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Abstract

To clarify the distribution characteristics of drought disaster risk at different
temporal scales in Inner Mongolia, the SPEIbase v.2.6 dataset for Inner Mongo-
lia from 1949 to 2018 was selected, Theil-Sen trend analysis and Mann-Kendall
test were employed to analyze the spatiotemporal evolution characteristics of
meteorological drought, and based on the multi-year average drought intensity
and a weighted comprehensive evaluation model, drought disaster risk at an-
nual and seasonal scales in the study area was evaluated. The results indicate
that: both in terms of interannual variation and spatial distribution, the cli-
mate of Inner Mongolia at the annual scale and the three seasonal scales of
spring, summer, and autumn exhibits a significant drying trend; the study area
is dominated by medium and above levels of annual-scale drought disaster risk,
accounting for 71% of the total area. Specifically, high and very high risk ar-
eas are mainly located in Hulunbuir City and eastern Xilingol League; during
spring and summer, the spatial distribution of drought disaster risk in Inner
Mongolia shows a “high in the north, low in the south” pattern, with high-level
risk primarily located in the Xilingol Grassland and Alxa League, which is situ-
ated in an arid region; high-risk areas are significantly reduced in autumn and
winter, especially in winter, which is characterized by low and very low risk
in the northeastern region, consistent with the characteristics of drought trend
changes. The research results can provide a reference basis for drought disaster
risk management in Inner Mongolia.
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Abstract

To clarify the distribution characteristics of drought hazards across different
timescales in Inner Mongolia, this study utilized the SPEIbase v.2.6 dataset
for the region. Theil-Sen trend analysis and Mann-Kendall test methods were
employed to analyze spatiotemporal evolution characteristics of meteorological
drought. Based on the multi-year average intensity of drought and a weighted
comprehensive evaluation model, drought hazards were assessed at annual and
seasonal scales. The results demonstrate that both interannually and spatially,
the climate of Inner Mongolia shows a significant drying trend at annual and
seasonal (spring, summer, autumn) scales. The study area is dominated by
medium and above-grade annual-scale drought hazards, accounting for 71% of
the total area. High and extremely high hazard areas are primarily located
in Hulunbuir City and eastern Xilingol League. During spring and summer,
the spatial distribution of drought hazard exhibits a “north-high, south-low”
pattern, with high-grade hazards concentrated in the Xilingol grasslands and
Alxa League in the arid zone. In autumn and winter, high-grade hazard areas
decrease significantly, particularly in winter, which is characterized by low and
extremely low hazards in the northeastern region—consistent with the charac-
teristics of drought trend changes. These findings provide a scientific reference
for drought disaster risk management in Inner Mongolia.

Keywords: Inner Mongolia; Standardized Precipitation Evapotranspiration
Index (SPEI); drought; spatiotemporal characteristics; hazard assessment

Introduction

Global climate warming represents the most significant and severe environmen-
tal challenge humanity has faced to date, attracting widespread attention from
governments and the public worldwide as one of the most complex challenges
confronting human society. The Intergovernmental Panel on Climate Change
(IPCC) reports that global surface temperatures have risen approximately 1.5°C
above pre-industrial levels, with projections indicating this increase will reach
or exceed 2°C. China is among the countries most severely affected by drought
disasters globally, with high frequency, long duration, and extensive impact ar-
eas that have become critical constraints on economic development and social
progress. Annual drought-related losses in China reach 9.103x107{9}$ yuan,
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seriously threatening sustainable socioeconomic development and ecological civ-
ilization construction.

The role of disaster risk management in disaster prevention and mitigation has
become increasingly prominent, with drought hazard assessment as its core com-
ponent, providing comprehensive characterization of drought disaster intensity.
Current drought hazard assessment methods primarily construct probability
distribution functions based on drought frequency, intensity, and coefficient of
variation to estimate exceedance probabilities of different disaster levels. For
example, Zhang et al. analyzed spatiotemporal distribution patterns of drought
disasters during different developmental stages of winter wheat in North China
using phenological, meteorological, and yield data. Fei et al. employed precip-
itation anomaly percentage as a meteorological drought indicator to identify
drought processes through monthly precipitation data, analyzing spatiotempo-
ral distribution characteristics of drought hazards in China over the past 50
years. Tan et al. utilized the Standardized Precipitation Evapotranspiration
Index (SPEI) to analyze meteorological drought characteristics in Ningxia, con-
structing a weighted comprehensive evaluation model based on five drought
severity levels to assess drought-causing hazards.

However, existing drought hazard research has primarily focused on agricultural
drought, with relatively few studies on grassland drought hazards. As one of
China’ s four major grassland regions, Inner Mongolia serves as an important
base for agricultural and livestock product processing, a major grain production
area, and a crucial ecological barrier in northern China. Nevertheless, as a typ-
ical arid and semi-arid region highly sensitive to global climate change, Inner
Mongolia has experienced fluctuating precipitation decline and temperature in-
creases of 0.52°C per decade, with frequent drought disasters, increasingly acute
contradictions between forage and livestock, and increasingly severe grassland
degradation, desertification, and salinization, causing significant impacts on the
ecological environment and the production and livelihood of farmers and herders.
The drought situation in Inner Mongolia is extremely severe, making disaster
prevention work particularly urgent. However, current research on Inner Mongo-
lia has predominantly focused on drought monitoring and its impact assessment
on vegetation, with few studies conducting large-scale grassland drought hazard
assessments from a disaster risk science perspective. Therefore, this study com-
prehensively considers precipitation and evapotranspiration, selecting grid-scale
SPEI as a drought monitoring indicator to analyze spatiotemporal evolution
characteristics of drought in Inner Mongolia. Combined with multi-year aver-
age intensity of different drought grades and using a weighted comprehensive
evaluation model, this study provides a comprehensive assessment of drought
hazards in Inner Mongolia to offer theoretical support for regional drought risk
management.
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1.1 Study Area Overview

Inner Mongolia Autonomous Region is located in the mid-latitude inland area
of East Asia, geographically positioned between 97°12 -126°04 E and 37°24 -
53°23 N, spanning northwestern, northern, and northeastern China. The ter-
rain transitions from plains and mountains in the northeast to plateaus in the
southwest, alternating in arrangement and influencing atmospheric circulation
and redistribution of surface water and heat conditions, thereby affecting veg-
etation development and distribution and ultimately forming unique natural
conditions and resources. The region extends approximately 1,700 km from
east to west and 2,400 km from north to south, bordering eight provinces and
regions. Except for the northern section of the Greater Khingan Mountains,
which has a cold temperate continental monsoon climate, the remaining areas
have a temperate continental monsoon climate. The entire region is controlled
by the Mongolian high-pressure system, with long, cold winters and short, hot
summers influenced by the southeastern oceanic warm air mass. Spring temper-
atures rise rapidly, while autumn temperatures drop sharply. Annual sunshine
hours range from 2,500 to 3,400 hours; annual precipitation ranges from 100-
500 mm and is concentrated in summer, decreasing gradually from east to west;
the annual average temperature ranges from 0-8°C, increasing gradually from
east to west. Evapotranspiration in Inner Mongolia is equivalent to 2-8 times
the precipitation, reaching up to 20 times in some areas of Alxa League.

[Figure 1: see original paper]

1.2 Data Sources and Processing

This study employed the global gridded dataset SPElbase v.2.6, a
standardized precipitation evapotranspiration index dataset obtained
from the Spanish National Research Council institutional repository
(http://hdl.handle.net/10261/202305). The dataset has a temporal scale
of 1-48 months, spatial resolution of 0.5°, and was published in 2017. Precip-
itation and temperature data in the calculation were sourced from the CRU
TS V3.24.01 dataset, with potential evapotranspiration calculated using the
FAO-56 Penman-Monteith formula. Using the boundary of Inner Mongolia
Autonomous Region, monthly datasets for SPEI-12 (12-month scale) and
SPEI-3 (3-month scale) were extracted, creating grids with pixel sizes of
approximately 57 km, with format conversion performed, totaling 2,244 grid
points.

SPEI-12 reflects annual drought conditions, while SPEI-3 values corresponding
to March, June, September, and December reflect spring, summer, autumn, and
winter drought conditions, respectively. Based on this, the study established a
70-year dataset reflecting seasonal and annual drought conditions from 1949-
2018. According to the “Meteorological Drought Grade” standard (GB/T20481-
2017), drought grades were classified into five levels (Table 1).
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1.3.1 Theil-Sen Trend Analysis and Mann-Kendall Test

Theil-Sen trend analysis is a robust non-parametric calculation method used to
determine trends in long time series data. The calculation formula is:

B = median((x_j-x_i)/(j-1)) for alli < j

where 3 is the slope; x_i and x_j are sequence values at times i and j, respec-
tively; n is the sequence length. If 5 > 0, it indicates an upward trend; if 5 <
0, a downward trend; if § = 0, stability.

The Mann-Kendall (M-K) test is a rank-based non-parametric statistical
method effective for testing sequence trends and diagnosing abrupt changes,
widely applied in meteorological and hydrological sequence analysis. The
calculation formulas are:

For time series SPEI i (i = 1, 2, -+, n), construct the rank sequence S_k =
¥ {i=1}"k r_i where r_i = +1 when SPEI i > SPEI j (j = 1, 2, -, i),
otherwise r i = 0. Define the statistic UF_k = [S_k - E(S_k)]//Var(S_k),
where E(S_k) = k(k+1)/4 and Var(S_k) = k(k-1)(2k+5)/72. UF_k is the
forward statistic sequence. Given significance level a, if |[UF_k| > U_«, the
sequence shows a significant trend. By inverting the original time series and
repeating the calculation, UB_k = -UF_k + 1 is obtained as the backward
statistic sequence. Plotting UF_k and UB_k curves, if they intersect within
critical lines y = $+$1.96, the intersection point indicates an abrupt change
time.

1.3.2 Drought Hazard Assessment Model

This study used extracted grid data to calculate multi-year averages of differ-
ent drought grades and applied a weighted comprehensive model to compute
annual and seasonal drought hazard indices for Inner Mongolia. Based on the
drought grade classification criteria in Table 1, years with light, moderate, se-
vere, and extreme droughts were identified, and their corresponding SPEI values
were averaged to obtain the multi-year average intensity for each drought grade.
Weights were assigned and summed to obtain the hazard index for each grid
point for the entire year and four seasons. The calculation formula is:

H_{ij} =2 _{j=1}74 (M_{ij} x W_j)

where H_ {ij} is the drought hazard index (smaller values indicate greater haz-
ard); 1 is the grid point index; j is the drought grade index; M_ {ij} is the multi-
year average intensity of drought grade j at grid point i; W__j is the weight for
drought grade j. If a certain drought grade did not occur in a particular year,
it was not included in the weighted synthesis, so n values range between 1-4.

The natural breaks classification method identifies inherent natural groupings
in data to appropriately group similar values and maximize differences between
classes. Due to Inner Mongolia’ s large east-west span and significant regional
differences in hazard index distribution, the natural breaks method is well-suited
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for mapping non-uniformly distributed data values. Therefore, this study used
ArcGIS’ s natural breaks method to classify hazard indices into five levels: ex-
tremely low, low, medium, high, and extremely high (Table 2).

2.1 SPEIbase v.2.6 Applicability Analysis

Although SPEIbase is a global gridded product dataset that has undergone val-
idation during production, its capability to represent regional drought remains
uncertain, necessitating applicability analysis to ensure research accuracy. Pre-
vious studies using SPEIbase v.2.4 with meteorological station data from Inner
Mongolia showed correlation coefficients with observation-based SPEI values as
high as 0.89, indicating good applicability. The SPEIbase v.2.6 dataset used
in this study is an updated version providing higher precision and longer time
series drought information. Therefore, SPEIbase v.2.6 demonstrates good ap-
plicability in representing drought spatiotemporal distribution and hazards in
Inner Mongolia.

2.2.1 Drought Interannual Variation Characteristics

The interannual variation characteristics of SPEI-12 from 1949-2018 show an
overall significant downward trend (8 = -0.0222-a~!, P < 0.05), indicating
significant climate drying in the study area. SPEI-12 ranged from -1.99 to 1.49,
with maximum values in 1950 and minimum values in 1965. The 1950s-1970s
had more positive SPEI-12 values, indicating relatively humid periods, while the
1980s showed obvious alternating positive and negative values with mainly light
droughts. The 1990s experienced moderate droughts, and since 2000, SPEI-12
has shown a declining trend with significantly increased drought frequency and
intensity, dominated by moderate droughts. The year 2007 experienced severe
drought, marking the driest period in nearly 60 years in Inner Mongolia.

Seasonal drought interannual variations show different degrees of drying trends
across all four seasons (Figure 3). Spring SPEI-3 showed a significant declining
rate (-0.0216 - a~!, P < 0.05), indicating significant spring drying, with values
ranging from -1.88 to 1.87 and no significant abrupt change points. Summer
showed similar characteristics with a significant downward trend (-0.0138 - a™?,
P < 0.05). Autumn showed a non-significant declining trend (-0.0106 - a~1, P
> 0.05), with fewer drought events mainly occurring after the 1990s. Winter
showed a non-significant declining trend (-0.0029-a~1, P > 0.05), with relatively
humid periods at the beginning and end of the study period and droughts mainly
occurring in the 1960s-2000s. The 1990s was the most humid period.

[Figure 2: see original paper]
[Figure 3: see original paper]
2.2.2 Drought Trend Change Characteristics

Based on the SPEIbase v.2.6 dataset, Theil-Sen trend analysis calculated slope
values for the study area from 1949-2018, with Mann-Kendall test determining
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significance levels (Table 3). Results show alternating positive and negative
B values. All 3 values for SPEI-12 are negative, with 99.6% of grids passing
the 0.05 significance test, indicating overall drought trends across the study
area, with slopes gradually decreasing from central Inner Mongolia toward the
northeast and southwest.

Spring drought trend distribution resembles annual drought patterns, with
99.6% of 2,244 grids showing negative (8 values, 77.6% significantly decreas-
ing. Drying rates in central and western regions reached -0.024 to -0.036 -
a~!, indicating significant spring drying across Inner Mongolia. ~Summer
drought trends were milder than spring but still showed overall drying, with
high-value areas including Xilingol League, Ulanqab City, Baotou City, and
Bayannur City, gradually decreasing eastward and westward. Hulunbuir
City, Alxa League, and Ordos City showed slight drying trends but mostly
non-significant. Autumn had 1,446 grids showing decreasing trends, with 32.4%
significantly decreasing, mainly concentrated in Xilingol League, Chifeng City,
and Tongliao City with slopes of -0.018 to -0.024 -a~!. Most other areas showed
non-significant drying trends. Winter drought showed an obvious east-west
pattern, with 1,798 grids decreasing but few passing significance tests, mainly
distributed in central-eastern and northeastern regions showing non-significant
humid trends due to proximity to coastal monsoon areas where enhanced
subtropical high pressure in winter facilitates moisture transport inland.

[Figure 4: see original paper]
[Figure 5: see original paper]

2.3 Drought Hazard Assessment in Inner Mongolia

Drought disaster occurrence involves both the variation of drought-causing fac-
tors themselves and their impact on socio-economic systems. Clarifying spa-
tiotemporal evolution characteristics and systematically assessing drought haz-
ards are crucial for effective drought prevention. Based on the hazard assessment
model, spatial distribution maps of annual and seasonal drought hazard grades
were obtained. Results show annual-scale drought hazards are dominated by
medium grades, accounting for 71% of the study area. High and extremely high
hazard areas (12.3% and 4.7% of total area, respectively) are distributed in
Hulunbuir City and eastern Xilingol League due to high average intensities of
severe and extreme droughts. Medium hazards are distributed across all leagues
and cities, accounting for 54% of the total area. Low and extremely low hazards
are mixed, accounting for 29% of the total area. The extremely low hazard area
in the southwestern edge results from the absence of extreme drought events.

Due to high average intensities of severe and extreme droughts across regions in
spring, medium and high hazard grades are widely distributed, accounting for
62.3% of the study area. Southern areas without extreme drought events belong
to low and extremely low hazard categories. Notably, the Xilingol grasslands in
central Inner Mongolia are high-hazard areas; since spring is the grass revival
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period when vegetation resistance is weakest, drought events significantly impact
grass growth and development.

Summer hazard levels increase significantly, with high and extremely high haz-
ard grades accounting for 16.3% of the area, concentrated in Xilingol grasslands
and Alxa League. Low and extremely low hazard areas expand to 38.7% in
northeastern and southeastern regions. Northeastern areas show east-west dif-
ferences in hazard distribution, with higher indices in the east, including all
hazard grades.

Autumn high and extremely high hazard areas decrease by 7.4% compared to
summer, mainly concentrated in southern Tongliao City, Chifeng City, and
western Alxa League. Central-western and northeastern regions consist of low
and extremely low hazards, especially in the northern margin.

Winter low and extremely low hazard areas account for 78.1%, most signifi-
cantly in eastern regions, consistent with humid trends in these areas. High and
extremely high hazards decrease markedly, scattered sporadically at the region’
s edges.

Overall, seasonal drought hazards are dominated by medium grades without
obvious spatial patterns. Spring and summer show a “north-high, south-low”
distribution pattern, while autumn and winter are characterized by expanded
low and extremely low hazard areas in southern and northeastern regions.

[Figure 6: see original paper]
[Figure 7: see original paper]

3 Discussion

This study analyzed spatiotemporal variation characteristics of drought at dif-
ferent timescales in Inner Mongolia from 1949-2018. Results show a significant
drying trend, consistent with Wu et al. but differing in seasonal interannual
variations due to different indicators: Wu et al. used precipitation anomaly
percentage while this study used SPEI, which incorporates potential evapotran-
spiration. Research indicates that increased evapotranspiration raises regional
water demand, thereby intensifying drought. SPEI not only has multi-timescale
advantages but also reveals drought formation mechanisms. This study also
found significantly increased drought frequency and intensity in Inner Mongo-
lia since the 21st century, consistent with Qin et al., though the latter used
meteorological observation data while this study used spatial gridded product
datasets, which are more efficient by eliminating complex calculation processes.

Using multi-year average intensity of different drought grades and a weighted
comprehensive model, this study assessed drought hazards in Inner Mongolia.
Results show high-hazard areas in central and western Inner Mongolia, with
overall spatial patterns consistent with Zhao et al. and Zhang et al., who found
“north-high, south-low” patterns in grassland pastoral areas. This model, using
average intensities of different drought grades, is simple to calculate with easily
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obtainable data, enabling rapid post-disaster hazard assessment. However, its
limitation lies in considering only drought intensity as a parameter. Future work
will incorporate drought duration and other factors to optimize and improve the
model’ s comprehensive evaluation capability.

4 Conclusions

This study selected the SPEIbase v.2.6 dataset for Inner Mongolia Autonomous
Region, analyzed spatiotemporal evolution characteristics of meteorological
drought using Theil-Sen trend analysis and Mann-Kendall test, and comprehen-
sively evaluated regional drought hazards through multi-year average intensity
of different drought grades and a weighted comprehensive evaluation model.
The main conclusions are:

1) Interannual variation: SPEI-12 shows a significant declining rate of
-0.0222-a~! (P < 0.05), indicating significant climate drying, particu-
larly after 2000 with gradually increasing drought frequency and inten-
sity. Spring drought trends are most significant, followed by summer and
autumn, while winter shows non-significant drying trends.

2) Spatial patterns: Annual and spring drought trend patterns are similar,
dominated by significant decreasing trends gradually alleviating from cen-
tral regions toward both sides. Summer drought slope high-value areas
are mainly in central regions; autumn trends lean toward central-eastern
areas; northeastern regions show non-significant humidification trends in
winter.

3) Hazard distribution: The study area is dominated by medium hazard
grades. Annual-scale high-hazard areas are located in Hulunbuir City
and eastern Xilingol League. Spring and summer drought hazards show
a “north-high, south-low” pattern, with summer high and extremely high
hazard areas mainly in Xilingol grasslands and Alxa League. Autumn and
winter are characterized by expanded low and extremely low hazard areas
in southern and northeastern regions.
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