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Abstract: Xinjiang, as a climate-sensitive region in Northwest China, holds significant importance in
studying extreme climate events for agricultural production and socioeconomic development. Using
data spanning from 1960 to 2021 from 52 meteorological stations across Xinjiang, encompassing
23 indices of extreme climate events, the 5-year moving average, linear trend fitting, and inverse
distance weighting (IDW) are used to analyze the distribution patterns and temporal changes in
extreme climatic phenomena within the region. The results indicate that, over the period from
1960 to 2021, the Amplitude Temperature Index, Heat Index, and Warm Spell Duration Index in
Xinjiang exhibited a marked increasing trend, whereas the Cold Index and Cold Spell Duration
Index displayed a significant decreasing trend. The range of changes in the extreme temperature
indices from 1990 to 2021 is higher than that of 1960 to 1989. The areas with high values of amplitude
temperature extreme indices are primarily concentrated in the southern part, while the areas with
high values of cold indices are mainly distributed in the northern part. The upward/downward
trends all account for over 80.00% of the entire region. The precipitation scale indices, precipitation
day indices, intense precipitation index, and extreme precipitation index all showed a significant
growth trend from 1960 to 2021, and the range of change in the extreme precipitation indices from
1990 to 2021 was lower than that from 1960 to 1989. Furthermore, areas with high precipitation
values and regions with high trend values of climate tendency are predominantly concentrated in the
northern and western parts of Xinjiang, with over 71.00% of the entire region experiencing an upward
trend. The research results provide theoretical foundations for formulating climate risk strategies in
the northwest region of China.

Keywords: extreme climate; climate tendency rate; spatial–temporal differentiation; variation
characteristics

1. Introduction

Extreme weather, as a phenomenon where regional weather surpasses the threshold
of long-term climate variability within a short period, can lead to natural disasters such as
heatwaves caused by exceptionally high temperatures, cold snaps resulting from extreme
low temperatures, droughts caused by prolonged insufficient precipitation, and floods due
to intense rainfall [1–3]. Although extreme climate events have low statistical occurrence
probabilities, they exhibit strong abruptness and destructiveness, leading to significant
negative impacts on ecological environments and human socioeconomic systems [4–7],
thus garnering widespread attention from scholars both domestically and internationally.
Against the backdrop of global warming, approximately 70% of regions globally exhibit
an increasing trend in extreme warm events, while most extreme cold events tend to
decrease [8–12]. In addition, the frequency and intensity of extreme precipitation are
continuously increasing in most regions globally, with the phenomenon of enhanced
response to extreme precipitation observed in both humid and arid regions [13–19]. Since
the 1960s, extreme low-temperature events in China have significantly decreased while
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extreme high-temperature events have markedly increased [20–23]. Regionally, extreme
high/low air temperatures in the Yangtze River Basin [24], Dongting Lake basin [25],
and Northwest China [26] have shown an upward trend. The trend changes in extreme
precipitation events exhibit strong regional differences, with decreasing trends in the
central part of Inner Mongolia, and the Sichuan Basin, while increases are noted in most
areas of China like Northwest China [27,28]. The increasing frequency and intensity of
extreme climate events have already caused significant impacts on agricultural production
and socioeconomic conditions in China, particularly evident in China’s climate-sensitive
regions [29–31].

Xinjiang is not only a crucial agricultural production region in China but also globally
renowned as the land of melons and fruits and a prime cotton-producing base, and it
holds a strategically significant position in national development and social stability [32].
Xinjiang features a temperate continental arid climate characterized by scarce and highly
unevenly distributed precipitation [33]. Its diverse land-forms encompass mountains,
basins, plateaus, deserts, gravel plains, and oases, making it one of China’s most ecologically
sensitive and climatically vulnerable areas [34]. In recent years, numerous scholars have
conducted relevant research on the extreme climate in Xinjiang. Chen et al. show a high
correlation between extreme temperature changes and climate warming in Hami, Xinjiang,
and the increase in TN10p and TX10 is the main reason for the temperature increase [35].
Lv et al. found that the extreme temperature warm indices in Altay, Xinjiang showed an
upward trend, while the extreme temperature cold indices showed a downward trend,
with the change in the warm indices being smaller than the cold indices [36]. Ding et al.
have shown that the extreme precipitation and humidity indices in the Abihu Basin of
Xinjiang are showing an increasing trend, and most of the extreme precipitation indices are
significantly positively correlated with the total annual precipitation [37,38].

Previous studies have mainly focused on a few extreme climate events in a certain
region of Xinjiang, and there is relatively little comprehensive research on various extreme
climate events, especially in terms of the combination of spatio-temporal distribution and
changing characteristics of extreme climate events. Therefore, this article utilizes daily
maximum temperature, minimum temperature, and precipitation data from 52 meteorolog-
ical stations from 1960 to 2021 to quantitatively describe the spatio-temporal distribution
and change patterns of 23 extreme climate indicators in Xinjiang. The aim is to provide
theoretical support for reducing the impact of natural disasters in Northwest China and
formulating climate risk strategies.

2. Materials and Methods
2.1. Study Area

Xinjiang (73◦20′ E~96◦25′ E and 34◦15′ N~49◦10′ N) is located in the northwest border
of China, within the hinterland of the Eurasian continent, occupying one-sixth of China’s
total land area and thus being the country’s largest province [39]. The total area of moun-
tainous areas in Xinjiang is 637,100 km2, with 83,100 km2 of plateaus, 107,300 km2 of
inter-mountain basins, 85,800 km2 of hills, and 746,800 km2 of plains (including deserts and
Gobi) and the terrain and land-forms can be summarized as “Three mountains sandwiched
by two basins” [40]. Xinjiang features a typical continental climate, with ample sunshine,
high solar radiation, significant temperature variations between day and night, and low
humidity [39,41]. The mountainous areas receive ample precipitation, which provides a
relatively stable source of irrigation water for plain oases agriculture [34]. The barrier of
high mountains makes it difficult for moist ocean air to penetrate inland and numerous
inland rivers originating from high mountain ice and snow melt water flow profusely,
giving birth to a unique mountain–oasis–desert ecosystem, which is one of the most fragile
ecological environments in China and highly sensitive to extreme weather responses [42].
The distribution of meteorological stations in the study area are illustrated in Figure 1.
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Before conducting calculations, the station data undergo quality control: if the consec-
utive days with missing data at a station exceed 5% of the total days, the data from that
station are removed and if data for a specific date at a station are missing, interpolation is
performed using the average value of the same date from other years at that station [43].
Employing these methods, observation data for daily maximum temperature, minimum
temperature, and precipitation from 52 stations are obtained from January 1, 1960, to De-
cember 31, 2021. The original observation data were sourced from the China Meteorological
Data Service Center (https://www.cma.gov.cn/), accessed on 1 January 2023.

Before processing the meteorological data, rigorous quality control is conducted, in-
cluding temporal consistency tests and extreme value checks [44]. Temporal consistency
checks serve primarily to validate the accuracy and uniformity of time attributes inherent
in data across various records, datasets, or systems, thereby ensuring temporal corre-
spondence among meteorological elements [44]. Time consistency verification relies on
manual examination, corroborating the integrity of file data, and implementing necessary
amendments or deletions as warranted. Extreme value testing is primarily employed to
identify outliers, such as instances where the daily maximum temperature is lower than
the corresponding daily minimum temperature, daily precipitation amounts to below
zero millimeters, and values either greatly surpass or significantly undershoot the limits
demarcated by three times the standard deviation of the daily climate time series average in
Xinjiang [44]. This multifaceted approach to anomaly detection not only employs common-
sense logical constraints but also adheres to a statistically rigorous framework grounded
in the established principles of outlier identification, thereby enhancing the methodologi-
cal rigor and scientific credibility of the analysis. The records within the quality control
result file are examined and filtered, eliminating unreasonable entries or assigning them as
missing values. After the implementation of rigorous data quality control measures, the
computation of the extreme climate index is permissible.

The calculation methods for the extreme climate index used in the study are derived
from the relevant literature [45–54]. The 14 extreme temperature indices can fully reflect the
changes in extreme temperature events in four aspects: extreme, cold, warm, and duration;
the 9 extreme precipitation indices can fully reflect the changes in extreme precipitation
events in three aspects: scale, intensity, and precipitation days. All of them are highly
representative (Table 1).

Table 1. Extreme climate index.

Categories Name Indices Definition

Amplitude Temperature Index Maximum Value of Daily
Maximum Temperature TXx The maximum daily maximum temperature

within each year
Maximum Value of Daily
Minimum Temperature TNx The maximum daily minimum temperature

within each year
Minimum Value of Daily
Maximum Temperature TXn The minimum daily maximum temperature

within each year
Minimum Value of Daily
Minimum Temperature TNn The minimum daily minimum temperature

within each year
Cold Index Frost Day FD Annual count when TN < 0 ◦C

Icing Day ID Annual count when TX < 0 ◦C
Cold Night TN10p Percentage of days when TN < 10th percentile

Cold Daytime TX10p Percentage of days when TX < 10th percentile
Heat Index Summer Day SU Annual count when TX > 25 ◦C

Tropical Night TR Annual count when TN >20 ◦C
Warm Night TN90p Percentage of days when TN > 90th percentile

Warm Daytime TX90p Percentage of days when TX > 90th percentile

Duration Index Cold Spell Duration Index CSDI Annual count of days with at least 6 consecutive
days when TN < 10th percentile

Warm Spell Duration Index WSDI Annual count of days with at least 6 consecutive
days when TX > 90th percentile

https://www.cma.gov.cn/
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Table 1. Cont.

Categories Name Indices Definition

Precipitation Scale Index Maximum 1-day Precipitation Rx1day Maximum daily precipitation
Maximum Consecutive 5-day

Precipitation Rx5day Maximum precipitation for 5 consecutive days

Annual Precipitation PRCPTOT Total precipitation on wet days

Precipitation Intensity Index Simple Precipitation Intensity
Index SDII Annual precipitation divided by wet days

Intense Precipitation R95p Annual total PRCP when RR > 95th percentile
Extreme Precipitation R99p Annual total PRCP when RR > 99th percentile

Precipitation Day Index Moderate Precipitation R10mm Annual count of days when PRCP of 10–20 mm
Heavy Precipitation R20mm Annual count of days when PRCP of 20–25 mm

Rainstorm Precipitation Rnnmm Annual count of days when PRCP ≥ 25 mm

Note: ‘Annual’ denotes ‘each year’ and ‘value’ refers to the size of the data.

Firstly, the 5-year moving average method is utilized to process the time series data,
eliminating the instability of each index’s time series. Specifically, the 5-year moving
average is calculated by sequentially adding and subtracting the data of the preceding
and subsequent 5 years to compute the moving average value [37]. Next, the linear trend
fitting method is employed to infer the inter-annual variation trend and magnitude of the
extreme climate index. The climate tendency rate is calculated as ten times the regression
coefficient of the linear trend line [35]. A positive climate tendency rate indicates an upward
trend of the extreme climate index over time, while a negative trend indicates a downward
trend. Finally, inverse distance weighting (IDW) is employed for spatial interpolation,
utilizing the weighted average of distances based on the known locations and distribution
characteristics of spatial points to estimate values at unknown points, thereby obtaining
the distribution features across the spatial surface [55].

3. Results
3.1. Spatio-Temporal Pattern and Change in Extreme Temperature
3.1.1. Analysis of Time Characteristics

(1) Amplitude Temperature Index
The extreme value indices of Maximum Value of Daily Maximum Temperature (TXx),

Maximum Value of Daily Minimum Temperature (TNx), Minimum Value of Daily Maxi-
mum Temperature (TXn), and Minimum Value of Daily Minimum Temperature (TNn) ex-
hibited significant increasing trends (p < 0.01) from 1960 to 2021 (Table 2). These four ampli-
tude temperature indices ranged from 34.18 to 38.78 ◦C, 20.65 to 24.93 ◦C, −18.78 to 9.30 ◦C,
and −29.72 to 20.97 ◦C, with respective averages of 36.42 ◦C, 22.43 ◦C, −13.51 ◦C, and
−24.92 ◦C. The climate tendency rates were measured at 0.14 ◦C/decade, 0.34 ◦C/decade,
0.37 ◦C/decade, and 0.68 ◦C/decade. Notably, the climate tendency rates of TXx and TNx
during 1990–2021 exceeded those during 1960–1989, while the trends for the other two in-
dices were opposite. TXx continues its upward trajectory, directly impacting crop growth
and subsequently leading to decreased agricultural yield and quality, thereby affecting
food safety. The fluctuations in TXn and TNn not only disrupt ecological balance but also
potentially prompt alterations in agricultural planting structures in high-latitude areas due
to changes in heat distribution.
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Table 2. Analysis of the temporal characteristics of extreme temperature.

Categories Name Indices Minimum Maximum Average B
B B

1960–1989. 1990–2021.

Amplitude
Temperature

Index

Maximum
Value of

Daily
Maximum

Temperature

TXx 34.18 38.78 36.42 0.014 *** 0.010 0.036 ***

Maximum
Value of

Daily
Minimum

Temperature

TNx 20.65 24.93 22.43 0.034 *** 0.026 *** 0.044 ***

Minimum
Value of

Daily
Maximum

Temperature

TXn −18.78 −9.30 −13.51 0.037 *** 0.074 *** −0.039 ***

Minimum
Value of

Daily
Minimum

Temperature

TNn −29.72 −20.97 −24.92 0.068 *** 0.111 *** 0.001

Cold Index Frost Day FD 141.02 176.54 158.49 −0.347 *** −0.112 *** −0.441 ***
Icing Day ID 52.69 88.56 67.76 −0.102 *** −0.018 0.127 ***

Cold Night TN10p 8.26 43.97 21.18 −0.395 *** −0.421 *** −0.218 ***
Cold

Daytime TX10p 11.11 33.47 21.26 −0.106 *** 0.050 −0.040

Heat Index Summer Day SU 95.73 124.04 110.78 0.185 *** 0.045 0.238 ***
Tropical
Night TR 10.62 26.85 17.59 0.203 *** 0.084 *** 0.337 ***

Warm Night TN90p 4.52 42.81 19.94 0.207 *** 0.123 *** 0.495 ***
Warm

Daytime TX90p 6.17 35.10 20.07 0.412 *** −0.026 0.235 ***

Duration
Index

Cold Spell
Duration

Index
CSDI 0.35 21.90 5.80 −0.170 *** −0.179 *** −0.008

Warm Spell
Duration

Index
WSDI 0.65 17.08 5.95 0.113 *** −0.000 0.151 ***

Note: *** denotes that the trend is significant at the 0.01 level of significance.

(2) Cold Index
The cold indices of Frost Day (FD), Icing Day (ID), Cold Night (TN10p), and Cold

Daytime (TX10p) demonstrated significant increasing trends (p < 0.01) from 1960 to 2021
(Table 2). These four cold indices ranged from 141.02 to 176.54 days, 52.69 to 88.56 days,
8.26 to 43.97 days, and 11.11 to 33.47 days, with respective averages of 158.49 days,
67.76 days, 21.18 days, and 21.26 days. The climate tendency rates were calculated at
−3.47 days/decade, −1.02 days/decade, −3.95 days/decade, and −1.06 days/decade.
Interestingly, the climatic tendency rates of FD and ID during 1990–2021 surpassed those
observed during 1960–1989, while the trends for the other two indices were opposite. The
decrease in FD results in an increase in accumulated temperature, which proves beneficial
for plant growth. Moreover, the reduction in TN10p and TX10p might lead to decreased
heating demands for residents and businesses, consequently contributing to energy conser-
vation and a reduction in greenhouse gas emissions.

(3) Heat Index
The heat indices for Summer Day (SU), Tropical Night (TR), Warm Night (TN90p),

and Warm Daytime (TX90) displayed significant increasing trends (p < 0.01) from 1960 to
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2021 (Table 2). These four heat indices ranged from 95.73 to 124.04 days, 10.62 to 26.85 days,
4.52 to 42.81 days, and 6.17 to 35.10 days, respectively, with average values of 110.78 days,
17.59 days, 19.94 days, and 20.07 days. The climate tendency rates were measured at
1.85 days/decade, 2.03 days/decade, 2.07 days/decade, and 4.12 days/decade. Notably,
the climatic tendency rates of all four indices during 1990–2021 exceeded those observed
during 1960–1989. On one hand, the continuous rise in heat indices provides more heat
for crop growth, thus promoting improvements in agricultural productivity. On the other
hand, it exacerbates high-temperature disasters and heat waves, potentially leading to crop
reduction or even total crop failure.

(4) Persistence Index
From 1960 to 2021, the Cold Spell Duration Index (CSDI) ranged from 0.35 to 21.90 days,

with an average of 5.80 days (Table 2). The climatic tendency rates of the Cold Duration
Index during both 1960–1989 and 1990–2021 exhibited significant increasing trends, with
rates of −1.79 days/decade and −0.08 days/decade, respectively (p < 0.01). Similarly, the
Warm Spell Duration Index (WSDI) ranged from 0.65 days to 17.08 days during 1960–2021,
with an average of 5.95 days and a climatic tendency rate of 1.13 days/decade. Notably,
the climate tendency rate from 1990 to 2021 (1.15 days/decade) surpassed that from 1960
to 1989. The sustained output of high temperatures can lead to adverse effects, including
reduced crop yields, etc., as it may surpass the adaptive capacity of people, animals,
and plants.

3.1.2. Analysis of Spatial Characteristics

(1) Amplitude Temperature Index
In Xinjiang, the TXx, TNx, TXn, and TNn ranged between 19.85 and 45.62 ◦C, 7.97 and

30.84 ◦C, −28.97 and 5.74 ◦C, and −40.99 and 14.24 ◦C, respectively, with average values of
36.42 ◦C, 22.43 ◦C, −13.51 ◦C, and −24.92 ◦C (Figure 3). The distribution patterns of TXx
and TNx exhibited similarities, with high values observed in Bazhou, Tulufan, Yicheng, and
other areas, while low values were prevalent in Yili, Bozhou, and Kezhou, etc. Similarly,
the distribution patterns of TXn and TNn displayed resemblances. The regions with high
values were typically found in Kashi, Hetian, Bazhou, and other southern areas, whereas
the regions with low values were concentrated in Aletai and other northern regions. This
distribution pattern underscores a geographical trend where the southern region surpassed
the northern region in amplitude temperature values.

The climate tendency rates of TXx, TNx, TXn, and TNn in Xinjiang over the past 62 years
ranged from −0.42 ◦C/decade to 0.61 ◦C/decade, −0.53 ◦C/decade to 1.04 ◦C/decade,
−0.08 ◦C/decade to 1.18 ◦C/decade, and −0.06 ◦C/decade to 2.04 ◦C/decade, respectively
(Figure 4). These changes spanned from −2.604 to 3.782 ◦C, −3.29 to 6.45 ◦C, −0.50 to
7.32 ◦C, and −0.37 to 12.65 ◦C, with an upward trend accounting for 80.77%, 94.23%,
98.08%, and 98.08%, respectively (Table 3). Specifically, the areas with high trend values of
the climate tendency rate of TXx were observed in Aletai, Hami, and Bazhou, etc., while
areas with low trend values were evident in Bozhou and Youcheng, etc. Similarly, TNx
exhibited high trend values of climate tendency rates in Aletai and Hami, etc., while areas
with low trend values were observed in Aksu, etc. For TXn, the areas with high trend
values of climate tendency rate were identified in Aletai, Aksu, and Yili, etc., while areas
with low trend values included Kezhou, Kashi, Hetian, and Bazhou, etc. As for TNn, areas
with high trend values were found in Tulufan, Hami, and Aletai, etc., while areas with low
trend values located in Bazhou and Aksu, etc.
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Table 3. Statistical analysis of spatial characteristics of extreme temperature.

Categories Name Indices Significant Uptrend Significant
Uptrend Decline Significant

Decline 0 Value

Amplitude
Temperature

Index

Maximum
Value of

Daily
Maximum

Temperature

TXx 78.85 42 34 10 7

Maximum
Value of

Daily
Minimum

Temperature

TNx 88.46 49 44 3 2

Minimum
Value of

Daily
Maximum

Temperature

TXn 82.69 51 43 1 0

Minimum
Value of

Daily
Minimum

Temperature

TNn 92.31 51 48 1 0

Cold Index Frost Day FD 98.08 1 1 51 50
Icing Day ID 63.46 7 2 45 31

Cold Night TN10p 100.00 1 1 51 51
Cold

Daytime TX10p 96.15 1 1 51 49

Heat Index Summer Day SU 94.12 47 46 4 2 1
Tropical
Night TR 95.83 44 43 4 3 4

Warm Night TN90p 96.15 50 49 2 1
Warm

Daytime TX90p 94.23 47 47 5 2

Duration
Index

Cold Spell
Duration

Index
CSDI 88.46 3 - 49 46

Warm Spell
Duration

Index
WSDI 84.62 45 41 7 3

(2) Cold Index
The FD, ID, TN10p, and TX10p indices ranged from 106.77 to 288.89 days, 18.85 to

144.42 days, 19.95 to 20.84 days, and 20.26 to 20.92 days, respectively, with average values
of 158.49 days, 67.76 days, 20.41 days, and 20.53 days. All four cold indices exhibited a
geographical distribution pattern characterized by higher values in the north and lower
values in the south (Figure 2).

The climate tendency rates of FD, ID, TN10p, and TX10p in Xinjiang over the past
62 years ranged from −9.76 to 2.10 days/decade, −3.96 to 1.22 days/decade, −8.53 to
2.05 days/decade, and −3.09 to 0.70 days/decade, respectively, with changes ranging from
−60.51 to 13.02 days, −24.55 to 7.56 days, −52.89 to 12.71 days, and −19.16 to 4.34 days
(Figure 3). The decreasing tendency accounted for 98.08%, 86.54%, 98.08%, and 98.08%,
respectively (Table 3). Specifically, the climate tendency rate of FD was higher in Aksu
and Bazhou, etc., while being lower in Hami and Tulufan, etc. Similarly, the areas with
high trend values of the climate tendency rates of ID were situated in Aksu and Bazhou,
etc., while areas with low trend values were observed in Bozhou, Yili, and Tacheng, etc.
Regarding TN10p, the areas with high trend values of the climate tendency rates were
identified in Aksu, Wushi, and Changji, etc., while areas with low trend values were found
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in Kezhou, Aletai, and Tulufan, etc. Similarly, the areas with high trend values of climate
tendency rates for TX10p were located in Youcheng, Changji, and Wushi, etc., whereas
areas with low trend values were observed in Aletai, Hami, and Tulufan, etc.

(3) Heat Index
The SU, TR, TN90p, and TX90p indices in Xinjiang ranged from 0.00 to 181.77 days,

0.00 to 102.42 days, 19.84 to 20.59 days, and 19.91 to 20.44 days, respectively, with average
values of 110.78 days, 17.59 days, 20.16 days, and 20.23 days (Figure 2). The distribution
characteristics of SU showed higher values in the south and lower values in the north. The
areas with higher values of TR were clustered in Tulufan, etc., whereas lower values were
observed in Aletai, Yili, and Kezhou, etc. Similarly, the regions with high values of TN90p
were situated in Changji, Hami, Tulufan, etc., while areas with low values were found in
Bazhou and Akesu, etc. For TX90p, the regions with high values were identified in Kezhou,
Hetian, Bozhou, and Hami, etc., and areas with low values were observed in Bazhou and
Akesu, etc.

The climate tendency rates of SU, TR, TN90p, and TX90p in Xinjiang ranged from
−3.80 to 5.52 days/decade, −4.55 to 12.39 days/decade, −3.11 to 9.71 days/decade, and
−3.41 to 4.99 days/decade, respectively (Figure 3). These changes spanned from −23.56
to 34.22 days, −28.21 to 76.82 days, −19.28 to 60.20 days, and −21.14 to 30.94 days, with
upward trends accounting for 90.38%, 84.62%, 96.15%, and 90.38%, respectively (Table 3).
Specifically, the climate tendency rates of SU were higher in Aletai and Hami, etc., lower in
Bozhou and Wushi, etc., and Tuergate Station in western Kezhou recorded values of zero.
The areas with high trend values of climate tendency rates of TR were located in Tulufan
and Hami, etc., while areas with low trend values were found in Akesu and Aletai, etc.,
demonstrating a west-to-east decreasing trend, with zero TR occurrences in Zhaosu and
four other stations. Similarly, the areas with high trend values of climate tendency rates of
TN90p were situated in Hami, Tulufan, Hetian, etc., while areas with low trend values were
observed in Akesu, Youcheng, Changji, etc. For TX90p, the areas with high trend values of
climate tendency rates were located in Bazhou, Tulufan, and Hami, etc., and areas with low
trend values observed in Bozhou and Youcheng, etc.

(4) Duration Index
The CSDI and WSDI in Xinjiang ranged between 1.68 and 9.82 days and 3.34 and

9.27 days, respectively, with averages of 5.80 days and 5.95 days (Figure 2). Areas with
higher CSDI values are concentrated in Akesu, Youcheng, and Tulufan, etc., while lower
values are observed in Aletai, Changji, Hami, and surrounding regions. Meanwhile, the
WSDI indicates that higher values are prominent in Akesu and Bazhou, etc., gradually
declining towards adjacent areas.

The climatic tendency rates of CSDI and WSDI in Xinjiang ranged between −5.24
and 0.14 days/decade and −0.54 and 3.05 days/decade (Figure 3), respectively. The
variation spanned from −32.49 to 0.87 days and −3.35 to 18.91 days, with upward trends
constituting 94.23% and 86.54%, respectively (Table 3). The climatic tendency rates of CSDI
are notably high in Bazhou and Changji, etc., whereas they are lower in Bozhou, Tacheng,
and Tulufan, etc. Similarly, areas with higher WSDI values are concentrated in southern
regions such as Hetian and Bazhou, whereas lower values prevail in northern regions like
Tacheng, Youcheng, and Aletai, indicating a geographical distribution trend where the
south experiences more significant changes compared to the north.

3.2. Spatio-Temporal Pattern and Changes in Extreme Precipitation
3.2.1. Analysis of Temporal Characteristics

(1) Precipitation Scale index
The analysis of precipitation scale indices, including Maximum 1-day precipitation

(Rx1day), Maximum Consecutive 5-day Precipitation (Rx5day), and Annual precipitation
(PRCPTOT), reveals significant increasing trends (p < 0.01) from 1960 to 2021 (Table 4). Over
this period, the values of these indices varied within ranges of 12.59 to 23.93 mm, 15.93
to 35.33 mm, and 60.57 to 192.54 mm, respectively, with corresponding average values of
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17.26 mm, 24.39 mm, and 114.20 mm. Notably, the climate tendency rates were calculated
at 0.72 mm/decade, 1.24 mm/decade, and 13.22 mm/decade. While the Rx1day index
did not exhibit a significant increasing trend from 1990 to 2021, the other two indices
demonstrated significant increases (p < 0.01) during both the 1960–1989 and 1990–2021
periods. Xinjiang, being an inland region characterized by an arid climate and relatively
low precipitation, stands to benefit from increased precipitation. This rise in precipitation
levels holds promise for alleviating water resource shortages, thereby playing a crucial
role in promoting agricultural production and enhancing the ecological environment.
However, it is essential to note that the heightened precipitation may result in extreme
hydrological events such as flash floods. These events pose significant risks, potentially
damaging farmlands, infrastructure including roads and bridges, and even endangering
residents’ lives.

Table 4. Analysis of time characteristics of extreme precipitation.

Categories Name Indices Minimum Maximum Average B
B B

1960–1989 1990–2021

Precipitation
Scale Index

Maximum
1-day

Precipitation
Rx1day 12.59 23.93 17.26 0.072 *** 0.061 *** −0.002

Maximum
Consecutive

5-day
Precipitation

Rx5day 15.93 35.33 24.39 0.124 *** 0.077 *** 0.037 *

Annual
Precipitation PRCPTOT 60.57 192.54 114.20 1.322 *** 1.495 *** 0.599 ***

Precipitation
Intensity

Index

Simple
Precipitation

Intensity
Index

SDII 3.65 5.25 4.52 −0.001 −0.010 ** 0.002

Intense
Precipitation R95p 10.22 57.46 24.82 0.316 *** 0.208 *** 0.146 ***

Extreme
Precipitation R99p 1.88 21.74 7.46 0.113 *** 0.061 *** 0.044 **

Precipitation
Day Index

Moderate
Precipitation R10mm 1.06 4.96 2.57 0.031 *** 0.025 *** 0.020 ***

Heavy
Precipitation R20mm 0.21 1.29 0.53 0.007 *** 0.003 * 0.003 **

Rainstorm
Precipitation Rnnmm 0.06 0.67 0.25 0.004 *** 0.002 *** 0.001

Note: * denotes that the trend is significant at the 0.10 level of significance; **denotes that the trend is significant at
the 0.05 level of significance; *** denotes that the trend is significant at the 0.01 level of significance.

(2) Precipitation Intensity Index
The Simple Precipitation Intensity Index (SDII) exhibited an insignificant downward

trend (p ≥ 0.01), while the two indices of Intense precipitation (R95p) and Extreme precipita-
tion (R99) exhibited significant increasing trends (p < 0.01) from 1960 to 2021 (Table 4). The
values of the three precipitation intensity indices ranged from 3.65 to 5.25 mm/d, 10.22 to
57.46 mm, and 1.88 to 21.74 mm, with an average of 4.52 mm/days, 7.46 mm, and 24.82 mm.
The calculated climate tendency rates were −0.010 mm/(days·decade), 1.13 mm/decade,
and 3.16 mm/decade. Interestingly, while SDII exhibited a significant downward trend
during 1960–1989, it displayed an insignificant upward trend during 1990–2021. In contrast,
both R95p and R99 exhibited significant increasing trends (p < 0.01) throughout the entire
period. In mountainous regions, heavy rainfall can precipitate geological disasters such
as landslides and mud-rock flows, particularly prevalent in certain mountainous areas of
southern Xinjiang, owing to topographic factors.
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(3) Precipitation Day Index
The precipitation day indices for Moderate precipitation (R10mm), Heavy precipitation

(R20mm), and Rainstorm precipitation (Rnnmm) showed significant increasing trends
(p < 0.01) from 1960 to 2021 (Table 4). These indices ranged from 1.06 to 4.96 days, 0.21
to 1.29 days, and 0.06 to 0.67 days, with respective averages of 2.57 days, 0.53 days, and
0.25 days. The climate tendency rates were measured at 0.31 days/decade, 0.07 d/decade,
and 0.04 d/decade. From 1960 to 1989 and 1990 to 2021, all three indices exhibited increasing
trends, with significance noted in all cases except for the number of heavy rain days
from 1990 to 2021. Across the board, the minimum, maximum, average, and climate
tendency rates of the three indices adhere to a consistent pattern: the number of moderate
precipitation days (R10mm) > the number of heavy precipitation days (R20mm) > the
number of rainstorm precipitation days (Rnnmm). Despite the relatively small rainfall
intensity of Moderate precipitation (R10mm), prolonged occurrences can lead to delayed
ground water discharge, potentially resulting in waterlogging of croplands and adversely
affecting agricultural production.

3.2.2. Analysis of Spatial Characteristics

(1) Precipitation Scale Index
The Rx1day, Rx5day, and PRCPTOT in Xinjiang exhibited ranges of 5.34 to 34.93 mm,

5.84 to 47.00 mm, and 10.69 to 458.15 mm, respectively, with average values of 17.26 mm,
24.39 mm, and 114.20 mm. The geographical distribution of these three indices displayed
similarities. Areas with higher values were notably present in Bozhou, Yili, and Tacheng,
while regions with lower values were observed in Bazhou, Tulufan, and Hetian. This pattern
signifies a decreasing geographical distribution from northwest to southeast (Figure 5).

The climate tendency rates of Rx1day, Rx5day, and PRCPTOT in Xinjiang over the
past 62 years ranged between −1.14 and 2.11 mm/decade, −0.84 and 4.52 mm/decade,
and −2.81 and 58.19 mm/decade, respectively (Figure 6). Changes in these rates spanned
from −7.07 to 13.08 mm, −5.21 to 28.02 mm, and −17.42 to 360.78 mm, with upward
trends accounting for 84.62%, 88.46%, and 96.16%, respectively (Table 5). The geographical
distribution of climate tendency rates for these three indices is similar, the areas with high
trend values primarily concentrated in Kezhou, Yili, Aletai, and Hami, while areas with low
trend values are predominantly found in Bazhou and Tulufan. This distribution pattern
suggests a trend of higher rates in the west and northeast, and lower rates in the southeast.

(2) Precipitation Intensity Index
The SDII, R95p, and R99p indices in Xinjiang ranged from 3.01 to 7.13 mm/days, 2.10

to 89.25 mm, and 0.55 to 25.63 mm, respectively, with averages of 4.52 mm/days, 24.82 mm,
and 7.46 mm (Figure 4). The areas with high values of SDII were predominantly distributed
in southern regions such as Wushi, Bazhou, and Hetian, whereas areas with low values
were found in northern regions like Tulufan and Aletai. The geographical distribution of
R95p and R99p exhibits similarities. The areas with high values were mainly concentrated
in western regions such as Kezhou, Yili, and Bozhou, as well as northern regions like Aletai,
while areas with low values were primarily located in southern and eastern regions such as
Hetian, Bazhou, Tulufan, and Hami.

The climate tendency rates of SDII, R95p, and R99p in Xinjiang ranged from −0.39
to 0.21 mm/(days·decade), −2.86 to 13.05 mm/decade, and −1.98 to 5.20 mm/decade,
respectively (Figure 5). Changes in these rates ranged from −2.42 to 1.30 mm/days, −17.73
to 80.91 mm, and −12.28 to 32.24 mm, with upward trends accounting for 44.23%, 86.54%,
and 73.08%, respectively (Table 5). High climatic tendency rates of SDII were observed in
Yili, Bozhou, Wushi, Aletai, and Hami, etc., while lower rates were noted in Hetian and
Bazhou, etc. The geographical distribution patterns for R95p and R99p mirror each other.
The areas with high trend values of climate tendency rates encompass Yili, Aletai, and Hami,
etc, and areas with low trend values are situated in Tulufan and Bazhou, among others.
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Table 5. Statistical analysis of spatial characteristics of extreme precipitation.

Categories Name Indices Significant Uptrend Significant
Uptrend Decline Significant

Decline 0 Value

Precipitation
Scale Index

Maximum
1-day

Precipitation
Rx1day 69.23 44 32 8 4

Maximum
Consecutive

5-day
Precipitation

Rx5day 73.08 46 35 6 3

Annual
Precipitation PRCPTOT 98.08 50 49 2 1

Precipitation
Intensity

Index

Simple
Precipitation

Intensity Index
SDII 57.69 23 15 29 15

Intense
Precipitation R95p 80.77 45 37 7 5

Extreme
Precipitation R99p 63.46 38 27 14 6

Precipitation
Day Index

Moderate
Precipitation R10mm 88.46 49 44 3 2

Heavy
Precipitation R20mm 73.08 41 31 11 7

Rainstorm
Precipitation Rnnmm 63.46 37 24 14 9 1

(3) Precipitation Day Index
The R10mm, R20mm, and Rnnmm indices in Xinjiang exhibited a range of 0.15 to

12.79 days, 0.02 to 2.39 days, and 0.00 to 1.34 days, respectively, with averages of 2.57 days,
0.53 days, and 0.25 days (Figure 4). The geographical distribution of these indices was
similar, as the areas with high values clustered in Kezhou, Yili, Bozhou, and other regions,
while areas with low values were predominantly distributed in Bazhou and Tulufan, etc.

Over the past 62 years, the climate tendency rates of R10mm, R20mm, and Rnnmm
in Xinjiang ranged between −0.12 and 1.23 days/decade, −0.07 and 0.39 days/decade,
and −0.05 and 0.17 days/decade, respectively (Figure 5). Changes in these rates ranged
from −0.74 to 7.63 days, −0.43 to 2.42 days, and −0.31 to 1.05 days, with upward trends
accounting for 94.23%, 78.85%, and 71.15%, respectively (Table 5). The climate tendency rate
of R10mm was notably high in Kezhou, Wushi, and Hami, etc., while being low in Tulufan,
etc., indicating a decreasing geographical distribution pattern from northwest to southeast.
Regions with high values of the climate tendency rate of R20mm were concentrated in Yili,
Wushi, Aletai, and Hami, while lower values were observed in Tacheng, Tulufan, Aksu,
etc. The areas with high values of the climate tendency rate of Rnnmm were located in Yili,
Wushi, Aletai, and other regions, and areas with low trend values were situated in Hetian,
Aksu, and Bazhou, etc. Notably, in Tulufan Station, the number of Rnnmm recorded over
the 62-year period was zero.

4. Discussion

The interannual variation in extreme temperature indices in Xinjiang from 1960 to
2021 illustrates a marked increase in warm temperature indices (such as SU, TR, TN90p,
TX90p, and WSDI) and a significant decrease in cold temperature indices (including FD, ID,
TN10p, TX10p, and CSDI). The trends of extreme temperature index changes are similar
to those in the Yangtze River Basin [24], Dongting Lake Basin [25], and Songhua River
Basin [43]. Additionally, the trends for extreme low temperatures are more pronounced
than those for extreme high temperatures (with TXn exceeding TXx and TNn surpassing
TNx), resulting in a decline in the Diurnal Temperature Range (DTR). The winter night-
time temperature variations are notably more volatile in TN10p compared to TX10p, while
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summer daytime temperatures exhibit greater intensity in TX90p than in TN90p. The trends
in extreme precipitation indices, such as Rx1day, Rx5day, PRCPTOT, R95p, R99p, R10mm,
R20mm, and Rnnmm, show significant increases, but their average values remain relatively
low, especially R20 (0.53 days) and Rnnmm (0.25 days), suggesting that high-intensity
precipitation events remain relatively rare.

When comparing the trends in Xinjiang’s extreme temperature indices with those in
other regions, it is evident that both the direction and magnitude of changes in Xinjiang
are consistent with global and national patterns. Indices such as TXx, TNx, TXn, TNn, FD,
and ID exhibit greater fluctuations than the global land average [56], and the increased
rates for TNx, TXn, TNn, and TR surpass the national average [57]. This indicates that
Xinjiang’s extreme temperature variations are highly sensitive to global warming, which
can be attributed to the region’s arid conditions, sparse vegetation, high surface albedo,
and rapid heat absorption and dissipation, leading to significant daily and seasonal tem-
perature fluctuations. Additionally, extreme precipitation indices such as Rx1day, Rx5day,
and R20mm exceed those recorded in Northwestern China [58], and the growth rates
for Rx1day, Rx5day, PRCPTOT, R95p, R99p, R10mm, R20mm, and Rnnmm are higher
than those in the northern deserts [59]. Compared to the more humid southern regions,
Xinjiang’s PRCPTOT has increased significantly [60], which aligns with the global trend
of an intensified hydrological cycle and more frequent extreme climate events under the
influence of global warming. Temperature escalations, coupled with amplified land surface
evapotranspiration and a surge in water vapor flux from oceanic sources to Xinjiang, have
collectively induced notable transformations of extreme precipitation events.

The correlation coefficients (detailed in Table 6) between change trends of extreme
climate indices and elevation, longitude, and latitude reveals that indices such as TXx,
TXn, TNn, FD, ID, TX10p, SU, and TR inversely correlate with altitude, while TNx, TN10p,
TN90p, and CSDI correlate positively. Indices such as TXx, TNx, TXn, and TNn, along with
SU, positively correlate with both latitude and longitude, indicating faster warming trends
in the northeastern parts of the region. Conversely, FD and ID show a negative correlation
with longitude but a positive one with latitude, highlighting rapid temperature increases
in the southeastern areas. For example, Rx1day, Rx5day, PRCPTOT, R95p, R10mm, and
Rnnmm correlate positively with altitude and negatively with longitude, indicating that
higher altitudes and positions closer to the northwest exhibit more pronounced rising trends.
Similarly, R99p and R20mm also correlate positively with altitude. The fragile geological
structures in these high-altitude mountainous regions, combined with intense precipitation,
can trigger severe natural disasters like mudslides and waterlogging, posing significant
threats to both life and property. Consequently, it is imperative to strengthen infrastructure
and systematically enhance disaster prevention, mitigation, and resilience capabilities.

This study focuses on the spatio-temporal distribution and variation characteristics
of extreme climate events in Xinjiang. It identifies significant trends towards warmer and
more humid conditions, with a notable decline in cold indices, highlighting a distinct shift
towards warmer and wetter conditions. These insights offer valuable contributions to
shaping policies and strategies for disaster risk reduction and climate resilience in Xinjiang.
However, there is a need for more detailed research that closely aligns extreme climate
events with agricultural productivity and economic development, to foster ecological
sustainability and high-quality growth in the region effectively. Additionally, although
this research utilizes the widely adopted inverse distance weighting (IDW) method for
spatial interpolation, Xinjiang’s extensive and uneven geographic spread presents unique
challenges. Future efforts will explore the use of geostatistical Kriging techniques to address
these regional variations and improve the precision of spatial interpolations.
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Table 6. Correlation coefficients between change trends of extreme climate indices and elevation,
longitude, and latitude.

Indices Elevation Longitude Latitude Indices Elevation Longitude Latitude

TXx −0.0725 0.4033 *** 0.0002 Rx1day 0.1541 −0.0239 0.0869
TNx 0.0084 0.3117 ** 0.2194 Rx5day 0.2847 ** −0.1702 0.1054
TXn −0.1610 0.0530 0.2809 ** PRCPTOT 0.3588 *** −0.2161 0.3271 **
TNn −0.2668 * 0.0004 0.2862 ** SDII −0.1409 0.1903 0.2689 *
FD −0.0993 −0.0565 −0.1723 R95p 0.2342 * −0.0413 0.2861 **
ID −0.2833 ** −0.0151 −0.1779 R99p 0.0594 0.0198 0.2694 *

TN10p 0.0824 0.0440 −0.0228 R10mm 0.3219 ** −0.1678 0.2472 *
TX10p −0.0553 0.2564 −0.0226 R20mm 0.1898 0.0656 0.2043

SU −0.2030 0.4046 *** 0.0213 Rnnmm 0.1025 −0.0142 0.1708
TR −0.3489 ** −0.1316 0.1820

TN90p 0.0166 −0.0710 −0.0927
TX90p 0.0506 −0.0059 −0.2925 **
CSDI 0.3342 ** 0.0488 −0.0423
WSDI 0.0680 −0.0482 −0.5723 ***

Note: * denotes that the trend is significant at the 0.10 level of significance; **denotes that the trend is significant at
the 0.05 level of significance; *** denotes that the trend is significant at the 0.01 level of significance.

5. Conclusions and Suggestions
5.1. Conclusions

This study employs 23 extreme climate indices to analyze the spatial and temporal
distribution, as well as the characteristics of changes in extreme climates, in Xinjiang from
1960 to 2021. The principal findings are summarized as follows:

(1) From 1960 to 2021, Xinjiang witnessed a conspicuous decline in cold-related indices
and a marked increase in warm-related indices. More precisely, the Frost Days (FD), Icing
Days (ID), Cold Night (TN10p), Cold Daytime (TX10p), and the Cold Spell Duration Index
(CSDI) decreased at respective rates of −3.47 days per decade, −1.02 days per decade,
−3.95 days per decade, −1.06 days per decade, and −1.70 days per decade. In contrast, the
Summer Days (SU), Tropical Nights (TR), Warm Night (TN90p), Warm Daytime (TX90p),
and the Warm Spell Duration Index (WSDI) showed increases at rates of 1.85 days per
decade, 2.03 days per decade, 2.07 days per decade, 4.12 days per decade, and 1.13 days per
decade, respectively, consistent with the broader pattern of global warming. Furthermore,
the trends in amplitude temperature indices, including the Maximum Value of Daily
Maximum Temperature (TXx), the Maximum Value of Daily Minimum Temperature (TNx),
the Minimum Value of Daily Maximum Temperature (TXn), and the Minimum Value of
Daily Minimum Temperature (TNn), revealed respective increases of 0.14 ◦C, 0.34 ◦C,
0.37 ◦C, and 0.68 ◦C per decade.

(2) The distribution of and changes in extreme temperature events in Xinjiang exhibit
regional disparities. The areas with high values of amplitude temperature indices (TXx,
TNx, TXn, and TNn) are predominantly situated in the northern part, whereas the areas
with high values of the cold indices (FD, ID, TN10p, and TX10p) are primarily found in
the southern region. Although variations exist in the distribution characteristics of climate
tendency rates among different extreme temperature indices in Xinjiang, there is strong
consistency in their statistical properties. The 16 extreme temperature indices have all
shown an upward/downward trend of over 80.00% in the entire Xinjiang region. Among
them, TXn, TNn, FD, TN10p, and TX10p account for 98.08% across Xinjiang, indicating
pervasive extreme warming.

(3) From 1960 to 2021, extreme precipitation indices in Xinjiang, including the Maxi-
mum 1-day Precipitation (Rx1day), Maximum Consecutive 5-day Precipitation (Rx5day),
Annual Precipitation (PRCPTOT), Intense Precipitation (R95p), Extreme Precipitation
(R99p), Moderate Precipitation (R10), Heavy Precipitation (R20), and Rainstorm Precipita-
tion (R25), exhibited increasing trends at rates of 0.72 mm, 1.24 mm, 13.22 mm, 3.16 mm,
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1.13 mm, 0.31 days, 0.07 days, and 0.04 days per decade, respectively. These trends suggest
a progression towards more extreme precipitation in the region.

(4) The distribution of and changes in extreme precipitation events in Xinjiang have
spatial similarities. The areas with high values of Rx1day, Rx5day, PRCPTOT, R95p, R99p,
R10mm, R20mm, and Rnnmm, as well as regions exhibiting a high climate tendency, are
predominantly concentrated in the northern and western parts of the region. Their trends
of change correlate positively with altitude and latitude, and inversely with longitude,
implying that areas with higher elevations and those located further northwest exhibit
a more pronounced upward trend. With over 71.00% of the entire region experiencing
an upward trend, extreme precipitation in the majority of Xinjiang’s areas is on the rise.
Nonetheless, the frequency of extreme precipitation events is still limited, particularly for
R20mm, ranging from 0.02 to 2.39 days, and Rnnmm, varying from 0.00 to 1.34 days.

5.2. Suggestions

Based on the above analysis, this study proposes the following three policy recommen-
dations, aiming to provide a scientific basis and practical guidance for decision-makers, and
striving to lead agricultural production towards a more resilient and sustainable develop-
ment trajectory in the prevailing backdrop of frequent and severe extreme climate events.

(1) Emphasize enhancements in weather forecasting capabilities and ensure prompt
responses to extreme climate events. Given the discernible upward trend in the intensity,
duration, and frequency of extreme weather phenomena in Xinjiang, the government is
advised to supply high-resolution weather forecasts tailored to agricultural production
requirements. This should be complemented by the establishment of early warning systems
for calamities such as cold waves, heatwaves, droughts, and floods to mitigate their impacts
promptly and effectively.

(2) Carry out climate zoning work and adjust the agricultural industry structure.
In most regions of Xinjiang, both temperature and precipitation have exhibited an up-
ward trend, leading to improved water and heat conditions in formerly unsuitable low-
temperature, high-latitude areas, as well as in regions grappling with extreme water scarcity
for crop cultivation. The government should proactively organize research to understand
the law of climate change, conduct climate zoning based on crop growth needs, implement
guidance policies to encourage farmers to adjust crop structure, and ultimately achieve the
goal of improving crop production quality.

(3) Enhance investment in agricultural infrastructure to bolster the resilience of crops
against risks. In recent years, with the support of government and social investment, agri-
cultural infrastructure has seen significant improvement, leading to a continuous expansion
of effective irrigation areas. Nevertheless, weaknesses persist in farmland drainage. It
is imperative to strengthen the development of agricultural infrastructure, particularly
flood and drought prevention facilities and the application of supporting technologies, to
systematically enhance our capability to prevent, resist, and mitigate disasters.
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