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Abstract: Drought presents significant challenges in arid regions, influencing local climate
and environmental dynamics. While the large-scale climatic phenomena in Xinjiang,
northwest China, are well-documented, the finer-scale climatic variability in subregions
such as the Ili River Valley (IRV) remains insufficiently studied. This knowledge gap
impedes effective regional planning and environmental management in this ecologically
sensitive area. In this study, we analyze the spatiotemporal evolution of drought in the
IRV from 1961 to 2023, using data from ten meteorological stations. The SPEI drought
index, along with Sen’s trend analysis, the Mann–Kendall test, the cumulative departure
method, and wavelet analysis, were employed to assess drought patterns. Results show
a significant drying trend in the IRV, starting in 1995, with frequent drought events from
2018 onwards, and no notable transition year observed from wet to dry conditions. The
overall drought rate was −0.09 per decade, indicating milder drought severity in the IRV
compared to broader Xinjiang. Seasonally, the IRV experiences drier summers and wetter
winters compared to regional averages, with negligible changes in autumn and milder
drought conditions in spring. Abrupt changes in the drying seasons occurred later in
the IRV than in Xinjiang, with delays of 21 years for summer, and over 17 and 35 years
for spring and autumn, respectively, indicating a lagged response. Spatially, the western
plains are more prone to aridification than the central and eastern mountainous regions.
The study also reveals significant differences in drought cycles, which are longer than
those in Xinjiang, with distinct wet–dry phases observed across multiple time scales and
seasons, emphasizing the complexity of drought variability in the IRV. In conclusion, the
valley exhibits unique drought characteristics, including milder intensity, pronounced
seasonal variation, spatial heterogeneity, and notable resilience to climate change. These
findings underscore the need for region-specific drought management strategies, as broader
approaches may not be effective at the subregional scale.

Keywords: Ili River Valley; climate change; meteorological drought; spatiotemporal evolution

1. Introduction
Climate extremes, including droughts, have become critical global challenges due to

the intensification of global warming [1,2]. The sixth Intergovernmental Panel on Climate
Change (IPCC) report highlights that the global annual average surface temperature has
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risen by 1.09 ◦C over the past century [3,4]. These temperature changes are reflected in the
increasing frequency of extreme climate events, particularly severe droughts [5]. Droughts
are among the most devastating natural disasters worldwide, causing substantial economic
and social disruption [6,7]. They are characterized by prolonged periods of abnormally
low precipitation and high evapotranspiration, and are especially destructive in terms of
water resources, agricultural productivity, and ecological stability [8–14]. Furthermore,
meteorological droughts significantly affect vegetation productivity, influencing terrestrial
carbon storage and the global carbon cycle [15–17]. Thus, droughts exacerbated by global
warming have become one of the most pressing concerns worldwide.

Arid and semi-arid regions, with their unique geographical locations and fragile eco-
logical environments, face unprecedented challenges due to rising temperatures [18,19].
The spatiotemporal patterns of drought are complex and vary across different regions.
While some semi-arid and arid areas experience more frequent droughts, others may
face increased precipitation or fluctuating drought patterns [20,21]. These patterns are
influenced by regional climate variability, atmospheric circulation, and oceanic conditions,
such as the El Niño–Southern Oscillation (ENSO) [22]. Previous studies have documented
significant regional variations in drought patterns. For example, precipitation has increased
in southern Asia, southern Africa, and the northeastern drylands of North America, while
severe droughts have been observed in central North America, southwestern South Amer-
ica, eastern Africa, and western Asia [23–26]. China, particularly its northwestern regions,
has experienced considerable drought-related challenges, necessitating comprehensive
scientific investigation [27,28]. Recent studies have focused on understanding the trends,
causes, and effects of drought in this region to inform better management and mitigation
strategies [29–31]. While these studies contribute to a broader understanding of drought
dynamics, most focus on large-scale regions, often overlooking localized areas with dis-
tinct geographical and topographical features. To address this gap, detailed analyses are
required to explore the spatiotemporal variability in drought incidence in these subregions.

The Ili River Valley, located in the semi-arid region of northwestern China
within the Xinjiang Uygur Autonomous Region, is a vital agricultural and pastoral
base [27,32]. The valley features a unique vertical natural zonation, rich vegetation re-
sources, and serves as a critical ecological barrier [33,34]. Designated as one of China’s five
Key Terrestrial Biodiversity Areas, it is increasingly vulnerable to ecosystem degradation
driven by climate change [35,36]. This ecological fragility necessitates urgent interventions
to preserve its valuable resources. While previous studies have aimed to understand the
climatic characteristics of the Ili River Valley, most have relied on individual case analyses
or mean values averaged over extended periods, resulting in a lack of a comprehensive
understanding of the region’s drought characteristics.

This study aims to address this gap by (1) quantifying drought severity in the Ili
River Valley using the Standardized Precipitation Evapotranspiration Index (SPEI) to
objectively assess meteorological drought conditions; (2) analyzing spatial and temporal
trends, along with long-term drought characteristics in the Ili River Valley from 1961 to 2023,
utilizing Sean’s trend analysis, the Mann–Kendall test, and the cumulative anomaly method;
(3) employing wavelet analysis to visually depict the periodicity and long-term patterns of
drought in the region.

2. Materials and Methods
2.1. Trial Area

The Ili River Valley (specifically referring to the upper reaches of the Ili River, China)
is located within the temperate continental semi-arid climate zone (42◦14′16′′~44◦53′30′′;
80◦09′42′′~84◦56′50′′). The region features a western-facing, trumpet-shaped topography,
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with the north, east, and south sides bordered by the Tianshan Mountains (Figure 1). This
unique terrain allows for annual moisture influx from the Atlantic Ocean, resulting in a
warm and humid climate distinct from the more arid and semi-arid regions of Xinjiang. The
mean annual temperature is 10.4 ◦C, with total annual precipitation averaging 417.6 mm,
reaching up to 1000 mm in high-altitude areas [35]. Due to these conditions, the region
is often referred to as the “Independent Wet Island” and is recognized as the area with
the highest precipitation in Xinjiang. Additionally, the mountains to the north and south
block hot, dry airflows from the Gurbantunggut and Taklamakan Deserts, as well as cold,
dry airflows from Siberia [35]. Abundant precipitation and seasonal melting from the
western Tianshan Mountains play a significant role in water circulation and ecological
stability within the region. Rich in water resources, the area also supports high biodiversity
and well-developed agriculture [37], serving as a critical ecological buffer in northwest
China [35].
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2.2. Data Acquisition and Processing

To characterize the fundamental climatic patterns of the Ili River Valley and cal-
culate the Standardized Precipitation Evapotranspiration Index (SPEI), this study uti-
lized meteorological data obtained from the China Meteorological Data Service Center
(https://data.cma.cn/en, accessed on 5 February 2024). Data were collected from ten
representative meteorological stations, as shown in Figure 1. These stations are spatially
distributed to adequately represent the key meteorological conditions across the Ili River
Valley. The meteorological parameters include daily maximum and minimum temper-
atures, precipitation, relative humidity, wind speed, and sunshine duration, with data
organized by month and season. Seasons are defined as follows: spring (March to May),
summer (June to August), autumn (September to November), and winter (December of the
current year and January to February of the following year). All data underwent rigorous
quality control procedures, including the removal of physically impossible values, statisti-
cal outlier detection using the standard deviation method, and temporal interpolation for
missing values.

2.2.1. Standardized Precipitation Evapotranspiration Index (SPEI)

The SPEI, proposed by Vicente-Serrano et al. [38], integrates the advantages of the
Palmer Drought Severity Index (PDSI) and the Standardized Precipitation Index (SPI) by
incorporating potential evapotranspiration. This makes the SPEI particularly suitable for
studying drought under global warming conditions and has led to its widespread adoption
for calculating drought indices globally. The calculation steps for SPEI are as follows:

(1) Calculation of the hydrothermal balance:

Di = Pi − (PETi) (1)

where Di is the cumulative value of the difference between precipitation Pi and potential
evapotranspiration PETi in the calculated time scale; in this study, the Penman–Monteith
model [39] was used to calculate the regional potential evapotranspiration rate. Equation:

PET =
0.408∆(Rn − G) + γ(900/T + 273)U2(ea − ed)

∆ + γ(1 + 0.34U2)
(2)

where Rn is net radiation at the surface (MJ/(m2·d), estimated using sunshine duration
data and the Angström formula; G is soil heat flux density (MJ/(m2 d)), estimated as a
fraction of net radiation based on FAO-56 guidelines; γ is psychrometric constant (kPa/◦C),
calculated based on atmospheric pressure; T is mean temperature (◦C); U2 is wind speed
at 2 m altitude (m/s); ∆ is a slope vapor pressure curve (kPa/◦C), calculated using mean
air temperature following the FAO-56 methodology; ea is saturated water vapor pressure
(kPa), computed using maximum and minimum temperatures; ed is actual water vapor
pressure (kPa), derived from relative humidity measurements.

(2) Constructing cumulative sequences of water surplus and deficit at different
time scales: 

Dk
i,j =

j
∑

i=13−k+j
Di,j +

j
∑

l=1
Di,l j < k

Dk
i,j =

j
∑

i=j−k+1
Di,j j ≥ k

(3)

where Dk
i,j is the difference in cumulative precipitation evapotranspiration in k months

from the j month of the i year.

https://data.cma.cn/en
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(3) Normalize fitting the Di data series. There may be negative values in the original data
sequence Di; therefore, the log-logistic probability distribution with three parameters
is adopted:

f(x) =
β

α

(
x − γ

α

)β−1
[

1 +
(

x − γ

α

)β
]−2

(4)

where f(x) is a probability density function, α, β and γ are scale parameters, shape param-
eters and origin parameters, respectively. The above parameters can be obtained by the
linear moment method. On this basis, the cumulative probability under a given time scale
can be obtained according to the following formula:

F(x) =

[
1 +

(
α

x − γ

)β
]−1

(5)

(4) Normalization of cumulative probability density:

P = 1 − F(x) (6)

when the cumulative probability P ≤ 0.5: ω =
√
−2ln(p)

SPEI = ω− c0 + c1ω+ c2ω
2

1 + d1ω+ d2ω2 + d3ω3 (7)

where c0 = 2.515517, c1 = 0.802853, c2 = 0.010328, d1 = 1.432788, d2 = 0.189269, d3 = 0.001308.
When the cumulative probability p > 0.5, P is represented by 1 − P:

SPEI = −
(
ω− c0 + c1ω+ c2ω

2

1 + d1ω+ d2ω2 + d3ω3

)
(8)

SPEI is a standardized drought index with multiple time scales, and the corresponding
drought grade division refers to the standard table of SPEI drought grade division (Table 1).
In this paper, SPEI1, SPEI3, and SPEI12 were used to analyze the variation in drought
trend with time in the Ili River Valley. Based on the meteorological drought grade standard
(GB/T20481-2017) implemented by the country in 2017, this paper formulates the SPEI
drought grade classification standard suitable for the study area in Table 1.

Table 1. SPEI drought classification standard table [40].

Grade Classification SPEI Threshold

1 No drought −0.5 < SPEI
2 Mild drought −1.0 < SPEI ≤ −0.5
3 Moderate drought −1.5 < SPEI ≤ −1.0
4 Severe drought −2.0 < SPEI ≤ −1.5
5 Extreme drought SPEI ≤ −2.0

2.2.2. Sen Trend Analysis and Mann–Kendall Test

The Theil–Sen median slope estimation method is a robust non-parametric statistical
approach commonly used for trend analysis. This method calculates the median slope
from all possible pairs of data points, effectively reducing the impact of outliers and
anomalous observations. The non-parametric Mann–Kendall (MK) test and the Trend-Free
Pre-Whitening Mann–Kendall (TFPW-MK) test is widely applied to assess the statistical
significance of trends in time series data. In this study, we employed the non-parametric
Mann–Kendall (MK) test for the following reasons: (1) to evaluate trends in long-term SPEI
time series data; and (2) to ensure consistency with previous regional studies [21,28,31,40].
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Unlike parametric methods, the non-parametric MK test does not require the assumption of
a normal distribution and is resilient to missing values and outliers, making it particularly
suitable for analyzing long-term climatic trends. To further validate our results, we also
applied the TFPW-MK test, which yielded results consistent with the non-parametric MK
test, thereby confirming the robustness of our analysis.

(1) Theil–Sen median slope estimation

In the present study, the Sen trend slope is employed to quantify the changing trend
in the time series. The calculation formula for the Sen trend slope is as follows:

β = Median
(

SPEIj − SPEIi

j − i

)
, ∀j > i (9)

where 1 < j < i < n; median is a median function; β is the trend of Sen, used to represent the
ascending and descending degree of SPEIi trend. When β > 0, the SPEIi shows an upward
trend, with larger values of β indicating a more pronounced increase, signifying intensi-
fying drought conditions. Conversely, when β < 0, the SPEIi exhibits a downward trend,
with smaller values of β indicating a more pronounced decrease, suggesting improving
moisture conditions.

(2) Mann–Kendall trend test

Define a time series SPEIi (i = 1, 2. . ., n) of the statistic S:

S = ∑n−1
i=1 ∑n

j=i+1 sgn
(
SPEIj − SPEIi

)
(10)

Among them,

sgn
(
SPEIj − SPEIi

)
=


1SPEIj − SPEIi > 0

0SPEIj − SPEIi = 0

−1SPEIj − SPEIi < 0

(11)

The constructed statistic sequence Si = (i = 1, 2. . ., n) approximately follows a normal
distribution with mean E(S) = 0 and variance

Var(S) =
n(n − 1)(2n + 5)

18
(12)

when n ≥ 10, the standard normal test statistic Z for S can be calculated by the following
formula:

Z


S−1√
Var(S)

S > 0

0 S = 0
S+1√
Var(S)

S < 0
(13)

At a given confidence level α, if |Z| ≥ Z_ (1 − α/2)), rejecting the null hypothesis
that time series {SPEIi} is trendless. It indicates that {SPEIi} has a significant upward (Z > 0)
or downward (Z < 0) trend.

(3) MK abrupt test

Construct time series SPEIi (i = 1, 2. . ., n) of the order column Sk:

Sk = ∑k
i=1 ri(k = 1, 2, . . . , n) (14)
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Among them,

ri =

{
1, xi > xj

0, xi < xj
j = 1, 2, . . . , i; i = 1, 2, . . . , n (15)

Statistic UFk is defined assuming that the time series is random and independent:

UFk =
Sk − ESk√

Var(Sk)
(16)

Among them, ESk and Var (Sk) is the mean and variance of Sk, calculated as follows:

ESk =
k ∗ (k − 1)

4
(17)

Var(Sk) =
k ∗ (k − 1) ∗ (2k + 5)

72
(18)

where UFk is the standard normal distribution, given the significance level α, find the
normal distribution table, if it indicates that there is a significant trend change in the
sequence. The original time series is arranged in reverse order, the above process is
repeated. At the same time, UBk = −UFk is used to draw the two curves respectively. When
the intersection point of the two curves is located within the critical line, the sequence can
be considered to have a mutation, and the corresponding moment of the intersection point
is the mutation start time.

2.2.3. Cumulative Anomaly Method

The cumulative anomaly method is a statistical technique employed to examine the
trending patterns in time series data. This method involves calculating the difference
between each value and its average value (i.e., anomaly) within the time series, followed
by the accumulation of these anomaly values to form a new cumulative anomaly series. In
this study, the cumulative anomaly method was utilized to analyze the long-term trends
and periodic changes in SPEI data, thereby providing an effective means for understanding
complex time series data. The calculation formula as follows:

CA = ∑(A(t)− u) (19)

where CA is the cumulative anomaly; A(t) represents the value of the time series data
at time t; u denotes the average value of the time series data; n is the total number of
observations in the time series.

2.2.4. Wavelet Analysis

Wavelet analysis has been widely used for localized time-frequency analysis of signal
characteristics. By examining the variations in signals in the time–frequency domain,
this technique can highlight specific features and offers multi-resolution capabilities in
both time and frequency spaces. It is particularly effective in identifying the evolving
cycles and trends in non-stationary time series associated with climatic phenomena such as
precipitation and temperature across various temporal scales. Wavelet analysis provides
both qualitative and quantitative insights into the potential developmental trajectories of
these phenomena.

In this study, MATLAB R2018a software was used for the wavelet analysis. Boundary
effects were initially addressed using zero-padding and edge tapering techniques. The
wavelet coefficients were then computed using the Morlet complex wavelet [41]. Contour
visualizations of the relevant data were generated using Origin 2024 software.
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3. Results
3.1. Analysis of Drought Dynamics in the Ili River Valley

Figure 2 illustrates the variations in drought conditions as identified by the Standard-
ized Precipitation Evapotranspiration Index (SPEI) at different time scales in the study area
from 1961 to 2023. SPEI-1 reflects short-term meteorological drought conditions, SPEI-3
captures seasonal meteorological drought variations, and SPEI-12 represents interannual
meteorological drought patterns. As shown in the figure, both SPEI-1 (Figure 2a) and
SPEI-3 (Figure 2b) exhibit high-frequency, large-amplitude fluctuations, clearly indicating
subtle changes in SPEI values. In contrast, at the annual scale, the fluctuations in the SPEI-
12 (Figure 2c) graph are more subdued, providing a clearer representation of long-term
drought trends.
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Figure 2. Fluctuation diagrams of SPEI-1 (a), SPEI-3 (b), and SPEI-12 (c) for the Ili River Valley region
from 1961 to 2023 (The deeper the green, the more humid it is; the deeper the red, the more arid
it becomes).

The research results indicate that, during the study period, the frequency and intensity
of droughts in the Ili River Valley have significantly increased, with drought events occur-
ring at varying degrees across all time scales. The analysis shows that short-term drought
events exhibit higher frequency and intensity, while interannual drought patterns serve
as critical indicators of long-term drought conditions. Examination of the SPEI-12 values
reveals that significant drought conditions emerged after 1995, with particularly severe
episodes occurring in 2008 (SPEI = −2.09), marking an extreme drought event in the Ili
River Basin. Furthermore, consecutive observations from 2018 to 2023 confirm the region’s
persistent vulnerability to droughts of varying magnitudes.

3.2. Interannual Variations in the SPEI in the Ili River Valley

The interannual variation in SPEI in the Ili River Valley from 1961 to 2023, shown in
Figure 3a, reveals a complex climatic trajectory. The SPEI values initially increase, followed
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by a decline, with a peak of 1.73 in 1969, marking the wettest year, and a nadir of −2.09
in 2008, representing the driest year. A comprehensive 63-year analysis reveals a subtle
but persistent downward trend in SPEI values. The Mann–Kendall (M-K) statistical test
identified no statistically significant inflection point, suggesting no clear transition between
wet and dry climatic regimes.
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The anomaly and cumulative anomaly analyses provide an intuitive assessment of
SPEI variations in the Ili River Valley from 1961 to 2023, as shown in Figure 3b. Over this
period, the cumulative anomaly of the average annual SPEI displayed an initial increase
followed by a decrease, forming an approximate “inverted V” shape. From 1961 to 2004,
SPEI anomalies were predominantly positive, indicating a relatively humid period, with
1969 being the wettest year. In contrast, from 2005 to 2023, SPEI anomalies were mainly
negative, signifying a more arid period. Notably, the SPEI anomaly values in 2008, 2013,
2020, 2021, and 2023 were all below −1, with 2008 reaching the lowest value of −2.1,
marking a rapid intensification in drought severity since 2005. These findings suggest
that drought conditions in the Ili River Valley have intensified in recent years, warranting
further investigation and attention.

Figure 4 illustrates the spatial distribution of the SPEI slope in the Ili River Valley.
The figure indicates that the drought trend across the entire Ili River Valley is intensifying,
with all regions exhibiting negative Sen slope values, averaging −0.09/10a (per decade).
The most pronounced drought trends are observed in the western regions, particularly in
Huoerguosi City and Chabuchaer County, with slope values reaching −0.15/10a (p < 0.05).
In contrast, the drought trend at the central Yining County station is relatively mild, with a
slope of −0.03/10a. Overall, on an annual scale, the Ili River Valley exhibits an increasing
drought trend, with the western regions experiencing a more significant drought trend
compared to the relatively milder trends in the central and eastern regions.

3.3. Seasonal Variations in the SPEI in the Ili River Valley

Figure 5 illustrates the seasonal variations in the SPEI for the Ili River Valley, along
with the results of the Mann–Kendall (M-K) test. The winter season is the only exception,
exhibiting a wetting trend with SPEI values of 0.2/10a. In contrast, the other seasons
show a significant trend toward increasing drought conditions, with the summer season
displaying the most pronounced drought trend, with an SPEI of −0.16/10a.
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During the spring season (Figure 5a), the SPEI shows a downward trend, with values
ranging from −1.57 to 1.65. The spring of 2002 was the most humid on record, while 2020
was the driest in the past 63 years. The SPEI time series from 1961 to 2003 reveals an initial
rise followed by a decline, suggesting an overall drying tendency in spring for the region.
The Mann–Kendall (M-K) test observed no significant shift in spring SPEI values.
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In the summer (Figure 5b), the SPEI index follows a downward trajectory, with values
ranging from −2.21 to 1.94. The summer of 1993 was the most humid on record, and 2023
was the driest. The SPEI time series from 1961 to 2007 showed an upward trend, followed
by a marked drying trend. A distinct drought-related shift occurred in 2021 (Z = −2.44,
p < 0.01), with an average annual SPEI reduction of 1.50.

Autumn shows a reduction in the SPEI (Figure 5c), with values ranging from −2.17
to 2.24. The autumn of 1987 was the wettest on record, while 1997 was the driest. The
SPEI time series from 1961 to 1990 reflects an initial rise followed by a decline, indicating a
general drying trend in autumn. No abrupt changes in the SPEI were noted.

For winter (Figure 5d), the SPEI index increases, with values ranging from −1.98
to 2.12. The winter of 1968 was the driest on record, while 2010 was the wettest. The
SPEI index from 1961 to 1986 showed an initial decline followed by a significant increase,
suggesting a wetter climate for the region. A notable shift in the SPEI occurred in 1984
(Z = 3.17, p < 0.01), with an average increase of 0.48.

In summary, the Ili River Valley exhibits a non-significant drying trend in both spring
and autumn, a significant drying trend in summer, and a significant wetting trend in winter.

Figure 6 illustrates significant seasonal differences in the anomalies and cumulative
anomalies of the SPEI in the Ili River Valley from 1961 to 2023. The SPEI changes in spring
and summer generally follow interannual variations, while autumn and winter exhibit
more notable differences.
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In spring and summer (Figure 6a,b), SPEI anomalies were predominantly positive
between 1961 and 2004, indicating wetter periods. In contrast, from 2005 to 2023, the
anomalies were mostly negative, suggesting drier periods. Additionally, the cumulative
SPEI anomalies in spring and summer first increased and then decreased, forming an
“inverted V” shape. Specifically, the cumulative SPEI anomaly in spring peaked at 7.32 in



Atmosphere 2025, 16, 43 12 of 21

2003, indicating a wet period before 2003 and a transition to drier conditions thereafter.
Similarly, in 2004, the cumulative SPEI anomaly in summer reached its peak of 10.41.

Autumn exhibited more complex SPEI variations (Figure 6c). The period from 1961
to 1990 had more wet years, while from 1991 to 2023, there was an increase in years with
negative anomalies, pointing to a trend toward aridification. The cumulative SPEI anomaly
in autumn peaked at 3.60, in 1990.

Winter showed an inverse trend compared to the interannual changes (Figure 6d).
From 1961 to 1986, the region experienced a drier period, while from 1987 to 2023, it
transitioned into a wetter period. The cumulative SPEI anomaly in winter displayed a “V”
shape, reaching its lowest value of −12.38 in 1986, signaling a drier period before 1986 and
a subsequent shift toward wetter conditions.

As shown in Figure 7, there are significant spatial differences in the changes in the
SPEI across different seasons in the Ili River Valley. The drought trends in spring, summer,
and autumn generally align with the annual trends, all indicating a deepening of drought
conditions. However, in winter, the Ili River Valley exhibits a notable wetting trend.
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From 1961 to 2023, the SPEI values in spring show a decreasing trend, with an average
regional trend rate of −0.1/10a (Figure 7a). This trend is particularly pronounced and
statistically significant (p < 0.05) at the stations in Huocheng City and Chabuchaer County.
In summer (Figure 7b), the region overall displays a significant drought trend, with an
average trend rate of −0.15/10a. The western part of the valley, including western Zhaosu
and Gongliu counties, shows the most pronounced drought trend, while Tekesi County
experiences a relatively mild trend. The autumn drought trend is somewhat alleviated
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compared to spring and summer, with an average trend rate of −0.03/10a and no significant
changes observed at any station (Figure 7c). The SPEI values at four stations, including
Yining City and its surrounding counties (Yining, Huocheng, and Chabuchaer), exhibit
an increasing trend, indicating a wetting pattern, while other stations, particularly Tekesi,
show a drought trend.

In contrast to other seasons, winter demonstrates a significant wetting trend, with
SPEI values increasing at all stations (Figure 7d). Nine stations, excluding Tekesi, pass the
significance test, with an average regional trend rate of 0.2/10a.

3.4. Periodical Characteristics of the SPEI in Ili River Valley

Using wavelet periodic analysis, this study investigated the periodicity of the SPEI
in the Ili River Valley from 1961 to 2023. As shown in Figure 8a,b, the results indicate
significant drought variability on interannual time scales. The wavelet analysis identified
two distinct drought variability cycles in the study area. The first is a long-term cycle with
a period of 23 years, characterized by four alternating dry and wet phases over an average
drought period of 15 years, persisting throughout the entire time series. The second is a
shorter-term cycle with a period of 9 years, displaying approximately 10 alternating dry
and wet phases over an average drought period of 6 years.
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At the seasonal scale (as illustrated in Figure 9), distinct drought variability cycles are
observed across different seasons. In spring (Figure 9(a1,b1)), significant periodic oscilla-
tions are detected on an 11-year timescale, with an average drought variability period of
7 years, during which eight dry–wet alternations occur. Additionally, a weaker periodic
oscillation is observed on a 26-year timescale, with an average period of 17 years, encom-
passing approximately two dry–wet alternations. In summer (Figure 9(a2,b2)), significant
periodic oscillations appear on a 21-year timescale, with an average drought variability
period of 13 years and three dry–wet alternations. A weaker yet more frequent oscillation
was recorded on an 8-year timescale, with an average period of 6 years, indicating relatively
frequent dry–wet alternations. The drought variability cycle characteristics in autumn
are similar to those in summer, with no significant differences in the main cycle, average
period, or number of dry–wet alternations (Figure 9(a3,b3)). In winter, significant periodic
oscillations are observed on a 31-year timescale, with an average drought variability period
of 20 years, characterized by around two prominent dry–wet alternations (Figure 9(a4,b4)).
Weaker periodic oscillations are also noted on a 17-year timescale, with an average period
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of 11 years, including approximately five dry–wet alternations. Notably, in addition to
the more prominent first and second principal cycles, drought variability across seasons is
accompanied by some less pronounced small-scale periodic oscillations.
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From the perspective of spatial variation (Figures 10 and 11), the characteristics of
drought cycles across different locations within the Ili River Valley exhibit significant
variability. On the interannual scale, the primary cycle timescales for Yining City and
Zhaosu stations are 9 years and 14 years, respectively, with average periods of 6 years and
10 years. Other stations display primary cycle timescales ranging from 20 to 30 years, with
corresponding average periods of 10 to 20 years. The secondary cycle timescales for Yining
City and Zhaosu are 24 years and 15 years, respectively, while those for other stations are
generally around 10 years, with average periods not exceeding 10 years.
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Figure 10. Three-dimensional scatter plot of the time scales and average periods of the SPEI on an
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At the seasonal scale, during spring (Figure 11a), Tekesi Station exhibits primary and
secondary cycle timescales of 24a and 11a, with average periods of 16a and 8a, respectively.
For the other stations, the primary cycle timescale is predominantly around 10a, with an
average period of 7a, while the secondary cycle generally falls within 20–30a, with an
average period of 10–20a. In summer (Figure 11b), Huocheng Station stands out with
a long-period characteristic, displaying primary and secondary cycle timescales of 48a
(average period of 30a) and 30a (average period of 19a), respectively. In contrast, Xinyuan
and Zhaosu stations show relatively short primary cycles (9a timescale, 6a average period),
with secondary cycles extending to 23a and 24a (average periods of 16a). For the remaining
stations, the primary cycle timescale remains centered around 20–30a, with an average
period of 10–20a, while the secondary cycle is approximately 8a with an average period
of 5a. In autumn (Figure 11c), the primary cycles across stations can be categorized into
two groups: those with approximately 20a and 10a timescales, corresponding to average
drought periods of 5–15a. Winter presents more complex characteristics (Figure 11d), with
stations such as Chabuchaer, Nileke, Tekesi, and Xinyuan showing primary cycle timescales
ranging from 17 to 48a (average periods of 10–30a) and secondary cycle timescales ranging
from 6 to 31a (average periods of 4–19a). The remaining stations demonstrate a primary
cycle timescale of about 30a (average period of 20a) and a secondary cycle concentrated
around 15a (average period of 10a).
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4. Discussion
4.1. Drought Trends in Ili River Valley in Last 60 Years

Drought represents a significant environmental challenge in Xinjiang, China, an arid
and semi-arid region. Since the 1990s, the region has experienced an increasing trend
in drought, with a notable shift from a wetting to a drying trend around 1997 [42–44].
However, the drought dynamics in the Ili River Valley, a subregion of Xinjiang, appear to
be distinct. Our analysis indicates that from 1961 to 2023 (Figures 2–4), drought severity
in the Ili River Valley has shown a significant increasing trend since 1995, with no clear
turning point between wet and dry periods. This trend does not entirely align with the
broader drought patterns reported across Xinjiang [45]. Our findings suggest a divergent
response, likely due to different time scales and regional variations within the broader
Xinjiang region [21,43,46–48].

Notably, the drought trend in the Ili River Valley is approximately 0.09/10a (Figure 3),
based on linear regression, which is less intense than the 0.122/10a trend observed for
the broader Xinjiang region [47]. This discrepancy suggests that the Ili River Valley may
be experiencing a milder drought intensity compared to other parts of Xinjiang. The
underlying driver of these regional differences appears to be the complex interplay between
temperature and precipitation patterns. Over the past two decades, significant increases
in temperature without corresponding increases in precipitation have exacerbated the
severity of meteorological drought in Xinjiang [43]. Climate model projections (CMIP6)
further indicate that the region is likely to experience continued drying trends in the coming
decades (2021–2100), with varying intensities ranging from −0.1/10a to −0.2/10a under
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different emission scenarios [49]. However, whether the Ili River Valley will continue to
exhibit a synchronized response to these broader aridification trends in Xinjiang remains
an important topic for further investigation and discussion.

4.2. Seasonal Variations in Drought in the Ili River Valley

The analysis reveals pronounced seasonal variability in drought patterns within the
Ili River Valley. A drying trend is observed during spring, summer, and autumn, while
winter displays a tendency towards wetter conditions (Figure 4). This pattern aligns with
findings from numerous studies in the broader Xinjiang region, though with varying
intensities [21,50,51]. Specifically, in Xinjiang, the linear trend of the SPEI indicates a
downward trajectory in spring, summer, and autumn, with k (slope) values above 0.11/10a,
while the winter SPEI shows an upward trend with a k of 0.08/10a [52]. However, in the Ili
River Valley, the SPEI in autumn shows more subtle changes, with k values of 0.02/10a, and
the intensity of the spring drought (0.1/10a) is milder than the regional average for Xinjiang
(0.13/10a). Notably, the Valley exhibits a significant trend towards aridification in summer,
with a trend of 0.16/10a, higher than the aridification trend observed in Xinjiang (0.11/10a),
characterized by an increasing frequency and severity of summer droughts [21,50]. This
could be attributed to the weak increase in precipitation during significant warming
periods in the region [43], or possibly the influence of altitude, as suggested by Zhang et al.
(2021) [51]. In contrast to the summer, the Valley demonstrates a pronounced trend towards
wetter conditions in winter, with a trend of 0.19/10a, significantly higher than the regional
average in Xinjiang. This finding is consistent with the work of Jin et al. (2024), who
reported a 17.3% increase in annual average precipitation in the Tianshan Mountains over
the past 60 years, with a particularly striking 135.7% increase in winter precipitation [52].

The Mann–Kendall (MK) mutation analysis (Figure 4) further reveals that the Ili River
Valley is experiencing abrupt changes in the dry seasons (spring, summer, autumn) several
years later than the broader Xinjiang region [40,42], exhibiting a lagging response. For
example, the Ili River Valley showed a 21-year lag for summer SPEI compared to the
regional trends. In spring and autumn, delays of more than 17 and 35 years were observed,
with no significant abrupt changes detected during these seasons in the Valley. This lagging
response is also evident at the annual scale, where the Ili River Valley demonstrated a
>25-year lag compared to the broader Xinjiang region, with no significant abrupt changes
detected [45,46]. These findings suggest that the Ili River Valley exhibits greater resilience
and resistance to the impacts of climate change, potentially due to factors such as its unique
geographic characteristics or local climate dynamics, which may buffer the effects observed
in the surrounding areas.

4.3. Spatial Variations in Drought Patterns Within the Ili River Valley

The spatial variability in meteorological drought within the Ili River Valley is further
elucidated by analyzing the Sen’s slope of the SPEI at various meteorological stations. The
results indicate a more pronounced trend in aridification in the western Ili River Valley
compared to the eastern part of the region. This disparity may be attributed to the distinct
geographical characteristics of the two areas, with the western Ili River Valley comprising
an oasis plain, while the eastern part is predominantly mountainous. This finding aligns
with the conclusions of Zhang et al. (2021), who reported that the warming and wetting
trends in the Tianshan region are primarily concentrated in ecological zones above 2800 m,
while the densely populated low-lying oases are experiencing warming and drought [51]. In
contrast, the Tekesi area in the central Ili River Valley exhibits a lower trend of aridification
during the summer compared to the surrounding regions, but a higher trend in aridification
in the autumn. The specific reasons for these divergent drought patterns in Tekesi County
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relative to its neighboring areas warrant further detailed analysis, considering the unique
topographical characteristics of the Tekesi region.

The observed spatial heterogeneity in drought trends within the Ili River Valley high-
lights the need for a nuanced understanding of the regional climate dynamics at play. The
disparities between the western oasis plain, eastern mountainous regions, and the central
Tekesi area underscore the importance of considering local-scale factors, such as terrain,
land cover, and microclimatic conditions, when assessing the regional meteorological
drought patterns.

4.4. Drought Periodicity in the Ili River Valley

This study also conducted a wavelet analysis of drought variability cycles at multiple
temporal scales for both the entire Ili River Valley and ten monitoring stations located
within each county and city. The results indicate that the Ili River Valley exhibits significant
periodicity and dry–wet variation characteristics across various temporal scales, consistent
with the overall drought variability patterns observed in the arid regions of northwestern
China [21,53–55]. However, the dominant periodic scales of drought variation in the
Ili River Valley (9-year and 15-year cycles) are longer than the average periodic scales
observed in Xinjiang (5–8 years) [56]. This discrepancy suggests that the regional climate
dynamics and drought patterns in this area are distinct and potentially more resilient to the
impacts of climate change compared to the broader Xinjiang region. At the regional scale,
the monitoring stations within the Ili River Valley demonstrate significant variability in
drought cycle characteristics across different temporal scales and seasonal contexts. This
finding highlights the complexity and heterogeneity of drought dynamics in the region,
underscoring the importance of accounting for the influence of large-scale averages on
localized, small-scale phenomena in future research.

The observed differences in drought periodicity between the Ili River Valley and the
broader Xinjiang region suggest that local-scale factors play a crucial role in shaping the
temporal patterns of drought variability. The longer periodic cycles detected in the Ili
River Valley may reflect the unique climatic, hydrological, vegetal, and topographical
features of this subregion, which can dampen the influence of large-scale drought drivers.
Incorporating this spatial and temporal variability into drought monitoring and forecasting
efforts will be essential for developing effective, targeted strategies to address the impacts
of drought in the Ili River Valley.

5. Conclusions
This study identifies a significant increase in drought severity in the Ili River Valley

since 1995, with no substantial shift from wetter to drier conditions. Seasonal analysis
reveals considerable variability, with drying trends prevailing in spring, summer, and
autumn, while winter conditions have become wetter. Although the annual and seasonal
drought patterns in the valley generally align with broader trends observed in Xinjiang,
they are characterized by milder intensity, particularly in spring and autumn. Spatially,
the western oasis plain experiences more intense aridification compared to the eastern
mountainous areas, underscoring the influence of local topography and land cover on
drought dynamics. The delayed, abrupt changes in drought patterns within the valley
further emphasize its relative resilience, suggesting that local climate dynamics and ge-
ographic characteristics play critical roles in moderating the impacts of broader climatic
trends. Additionally, the valley demonstrates longer periodic drought cycles (9 and 15
years) compared to the regional average, indicating a distinct climatic response that may
buffer against rapid climate fluctuations.
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These findings underscore the need for region-specific drought monitoring to account
for both temporal and spatial heterogeneities. Future research should aim to further
investigate the underlying mechanisms driving these regional differences to enhance
drought resilience in the Ili River Valley.
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