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Effective identification of drought-related events and quantitative analysis of
the spatio-temporal evolution of drought are essential for regional disaster
prevention and mitigation and sustainable development. Based on monthly
precipitation and average temperature data from 113 grid points in the Liaohe
River Basin (LRB) from 1961 to 2018, this study evaluated the standardized
precipitation evapotranspiration index (SPEI) on monthly, quarterly, 6-monthly,
and annual scales. Run-length theory was used to extract three characteristic
variables of drought—frequency, severity, and duration—for different grades of
drought. Linear regressions, Manner—Kendall mutation tests, correlations, and
other methods were used to analyze the spatio-temporal distribution
characteristics of the different levels of drought and their influencing factors.
Results from this research can provide a scientific reference for disaster
prevention and mitigation, water conservancy project planning and
construction, land space ecological restoration, and development and
protection in the LRB. Our results indicated the following: 1) overall, from
1961 to 2018, the short-term SPEI (monthly, quarterly) showed an upward trend
(0.06/103a, 0.01/103a), while the long-term SPEI (6-monthly, annual) showed a
downward trend (-0.01/103a, —0.3/103a), and the overall change occurred in
three stages, specifically stable—decline—increase. From a seasonal point of
view, the SPEI in spring, summer, and autumn showed an upward trend, and
although the SPEI showed multiple mutations during all seasons, they were not
significant (p > 0.05). 2) Moderate drought occurred the most frequently
(32 times) and was concentrated in the northern and western parts of the
LRB. The severity of extreme drought in the upper reaches of the Chagan Mulun
River was low, with a minimum SPEIl of —-7.07, and the durations of mild,
moderate, severe, and extreme drought were 2, 2-25 2-3, and
3-4 months, respectively. 3) SPEI-1 (monthly) showed the strongest
correlation with precipitation and air temperature, which decreased with
increasing time frames, such that SPEI-12 (annual) showed the weakest
correlation. The correlations between SPEI and precipitation at different time
scales were all highly significant (p < 0.01), and the correlation strength was
much greater than that for air temperature, indicating that precipitation had the
most significant impact on drought conditions in the LRB.
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1 Introduction

Since the 1990s, the frequency and intensity of extreme
climate events have been increasing globally under the
effects  of
conditions, and human activities (Omer et al., 2020). Drought

combined changing climate, environmental
is an extreme and common natural disaster (Hao et al., 2014;
Spinoni et al, 2014). Unlike other climate events, droughts
develop slowly and severely impact human life, the ecological
environment, and socio-economic development (Xu et al., 2019;
Mondol et al, 2021). Economic losses caused by droughts

account for more than half of all meteorological disasters

worldwide. From 1983 to 2009, production from
approximately 454 million hectares of arable land was lost
owing to droughts, resulting in economic losses of

US$166 billion (Kim et al., 2019). In China, disaster areas and
food losses caused by droughts are increasing, and the average
annual direct economic losses are estimated to be as high as
25 billion yuan (Qin, 2015). Increased temperature and
precipitation variations have led to increased uncertainty in
drought studies. Therefore, effective identification of drought
events and quantitative analysis of their temporal and spatial
evolution is needed to enable disaster prevention and mitigation
and to ensure sustainable regional development.

Currently, drought monitoring is conducted mainly using the
time series of drought indicators to identify and characterize the
occurrence and development of regional droughts. The Palmer
Drought Severity Index (PDSI) the Standardized
Precipitation Index (SPI) are widely used drought indicators.

and

The PDSI evaluates drought based on regional rainfall,
evapotranspiration (ET), runoff, soil moisture, and other
parameters at a fixed time scale. Therefore, the complexity of
drought is considered, but calculating the PDSI is complex and
requires extensive data (Palmer, 1965; Alley, 1984; Yang et al,,
2018). The SPI assesses regional drought based on only
precipitation data, with a flexible time scale (Kumar et al,
2021). The standardized precipitation evapotranspiration
index (SPEI) is more flexible because it is based on the SPI
calculation but combines precipitation and evapotranspiration,
thus, making up for the shortcomings of PDST’s fixed time scale
and numerous required parameters (Stagge et al., 2015; Tan et al.,
2015). Drought studies in Northeast China and the Qaidam
Basin have shown that compared with the SPI and PDSI, the SPEI
is more usable and flexible, more sensitive to temperature, and
more accurately captures drought characteristics (Zhao et al,
2017; Pei et al,, 2020). Ullah et al. (2021) pointed out in the
assessment of meteorological drought in Iran that the SPEI could
capture more drought events than the SPI. Therefore, the SPEI
was selected in the present study to monitor and identify drought
events in the Liaohe River Basin (LRB) in China.
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The LRB is an important agricultural production base in
Northeastern China, associated with a high demand for water
(Wang et al, 2020) despite the serious shortage of water
resources. The per capita water resource of this area is only
530 m?, less than half of the national level (Liu et al., 2012). The
rapid industrial development has further exacerbated the water
resource shortage (Song et al., 2015; Wang et al., 2020). Water
shortages combined with droughts pose a serious threat to
regional food security and economic development. Therefore,
this study used the precipitation and temperature data of 113 grid
points in the LRB to calculate its SPEL. Run-length theory was
used to extract characteristic variables, such as drought
frequency, severity, and duration. Methods such as linear
regressions, M-K mutation tests, and correlations were used to
analyze the spatial and temporal distributions of drought. The
study aimed to provide a basis for disaster prevention and
mitigation, enable the rational allocation of water resources
and optimize ecological and environmental protection policies
in the basin.

2 Study area and data
2.1 Study area

The Liaohe River (40°30" N, 117°00" E-45°10" N, 127°30" E)
originates from Guangtou Mountain in the Qilaotu Mountains in
Pingquan, Hebei Province, flows through Hebei Province, Inner
Mongolia Autonomous Region, Jilin Province, and Liaoning
Province, and finally enters the Bohai Sea from Panshan
County, Liaoning Province. In total it is 1,345 km long and
has a drainage area of 219,000 km> (Zhao et al, 2018;
Figure 1). Its tributaries, the Taizi, Hun, Dongliao, West
Liaohe, Laoha, Xilamulun, and Chagan Mulun Rivers, are
distributed in a dendritic shape (Li et al., 2012). The southern
part of the LRB is adjacent to the Bohai and Yellow Seas, the
southwestern part is adjacent to the Inland and Hailuan Rivers in
Inner Mongolia, and the northern part is adjacent to the Songhua
River. The basin has a typical temperate continental monsoon
climate, with cold and dry winters and hot and humid summers.
The average annual temperature and precipitation range from
4 t0 9°C and 400 to 1,100 mm, respectively. There are significant
seasonal differences in precipitation, which is concentrated in
July, August, and September, mainly as heavy rain, with a small
amount of snowmelt in winter (He et al., 2015; Gao et al., 2017).
The terrain of the basin is high in the north and low in the south,
with slopes from the east and west to the Liaohe Plain in the
middle (Jiang and Wang, 2016). The climate-ecological
environment of the LRB is complex, with diverse vegetation
types. However, the ecological environment of the basin has been
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FIGURE 1
Geographical location and DEM of LRB.

disrupted in recent years owing to anthropogenic influences,
which have even caused the river to stop flowing at times.

2.2 Data sources

The monthly precipitation and average temperature data
used in this study were obtained from grid data with a spatial
resolution of 0.5° provided by the China Meteorological Data
Service Centre, with a time range from 1961 to 2018. There are
113 grid points in the LRB. Elevation data were a digital elevation
product of SRTMDEM 90M resolution obtained from Geospatial
Data Cloud. The DEM of the LRB was extracted using ArcGIS
software.

3 Research methods

3.1 Drought index

Drought indices are basic tools that can be used to monitor
drought conditions quantitatively. For example, the SPEI,
proposed by Vicente-Serranosm et al., in 2010, is a commonly
used index for evaluating meteorological drought (Xu et al,
2020). Potential evapotranspiration (PET) was calculated using
the Thornthwaite method.

SPEI-1, SPEI-3, SPEI-6, and SPEI-12 were used to
characterize the monthly, quarterly, 6-monthly, and annual
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TABLE 1 Range of SPEI values corresponding to different drought
grades.

SPEI value Drought grade
SPEI > -0.5 normal condition
(-1, -0.5) mild drought

(1.5, -1) moderate drought
(-2, -1.5) severe drought
SPEI < -2 extreme drought

drought conditions in the LRB, respectively. According to the
national standard of Grades of Meteorological Drought (GB/T
20,481-2017) of the People’s Republic of China (National
Standardization Management Committee of China, drought
can be divided into five grades: normal conditions and mild,
moderate, severe, and extreme drought (Table 1).

3.2 Identification of drought characteristic
elements

The run-length theory was used to identify drought events
and judge drought and flood conditions (Zhang et al., 2022). Any
SPEI value less than the threshold, X, (Figure 2), was recorded as
a drought event. A total of five drought events occurred during
the time period, t, which were recorded as events a, b, ¢, d, and e.
If the drought duration was confined to only one period (such as
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FIGURE 2
Schematic diagram of extracting drought characteristic
elements by run-length theory.

a and b), and its SPEI value was less than X5 (such as b), it was
recorded as a drought event, but otherwise (such as for a), it was
not. If the SPEI value of the interval between two adjacent
drought events, such as d and e, was less than X,, the two
adjacent droughts were regarded as a single drought event, with
the combined drought duration T = T,-T;+1, and drought
severity S=SPEI. + SPEly; otherwise, it was recorded as two
independent drought events. According to this definition of
drought events, there were three drought events, namely b, ¢,
and d + e (Figure 2). As the SPEI value is negative, the severity of
drought increases with a decrease in the index’s value.

The thresholds were selected based on the SPEI values
associated with the different drought grades (Table 1). Based
on the SPEI-1, run-length theory was used to identify and analyze
the frequency, severity, and duration of different drought grades
and to quantify the drought characteristics.

3.3 Analysis method of drought spatio-
temporal characteristics

Univariate linear regression analyses were used to assess the
variation trends in SPEI at different time scales. Linear regression
is commonly used to analyze the linear relationship between
independent (x) and dependent variables (y). The calculation
formula was based on Uyanik’s method (Uyanik and Giiler,
2013).

The Mann-Kendall (M-K) method is typically used to test
randomly distributed time series data. This test has a low
sensitivity to outliers. In this paper, the MK test was used to
assess the change trend of SPEI-3 and -12, and +1.96 was selected
as the significance level to judge whether the change in the SPEI-3
and -12 sequence was significant. The calculation formula was
derived from Zhang et al. (2021).
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The Pearson product-moment correlation coefficient is
usually used to reflect the degree of linear correlation between
The value of P
between —1 and 1. The closer |P| is to 1, the stronger the

two meteorological elements. ranges
correlation between the two meteorological elements. The
formula for the calculation of the coefficient was derived from
Jain et al. (2015). Correlation analyses of SPEI-1, SPEI-3, SPEI-6,
and SPEI-12 with precipitation and air temperature were carried
out using Pearson’s correlation coefficient.

Inverse distance weighting (IDW) is a commonly used spatial
interpolation method in regional drought analysis. It is a
deterministic spatial interpolation method based on the
principle of similarity and proximity (Chen et al, 2017). In
ArcGIS, IDW was used to spatially interpolate the drought
characteristics of the LRB from 1961 to 2018 to analyze
spatial distribution characteristics.

4 Results

4.1 Temporal variation characteristics of
drought

Annual (SPEI-12) and quarterly (SPEI-3) SPEI in the LRB from
1961 to 2018 were subjected to trend analyses and the M-K
mutation test. SPEI-12 decreased at a rate of 0.0514/10a, and
presented four periods of normal-wet-dry-wet, corresponding to
1961-1983, 1984-1996, 1996-2010, and 2011-2018, respectively
(Figure 3A). Post 1995, the severity and frequency of droughts and
floods in the LRB have increased. A prolonged severe drought
occurred from 1996 to 2010, with SPEI values of —1.56 and —1.6 in
2000 and 2009, respectively. From 2011 to 2018, a wet period was
observed. Based on the UF values, the SPEI showed a significant
downward trend from 1997 to 2001 (p < 0.05; Figure 3A).

In spring, the SPEI increased at a rate of 0.0518/10a and
presented four periods of dry-wet-dry-wet (Figure 3B). A
prolonged dry period was noted during 1998-2013, and the
lowest spring SPEI value in nearly 60 years (—2.07) was identified
in 2002. Additionally, the SPEI value experienced several sudden
changes from 1985 to 1998, indicating that the dry and wet
conditions were unstable. The abrupt changes in 1968 and
2014 changed the conditions in the LRB from dry to wet.

The SPEI increased at a rate of 0.0737/10a in summer but
fluctuated greatly, with frequent changes between wet and dry;
three abrupt changes, in 1962, 1991, and 1999, were noted
(Figure 3C).

The SPEI in autumn decreased at a rate of 0.0368/10a, with a
severe drought event in 1991, when the SPEI was -1.76. A total of
five mutations occurred during the study period, and the UF
values in 1969-1989 and 1996-2018 were all above 0, indicating
that SPEI showed an overall upward trend (Figure 3D).

The winter SPEI, which increased at a rate of 0.0324/10a, was
divided into three stages of dry-wet-dry, corresponding to
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FIGURE 3

SPEI changes and M-K mutation test in the LRB from 1961 to 2018. (A) is the annual change trend and M-K mutation test of SPEI. (B—E) are the
spring, summer, autumn and winter changes and M-K mutation test of SPEI, respectively.

1961-1970, 1971-1995, and 1996-2018, respectively (Figure 3E).
The SPEI in winter had multiple mutations. The mutation years
mainly occurred before 1985. No significant mutations in SPEI
were found across all four seasons (p > 0.05).

4.2 Spatial variation of drought
characteristics

4.2.1 Drought frequency

The frequency of different grades of drought in the LRB
varied substantially in space (Figure 4). Overall, the frequency of
mild drought was relatively high (Figure 4A). The frequency of
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mild droughts in the East Liaohe River Basin, the lower reaches of
the West Liaohe River Basin, and the Chagan Mulun River Basin
was relatively high, with the highest frequency of 29 noted in the
middle reaches of the East Liaohe River during the study period.
The drought frequency in the Hunhe and Taizi River Basins
and the headwaters of the Xilamulun River was relatively low,
with the lowest being 8 in the northern Liaohe River Basin.
Moderate droughts occurred the most frequently (slightly
more often than mild droughts), with relatively little spatial
variability (Figure 4B). The western and northern parts of the
LRB had a higher frequency of moderate droughts, with the
middle reaches of the Xilamulun River having the highest
frequency (32), and the East Liaohe River Basin a
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FIGURE 4

Spatial frequency distribution of different grades of droughts from 1962 to 2019. (A) is mild drought, (B) is moderate drought, (C) is severe

drought, (D) is extreme drought.

Moderate drought

Extreme drought

comparatively lower frequency (13). Severe droughts were
most frequent (20) in the south and least frequent (4) in the
north (Figure 4C). The frequency of extreme droughts was
higher in the East Liaohe River Basin and the northwest of the
LRB, occurring up to 12 times. In the Liaohe and Laoha River
estuaries, extreme droughts were the least frequent, occurring
a minimum of two times (Figure 4D).

4.2.2 Drought severity

A decreasing trend in the SPEI value represents an
increasing trend in drought severity. Overall, mild droughts
in the LRB were more severe in the east, less severe in the west,
and most severe in the middle reaches of the Laoha River
(SPEI =-1.79; Figure 5A). Moderate droughts were less severe
in the north and more so in the south, while drought severity
in the Hunhe and Laoha River Basins was high (SPEI = -2.58;
Figure 5B). Severe droughts were most severe in the upper
reaches of the Xilamulun River and the lower reaches of the
Xiliao River, with the lowest SPEI value being -5.24
50). with an SPEI value
below —2.5 accounted for only 2.65% of the study area.

(Figure However, regions

Extreme droughts were quite severe in the northwest of the
LRB, with the lowest SPEI value being —7.07 (Figure 5D), but
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this was quite localized, with only 4% of the total area of the
LRB having an SPEI value of less than —6.

4.2.3 Drought duration

Drought duration has a direct impact on regional drought
status. When the drought grade is low but the duration is very
long, the impact becomes more serious. Therefore, studying
drought duration is essential for evaluating the drought status
in a given area. For the LRB, the drought level and duration were
positively related, such that the more severe the drought level
was, the longer the duration of each drought was. The duration of
mild droughts remained stable at 2-2.11 months. There was little
spatial heterogeneity (Figure 6A). The duration of moderate
droughts ranged from 2months (in the eastern LRB) to
3.5 months (in the southern LRB and southern Chaganmulun
River Basin; Figure 6B). The duration of severe droughts ranged
from 2 months (in the northeastern Liao River Basin) to
5months (in the Xilamulun and West Liao River Basins;
Figure 6C). The shortest extreme droughts occurred in the
Xilamulun and southern Taizi River Basins (3 months) while
the longest ones occurred in the northwest of the LRB and in the
lower reaches of the West Liaohe River (up to 6.22 mo;
Figure 6D).
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FIGURE 6
Spatial distribution of drought duration at different drought levels from 1961 to 2018. (A) is mild drought, (B) is moderate drought, (C) is severe

drought, (D) is extreme drought. (Numerical unit: month).
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Spatial distribution of the Pearsons correlation between SPEI and precipitation and air temperature at different time scales from 1961 to 2018. (A,

C, E, G) are the Pearson correlations between SPEI-1, SPEI-3, SPEI-6, SPEI-12 and precipitation respectively; (B, D, F, H) are the Pearson correlations
between SPEI-1, SPEI-3, SPEI-6, SPEI-12 and temperature respectively.

4.3 Correlation between multi-scale temperature, and the level of correlation with both
drought index and climatic factors meteorological elements varied spatially. SPEI-1 had the
strongest correlation with precipitation and air temperature,

The spatial distribution of the correlations between SPEI and but increased time frames made this relationship progressively
temperature and precipitation at different time scales is shown in weaker. Across all time frames, the correlation between SPEI and
Figure 7. The SPEI was positively correlated with precipitation precipitation presented a decreasing trend from southeast to
and negatively correlated with air temperature across all the time northwest (Figures 7A,C,E,G). The correlation between SPEI-1
scales. SPEI correlated more strongly with precipitation than air and precipitation in the southeast of the LRB was the strongest,
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reaching 0.4055 (Figure 7A). The correlation between SPEI and
air temperature across all the time frames was high in the middle
and low on both sides (Figures 7B,D,F,H). Among them, SPEI-1
had the strongest correlation (-0.0767) with air temperature in
the middle of the LRB (Figure 7B). Across all time frames, the
SPEI correlated significantly with precipitation (p < 0.01), but
SPEI-1 correlated significantly with temperature (p < 0.05) for
only some areas (accounting for 7% of the LRB).

5 Discussion

In a natural state, meteorological drought is the only external
factor that drives hydrological and agricultural drought.
Therefore, the quantitative analysis of temporal and spatial
variations in meteorological drought forms the basis for
understanding regional drought conditions. Some studies have
indicated that China may be undergoing a drying trend as a
whole, wherein the drought trend in the northeast has intensified,
and the center of drought intensity in the northeast is gradually
shifting to the Liaoning region (Shao et al., 2018; Zhao et al,,
2020). Therefore, based on the multi-time-scale SPEI, this study
explored the spatial and temporal distribution characteristics and
influencing factors of drought in the LRB during the past
60 years. The results showed that the LRB as a whole is
becoming more arid, which is consistent with other research
results.

The present study showed that the higher the level of
drought, the less frequent and severe they are, and the longer
they persist. That is, extreme droughts occurred the least, had the
lowest severity (within that level of drought), and continued the
longest. Cavus and Aksoy (2020) constructed a drought severity/
intensity-duration-frequency curve (S/IDF) and found that the
higher the grade of drought in the Seyhan River basin, the lower
the frequency, the longer the duration, and the lower the severity.
Wang et al. (2015) proposed that in the Huang Huai Hai Plain,
severe droughts were most commonly long-term events, as a
long-term water deficit reduces the severity of drought but
eventually leads to an increase in the level of drought, which
is consistent with the results of this study. However, Han et al.
(2021) and Zhang et al. (2015) pointed out that drought in the
west of China has a higher frequency, longer duration, and lower
severity than drought in eastern China. In the analysis of drought
characteristics, this study only divided drought grades based on
drought severity to analyze the spatial distribution of drought
frequency, severity, and duration. Therefore, the relationship
between drought characteristics still needs to be elucidated.

The evolution of drought is influenced largely by changes in
precipitation and temperature. Quantitative analysis of the
relationship of SPEI with precipitation and temperature
indicated that the drought conditions in the LRB were highly
dependent on regional precipitation, which showed a significant
negative correlation with the drought index. This may be
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attributed to the temperate continental monsoon climate and
the significant seasonal variation in precipitation in the LRB
(Yuan et al., 2021), which means that the climatic conditions of
the basin are very much determined by changes in precipitation.
Guo et al. (2020) showed that variations in droughts are
the
distribution of precipitation and that areas with excessive

significantly ~correlated with temporal and spatial
precipitation have a significantly negative correlation with
drought indicators, agreeing with the results of the present
study. Because the causes of drought are extremely complex,
the effects of different meteorological factors on the drought
conditions affecting the LRB need further investigation.
Although the current study only discusses the influence of
precipitation and temperature on drought conditions in the
LRB, droughts can be induced by various meteorological
factors. Their formation mechanisms are complex, with
different factors exerting different degrees of influence on
drought characteristics. Therefore, future research should
consider other influencing factors, such as relative humidity,
sunshine hours, and average wind speed, to improve the research
content (Shen et al,, 2017; Zhang et al., 2020). At present, climate
warming and the impact of human activities lead to more
complex drought formation mechanisms. Therefore, moving
forward, the impact of underlying surface changes and human
activities on drought should be considered (Xie et al., 2021).
As climate warming and drying trends intensify, extreme
drought events are likely to continue increasing. Thus,
emergency response and management plans for droughts may
play an important role in regional development. As foundational
research, the outcomes of this research have value in the
following contexts: 1) The LRB, especially the West Liache
River Basin, is an important sand-control and sand-fixing area
for shelter forests in North China and Northeast China. Due to
the causal relationship between drought, wind erosion, organic
matter removal, and desertification, this work supports the
formulation of sand control and sand fixation policies. 2)
Highlighting the need for the protection and responsible
utilization of water resources, the planning and construction
of water conservancy projects, and the formulation of water
safety policies in the LRB. 3) Promoting the territorial and spatial
planning of the LRB, which highlights “the whole area, the whole
element, and the whole process” concept. This is especially
important for ecological restoration and management,
construction of the ecological security pattern, and the
rational layout of the ecological, production and living spaces.
The LRB is located in a semi-humid to humid area, where public
awareness of disaster prevention and mitigation and drought
early-warning  forecasting, =~ emergency  response, and
management capabilities are poor. If not improved in time,
these will seriously affect agriculture and the social economy
(Chen et al,, 2018). Therefore, relevant departments should raise
awareness and attach great importance to issues such as crop

drought resistance and water resource management and
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allocation in order to reduce the damage associated with
droughts.

6 Conclusion

This study used the monthly precipitation and monthly
average temperature grid point data (0.5° x 0.5°) in the LRB
from 1961 to 2018 to calculate the multi-time-scale SPEI, and
analyze the spatial and temporal distribution characteristics and
influencing factors of drought. The following conclusions were
reached:

(1) From 1961 to 2018, the annual SPEI decreased at 0.0514/10a.
This trend was significant from 1997 to 2001. Seasonally, the
SPEI in spring (0.0518/10a), summer (0.0737/10a), and
winter (0.0324/10a) showed an upward trend; multiple
mutations occurred, but no significant trends were observed.

(2) Concerning the frequency of droughts, the frequency of mild
droughts in the northern LRB was relatively high, with a
maximum of 29 occurrences. The frequency of extreme
droughts was similar to that of mild droughts; the highest
frequency was 12. In the northern and western parts of the
LRB, the frequency of moderate droughts was the highest,
with a maximum of 32 occurrences. In the southern part of
the LRB, the frequency of severe droughts was the highest,
with a maximum of 20 occurrences.

(3) Regarding drought severity, mild and moderate droughts
gradually increased from west to east and from south to
north, respectively. Severe droughts in the north of the
Xilamulun and Xiliao River Basins were comparatively
more severe, with an SPEI value as low as —5.24. Also, the
upper reaches of the Chagan Mulun River experienced
extreme drought, with the lowest SPEI value being —7.07.

(4) Concerning the drought duration, 79% of the regions
experienced a mild drought that lasted for 2°months, with
the longest duration of mild droughts being 2.11 months. In
96% of the regions, the duration of moderate droughts was
2-2.5 months, while the longest duration was 3.5 months.
Severe droughts lasted for 2-3 months in 65% of the regions,
while the longest duration was 5 months. The duration of
extreme drought in 88% of the regions was 3-4 months,
while the longest duration was 6.22 months.
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