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Based on the future potential projections in the late 21st century under the Representative Concentration
Pathway (RCP) 8.5 scenario, the maximal responses of surface soil moisture (SSM) to an extreme climate
change are exhibited in the ‘Huang-Huai-Hai Plain’ (‘3H’) region of China. The Common Land Model
(CoLM) and the approach of conditional nonlinear optimal perturbation related to parameters (CNOP-
P) are employed to explore the above issue. Three climate change scenarios, associated with temperature
change, precipitation change and changes in both temperature and precipitation, are provided by apply-
ing the CNOP-P approach and denoted as the CNOP-P-type temperature change scenario, the CNOP-P-
type precipitation change scenario and the CNOP-P-type climate change scenario, respectively. For the
CNOP-P-type scenarios, the changes in both climatology and climate variability relative to the reference
climate condition are included. To explore the different responses of SSM to different types of climate sce-
narios, the hypothesized climate change scenarios are examined as well, in which only the change in cli-
matology is considered. Numerical results have suggested that the CNOP-P-type scenario induces greater
SSM responses in terms of variation magnitudes than the hypothesized climate change does, especially in
the semi-arid regions north of 35°N. For the two types of climate change scenarios, the differences about
precipitation and soil ice changes result in the difference about SSM changes in the northern region,
though the difference about evapotranspiration variations helps to narrow the difference about SSM.

The above results imply that climate variability is important to SSM in the semi-arid region.
© 2016 Published by Elsevier B.V. on behalf of International Association for Hydro-environment Engi-
neering and Research, Asia Pacific Division.

1. Introduction

an important role in both crop monitoring and drought warning.
Accordingly, changes in soil moisture are vital for assessing the

As a key component of climate system, soil moisture has been
addressed to improve the sub-seasonal and seasonal forecasting
for precipitation (Kanae et al., 2006; Koster et al., 2010), and
impose vital impacts on climate extremes (Liu et al., 2014). In addi-
tion, as the water stored in unsaturated soil zone, soil moisture is
the main natural water resources for agriculture and natural
vegetation, and directly associated with agricultural drought
(Heim, 2002). Thus, real-time soil moisture measurements play
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impacts of climate change on agricultural production and natural
ecosystems (Kim and Wang, 2012; Tao et al., 2003).

Climate change is one of the primary factors (also including soil
texture, topography, vegetation, and so on) that influence soil
moisture (Mostovoy and Anantharaj, 2008; Seneviratne et al.,
2010; Wilson et al., 2004). Many studies have investigated the
responses of soil moisture to recent or future climate change
(Seager et al., 2013; Yang et al., 2011). Due to the scarcity of
in situ measurements, soil moisture simulated by global circula-
tion models (GCMs) or land surface models (LSMs) has always been
employed in the climate change researches. In the study of Seager
et al. (2013), model ensembles based on 16 GCMs from Phase 5 of
the Coupled Model Intercomparison Project (CMIP5) under the
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Representative Concentration Pathway (RCP) 8.5 scenario revealed
that the annual mean soil moisture would be reduced in the near
future (2021-2040) in California and Nevada, the Colorado River
headwaters and Texas but less than 5%. Over Tibetan Plateau,
Yang et al. (2011) found that the annual mean surface soil moisture
was simulated to increase at many locations in the transitional
zones (the central Tibetan Plateau) due to recent climate change
(1984-2006) by using a simple biosphere scheme (SiB2), but the
magnitudes of the trends were quite weak (about 0.001 m3 m—3
per decade).

Although the projections of future climate change may be
uncertain, China would probably experience dramatic changes in
extreme weather and climate events in the end of the 21st century
(Chen et al., 2012; Chen, 2013; Jiang et al., 2012). For heavy rainfall
in South China, its frequencies at the end of the 21st century are
predicted to increase by 35.9-50.2% and intensities are expected
to increase by 2.8-6.3%, relative to the period 1980-1999 (Chen
et al., 2012). According to the PRECIS (Providing REgional Climates
for Impacts Studies) climate model and the IPCC (Intergovernmen-
tal Panel on Climate Change) SRES (Special Report on Emissions
Scenarios) B2 scenario, Zhang et al. (2006) reported a higher
(lower) occurrence of hot (cold) events over China in the period
2071-2100. And the incidences of severe and extreme drought
are predicted to dramatically increase in the future, based on the
multi-model projections of CMIP5 GCMs (Wang and Chen, 2014).
Besides, the amounts of flooding will increase in the late 21st cen-
tury (Chen et al., 2012). In response to these possible extreme
future climate changes, how about the changes in soil moisture
are? The answer to this question may provide a basis to develop
climate adaptation strategies in agriculture and water resources.
Up to now, the researches focused on the hydrological responses
to extreme climate change are scarce, especially in China. Dan
et al. (2012) had used the variable infiltration capacity (VIC) model
to project the changes in hydrological variables under the hypoth-
esized climate change scenarios. They reported that the changes of
soil moisture in the top 10 cm soil layer averaged over the Huang-
Huai-Hai Plain (3H) region of China fluctuated from —0.001 to
+0.007 m®>m~3 with a 5°C warming or a +30% precipitation
change, which could bound the future climate change in the 3H
region due to global warming. But in the hypothesized climate sce-
narios, the change in climate variability is not taken into account.

To explore the impacts of the changes in both climatology and
climate variability on soil moisture under extreme climate change,
a new type of climate change scenario is provided in this study by
using the Conditional Nonlinear Optimal Perturbation related to
model parameters (CNOP-P) approach (Mu et al., 2010). Besides,
the maximal responses of soil moisture to an extreme condition
of future potential climate change in a region (30° to 40°N, 110°
to 120°E) located in East China are discussed by employing the
Common Land Model (CoLM, Dai et al., 2003). This study region
includes one of the nine principal agricultural zones in China, in
which soil moisture plays an important role in agricultural activi-
ties and could affect local climate conditions (Zuo and Zhang,
2007; Zhang and Zuo, 2011). The future extreme climate change
considered in our study is hypothesized to fluctuate within certain
ranges, which are determined according to the uncertainty in pro-
jected climate change from 22 GCMs by the end of the 21st century
under the high emission scenario RCP8.5. Moreover, the impacts of
climate change on surface soil moisture (i.e. soil moisture in the
top 10 cm soil; SSM for short) are mainly focused on. The CNOP-
P approach could permit us to simultaneously consider the
changes in both climatology and climate variability, and has been
applied in analyses of the responses of terrestrial ecosystem carbon
cycle, such as soil carbon and net primary production, to climate
change (Sun and Mu, 2012, 2013, 2014).

2. Study region, model, method and experimental design
2.1. Study region

The study region, located in East China, covers the area from 30°
to 40°N and from 110° to 120°E. It contains the Huang-Huai-Hai
Plain (3H) region extending from 113°E to the coastline and from
32° to 40.5°N, one of the nine principal agricultural zones in China,
where soil moisture variation is vital for crop yields (Dan et al.,
2012). Moreover, the precipitation could be influenced through
cooling land surface and reduce the land-sea temperature gradient
(Zuo and Zhang, 2007; Zhang and Zuo, 2011). The study region is
bigger than the real 3H region and thus referred to as the ‘3H’
region for convenience. Based on the study of Ma and Fu (2005),
the north of 35°N of the ‘3H’ region is semi-arid region, while the
south of 35°N of the ‘3H’ region is humid and semi-humid regions.

2.2. Model

2.2.1. Introduction of the CoLM model

The CoLM model, developed by Dai et al. (2003), comprehen-
sively includes the biophysical, biochemical, ecological and hydro-
logical processes and their interaction. Extensive offline
simulations have demonstrated that CoLM has the ability to simu-
late different land surface processes reasonably (Liu and Lin, 2005;
Song et al., 2009; Xin et al., 2006). In terms of hydrological pro-
cesses, there are 10 soil layers to compute the soil moisture.
Among 10 soil layers, in the top five layers, the ice, snow and snow
melt are calculated. And, the freezing and thawing cycle processes
are also embodied in the CoLM model. The vertical soil moisture
transport is governed by infiltration, runoff, gradient diffusion,
gravity, and soil water extraction through roots for canopy transpi-
ration. Hence, the CoLM model could realistically seize the alter-
nating wet and dry periods in the top soil (Dai et al., 2003). The
experimental results also showed that the bias and root-mean-
square error (RMSE) of the snow depth simulations could be
reduced using data assimilation schemes in the Altay region of
China (Xu and Shu, 2014). The CoLM model was also coupled to
Beijing Normal University Earth System Model (BNU-ESM), which
could simulate the climatological annual cycle of surface-air tem-
perature and precipitation (Ji et al., 2014).

In the CoLM model, the total soil column with a depth of 3.43 m
is divided into 10 unevenly spaced layers. Soil water content
within each layer is computed based on the water balance equa-
tion. Soil ice is also computed separately. In each soil layer, soil
moisture is firstly updated by the melting of soil ice or freezing
of soil water, and then altered based on the net water input from
the adjacent soil layers and the transpiration if roots exist. The
depth of the first three soil layers in CoLM is 9.06 cm. Thus, surface
soil moisture (i.e. the soil moisture of the top 10 cm soil layer; SSM
for short) is calculated as the weighted average of the soil moisture
in the first three soil layers based on soil layer thicknesses. For the
surface soil layer, the net water input is mainly associated with
precipitation, evapotranspiration (ET) and surface runoff (Rsur).

2.2.2. Forcing dataset

The forcing dataset used in this study comes from the Princeton
University (Sheffield et al., 2006), which is a high-resolution
(1.0° x 1.0°, 3-hourly), global, meteorological forcing dataset for
driving LSMs. It has been used to study soil moisture in China (Li
and Ma, 2010; Wang et al., 2011). And the dataset located in our
study region from 1991 to 2000 has been interpolated to a 30-
min temporal resolution to drive CoLM for conducting simulations
as the reference climate conditions.
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2.3. The conditional nonlinear optimal perturbation related to
parameter (CNOP-P)

The CNOP approach (Mu et al., 2003) was firstly developed to
search the optimal initial perturbations without considering model
errors. It has been employed in researches of ENSO predictability
(Duan and Mu, 2006; Duan et al., 2004), the thermohaline circula-
tion (Mu et al., 2004), adaptive observations of typhoons (Mu et al.,
2009; Qin et al., 2013), grassland ecosystems (Mu and Wang,
2007), ensemble prediction (Mu and Jiang, 2008) and the pre-
dictability of the Kuroshio Large Meander (Wang et al., 2012,
2013). Through comprehensively taking the sources of predictabil-
ity errors into account, it was extended to identify the optimal
mode of the initial and model parameter perturbations (CNOP-I
and CNOP-P) (Mu et al., 2010). And the CNOP approach just for ini-
tial perturbations and only for parameter perturbations are
referred to as the CNOP-I approach and the CNOP-P approach,
respectively. Until now, the CNOP-P approach has been applied
to study the ENSO predictability (Duan and Zhang, 2010; Yu
et al., 2011), explore the impacts of human activities and climate
change on a grassland ecosystem (Sun and Mu, 2011), evaluate
the responses of terrestrial ecosystem to changing climate (Sun
and Mu, 2012, 2013, 2014) and calibrate model parameters
(Wang and Huo, 2013).

In this paper, only the introduction to the CNOP-P approach is
presented. For interested readers, details about the CNOP approach
could be referred to Mu et al. (2010). Assume the nonlinear differ-
ential equations as follows:

{%’[’_F(U,P) UcR'.te0.T]

1
Ulro = Uo W

where F is a nonlinear operator; Uy represents an initial value of the
state variable U; and P stands for a parameter vector. Assume that
M, is the propagator of Eq. (1). Then, the solution U(t) equals M, (Up,
P). A perturbation to the parameter vector P, denoted as p, is sup-
posed. And the solution of Eq. (1) turns into M, (Up, P+ p) and is
denoted by U(t) + u(t). Here, u(t) describes the change of the refer-
ence state U(t) caused by the parameter perturbation p.

For a given time T and norm, the parameter perturbation p; is
called a CNOP-P with the constraint condition p € Q if and only if,

J(p;) = max/(p), (2)
peQ

where

J(p) = |[u(T)|| = [[Mr(Uqg, P + p) — M (Uy, P)]|. 3)

Here, P is a reference state of parameters and generally repre-
sents the standard parameter values of a model. p is the parameter
perturbation to the reference state and stands for the parameter
errors. The CNOP-P stands for a kind of parameter perturbation,
which satisfies certain constraints and brings about the maximal
departure from the reference state at the prediction time T. In this
paper, P is taken as the forcing parameters associated with temper-
ature or precipitation and p could be regarded as the changes in
temperature or precipitation. In this study, the CNOP-P is regarded
as the kind of climate change which could lead to the variations in
both climatology and climate variability, and causes the maximal
variations of soil moisture.

2.4. Experimental design

To comprehensively evaluate the impacts of extreme climate
change on SSM in the case of considering the changes in both cli-
matology and climate variability, a new climate change scenario
will be proposed using the CNOP-P approach. It differs from the
hypothesized climate change scenarios (Mehrotra, 1999; Singh

and Bengtsson, 2004), in which perturbations to the reference tem-
perature series or percentage variations of the reference precipita-
tion series are supposed to be constant. In this study, the soil
moisture is corresponding to the state variable U of Eq (1), and
the temperature and precipitation is corresponding to the param-
eters P of Eq (1)

In the new climate change scenario, perturbations to the annual
temperature and precipitation, which are time-dependent vari-
ables, are taken into account. For temperature, the time-
dependent perturbations p;; satisfy the following conditions:

k12 (i
i1 Zm(lzji ne1(Prijmn +Dei)

rx S S Ad(L))
. ZLI }:2] de(lz‘l])Z;:]Pt.iJ.m,n <
= K 12 1.: ; +or @
rXx Zi:1 ijld(lv.l)
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Here, subscripts i, j and m represent the year, month and day in
turn; d(i,j) is the number of days in a month; r represents the num-
ber of measurements conducted in a day, which depends on the
temporal resolution of the forcing dataset. For example, r = 48 cor-
responds to a temporal resolution of 30 min. And n stands for the
time when a measurement is taken on a particular day. P, stands
for the reference state of the forcing parameters with respect to
temperature (i.e. the reference temperature series). J; is a constant,
representing the variation of temperature climatology induced by
the time-variant temperature changes. Generally, it is determined
by the climate change projections in the region of interest. More-
over, the perturbations superposed on the annual temperature
(i.e. p¢;) are bounded. The upper bound is g;, describing the maxi-
mum increase in the annual temperature.

And the perturbations to the annual total precipitation for each
year (pp,;) are satisfied by the equations as follows:

Zf:]ppj _ ZL 2;31 erirl(i;j])Z;:le-iJmn » b 6)
k k 100

0<p,i <0y (7)

Here, P, denotes the reference state of the forcing parameters asso-
ciated with precipitation (i.e. the reference precipitation series).
Similar to &, p is a constant as well, but representing the percentage
change of precipitation climatology induced by the time-variant
precipitation variations. And it is also determined by the climate
change projections in the region of interest. Besides, the perturba-
tions superposed on the annual total precipitation (i.e. pp;) are
bounded. The upper bound is o, describing the maximum increase
of the annual total precipitation. Then, the percentage change Q,;
for precipitation in each year could be obtained by the formulation:

Dpi
Qi = S -
Zj:lZm(l:Jl) ;zlpp,ij-m-,n
In brief, precipitation in each time step of the CoLM model (Pp;;m,n)
increases by Q,; and the total precipitation satisfies the following
equation:

k12 —dij Qi
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To sum up, Egs. (4) and (5) exhibit how the time-variant tem-

perature perturbations are added to the reference temperature ser-

ies. So are the Egs. (6)-(9), but for precipitation. Moreover, the
temperature or precipitation changes fluctuate in a certain range,

x 100. (8)
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which is dependent on the uncertainty of the projected tempera-
ture or precipitation change. Due to different perturbations
between years, the new kind of climate change scenario not only
leads to the change in temperature or precipitation climatology,
but also results in the variation in the temperature or precipitation
variability denoted by the standard deviation.

There are many scenarios satisfying the constraints Eqgs. (4)-(9).
By employing the CNOP-P method, a kind of temperature or pre-
cipitation change scenario, which could not only lead to the varia-
tions of climate variability but also induce the maximal responses
of SSM within certain reasonable range of climate change, could be
identified from all possible scenarios characterized by Eqgs. (4)-(9).
For convenience, this kind of scenario is denoted as the CNOP-P-
type temperature or precipitation change scenario.

Our study period is from 1991 to 2000, during which the
temperature and precipitation series are deemed as the reference
climate condition, and thus k equals 10. In order to determine the
parameters for calculating the CNOP-Ps (i.e. &, o, p, and 0,,), future
climate change needs to be projected. Based on 22 GCMs (listed in
Table 1) and a higher emission scenario RCP8.5 from CMIP5 (Taylor
et al., 2012), the temperature and precipitation changes averaged
over the ‘3H’ region for three time slices (2071-2080, 2081-2090
and 2091-2100) relative to the study period 1991-2000 are calcu-
lated, shown in Table 2. In terms of multi-model ensemble, temper-
ature would increase by about 5°C and precipitation would
increase but by less than 20% in the late 21st century. Among these
GCMs, great uncertainties exist in the projected precipitation
changes. From the result of a single model, the maximal increase
could attain about 45%; meanwhile the decrease in precipitation
(10% or so) is also expected. Finally, a 5 °C increase in the mean state
of temperature (i.e. 6, = 5) and a 30% increase in the mean state of
precipitation (i.e. p = 30) are hypothesized. And the maximal annual
temperature perturbation is 7.5 °C (i.e. 6, = 7.5). For precipitation,
the maximal perturbation equals 30% of the maximal annual total
precipitation (i.e. ¢, = max;_1 (Z}jlzf,f'jzzzmp,i J‘mﬂn) x 30%).

It should be noted that SSM is chosen as a variable in the cost
function [Eq. (3)]. And the value of the cost function stands for
the variation magnitude of SSM in the last year of the study period

due to climate change. However, it is possible that the cost func-
tion [Eq. (3)] about parameters is non-differentiable, which makes

Table 1

List of 22 GCMs from CMIP5 used in our study and their spatial resolution. Besides,
only soil moisture simulations from the GCMs in bold font are employed in the
following.

Model Country of origin Horizontal resolution (Lat x Lon)
ACCESS1-0 Australia 1.875° x 1.25°
bce-csm1-1 China ~2.8° x 2.8°
BNU-ESM China ~2.8° x 2.8°
CanESM2 Canada ~2.8°x 2.8°
CCSM4 USA 1.25°x 0.9°
CNRM-CM5 France ~1.4° x 1.4°
CSIRO-Mk3-6-0 Australia 1.875° x 1.875°
Fgoals-g2 China 2.8125° x 3°
Fgoals-s2 China ~2.81° x 1.66°
GFDL-CM3 USA 2.5° x 2°
GISS-E2-R USA 2.5° x 2°
HadGEM2-AO Korea 1.875° x 1.25°
HadGEM2-CC United Kingdom 1.875° x 1.25°
HadGEM2-ES The sane as above 1.875° x 1.25°
inmcm4 Russia 2° x 1.5°
IPSL-CM5A-LR France 3.75° x 1.875°
IPSL-CM5A-MR France 2.5° x 1.25°
MIROC5 Japan ~1.4° x 1.4°
MIROC-ESM Japan ~2.8° x 2.8°
MPI-ESM-LR Germany 1.875° x 1.875°
MRI-CGCM3 Japan 1.125°° x 1.125°
NorESM1-M Norway 2.5° x 1.875°

Table 2

Projections of changes in temperature and precipitation averaged over the ‘3H’ region
from the reference period (1991-2000) to the projection period (2071-2080, 2081-
2090 and 2091-2100) based on 22 GCMs under the RCP8.5 emission scenario from
CMIP5. The values in the parentheses are the minimum and maximum changes from
the models, respectively.

Time slices Temperature (°C) Precipitation (%)

2071-2080 4.3 (2.6-5.8) 15.1(-14.8-40.1)
2081-2090 4.9 (3.3-6.7) 16.6(—-11.8-33.5)
2091-2100 5.6 (3.5-7.0) 19.8 (—6.6-47.8)

the derivative-based optimization approaches unavailable in cal-
culating the CNOP-Ps. Evolutionary algorithms, by which the opti-
mization problems could be settled without gradient information,
may be powerful tools to obtain the CNOP-Ps. So far, such algo-
rithms have been used to conduct parameter estimates and ana-
lyze the uncertainty of LSMs (Duan et al., 1992; Yapo et al,
1998). In this paper, the Differential Evolution (DE) algorithm
(Storn and Price, 1997), an evolutionary algorithm, was employed
to acquire the CNOP-Ps (namely the CNOP-P-type climate change
scenario). Recently, it has been adopted to calculate CNOP-Ps for
investigating the responses of soil carbon and net primary produc-
tion to climate change (Sun and Mu, 2012, 2013, 2014). There are
121 grid points from 30° to 40°N and from 110° to 120°E be chosen
concurrently to calculate the variation of soil moisture. To obtain
the CNOP-P-type climate change scenario in each grid points, 20
random samplings in the DE algorithm are chosen to optimize
Eq. (2).

Similarly, the hypothesized climate change scenarios could be
illustrated by the Eqgs. (10) and (11) as follows:

k12 iy "
i1 i m“:Jl) n1(Peijmn + 0¢)
K ~—12 1 ;
rx i i d(i))
k=12 i
XA A Prijma

12
rx YD d(ij)
j=1

+ 0 (10)

ZL 11:21 Zfrfl:q n1Ppijmn X (1 +1%)
rx 0 d(L)
LA A Prtima (1+-2)
rx Y hdL) 100/

In this kind of scenarios, perturbations to the reference temperature
series (&;) or percentage variations in the reference precipitation
series (p) are constant. As a result, the hypothesized scenarios only
cause the changes in climatology, and don’t induce the variations in
climate variability.

Based on above analyses, we can see that there are some simi-
larities and differences between the CNOP-P-type scenarios and
the hypothetical ones. The two scenarios supply the reasonable cli-
mate change scenarios under the same constraints based on the
results of 22 GCMs (Egs. (4) and (5)). And, the increasing extents
of temperature and precipitation are same for two climate change
scenarios. However, there are essential differences about the two
climate change scenarios. Although the increasing extents of tem-
perature and precipitation are same for two climate change scenar-
ios, the type of variations of temperature and precipitation is
different. The CNOP-P-type climate change scenario supplies a sta-
tistical forcing and permits that the variability of temperature and
precipitation changes according the uncertainty range and statis-
tics results of 22 GCMs. The linear type climate change scenario
assumes constant percentage temperature and precipitation rise
scenario. Furthermore, the maximal uncertainty of estimated soil

(11)
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moisture could be obtained under the CNOP-P-type climate change
scenario. The variation of soil moisture due to the linear type cli-
mate changes is located in the range of variation of soil moisture
due to the CNOP-P-type climate change scenario.

3. Results and analysis

3.1. Responses of SSM to extreme climate change related to
temperature and precipitation

From the definition of CNOP-P, the changes in SSM under the
CNOP-P-type scenarios reflect the maximal responses of SSM to cli-
mate change within certain assumptions (i.e. the projected change
ranges associated with temperature and precipitation from 22
CMIP5 GCMs) characterized by Eqgs. (7) and (9). Figs. 1 and 2 shows
the CNOP-P-type climate change scenarios as the driving data to
run the CoLM model based on outputs of the 22 GCM models. In
the following, the maximal responses of SSM to extreme climate
change conditions associated with only temperature, only precipi-
tation, and the combination of temperature and precipitation will
be exhibited successively. For convenience, the CNOP-P-type sce-
narios associated with only temperature, only precipitation, and
both temperature and precipitation are denoted as the CNOP-P-
type temperature change scenario, the CNOP-P-type precipitation
change scenario, and the CNOP-P-type climate change scenario,
successively. The introductions to the three CNOP-P-type scenarios
are provided in Table 3. Furthermore, the reasons for the changes
in SSM due to each CNOP-P-type scenario are also analyzed by
investigating variations in the components of surface water budget
(i.e. precipitation, surface soil ice, ET, and Rsur) and surface soil
temperature (Tss).

3.1.1. Responses of SSM to extreme climate change only related to
temperature

In this section, the maximal possible responses of SSM to an
extreme condition just associated with temperature are discussed.
Relative to the reference state in 2000, the change of SSM induced
by the CNOP-P-type temperature change scenario (Figs. 1a and 2a)
varied with regions (Fig. 3a1). In the north of 36°N of the study
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region, SSM increased; while in the south, it decreased. Generally,
the SSM change varied in the range from —0.019 to +0.023 m®> m—>
(—7.1% to +18.8%).

In the CNOP-P-type temperature scenario, temperature is
hypothesized to rise while precipitation is kept unaltered. Over
the north of 36°N, ET and Rsur were almost unchanged although
higher air temperature appeared (Fig. 3c1 and d1). The strong soil
ice melting implied by the decrease of surface soil ice (Fig. 3b1)
was caused by the strongly increased Tss due to climate warming
(Fig. 3e1), and mainly contributed to the SSM increase. In the
south, soil ice and Rsur changed slightly (Fig. 3b1 and d1). And
the increase in Tss was smaller than that in the north (Fig. 3el).
It is the significantly enhanced ET (Fig. 3c1) that led to the decrease
of SSM.

3.1.2. Responses of SSM to extreme climate change only related to
precipitation

The maximal possible impacts of a kind of extreme precipita-
tion change on SSM are also investigated. Due to the CNOP-P-
type precipitation change scenario (Figs. 1b and 2b), SSM increased
in the ‘3H’ region (Fig. 4a1l). And this increase was more remark-
able in the north of 35°N. On the whole, the SSM change varied
in the range from +0.008 to +0.034 m® m > (2.5-19.8%).

Soil moisture mainly comes from precipitation. It is not surpris-
ing that the CNOP-P-type precipitation change scenario, in which
precipitation is hypothesized to increase and temperature is kept
unchanged, made SSM increase in the whole study region. The
north of 35°N is located in the semi-arid zone. For the drier soil
in this region, increased precipitation could easily enter into the
surface soil layer and made Rsur change small (Fig. 4d1). ET was
primarily limited by precipitation (Seneviratne et al., 2010) and
thus strongly enhanced due to more precipitation (Fig. 4c1). Tss
decreased slightly (Fig. 4e1), leading to the small increase of soil
ice (Fig. 4b1). It is the increased precipitation that mainly con-
tributed to the increase of SSM, although increased soil ice and
enhanced ET prevented this increase (Fig. 4b1 and c1). And in the
south, semi-humid and humid zones are distributed, where precip-
itation is easily converted into Rsur. Because precipitation
increased, Rsur was strongly augmented (Fig. 4d1). However, both
Tss and soil ice were almost unaltered (Fig. 4b1 and c1). ET in this
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Fig. 1. Annual mean temperature (°C) and precipitation (mm/year) averaged over the ‘3H’ region from 1991 to 2000: (a) temperature under the CNOP-P-type and
hypothesized temperature change scenarios; (b) precipitation under the CNOP-P-type and hypothesized precipitation change scenarios; (c) temperature and (d) precipitation
under the CNOP-P-type and hypothesized climate change scenarios (including changes in both temperature and precipitation). For the legend, it applies to all of the charts.
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Fig. 2. The perturbations to the annual mean temperature (°C) and total precipitation (%) over the ‘3H’ region in the year 2000 due to the CNOP-P-type scenarios: (a) changes
of temperature under the CNOP-P-type temperature change scenario, (b) the percentage changes of precipitation under the CNOP-P-type precipitation change scenario, and
(c) changes of temperature and (d) the percentage changes of precipitation under the CNOP-P-type climate change scenarios (including changes in both temperature and

precipitation).

Table 3

Descriptions of the climate change scenarios used in this research: Normal, and +5 °C
for temperature; Normal and +30% change for precipitation; ‘Yes’ for the CNOP-P-type
scenarios and ‘No’ for the hypothesized scenarios.

Scenarios T P CNOP-P

The CNOP-P-type temperature +5°C Normal  Yes
change scenario

The hypothesized temperature +5°C Normal No
change scenario

The CNOP-P-type precipitation Normal +30% Yes
change scenario

The hypothesized precipitation Normal  +30% No
change scenario

The CNOP-P-type climate change scenario +5°C +30% Yes

The hypothesized climate change scenario ~ +5°C +30% No

P.S. ‘T" for temperature and ‘P’ for precipitation. The scenarios obtained by
employing the CNOP-P approach are denoted as the CNOP-P-type scenarios, which
are indicated by the term ‘Yes’ in the column ‘CNOP-P’ of the table. And the term
‘No’ in the column ‘CNOP-P’ stands for the hypothesized scenarios, in which a
constant (percentage) change is added to the baseline climate condition. Scenarios,
in which only changes in temperature (precipitation) are considered, are referred to
as the temperature (precipitation) change scenarios. And the scenarios, including
the changes in both temperature and precipitation, are referred to as the climate
change scenarios.

region was mainly influenced by temperature (Seneviratne et al.,
2010) and changed slightly (Fig. 4c1). Consequently, the increased
precipitation offset the water loss induced by more Rsur and thus
made SSM increase.

3.1.3. Responses of SSM to extreme climate change related to both
temperature and precipitation

Here, the maximal responses of SSM to extreme climate change
associated with both temperature and precipitation are illustrated
by using the CNOP-P approach. For the CNOP-P-type climate
change scenario (Figs. 1c and d, Fig. 2c and d), SSM increased in
the study region, especially in the north of 35°N (Fig. 5a1). In gen-
eral, the SSM change varied in the range from +0.008 to
+0.047 m> m~—> (less than 31.6%).

In the CNOP-P-type climate change scenario, both temperature
and precipitation time series are added to positive perturbations.
In the north of 35°N, Rsur was altered slightly (Fig. 5d1). Higher
Tss occurred (Fig. 5el), resulting in the melting of soil ice
(Fig. 5b1). Soil ice melting along with the increased precipitation
jointly led to the SSM increase even though enhanced ET stopped
SSM from increasing (Fig. 5c1). In the south, soil ice, ET, and Tss
were changed slightly (Fig. 5b1, c1 and e1). More precipitation off-
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Fig. 3. The spatial variations of SSM, surface soil ice (m® m~3), ET, Rsur (mm/day), and Tss (°C) in the year 2000 due to the CNOP-P-type (left panel) and hypothesized (middle
panel) temperature change scenarios, and the differences between the variation magnitudes of each variable in the same year under the two scenarios (right panel): the

CNOP-P-type scenario minus the hypothesized scenario.

set the water loss caused by the increased Rsur (Fig. 5d1) and con-
tributed to the augment of SSM.

3.2. Comparisons between the responses of SSM to different types of
climate change scenarios

In order to make comparisons between the responses of SSM to
different types of climate change scenarios, we also analyze the
SSM variations under the hypothesized climate scenarios. Three
hypothesized scenarios in total (including the hypothesized tem-
perature change scenario, the hypothesized precipitation change
scenario, and the hypothesized climate change scenario) are ana-
lyzed in this part and have been specifically described in Table 3.
As demonstrated above, the difference between the CNOP-P-type

scenario and the hypothesized scenario is whether the climate
variability is altered or not relative to the reference climate condi-
tion. Hence, the importance of climate variability to the responses
of SSM to changing climate is explored by analyzing the difference
of SSM variations between the two types of climate change
scenarios.

Besides, comparisons are only made between the scenarios
which take into account the same perturbed climate variable(s).
For example, the SSM variations under the CNOP-P-type tempera-
ture change scenario are only compared with those under the
hypothesized temperature change scenario. In addition, the
responses of SSM to the combination of the CNOP-P-type temper-
ature change scenario and the CNOP-P-type precipitation change
scenario (referred to as the combined climate change scenario in
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Fig. 4. The spatial variations of SSM, surface soil ice (m* m~3), ET, Rsur (mm/day), and Tss (°C) in the year 2000 due to the CNOP-P-type (left panel) and hypothesized (middle
panel) precipitation change scenarios, and the differences between the variation magnitudes of each variable in the same year under the two scenarios (right panel): the

CNOP-P-type scenario minus the hypothesized scenario.

the following) are also compared with those to the CNOP-P-type
climate change scenario.

3.2.1. Comparisons of responses of SSM to different types of only
temperature change scenarios

Under the hypothesized temperature change scenario, changes
of SSM in the ‘3H’ region (Fig. 3a2) were similar to those under
the CNOP-P-type temperature change scenario (Fig. 3al; In the
north: increase; In the south: decrease). But in terms of variation
magnitudes, the SSM changes were greater for the latter tempera-
ture scenario (Fig. 3a3). And in north of 35°N, the difference
between the responses of SSM to the two temperature scenarios
was more remarkable than that in the south. The (percentage)

changes of regional averaged SSM in the north and south of 35°N
further consolidated this (Fig. 6a). In the north, the difference
between SSM changes under the two scenarios was 0.003 m> m—>
(just 1.9%) while in the south the difference was especially small
and could be ignored. It is implied that SSM in the north seems to
be more sensitive to temperature variability than that in the south.

To seek for the hydrological processes that could account for the
difference between the responses of SSM to different types of sce-
narios, the variations of hydrological variables (i.e. surface soil ice,
ET and Rsur) related to surface water budget as well as Tss were
compared between the two temperature change scenarios. In the
north of 35°N, changes in ET as well as Rsur under the two scenarios
were almost the same (Fig. 3c3 and d3). This had little influence on
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diversifying the responses of SSM to different scenarios. However,
the stronger soil ice melting (Fig. 3b3) induced by the higher Tss
(Fig. 3e3) under the CNOP-P-type scenario helped to the greater
SSM increase (Fig. 3a3). In the south, changes in soil ice, ET, Rsur
and Tss under the two scenarios were almost the same (Fig. 3b3,
c3,d3 and e3), resulting in the nearly same SSM responses (Fig. 3a3).

The contributions of seasonal SSM variations to the annual SSM
change are also made comparisons between the two types of tem-
perature change scenarios. Since changes on annual time scale are
discussed, the season ‘winter’ mentioned in the following consists
of January, February, and December in the same year. As a result,
for SSM, the annual change is the average of the variations in all

seasons. And the contributions of seasonal SSM variations to the
annual SSM change could be represented by the percentages as fol-

. Seasonal SSM_Changes : ;
lows: 100 x 2t s o 12KINg 35°N as a boundary, Fig. 7a

describes the contribution of the SSM variation in each season to
the annual change in the north and south of the ‘3H’ region, from
the view of regional averages. It is exhibited that the main seasonal
sources of the annual SSM changes for the two types of scenarios
were almost the same. In the north, the signs of SSM changes in
all seasons except winter were consistently opposite to that of
the annual change. The SSM increase in winter contributed to the
annual increase. And in the south, SSM decreased in all seasons,
but more dramatically in spring.
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3.2.2. Comparisons of responses of SSM to different types of only
precipitation change scenarios

The responses of SSM to the hypothesized precipitation change
scenario are also discussed. Similar to the CNOP-P-type precipita-
tion scenario, the hypothesized scenario led to the increase of
SSM (Fig. 4a2). However, the responses of SSM to the CNOP-P-
type scenario were greater than those to the hypothesized scenario
(Fig. 4a3). And the difference between the responses of SSM to the
two scenarios was mainly located in the north of 35°N, where the
semi-arid region is located. The (percentage) changes of regional
averaged SSM in the north and south of 35°N illustrate this as well
(Fig. 6b). In the north, the difference of SSM changes between the
two scenarios was 0.007 m> m—3 (4.2%) while in the south the dif-
ference was only 0.002 m> m~3 (0.8%). It is indicated that SSM in
the north, where semi-arid region is distributed, is sensitive to pre-
cipitation variability.

The variations of hydrological variables (i.e. precipitation, sur-
face soil ice, ET and Rsur) along with Tss are analyzed to explore

the reasons for the difference between SSM changes under the
two precipitation change scenarios. In the north of 35°N, changes
in Rsur under the two scenarios were almost the same (Fig. 4d3).
And compared with the hypothesized scenario, the CNOP-P-type
scenario caused more soil water freezing (Fig. 4b3) and more ET
(Fig. 4¢3), which helped to narrow the difference about SSM
changes. However, more precipitation widened this difference. In
all, different precipitation, soil ice and ET variations under the
two scenarios jointly gave rise to the difference between SSM
changes. In the south, changes in soil ice, ET, and Tss under the
two scenarios were almost the same (Fig. 4b3, c3, and e3). Different
precipitation and Rsur changes (Fig. 4d3) mainly contributed to the
difference.

As for the contributions of seasonal SSM variations to the
annual SSM change, there existed little difference between the
two types of precipitation change scenarios (see Fig. 7b). In the
north of 35°N, SSM was increased in all seasons and the changes
in summer and autumn were the main drivers of the annual
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change. In the south, SSM was also augmented in all seasons and
the annual SSM change mainly came from variations in spring
and summer.

3.2.3. Comparisons between the hypothesized and the CNOP-P-type
climate change scenarios

The hypothesized climate change scenario, which reflects
changes in both temperature and precipitation, is applied as well.
Under this scenario, SSM was increased (Fig. 5a2), similar to that
under the CNOP-P-type climate change scenario (Fig. 5al). How-
ever, there existed difference between the SSM variation magni-
tudes for the two climate change scenarios, which was mainly
located in the north of 35°N (Fig. 5a3). The (percentage) changes
of regional averaged SSM in the north and south of 35°N demon-
strated this similarly (Fig. 6¢). In the north, the difference of SSM
changes between the two scenarios was 0.013 m®> m~> (7.5%) while

in the south the difference was 0.007 m® m~3 (2.5%). This suggests
that the combined effects of both temperature and precipitation
variability on SSM are significant, especially in the north of 35°N,
where semi-arid region is distributed.

By comparing the variations of hydrological variables and Tss
under the two climate change scenarios, the hydrological processes
that contribute to the difference between the impacts of different
scenarios on SSM are demonstrated. In the north of 35°N, the Rsur
variations under the two scenarios were almost the same
(Fig. 5d3). More precipitation and more surface soil ice melting
due to the higher Tss under the CNOP-P-type scenario (Fig. 5b3
and e3) induced the greater increase of SSM though more ET was
bad for this increase (Fig. 5¢3). And in the south, the CNOP-P-
type scenario led to smaller ET (Fig. 5c¢3) and lower Tss
(Fig. 5e3), both facilitating the retention of soil water. For the
changes of soil ice, little difference appeared between the two sce-
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narios (Fig. 5b3). Moreover, the greater increase in Rsur for the
CNOP-P-type scenario (Fig. 5d3) went against the augment of
SSM and helped to lessen the difference between the SSM changes.
Generally, different precipitation, ET and Rsur variations under the
two scenarios mainly contributed to the difference between SSM
changes in the south.

The difference of the contributions of seasonal SSM variations to
the annual change between the two types of climate change sce-
narios is also explored. In the north of 35°N, SSM was increased
in all seasons and the SSM changes in autumn and winter were
the main sources of the annual SSM change no matter which cli-
mate scenario was considered (Fig. 7c). In the south, SSM was also
increased in all seasons; nonetheless, the annual SSM change was
mainly composed by changes in summer and winter under the
hypothesized scenario and in spring, summer and winter under
the CNOP-P-type scenario (Fig. 7c). On the whole, the contributions
of seasonal SSM variations to the annual SSM change had little to
do with the types of climate change scenarios.

3.2.4. Comparisons between the combined climate change scenario
and the CNOP-P-type climate change scenarios

In this section, the response of SSM to the combined climate
change scenario, which is the combination of the CNOP-P-type
temperature scenario and the CNOP-P-type precipitation change
scenario, is reported. Similar to the CNOP-P-type climate change
scenario, it induces the changes in both temperature and precipita-
tion variability. Due to this combined scenario, SSM increased in
the ‘3H’ region. And compared with the CNOP-P-type scenario,
the combined scenario caused similar responses of SSM in the
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north of 35°N but smaller responses in the remaining region. Take
35°N as a boundary. Fig. 7c describes the regional averaged SSM
variations in the north and south. For the northern region, the
changes of SSM for the two scenarios were almost the same.
Within the southern region, the difference of SSM variations
between the two scenarios was 0.005 m°>m~> (1.6%). And the
greater SSM responses to the CNOP-P-type climate change scenario
were mainly attributed to the smaller increase of ET. As for the
contributions of seasonal SSM changes to the annual change, little
difference existed between the two types of scenarios (see Fig. 7c).

In summary, the spatial distribution of SSM changes under the
CNOP-P-type scenario associated with temperature or precipita-
tion was similar to that under the corresponding hypothesized sce-
nario related to temperature or precipitation. However, there still
existed difference between the responses of SSM to the two types
of scenarios. In terms of variation magnitude, the changes of SSM
under the CNOP-P-type scenario were greater than those under
its corresponding hypothesized scenario, especially in the north
of 35°N. The difference between the responses of SSM to the two
types of scenarios reveals that climate variability plays an impor-
tant role in the SSM changes in the north of 35°N of the ‘3H’ region,
where semi-arid region is located. In this northern region, different
SSM changes between the two types of temperature scenarios
were mainly attributed to different soil ice changes. Between the
two precipitation change scenarios, the difference of precipitation
changes primarily contributed to the difference of SSM changes,
although the differences of both soil ice and ET changes had the
impacts of narrowing this difference associated with SSM. For the
two climate change scenarios (i.e. the CNOP-P-type climate change
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Fig. 8. The simulated annual SSM changes (m* m~2) from 7 CMIP5 GCMs with higher spatial resolutions, all of which are bilinear-interpolated to the resolution of 1° x 1°,
under the RCP8.5 scenario during the end of 21st century (2071-2100) relative to the period 1961-1990: (a) changes in climatology; (b) maximal changes; (c) minimal

changes.
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scenario and the hypothesized climate change scenario), the differ-
ences in both precipitation and soil ice changes resulted in the dif-
ference about SSM changes even though the difference about ET
variations helped to lessen the difference about SSM.

Besides, the comparisons between the responses of SSM to the
CNOP-P-type climate change scenario and the combined climate
change scenario (i.e. the combination of the CNOP-P-type temper-
ature scenario and the CNOP-P-type precipitation change scenario)
are also made. But the difference of SSM changes between the two
climate scenarios was mainly located in the south of 35°N of the
study region, which was mainly caused by different ET variations.

4. Discussions

As a reference, the future possible SSM changes based on multi-
model ensemble averages are evaluated in the ‘3H’ region by using
simulations from 7 CMIP5 GCMs with higher spatial resolutions (in
bold font in Table 2). As there exists difference between the spatial
resolutions of the 7 GCMs, the model data are all bilinear-
interpolated to the resolution of 1° x 1°. Fig. 8 presents the annual
mean, maximal and minimal SSM changes under the RCP8.5 sce-
nario during the end of the 21st century (2071-2100) relative to
the period 1961-1990. It is exhibited that the climatology of SSM
is increased in the north of about 35°N and reduced in the south,
but the climatological changes generally don’t exceed
0.01 m®*m~3. And the annual SSM changes, which could be
bounded by the minimal and maximal SSM changes
(Fig.8b and c), usually vary in the range from -0.02 to
+0.02m>m=3. The changes in SSM (from +0.008 to
+0.047 m® m~3) under the CNOP-P-type climate change scenario,
which includes the changes in both temperature and precipitation,
are greater than above-mentioned SSM changes derived from
GCMs. To some extent, the two kinds of SSM variations are consis-
tent. As the SSM changes induced by the CNOP-P-type climate
change scenario suggest the maximal possible SSM variations
within a kind of certain reasonable range of future climate change
by the end of the 21st century.

Dan et al. (2012) evaluated the hydrological changes under the
hypothesized precipitation and temperature changes with the VIC
model in the 3H region of China (113°E-the coastline, 32°-40.5°N),
which is smaller than our study region (110°E ~ 120°E, 30°-40°N).
For the hypothesized scenarios with a 5°C warming or a 30%
increase in precipitation, only SSM changes averaged over the
whole 3H region were exhibited in their study. When only temper-
ature was changed, SSM was decreased slightly. When changes in
both temperature and precipitation were considered, SSM
increased by about 2%. However, under the CNOP-P-type tempera-
ture scenario, SSM averaged in the ‘3H’ region was slightly
increased. For the CNOP-P-type scenarios related to both tempera-
ture and precipitation, regional averaged SSM increased by about
11%. These differences may be induced by the different hydrologi-
cal models, climate scenarios, study periods and forcing datasets.

5. Conclusions

Based on the future potential climate change by the end of the
21st century under a higher future greenhouse gas emission
(RCP8.5), the maximal responses of SSM to an extreme condition
of climate change in the ‘3H’ region (110°-120°E, 30°-40°N) is dis-
cussed by using the CoLM model and CNOP-P approach in this
study. To explore the responses of SSM to different types of climate
scenarios, the hypothesized climate change scenarios are also
employed. What’s more, comparisons are conducted between the
scenarios which consider the same perturbed climate variable(s).
Consequently, the importance of climate variability to SSM could

be analyzed through comparing the responses of SSM to the two
different types of scenarios.

Results have demonstrated that the two types of climate change
scenarios associated with extreme change in temperature or pre-
cipitation induced similar SSM changes. In response to climate sce-
narios only related to temperature change, SSM was increased in
the north of 36°N of the ‘3H’ region and was reduced in the south.
For only precipitation change scenarios, SSM was increased in the
whole study region. Similar to the precipitation change scenarios,
the scenarios associated with both temperature and precipitation
changes also induced the augment of SSM in the whole ‘3H’ region.
However, there existed difference between the responses of SSM to
the two types of scenarios in terms of variation magnitude. The
possible maximal variations of soil moisture could be supplied
with considering the variations of the climate variability based
on the character of the CNOP-P approach. And the difference
between the absolute changes of SSM under the two types of cli-
mate scenarios was mainly located in the north of 35°N, where
the semi-arid region is located. This implies that the climate vari-
ability plays the important role in estimating the variation of soil
moisture in the semi-arid region of China.

Taking 35°N as a boundary, the ‘3H’ region is divided into two
sub-regions. And the difference of changes in regional averaged
SSM between different types of temperature (or precipitation) sce-
narios is displayed for each sub-region. Between the two types of
climate change scenarios, in which both temperature and precipi-
tation are changed, the difference of SSM changes within the north
of 35°N was most remarkable (7.5%). This further underlines the
important role of climate variability in the SSM changes over the
semi-arid region, which is consistent with the study of Koster
et al. (2004). Besides, the contributions of seasonal SSM changes
to the annual change are also analyzed and found to be nearly
independent on the types of climate change scenarios, from the
standpoint of regional averages. Details are not repeated here.

Moreover, as there are deficiencies in model’s structure and
parameters, model parameter calibrations and validations, and
other hydrological models should be included in future work. For
this study, climate change is only represented by variations of tem-
perature and precipitation. In fact, it also includes changes in other
climatic variables, e.g. solar irradiance and atmospheric CO, con-
centration. Robock and Li (2006) have addressed the vital impacts
of solar radiation and CO, on soil moisture trends. It is therefore
necessary to pay attention to the changes in multiple climatic vari-
ables (not just temperature and precipitation) in future researches
about the responses of soil moisture to the changing climate.
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