature change scenarios. As a component of
the hydrological cycle, soil moisture plays an important role
in the climate system, which has been indicated above. In
addition, numerous studies of the surface soil liquid water
(i.e., soil liquid water in the top 10 cm soil layer; SSLW for
short) have been used and analyzed (e.g., Dan et al., 2012;
Liu et al., 2014). Consequently, we primarily focus on the
responses of SSLW to climate change in this study.

2. Study region, model, and methods

2.1 The study region

The study region is located in eastern China, corresponding
to the area from 30°N to 40°N and from 110°E to 120°E. In
this study region, the Huang-Huai-Hai Plain (3H) region, one
of the nine principal agricultural zones in China, is included
where soil moisture has been demonstrated to play an im-
portant role in affecting agricultural production (Dan et al.,
2012) and climate variability (Zhang and Zuo, 2011; Zuo and
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Zhang, 2007). For convenience, the study region is referred
to as the ‘Huang-Huai-Hai Plain’ (‘3H’) region, which is dif-
ferent from the 3H region. According to the study of Ma and
Fu (2005), the semi-humid and semi-arid zones are primarily
located in the ‘3H’ region.

2.2 The CoLM model

In this paper, the CoLM model is employed to investigate
the impacts of regional and seasonal temperature change
on SSLW. It has been tested through extensive offline sim-
ulations using a variety of observational data, which have
demonstrated that the CoLM model could simulate different
land surface processes reasonably (Liu and Lin, 2005; Song
et al., 2009; Xin et al., 2006). The model was also employed
to explore the parameter sensitivity (Wang et al.,, 2013).
Furthermore, it has been coupled with the National Center
for Atmospheric Research (NCAR) Community Climate
Model (CCM3) (Zeng et al., 2002). This coupled run has
indicated that the CoLM model improves the simulations of
surface air temperature, runoff, and snow mass significantly
compared to the original NCAR land surface model (LSM).

To run the CoLM model, the Princeton forcing dataset
(Sheffield et al., 2006) is used. It is a high-resolution
(1.0°x1.0°, 3-hourly), global, meteorological forcing dataset
and has been applied to simulate soil moisture in China (Li
and Ma, 2010; Wang et al., 2011). Because the CoLM model
prefers to use the time step at 30 minutes, the Princeton
forcing dataset within our study region has been interpolated
into 30-minute intervals with the temporal interpolation
programs provided by the developers of the CoLM model.
For precipitation, the interpolation program is a statistical ap-
proach provided by the Second Global Soil Wetness Project
(GSWP2). For other variables, the interpolations are all
based on the Cubic Spline method, apart from the downward
shortwave radiation interpolation, in which the sun elevation
is considered. Then the interpolated dataset is applied to
drive the CoLM model for conducting control simulations as
the reference states.

Moreover, there are 10 unevenly spaced soil layers in the
CoLM model. The thicknesses of the first three layers are
1.75, 2.76 and 4.55 cm in order (9.06 cm in total). Thus,
SSLW is approximately calculated as the weighted average
of the soil liquid water (SLW) in the first three soil layers ac-
cording to the soil layer thicknesses. Specifically, the formula
to determine the SSLW is as follows:

SSLW = (1.75 x SLW,

first soil layer

+4.55 x SLW,

third soil layer

+ 276 X SL VKecond soil layer
)/9.06.

For the surface soil layer, the net water input is primarily as-
sociated with precipitation, soil ice, evapotranspiration (E7),
and surface runoff (Rsur). Consequently, SSLW is closely re-
lated to precipitation, soil ice, ET and Rsur.
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The soil moisture data from ERA-Interim and the Global
Soil Moisture Data Bank has been used to evaluate the CoLM
model in simulating SSLW over the ‘3H’ region. The CoLM
model could capture the spatial distribution and seasonal vari-
ations of SSLW (see Appendix Figures S1 and S2 (available
at http://earth.scichina.com)). As a result, it is feasible to ap-
ply the CoLM model in exploring the responses of SSLW to
climate change.

2.3 The conditional nonlinear optimal perturbation re-
lated to parameter (CNOP-P)

For the readers’ convenience, an introduction to the CNOP-P
approach is presented. Assume the nonlinear differential
equations as follows:

U _ pU,P) UcR.t€0.T],
ot (1
U‘ = U()a

=0

where F'is a nonlinear operator; U, represents an initial value
of the state variable U; and P stands for a parameter vector.
Let M, be the propagator of eq. (1) from the initial time O to ¢.
Then, the solution U(¢) at time ¢ could be written as M, (U,, P).
Suppose that there is a perturbation to the parameter vector P,
denoted as p. Then, the solution of eq. (1) changes into M,
(U, P+p) and is denoted by U(t)+u(f). Here, u(f) describes
the departure from the reference state U(f), which is induced
by the parameter perturbation vector p.

For a specified time 7'and norm, the parameter perturbation
p, is called a CNOP-P with the constraint condition p € Q,
if and only if,

J(p,) = maxJ(p), )
where
J(p) = u(D)| = |M(U,, P+ p) — MU, P)|.  (3)

P is the reference state of parameters and generally repre-
sents the standard parameter values in a numerical model. p
is the perturbation to the parameter reference state and repre-
sents parameter errors. CNOP-P represents a type of param-
eter perturbation that satisfies certain constraints and causes
the maximum departure of the studied state variable from its
reference state, at time 7.

In this paper, P is the forcing parameter associated with
temperature and p could be regarded as the change in temper-
ature, and the L2 norm is chosen. For our study, CNOP-P is
regarded as a type of temperature perturbation that could con-
sider the regional and seasonal changes in temperature, and it
causes the maximum variations in soil moisture.

2.4 Experimental design

In previous studies, only perturbations to the annual temper-
ature are discussed (Sun and Mu, 2012, 2014), as shown in
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eqs. (4) and (5).
N_ 12 dQ@.m) r
222 2B th)
y=lm=1 i=1 n=1
N_ 12
7 X Z d(y,m)

2 +0, )

0=<p, =o. )

Here, P/, is the time-variant forcing parameter associ-
ated with temperature and represents the temperature refer-
ence state. p,, represents the perturbation to the temperature
reference state and remains unchanged in a year. In addition,
o, is the change in temperature climatology and is determined
by the potential future regional averaged temperature varia-
tion, which is invariable in the whole study region.

However, many studies have demonstrated that climate
change varies with regions and seasons (Ding et al., 2006;
Ren et al., 2012; Zhang et al., 2013; Zhang, 2015). To
explore the impacts of regional and seasonal temperature
changes on SSLW, a modified experimental design is pro-
posed as follows:

12_d(y,m)

33 It B,

y=lm=1 i=1

N_ 12
r X d(y,m)
y=Ilm=1

12_dGj) r

= N‘ 12 + 5.;,13 (6)

a{,A‘,y.nz,I S pl,s,y,m S o.t,s,y,m,u' (7)

Here, s represents each grid in the study region. Subscripts y,
m and i represent year, month, and day, respectively; d(y,m)
is the number of days in a month. 7 represents the number

Table 1 The list of 10 GCMs from CMIP5?

October (2017) Vol. 60 No. 10 1841

of measurements conducted in a day, which depends on the
temporal resolution of the forcing dataset. p.,. is the pertur-
bation to the temperature reference state and stays the same in
a month. Moreover, it is hypothesized to be unaltered for all
months in a season. In spring, for example, there is the fol-
lowing relationship: pis,3=Pisy4=Drsys. Pisym rEPrEsents the
temperature perturbation in each season. In addition, pisym
is constrained by both o, and o, . which represent
the minimum and maximum seasonal temperature perturba-
tions. J_, is the perturbation to the temperature climatology in
each grid. As a result, the regional and seasonal dependence
of temperature change is considered in the new temperature
change scenarios denoted by egs. (6) and (7).
To determine the parameters J, , g, ., and g,

512 7t

PSRV

in eqs.
(6) and (7) to obtain future possible temperature change sce-
narios, the temperature datasets from 10 GCMs (Table 1) un-
der a high emission scenario RCP8.5 from CMIP5 are ana-
lyzed (Taylor et al., 2012). In this emission scenario, RCP8.5
corresponds to the pathway with the highest greenhouse gas
emissions. In our study, the impact of climate change due
to a high emission scenario RCP8.5 on the soil moisture is
evaluated. In detail, the monthly temperature data from each
GCM are first bilinear-interpolated to the resolution of 1°x1°,
which is in accordance with the forcing dataset. Here, the bi-
linear interpolation method we use could be expressed as the
following formula:

S8,V m U

Sx.3)
5 —%)0, )
FGe0)
0, )
N S (x.0)
6 =)0, — )
S (x,,,)
T =0 — )

f(xy) = (x, =0)(, =)
(= x)(», =)
(¥, =) =)
(= x)y = ).

Then, the projected period of 2011-2100 is divided into 9

Model name Model ID Country of origin Resolution (Lat.xLon.)
ACCESS1-0 MOl Australia 1.875°x1.25°
CCSM4 MO02 USA 1.25°%0.9°
CNRM-CM5 MO03 France ~1.4°x1.4°
Fgoals-s2 Mo04 China ~2.81°x1.66°
HadGEM2-AO MO5 Korea 1.875°x1.25°
HadGEM2-CC MO06 United Kingdom 1.875°%1.25°
IPSL-CMS5A-MR MO7 France 2.5°x1.25°
MIROCS5S MO8 Japan ~1.4°x1.4°
MPI-ESM-LR M09 Germany 1.875°x1.875°
MRI-CGCM3 M10 Japan 1.125°x1.125°

a) Only soil moisture simulations from the GCMs in bold font are employed in our study
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slices with the time length of 10 years, which is the same as
the length of our study period (1991-2000; N=10). For each
model and grid, the difference between the equal-weighted
average of the monthly temperature series in all time slices
and the historical monthly temperature series from 1991
to 2000, is considered to be a possible monthly tempera-
ture change series in the future 10 years and referred to as
T . n 0=1L...N; m=1,..,12; and c indicates each model).
Thus, the mean value of each future possible monthly temper-

ature change series (i.c., Z Z

y=1lm=1

the change in temperature climatology. Finally, the variation
of temperature climatology (J,,) is calculated as the ensemble
average of the possible temperature climatology changes
based on 10 GCMs (i.e., ZZZ T ... (Nx10x12)).

c=1y=Im=1
The minimum and maximum perturbations to the tempera-

ture reference state (g, , ,, and o, ) are the minimum and
maximum changes among the monthly temperature changes
from all selected GCMs in all months of the season in each
year, respectively. For instance, in spring, the upper and
lower bounds of the perturbation p, , could be character-
ized by the following formula: »

/(12 x N)) represents

$,6,p,m

ts)mu

0. 5y.34.5)1 — cg}lf}o{ﬂ,c,y,s, Ts,c,y,u T;,U,y,S}’
’ ®)
O-I,.Y,}’,3(4,5),ll = }P?i%{ﬂ,c,y,}’ ];,c,y,ét’ 7;,0,;*,5} .

There are many temperature scenarios satisfying the given
constraints in eqs. (6) and (7). Among these scenarios, a
scenario that induces the maximum changes of SSLW could
be obtained by applying the CNOP-P approach, denoted as
the CNOP-P-type temperature change scenario. As demon-
strated above, the CNOP-P-type temperature change scenario
considers the regional and seasonal features of future temper-
ature change.

To compare the impacts of different temperature change

Sci China Earth Sci

October (2017) Vol. 60 No. 10

scenarios on SSLW, the future possible monthly temperature
change series from all GCMs and their ensemble average
(hereinafter referred to as the ensemble monthly temperature
change series), called ‘the GCM-based temperature change
scenarios’, are also used. These GCM-based scenarios also
consider the regional and seasonal temperature change. In
addition, the ensemble monthly temperature change series
causes the same climatology change as the CNOP-P-type
temperature change scenario.

Finally, there are two primary reasons for us to choose the
10 GCMs from CMIP5, which are introduced in Table 1. One
is that they have higher spatial resolutions that are close to
the spatial resolution of the forcing dataset and helpful for
conducting interpolations. Furthermore, the selected GCMs
could capture the temperature and precipitation in the ‘3H’
region (see Appendix Figures S3—S8).

3. Results and analysis

In this section, the impacts of different temperature change
scenarios on the SSLW are investigated and compared, which
comprehensively take the variations of both regional and sea-
sonal temperature into account. For analyzing the hydrolog-
ical processes that might account for the SSLW changes, the
physical processes that influence the variations of the SSLW
related to the surface water budget (such as surface soil ice,
ET and Rsur) are also explored.

3.1 The impacts of different future temperature change
scenarios on SSLW

Figure 1 describes the monthly temperature change series
under the CNOP-P-type and GCM-based future temperature
change scenarios. The CNOP-P-type temperature change
scenario is reasonable and is within the scope defined by the
temperature change scenarios from the 10 GCMs. Due to

14 MO1
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12— Mod [
. MO05 —
10— woy [
- e
8 — MO010
6] ‘ ' _Eﬁsoe%ge n
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Figure 1
scenarios.

The monthly temperature change series averaged in the ‘3H’ region from 1991 to 2000 due to the CNOP-P-type and GCM-based temperature change
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these change scenarios, the changes in SSLW are shown in
Figure 2. It is shown that the SSLW change due to the CNOP-
P-type temperature change scenario is stronger than those due
to the 11 temperature change scenarios from the GCMs. In
addition, there are different impacts of the temperature sce-
narios on SSLW in different regions. The primary hydrolog-
ical processes that contribute to the SSLW changes also vary
with the regions. North of 36°N, soil ice melting, indicated
by the decrease of surface soil ice (Figure 3), increases SSLW.
Both ET and Rsur change slightly (Figures 4 and 5), playing
little role in the variations of SSLW. In the south, the changes
in soil ice and Rsur are small (Figures 3 and 5). The enhanced
ET causes water loss in the soil column (Figure 4) and primar-
ily accounts for the changes of SSLW in this region.

To understand the regional differences due to different
temperature change scenarios, the regional averaged SSLW
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in the north and south is studied. Using 36°N as a boundary,
Figure 6 shows the annual SSLW of different sub-regions
in the final year of the study period (the year 2000) under
the CNOP-P-type and all GCM-based temperature change
scenarios. We can see that SSLW under the CNOP-P-type
temperature scenario is greatest in the north (Figure 6a) and
smallest in the south (Figure 6b). Because of the common
SSLW reference state, it is implied that the CNOP-P-type
scenario induces the maximum variation extent of SSLW for
the final year. Additionally, the maximum SSLW change ex-
tent in the north is 0.0099 m* m™ compared to the referenced
SSLW (0.1674 m* m~), and —0.0070 m* m> in the south
compared to the referenced SSLW (0.2612 m* m>). For the
ensemble temperature change series, SSLW increases by just
0.0039 m* m™ in the north and decreases by 0.0041 m* m= in
the south. Due to other GCM-based temperature change
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The changes in SSLW (m* m™) due to the CNOP-P-type and GCM-based future possible temperature change scenarios.
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Figure 3 The changes in surface soil ice (m* m~) due to the CNOP-P-type and GCM-based future possible temperature change scenarios.

scenarios, the regional averaged SSLW variations range
from 0.0003 to 0.0074 m®> m™ in the north and fluctuate from
—0.0051 to —0.0026 m* m in the south.

There are differences in the hydrological processes that
induce the SSLW variations due to different temperature
change scenarios. The regional averaged soil ice, £E7 and
Rsur are examined for the final year in the north and south
of 36°N across the ‘3H’ region, which are shown in Figures
7-9, respectively. Over the northern region, both E7 and
Rsur change slightly. Due to each temperature change sce-
nario, soil ice melts. For the CNOP-P-type scenario, soil ice
is smallest in this region (Figure 7a) and, thus, the melting
of soil ice is the most significant (0.0127 m* m~) compared
to the referenced soil ice (0.0209 m® m~), contributing to
the greatest increase of SSLW. Over the southern region,
the changes in soil ice and Rsur are small. The temperature

variations increase ET. Compared with other temperature
change scenarios, the CNOP-P-type scenario has the maxi-
mum ET (Figure 8b). In other words, it leads to the largest
ET increase (0.1422 mm day') compared to the reference
ET (1.8044 mm day '), thus, resulting in the largest SSLW
decrease.

3.2 The variations of seasonal SSLW

Here, the changes of annual SSLW have been presented. In
this section, the SSLW change in each season due to the sea-
sonal temperature perturbations will be discussed. Here, only
results related to the CNOP-P-type temperature scenario and
the ensemble temperature change series are introduced in de-
tail. Because changes in only one year (the year 2000) are
calculated, the season ‘winter’ refers to the months of Jan-
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Figure 4 The changes in ET (mm day ') due to the CNOP-P-type and GCM-based future possible temperature change scenarios.

uary, February, and December in the same year in the follow-
ing section.

In Figure 10, the SSLW changes in all the seasons of the
year 2000 are displayed. It shows that the overall SSLW
changes in each season induced by the CNOP-P-type sce-
nario are similar to those induced by the ensemble temper-
ature change series. North of 36°N, SSLW is reduced in
spring, summer, and autumn (Figure 10); however, it is sig-
nificantly increased in winter (Figure 10d1 and 10d2). As
a result, the increase of SSLW in the winter offsets the de-
creases of SSLW in the other seasons and contributes to the
annual SSLW increase in the northern region. Nevertheless,
the SSLW changes in the winter due to the CNOP-P-type
scenario are much higher than those due to the ensemble
temperature change series. The temperature increases un-
der the CNOP-P-type scenario are larger and lead to more

soil ice melting. In addition, the SSLW in the winter aver-
aged over this northern region increases by 0.0399 m* m~ due
to the CNOP-P-type scenario and by 0.0196 m* m due to
the ensemble temperature change series compared to the ref-
erenced SSLW (0.0900 m* m3). In the remaining region,
SSLW is reduced in all seasons, especially in the spring (Fig-
ure 10al and 10a2). In the spring, the average SSLW in
the southern region decreases by 0.0083 m* m™ due to the
CNOP-P-type scenario and by 0.0062 m* m~ due to the en-
semble temperature change series compared to the referenced
SSLW (0.2071 m* m™).

Furthermore, with the boundary 36°N, the area-averaged
SSLW in all seasons are shown in Table 2 for all temperature
change scenarios. In the north, SSLW is altered slightly in the
spring, summer and autumn for all temperature scenarios. In

the winter, SSLW is increased under all scenarios. The
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Figure 5 The changes in Rsur (mm day ') due to the CNOP-P-type and GCM-based future possible temperature change scenarios.

CNOP-P-type scenario leads to the largest SSLW (i.e., the
largest SSLW increase; Table 2), which corresponds to the
smallest soil ice volume in this season (i.e., the highest
soil ice melting; Table 3) due to the possible temperature
changes considered in this study. All the temperature sce-
narios cause the soil ice to melt in the winter. The melting
of soil ice is most significant under the CNOP-P-type sce-
nario (0.0460 m* m~) compared to the referenced soil ice
(0.0783 m>m™). However, in the spring, summer, and
autumn, changes in soil ice volumes are small. Over the
southern region, SSLW diminishes in the spring, summer,
autumn, and winter for almost all the temperature scenarios
(Table 2), which could be explained by the enhanced ET
in almost all of the seasons (Table 4). Generally, under
these temperature change scenarios, the SSLW change in the
spring is greater. Because Rsur plays an insignificant role

in SSLW variations due to temperature change, its seasonal
variations are not given here.

4. Discussion

4.1 Why are the variations of precipitation not dis-
cussed?

In this study, the impacts of temperature change on soil mois-
ture are investigated. The variation of precipitation is an im-
portant factor that directly drives the changes in SSLW. Its
amount and frequency both play important roles in the soil
moisture dynamics. However, the influences of regional and
seasonal changes associated with precipitation on SSLW are
not explored. Initially, we tried to introduce the precipitation
change by adding the monthly precipitation perturbations to
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CNOP-P-type and GCM-based future possible temperature change scenarios (mm day™).
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the monthly reference precipitation data in our study. In each
month, the percent change of the monthly reference pre-
cipitation, caused by the superposed monthly perturbation,
was added to the precipitation data of each model step in
30-minute intervals in the month to drive the CoLM model.
However, the precipitation perturbation generated by the
iterative process of the DE algorithm might be negative and
even make the new precipitation data negative, which is not
reasonable. In addition, the monthly reference precipitation
data in some months may be zero. We have not determined
a proper approach to allocate the non-zero precipitation
perturbation into each model step of these months with zero
monthly reference precipitation. Furthermore, the precipita-
tion of each model step at 30-minute intervals could be added
to the precipitation perturbation. However, it will be costly to
obtain the CNOP-P. Thus, in this study, only the temperature
change is considered. In future studies, the responses of
SSLW to the regional and seasonal precipitation changes
are worth exploring and should be higher than those to the
regional and seasonal temperature changes if the proper
condition is employed, or the computer is powerful enough.

4.2 The variations of SSLW

Currently, few studies have focused on the impacts of cli-
mate change on soil moisture, especially in China. Dan et
al. (2012) applied the hypothesized climate change scenar-
ios associated with temperature or precipitation and the VIC
model to evaluate the possible hydrological changes in the 3H
region of China (here, the 3H region is smaller than our study
region). Under the conditions of increased temperature and
no changes in precipitation, the spatial pattern that soil mois-
ture increased in the north and decreased in the south with the
boundary at approximately 35°N was shown in their study,

which is similar to our results. In addition, Yang et al. (2003)
also discussed the response of the soil moisture to the increas-
ing temperature with the WAVES (WAter Vegetation Energy
and Solute modeling) model on Taihang Mountain, China.
The soil moisture would decrease from 0 to 8 mm. Their stud-
ies are consistent with our studies. Komuscu et al. (1998) also
found that the soil moisture varied from 0% to —7% for some
sites. By using the outputs of 11 CMIP5 models under the
RCP4.5 scenario, Dai (2012) directly analyzed the percent-
age changes of SSLW from 1980-1999 to 2080-2099 and re-
vealed that SSLW decreased in southeast China, where the
reports of IPCC 5 (Collins et al., 2013) also displayed simi-
lar SSLW changes in the CMIPS ensemble at the end of the
21st century under the RCP4.5 and RCP8.5 scenario. Specif-
ically, the potential future SSLW changes in the ‘3H’ region
are shown in Figure 11 by directly analyzing the SSLW data
from 7 CMIP5 GCMs (shown in bold font in Table 1), which
have been bilinearly interpolated to the resolution of 1°x1°.
For the 7 GCMs, the soil moisture data are obtained from the
CMIPS5 data, and these are high-resolution models. Our study
region is propitious to the model with high resolution. If the
model resolution is low, there are few grids. The interpolated
data with little data is insufficient. Thus, the 7 GCMs are cho-
sen. The multi-model ensemble mean indicates an increase of
SSLW north of approximately 35°N and a decrease in the re-
maining region even though there is a large difference among
the SSLW changes projected by different GCMs. However,
for the lack of assessments of these global-scale models in
their ability to simulate soil moisture (Flato et al., 2013), these
results should be interpreted with caution.

In this paper, the ‘3H’ region in China is chosen to investi-
gate the influence of temperature change on SSLW. There are
many important regions worth exploring the SSLW changes,
such as Northeastern China, Southern China, and the arid and
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Figure 10 The SSLW changes in spring ((al), (a2)), summer ((bl), (b2)), autumn ((c1), (c2)) and winter ((d1), (d2)) due to the ensemble temperature change
series and the CNOP-P-type temperature change scenario (m® m?).

semi-arid region of China. Because the computational cost
is expensive to obtain the CNOP-P-type temperature change
scenario, only the ‘3H’ region is chosen. In the future, other
regions could be chosen to discuss the impact of climate
change on SSLW.

5. Summary

To explore the maximal SSLW changes due to the sea-
sonal and regional temperature change in the ‘3H’ region
of China, the CNOP-P approach and the projected outputs
from 10 GCMs from CMIP5 are combined in this study.
Based on the projected uncertainty range of the seasonal

temperature change for 10 GCMs from CMIP5 under a
high-emission scenario (the RCP8.5 scenario), the maximum
possible responses of SSLW to future temperature change
are determined by using the CoLM model. In addition, the
seasonal temperature change scenario, which is acquired by
applying the CNOP-P method and leads to the maximum
SSLW change magnitudes, is denoted as the CNOP-P-type
temperature change scenario. For comparison, the monthly
temperature change series derived from each GCM, along
with their ensemble average, are also considered to be a
future type of potential temperature change scenario (11
scenarios in total) and used to explore the possible impacts
of temperature change on SSLW.
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Table 2 The regional averaged SSLW (m? m™) in all seasons of the final year in the study period due to each temperature change scenario®

Scenario Region Spring Summer Autumn Winter
P N’ 0.1547 0.2130 0.2110 0.1300
‘S’ 0.1988 0.2804 0.3026 0.2342

Ensemble N’ 0.1550 0.2114 0.2082 0.1097
‘s 0.2009 0.2812 0.3031 0.2426

N’ 0.1539 0.2114 0.2077 0.1246

Mot ‘S’ 0.2007 0.2815 0.3032 0.2449
N’ 0.1556 0.2119 0.2091 0.1043

Mo2 ‘S’ 0.2025 0.2830 0.3043 0.2408
N’ 0.1551 0.2118 0.2094 0.1069

M3 ‘S’ 0.2028 0.2824 0.3054 0.2404
N’ 0.1551 0.2119 0.2091 0.0910

Mo ‘S’ 0.2013 0.2815 0.3036 0.2373
N’ 0.1549 0.2118 0.2082 0.1105

MOS ‘S’ 0.2007 0.2815 0.3031 0.2448
N’ 0.1549 0.2115 0.2086 0.1146

Mo6 ‘S’ 0.2004 0.2814 0.3033 0.2452
N’ 0.1552 0.2116 0.2090 0.1096

Mo7 ‘S’ 0.2008 0.2812 0.3030 0.2426
N’ 0.1548 0.2115 0.2091 0.1006

MO8 ‘S’ 0.2014 0.2819 0.3039 0.2371
‘N’ 0.1549 0.2115 0.2085 0.1075

M09 ‘S 0.2033 0.2820 0.3035 0.2425
‘N’ 0.1552 0.2123 0.2086 0.1222

MIO ‘S 0.2009 0.2828 0.3045 0.2454

a) ‘N’: North of 36°N; ‘S’: South of 36°N

Table 3 The regional averaged surface soil ice (m® m~) in all seasons of the final year in the study period due to each temperature change scenario®

Scenario Region Spring Summer Autumn Winter
CNOP-P ‘N’ 0.0002 0.0000 0.0005 0.0324
‘S’ 0.0000 0.0000 0.0000 0.0109

Ensemble ‘N’ 0.0004 0.0000 0.0008 0.0538
‘S’ 0.0000 0.0000 0.0000 0.0040

‘N’ 0.0010 0.0000 0.0012 0.0380

Mot ‘S’ 0.0000 0.0000 0.0000 0.0012
‘N’ 0.0003 0.0000 0.0009 0.0611

Mo2 ‘S’ 0.0000 0.0000 0.0000 0.0086
MO3 ‘N’ 0.0004 0.0000 0.0009 0.0573
‘S’ 0.0000 0.0000 0.0000 0.0088

‘N’ 0.0005 0.0000 0.0006 0.0733

Mo4 ‘S’ 0.0000 0.0000 0.0000 0.0091
MO5 ‘N’ 0.0006 0.0000 0.0007 0.0527
‘S’ 0.0000 0.0000 0.0000 0.0014

MO6 ‘N’ 0.0003 0.0000 0.0009 0.0490
‘S’ 0.0000 0.0000 0.0000 0.0021

‘N’ 0.0003 0.0000 0.0003 0.0534

Mo7 ‘S’ 0.0000 0.0000 0.0000 0.0033
MO8 ‘N’ 0.0003 0.0000 0.0007 0.0628
‘S’ 0.0000 0.0000 0.0000 0.0105

‘N’ 0.0010 0.0000 0.0008 0.0562

M09 ‘S’ 0.0000 0.0000 0.0000 0.0049
‘N’ 0.0004 0.0000 0.0023 0.0415

MIO ‘S’ 0.0000 0.0000 0.0000 0.0033

a) ‘N’: North of 36°N; ‘S’: South of 36°N
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Table 4 The regional averaged ET (mm day™') in all seasons of the final year in the study period due to each temperature change scenario®

Scenario Region Spring Summer Autumn Winter
CNOP-P ‘N’ 0.6949 2.2609 1.5721 0.3272
‘S’ 1.9246 2.9779 1.8932 0.9809
Ensemble ‘N’ 0.7102 2.3251 1.5720 0.2956
‘S’ 1.8978 2.9638 1.8700 0.9561
Mol ‘N’ 0.6985 2.3053 1.5782 0.3226
‘S’ 1.8379 2.9293 1.8706 1.0248
M02 ‘N’ 0.7332 2.3330 1.5637 0.2981
‘S’ 1.9384 2.9106 1.8537 0.9306
MO3 ‘N’ 0.7159 2.3289 1.5520 0.2987
‘S’ 1.9105 2.9251 1.7706 0.9035
MO4 ‘N’ 0.7145 2.3217 1.5747 0.2826
‘S’ 1.9251 2.9394 1.8701 0.9061
MO5 ‘N’ 0.7099 2.3074 1.5905 0.2986
‘S’ 1.8752 2.9569 1.8674 1.0129
MO6 ‘N’ 0.7141 2.2963 1.5766 0.2937
‘S’ 1.9186 29132 1.8773 0.9304
‘N’ 0.7113 2.3146 1.5833 0.2874
Mo7 ‘S’ 1.9200 2.9417 1.8849 0.9322
MO8 ‘N’ 0.7079 2.3204 1.5622 0.2878
‘S’ 1.9156 2.9168 1.8597 0.8811
M09 ‘N’ 0.7116 2.3283 1.5691 0.2983
‘S’ 1.8804 2.9476 1.8595 0.9551
M10 ‘N’ 0.7118 2.3101 1.5555 0.3201
‘S’ 1.9100 2.9142 1.8073 0.9801
a) ‘N’: North of 36°N; ‘S’: South of 36°N
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Figure 11  Future changes in SSLW (m* m) simulated using 7 GCMs under the RCP8.5 scenario from CMIP5: averaged variations of the SSLW mean state
every 10 years from 2011 to 2100 compared to the study period 1991-2000.
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Generally, the proposed 12 temperature change scenarios,
all of which characterize the seasonal and regional hetero-
geneity of future temperature change, lead to nearly the
same SSLW sign changes in the entire ‘3H’ region. Take
36°N as a boundary. In the northern region, the temperature
perturbations make SSLW increase by contributing to the
soil ice melting. In the southern region, temperature change
makes SSLW decrease primarily through enhancing ET.
However, the CNOP-P-type temperature change scenario
causes the maximal SSLW change magnitudes, which could
indicate the maximal possible uncertainty extent of SSLW
changes induced by future possible temperature change
alone. Specifically, the CNOP-P-type temperature scenario
makes the regional SSLW increase by 0.0099 m®> m™ in the
north and decrease by 0.0070 m* m™ in the south.

In addition, the SSLW variations in each season caused by
the 12 potential temperature change scenarios are also ex-
amined. It is found that SSLW decreases in all seasons ex-
pect winter in the north of 36°N. The SSLW change in winter
dominates the annual SSLW variation and results in the in-
crease in annual SSLW in this region. Over the remaining
region, SSLW decreases in all seasons due to the seasonal
temperature change, especially in spring. Conversely, the re-
sponses of the SSLW to other meteorological factors are also
sensitive, such as precipitation. However, the impact of tem-
perature change on the SSLW is just explored in the current
study. Although the reason to exclude the impact of precipi-
tation is discussed in the above study, the response of SSLW
to other meteorological factors, such as precipitation, should
be demonstrated, and the limitation of this study will be over-
come in future studies.
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