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ABSTRACT: Soil moisture is an important variable of the climate system and is used to measure dry—wet change in
hydroclimate. The warming trend has slowed in China over the past 20 years since 1998, and how the soil moisture changes in
this period deserves our attention. With North China as a research region, this study uses the Global Land Data Assimilation
System and ground observations to investigate the causes of changes in soil moisture during 1998-2017 versus 1961-97. The
results show that 1) annual mean soil moisture experienced an almost continued decrease from the 1960s to 2010s, and no
pause in the decrease of soil moisture over the regional warming slowdown of the past 20 years could be detected; 2) with the
stabilization or even increase in solar radiation and wind speed as well as the continuous increase of land surface air
temperature, the impact of potential evapotranspiration on soil moisture gradually became prominent, and the impact of
precipitation decreased, since 1998; 3) the percent contribution of annual potential evapotranspiration to soil moisture
variation increased by 26 % during 1998-2017 relative to that in 1961-97, and the percent contribution of summer potential
evapotranspiration even increased by 45%. Our results will provide insight into the land surface water budget and mech-
anism involved in drought development in North China.
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1. Introduction Hemisphere has increased significantly since 2000 (McCabe
and Wolock 2015; Samaniego et al. 2018).

Between 1948 and 2010, the overall level of soil moisture
across East Asia showed a decreasing trend, in particular,
northeast China, North China, parts of Mongolia, and Russian
regions near Lake Baikal showed the most significant de-
creasing trends, while most of Xinjiang Province and the
Qinghai-Tibet Plateau as well as parts of Yunnan Province
presented increasing trends in soil moisture, with the decrease
of soil moisture taking place in more areas of China than the
areas experiencing an increase of soil moisture (Wang et al.
2011; Cheng et al. 2015).

North China (35.25°-42.25°N, 110.25°-129.75°E), most of
which is located in the semihumid areas of China, is a region
showing sensitive responses of land surface evapotranspiration
to rising air temperatures (Jung et al. 2010; Seneviratne et al.
2010; Zhang et al. 2018). The response mechanism of land
surface evapotranspiration to climate warming mainly includes
two processes: 1) an increase in temperature directly results in
an increase in potential evapotranspiration (PET); and 2) the
warming-induced evapotranspiration causes a loss of soil
moisture, which in turn indirectly inhibits evapotranspiration.
The vapor pressure deficit (VPD) is one of key factors con-
trolling evaporative demand, with increasing in VPD possibly
reducing soil moisture (Jiao et al. 2021). However, the net ra-
diation reaching the surface and the sensible heat transferred
Corresponding author: G. Y. Ren, guoyoo@cma.gov.cn by the wind from local or regional sources are also the primary

Soil moisture is an important variable of the climate sys-
tem and provides information about surface hydroclimatic
processes. Soil moisture directly or indirectly affects the
exchange of heat, moisture, and materials between the
surface and the atmosphere by changing the soil physical
properties such as albedo and soil heat capacity as well as
vegetation growth conditions; it also affects local and re-
gional climates, thereby making it an important variable in
measuring dry-wet changes (Q. Liu et al. 2011; Orth and
Seneviratne 2017). Studies suggested that global warming is
accelerating movement of water in the hydrological cycle,
which leads to the “‘dry areas getting drier, wet areas getting
wetter” (DGDWGW) paradigm in mid- and high latitudes
globally (Liepert and Romanou 2005; Trenberth 2011).
Satellite-monitored soil moisture data revealed, however,
that, between 1979 and 2013, about 30% of the soil on Earth
underwent significant moisture changes, while only 15.12%
of the global land soil showed the DGDWGW paradigm
(Feng and Zhang 2015). Anthropogenic global warming
may exacerbate the reduction in soil moisture in many areas.
The growth rate of the water deficit (potential evapotrans-
piration minus actual evapotranspiration) in the Northern
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FIG. 1. Study region showing the distribution of meteorological stations and soil moisture
stations. An inset maps shows the location of the study area within China.

energy sources of PET (Basso et al. 2021). The increase in
potential evapotranspiration not only exacerbates droughts in
areas where precipitation has been significantly reduced, but
also causes areas with slightly reduced or even increased pre-
cipitation to become drier (Seneviratne et al. 2012; Trenberth
et al. 2013; Cook et al. 2014).

The East Asian monsoon was weakened from the late 1970s
to mid-1990s, which caused a significant southward retreat of
the large-scale monsoon precipitation areas in eastern China,
while during the same period North China experienced a
higher frequency of drought events (Huijun 2001; Zou et al.
2005; Ding et al. 2008; Dai 2013; Yu et al. 2014; Chen and Sun
2017). Although the global warming slowdown since 1998 has
been highly controversial, and aroused great public interest
over the past several years (Trenberth and Fasullo 2013;
Tollefson 2014; Delworth et al. 2015; Fyfe et al. 2016; Yan et al.
2016; Medhaug et al. 2017; Wang et al. 2019), observations
from China’s mainland showed that the warming trend has
slowed in northern China, particularly in northern North China
and northeast China (Li et al. 2015; Sun et al. 2018). In this
period, accompanied by the strengthening of the summer
monsoon and the overall northward shifting of summer pre-
cipitation belt, precipitation trend switched from a decreasing
trend to a significant increasing trend after 2001 in central part
of North China, and the pattern of ‘“‘southern flooding and
northern droughts” in China has tended to be weakened, but
high-temperature events in summer have become more fre-
quent, and drought events still occur occasionally; this was
especially true in the summer of 2014 when North China suf-
fered from severe droughts (Si and Ding 2013; Ren et al. 2015;
Wang and He 2015; Wang et al. 2016; Ma et al. 2018; Wang and
Yuan 2018; Chen et al. 2018). How does soil moisture change
under the background of precipitation increasing instead of
decreasing in northern China? Answering this question would
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be helpful for understanding the mechanism of regional hy-
drocycle process and meteorological drought.

The present study uses the Global Land Data Assimilation
System (GLDAS) and ground observations to analyze the
characteristics of changes in soil moisture in North China
between 1961 and 2017, with a focus on the recent regional
warming slowdown period of 1998-2017. The goals were to
quantitatively evaluate the direct impacts of precipitation
and PET on soil moisture during 1998-2017 and 1961-97,
address the possible mechanism of the interperiod difference,
and investigate the facts and causes of changes in soil mois-
ture during the regional warming slowdown period in North
China, aiming to provide insight into the land surface water
budget and mechanism involved in drought development in
this region.

2. Data and methods
a. Data
1) SURFACE METEOROLOGICAL OBSERVATIONS

The study region and the meteorological stations distribution
are illustrated in Fig. 1. Through the meteorological network of
the China Meteorological Administration (CMA), this study
retrieved the following types of meteorological data measured
daily between 1961 and 2017 at 307 stations in the study region:
mean temperature, maximum temperature, minimum temper-
ature, relative humidity, precipitation, mean wind speed at 10-m
height, and sunshine duration. The data were subjected to
quality control; moreover, the daily temperature data were
corrected for inhomogeneity (Li et al. 2009). The rate of data
missing was less than 0.02% for daily mean temperature, maxi-
mum temperature, and minimum temperature, as well as less
than 0.01% for precipitation, 0.24% for mean 10-m wind speed,
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0.03% for relative humidity, and 1.12% for daylight hours. All
missing data were replaced by climatological means of the whole
period 1961-2017.

2) ADJUSTED GLDAS-2 SOIL MOISTURE DATA
(GLDAS-2-ADJ)

Because of the difficulty in observing soil moisture over the
long-term period, spatiotemporally continuous observations
are lacking in most regions worldwide (Robock et al. 2000).
Although experimental observations have high accuracy,
they lack sufficient spatial coverage at observation sites, and
thus can only provide soil moisture information in a small
geographical range during a specific time period. The China
Agricultural Meteorology Soil Moisture Dataset (1981-2010)
(V1.0) can provide the observations of soil moisture, but
there were many missing data. Most stations only have ob-
servations in the warm season (May—October), and there
were only 56 soil moisture stations in North China (Fig. 1).
The time series of observations were discontinuous and in-
homogeneous in most cases. For the study of climate change,
the length of time series was not enough either, and the
spatial representation was poor. Therefore, long time series
and large-spatial-scale soil moisture data were usually ob-
tained by land surface model simulation.

This study adopted the 0~10-cm soil moisture (kgm™~2) data
from the Noah model derived by GLDAS version 2 (GLDAS-2),
with a monthly temporal resolution and a 0.25° X 0.25° spatial
resolution (Rodell et al. 2004). The GLDAS-2 has two versions,
GLDAS2.0 and GLDAS2.1, forced with different datasets.
The main objective of GLDAS2.0 is to create more climatolog-
ically consistent datasets, which currently cover the time period
1948-2010, and that of GLDAS2.1 is to provide up-to-date
global land surface model outputs, using observations based
forcing. GLDAS2.1 preserves consistency of the long-term cli-
matological data (i.e., GLDAS2.0) to the greatest extent possi-
ble, and covers from 2000 to the present. The GLDAS2.0 data
well reflect the temporal-spatial characteristics of soil moisture
and significantly relate to surface observations; these data are
widely used in regional climate change research (Zhang et al.
2008; Mishra et al. 2014; Spennemann et al. 2015; Park et al. 2017;
Jia et al. 2018; Gu et al. 2019; Jung et al. 2020), and also used in
the study of drought in North China and the monitoring of soil
moisture in the Qinghai-Tibet Plateau (Bi et al. 2016; Chen et al.
2020). GLDAS?2.1 soil moisture showed higher temporal preci-
sion than ECMWF Reanalysis version 5 (ERAS5) in northern
arid areas of China (Wu et al. 2021).

To create a long-term and consistent dataset by combining
GLDAS?2 and GLDS2.1, we need to correct GLDAS-2 using
correction factors developed with the overlap period (2000-
10). The observed soil moisture data (in %) of the China
Agricultural Meteorology Soil Moisture Dataset (1981-2010)
(V1.0) was used to assess the May-September 0-10cm soil
moisture data of GLDAS2.1 and GLDAS2.0 from 2001 to 2010
for their applicability in North China. First, the observations,
GLDAS2.1 data, and GLDAS2.0 data were converted to the
same unit of m® m 3. Given the effects of the seasonal cycle of
soil moisture on the assessment, this study uses the anomalies
of monthly soil moisture from May to September between 2001
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FIG. 2. (a) Comparison between the GLDAS-2 and observations
(Obs) in the anomalies of monthly mean 0-10-cm soil moisture in
North China from May to September between 2001 and 2010.
(b) Comparison among the observations (Obs), original GLDAS2.0
(GLDAS2.0), and corrected GLDAS2.0 (GLDAS-2-adj) in the
anomalies of monthly mean 0-10-cm soil moisture in North China
from May to September between 1990 and 1999.

and 2010 to assess the changes in soil moisture of the GLDAS2.0,
GLDAS?2.1, and observations. Here, the anomalies for a given
month were calculated with respect to the climatological mean
soil moisture of the same month in the period 2001-10.

As shown by the anomalies of monthly soil moisture, the
changes in the GLDAS2.0, GLDAS2.1, and observations were
largely similar (Fig. 2a). The correlation coefficients of the
GLDAS2.0 and GLDAS2.1 data with the observations were
0.78 and 0.79, respectively, with both passing the 95% confi-
dence test, and with the new version of the GLDAS having a
slightly lower root-mean-square error (RMSE), indicating that it
has a similar but slightly improved simulation capability com-
pared to the GLDAS2.0 data for soil moisture in North China.
Therefore, this study adjusted GLDAS 2.0 based on GLDAS 2.1.

The difference between the GLDAS2.0 and the GLDAS2.1
data in 0-10-cm soil moisture is small, with a correlation coefficient
of 0.95 and a RMSE of 0.010m®m ™ in the period 2000-10. This
study used the soil moisture data of GLDAS2.1 and GLDAS2.0 at
each grid point between 2000 and 2010 to establish a univariate
linear regression equation for spring [March-May (MAM)],
summer [June-August (JJA)], autumn [September-November
(SON)], and winter [December-February (DJF)], respectively
(i.e., total samples 11 X 3 = 33 months). Since GLDAS2.0 differs
little from GLDAS?2.1, the linear regression equations all passed
the 95% confidence test. The equation was used to correct the
monthly soil moisture of GLDAS2.0 at each grid point between
1961 and 1999.

The observations were used to assess the May-September
anomalies of monthly soil moisture data of original and cor-
rected GLDAS2.0 from 1990 to 1999. The correlation coeffi-
cients of the original and corrected GLDAS2.0 data with the
observations were 0.38 and 0.39, with both passing the 95%
confidence test and a similar RMSE (0.027 and 0.026 m* m ™)
(Fig. 2b). The original and corrected GLDAS2.0 data have a
correlation coefficient of 0.99. This indicates that the
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FIG. 3. Annual mean soil moisture in North China between 1961 and 2017 calculated using the
GLDAS-2-adj. The asterisk represents significance of the trend at the 95% confidence interval.

corrected data have little difference from the original data
and both of them are close to the observed data. The cor-
rected time series was merged with the 2000-17 data of
monthly soil moisture of GLDAS2.1 to establish a new
1961-2017 time series of 0-10-cm soil moisture at the grid
points, referred to as the GLDAS-2-adj data hereafter.
Based on the GLDAS-2-adj data, the time series of 0-10-cm
soil moisture at the 307 stations were interpolated using
kriging method.

b. Methods
1) POTENTIAL EVAPOTRANSPIRATION (PET)

According to the Penman-Monteith model (Allen et al.
1998), recommended by the United Nations (UN) Food
and Agriculture Organization (FAO), meteorological ob-
servations from stations are used to calculate the PET us-
ing Eq. (1):

900
0.408A(R, — G) + YT ra73 Ule,—¢,)

PET =
A+ y(1+0340) ’

1)

where PET is the potential evapotranspiration (mm day ), A is
the slope of the saturation vapor pressure-temperature rela-
tionship (kPa °C™ "), R,, is the net radiation (MJ m~>day ™ '); G is
the soil heat flux density (MJ m ™~ >day '), y is the psychrometric
constant (kPa °C ™), and T is the mean daily air temperature at
2-m height (°C). In addition, U is the wind speed at 2-m height
(ms™1), which is derived from the mean wind speed at 10-m
height using an equation recommended by the UN FAO, e, is
the actual vapor pressure (kPa), and e; is the saturation vapor
pressure (kPa).

Equation (2) is used for calculating the net radiation (Yin
et al. 2008):

_ n T:‘nax,k + T:‘lin,k
R,=077(02+0795)R, ~ o <f
n
X (0.56 —0.25,/¢ ) + (0‘9N + 0.1), @)

where o is the Stefan-Boltzmann constant (4.903 X
107°MJK #m™? dayfl); Tmaxx and Tiin 4 are the maximum
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and minimum temperature (K), respectively; n is the actual
sunshine duration (h), N is the maximum possible sunshine du-
ration or sunshine hours (h), and Ry, is the extraterrestrial ra-
diation (MIm~2day ).

The relative net radiation from soil heat flux density G is
small, and can be calculated using the mean monthly temper-
ature on a monthly scale using Eq. (3) (Allen et al. 1998):

Gmon,i = 0'14(Tmon.i - Tmon,ifl)’ (3)
where Tmon,; and Tion,—1 are the monthly mean air tempera-
ture of months i and i — 1, respectfully.

The saturation vapor pressure can be calculated using the
saturation vapor pressure at the maximum and minimum
temperatures as in Egs. (4) and (5) (Milly and Dunne 2016):

eo(Tmax,k) + e°( Tmin,k)
e = 2 5

4)

®)

e°(T) =0.6108 exp( 17271 )

T +237.3

2) PERCENT CONTRIBUTION OF PRECIPITATION AND
PET TO CHANGES IN SOIL MOISTURE

Regression analysis was performed to quantify the effects of
precipitation and PET on changes in soil moisture (Polyakov
et al. 2010; Cheng and Huang 2016). First, the seasonal (or
annual) scale data of precipitation, PET, and soil moisture
were standardized to eliminate the difference in the orders of
magnitude; second, a regression equation was established
as Eq. (6):

SM=aX, +bXpp,. 6)

Equation (6) is a bivariate regression equation relating soil
moisture to precipitation and PET, where SM is soil moisture,
X, is precipitation, and Xpgr is PET; these are standardized
variables. The terms a and b are the regression coefficients of
precipitation and PET, respectively.

Using Eq. (7), the percent contribution of precipitation and
PET to changes in soil moisture can be calculated, with the
percent contributions of the two factors totaling 100%:
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Based on the original (none standardized) precipitation (or
PET) data, a new time series of soil moisture was obtained by
linear regression, which was regarded as the component of the
influence of precipitation (or PET) on soil moisture, so that the
contribution of precipitation (or PET) to soil moisture could be
obtained by comparing with original soil moisture data (GLDAS-
2-adj interpolated to the stations).

The regional means were calculated through regional gridd-
ing and area-weighted averaging. The percent anomalies of
precipitation were calculated as the percent annual precipitation
compared to climatological mean annual precipitation over the
period 1961-2017. The linear trends and significance level were
quantified and tested by the Kendall’s tau method (Kendall
1975). The mean difference of two different periods were tested
for significance by the Student’s ¢ test.

3. Results
a. Characteristics of changes in soil moisture

From 1961 to 2017, the annual soil moisture in North China
showed a significant overall decreasing trend (p < 0.05) of
3.1 X 10°>m®>m 2 decade™! (Fig. 3). The soil moisture was
higher from the 1960s to the mid-1970s, and in particular the
annual soil moisture peaked at 0.25 m>m ™~ in 1964 for the past
57 years. From the end of the 1970s to the 1990s, the annual soil
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moisture began to decrease over time. Although annual soil
moisture was relatively high for three consecutive years, 2003—
05, with the annual soil moisture in 2003 being the second
highest after 1964 (0.24 m® m~?), annual soil moisture has ob-
viously experienced decreasing trend overall since 2003, with
the annual soil moisture dropping to the 57-yr minimum of only
0.20m>m > in 2017.

Soil moisture in autumn had the largest decreasing trend, at
5.0 X 10> m*m™ decade ™!, followed by summer soil moisture
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FIG. 5. Spatial distribution of the trends (m*m > decade™") of
annual mean soil moisture in North China between 1961 and 2017
calculated using the GLD AS-2-adj, with the dark dots representing
the stations with significant trends (p < 0.05). The values shown in
legend were multiplied by 100.
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FIG. 6. Spatial distribution of the trends (m®>m > decade ') of seasonal mean soil moisture in North China
between 1961 and 2017 calculated using the GLDAS-2-adj, with the dark dots representing the stations with sig-
nificant trends (p < 0.05). The values shown in legend were multiplied by 100. (a) MAM, (b) JTA, (c) SON, (d) DJF.
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with a decreasing trend of 3.7 X 10 m>m > decade ™!, both
represent significant changes (p < 0.05; Fig. 4). Summer soil
moisture had a similar change trend to annual soil moisture,
mainly because summer precipitation in North China is the
largest contributor to the regional annual precipitation, and
because precipitation is the most important meteorological
condition affecting soil moisture. Spring and winter mean soil
moisture did not change significantly over time, with decreasing
at a rate of 2.1 and 1.6 X 10" >m®>m > decade !, respectively.
Spring soil moisture was relatively high in the 1980s and 1990s
but has remained relatively low since the start of the 2000s, while

autumn soil moisture exhibited an opposite trend. After 2000,
the total number of years with anomalously high values of winter
soil moisture increased, accompanied by an increase of the in-
terannual variability of the soil moisture.

The spatial distribution of the soil moisture changes in North
China between 1961 and 2017 is presented in Figs. 5 and 6. The
57-yr trend of annual mean soil moisture in North China was
decreasing at most of stations, with the downward trend
gradually becoming more pronounced from west to east and
exceeding 4.0 X 10" >m®>m > decade ! in the eastern coastal
areas (Fig. 5).

7, 0.0 :

(]

® 000e000es

2'0.4 B l

£ I

c::é 0.8+ :

@

5 1.2+ I

@ I

g2-16¢1 |

= I

3_2.0 1 I 1 I 1 1 1 1 I | I I
5 A AN AN AN AN
o - S S T I A S S L
3 oV @V g0V (ol @ g o (T
N N N N A N M N N N

Temporal window(years)

FIG. 7. Moving trends of annual mean soil moisture in North China calculated using the
GLDAS-2-adj in a varied time window (the time window progressively narrows from 1961—
2017 to 2007-17). The red dots represent years with significant trends (p < 0.05). The values
shown on the y axis were multiplied by 100.
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FI1G. 8. Boxplots of the annual (ANN), and seasonal (MAM, JJA,
SON, and DJF) mean soil moisture in North China in the periods
1961-97 and 1998-2017 calculated using the GLDAS-2-adj. The
central horizontal line of the box represents the 50% quantile, the
upper and lower borders of the box represent the 75% and 25%
quantiles, respectively; the horizontal lines at the upper and lower
ends of the vertical solid line represent the 95% and 5% quantiles,
respectively.

The stations with a significantly decreasing trend of spring
soil moisture were mainly distributed in the southeastern part
of North China, while other areas of North China did not
show a significant trend (Fig. 6a). The 57-yr trend of summer
and autumn soil moisture was significantly negative at most
stations in North China, and a significantly negative trend of
summer soil moisture existed in a larger geographical range
compared to the autumn soil moisture. Moreover, the de-
creasing trend of summer soil moisture at some stations in the
northeastern part of North China was greater than 6.0 X
107> m®>m > decade !, indicating a faster drying rate than in
other areas (Fig. 6b). In contrast, the stations with the most
pronounced decreasing trend of autumn soil moisture were
mainly located along the Bohai Sea coast in the eastern part of
North China, while the areas with a decreasing trend > 6.0 X
102 m®>m ™~ decade ! were greater in number than those in
summer (Fig. 6¢). The stations with a significant decreasing
trend of winter soil moisture were mainly located in central and
northern Hebei Province, while other areas did not show a
significant trend (Fig. 6d).

To further explore the characteristics of change in soil mois-
ture during different periods, moving trend analysis was per-
formed. The end year of the time series subjected to moving
trend analysis was fixed at 2017 while the start year was 1961,
after which the beginning year of time window gradually ad-
vances toward the end year while calculating the trend in each
time window, namely, 1961-2017, 1962-2017, ... , 2007-17. The
decreasing trend of annual soil moisture in North China became
less pronounced (i.e., less negative) with a narrowing of the time
window until the beginning year reached 1981, after which the
decreasing trend gradually became more pronounced (i.e., more
negative) (Fig. 7). The soil moisture in 2017 was the 57-yr min-
imum. From the end of the 1970s to the 1990s, the soil mois-
ture was lower. In the moving trend analysis, the soil moisture
of the start and end years were both dry, which led to the fact
that the decreasing trend of soil moisture from 1974 to 2002
were not significant. In the regional warming slowdown
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FIG. 9. Differences (m> m ) of the climatologically annual mean
soil moisture between the periods of 1998-2017 and 1961-97 in
North China calculated using the GLD AS-2-adj, with the dark dots
representing the stations with significant trends (p < 0.05). The
values shown in legend were multiplied by 100.

period since 1998, the decreasing rate of annual soil moisture
was faster when compared with previous periods. In partic-
ular, the decreasing trend has been most pronounced since
2003, reaching 1.6 X 1072>m®*m ™ decade ™! (p < 0.05), which
were typical of short-term (less than 20 years) internal vari-
ability. The cause of the rapid drying of soil in North China
since 1998 is worth exploring further.

b. Soil moisture changes during 1998-2017

Climatologically mean soil moisture in North China during
1998-2017 and 1961-97 was compared. The results show that
the annual mean soil moisture was 0.2m>m > between 1998
and 2017, which was lower by 7.0 X 107 >m®m ™ than that
between 1961 and 1997. Moreover, the spring, summer, and
winter mean soil moisture decreased from 1961-97 to 1998-
2017, with the spring soil moisture showing the largest decrease
of 0.02m*>m ™ (p < 0.05), followed by the summer soil mois-
ture decrease (0.01 m®> m™>) (p < 0.05). Meanwhile, the winter
soil moisture did not change much, decreasing by only 1.0 X
1073 m* m 3. Despite the trend of soil moisture was decreased
in autumn from 1961 to 2017, the autumn mean soil moisture
was 2.0 X 107>m®m ™ higher during 1998-2017 than that in
the 1961-97 period (Fig. 8).

The spatial distribution of the difference of the soil moisture
between 1998-2017 and 1961-97 is presented in Fig. 9. From
1961-97 to 1998-2017, the annual mean soil moisture de-
creased by less than 0.01m>m ™2 at most stations of North
China, with the stations along the Bohai Sea coast showing the
most obvious decrease by up to 0.01-0.02m*m™> (p < 0.05).
Meanwhile, a slight increase of annual mean soil moisture was
observed only in the eastern part of North China near the
northeast and in small areas in the south (Fig. 9).

Compared with the 1961-97 period, the spring mean soil
moisture in the 1998-2017 period showed the largest decrease
among the four seasons in North China; it decreased by 0.01—
0.02m*>m™? (p < 0.05) in most areas of North China and by
even more than 0.02m>m ™ in some eastern areas (Fig. 10a).
Among the four seasons, the summer mean soil moisture
trends had the most similar distribution to that of the annual
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FIG. 10. Differences (m®> m ) of the climatologically seasonal mean soil moisture between the periods of 1998-2017
and 1961-97 in North China calculated using the GLDAS-2-adj, with the dark dots representing the stations with
significant trends (p < 0.05). The values shown in legend were multiplied by 100. (a) MAM, (b) JJA, (c) SON, (d) DJF.

mean soil moisture, with the southern coastal areas of North
China experiencing an increase and the other areas showing a
decrease; however, a decrease by 0.01-0.02 m*m ™ was ob-
served in a smaller range as compared with spring (Fig. 10b).
The autumn soil moisture decreased slightly in the eastern
coastal areas but increased to some extent in most other areas;
the areas with the largest increase were located in the southern
part of North China (Fig. 10c). The winter mean soil moisture
decreased in the central part of North China but increased to
some extent in other areas (Fig. 10d).

c. Possible causes of the soil moisture decrease during
1998-2017

1) CHARACTERISTICS OF CHANGES IN PRECIPITATION
AND PET

Precipitation was one of the main sources of soil moisture.
Since 1961, the annual precipitation in North China decreased
at a rate of 1.9% decade ! and has decreased by about 11% in
57 years overall (Fig. 11a). The 1960s and early 1970s were the
periods when North China had relatively high precipitation,
and in particular the highest annual precipitation over the
57 years was observed in 1964, which was higher by 47% than
the climatological mean. From the 1980s to 1990s, North China
received less precipitation, and lower-than-normal annual
precipitation was observed in about 70% of the years, espe-
cially between 1999 and 2002 when farmers in North China
suffered from severe drought for four consecutive years, with
the lowest mean annual precipitation on record occurring in
1999 (Ren et al. 2015). Since 2000, precipitation gradually
shifted to a period of increase, but soil moisture did not in-
crease with the increase of precipitation in the 2000s.

For given atmospheric and radiative conditions, PET is the
surface evapotranspiration rate that would occurs if the soil
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and vegetation were well watered (Scheff and Frierson
2014).Therefore, changes in PET have an important effect on
changes in soil moisture. From 1961 to 2017, PET in North
China decreased at a rate of 4.9mmyr ' decade ' and cu-
mulatively decreased by about 28mmyr~! over the entire
period (Fig. 11b). A downward trend in PET was observed
until 1990s, after which the trend leveled off and PET even
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TABLE 1. Trends of annual mean soil moisture (SM;
%1073 m®m ™3 decade '), precipitation (PRE; mm decade 1), and
potential evapotranspiration (PET; mm yr ! decade ') in different
periods. An asterisk indicates p < 0.05.

Periods SM PRE PET
1961-2017 -3.1% —-12.2 —4.9
1961-97 —5.5% -253 —12.2%
1998-2017 —4.8 24.5 7.7

tended upward, which was consistent with the trend of annual
PET in China (Ren and Guo 2006; Yin et al. 2010). Figure 9b
shows that the annual PET has risen sharply since 2011,
possibly experiencing the largest increase over a 10-yr period
in the past 57 years.

The trends of regionally averaged soil moisture, precipita-
tion, and PET in different periods are compared in Table 1.
From 1961 to 2017, the annual mean soil moisture, precipita-
tion, and PET all showed decreasing trends. PET may result
in a slowing of the decrease in soil moisture in this period.
During 1961-97, the trends of the annual mean soil moisture,
precipitation and PET showed decreasing trends greater than that
from 1961 to 2017. From 1998 to 2017, the annual precipitation
and PET showed increasing trends, but soil moisture showed a
downward trend. This suggests that increasing of PET may have
resulted in the reduction of soil moisture, and it has a greater ef-
fect on soil moisture than precipitation during 1998-2017.

2) LINKS OF SOIL MOISTURE WITH PRECIPITATION
AND PET

As implied above, there seemed to be a difference in the ef-
fects of precipitation and PET on soil moisture in terms of trend
and interannual variability before versus after the mid-1990s.
From 1961 to 2017, the correlation coefficient of annual 0-10-cm
soil moisture with annual precipitation in North China was
0.81 (p < 0.05), and the correlation coefficient with PET
was —0.39 (p < 0.05). However, the correlations of precipitation
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and PET with soil moisture changed during the two periods of
1961-97 and 1998-2017. Between 1998 and 2017, the correlation
of annual precipitation with annual mean soil moisture was
weaker than that between 1961 and 1997, with the correlation
coefficient decreasing from 0.83 to 0.76 (Fig. 12a). Nevertheless,
the correlation coefficient of annual mean PET with annual soil
moisture increased from —0.28 to —0.75 (Fig. 12b). Based on the
changes in the correlation coefficient, precipitation had a
stronger correlation with soil moisture than PET did for the
1961-97 period, but PET exerted an increasing impact on soil
moisture during 1998-2017.

To further quantitatively compare the impacts of precipita-
tion versus PET on soil moisture in different periods, the time
series of annual precipitation and annual PET in each period
(i.e., 1961-97 versus 1998-2017) were respectively multiplied by
the corresponding regression coefficient of the linear regression
equation to obtain two time series of soil moisture, one considered as
the soil moisture component predicted by precipitation and the
other by PET. Next, the time series of original soil moisture
(GLDAS-2-adj), precipitation-predicted soil moisture, and the PET-
predicted soil moisture were compared with each other in terms of
their long-term trends in the periods of 1961-97 versus 1998-2017.

From 1961 to 1997, the original soil moisture data in North
China showed a significant decreasing trend at each station,
with the most pronounced trend observed along the Bohai Sea
coast in the southeastern part of North China and ranging
between 6.0 and 8.0 X 10 *m*m™* decade ™" (Fig. 13a). The
precipitation-predicted soil moisture showed a decreasing
trend at each station except for some stations in the north
where a slight increasing trend was observed, and had a
smaller yet similar overall trend compared with the original
soil moisture data (Fig. 13c). In addition, PET showed a de-
creasing trend between 1961 and 1997, while the PET-
predicted soil moisture showed a weak increasing trend at
almost every station (Fig. 13e), indicating that the reduction
of soil moisture in this period was mainly caused by the re-
duction of precipitation. Simultaneously, PET also declined
during this period. Although the impact of PET on soil
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FI1G. 12. Scatterplots of annual precipitation and PET vs annual mean soil moisture, in the two

periods: 1961-97 and 1998-2017.
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(a) Precipitation and (b) PET.
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moisture was weaker than that of precipitation, the reduction
of PET could alleviate the reduction in soil moisture to
some extent.

Compared with 1961-97, the regions showing a decreasing
trend in the original soil moisture was smaller in 1998-2017. In
this period, soil moisture showed an increasing trend in central
Inner Mongolia Province, northern Shanxi Province, northern
Hebei Province, and Beijing, and the soil drying trend in other
regions was also less pronounced than in 1961-97 (Fig. 13b).
The precipitation-predicted soil moisture indicated an in-
creasing trend in North China except for the southern part
where a decreasing trend was observed; in particular, the most
significant increase was observed in Beijing and other central
areas of North China (Fig. 13d). The PET-predicted soil
moisture showed a decreasing trend in North China except for
northern Shandong Province and western Liaoning Province
where an increasing trend was noted (Fig. 13f). These results
suggest that, during 1998-2017, soil moisture increased in
central Inner Mongolia Province located in the northern part
of North China as well as in northern Shanxi Province,
northern Hebei Province, and the Beijing area, mainly due to a
gradual increase in precipitation, while soil moisture decreased
in most other areas of North China, mainly because of the
large-scale increase in PET.
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As shown above, the impacts of precipitation and PET on
soil moisture underwent changes from 1961-97 to 1998-2017.
The percent contribution of precipitation and PET on soil
moisture variation was used to quantitatively evaluate the ef-
fects in different periods (Fig. 14). During 1961-2017, the an-
nual precipitation had a much higher percent contribution
(86%) to soil moisture than PET did. Moreover, the summer,
autumn, and winter precipitation had relatively high percent-
ages of contribution of 80%, 82%, and 53 %, respectively, while
spring soil moisture was almost completely affected by PET,
with a percent contribution of nearly 99%.

The percent contributions of precipitation and PET to soil
moisture variability during 1961-97 were similar to those during
1961-2017 except for the winter precipitation, which had an
obviously higher percent contribution (70%) during 1961-97.
During 1998-2017, although the annual, spring, and autumn
precipitation had higher percent contributions to soil moisture
variability than the annual, spring, and autumn PET did, the
percent contribution of annual PET increased by 26 % compared
to 1961-97. Moreover, the summer and winter PET during 1998-
2017 had higher percent contributions to soil moisture variability
than the summer and winter precipitation did in the same period.
Although the summer PET during 1998-2017 presented an in-
creasing trend of only 0.3 mm decade ™!, its contribution to soil
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moisture variability increased by 45% compared to 1961-97;
similarly, the percent contribution of winter PET on soil mois-
ture variability increased by 21% from 1961-97 to 1998-2017.
Also, the percent contributions of spring and autumn precipi-
tation increased by 40% and 7%, respectively. These results
show that, from 1961-97 to 1998-2017, the percent contribution
of atmospheric precipitation to soil moisture variability in North
China decreased while the percent contribution of PET to soil
moisture increased.

4. Discussion

In this study, the characteristics of changes in soil moisture
in North China during 1961-2017 are presented and the fac-
tors influencing soil moisture changes are analyzed. The ef-
fects (e.g., percent contributions) of precipitation and PET on
soil moisture in the context of different climate change pe-
riods (i.e., 1961-97 versus 1998-2017) are assessed, which
provides new insights along with interesting findings and
understandings of soil moisture changes. In particular, the
analysis results show that, from the period of 1961-97 to the
period of 1998-2017, the percent contribution of atmospheric
precipitation to soil moisture variability decreased while the
percent contribution of PET increased.

Kong et al. (2019) proposed that soil moisture is increasing
in the northeastern (semiarid and semihumid areas) and
southeastern (extremely humid areas) parts of East Asia be-
cause of the warming slowdown. The results of this study,
however, indicate that the increase in PET in North China
during 1998-2017 enhanced the decrease in soil moisture,
which offset the effect of higher precipitation since 2001 on soil
moisture, thereby causing soil moisture in most areas to de-
crease rather than increase.

The main meteorological factors affecting the changes in
PET include solar radiation, temperature, wind speed, and
relative humidity. Increased temperature leads to a higher
vapor pressure deficit and evaporative demand, and thus to a
potential increase in evapotranspiration, possibly leading to a
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further decrease in soil moisture (Seneviratne et al. 2010). X.
Liu et al. (2011) proposed that the percent contribution of air
temperature to PET is higher than those of solar radiation and
wind speed from 1992 to 2007; as a result, the increase of PET
in the 1990s should mainly be caused by a significant increase of
air temperature. Although an increase in temperature would
cause an increase in PET, studies have shown that, before the
1990s, most regions of China, such as North China, Northeast
China, and South China, as well as large areas of many other
countries such as the United States, Australia, and India, did
not experience a warming-induced enhancement of PET. This
phenomenon is generally attributed to the reduction of solar
radiation resulting from increased cloud cover and aerosol
concentration, and the reduction of near-surface wind speed
resulting from various factors (Roderick and Farquhar 2002;
Qiu et al. 2003; Liu et al. 2004; Guo and Ren 2005; Ren and
Guo 2006; Xu et al. 2006; Rayner 2007; Roderick et al. 2007;
Zheng et al. 2009; Zhao et al. 2015). Nevertheless, since 1998,
although summer air temperature continued to rise in most
parts of northern China, winter and spring air temperatures in
general have shown a slow decreasing trend, while the annual
temperature has not shown a significant increase (Sun et al.
2018). This may have actually been the reflection of the cli-
mate warming slowdown of northern Hemispheric mid- to
high-latitude land occurred during 1998-2014, and it could be
called the regional warming slowdown. However, the increas-
ing in PET has not been slowdown since 1998. The contrast
rules out the possibility that an increase of air temperature is
the major cause of the reduction of soil moisture in North
China since 1998.

Since the beginning of the 1990s, the decreasing trend of
solar radiation in most areas across the global land has
become less pronounced or even has changed to an in-
creasing trend; this shift was described as a change from
“dimming” to “‘brightening”” (Wild et al. 2005). During this
period, due to a decrease in aerosol optical thickness and an
increase in atmospheric transparency, the sunshine dura-
tion and solar radiation at the land surface gradually
stopped decreasing and began to stabilize, and even began
to rise (Wild 2012; H. Zhang et al. 2013; Feng and Li 2018;
S. Yang et al. 2018, 2019). Also, the rate of reduction in near-
surface wind speed in China was also becoming smaller
(Ren et al. 2005; Jiang et al. 2010; Guo et al. 2011; Lin et al.
2013). The steady increase in solar radiation and wind
speed, coupled with the continued increase in land surface
air temperature during summer and autumn (Sun et al. 2018),
may be the main factors leading to the increase of PET,
which in turn caused the continued reduction of soil mois-
ture (Fig. 15).

The analysis of this study indicates that during 1961-97, PET
contributed 22% to the annual soil moisture variation; that is,
the decrease in evapotranspiration mitigated, to some extent,
the degree and rate of soil moisture reduction caused by a
decrease in precipitation. However, the percent contribution
of PET to the annual soil moisture variation during 1998-2017
was 48%, and it was even greater than 60% in summer; that is,
the enhancement of evapotranspiration largely inhibited the
increasing trend of soil moisture caused by the increase of
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FIG. 15. Schematic plot of the effect of precipitation and PET on
soil moisture during 1961-97 and 1998-2017.

precipitation and became the most important cause of the
significant reduction of soil moisture since 1998.

In the two periods of 1961-97 and 1998-2017, PET con-
tributed 87% and 99% to soil moisture variation in spring,
respectively, indicating that PET plays an absolute leading role
in the changes in soil moisture in spring. This may be attributed
to the fact that precipitation in North China is mainly con-
centrated in summer and autumn, but rarely rainfalls in spring
when the wind speed is the highest among all seasons and thus
results in the second highest seasonal mean PET after summer.
The high spring PET coupled with the low spring precipitation
results in a far greater percent contribution of PET on soil
moisture than that of precipitation.

In the past 20 years, the annual and summer precipitation
in North China increased to some extent, and soil moisture
has decreased, but drought has also slowly increased
throughout the period. The reduction of the emissions of
aerosols such as scattering aerosols and carbonaceous
aerosols caused an increase in solar radiation in the region
during the warming slowdown period (Ji et al. 2019; Liu
et al. 2019), especially during the period since 2012 when
the reduction in pollutant emissions has been particularly
pronounced (Zhang et al. 2019). This change is related to
the release and implementation of a new air pollution
control policy by the Chinese government. Therefore,
aerosol concentrations have decreased significantly since
2012, and the solar radiation reaching the land surface has
increased, which not only accelerates evapotranspiration
and soil desiccation, but also further magnifies summer
warming and thereby increases PET and reduces soil
moisture (Sun et al. 2019), leading to an increasing number
of simultaneous occurrences of drought and high temper-
atures (Chen and Sun 2017; Li et al. 2019).
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Therefore, PET has significantly increased since the air began
to become relatively clean and is affecting soil moisture more than
precipitation is, thereby reducing surface soil moisture. This in
turn is increasing the risks associated with potential agricultural
droughts in North China. The brightening-induced drought risk
needs to be further addressed with proper coping measures.

Although the influence of PET on soil moisture has in-
creased in recent 20 years, precipitation is still one of the main
factors affecting soil moisture deficit. North China is charac-
terized by a monsoon climate, which controls the regional
precipitation variability on varied temporal scales. The East
Asian summer monsoon (EASM) has been recovering since
the early 1990s, although its strength is still less than in previous
decades (Liu et al. 2012). A stronger EASM corresponds to
more rainfall over northern China. The changes in the EASM
and summer rainfall have been significantly affected by a range
of natural factors including such land and oceanic thermal
conditions as Eurasian snow cover, Arctic sea ice, and sea
surface temperature anomalies in the Atlantic, western North
Pacific, equatorial tropical Pacific, and tropical Indian Oceans
(Xie et al. 2009; R. Zhang et al. 2013; Si et al. 2015; Song and
Zhou 2015; Zhang 2015; Li and Wang 2018), in addition to
internal variability of the coupled oceanic-atmospheric sys-
tem, such as Pacific decadal oscillation (PDO), interdecadal
Pacific oscillation (IPO), and Atlantic multidecadal oscillation
(AMO) (Q. Yang et al. 2019). The Tibetan Plateau (TP) also
played an essential role in enhancing the EASM circulation
through weakened latent heating over the TP (He et al. 2019).

The output surface data of Noah model in China are not
precise enough and need to be improved. The observation of
soil moisture was mainly made during the warm season
(May-September), the simulation ability of GLDAS2.1 and
GLDAS2.0 in North China from 2001 to 2010 was evaluated for
only May-September soil moisture, and no comparative evalua-
tion was made for other seasons due to the lack of actual obser-
vations. Moreover, the influence of irrigation was not considered,
which would increase the uncertainty of soil moisture simulation.
Therefore, different data sources can be added and used in the
future to conduct a more comprehensive research on the variation
characteristics of soil moisture.

There may be mainly two additional uncertainties when mea-
suring the contribution of precipitation and PET to soil moisture
trend. First, there were other factors affecting soil moisture.
Precipitation and PET can only explain parts of the variability in
soil moisture, and soil moisture also had feedback to the regional
precipitation and PET. Second, the process of land-atmosphere
interaction was very complex. In this study, only linear regression
was used to evaluate the relative contribution rates of precipita-
tion and PET. In the future, therefore, it will be necessary to
strengthen the research on the interaction of soil moisture, pre-
cipitation, PET and other factors, and also to use land surface
model simulation and other methods to evaluate the relative
contribution rate of precipitation and PET to soil moisture trend.

5. Conclusions

By analyzing the characteristics of soil moisture changes and
their influential factors in North China between 1961 and 2017,
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and particularly during 1998-2017, the following conclusions
are drawn:

1) From 1961 to 2017, annual mean soil moisture in North
China showed a significant overall decreasing trend. The
decreasing trend of annual mean soil moisture at stations
gradually increased from west to east, and it was most
pronounced in autumn, followed by summer, while spring
and winter soil moisture did not see a significant decrease.

2) No pause in the decrease of annual soil moisture during
warming slowdown period (1998-2017) was detectable,
and a decreasing trend in annual soil moisture was more
pronounced than before, especially since 2003. During this
period, the annual soil moisture and the spring, summer,
and winter soil moisture in most areas of North China were
lower than their counterparts during 1961-97, with the
decrease showing spatial and seasonal differences.

3) The effects of precipitation and PET on soil moisture
variation underwent significant changes from 1961-97 to
1998-2017. Between 1998 and 2017, the effects of PET on
soil moisture gradually increased compared to the earlier
period, with the percent contribution of annual PET to soil
moisture variability increased by 26%; in addition, the
percent contribution of summer PET increased by 45%.
The increase in PET has led to a decrease of the summer
and annual soil moisture.
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