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Abstract
The observed trend towards awarmer andwetter climate in northwest China is a controversial issue
lacking sufficient scientific research. Based onmonthlymeteorological data from201weather stations
in northwest China and surrounding regions from1959 to 2019, we calculated potential
evapotranspiration using Penman-Monteith (PM) equation. By analyzing the spatial–temporal
variations in temperature and precipitation and by studying changing drought trends, we system-
atically explored the climate trends in northwest China over the past 60 years. Ourfindings include:
(1) From1959 to 2019, during the growing season, therewas a significant upward trend in temperature
across northwest China. Themost obvious trend, ranged between 0.4 °C–0.6 °Cper decade, was
observed in northernQinghai and northeasternXinjiang. On a per-month basis, the average
temperature increased in allmonths, withApril showing amaximum rate of 0.41 °Cper decade. (2)
The amount of precipitation in the growing season increased inmost regions, especially inwestern
Xinjiang andQinghai. The areas of reduced precipitationweremainly concentrated in the south of
Gansu andNingxia, thewest of Shaanxi and the northeast of Xinjiang. The average precipitation also
increased in allmonths, with June showing amaximumchange rate of 1.8 mmper decade. (3)There
were obvious spatial differences in the climate trends in northwest Chinawith thewarming shifting
from areas of bare land to grassland and the trend towards increased rainfall shifting from grassland to
bare land. These effects weremost obvious inXinjiang’s TarimBasin. (4) From1959 to 2019, the
degree of drought in northwest China significantly decreased inmost areas. The areaswhere drought
decreased and precipitation increasedwere fairly consistent, which produced a strong spatial
correlation between them.

1. Introduction

The sixth IPCC assessment report stated that the global average surface temperature had increased by 0.85 °C
from1880 to 2012 and that global warmingwould continue in the future (IPCC2021). Climatewarming has
caused damage to our living environment (Jeppesen et al 2020, Chen 2021). Due to its profound impact, climate
warming has become an enormous challenge for scientists and government agencies (Meehl et al 2005, Tian et al
2011). Northwest China, which is one of the driest regions in theworld at its latitude, contains 85%of the
country’s arid and semi-arid areas (Chen et al 2012).Most of this region has a temperate continental climate with
the eastern part also being affected by the East Asianmonsoon. The climate of the region thus has the
characteristics of lowprecipitation, high precipitation variability and a high frequency of drought. The special
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geo-climatic conditions result in high environmental vulnerability and high sensitivity to climate change. Given
the high amounts of solar radiation, the agricultural productivity of northwest China is high. Therefore, it is of
practical and far-reaching strategic significance to investigate the trend towards awarmer andwetter climate in
northwest China, not only from an academic perspective, but also because of its importance to the
environmental, socio-economic and other systems in this region.

A large number of researchers have studied temperature and precipitation in northwest China in recent
decades and some scholars have found that both the frequency and intensity of precipitation in the region has
increased significantly (Zhai et al 2005,Wang et al 2013, Guo et al 2020). The rate of precipitation increase found
during 1960 to 2010was about 0.61 mmper year (Li et al 2016). However, this rate of increase varied greatly
according to the type of landscape—rates of 10.15 mm, 6.29 mmand 0.87 mmper decadewere found for the
mountain, oasis and desert areas respectively (Li et al 2013). In addition to the changes in precipitation, the air
temperature has also increased at a rate of 0.3 °C–0.4 °Cper decade (Chen et al 2010). The rate of temperature
increase also varied according to the type of landscape, with rates of 0.325 °C, 0.339 °Cand 0.360 °Cper decade
being found formountain, oasis and desert areas respectively (Li et al 2013). These studies have demonstrated
that both temperature and precipitation have increased drastically in northwest China in recent decades.
However, there is a lack of combined analysis of the temperature and precipitation to comprehensively and
systematically investigate the trend towards awarmer andwetter climate inNorthwest China.

It was not until the early 21st century that some research on the trend towards awarmer andwetter climate
in northwest Chinawas conducted. For example, Shi et al (2002) reported a gradual increase in precipitation in
the northwest of the YellowRiver basin since 1987 and that the climate of northwest Chinawas changing from
‘warm and dry’ to ‘warm andwet’ (Shi et al 2002). Shi et al (2007) also pointed out that the trend towards a
warmer andwetter climate wasmultifaceted: as well as an increase in temperature and precipitation, it also
included, for example, glaciermelting, an increase in runoff, a raising of thewater levels of inland lakes, an
increase in the frequency offloods, an improvement in vegetation and a reduction in sandstorms (Shi et al 2007).
Since then, studies based on differentmethods have indicated that there is a clear trend towards awarmer and
wetter climate in northwest China. Some researchers constructed a dryness index to analyze the increase in
rainfall by directly using precipitation and evaporation data frommeteorological stations (Wang et al 2007). The
results clarified that, for the northwest region as awhole, as well as for thewesterly climate zone and the plateau
climate zone, there has been a significant trend towards awetter climate and therewas an abrupt change from
dry towet conditions in themid-1970s.However, in the dry, southeastern part of northwest China, which has a
monsoon climate, therewas an abrupt change fromwet to dry in the early 1990s. Some researchers have used
meteorological station data to calculate the potential evaporation in northwest China and then constructed a
dryness index by combining this with precipitation data. These researchers found that there has been an obvious
increase in the dryness index in northwest China, indicating a trend towards awetter climate (Liu et al 2013,
Zhang et al 2021). In addition, other researchers have analyzed the landwater availability (LWA), which reflects
the amount of landwater resources, against the background of climate change and found that both precipitation
and evaporation have increased during thewarm season in northwest China. The increase in precipitationwas
found to be greater than the increase in evaporation, suggesting an increase in the LW, and a trend towards
wetter conditions in northwest China (Wang et al 2020).

However, after constructing a dryness index to study climate trends in northwest China, some researchers
came to the opposite conclusion that the regionwas becoming drier (Yang et al 2012). In addition, some research
analyzing the standardized precipitation evapotranspiration index (SPEI) showed that northwest China has been
becoming progressively drier over the past 50 years (Ren et al 2014).

Previous studies show that there is still a debate as towhether northwest China has becomewarmer and
wetter in recent decades; in some cases contradictory conclusions have even been drawn based on the same
index. The reasons for thismay be thatmost of these studies were limited tometeorological station data orwere
carried out a low spatial resolution and thuswere not able to accurately detect changes in temperature and
precipitation over a large area. In particular, themeteorological stations located in northwest China are sparsely
and unevenly distributed and cannot record and describe themeteorological situation across thewhole region.
In addition,most previous studies were conducted before 2010, and cannot be used to analyzemore recent
overall climate trends in northwest China.

In this study, we calculated the potential evapotranspiration using data from201meteorological stations in
northwest China and the surrounding areas from1959 to 2019. Combinedwith altitude, longitude and latitude
data, we then obtained spatial temperature, precipitation and potential evapotranspirationmaps (with a
resolution of 0.083 degrees) by interpolation.We then used thesemaps to produce systematic spatio-temporal
results of the trend towards awarmer andwetter climate in northwest China.
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2.Methodology

2.1. Study area
The study area used for this research consisted of northwest China, including Shaanxi Province, Gansu
Province, Qinghai Province, NingxiaHui AutonomousRegion, XinjiangUygur AutonomousRegion and
western InnerMongolia (figure 1). This region is located in the interior of Eurasia and to the north and northeast
of theQinghai–Tibet Plateau, China; it occupies about 30%of the total area of China.Most of the region lies at
an altitude of over 3000 m,with the highest altitude being 8058 mand the lowest –152 m. The geomorphology of
the region is complicated:manymountain ranges and basins are containedwithin the region. TheAltai
Mountains are located in the north of the region, the TianshanMountains in thewest, the KunlunMountains
andQinghai Plateau in the south, and theQilianMountains in themiddle. The Junggar Basin, TarimBasin, and
QaidamBasin are located between these highmountains. The complex terrainmeans that warm,wet air from
the ocean is unable to travel a longway inland and penetrate themountain barriers. The result is that the region
experiences drought conditions and large diurnal temperature ranges.

2.2.Data andmethods
2.2.1. Calculation of potential evapotranspiration
Potential evapotranspiration refers to themaximumpossible evaporation of thewet land surface under certain
meteorological conditions. To calculate it, we collectedmonthly averagemeteorological data from1959–2019 at
201 stations in northwest China from theNationalMeteorological InformationCenter (figure 1) and used the
Penman-Monteith (PM) equation (Allen et al 1998) as shown in formula (1). Thesemeteorological data include
maximum temperature,minimum temperature, average temperature, relative humidity, wind speed at 2 m
above ground surface, atmospheric pressure and sunshine hours.
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Where ET0 represents potential evapotranspiration (inmmday−1), Rn represents net radiation (MJm−2 day−1),
G represents soil heatflux (MJm−2 day−1). T represents average temperature ( °C), m2 represents wind speed at
2 m above ground surface (ms−1), es represents saturation vapor pressure at air temperature (kPa), ea represents
actual air vapor pressure (kPa),Δ represents slope of saturation vapor pressure/temperature curve (kPa °C−1),
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inwhichT kmax , andT kmin , aremaximumandminimum temperature, respectively; n andN are sunshine hours
and possiblemaximum sunshine hours, respectively; Rso represents shortwave radiation and given by

Figure 1. Location of the study area—northwest China.
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inwhich Ra represents solar radiation at the top of the atmosphere. The quantities e ,s e ,a D and g are computed
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=
+

e
T

T
0.6108 exp

17.27

237.3
4S ⎡

⎣
⎤
⎦

( )

=e e RH 5a s mean ( )

D =
+

e

T

4098

237.3
6s

2( )
( )

g = P0.000665 7( )
inwhich T is average temperature; RHmean is relative humidity; P is atmospheric pressure.

2.2.2. Spatial rasterization ofmeteorological station data
Multiple regression and residual interpolationwas applied to themeteorological data to perform spatial
rasterization based on 1-kmDEMdata. This gridding strategy has been shownmore accurate than direct
interpolationmethods (Liao et al 2003).Multiple regression is a statistical interpolationmethod. The basic idea
was to decompose ameteorological element into two parts: a regular component and an irregular component.
The regular components included the longitude, latitude, altitude and other quantifiable elements; the irregular
components consisted of the residuals between the regression simulation of themeteorological elements and the
regular components (Liao and Li 2003). The procedure consisted of the following steps. (1)A regression
equation linking the dependent variables (themeteorological data) and the independent variables (the
longitude, latitude and altitude of themeteorological stations)was constructed. Next the regular elements—the
griddedmeteorological data—were obtained by putting the gridded independent variables into the equation
that had been established. (2)The residuals between the observation and the estimated data at themeteorological
stationswere interpolated to acquire the gridded residuals, which constituted the irregular component of the
meteorological element. (3)The spatial rasterization of themeteorological station datawas obtained by adding
the regular and irregular components. Themultiple regression equation that was usedwas

= + + +W a X b Y c Z R 8· · · ( )

where,W is themeteorological element (in this study, the air temperature, precipitation and potential
evapotranspiration); X is the longitude, Y is the latitude, Z is the elevation and R is the residual; a, b and c are
the coefficients of the regression equation.

2.2.3. Climate tendency rate
The climate tendency rate reflects the changing trends in regional climatic elements and is expressed by a linear
regression equation (Qian et al 2010):

= +X a bT 9( )

Here X represents the climate element with sample size n ( ¼x x x x, , , , n1 2 3 ); T represents a time-series of length
n ( ¼t t t t, , , , n2 3 ); a is a constant and b is the regression coefficient. a and b can be calculated using the least-
squares formula:
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2.2.4. Combining Sen’s slope and theMann–Kendall test
Comparedwith linear regression, the use of Sen’s slope, which is associatedwith theMann–Kendall test, is less
affected by data error andminimizes the impact of outliers, thus improving the estimation accuracy. This
method is one of themost effective for analyzing trends in long sequences of data (Burn and Elnur 2002). The
formula for calculating theMann–Kendall statistic (S) can be represented as follows (MohdWani et al 2017):
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where = ¼ -i to n1, 2, 3, 1and = + + + ¼j i i i to n1, 2, 3, ; xi and xj are the values for years i and j,
respectively. The standard normal statistic, Z, is given by
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where t is the number of years. The estimates of Sen’s slope can be given as
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When b > 0, there is an upward trend in the values in the sequence; when b < 0, the trend is downward. In
addition, when > > >Z Z Z1.65 1.96, 2.58 ,( ) itmeans that this trend passes the significance test at the 0.1
(0.05, 0.01) level.

2.2.5. Dryness index
Precipitation and evapotranspiration are the twomost important elements in the surfacewater balance and need
to be included for an objective understanding of a trend towards increasing wetness (Wang et al 2020). In this
study, we calculated the dryness index using both precipitation and potential evapotranspiration data.We then
analyzed the trends in this index in order to produce a comprehensive description of the trend towards
increasingwetness in northwest China. The dryness indexwas defined as (Zhang et al 2016):
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This index is applicable to northwest China; the larger the value of the dryness index, themore serious the
drought. ETO is the potential evapotranspiration. PRE is the precipitation.

2.2.6. Isoline trend surfaces
The isoline trend surfaces, bymeans of which the inter-annual variations in temperature and precipitationwere
analyzed in this study, were obtained by processing the annual isolines corresponding to a certain value of the
temperature or precipitation. Isoline trend surfaces can reflect inter-annual spatial variations because their pixel
values represent years. The process used to generate isoline trend surfaces was as follows:

(1) The annual isolines corresponding to specific values of temperature or precipitation for the period
1959–2019were constructed.

(2) The isolines from step (1) were collected and the spatial range of the trend surfaces determined. As far as
possible, the trend surfaces were designed to include all of the isolines but a few outliers were excluded.

(3) Images corresponding to the spatial range of the trend surfaces determined in step (2)were generated. Each
pixel value in these imageswas obtained by interpolation between the isolines within a certain distance.

2.2.7. Isolate the anthropogenic and natural forcing components
To attribute the trends of climatic warming andwetness to anthropogenic forcing (such as increased greenhouse
gases ormanmade aerosol) and natural forcing (such as volcanic eruptions), the historical all-forcing datasets
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were obtained fromCMIP6 (Dong andDai 2017, IPCC 2021).We take the temperature for example in
equations (20), (21) to calculate its anthropogenic or natural forcing components. Specifically, the annual time
series of temperaturewas regressed onto natural forcing(Smith et al 2021) over the period from1959 to 2019,
and then the regressed part was subtracted from the original temperature to get the anthropogenic forcing
component.

= + ´T Forcing a b Forcing_ 20( )

= -T new T original T Forcing_ _ _ 21( )

whereT Forcing_ is the regressed part of the temperature, which is associatedwith natural forcing, a and b are
the regression coefficients using data from1959–2019.T original_ is the original temperature, andT new_ is the
residual without the natural forcing.We attributed the remaining trends inT new_ to temperature variations
under anthropogenic forcing (Zhao et al 2018). The anthropogenic and natural forcing precipitation are
calculated by equations (20), (21).

3. Results and discussion

3.1. Spatial distribution of temperature and precipitation
Figures 2(a) and (b) present the comparisons between observed and estimated values of temperature and
precipitation, using 80%of themeteorological data for the spatial rasterization and the rest for validation. The
results of r (the correlation coefficient),MAE (themean absolute error) andRMSE (rootmean square error)
were 0.983, 0.758, and 1.063, respectively for temperature, andwere 0.947, 35.352 and 79.103 respectively for
precipitation (p<0.01). Figures 2(c) and (d) present the comparisons between the trend of observed and
estimated values of and precipitation. The r,MAE andRMSE values for temperature trendwere 0.711, 0.006,
and 0.009 respectively, andwere 0.879, 0.240, and 0.307, respectively for precipitation trend (p<0.01).

Figure 3 shows the spatial distribution of temperature and precipitation in the growing seasons in northwest
China from1959 to 2019.During this period, the average temperature in different parts of the region ranged
between 0 °C and 30 °C.Therewere obvious spatial differences with low temperatures occurring in the south of
the region and high temperatures occurring in the north and east. Due to the differences in altitude, the average

Figure 2.Validation tests for the spatial rasterization results of (a) temperature and (b) precipitation, and the trends of (c) temperature
and (d) precipitation from1959 to 2019.
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temperature in theQinghai Plateau,QilianMountains, KunlunMountains, TianshanMountains andAltai
Mountains was generally below 8 °C,whereas the temperature in the TarimBasin and the Junggar Basinwas
generally higher. In particular, the temperature inmost parts of the TarimBasin—the hottest part of northwest
China—was above 20 °C.During this period, the average precipitation inmost parts of northwest Chinawas
around 200 mm. The precipitation gradually increased from the central areas (desert) to the southeast and
northwest. Xinjiang showed the lowest precipitation in northwest China, withinwhich, the highest precipitation
was in the north and the lowest precipitationwas in the centre and south. The low precipitationwas particularly
obvious in the TarimBasin, generally below 100mm. InQinghai, Gansu and thewest of InnerMongolia, the
precipitation showed an obvious increasing trend fromnorthwest to southeast and is less than 50 mm in
northwest andmore than 300 mm in southeast. Precipitation amounts inNingxia and Shaanxi were generally
over 100 mmand 300mm, respectively with an increasing pattern fromnorth to south. In particular, Shaanxi
showed themost abundant precipitation in northwest China, i.e. above 400 mm inmost areas and
700–1000 mm in the south.

3.2. Inter-annual variations in temperature andprecipitation during the growing season
Figure 4 shows the inter-annual variations in temperature and precipitation during the growing season in
northwest China. From1959 to 2019, the overall temperature trendwas upwards at a rate of 0.31 °Cper decade
(p<0.01).We divided the study period into six phases of ten years and analyzed the temperature changewithin
each period. The rates of change for 1959–1969, 1969–1979, 1979–1989, 1989–1999, 1999–2009 and 2009–2019
were –0.37, 0.23, 0.24, 1.09, 0.30 and 0.07 °Cper decade, respectively. The temperature in the study area
decreased during 1959–1969 and then showed an increasing trend in each decade from1969 to 2019. The slope
increased and reached themaximumduring the period 1989–1999, followed up by lower rate of changes from
1999 to 2019. From1959 to 2019, the amount of precipitation in northwest increased at a rate of 4.81 mmper
decade (p<0.01). The rates of change in precipitation during the 1959–1969, 1969–1979, 1979–1989,
1989–1999, 1999–2009 and 2009–2019 decades were all positive: 6.31, 3.52, 10.32, 7.22, 5.72 and 31.96 mmper

Figure 3. Spatial distribution of (a) temperature and (b) precipitation during the growing season in northwest China.
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decade, respectively. The lowest slopewas from1969 to 1979 and the highest was from2009 to 2019. These
results pass the significance test at the 0.05 level.

Figure 5 shows themaps of temperature and precipitation trends in northwest China during 1959–2019.
Therewas a significant increase in temperature across the study area (p<0.05). The trendwas below 0.3 °Cper
decade in the TarimBasin and the surrounding areas, parts of Junggar Basin and the southeast corner ofQinghai
Province.More severewarming trend, 0.4 °C–0.6 °Cper decade, occurred in northernQinghai and
northeasternXinjiang. In terms of precipitation, therewas an increase in 87.53%of the total study area especially
inwesternXinjiang andQinghai, where, inmost areas, the increase passes the significance test at the 0.05 level.
The rate of increase in precipitation exceeded 5 mmper decade inmost parts of westernXinjiang and 10 mmper
decade inmost parts ofQinghai. Areas with reduced precipitationweremainly in the south ofGansu and
Ningxia, thewest of Shaanxi and the northeast of Xinjiang, but these decreasing trends were not significant
except for a small part of northeast Xinjiang. The rate of precipitation changewas relatively low and not
significant, between 0–3 mmper decade, inmost parts of easternXinjiang and the north ofGansu. The eastern
part of the study area did not show any significant trends of precipitation change.

3.3. Inter-annual variations inmonthly temperature and precipitation
The permonth (April toOctober) trends in average temperature from1959 to 2019 in our study area are shown
infigure 6(a) and variations of temperature per-decade are shown infigure 6(b). Eachmonth (fromApril to
October) showed a significantwarming trend (p<0.01) across 60 years, at the rate of 0.41 °C, 0.23 °C, 0.32 °C,
0.35 °C, 0.27 °C, 0.30 °C, and 0.28 °Cper decade, respectively. The inter-decade variations inmonthly average
temperature (figure 6(b)) revealed that temperature decreased inmostmonths during 1959–1969, and increased
in everymonth during 1989–1999. A decrease in the average April temperature during the period 1959–1989,
followed by a dramatic increase over the next 30 years, especially during the period 1989–1999 (0.212 °Cper
decade). The average July temperature showed amarked increase from1979 to 1999 but fell during the other
decades. The temperature in September fell significantly from1959 to 1969 but has been increasing since then.
InOctober, the temperature decreased from1959 to 1969 and in themost recent decade, but increased in the
other periods.

Figure 4.Overall and ten-year variations in (a) temperature and (b) precipitation in northwest China from1959 to 2019.
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Figure 7 showsmaps of temperature trends during 1959–2019 permonth (April toOctober). Awarming
trend permonth occurred across the study area except for southern Shaanxi in June andAugust and a few parts
of southernXinjiang inAugust, with differences in the rate of change among differentmonths and themost
dramatic warming occurred inApril, confirming the results infigure 6. In April, the rate of significantwarming
inmost areas exceeded 0.3 °Cper decade (p<0.05), with somenorthern areas exceeding 0.5 °Cper decade. In
May, the rate of warmingwas below 0.3 °Cper decade inmost regions of the study area and below 0.2 °Cper
decade inmost parts of Xinjiang. The spatial patterns of rates of warming in Junewere similar to those in July,
with the higher rates occurring in the centre of the study region (mainly found in the east of Xinjiang, the north
ofQinghai and thewest of InnerMongolia) and lower rates in the east andwest (western part of Xinjiang, in
Shaanxi and inNingxia). August exhibited similar patterns of warming toOctober, i.e. high rate of warming
occurred in the north of Xinjiang and northernQinghai whilst the lower rate of warming occurred inwestern
Xinjiang, Shaanxi, andNingxia. Overall, the rate of warming in northernQinghai was relatively high in all
months, and it was generally lower inNingxia, Shaanxi andwesternXinjiang.

Similar to the temperature analysis, the permonth (April toOctober) trend of average precipitation from
1959 to 2019 in our study area are shown infigure 8(a) and variations of precipitation per-decade are shown in
figure 8(b). For eachmonth fromApril toOctober, the precipitation increased at the rate of 0.30 mm, 0.87 mm,
1.80 mm, 0.59 mm, 0.51 mm, 0.54 mm, and 0.12 mmper decade, respectively. The highest and lowest rates of
increase occurred in June (p<0.05) andOctober, respectively. In terms of per-decade variations in
precipitation, in June, the precipitation decreased dramatically from1989–2009 but increased during other
periods, especially in 1979–1989 and 2009–2019. In July, an increase occurred in 1969–1979 and 1989–2009 and
a decrease occurred in the other decades. August showed an increased precipitation in 1989–2019, particularly in
2009–2019. In September, therewas an increase during the periods 1959–1979 and 1999–2009 but a decrease
during the other periods. Generally, within each decade of the study period, the number ofmonthswith a
precipitation increase was greater than the number with a precipitation decrease. Also, in themost recent decade
showed a significant increase in precipitation inmostmonths.

Figure 5.Maps of trend from1959 to 2019: (a) temperature and (b) precipitation. Regions that pass the significance test at 0.05 level
(p<0.05)weremarked by crosshatch.
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Figure 9 presentsmaps of precipitation trends permonth (April toOctober) during 1959–2019 in the study
area. The trend varied frommonth tomonth. InApril, the precipitation showed little change (–0.1 to 0.1 mm
per decade) inmost parts of central and southernXinjiang andnorthernQinghai, significantly increased in
northernXinjiang and southernQinghai (p<0.05), and decreased inNingxia and Shaanxi, and particularly in
southern Shaanxi (p<0.05). In bothMay and June, the precipitation increased inmost regions of the study

Figure 6. (a)Overall trends inmonthly temperature during the growing season (April–October). (b)Ten-year changes in temperature
for eachmonth during the growing season.
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area, especially in the southern part of Qinghai inMay (>2 mmper decade) and inwesternXinjiang, central
Qinghai and the eastern part of the study area in general in June (p<0.05). In July, therewas an increase in
precipitation in northernQinghai andwesternXinjiang and a decrease in northeastern Xinjiang, southern
Qinghai, southernGansu and southernNingxia. In August, the precipitation in the south of Xinjiang and the
north ofQinghai increasedmarkedly, however, the eastern part of the study area showed a decreasing trend. In
September, the precipitation increased in central and southernQinghai andwestern InnerMongolia and
decreased in the southeast of the study area. The precipitation trend forOctober is similar to that for April: the
amount of precipitation in central and southernXinjiang, northernQinghai andwestern InnerMongolia is
almost unchanged, and areas with an increase aremainly concentrated in northernXinjiang and southern
Qinghai. To sumup, the precipitation showed the predominant increase inQinghai and a decrease in the eastern
part of the study area.

3.4. Spatial patterns of the inter-annual variations in temperature and precipitation
To investigate the spatial patterns of the inter-annual variations in temperature and precipitation from1959 to
2019, we calculated the trend surfaces for the 50 mm, 100 mm, 150 mmand 200mmprecipitation isolines and
the 10 °C, 15 °C and 20 °C temperature isolines, as shown infigures 10 and 11.

Figure 10 shows that the positions of the 10 °C, 15 °Cand 20 °C temperature isolinesmoved frombare lands
to areas of grasslands during 1959 to 2019. Given that temperature is greatly affected by elevation, and as there
aremanymountains and basins in the study area, the temperature isolines followed the intersections between
different types of terrain, i.e. the 10 °C isolinemainly located in the north ofQinghai Province, the 15 °C isoline
generally followed themargin of the Junggar Basin in northernXinjiang, and the 20 °C isolinemainly located in

Figure 7.Maps of temperature trends during 1959–2019 permonth (April toOctober). Regions that pass the significance test at 0.05
level weremarked by crosshatch.
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the south of the Junggar Basin and the edge of the TarimBasin. InXinjiang, the 15 °C isolinemoved frombare
lands in the Junggar basin to the surrounding grasslands, and the 20 °C isolinemoved from the bare lands in the
TarimBasin to the surrounding grasslands. InQinghai Province, the 10 °C isolinemoved from the bare lands in
theQaidamBasin to the surrounding grasslands.

Figure 8. (a)Overall trends inmonthly precipitation during the growing season (April–October). (b)Ten-year changes in
precipitation for individualmonths during the growing season.
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Figure 11 shows that therewere obvious changes in the 50 mm, 100 mm, 150 mmand 200 mm isolines
during 1959 to 2019. Generally, these isolinesmoved from grasslands to bare lands. InXinjiang, the 50 mm
surfacewas rather fragmented andmoved from the outside to the inside of bare lands in central Xinjiang. The
100 mmand 150mm surfaces also showed clearmovements from farmlands and grasslands inwesternXinjiang
to bare lands in central Xinjiang. InQinghai and northernGansu, all of the four precipitation isolinesmoved
fromgrasslands to bare lands.Most parts of western InnerMongolia covered by bare land showed no clear shifts
of the precipitation isolines.

We found the temperature and precipitation isolinesmoved in opposite directions during 1959 to 2019.
Most areas at higher altitude in the study areawere covered by grasslands, with low temperature and abundant
precipitation. In contrast, areas at lower elevationsweremostly bare lands, with high temperature and low
precipitation. As both temperature and precipitation increased, the temperature and precipitation isolines
moved in opposite directions.

3.5. Inter-annual variations in the dryness index
Figure 12 shows the inter-annual variations of the dryness index during the growing season in the study area,
which showed a significant downward trend during the 60-year study period, indicating amitigation of drought.
The rates of dryness index changes during 1959–1969, 1969–1979, 1979–1989, 1989–1999, 1999–2009 and
2009–2019were –0.009, –0.005, –0.014, –0.006, 0, and –0.038 per decade, respectively. All decades showed a
decreasing trend of the dryness index, except 1999–2009 duringwhich no trendwas observed. Similar to
precipitation trends, the change in the dryness indexwas at its highest rate in themost recent decade (p<0.05).

Figure 9.Maps of precipitation trends during 1959–2019 permonth (April toOctober). Regions that pass the significance test at 0.05
level weremarked by crosshatch.
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Figure 10.Movement of temperature isoline surfaces in northwest China during the period 1959–2019. (a)–(c) represent the 10 °C,
15 °Cand 20 °C surfaces, respectively.
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Figure 11.Movement of precipitation isoline surfaces during the period 1959–2019 in northwest China. (a)–(d) present the 50 mm,
100 mm, 150 mmand 200 mmsurfaces, respectively.
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The spatial trend distributions of dryness indexmap, as shown infigure 13, exhibits a significant decrease in
most regions, especially inwesternXinjiang andQinghai (p<0.05) and an increase in the south of Shaanxi,
Ningxia andGansu, and the northeast of Xinjiang. These results, together with the spatial details of the inter-
annual variation in precipitation (figure 5), show that the regionswith reduced drought were consistent with the
regionswith increased precipitation. As such, the spatio-temporal changes in precipitation and the drought
index in the study area over the past 60 years have been consistent, suggesting that precipitation has a significant
influence on drought and plays an important role in the trend towards awetter climate.

3.6. Analysis of the trend towards awarmer andwetter climate in northwest China from1959 to 2019
In this study, we analyzed the spatial–temporal variations in temperature and precipitation in northwest China
from1959 to 2019 as well as the drought index.We combined these results with potential evapotranspiration
data to analyze the changing drought trends and to study the trend towards a warmer andwetter trend in
northwest China atmultiple spatial–temporal scales.

During growing season, the entire study area exhibited awarming trend from1959 to 2019, with the average
temperature of the area increased by 0.31 °Cper decade. These results are consistent with a previous study that
temperature in arid northwest China increased by 0.35 °Cper decade during 1961 to 2006 (Chen et al 2010).
Note that warming trend did not occur across all regions in the earlier study. For example, the local trend in the
Kuqa area of Xinjiangwas decreasing.More recent research has shown that therewas an overall warming in arid
northwest China from1961 to 2018 (Zhang et al 2021), which is consistent with the results of our study. The
discrepancies between these research findingsmay be caused by the differences in observation period. The
timespan covered by prior researchwas too short to reveal the pattern of temperature changes that has
occurred in recent decades. In terms of precipitation, we found that 87.53%of the study area becamewetter

Figure 12.Overall and per-decade variations in the dryness index in our study area from1959 to 2019.

Figure 13. Spatial trend distributions from1959 to 2019 of the dryness indexwith regions that pass the significance test at 0.05 level
marked by crosshatch.
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(4.8 mmper decade) from1959 to 2019. Previous studies reported that precipitation increased in 93.4%of the
arid northwest China between 1961 and 2018 (Zhang et al 2021), and Li et al (2016) reported that the
precipitation in northwest China from1960 to 2010 increased by 6.1 mmper decade. The differences in spatial
patterns and rate of changes between previous studies and our study could be the result of different study areas:
previous studies focused on smaller areas and did not includeGansu, southernNingxia and Shaanxi. To test this
hypothesis, we reduced the size of the research area to the same as in those studies and found similar results: the
precipitation increased in 92%of the area from1961 to 2018 and precipitation in northwest China from1960 to
2010 increased by 5.9 mmper decade.

According to our per decade analysis of the results, the trends of temperature and precipitation during
different decades between 1959 and 2019were quite different, suggesting that the climate trends of the entire
period are not representative of each decade. For example, from1959 to 1969, northwest China became colder,
in linewith other study (Chen et al 2010). Between 1969 and 2019, northwest China showed continuous
warming, with the rate of warming increased and then declined and themaximumwarming rate occurred
between 1989 and 1999, agreeingwith Shi et al (2007) that the temperature rose sharply from the 1980s to the
1990s. From1959 to 2019, overall, the northwest of China becamemuchwetter and themost obvious increase
occurred in themost recent decade (31.96 mmper decade), which agrees with the findings of Zhang et al (2021).

The trends towardswarmer andwetter conditions in northwest China have not been simultaneous. The
most significant warming occurred during the 1990s, whereas the trend towardswetter conditionswasmost
obvious in themost recent decade (as shown infigure 4). Spatially, themost obviouswarming occurred in
northernQinghai and northeastern Xinjiang, whereas the trend towards increased precipitation has beenmost
obvious inwesternXinjiang as well as in the eastern andwestern parts of Qinghai (as shown infigure 5).

The temperature and precipitation trendswere also analyzed permonth, because the sowing andmain
growth periods ofmany cropswere calculated bymonth (Sacks et al 2010, Kara et al 2012, Yan et al 2020) and
greatly affected by temperature and precipitation conditions (Frasier et al 1987, Chauhan et al 2014). Therefore,
an analysis of the conditions in differentmonths is of great significance to the crop harvest. However, per-month
trendswere understudied in previous studies, whichmainly focused on analysis at the annual and seasonal
scales. This study concentrated on the change in conditions from1959 to 2019 for individualmonths and the
results indicate that, for allmonths, there has been a trend towardswarmer andwetter conditions in northwest
China. Thewarming has beenmost obvious inApril and the least evident inMay; the increase in precipitation
has beenmost evident in June and least obvious inOctober (as shown infigures 6 and 8). However, it is not the
case that, for everymonth, the conditions became progressively warmer andwetter from1959 to 2019. From
1959 to 1969,mostmonths became colder, whereas from1989 to 1999 therewaswarming in allmonths. In the
most recent ten-year period, therewas a clear increase in precipitation inmostmonths (as shown infigures 6
and 8).

Studies based on time-series data can reveal the inter-annual variations in an overall trend towardswarmer
andwetter conditions and have become themostwidely usedmethod in the study of these trends in northwest
China.Moreover, this study also looked at the spatial variations and analyzed how these variations have
changed. It can be seen from the displacement of the isolines of temperature and precipitation that occurred
during the study period, as the temperature isolinesmoved from regions of bare land towards the grassland but
the precipitation isolinesmoved in the opposite direction (figures 10 and 11). These trendsweremost obvious in
the TarimBasin inXinjiang, which consistsmostly of bare landwith relatively high temperatures and low
precipitation surrounded by grasslandwith lower temperatures and higher precipitation. The precipitation
isolinesmoved fromoutside the bare lands to the insidewhile the temperature isolines shifted from inside the
bare lands to the surrounding grasslands. Considering that the growth of vegetation depends on both
temperature and precipitation, the question of whether this displacementwillmake the grassland spread into
the bare land ormake the original grasslandmore luxuriant is worth further study.

The raw temperature and precipitation data that are available for the study of climate trends in northwest
China are limited, sowe combined precipitation and potential evapotranspiration to construct a drought index.
The analysis of the drought index shows that the degree of drought inmost parts of northwest China has
decreased in the past 60 years and that, for the region as awhole, this decrease has been significant. These results
are consistent with the existing research (Zhang et al 2021). In addition, for northwest China, the dryness index
dropped significantly between 1960 and 2010 (Liu et al 2013): this is also in linewith the annual change in the
dryness index illustrated infigure 10 in this study.We also found a strong spatial correlation between drought
and precipitation in northwest China. The regionswith reduced drought are almost identical to areas with
increased precipitation (see figures 5 and 13).

Global warming induced by greenhouse effect has caused thewarmer trend in northwest China(Bao et al
2004). The increasing vegetation greenness in northwest China reduces surface reflectance and increases
absorption of solar short-wave radiation, whichmay also causewarming in this area (Bonan et al 1992, Piao et al
2005). Previous studies have found that the increasing evaporation from the IndianOcean due to global

17

Environ. Res. Commun. 3 (2021) 115011 SZheng et al



warming broughtmorewater vapor to northwest China, and the gradually glacier runoff in the highmountains,
enhancingwesterlyflow,monsoon also increased atmospheric water vapor content in northwest China (Lu et al
2005, Piao et al 2010).

Our trend attribution analysis (based on equations (20), (21)) shows that the anthropogenic forcingmade
the largest contribution to both trends of temperature and precipitation from1959–2019, while the
contribution from the natural forcingwasmuch smaller (figures 14(a), (b)). The contribution of anthropogenic
forcing is 85.58% to the trend of temperature and 93.16% to the trend of precipitation. Therefore, the
anthropogenic forcing is themain contributor to the trend ofwarming andwetness in northwest China. It was
found that the anthropogenic forcing induces strongwarming trends in thewestern and southern region, and
induces strongwetness trends in the northwestern, central and southeastern region (figures 14(c), (d)).

Based on the results of this study and the comparisonwith previous studies, we found that: (1) from the
temporal perspective, we observed a trend towards awarmer andwetter climate in northwest China over the
past 60 years; and (2) from spatial perspective, thewarming trendmoved frombare lands to areas of grasslands,
while the trend towards increased precipitation shifted toward the opposite direction.

4. Conclusions

From1959 to 2019, therewas an overall increase in the temperature and precipitation during the growing
seasons in northwest China. The rates of increase were 0.31 °Cper decade and 4.81 mmper decade, respectively,
meaning that northwest China is generally becomingwarmer andwetter. During the growing season from1959
to 2019, while northwest China as awhole had a significant increase in temperature and the precipitation
increased in 87.53%of northwest China. By dividing the study period into six ten-years periods, we found that
the temperature decreased during 1959–1969 but increased during the following decades. The rate of
temperature changes first increased and then decreased, reaching amaximumbetween 1989 and 1999. The
precipitation significantly increased throughout the study period, with themost obvious increase occurring
during the period 2000–2019.

Therewere obvious differences between the trends for differentmonths. The rates of temperature change for
allmonthswere positive for the period from1959 to 2019, with themaximumbeing 0.41 °Cper decade for April
and theminimum0.23 °Cper decade forMay. Except for a few parts of southern Shaanxi and southernXinjiang
in June andAugust, the temperature increased across the region in allmonths. The rates of temperature change

Figure 14.The trends of (a)natural forcing temperature (T_natural) and total temperature (T_total) (left axis), anthropogenic forcing
temperature (T_anthropogenic) (right axis); (b)natural forcing precipitation (P_natural) and total precipitation (P_total) (left axis),
anthropogenic forcing precipitation (P_anthropogenic) (right axis). The (c) anthropogenic forcing temperature trends and (d)
anthropogenic forcing precipitation trends at the pixel level.
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in northernQinghai were relatively high in allmonths, whereas inNingxia, Shaanxi andwesternXinjiang they
were generally low. The overall annual rates of change of precipitation for the period 1959 to 2019were also
positive, with amaximumof 1.8 mmper decade in June and aminimumof 0.12 mmper decade inOctober.

There has been an obvious spatial displacement of the trends towardswarmer andwetter conditions during
the study period. Thewarming trend has tended to shift frombare land regions to grassland regions, while the
trend towards increased precipitation has tended tomove in the opposite direction. Inmost parts of northwest
China, the trend in the dryness index has been downwards, especially inwesternXinjiang andQinghai. Areas
where the dryness index has increased aremainly located in Shaanxi, Ningxia, southernGansu and northeast
Xinjiang. There is a strong spatial correlation between drought and precipitation in northwest China, with the
regions of decreasing drought being consistent with the regions of increasing precipitation.
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