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Abstract: Based on the daily gridded (0.5° x 0.5°) maximum temperature data during 1962-2020,
the spatiotemporal characteristics of heatwaves in Hexi Oasis, Gansu Province, China and their
influencing factors are investigated. The results showed that for the last 59 years, the overall trends
of high-temperature heatwaves in Hexi Oasis were prolonged duration (0.276 d/10a), increased
frequency (0.007 times/10a), and decreased intensity (—0.072 °C/10a). In terms of spatial variation,
there was a gradually decreasing trend from northwest to southeast for both the duration and
frequency of heatwaves. In the contrary, heatwaves with higher intensity were mainly distributed over
the southeastern and central parts of Hexi Oasis. The Mann-Kendall (M-K) analysis demonstrated
that the mutation years of the duration and intensity of heatwaves are 2009 and 1992, respectively,
while the frequency remained nearly constant for the last 59a. In addition, the cycles for the duration
(2.6a and 7.2a), frequency (2.8a and 7.6a), and intensity (2.6a) of heatwaves agree well with those of
atmospheric circulation and El Nifio events, indicating that the above events have a great impact on
the heatwaves. The influencing factors analyzation implies that the heatwaves are mainly influenced
by Asian zone polar vortex area index (APVAI), East Asia major trough (EAT), Qinghai-Tibetan
Plateau index (TPI), and carbon dioxide emissions (CDE). Additionally, it is concluded that the
intensity of heatwaves was negatively correlated with the size of the subtropical high-pressure area
in the western Pacific Ocean.

Keywords: high-temperature heatwaves; Hexi Oasis; spatiotemporal variations; influencing factor;
extreme climate

1. Introduction

Global warming has been intensifying since the industrial revolution [1], which causes
the frequent occurrence of extreme climate events, shrinking cryosphere, rising sea level,
and decreasing biodiversity, and as a result strongly affects the natural ecosystem and the
sustainable development of human socioeconomics [2]. Specifically, the extreme climate
events have great effects on food security, natural disasters, and many other aspects [3,4],
among which the high-temperature heatwaves are considered as one of the most serious
events and are more prominent in response to global warming [5]. Heatwaves are defined
as continuous high-temperature weather conditions lasting for several days [6]. Thus, it
is of vital importance to study the spatiotemporal change characteristics and influencing
factors of heatwaves.

Numerous studies have shown that the duration, frequency, and intensity of global
heatwaves increased significantly over the past few decades, especially under the context
of global warming [1]. Even during periods of global warming stagnation, extreme warm
events continue to increase, with their frequency increasing twofold in the past century [7].
In 2003, Europe experienced the most intense heatwave on record, with average summer
temperatures rising by 4-5.5 °C compared to 1962-1999, which directly led to 15,000 deaths

Atmosphere 2023, 14, 119. https:/ /doi.org/10.3390/atmos14010119

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos14010119
https://doi.org/10.3390/atmos14010119
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://doi.org/10.3390/atmos14010119
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos14010119?type=check_update&version=1

Atmosphere 2023, 14, 119

2 of 14

and economic losses of more than 10 billion euros in France [8,9]. Habeeb et al. [10]
reported that the duration, frequency, and intensity of heatwaves in the United States have
continued to increase in the last 50 years. Similarly, Russia experienced an unprecedented
heatwave event, with more than 54,000 people falling ill [11]. The occurrence of heatwaves
in China also showed an overall increasing trend for the last several decades, which
is basically synchronized with those of the globe. Based on the temperature data of
719 meteorological stations in China, Jia et al. [12] concluded that the strong heatwaves
were mainly distributed in southern and southwestern China, and the weak heatwaves were
concentrated in northwestern China. Shen [13] concluded that the national heatwave index
of China decreased during the 1960s-1980s and increased after 1990s, and the heatwaves
with high-intensity occurred frequently after 1998, especially south of the Yangtze River
region. Many researchers have already proved that the heatwaves would cause immense
stress on human society and the natural environments. For example, in 2017, most of China
suffered from an intense heatwave that resulted in a disaster area of crops of approximately
5836.1 x 10° hm?, among which the area with crop failure is up to 6%, with an economic
loss of RMB 16.16 billion [14]. Studies have shown that heatwave-related deaths in China
are characterized by rapid growth and nonlinear spatial-temporal evolution in the last
40 years, and people aged over 75 have been significantly more affected by heatwaves than
other age groups [2]. Furthermore, the study conducted by Yang et al. [15] also showed
that the incidence of coronary heart disease, stroke, and respiratory disease increased
significantly with the prolongation of heatwave.

Although there are many studies about heatwaves in China contributing to positive
progress, the study areas are mainly focused on the regional and national scales [12,13,16].
Under the background of global warming, the warming of northwest China is more
pronounced and sensitive to climate changes [17]. However, there is a lack of studies on the
characteristics of heatwaves in this region. Hexi Oasis with a fragile ecological environment,
representing a large temperate arid and semi-arid region in northwest China, would suffer
more serious threats from extreme climate events, such as heatwaves and droughts [18,19].
Meanwhile, Hexi Oasis is an important crop production area in Gansu province and even
in the northwest China. Thus, it is valuable to study the extreme climate events in Hexi
Oasis to reduce the natural hazards in northwestern China. However, although a lot of
fruitful studies have been performed on extreme climate events, such as extreme heat in
Hexi Oasis, few studies are conducted on heatwaves. Therefore, in order to clarify the
effects of heatwaves on the human health and crop production in northwest China, the
characteristics of heatwaves in Hexi Oasis as a model were studied in the present work.
By using the Mann—Kendall and wavelet power spectrum analyses, the spatiotemporal
characteristics of heatwaves in Hexi Oasis and their influencing factors were investigated
with the daily maximum temperature grid point data from 1962 to 2020, providing scientific
basis for Hexi Oasis to cope with an extreme climate and contributing to the restoration
and reconstruction of the ecological environment in the arid zone.

2. Data and Method
2.1. Study Area

Hexi Qasis is located at 35°36' N~42°19’ N, 85°02' E~114°25" E, which is in the sec-
ond steppe of China’s topography. The main landform types of Hexi Oasis are large
pre-mountain flood fans and impact plains with high altitude (Figure 1). This area is a
temperate continental arid climate with long sunshine hours and abundant light and heat
resources. The multi-year average temperature, precipitation, evaporation, wind speed, and
sunshine hours are 4~10 °C, 9.5~592.8 mm, 1650~3500 mm, 2.0~4.2 m/s, and 2800~3300 h,
respectively. The climate of Hexi Oasis varies sharply between hot and cold seasons, with
strong winds and sandy conditions. The annual precipitation gradually decreases from
southeast to northwest, and the dryness index gradually increases. From west to east, there
are 3 independent endorheic river systems, namely Shule River, Hei River, and Shiyang
River, and 15 rivers with annual runoff above 1 x 108 m3. The main soil types in Hexi Oasis
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include brown desert soil, gray, brown desert soil, gray desert soil, light brown calcium
soil, gray calcium soil, aeolian sandy soil, meadow soil, and other arid soil types. The
irrigated agricultural area in Hexi Oasis has a long history and is one of the important agri-
cultural areas in Gansu Province, mainly planting spring wheat, corn, potatoes, caraway,
barley, and other crop varieties. In order to prevent the sand, heatwaves, and dry hot wind
invasion, Calligonum, Camellia, Tamarix, Populus euphratica, Hippophae rhamnoides,
and Caragana korshinskii were adopted in the oasis area to create a windbreak forest belt,
which has had a remarkable effect [20,21].
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Figure 1. Distribution of the meteorological grids in Hexi Oasis.

2.2. Data Sources

The meteorological data used in this study were obtained from the surface daily
temperature maximum grid data with a resolution of 0.5° x 0.5° from 1962 to 2020 provided
by China Meteorological Data Network “http://data.cma.cn/ (accessed on 1 January 2023)”.
Circulation characteristics indices were the Asian Polar Vortex Area Index (APVAI), Asian
Polar Vortex Intensity Index (APVII), East Asian Trough Intensity (EAT), Tibetan Plateau
Index (TPI), and Arctic Oscillation Index (AO) provided by the National Climate Center.
Average annual carbon dioxide emissions (CDE) (1970-2018) were obtained from the World
Bank’s Development Indicators Database (WDI) “http:/ /data.worldbank.org/ (accessed on
1 January 2023)”. The Western Pacific Sub-High Area Index (WPSHA), Western Pacific Sub-
High Intensity Index (WPSHI), Western Pacific Sub-High Ridge Position Index (WPSHRPI),
and Western Pacific Sub-High Northern Boundary Position Index (WPSHNBP) are from
the National Climate Center’s 130 climate system dataset, and the El Nifio dataset is from
the Pacific Marine Environment Laboratory “https:/ /www.Pmel.noaa.gov/ (accessed on
1 January 2023)”. All the time length of the above data are from 1962 to 2020 (June to
September). Data from 1961 are incomplete, and thus they have been excluded to ensure
the accuracy of the study.
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2.3. Research Methods

Generally, the critical value method and the relative threshold method are used to de-
fine the high-temperature heatwaves, wherein the former the high-temperature heatwaves
are defined by exceeding a certain temperature threshold; and in the latter by continuously
passing the 90th or 95th percentile of the daily maximum temperature. The physical geog-
raphy varies greatly within the Hexi Oasis, which makes it is difficult to eliminate different
climatic and topographical differences by using the critical value method. Thus, the relative
threshold method proposed by Hobday et al. [5] was adopted in the present study to define
the high-temperature heatwave event, which usually uses 30 years as the climate reference
period to calculate high-temperature days (in this work, 1985-2015 was used as the climate
reference period) and define the high-temperature heatwave event [22].

For an arbitrary day (k), rank the highest temperatures for the 5 days before and after
the climate reference period, and take the 90th quantile of the highest temperature in the
11 days range as the threshold of the high-temperature day, above which the day can be
defined as a high-temperature day.

Too(h) = Poo(X) 1)

where Ty (h) is the h-day maximum temperature threshold temperature; Py is the 90th
quantile; for a given day #, the 90th quantile of the daily maximum temperature between
h — 5 and h + 5 and within the reference period 1986~2015, a total of 11 x 30 d, is the
daily high-temperature threshold. A high-temperature day lasting more than 5 days is a
heatwave event, and heatwaves separated by <2 days can be considered as one heatwave
event. The number of heatwaves per year and their days were defined as the frequency and
duration of heatwave. The average difference between the daily maximum temperature
during a heatwave event and the average daily maximum temperature during the climate
reference period is used to definite the intensity of a heatwave and is calculated as follows:

Imean == T<t) - Tm (h) (2)

— ¢ h Ty

where I, is the average intensity of high-temperature heatwave, T is the maximum
temperature, t is the high-temperature day (t; < t < ¢,, t; is the start date of the high-
temperature heatwave, t, is the end date), and T}, (k) indicates the average daily maximum
temperature of the climate reference period, h (t;) < h < h (t.).

3. Results and Discussion
3.1. Temporal and Spatial Characteristics of the Recent 59a High-Temperature Heatwave in Hexi
Oasis

For the last 59a, the overall trend of high-temperature heatwaves in Hexi Oasis has
shown an extended duration, increased frequency, and reduced intensity. The average
duration of high-temperature heatwaves was 6.80 days, with the longest duration of
13.7 days (at 1999 and 2019), followed by 12.4 days (2016) and 10.7 days (1986), and
the shortest duration of three days (1973). In terms of trend, the rate of increase in the
duration of heatwave was 0.276 d/10a (p < 0.1). According to Yao et al. [23], the tendency
change of temperature in Hexi Oasis from 1961-2018 is 0.364 °C/10a. There is a significant
decreasing trend in the duration of heatwaves from 1981 to 1990, while an increasing
trend was observed in the range of 1991-2000 (as shown in Figure 2a and Table 1). In
addition, in Table 1, one can observe that there are negative values of duration which
represent an overall decreasing trend of heatwave events in the 1980s compared to that
of other interdecadal periods. This may be due to the relatively high activity of cold
air during this period [24]. From Figure 2b, the interdecadal variation in frequency was
generally consistent with that in duration of heatwave, with a slight increasing trend of
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0.007 times/10a and a mean value of 1.2 times. The highest frequency of heatwaves was
two times a year in 2019, followed by 1.8 times in both 1986 and 1999 (Figure 2b, Table 1).
The intensity of heatwaves decreased in a trend of —0.072 °C/10a with an average intensity
of 5.6 °C. The maximum intensity of heatwave was 6.8 °C in 1998, while the minimum
intensity was 4.2 °C in 2015. Regarding the interdecadal variations, all the tendency rates
of intensity are positive except for the 1990s, and the most obvious increase occurred in
the 1970s with a maximum rate of change of 2.02 °C/10a (Figure 2¢, Table 1). For the
1990s, there is the increasing change of heatwaves in Hexi Oasis, this is consistent with the
results Ye et al., which concluded that since the 1990s, the duration and intensity of summer
heat waves in China have increased significantly, mainly related to global warming, and
secondly, that the urban heat island effect has become more pronounced due to accelerated
urbanization, reduced vegetation cover, expanded city size, and increased population
density in China. This has undoubtedly intensified the extreme heat of summer heat [25].
In addition, the total number of days, average number of days, and average frequency of
heatwaves in Hexi Oasis all reached maximum values in 2019. This is because 2019 was
the hottest summer on record in the Northern Hemisphere with an average temperature of
1.66 °C higher than usual [17,24,26].
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Figure 2. Temporal variation characteristics of duration (a), frequency (b) and intensity (c) of high-
temperature heatwaves in Hexi Oasis from 1962 to 2020. The black lines are annual average tempera-
tures and the red dotted lines are trend-lines.
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Table 1. Interdecadal trends in high-temperature heatwaves in Hexi Oasis.
Interdecades Duration (d/10a) Frequency (n/10a) Intensity (°C/10a)
1962-1970 —1.61 — 2.02
1971-1980 1.76 —0.49 0.56
1981-1990 —6.83 —0.79 —3.21
1991-2000 4.47 0.15 1.26
2001-2010 1.46 0.1 0.2
2011-2020 1.74 0.2 0.1

In terms of spatial distribution, the duration of high-temperature heatwaves in Hexi
Qasis showed a gradually decreasing trend from northwest to southeast. The northwestern
regions (Su Bei Mongolian Autonomous County, Guazhou County and Yumen City) are
primary high-value areas with duration of heatwaves above nine days. For the southeastern
(Mingin County, Gulang County, and Jingtai County) and the central (Jinta County) regions,
the duration of heatwaves is 6-7 days, while that in the remaining regions is 7-9 days
(Figure 3a). As for the frequency of heatwaves in Hexi Oasis, the average annual value is in
the range of about 1.07~1.48 times. The spatial distribution of high-value areas of frequency
were basically consistent with that of duration, located at Mingqin, Jinchuan, Liangzhou,
Tianzhu, and Gulang counties in the southeastern, and Ganzhou and Minle counties in
the central region, and the low-value areas were mainly in Tianzhu County (Figure 3b).
The intensity of heatwaves in the study area exhibits an increasing trend from northwest
to southeast within the range from 5.4 to 6.7 °C. Mingin, Jinchuan, Liangzhou, Tianzhu,
and Gulang counties in the southeastern, and Ganzhou and Minle counties in the central
of the oasis are high-values areas with heatwave intensities ranging from 6.5 to 6.7 °C,
while the low-value areas were mainly in Tianzhu County with intensity below 5.9 °C
(Figure 3c). The above result indicates that in the last 59a, the southeastern part of the oasis
has experienced more intense warming during the heatwave while the western part has
undergone relatively modest changes.

As shown by Figure 3d, there is an increasing trend in the variation rate of heatwave
duration from southeast to northwest in the last 59a. The high-value areas with a growing
rate of 1.5 d/10a were mainly located in Ganzhou District, Minle County and Sunan Yugu
Autonomous County. The low-value areas are distributed in Jinta County and Yumen City
in the north as well as Mingin County in the southeast, where there is a clear trend toward
shorter heatwave duration. Approximately 87.5% of the regions showed an increasing
trend (passing the 95% significance test), which is mainly in the central and western parts of
the oasis. The remaining 12.5% regions with an opposite trend (passing the 95% significance
test) were mainly located in the northern and southeastern parts of the oasis (Figure 3d).
The spatial distribution of variation rate of frequency is similar with that of duration, in
that the high-value area shows an eastward trend while the low-value area basically does
not change significantly. Approximately 71.9% of the regions showed an increasing trend
in the frequency variation rate, while the remaining 28.1% of regions exhibit a decreasing
trend, mainly distributed in the northern and southeastern part of the oasis (Figure 3e).
For the intensity of heatwave, the variation rate gradually increased from northwest to
southeast. Mingin County is the region with the most significant increase in the intensity of
heatwaves with a growth rate of 0.10 °C/10a. Guazhou County, Yumen City, and Subei
Mongolian Autonomous County in the west and Jinta County in the north of the oasis are
the regions with decreasing trend (—0.11 °C/10a) in variation rate of heatwave intensity.
The southeastern and northern areas of the oasis are the regions with increasing intensity
of heatwave, accounting for approximately 77.1% of the total area of the Oasis, and the
remaining regions exhibit a decreasing trend in the intensity of heatwaves (Figure 3f).
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Figure 3. Spatial variation of duration (a), frequency (b) and intensity (c) as well as the tendency

rates of duration (d), frequency (e) and intensity (f) of high-temperature heatwaves in Hexi Oasis.

3.2. Mutation Analysis and Cycle Analysis of the Recent 59a High-Temperature Heatwave in Hexi Oasis

In this study, the Mann-Kendall test was used to analyze the mutation of heatwaves
in Hexi Oasis from 1962 to 2020 with a subsequence length of 3a and a significance level of
o =0.01 and Uo = +2.56. The results show that there are four intersections of UF and UB
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curves for the analysis of mutation in the duration of heatwave over the past 59a, which are
1965, 2003, 2005, and 2009. In 2009, the year with the most obvious mutation, the average
duration of heatwave before and after the mutation was 6.4 d and 8.1 d, respectively, gives a
significant increase in the number of days (Figure 4a). Meanwhile, the analysis of mutation
in the frequency of heatwaves shows that there is no intersection between UF and UB
curves (Figure 4b), indicating that the frequency of heatwaves in Hexi Oasis has remained
stable in the last 59a. The analysis of the mutation in the intensity of heatwave shows there
are four intersections of the UF and UB curves, in 1989, 1992, 2014, and 2016. As evident
from Figure 4c, the mutation in 1992 was the most significant, with intensities of 5.5 °C
and 5.6 °C before and after the mutation. Based on Figure 4, it can be concluded that the
mutation in the duration of heatwaves occurred earliest and was more sensitive to climate
change.
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Figure 4. Mutation analysis of duration (a), frequency (b) and intensity (c) of heatwaves in Hexi Oasis
(UF and UB are the critical values corresponding to 1.96 at the 0.05 significance level respectively).

The Fourier power spectrum analysis was used to analyze the cycle of the high-
temperature heatwaves in Hexi Oasis, and the red noise was used to analyze the significance.
Overall, there is a significant short-period characteristic of the heatwave in Hexi Oasis.
Among them, there are cycles of 2.6a and 7.2a for the duration (Figure 5a,b), 2.8a and 7.6a
for the frequency (Figure 5¢,d), and 2.6a for the intensity of heatwaves (Figure 5e,f). The
duration, frequency, and intensity of heatwaves in Hexi Oasis exceeds the 95% confidence
level. The cycles of the heatwave characteristics in Hexi Oasis are basically consistent
with those of atmospheric circulation 2—4a and El Nifio 2-7a, indicating that the heatwave
is mainly influenced by the above events [27]. However, it should be noted that the
eastern and central El Nifio have different effects on heatwave events in China. There is
a decreasing trend of the frequency of heatwave events in northeastern China at eastern
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El Nifio years, while in central El Nifio years there is a decrease of frequency of heatwave

events in northeastern China [28,29].

(a) Duration wavelet power spectrum (b) Full Duration WPS
. : : : . isiaiais
I’ B
\
A
.
] -
2 o=
=] i
=
=
&~
64 L s L I L
1970 1980 1990 2000 2010 20200 4 , 8
Year Power (degC”)
(c) Frequency wavelet power spectrum (d) Full Frequency WPS
o
=
=
=
=
(-9
64 : : : : :
1970 1980 1990 2000 2010 2020 0.02 0.06 0.1
Year Power (degC 2)
(e) Intensity wavelet power spectrum (f) Full Weight WPS

Period/a

]

1980 1990 2000 2010 20200 04 0.8
Year Power (deng}

64

1970

Figure 5. Wavelet power spectrum analysis of duration (a,b), frequency (c,d) and intensity (e, f) of

heatwaves in Hexi Oasis.
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3.3. Correlation Analysis of Atmospheric Circulation and WPSHP of the Heatwaves in Hexi Oasis
for Nearly 59 Years

Generally, atmospheric circulation is the dominant factor causing various weather con-
ditions and is thus closely related to the occurrence of various extreme climate events [30-32].
Therefore, the present study explores the factors influencing the variation of heatwaves in
Hexi Oasis from both natural and human aspects. APVAI, APVII, EAT, TPI, and AO were
selected as natural factor indicators, and CDE (annual data) was chosen as an anthropogenic
factor indicator. The mean values of each indicator from June to September were correlated
with the duration, frequency, and intensity of heatwaves to determine the influencing factors,
as shown in Table 2.

Table 2. Correlation between the influencing factors and the characterizations of heatwaves in Hexi

Qasis.
_ Atmospheric APVAI APVII EAT TPI AO CDE
Circulation Factors
Duration —0.288 * —0.4111 0.300 * 0.310 * ~0013  0.280*
Frequency —0211 0076  0252% 0.245 —0.074 0.229
Intensity ~0.246 0046 0.338** 0.235 0020  0277*

Note: *, ** indicate the values passed the significant tests at the 95% and 99% confidence intervals, respectively.

From Table 2, one can observe that the heatwave is mainly influenced by APVAI, EAT,
TPI, and CDE, which is consistent with the wavelet power spectrum analyzation. When
the APVAI value is large, the duration of heatwave is shortened, the frequency is reduced,
and the intensity is decreased. There was a relatively high correlation between EAT and
the duration, frequency, and intensity of heatwave, especially a significant correlation with
intensity which is about 0.338 (p < 0.01). In addition, there is also a significant correlation
between TPI and the duration of heatwave. This is mainly related to the dynamical and
thermal effects of the Qinghai-Tibet Plateau, where in winter, due to the branching effect of
the plateau, a part of the cold air enters southern Xinjiang from the east while the rest goes
south along the Hexi Corridor, which in turn affects the characterizations of heatwaves [33].
Additionally, both the duration and intensity exhibit a high correlation with CDE since the
excessive CO; emissions are the main cause of global warming, which further demonstrates
that the characterization of heatwaves in Hexi Oasis are sensitive to the climate change.

Previous studies have shown that the summer weather in Hexi Oasis is mainly influ-
enced by the West Pacific Subtropical High Pressure (WPSHP). To further investigate the
influence of WPSHP on the variability characteristics of heatwaves, regression models were
developed.

Y1 =—0.19X1 + 0.07X2 + 0.12X3 — 0.08X4 + 14.19 4)
Y2 = —0.03X1 + 0.01X2 + 0.01X3 — 0.01X4 + 3.49 (5)
Y3 = —0.11X1 + 0.04X2 + 0.06X3 — 0.09X4 + 16.05 (6)

where Y1, Y2, and Y3 indicate the duration, frequency, and intensity of heatwaves, respec-
tively; X1, X2, X3, and X4 are WPSHA, WPSHI, WPSHRPI, and WPSHNBP, respectively.
The results show that the duration of heatwaves increased most significantly with the
increase of WPSHA and WPSHRPI. For example, for every 10 m? increase in WPSHA, the
duration of heatwave was shortened by 1.9 days, the frequency was reduced by 0.3 times,
and the intensity was reduced by 1.1 °C. For every 10 °C increase in WPSHI, the duration
is extended by 0.7 days, the frequency increases by 0.1 times, and the intensity increases by
0.4 °C. For every 10° shift of WPSHRPI to the north, the duration of heatwave is shortened
by 1.2 days, the frequency is reduced by 0.1 times, and the intensity is reduced by 0.6 °C.
For every 10° shift of WPSHNBP to the north, the duration of heatwave is shortened by
0.8 days, the frequency is reduced by 0.1 times, and the intensity is reduced by 0.9 °C.
Comparing the above results, it is concluded that the influence of WPSHA on the heat-
wave events in Hexi Oasis was significantly greater than that of WPSHI, WPSHRPI and
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WPSHNBP. In addition, the duration of heatwave was more significantly influenced by the
WPSHP than the frequency and intensity. Meanwhile, in this study, the years with stronger
and weaker heatwaves were defined by being 1.3 times higher or lower than the average,
identifying 1977, 1986, 1999, 2016, and 2019 as years with strong heatwave activity, while
1964, 1989, 2009, 2015, and 2020 as years with weak heatwave activity. In years with strong
heatwave activity, there is a remarkable increase of the area of WPSHP, and conversely, the
area of WPSHP is rather low at years with weak heatwave activity [28,29,34].

Some limitations concerning the present study should be acknowledged. For example,
it is generally accepted that besides the atmospheric anticyclonic circulation as dis-cussed
above, the occurrence of heatwaves is also closely related to the changes in sea surface
temperature (SST) [35-38]. However, the link between the heatwaves and SST has not
been explored in the present work. Further study concerning the fluence of SST on the
heatwaves in Hexi Oasis will be conducted to construct a coupled sea-air model and clarify
the specific process of SST influence on heatwaves. Moreover, soil moisture variation has
been increasingly emphasized in the cause and prediction of heatwaves [39,40], and the
influence of land-air interaction on high-temperature heatwaves in the Hexi Oasis also
deserves a further study with a climate model for future scenario prediction [41,42], so as to
provide a theoretical basis for the forecast of high-temperature heatwaves. Additionally, it
has been proven that the intensity of heatwaves in eastern China is ~2—4 times higher during
drought conditions than in average conditions [4]. Thus, the combined effects of heatwave
and drought on human society and crop production in Hexi Oasis and northwestern China
should also be studied further in the future.

4. Summary and Conclusions

(1) In this study, the spatial and temporal variations of high-temperature heatwave in
Hexi Oasis are investigated using daily gridded maximum temperature data. The
results show that the heatwaves in Hexi Oasis exhibit a trend of prolonged duration,
increased frequency, and reduced intensity, and the northwestern part of the oasis
is the region where heatwaves are more frequent and long-lasting. In addition, the
duration of heatwaves increased significantly in the 1990s. For the spatial distribution,
the duration and frequency of heatwaves decreased gradually from northwest to
southeast. The northwestern parts of Hexi oasis, such as Subei Mongol Autonomous
County, Guazhou County, and Yumen City, are the regions with the longest duration
and most frequent heatwaves. In contrast, the southeastern part is the region with the
highest intensity of heatwaves.

(2) Mutation analysis shows that the mutation of duration and intensity of heatwaves
occurred in 2009 and 1992, respectively, while the frequency did not change notably.
The earliest mutation of the duration of heatwaves indicates it is most sensitive to
climate change. Moreover, the variation in heatwave is characterized by short cycles,
in which there are cycles of 2.6a and 7.2a for duration, 2.8a and 7.6a for frequency, and
2.6a for intensity. This agrees well with the cycles of atmospheric circulation and El
Nifio, indicating which have obvious influences on the heatwaves.

(3 Analyzation of the influencing factors shows that APVAI, EAT, TPI, and CDE are the
main driving factors affecting the variation of heatwaves in Hexi Oasis. Additionally,
the index of WPSHA increases significantly in years with strong heatwave activity. On
the contrary, the WPSHA shrinks significantly in years with weak heatwave activity,
while the westward extension and eastward shift of the WPSHP have no obvious
influence on the heatwave in Hexi Oasis.
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Abbreviations Professional Terms

M-K Mann-Kendall
EAT East Asia Major Trough
TPI Qinghai-Tibetan Plateau Index
CDE Carbon Dioxide Emissions
APVAI Asian Zone Polar Vortex Area Index
APVII Asian Polar Vortex Intensity Index
AO Arctic Oscillation Index
WPSHA Western Pacific Sub-High Area Index
WPSHI Western Pacific Sub-High Intensity Index
WPSHRPI Western Pacific Sub-High Ridge Position Index
WPSHNBP and Western Pacific Sub-High Northern Boundary Position Index
WPSHP West Pacific Subtropical High Pressure
SST sea surface temperature
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