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Abstract
Based on daily meteorological data from 58 meteorological stations in Xin-
jiang during 1965–2017, potential evapotranspiration was calculated using the
Penman-Monteith (P-M) model, and water surplus/deficit was derived by in-
corporating precipitation; the spatiotemporal variation characteristics of water
surplus/deficit in Xinjiang and their influencing factors were analyzed using
the Mann-Kendall (M-K) abrupt change test, wavelet analysis, and Pearson
correlation analysis. The results indicate that: (1) Over the past 53 years, the
interannual variation of water surplus/deficit in Xinjiang exhibited an overall in-
creasing trend, with the highest increase rate south of the Tianshan Mountains,
followed by north of the Tianshan Mountains, and the lowest in the Tianshan
mountainous region, with an average increase rate of 72.28 mm・(10a)-1 across
the entire region; seasonal variation of water surplus/deficit followed the order
summer > spring > autumn > winter, with the greatest linear change rate
in summer and the smallest in winter. (2) Spatially, the maximum seasonal
water deficit occurred primarily in the Turpan Basin and surrounding areas,
Hami region, and northern Bayingolin Mongol Autonomous Prefecture, while
the minimum values were mainly located in the Ili River Valley and Altay re-
gion. Regarding trends, annual water surplus/deficit in most areas exhibited
an increasing trend, whereas decreasing trends were mainly observed in areas
north of the Tianshan Mountains and parts of the Tarim Basin. (3) An abrupt
change in the time series of average water surplus/deficit in Xinjiang occurred
in 1985; except for areas north of the Tianshan Mountains, other regions have
shown a significant decreasing trend in water surplus/deficit since 2000, varying
with a 28 a period as the first principal period.
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Abstract

Based on daily meteorological data from 58 stations in Xinjiang spanning 1965–
2017, potential evapotranspiration was calculated using the Penman-Monteith
(P-M) model, and water budget was derived by combining precipitation data.
Mann-Kendall (M-K) mutation test, wavelet analysis, and Pearson correlation
analysis were employed to examine spatiotemporal variation characteristics and
influencing factors of water budget in Xinjiang. The results indicate: (1) Over
the past 53 years, interannual water budget variation in Xinjiang showed an
overall increasing trend. The maximum increasing rate occurred south of the
Tianshan Mountains at 93.69 mm・(10a)−1, followed by north of the Tianshan
Mountains, with the minimum rate in the Tianshan area itself. The average
increasing rate for entire Xinjiang was 72.28 mm・(10a)−1. Seasonal variation
followed the pattern: summer > spring > autumn > winter, with maximum lin-
ear change rate in summer (18.82 mm・(10a)−1) and minimum in winter (2.64
mm・(10a)−1). (2) Spatially, maximum seasonal water deficit occurred primarily
in the Turpan Basin and surrounding areas, Hami region, and northern Bayin-
golin Mongolian Autonomous Prefecture, while minimum values were located in
the Yili River Valley and Altay area. Most regions exhibited increasing annual
water budget trends, with decreasing trends mainly in areas north of the Tian-
shan Mountains and parts of the Tarim Basin. (3) A significant abrupt change
in Xinjiang’s average water budget time series occurred around 1985. Since
2000, water budget has shown a clear decreasing trend in all areas except north
of the Tianshan Mountains, with a 28-year periodicity identified as the primary
oscillation cycle.

Keywords: Xinjiang; water budget; Penman-Monteith model; climate change;
spatiotemporal characteristics

Introduction
Global climate warming has induced significant changes in regional precipitation,
evapotranspiration, and other climatic elements, altering regional dry-wet condi-
tions and triggering extreme meteorological events. In recent years, Northwest
China’s arid region has experienced pronounced climate change. As a crucial
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component of Central Asia’s large-scale arid climate zone, although the overall
pattern of dry-wet climate zones remains unchanged, notable climate fluctua-
tions have emerged in local arid areas. Xinjiang, as a major part of Northwest
China’s arid region, has witnessed rapid temperature and precipitation increases
since the mid-1980s, though this upward trend has moderated since 2000. The
warming rate in Xinjiang is 1.6 times the national average. From 1965 to 2017,
Xinjiang’s temperature increased at 0.32 ℃・(10a)−1 while precipitation rose at
mm・(10a)−1, presenting new challenges for sustainable development of regional
water resources, agriculture, and animal husbandry.

Under global warming, most Xinjiang areas have experienced warming and pre-
cipitation increases over the past 53 years, exhibiting a “warm-humidification”
trend to varying degrees. This pattern appears mainly in the western Tianshan
region and northern Xinjiang. Water budget serves as a critical indicator of
regional dry-wet conditions, comprehensively incorporating precipitation and
evaporation effects to realistically reflect regional water balance status. It has
been widely applied across China, with studies examining the Huai River Basin,
Yellow River Basin, and other major river systems.

1.1 Study Area Overview
Xinjiang is located in the hinterland of the Eurasian continent between 34°25�–
48°10�N and 73°40�–96°18�E, far from oceans, and classified as arid and semi-
arid region [Figure 1: see original paper]. Water vapor primarily originates
from westerly circulation (Mediterranean Sea, Caspian Sea, Black Sea, Atlantic
Ocean) and Arctic airflows. Winter and spring moisture comes from the Mediter-
ranean and Caspian Seas, summer from the North Atlantic and Arctic Ocean,
and autumn from the Black and Caspian Seas. Xinjiang features complex to-
pography characterized by “three mountains surrounding two basins.”Due to
the Tianshan Mountains’barrier, moisture from the Arctic Ocean cannot reach
southern Xinjiang, and westerly circulation fails to transport water vapor to Tur-
pan, Hami, and vast southern Xinjiang areas, resulting in substantial regional
water differences.

1.2 Data Sources
Meteorological data were obtained from the China Meteorological Data Center
(http://data.cma.cn), comprising daily observations from 58 stations selected
based on data completeness and quality control. The dataset includes daily
mean temperature, precipitation, relative humidity, mean wind speed, and sun-
shine duration. Seasons were defined meteorologically as spring (March–May),
summer (June–August), autumn (September–November), and winter (Decem-
ber–February).
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1.3 Methods
1.3.1 Water Budget Calculation

Water budget (K) represents regional water balance using precipitation (P) and
potential evapotranspiration (ET0):

𝐾 = 𝑃 − 𝐸𝑇0

where positive K indicates water surplus, negative K indicates water deficit, and
zero K represents water balance.

Potential evapotranspiration was calculated using the FAO Penman-Monteith
model, a mechanistic model integrating atmospheric, soil, and vegetation factors
that has been extensively applied in arid region climate studies:

𝐸𝑇0 = 0.408Δ(𝑅𝑛 − 𝐺) + 𝛾 900
𝑇 +273.15 𝑢2(𝑒𝑠 − 𝑒𝑎)

Δ + 𝛾(1 + 0.34𝑢2)

where ET0 is potential evapotranspiration (mm・d−1), R� is net radiation (MJ・
m−2・d−1), G is soil heat flux (MJ・m−2・d−1), T is mean air temperature at 2
m height (℃), u2 is wind speed at 2 m height (m・s−1), e� is saturation vapor
pressure (kPa), e� is actual vapor pressure (kPa), Δ is the slope of the saturation
vapor pressure curve (kPa・℃−1), and 𝛾 is the psychrometric constant (kPa・
℃−1).

1.3.2 Wavelet Analysis

As an indicator of dry-wet climate variation, water budget exhibits periodic
oscillations. Wavelet analysis, compared to Fourier transform, provides refined
time-frequency and multi-scale decomposition, enabling analysis of temporal-
frequency variations from any signal detail. This study employed the Morlet
wavelet function to analyze periodic variation patterns of Xinjiang’s water
budget over the past 53 years.

1.3.3 Mann-Kendall Test

The Mann-Kendall test is a non-parametric statistical method that is compu-
tationally simple and insensitive to outliers. It was applied to detect abrupt
changes in regional average water budget time series. For time series T, a se-
quence S� is constructed to calculate cumulative counts of values where the i-th
observation exceeds the j-th observation. The UF� statistic is computed as:

𝑈𝐹𝑘 = 𝑆𝑘 − 𝐸(𝑆𝑘)
√𝑉 𝑎𝑟(𝑆𝑘)
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where E(S�) is the mean and Var(S�) is the variance of S�. For backward calcu-
lation (UB�), the time series is reversed.

1.3.4 Inverse Distance Weighting Interpolation

Inverse Distance Weighting (IDW) is a common spatial interpolation method
that estimates values at unknown points using weighted averages of known
points, where weights are proportional to the inverse distance raised to a power.
Closer points exert greater influence. The weight coefficient is:

𝜆𝑖 = 𝑑−𝑝
𝑖

∑𝑛
𝑖=1 𝑑−𝑝

𝑖

where p is the power parameter and d� is the distance between estimation and
known points.

2.1 Interannual Variation of Precipitation and Potential
Evapotranspiration
Water budget is influenced by concurrent precipitation and potential evapotran-
spiration. Precipitation across Xinjiang regions showed a slow upward trend,
with greater interannual variability in the Tianshan area and north of the Tian-
shan Mountains. Potential evapotranspiration exhibited an overall increasing
trend, though with fluctuating decreases after 2000 in the Tianshan area and
south of the Tianshan Mountains, most notably in the southern region.

2.2 Spatial Distribution Characteristics
Annual and seasonal water budget distributions show distinct spatial patterns
[Figure 3: see original paper]. As seasonal precipitation consistently remains
below potential evapotranspiration, all seasons experience water deficit, gener-
ally increasing from west to east. Maximum deficit occurs in Hami and eastern
Bayingolin Mongolian Autonomous Prefecture, exceeding 500 mm in summer.
Minimum deficits in spring and summer appear in the Yili Prefecture and south-
ern Aksu area; in autumn, minima concentrate in Hotan, Shache, and Aksu; in
winter, minima occur in Yili Prefecture and Altay area. Summer and autumn
deficits are smaller south than north of the Tianshan Mountains. Annual wa-
ter budget variation is substantial, with maximum values (Hami area) differing
from minima (Yili River Valley, Aksu) by approximately 600 mm.

2.3 Interannual Variation of Water Budget
Regional water budgets show overall increasing trends with decreasing deficits.
Average water budgets for the Tianshan area, north of Tianshan, south of Tian-
shan, and entire Xinjiang increased at rates of 34.36 mm・(10a)−1, 88.78 mm・
(10a)−1, 93.69 mm・(10a)−1, and 72.28 mm・(10a)−1 respectively, with the most
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significant deficit reduction south of the Tianshan Mountains. The 1965–1985
mean water deficit was greater than the long-term average, while the Tianshan
area showed larger water budget values than regions north and south.

2.4 Intra-annual Variation
Autumn and winter water deficits are significantly lower than spring and summer
deficits across Xinjiang, following the pattern: summer > spring > autumn >
winter. Summer shows the greatest fluctuation, indicating unstable climate and
frequent extreme events, most pronounced in the Tianshan area. Seasonal water
budgets exhibit increasing trends, with rates of 11.59 mm・(10a)−1 (spring),
18.82 mm・(10a)−1 (summer), 9.99 mm・(10a)−1 (autumn), and 2.64 mm・(10a)−1

(winter). Summer increasing rates are most significant south and north of the
Tianshan Mountains, while winter trends are insignificant.

2.5 Mutation Characteristics and Periodic Analysis
2.5.1 Mutation Test

Mann-Kendall test and cumulative anomaly curves identified abrupt changes
in regional water budget. UF and UB curves intersect within critical lines
($±$1.96) in 1986 for the Tianshan area and 1985 for regions south of the Tian-
shan Mountains, with corresponding inflection points in cumulative anomaly
curves shifting from decreasing to increasing trends. These results indicate a
significant mutation in Xinjiang’s average water budget around 1985, with
decreasing trends evident after 2000 except north of the Tianshan Mountains.

2.5.2 Periodic Characteristics

Morlet wavelet analysis revealed periodic oscillation characteristics in Xinjiang’
s annual water budget. Wavelet coefficient real-part contours show alternating
positive-negative patterns, with the 28-year period showing the most significant
oscillation. Wavelet variance confirms 28 years as the primary period and 15
years as the secondary period. The wavelet coefficient has not closed by 2017,
suggesting water budget will remain relatively low for some time after 2017.

2.5.3 Spatial Variation Trends

Given Xinjiang’s large topographic variation and spatial heterogeneity, spatial
trend analysis is essential. Positive values indicate increasing trends, negative
values decreasing trends. Most Xinjiang regions show non-significant increasing
trends in annual water budget, with decreasing trends concentrated in southern
Altay, Changji Hui Autonomous Prefecture, Turpan, and northern Hami. Sum-
mer shows the largest trend variation, with most significant increases in western
Tianshan and decreases in eastern Tianshan. Annual decreasing trends appear
in eastern Junggar Basin, Turpan, and parts of Tarim Basin.
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3 Discussion
Xinjiang’s water budget showed an overall increasing trend from 1965–2017,
but a decreasing trend emerged after 2000, consistent with potential evapotran-
spiration changes. The decreasing rate is -1, more pronounced south of the
Tianshan Mountains (-1), shifting from increasing to clearly decreasing trends.
This shift is not entirely consistent with precipitation patterns, suggesting other
influencing factors.

Correlation analysis reveals water budget is most strongly associated with pre-
cipitation and mean wind speed, with wind speed as the dominant factor, and
least correlated with temperature. This aligns with previous research indicating
global potential evapotranspiration decreases due to reduced sunshine duration
and wind speed. Studies show asymmetric warming between high and low lat-
itudes reduces pressure gradients, weakening near-surface wind speeds. The
“warm-dry shift”in Xinjiang’s climate since the mid-1990s, transitioning from
“warm-humidification”to“warm-drying,”correlates negatively with the Atlantic
Multidecadal Oscillation. Thus, Xinjiang’s water budget variation is influenced
by both large-scale atmospheric circulation and regional warming.

4 Conclusions
Water budget effectively reflects regional dry-wet climate variation. This study
comprehensively analyzed Xinjiang’s 1965–2017 water budget considering to-
pography and multiple meteorological factors, with main conclusions:

1) Temporal distribution: Interannual water budget variation shows an
overall increasing trend, with rates decreasing from south of Tianshan
(93.69 mm・(10a)−1) to north of Tianshan (88.78 mm・(10a)−1) and Tian-
shan area (34.36 mm・(10a)−1). The whole Xinjiang average increase is
72.28 mm・(10a)−1. Seasonally, summer deficit is maximum with linear
change rate of 18.82 mm・(10a)−1, followed by spring, autumn, and winter
(minimum at 2.64 mm・(10a)−1).

2) Spatial distribution: Water deficit increases from west to east, with
maximum deficit (>500 mm) in summer across Turpan Basin, Hami, and
northern Bayingolin Mongolian Autonomous Prefecture. Minimum deficit
(-16 mm) occurs in winter in Yili and Altay regions. Most areas show
increasing water budget trends, while decreasing trends appear in eastern
Junggar Basin and parts of Tarim Basin (Yutian, Alar, Qiemo, Luntai).

3) Mutation and periodicity: An abrupt change occurred around 1985.
Wavelet analysis identifies 28-year and 15-year periods, with 28 years as
the primary oscillation cycle.
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