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Abstract

Drought is one of the major natural disasters in northern China. Therefore, monitoring and analyzing the changes of drought
indices can provide scientific evidence for disaster assessment and for instituting policies for disaster prevention and mitiga-
tion. In this work, we used the gridded precipitation data set of a semi-arid steppe region in the Inner Mongolian Plateau from
1962 to 2017 to calculated the Standardized Precipitation Index (SPI) and the Standardized Precipitation Evapotranspiration
Index (SPEI). By comparing the spatiotemporal distribution of the two indices with the historical drought records, we found
that the SPI was more suitable for the drought description in the study area. Based on this, we calculate the SPI at different
time scales (annual and seasonal), then depict the spatiotemporal variation of drought during the past 56 years by analyzing
the frequency of drought events, drought frequency, and the station frequency ratio. The results indicate that in recent years,
the degree of drought in the study area has increased, and the south-central regions are the highest occurrence area for dif-
ferent types of drought events. In addition, light drought occurs mostly in the autumn and is mainly distributed in the central
and southern parts of the study area. The most extreme drought events often occur in the summer, and the highest frequency
area is located in the western part of the study area. Large-scale light drought occurred in all seasons in the 1990s, while
the domain moderate drought and the domain extreme drought occurred in the summers of 2001 and 2010, respectively.

1 Introduction

Global climate change leads to an imbalance between hydro-
thermal links in natural ecosystems. As a result, drought
caused by moisture deficiencies has become increasingly
frequent (IPCC 2013). In recent decades, with the continu-
ous increase of drought intensity, frequency, range, and
duration, this phenomenon has gradually become one of the
most serious worldwide hydro-meteorological problems,
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with a significant impact on human society (Dai et al. 2004;
Woodhouse and Overpeck 1998; Zuo et al. 2018). Accord-
ing to statistics and reports from the World Meteorologi-
cal Organization (WMO), global meteorological disasters
account for about 70% of all natural disasters, and drought
disasters account for 50% of all meteorological disasters.
Most regions in China are affected by the East Asian mon-
soon, and the country is seriously impacted by drought.
According to statistics from the Ministry of Civil Affairs, in
2017 alone the area of agricultural crops affected by drought
in China was over 9.8 million hectares, and 752.4 thousand
hectares of that suffered from complete crop failure, causing
direct economic losses of 37.5 billion Yuan.

With drought occurrence around the world becoming
more severe day by day, the spatial and temporal distribu-
tion patterns of drought in China have also changed signif-
icantly in recent years (Dai 2011; Wang et al. 2014; Wen
and Shen 2006). To describe the properties of drought
development and to establish an efficient and scientific
natural disaster prevention and treatment system, research-
ers in the field have conducted numerous analyses of
drought characteristics, and the proposal and application
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of drought indices have helped create a unified standard.
The indices characterizing drought are usually classified
into two categories: single-factor and multi-factor. The
single-factor indices describe the drought change mainly
through the key factor of precipitation, and such an index
can better reflect the spatial and temporal characteristics
of drought. Common indicators include the percentage of
precipitation anomaly (Pa), the Z-Index and the Standard
Precipitation Index (SPI).

A multi-factor index describes drought occurrence mainly
from the perspective of the mechanisms of drought forma-
tion, which are primarily physical. However, such an index
involves complicated calculations, and there is uncertainty in
the data inputs, which can reduce the sensitivity of the index
to some extent. Examples include the Palmer Drought Sever-
ity Index (PSDI), the Meteorological Drought Composite
Index (CI), and the Standardized Precipitation Evapotran-
spiration Index (SPEI) (Vicente et al. 2010a, b; Wang et al.
2017; Yu et al. 2014a, b). Researchers worldwide have tested
the applicability of various indices in combination with
actual local drought conditions (Patel et al. 2007; Vicente
et al. 2010a, b; Wu et al. 2007; Yu et al. 2014a, b; Zhang
et al. 2013). Many argue that the application of a Standard
Precipitation Index (SPI) can eliminate temporal and spatial
differences in precipitation, making droughts comparable
in time and space (Tao et al. 2014). Researchers have also
proposed that such an index would have the advantages of
obtaining parameters easily, having stable computational
characteristics, and being sensitive to drought (Hong et al.
2015; Hu et al. 2015; Spinoni et al. 2014).

Inner Mongolia grassland in arid and semi-arid regions is
one of the most vulnerable areas of the ecological environ-
ment, and its response to climate change is also extremely
sensitive (Li et al. 2018; Liu et al. 2016; Chen et al. 2013).
Climate change has exacerbated the presence of frequent
drought and lack of rain in the region, seriously affecting
the production and livelihoods of local farmers and herds-
men (Shen et al. 2019). Drought has also restricted eco-
nomic development in the region. Although there were some
previous studies on drought, most of these were limited to
using the precipitation data from national meteorological
stations, and the accuracy of the results may be affected by
the inadequate numbers of stations (Bai et al. 2013; Li et al.
2012,2014). Meanwhile, the applicability of various drought
indices in a semi-arid region needs further discussion. In
this work, we attempted to select the proper index which is
suitable for drought assessment in the study region from SPI
and SPFEI, and then analyzed the spatiotemporal distributions
of drought characterized by the selected index at different
time scales on the basis of the gridded precipitation data set.
The results can provide a reference for local water resource
management, waterlogging prevention, drought resistance,
and ecological protection.
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2 Materials and methods
2.1 Studyarea

We selected the XilinGol League located in the center of the
Inner Mongolian Plateau as the study area (115° 13'~117°
06" E, 43° 02" ~44° 52' N). The region has a total area of
200,000 km?, of which grassland accounts for 95% of the
study area. In addition, the study area is also an important
part of the agricultural and pasturing interlaced zone of
China (Fig. 1). The study area has an arid or semi-arid con-
tinental monsoon climate, and the spatial distribution of pre-
cipitation is quite varied. In addition, natural disasters such
as flooding, drought, frost damage and snowstorms often
occur in the study area, especially drought. The local resi-
dents suffered a severe drought from 2000 to 2001, when the
precipitation and the soil moisture content all fell to record
lows, resulting in the reduction of crop yield and the death
of a large portion of livestock. Similarly, in mid-June 2018,
193 million m? of grassland in nine animal husbandry ban-
ners suffered from drought; the number of herdsmen who
were affected by the disaster was up to 126,000, and there
were 6.51 million affected animals. In this context, the situ-
ation regarding the drying up of rivers and the degradation
of grassland in the study area is becoming worse.

2.2 Data

We select the gridded daily precipitation data set (with a
resolution of 0.5°%0.5°) from 1962 to 2017 by reason of the
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few meteorological stations with sufficiently long sequence
data in the study area and the lack of coverage of the entire
area. This data set came from the National Meteorological
Information Center (NMIC) of the China Meteorological
Administration (CMA), where it was interpolated by the
method of thin plate smoothing spines (TPS) in ANUSPLIN,
a software package published by the Australian National
University. This analysis can eliminate the influence of
elevation and is based on the observed daily precipitation
at over 2400 national meteorological stations across China,
and the root-mean-square error of this data set is 0.49 mm
at a monthly scale. The correlation coefficient between the
gridded values and the station values is also as high as 0.93,
indicating that the data set has high precision (You et al.
2015; Zhu et al. 2015). On this basis, the SPI was selected to
characterize the spatial and temporal distribution of drought
in the study area. Meanwhile, we also use the measured daily
precipitation data with the same time series from 14 mete-
orological stations in our study area (Table 1) to validate
whether the gridded data were suitable for the study area.
Both data sets were provided by the NMIC (http://data.cma.
cn).

2.3 Methods

The inverse distance weighted (IDW) method was applied
for the gridded data interpolation, this method assumes
that each point has a local influence that diminishes with
distance, and the value of a point is more affected by near
points than by those further away. The spatial correlation of
precipitation data accords with this rule, so it is often used in
the spatial interpolation of precipitation. Each meteorologi-
cal station is surrounded by four grid boxes, and the data of

each point are most affected by those four grid points. Thus,
the nearest four grid boxes around the specific meteorologi-
cal station are weighted the most in this study (Chen and
Liu 2012). What should be noted is that when the station is
located at the boundary of the study area, the grids should be
extended outside to meet the interpolation requirements. By
further comparing the deviation distribution and correlation
between the interpolated data and the measured data of the
station, we could evaluate whether the precipitation gridded
data set was suitable for the analysis of precipitation in the
study area. The interpolated date was computed as

I
w1 (D
it 4@

i

Pipw =

where p; is the precipitation of the neighboring four grid
boxes, respectively; d; is the distance between the station and
the four surrounded grids; n =4 in this study.

Second, comparing the bias and correlation coefficients
between the IDW interpolated data and the observed data
from stations (Qiang et al. 2016). The formula of the bias is
given as follows:

B= Pipw = Pstation

; @

P Station

where Pppyw is the mean value of interpolated data, and
Psaiion 1S the means of observed data.

SPI represents the probability of precipitation occur-
ring during a certain period of time. This index can better
reflect the intensity and duration of drought at different spa-
tial and temporal scales. In SPI calculations, it is assumed
that precipitation variability in a sequence follows a gamma

Table 1 List of the selected

> . - WMO number Station name Longitude (°E) Latitude (°N) Annual average

meteorological stations in study precipitation

area (mm)
50,915 Dongwugqi 116.58 45.31 237.53
53068 Erlianhaote 111.58 43.39 125.75
53192 Abagaqi 114.57 44.01 230.20
53195 Suzuoqi 113.38 43.52 173.47
54012 Xiwugqi 117.36 44.35 314.92
54102 Xilinhaote 116.07 43.57 264.53
53083 Narenbaolige 114.09 44.37 210.13
53276 Zhurihe 112.774 42.44 197.60
50913 Waulagai 118.5 45.43 320.91
50924 Huolinguole 119.3 45.32 345.73
53289 Xianghuangqi 113.5 42.14 270.65
54204 Zhengxiangbaiqi 115 42.18 351.22
54205 Zhenglanqi 115.7 42.14 359.61
54305 Taipusiqi 115.16 41.66 383.47
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distribution, and after processing the distribution probability
of precipitation I" through normal standardization, a stand-
ardized cumulative frequency distribution for precipitation
can be applied to classify drought levels (Shi et al. 2017).
SPI is computed as (Zhang et al. 2009):

g(x) = e (x> 0) 3)

1
B I'(a)

I'(a)= / ¥ le™ dy, “)
0

where a and f are shape parameters and scale parameters,
respectively; I'(«) is the gamma function.

The method of maximum likelihood is used to estimate
the a and j:

14++/1+44A/3
a=—o 77 )

4A

(6)

BT

A=In(E) — le(x), %

where n is the length of the data record, and the cumula-
tive probability of a given time scale can be calculated as
follows:

X

_ [ __ L [ a1
G(x)—/0 gx)dx = I F(a)o/x e’ dx. 6]

0

Let t=x/p, the previous formula can be changed to an
incomplete gamma function:

— L a—1 ,—p
G(x) = @ /x e Pdx )
0

g LEVITAS % (10)

4A ’ 4A

A=In(® - le(x). 1)

Since the gamma function does not include the situation
of x=0, while the precipitation can be the 0 mm, therefore,
the cumulative probability can be expressed as

Hx) = g+ (1 - g)G), (12)
where the ¢ is the probability when the precipitation is

0. The cumulative probability H(x) can be converted to a
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standard normal distribution function by the following
formula:when 0 <H(x)<0.5

SPI = ; Co +Clt+C22‘2 13
B 1 +dt+dyt? + dyt? (13)
t=1/In|— (14)
H(x)?
when 0.5 < H(x)<1
co+c1t+02t2
SPI=—{¢-
< 1+d1t+a’2t2+d3t3> (15
=/ |——— (16)
1—H@?|

where ¢, =2.515517, ¢;,=0.802853, ¢,=0.010328,
d,=1.432788, d,=0.189269, d;=0.001308.

Similar to SPI, the SPEI is also a kind of multi-scale
index for drought, which takes the combined effect of
precipitation, temperature and surface evapotranspira-
tion into account. The main steps for calculating SPEI
are shown as follows (Vicente et al. 2010a, b).

Monthly potential evapotranspiration (PET) is calcu-
lated by the Thornthwaite method (Thornthwaite 1948):

PET = 161<(107T) , a7

where K is the coefficient of revision based on latitude, T is

the monthly mean temperature, [ is the annual total heating

index, and m is the coefficient determined by /.
Calculation of the water balance, as follows:

D; = P;—PET;,, (18)

where P; is the monthly precipitation and PET; is the
monthly potential evapotranspiration.

Fitting the D, based on three-parameter Log-Logistic
distribution and calculating the cumulative function:

I
Flx) = [1 + (x;y>ﬂ]_l, (20)

where a is the scale parameter, f is the shape parameter, y is
the origin parameter, f{x) is the probability density function,
and F(x) is the probability distribution function:
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Cy+C, + C,W?

SPEI = W —
1+d,W+d,W? +d;W3

@1

W = +/-21n(P), (22)

when P<0.5, P=F(x), and when P>0.5, P=1—F(x). The
constants are as follows: Cy=2.515517, C;=0.802853,
C,=0.010328, d,=1.432788, d,=0.189269, and
d;=0.001308.

According to the SPI and SPEI normal distribution
curve and standards for drought grades, drought can be
divided into the following grades (Table 2).

In this paper, SPI; and SPI,, were used to denote stand-
ardized precipitation indices at seasonal and annual scales,
respectively. Based on this, drought characteristics in the
study area were described by calculating drought fre-
quency and drought area rate. Drought frequency refers
to the proportion of years in which drought of a certain
grade occurs, relative to the total number of years at some
point during 1962-2017. Drought area rate refers to the
proportion of lattice points, where drought of a certain
grade occurs, relative to the total number of lattice points.
In addition, the scope of influence was divided into the
following categories: 0—10% indicates that the drought is
not obvious; 10-25% indicates domain drought; 25-33%
indicates regional drought; 33—-50% indicates partial-local

Table 2 Drought grades classified with SPI and SPEI

Grade Category SPI SPEI
1 No drought —0.5<SPI —0.5<SPEI
2 Light drought —-1.0<SPI<-0.5 -1.0<SPEI<-0.5
3 Moderate drought —1.5<SPI<-1.0 —-1.5<SPEI<-1.0
4 Severe drought —-2.0<SPI<-15 -2.0<SPEI<-1.5
5 Extreme drought SPI<-2.0 SPEI<-2.0

a

Py (%)

Station

drought, and 50-100% indicates local drought (Xiong
et al. 2013).

3 Results
3.1 Precipitation change background

There were 88 grid points in the study area (Fig. 1). In com-
paring the deviation distribution and correlation between
the IDW interpolated data and the measured data of the sta-
tions, the bias of precipitation at the Erlianhaote station was
17.33%, while the absolute values of other stations were all
less than 15% (Fig. 2a). The vast majority were less than
10%, accounting for 71.43% of the total number of sta-
tions. In addition, there was a very good linear relationship
between the station data and the interpolated data (R2 =0.98;
P <0.0001). Furthermore, the slope of the fitted linear equa-
tion was 1.08, which is close to 1.00 (Fig. 2b). Therefore,
the gridded data set can reflect the spatiotemporal patterns of
precipitation distributions in the study area, and it can also
replace the measured station precipitation data to calculate
the drought indexes.

The spatial pattern of the annual precipitation in the study
area from 1962 to 2017 exhibits the obvious feature of “high
in the east and low in the west”, with a gradual decline from
408.14 mm in the eastern region to 137.26 mm in the west-
ern region. The difference between the annual precipita-
tion in the eastern and western areas is as high as 270 mm
(Fig. 3a). Moreover, the precipitation in the northeast region
exhibits an upward trend with a velocity in excess of 3 mm
per decade (mm decade™"), but the region with an increasing
trend of precipitation only accounts for 43.2% of the total
area. The remaining 56.8% of the area has an insignificant
decreasing trend, mainly being located in the central part of
the study area (Fig. 3b).
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Fig.2 Relationship between annual average precipitation and interpolated grids of the study area (the two data sets have a good linear relation-
ship, R2=0.98, P <0.0001, and the slope of the fitted linear equation was 1.08)
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Fig.3 Spatiotemporal distribution of the annual precipitation of the
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3.2 Applicability of drought index

Before analyzing the spatiotemporal characteristics of
drought in the study area, we should select the drought index
suitable for the region first. According to the spatial distribu-
tion of precipitation, we picked five grid points (Fig. 3a) to
calculate their SPI and SPEI at annual scale, and compared
the spatiotemporal distribution results presented by the two
indices with historical drought records in the study area, the
annual variations are shown in Fig. 4. In general, although
the variation trends of SPEI and SPI at annual scale are basi-
cally the same, there is a big difference in the recognition
of drought degree. In terms of the grid point @, the drought
year detected by SPEI and SPI were 14 years and 17 years,
respectively. In addition, in years when were identified as the
drought by both indices, the degree of drought detected by
SPI is generally more severe than that detected by SPEI. It
can be seen from Fig. 4b that the severe drought years iden-
tified by SPI were 5 years, which were 1997, 1999, 2006,
2008, and 2017. However, the results of SPEI showed that
there was no severe drought year experienced throughout
the study period. Similarly, SPI shows that there have been
six severe drought years at grid point @, most of which
occurred after the late 1990s, and SPEI also did not detect
the severe drought year (Fig. 4d). Although the grid point ®
had fewer drought events during the study period, the degree
of drought detected by SPI at this point was also more severe
than SPEI (Fig. 4c).For grid point ®, the annual precipitation
of which is the least among the five grid points, there were
three extreme drought events occurred in 1980, 2001, and
2005, while SPEI did not detect the extreme drought events
during this period (Fig. 4e).
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for 56.8% of the total area)

Furthermore, we selected three typical drought years
recorded in history to verify the spatial distribution of
drought presented by SPI and SPEI. As can be seen
from Fig. 5a;, the SPI showed that the areas where light
drought occurred in the study area were mainly in the cen-
tral and western regions, and the moderate or even severe
drought experienced in the northeast in 1962. However,
the SPEI indicated that only the light drought occurred in
almost the whole study area in 1962 (Fig. 5a,). In 1965,
the areas where severe drought and extreme drought were
detected by SPI were located in the middle and south of
the study area (Fig. 5b;). While the SPEI did not detect
the extreme drought events, only the severe drought events
were detected in a small area in the south (Fig. 5b,). From
Fig. 5c,, we can find that the area of severe and extreme
drought detected by SPI account for more than a half of
the study area in 1980 (Fig. 5c;), while SPEI showed that
there were only light and moderate drought occurred in
the study area (Fig. 5c,).

Overall, the drought situations described by SPI were
much more consistent with the historical drought records in
our study area. Therefore, we select SPI as the indicator of
this work for further discussion.

3.3 Spatiotemporal variations of drought at annual
scale

By calculating the SPI of 88 grid points and further iden-
tifying the corresponding degree of drought events in the
study area, the frequency and variability of various drought
events in different periods were obtained, as shown in Fig. 6.
The frequency of light drought in the study area was the
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highest across the different periods, followed by moder-
ate, severe, and extreme drought. The occurrence of light
drought in the study area declined during the last 56 years.
During this time, the frequency of light drought was lowest
in the 1980s, and its frequency increased to some extent
during the next 20 years. However, the frequency of light
drought sharply decreased after 2010. During the research
sequence, the frequency of moderate drought increased, with
133 drought events in 2001-2010. Meanwhile, the frequency
of severe drought was also on the rise, and the highest fre-
quency was also reached between 2001 and 2010. As for the
extreme drought, the frequency was also on the rise. How-
ever, no extreme drought events were detected between 1981

and 1990. After that, the frequency of extreme droughts
increased sharply and reached its highest level between
2001 and 2010. Overall, the frequency of light drought in the
study area has decreased, but the frequency of the other three
types of drought events has increased, and the frequency of
various types of drought events reached the highest level in
the period 2001-2010.

We analyzed the SPI of each grid point for nearly the
entire 56 years. The spatial distribution of different drought
degrees in the study area is shown in Fig. 7. All of the
regions of the study area experienced light drought events,
with the drought rate ranging from 3.58t026.76%. The
drought rate for the central region was lower, while the
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incidence of light drought for the south-central and south-
ern regions were relatively higher. Likewise, the moderate
drought events also covered the whole study area, with the
rates in the range of 1.79-16.06% (Fig. 7b).

The spatial distribution of the high-frequency and low-
frequency regions in moderate drought was not concen-
trated, while the south-central region was the high-risk area
for moderate drought. Similarly, the south-central region
was also a high-frequency area for severe drought, with the
highest drought rate of 12.50%. Meanwhile, the central and
eastern regions also experienced severe drought events, but
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not over the entire area (Fig. 7c). From Fig. 7d, we can see
that the maximum frequency of the extreme drought in the
study area was 7.14%, mainly concentrated in the western,
south-central, and northeastern regions, while no extreme
drought events occurred in the northern region.

From the perspective of the overall spatial distribution
the frequency of light drought, moderate drought, severe
drought, and extreme drought in the study area decreased
grade by grade, making it more common for each region to
experience light drought, and with fewer regions experienc-
ing extreme drought. In addition, the frequency of various
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Fig.6 Frequency of annual drought events in the study area for
period 1962-2017

drought events in the north-central region of the study area
was lower, while the central and southern regions are areas,
where various drought events occurred frequently.

3.4 Spatiotemporal variations of Drought
at Seasonal Scale

Trends of different drought events based on the SPI at the
seasonal scale are shown in Fig. 8. The frequency of the
extreme drought in spring showed an upward trend, and the
frequency of the other three categories of droughts tended
to decline. There were no extreme drought events before
1970 or during the 1980s, while after 2010, the frequency
of extreme drought in spring reached 89, which was higher
than that of light drought during the same period. Aside
from this, the frequency of light drought in other periods
was always the highest (Fig. 8a). In summer, the frequency
of various drought events was on the rise; as can be also seen
from Fig. 8b, the frequency of moderate drought in the study
area was the highest, reaching 162 between 2001 and 2010,
followed in decreasing order by light, extreme and severe
drought. Meanwhile, the frequency of each kind of drought
event during this period was higher than that of the same
kind of event during the rest of the period. As a result, the
study area was affected by drought most severely during the
summers of 2001-2010.
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Fig.8 Frequency of seasonal drought events in the study area for period 1962-2017. a Spring, b Summer, ¢ Autumn, d Winter

In addition to the declining trend of the moderate
drought in autumn, the other three types of drought showed
a slight upward trend, and the frequencies of the four
types of drought events in each period followed the pat-
tern light drought, moderate drought, severe drought and
extreme drought in decreasing order (Fig. 8c). In winter, the
extreme drought frequency rose slightly, while other kinds
of drought declined. In the 1970s, the frequencies of mod-
erate drought were the highest at 159, and the frequency of
severe drought was 76 during 2001-2010, exceeding that of
moderate drought during the same period. By comparing
the average frequency of various drought events in different
seasons, it was observed that light drought occurred more
frequently in autumn, with the highest average frequency of
136. The moderate and severe drought events occurred more
frequently in winter, with their highest average frequencies
of 84 and 43, respectively, while the extreme drought events
occurred more frequently in summer, with the highest fre-
quency of 27.

In terms of the spatial distribution of drought in different
seasons, the spring light drought occurred more frequently
in the central and western parts of the study area, with the
highest rate of 28.57% in the western region, and the proba-
bility in the northeast region was lower (Fig. 9a,). The prob-
ability of the moderate drought in spring was between 3.57
and 17.86% and occurred more frequently in the central and
southwest regions (Fig. 9a,). The severe drought in spring
occurred mostly in the southern part of the study area, while
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the severe drought was not detected in the western region
(Fig. 9a;). In spring, the extreme drought events covered
the entire study area, but the probability of an event was
lower, especially in the central and western regions, where
the probability was 1.79%. Meanwhile, extreme drought
occurred more frequently in the northeast, with a probabil-
ity of 7.14% (Fig. 9a,).

In summer, both the light and moderate drought events
occurred, but with different spatial distributions. The light
drought was concentrated in the north and northeastern
regions with the highest occurrence probability of 23.20%,
while moderate drought was mainly concentrated in the cen-
tral region of the study area, with the highest frequency of
16.06%, and the probability in the low-frequency region was
only 1.80% (Fig. 9b,, b,). In contrast to the above patterns,
the severe and extreme drought both occurred only in local
areas within the Xilingol League territory. For example, the
severe drought often occurred in the western and southern
regions, while the extreme drought mainly occurred in the
central and northeastern parts of the study area, with the
highest probabilities of 10.71% and 7.14%, respectively
(Fig. 9bs, by).

The frequency of the light drought in autumn was
between 3.61 and 28.55%, and the locations where it
occurred more frequently were mainly in the central and
southern regions, similar to the spatial distribution of light
drought. The locations where the moderate drought occurred
with high frequency were also in the central and southern
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Fig.9 Spatiotemporal distribution of seasonal drought events. a Spring, b Summer, ¢ Autumn, d Winter, 1:

3: Severe drought, 4: Extreme drought)

regions, but the probability declined to some extent, ranging
from 3.57t0 17.86%. We can also see that neither the severe
drought nor the extreme drought covered the entire study
area; the spatial distribution of the extreme drought was
relatively concentrated, and the locations where it occurred
with high frequency were in the north and northeastern parts
(Fig. 9c¢). It can be seen from Fig. 9d that the drought in this
area often occurred in winter; the frequencies of moderate
drought and severe drought were the highest across the four
seasons in the northeast and south of the study area, while
the extreme drought in winter is mainly concentrated in the

114°0'0"E 118°0'0"E 114°0'0"E 118°0'0"E

Light drought, 2: Moderate drought,

middle of the study area, with the highest probability of
5.36%.

The variation in the station frequency ratio for different
categories of drought events at a seasonal scale is shown in
Fig. 10. The domain drought was relatively common across
all seasons in the study sequence, and the partial-local light
drought usually occurred in spring; moreover, the local
light drought occurred in the spring of 1984 (Fig. 10a). In
summer, no local light drought occurred during a period of
19 years. In summer, not only did the domain light drought
occur in 19 years, but regional light drought occurred in
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Fig. 10 Station frequency ratio of seasonal drought events in the study area for period 1962-2017. a Light drought, b moderate drought, ¢ severe

drought, d extreme drought

4 years, and the partial-local light drought occurred in
3 years. In addition, there was a local light drought in the
summer of 2017. The domain light drought in autumn and
winter occurred throughout most of the study period, and a
local light drought occurred in the winter of 1982. On the
whole, large-scale light drought occurred in a more con-
centrated manner across all seasons in the 1990s. In terms
of the moderate drought (Fig. 10b), the local moderate
drought occurred in the summer and winter of 2001 and
1974, respectively. At the same time, the partial-local mod-
erate drought occurred in the summers of 1972 and 1997,
and there were five, three, and four respective years when the
partial-local moderate drought occurred in spring, autumn,
and winter. In addition, there were 4 years when the regional
moderate drought occurred in winter in the mid-1970s to
the mid-1980s. During the whole study period, the domain
moderate drought occurred in 10 years in summer and
winter, and most of these occurred after 2000. Figure 10c
shows that large-scale severe drought events occurred in all
seasons after 1993, but there was no local severe drought.
Only in spring and summer in 1986, 1989, and 2011 did
the partial-local severe drought occur. There were 7 years
with extreme drought events in summer, including a local
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extreme drought in 2010, and domain extreme drought
occurred in 2005, 2007, 2009, 2014, and 2016. In winter,
the partial-local extreme drought occurred only in 2002, and
the domain extreme drought occurred only in spring in 1974
and 1994 (Fig. 10d).

4 Discussion

Xilingol League is located in the Inner Mongolian Pla-
teau and is surrounded by the Great Khingan and Yinshan
Mountains. It is difficult for warm and moist airflow to
enter this region, resulting in the climatic characteristics
of strong evaporation and insufficient precipitation (Zhou
et al. 2013). During the past 56 years, drought events in
the study area have been dominated by light and moder-
ate drought with increasing frequency, which is consistent
with the findings of most researchers (Bai et al. 2013; Zhou
et al. 2013). Some studies have shown that in recent dec-
ades, rising atmospheric pressure caused by abnormal cir-
culation at high latitudes and the reduction of the northward
transport of water vapor caused by weakening of the East
Asian Monsoon are among the causes of severe drought in
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northern China (Huang et al. 2015). However, the East Asian
Monsoon has strengthened with time, resulting in a slight
alleviation of drought during each season for the study area
(Cheng et al. 2013). Land utilization and land cover change
caused by the transformation of the underlying surface of
the watershed have also had important effects on climate
change (Li et al. 2010), which may lead to the agricultural
drought (Shen et al. 2019), as we know, there is a trans-
mission relation between the meteorological drought and
the agricultural drought, the further research focus on the
relationship between the two categories of drought will be
very interesting.

The Standardized Precipitation Index selected in this
paper also only includes precipitation as a factor, but the
factors that lead to drought are more complicated. There-
fore, future research will comprehensively consider hydro-
meteorological factors to clarify the evolution of drought
and then improve prediction and early warning measures.

5 Conclusions

Based on the gridded precipitation data set with a horizon-
tal resolution of 0.5° % 0.5° of Xilingol League from 1962
to 2017, we compared the applicability of SPI and SPEI
for drought assessment in the study area, and selected the
proper index to analyze the spatial and temporal distribution
of drought at different time scales during the past 56 years.
The results reflect the drought evolution of the study area.
The main conclusions follow.

(1) The gridded precipitation data set is suitable for the
characterization of drought distribution in the study
area, and the spatial pattern of precipitation is obvi-
ously characterized by the “high in east and low in
west” rule. Meanwhile, a non-significantly decreasing
inter-annual tendency was found during the 56 years,
mainly in the center of the study area. The drought con-
ditions described by SPI were much more consistent
with the historical drought records in our study area.

(2) The frequency of light, moderate, severe and extreme
drought events in the study area decreased grade by
grade, and the drought events occurred more frequently
in the south-central region. During the past 56 years,
the frequency of light drought in the study area has
decreased, while the frequencies of the moderate,
severe and extreme droughts have all increased to some
extent, indicating that the drought degree in the study
area has increased.

(3) The light drought occurred mostly in the autumn and
was mainly distributed in the central and southern parts
of the study area. The moderate drought and severe
drought occurred mostly in the winter and were con-

centrated in the northeast and south of the study area,
while the extreme drought events often occurred in
the summer, and the highest frequency area was in
the western part of the study region. In addition, the
frequencies of different degrees of drought in sum-
mer showed an upward trend. The study area was most
severely affected by the drought during 2001-2010.

(4) A wide range of light drought events occurred in the
study area in the 1990s. Among these, the spring,
summer and winter experienced local drought in 1984,
2017, and 1982, respectively. In the summer and win-
ter seasons, local moderate drought occurred in 2001
and 1974, and the domain moderate drought in these
two seasons mainly occurred after 2000. Large-scale
severe drought events occurred in all seasons in a more
concentrated manner after 1993, and there was a local
extreme drought in the summer of 2010.
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