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Abstract: This study investigates, for the first time, the urbanization effect (UE) on local extreme
climate events in Urumqi, China, based on 22 indices of climate extremes, which are calculated
with daily observation data from 1976 to 2018. These analyses reveal a pronounced nocturnal urban
heat island (UHI) effect and a daytime urban cold island (UCI) effect. Due to Urumqi’s arid climate
background, the UCI effect is considered a unique feature of the UE, which significantly differs from
those in eastern and northern China. The UE on the TR20 index (number of days with minimum
daily temperature exceeding 20 ◦C) reached 5.22 d/10a, indicating that urbanization has led to a fast
increase in the number of hot nights in Urumqi. The absolute averaged UE on the indices measuring
the frequency of warm events is about twice as large as that on the indices measuring the frequency
of cold events, while that on the indices measuring the intensity of warm events is about one third
of that on the indices measuring the intensity of cold events. The highest averaged urbanization
contributions (UCs) to the extreme warm and cold events are represented by the frequency indices
and the intensity indices, respectively, while those contributing to the extreme precipitation events
are represented by the duration indices. Moreover, urbanization probably exacerbates the degree of
wetting in the overall “warming and wetting” climate trend of the region. These findings can be seen
as new evidence to provide scientific basis for further investigation of the UE on climate changes in
arid regions.

Keywords: urbanization effect; extreme climate events; climate change; arid regions

1. Introduction

As global warming continues, the frequency, intensity, and duration of extreme events
(e.g., floods, heat waves, heavy precipitation, droughts, and extreme storms) are increasing
in many parts of the world [1–15]. The IPCC Sixth Assessment Report (AR6) conducted
a comprehensive assessment of many extreme events and concluded that the urbaniza-
tion effects (UEs), such as land use changes and anthropogenic aerosol emissions, play a
dominant role in the changes in extreme events in many regions with high confidence [9].
Zhai et al. [11] stated that climate change caused by human activities may have been the
main driving factor for the increase in the frequency and intensity of extreme precipitation
in most areas since the 1950s.

In the course of urbanization, the physical properties of urban areas further alter
energy, momentum, and water vapor exchanges, which, in turn, affect the regional weather
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and climate [16–23]. Numerous studies on the urban environment in relation to weather
and climate have largely focused on the urban heat island (UHI) effect, which refers to the in-
creased temperature in urban areas compared to their natural surroundings [22]. Moreover,
urbanization also affects the structure of the atmospheric boundary layer, the dispersion
of air pollutants, atmospheric moisture, wind, cloud formation, precipitation, storms, and
heat waves [22]. Currently, more than 3.5 billion individuals, which constitute half of the
worldwide population, reside in urban areas. It is predicted that the proportion of urban
dwellers will escalate to approximately 68% by the mid-21st century [22]. Consequently,
the UE on regional weather and climate is widely studied around the world [11,14,24–28].
For example, Zhao et al. [29] analyzed the temperature changes in urban and rural areas
of Beijing and found that the trend of temperature is more pronounced in urban areas
than it is in rural areas; especially since 1990, the UHI effect has been steadily growing.
Kug and Ahn [30] found that the UE on summer precipitation was distinctively larger
than that of the other seasons by examining 30-year time series precipitation data from
40 stations in Korea. Tysa et al. [31] investigated the UE on surface air temperature (SAT)
anomaly series for the periods of 1980–2015 and 1960–2015 and found that the urbanization
level is significantly positively correlated to the linear trends of the annual mean Tmean
and minimum SAT. Wen et al. [32] analyzed the SAT change in mainland China based on
763 national stations and found that the annual mean SAT as a whole rose by 1.248 ◦C in
the last 55 years, with a warming rate of 0.238 ◦C/10a (degrees Celsius per decade).

There has been a high incidence of extreme climate events in recent years, and these
extreme climate events in China have also been studied extensively [4,6,33–36]. For instance,
Li et al. [36] studied the temporal–spatial distribution of extreme indices in central China
(i.e., the Henan, Hubei, Hunan, and Jiangxi provinces) between 1988 and 2017 and found a
noticeable decrease in the cold spell duration indicator (CSDI) at −0.19 d/10a. Additionally,
the warm spell duration indicator (WSDI) and the highest annual value of daily maximum
temperature increased at rates of 0.25 d/10a and 0.30 ◦C/10a, respectively. Zhai et al. [3]
found that the occurrence of extreme precipitation in northwest China shows a clear
increasing trend, and Zhai and Liu [6] found that heavy precipitation events have occurred
more frequently in the middle-to-lower reaches of the Yangtze River, while droughts have
become more noticeable in the northeast and the southwest. However, it is still unclear to
what extent the UE has impacted the trends of extreme events [22]. It is clear that extreme
climate events are frequent in northwest China, but the impact of anthropogenic factors,
especially urbanization, on climate extremes is poorly understood.

Urumqi, the provincial capital of Xinjiang, is the largest and the most-developed city
in Xinjiang. It is located in the arid region of northwestern China, whose weather and
climate are very sensitive to climate change [12,37–40]. Therefore, it is important to study
the UE on the local extreme climate events in Urumqi. The understanding of the UE in
Urumqi can also provide valuable insights for similar arid regions worldwide, especially in
central Asia, where observations are scarce.

Most studies of the UE on local extreme climate events are conducted via comparison
between the urban and rural data (also called the Urban Minus Rural method, i.e., UMR
method) [31,32,41]. UMR is a commonly used method and is usually regarded as the
most reliable and robust way to investigate the UE [31,42]. Therefore, the UMR method
is adopted to investigate the UE on the changes in extreme climate events in Urumqi.
Twenty-two extreme climate indices are calculated based on precipitation and temper-
ature observations from both the urban and rural areas of Urumqi from 1976 to 2018.
Linear regression of the indices is conducted, along with further analysis to separate the
urbanization contributions (UCs). Below is the nomenclature of technical terms used in
this paper.
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2. Data and Methods
2.1. Data

In this study, daily temperature (unit: ◦C) and precipitation (unit: mm) observations
at Urumqi, Midong, and Dabancheng stations from 1976 to 2018 are used. The data are
obtained from the China Meteorological Data Network (http://data.cma.cn/ (accessed on
20 May 2019)). Other urbanization-related data, e.g., population (Pop.), impervious surface
area (ISA), and gross domestic product (GDP), are obtained from the Urumqi Statistical
Yearbook.

The selection of rural stations follows a few simple rules [43]. The rural station must
be located in proximity to an urban station, so that they share the same climatological
background. The rural stations must have sufficiently long and continuous observation
data, be away from densely populated urban areas, and should have no record of station
relocation during the observation period.

As shown in Figure 1a, there are nine meteorological stations that have long time
series of observations within a radius of about 80 km centered around Urumqi station
(i.e., Miquan, Changji, Dabancheng, Caijiahu, Hutubi, Tianchi, Xiaoquzi, and Urumqimushi
stations; see Table 1 below for their information). In this study, the Changji and Fukang
stations are excluded due to urbanization development of these two cities. Tianchi, Xiao-
quzi, Urumqimushi, Caijiahu, and Hutubi stations are also excluded because of the large
differences in altitudes with Urumqi station and/or relatively long distance from Urumqi
station. Miquan and Dabancheng stations are selected as rural stations because they have
the same climatic background and have not been affected by urbanization. In addition,
these two stations are close to Urumqi station and have small altitude differences.
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Figure 1. (a) Geographical location of meteorological sites and topography (shading, unit: m) around
Urumqi. Solid red dot marks the location of Urumqi station (i.e., urban station), while blue dots
denote the locations of the rural stations (i.e., Miquan and Dabancheng) used in this study. Black
dots indicate locations of all other stations which had long-term observation data. (b) Geographical
location of the study area (black box) in China.

In order to minimize the influence of altitude between stations, we adjust the tempera-
ture from the two rural stations to the same altitude level as Urumqi station using the dry
adiabatic lapse rate (i.e., 0.98 ◦C/100 m). The average of meteorological element from these
two stations are used as the benchmark rural value.

http://data.cma.cn/
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Table 1. Information of Urumqi station and other stations which had long time series observation data
(mainly based on Liu et al. [44]); three stations used in this study are highlighted with five-pointed
stars (⋆) in the first column.

Station Name Latitude Longitude Altitude (m) Distance from
Urumqi (km)

⋆ Urumqi 43◦45′ 87◦37′ 935.0 0
⋆ Miquan 43◦58′ 87◦39′ 601.2 24.3

Changji 44◦07′ 87◦19′ 515.7 47.4
⋆ Dabancheng 43◦31′ 88◦19′ 1104.2 62.1

Caijiahu 44◦25′ 87◦32′ 441.0 74.5
Fukang 44◦10′ 87◦55′ 547.9 52.2
Hutubi 44◦08′ 86◦49′ 523.5 77.1
Tianchi 43◦53′ 88◦07′ 1942.5 42.9

Xiaoquzi 43◦29′ 87◦06′ 1871.8 49.9
Urumqimushi 43◦27′ 87◦11′ 1932.5 48.6

2.2. Methods
2.2.1. Extreme Climate Indices

The Climate Change Detection and Indicators (CCDIs) recommended by the Climate
Committee of the WMO has identified 27 extreme climate indices (https://community.wmo.
int/en/climate-change-detection-and-indices (accessed on 20 May 2019)). These indices
are calculated using daily data of precipitation and maximum and minimum temperatures.
They have been studied to understand extreme events under global climate change in
many parts of the globe [12,34,38,45–48]. In this study, 16 extreme indices of temperature
and 6 extreme indices of precipitation (considering the characteristics of precipitation in
this arid region, indices R25mm, R99p, Rx1day, Rx5day, and Rnn are not included in this
study) are selected (shown in Table 2 below; for more information about these indices,
readers can visit http://etccdi.pacificclimate.org/list_27_indices.shtml (accessed on 20 May
2019)) to study the UE on extreme climate events in Urumqi. RClimDex (v1.1) software
developed by the Climate Research Branch of the Meteorological Service of the Canada
(http://etccdi.pacificclimate.org/software.shtml (accessed on 20 May 2019)) was used for
the calculations and related data quality control [12,45,47,49,50].

Table 2. Definitions of extreme climate indices utilized in this work. (Tmean, Tmax, and Tmin
indicate the daily mean, maximum, and minimum temperatures, respectively. Values of the TNx,
TXx, TXn, TNn, and DTR analyzed in this study are their annual mean values.)

No. Indices Name of Index Definition of Index Category Unit

1 SU25 Summer days Annual count of days with Tmax > 25 ◦C Frequency days (d)

2 TR20 Tropical nights Annual count of days with Tmin > 20 ◦C Frequency days (d)

3 TX90p Warm days Annual count of days when Tmax > 90th percentile Frequency days (d)

4 TN90p Warm nights Annual count of days when Tmin > 90th percentile Frequency days (d)

5 TNx Highest Tmin Monthly maximum value of daily Tmin Intensity ◦C

6 TXx Highest Tmax Monthly maximum value of daily Tmax Intensity ◦C

7 WSDI Warm spell
duration indicator

Annual count of the days with at least 6 consecutive
days when Tmax > 90th percentile Duration days (d)

8 GSL Growing season
length

Number of days between first span of at least six days
with Tmean > 5 ◦C and the first occurrence after 1 July

of at least six consecutive days with Tmean < 5 ◦C
Duration days (d)

9 ID0 Icy days Annual count of days with Tmax < 0 ◦C Frequency days (d)

10 FD0 Frost days Number of days with TN < 0 ◦C Frequency days (d)

https://community.wmo.int/en/climate-change-detection-and-indices
https://community.wmo.int/en/climate-change-detection-and-indices
http://etccdi.pacificclimate.org/list_27_indices.shtml
http://etccdi.pacificclimate.org/software.shtml


Land 2024, 13, 285 5 of 25

Table 2. Cont.

No. Indices Name of Index Definition of Index Category Unit

11 TX10p Cool days Percentage of days when TX < 10th percentile Frequency days (d)

12 TN10p Cool nights Percentage of days when TN < 10th percentile Frequency days (d)

13 TXn Lowest Tmax Monthly minimum value of daily Tmax Intensity ◦C

14 TNn Lowest Tmin Monthly minimum value of daily Tmin Intensity ◦C

15 CSDI Cold spell
duration indicator

Annual count of the days with at least six consecutive
days in which Duration days (d)

16 DTR Diurnal
temperature range Monthly mean difference between Tmax and Tmin Intensity days (d)

17 PRCPTOT Cumulative annual
PRCP on wet days Annual total PRCP in wet days with PRCP ≥ 1 mm Intensity mm

18 R10mm Days with PRCP ≥
10 mm Annual count of days when PRCP ≥ 10 mm Frequency days (d)

19 R95P Very wet days Annual total PRCP when PRCP > 95th percentile Intensity mm

20 SDII
Simple Index for
the intensity of

rainfall

Annual total PRCP divided by the number of days with
PRCP ≥ 1 mm Intensity mm/days

(d)

21 CDD Consecutive dry
days

Maximum number of consecutive days with
PRCP < 1 mm Duration days (d)

22 CWD Consecutive wet
days

Maximum number of consecutive days with
PRCP ≥ 1 mm Duration days (d)

2.2.2. Correlation Analysis

The Pearson correlation coefficient measures the correlation between two variables [34]
and is used to investigate the correlation between the extreme climate indices and related
urbanization factors in this work. The Pearson correlation coefficient r is calculated as

r =

n
∑

i=1
(xi − X)(yi − Y)√

n
∑

i=1
(xi − X)

2 ×
√

n
∑

i=1
(yi − Y)2

(1)

where n is the sample size, xi and yi are the extreme climate index and the urbanization
factor in year i, and X and Y are the averages of x and y, respectively. r varies between
−1 and 1. In this study, Student’s t-test was utilized to test the significance level of the
calculated results (p values smaller than 0.05 are labeled with *, while p ≤ 0.01 are labeled
with **).

2.2.3. Urbanization Effect and Urbanization Contribution

As mentioned in Section 1 above, the general method to investigate the UE is to com-
pare the urban and rural stations, which is also referred to as the UMR method [31,51,52].
The urbanization contribution (UC) is calculated as the percent proportion of the UE to
the overall changing trend, and it can objectively quantify the impact of urbanization on
extreme climate events in urban areas [31,52]. The UE is obtained by first calculating

UE ≡ ∆TU−R = TU − TR (2)

where TU is the trend of an extreme climate index in the urban station, and TR represents
that of the rural station. The UC is then expressed as
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UC =|∆TU−R/TU |×100% (3)

With the absolute sign, the UC is confined to a range between 0 and 100%. When
UC = 0, it means that urbanization has no contribution to the extreme climate index; when
UC = 100%, changes in the trend of the extreme climate index derived from the urban
station data are attributed to the UE. In the actual calculation, there may be cases where the
UC is greater than 100%, which will be treated as 100% [53,54].

2.2.4. Mann–Kendall Test

The changing trend analysis of extreme events is conducted using the simple linear
regression method, and the significance of the trend coefficients is tested using the t-test. In
order to determine the UE on the timing of abrupt changes in trends of the extreme indices,
the Mann–Kendall (M-K) abrupt change test [48] is utilized. The M-K significance test is
expressed as follows:

Z =


S−1√
Var(S)

S > 0

0 S = 0
S+1√
Var(S)

S < 0
(4)

S =
n

∑
i=1

n

∑
j=i+1

sign(xj − xi) (5)

sign =


1 θ > 0
0 θ = 0

−1 θ < 0
(6)

Var(S) =
n(n − 1)(2n + 5)

18
(7)

where the Z represents the standardized test statistic parameter; S indicates the test statistic
parameter; and n is the sample number of samples. When n ≥ 8, S approximates a positive
terrestrial distribution. Standardized Z conforms to a standard orthogonal distribution,
and when |Z| > Z1−α/2, this indicates a significant trend of change, where Z1-α/2 is the
value of the standard orthogonal distribution function table at confidence level α. The M-K
test at the confidence level of 0.05 shows two results: significant change (|Z| > 1.96) and
insignificant change (−1.96 ≤ Z ≤ 1.96).

3. Results

In order to investigate the UE on the local extreme events in Urumqi, linear regression
of the extreme climate indices is conducted to obtain the temporal trends at the urban and
rural stations, while the UCs are computed accordingly. The main findings of this study
are given as follows.

3.1. Urbanization Effects on Tmean, Tmax, and Tmin

As shown in Figure 2 and Table 3, the annual mean Tmean, Tmax, and Tmin for both
the urban and rural stations show increasing trends during the period between 1976 and
2018. The rates of increase in both Tmean and Tmin at the urban station are higher than
those of the rural station, while the rate of the increase in Tmax at the urban station is lower
than that of the rural station. The difference in the warming rates caused by the UE on
Tmean and Tmin are 0.12 ◦C/10a and 0.28 ◦C/10a, respectively, with corresponding UCs
of 25.53% and 38.89%. However, the UE on Tmax is negative (−0.07 ◦C/10a), with a UC of
23.33%. It should be noted that all three temperature trends passed the significance level
of 0.01.
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Table 3. Urbanization effects and urbanization contributions to Tmean, Tmax, and Tmin of Urumqi
from 1976 to 2018.

Variables
Linear Trend

UE UC (%)
Urban Rural

Tmean 0.47 d/10a ** 0.35 ◦C/10a ** 0.12 ◦C/10a 25.53
Tmax 0.30 d/10a ** 0.37 ◦C/10a ** −0.07 ◦C/10a 23.33
Tmin 0.72 d/10a ** 0.44 ◦C/10a ** 0.28 ◦C/10a 38.89

Values labeled with ** indicate significance levels of 0.05 and 0.01, respectively.

Among these three temperature factors, the highest UE and UC are found with Tmin,
meaning that urbanization in Urumqi has caused a significant increase in Tmin in the urban
area, suggesting a strong urban heat island (UHI) effect during the nighttime. However,
Tmax in the urban area increased at a rate smaller than that of the rural area, reflecting
the existence of a certain cooling effect, i.e., an urban cold island (UCI) effect during the
daytime [55]. This kind of characteristic is significantly different from those of the regions
in eastern or southeastern China [55]. Urumqi, as the largest city in arid region in northwest
China, is located in an oasis surrounded by the Gobi desert. Evapotranspiration in the oasis
region can lead to cooling during the day, and this kind of cooling can mask (or exceed)
the urban heat island (UHI) effect. Consequently, cooling due to the evapotranspiration of
vegetation in an oasis (which is called the “oasis effect” or “oasis cooling effect”) may be
responsible for the daytime UCI in Urumqi.

3.2. Urbanization Effects on Extreme Warm Climate Indices

Generally speaking, all the extreme warm climate indices at both the rural and ur-
ban stations presented in Figure 3 and Table 4 show increasing trends over the study
period. But the trends of the extreme warm indices in the urban and rural stations ex-
hibit obvious differences, especially for the frequency indices (SU25, TR20, TX90p, and



Land 2024, 13, 285 8 of 25

TN90p). In particular, SU25 at the urban and rural stations shows increasing trends, with
tendencies of 1.39 d/10a and 3.48 d/10a, respectively. The corresponding UE and UC are
−2.09 d/10a and 100%. TX90p show a less-negative UE (−0.87 d/10a), but with high UC
of 80.62%. TR20 and TN90p reveal positive UEs (5.22 d/10a and 1.31 d/10a, respectively),
with relatively lower UCs (66.36% and 36.86%).
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Figure 3. This is similar to Figure 2, but for the eight extreme warm climate indices, (a–h) indicate
the time variations and linear trends of indices SU25, TR20, TX90p, TN90p, TNx, TXx, WSDI,
and GSL, respectively.
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Table 4. Urbanization effects and urbanization contributions to the warm climate indices of Urumqi
from 1976 to 2018.

Extreme Warm
Climate Indices

Linear Trend
UE UC (%)

Urban Rural

SU25 1.39 d/10a 3.48 d/10a ** −2.09 d/10a 100
TR20 7.86 d/10a ** 2.64 d/10a ** 5.22 d/10a 66.36

TX90p 1.08 d/10a * 1.96 d/10a ** −0.87 d/10a 80.62
TN90p 3.56 d/10a ** 2.25 d/10a ** 1.31 d/10a 36.86

TNx 0.47 ◦C/10a * 0.47 ◦C/10a ** 0 ◦C/10a 0
TXx 0.09 ◦C/10a 0.31 ◦C/10a −0.22 ◦C/10a 100

WSDI 0.51 d/10a 0.70 d/10a −0.19 d/10a 38.13
GSL 5.62 d/10a ** 4.42 d/10a ** 1.2 d/10a 21.28

Values labeled with * and ** indicate significance levels of 0.05 and 0.01, respectively.

For the intensity indices (TNx and TXx), TNx at both the urban and rural stations
shows the same increasing trend, at a rate of 0.47 ◦C/10a; therefore, its UE and UC are 0.
TXx at the urban and rural stations reflects increasing trends, with rates of 0.09 ◦C/10a and
0.31 ◦C/10a, respectively, giving a UE of −0.22 ◦C/10a and a 100% UC. For the duration
indices (WSDI and GSL), it can be seen that both WSDI and GSL also show increasing trends
at both the urban and rural stations, with UEs of −0.19 d/10a and 1.2 d/10a, respectively,
along with 38.13% and 21.28% UCs, respectively.

Among these eight warm indices, the UE on TR20 is the highest one (up to 5.22 d/10a).
The absolute averaged UE on the warm frequency, intensity, and duration indices are
2.37 d/10a, 0.11 ◦C/10a, and 0.695 d/10a. The UCs according to the extreme warm indices
in Urumqi are ranked in descending order as follows: SU25 = TXx > TX90p > TR20 > WSDI
> TN90p > GSL > TNx. Moreover, the UCs of the extreme warm indices can be ranked
according to the average value as follows: frequency indices > intensity indices > duration
indices. It should be noted that except for SU25 at the urban station and TXx and WSDI at
the rural station, all the other extreme warm indices passed the significance level of either
0.05 or 0.01.

In general, most of the frequency indices, except TN90p, show a rather high UC
(>66%), while the duration indices show a moderate (<39%) UC. Moreover, the warm
indices calculated based on Tmax (SU25, TX90p, TXx, and WSDI) show negative UEs (i.e.,
the increasing rates of these indices at the urban station are lower than those at the rural
station), with a rather high UC (>80%, except WSDI). Indices calculated based on Tmin
(TR20 and TN90p) depict a positive UE (i.e., the increasing rates of these indices at the
urban station are higher than those at the rural station). Consequently, it can be concluded
again based on these warm indices that Urumqi is controlled by the UCI effect during the
day and the UHI effect at night.

In addition, Mann–Kendall (M-K) tests were conducted to detect abrupt changes
(ACs) in the extreme indices at both the urban and rural stations in order to investigate the
differences in the timing of ACs in the trends of the indices. Among the M-K test curves,
if the value of UFK is greater than 0, it indicates an increasing trend of the corresponding
index, and when it is less than 0, it indicates a decreasing trend. If the values of UFK and
UBK exceed the confidence level of 0.05, it indicates a significant increasing or decreasing
trend. If the UFK curve and UBK curve intersect, the time corresponding to the intersection
point between the confidence level of 0.05 is considered as the time when the AC begins.
The M-K test results for ACs in extreme climate warm indices at the urban and rural stations
from 1976 to 2018 (Figure 4 and Table 5) indicate that all the indices underwent ACs, except
for the WSDI. SU25 at the urban (rural) station experienced an AC in 2004 (2005), and the
difference in rates after and before the AC was −7.7 d/10a (−2.54 d/10a). Moreover, the
rate of decrease in the trend is more significant in the urban station both before and after
the AC, and the changing trend after the AC at the urban station is more intense. The AC
for TX90p at the urban station occurred 2 years earlier than that in the rural station, and the
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difference in rates after and before the AC at the urban station is greater than those in the
rural station, and the trends after the AC at the urban station is more intense. The timings
of the ACs for TR20, TN90p, TNx, and GSL at the urban station were delayed by 3, 2, 6, and
3 years, respectively, compared to those at the rural station. The GSL showed increasing
trends both before and after the AC (4.65 d/10a and 0.50 d/10a, respectively) at the rural
station, while exhibiting an increasing trend (4.36 d/10) before the AC and a decreasing
trend (−1.34 d/10) after the AC at the other station. The AC for TR20 at the urban (rural)
station occurred in 2004 (2001), and both the urban and rural stations showed significant
ascending trends after the AC. Moreover, the AC for TX90p at the urban (rural) station
occurred in 1999 (2001), and there has been a significant increase in TX90p at the rural
station since 2006. The AC for TN90p at the urban (rural) station occurred in 1998 (1996),
and there was an overall significant ascending trend after the AC, and the AC for TNx at
the urban (rural) station occurred in 2002 (1996). For the TXx, there was no significant AC
at the urban station, but the data showed an AC at rural station in 2002.

Land 2024, 13, x FOR PEER REVIEW 10 of 27 
 

 

underwent ACs, except for the WSDI. SU25 at the urban (rural) station experienced an AC 
in 2004 (2005), and the difference in rates after and before the AC was −7.7 d/10a (−2.54 
d/10a). Moreover, the rate of decrease in the trend is more significant in the urban station 
both before and after the AC, and the changing trend after the AC at the urban station is 
more intense. The AC for TX90p at the urban station occurred 2 years earlier than that in 
the rural station, and the difference in rates after and before the AC at the urban station is 
greater than those in the rural station, and the trends after the AC at the urban station is 
more intense. The timings of the ACs for TR20, TN90p, TNx, and GSL at the urban station 
were delayed by 3, 2, 6, and 3 years, respectively, compared to those at the rural station. 
The GSL showed increasing trends both before and after the AC (4.65 d/10a and 0.50 d/10a, 
respectively) at the rural station, while exhibiting an increasing trend (4.36 d/10) before 
the AC and a decreasing trend (−1.34 d/10) after the AC at the other station. The AC for 
TR20 at the urban (rural) station occurred in 2004 (2001), and both the urban and rural 
stations showed significant ascending trends after the AC. Moreover, the AC for TX90p at 
the urban (rural) station occurred in 1999 (2001), and there has been a significant increase 
in TX90p at the rural station since 2006. The AC for TN90p at the urban (rural) station 
occurred in 1998 (1996), and there was an overall significant ascending trend after the AC, 
and the AC for TNx at the urban (rural) station occurred in 2002 (1996). For the TXx, there 
was no significant AC at the urban station, but the data showed an AC at rural station in 
2002. 

 
Figure 4. The M-K test of the extreme warm climate indices in both urban (Ur) and rural (Ru) sta-
tions during 1976–2018. Panels (a–p) show the variations indices SU25(Ur), SU25(Ru), TR20(Ur), 
TR20(Ru), TX90p(Ur), TX90p(Ru), TN90p(Ur), TN90p(Ru), TNx(Ur), TNx(Ru), TXx(Ur), TXx(Ru), 
WSDI(Ur), WSDI(Ru), GSL(Ur), GSL(Ru) respectively. 

Table 5. Comparison of the timing of abrupt changes (ACs) in the trends of warm climate indices at 
urban and rural stations based on the M-K test and related characteristics before and after the ACs. 
The difference in average value indicates the averaged value of an index after the AC minus the 
averaged value of the index before the AC. The symbol “-“ indicates that there is no AC and corre-
sponding value. 

Figure 4. The M-K test of the extreme warm climate indices in both urban (Ur) and rural (Ru) stations
during 1976–2018. Panels (a–p) show the variations indices SU25(Ur), SU25(Ru), TR20(Ur), TR20(Ru),
TX90p(Ur), TX90p(Ru), TN90p(Ur), TN90p(Ru), TNx(Ur), TNx(Ru), TXx(Ur), TXx(Ru), WSDI(Ur),
WSDI(Ru), GSL(Ur), GSL(Ru) respectively.
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Table 5. Comparison of the timing of abrupt changes (ACs) in the trends of warm climate indices
at urban and rural stations based on the M-K test and related characteristics before and after the
ACs. The difference in average value indicates the averaged value of an index after the AC minus
the averaged value of the index before the AC. The symbol “-“ indicates that there is no AC and
corresponding value.

Extreme Warm
Climate

Indices (Unit)

Timing of ACs (year) Urban Rural

Urban Rural

Rate
before

AC
(RBAC)

Rate
after
AC

(RAAC)

Difference
of Rate
(RAAC-
RBAC)

Difference
in

Average
Value

Rate
before

AC
(RBAC)

Rate
after
AC

(RAAC)

Difference
of Rate
(RAAC-
RBAC)

Difference
in

Average
Value

SU25
(d/10a) 2004 2005 0.74 −6.96 −7.7 4.67 1.52 −1.02 −2.54 9.96

TR20
(d/10a) 2004 2001 6.50 6.68 0.18 18.25 2.23 1.98 −0.25 6.07

TX90p
(d/10a) 1999 2001 1.73 0.12 −1.61 2.33 1.03 1.09 0.06 4.93

TN90p
(d/10a) 1998 1996 2.94 3.02 0.08 8.07 2.02 1.07 −0.95 5.41

TNx
◦C/10a 2002 1996 0.46 1.33 0.87 1.00 0.24 0.15 −0.09 1.22

TXx
◦C/10a - 2003 - - - - 0.123 0.118 −0.005 0.84

WSDI
(d/10a) - - - - - - - - - -

GSL
(d/10a) 2003 2000 4.36 −1.34 −5.70 14.12 4.65 0.50 −4.15 10.37

3.3. Urbanization Effects on Extreme Cold Climate Indices and Diurnal Temperature Range

As presented in Figure 5 and Table 6, the time variations and linear trends of the cold
extreme climate indices and diurnal temperature range (DTR) in Urumqi show significant
differences for the extreme cold indices between the urban and rural areas. Specifically,
for the frequency indices (ID0, FD0, TX10p, and TN10p), it can be seen that ID0 at the
urban and rural stations tends to decrease at the rates of −3.1 d/10a and −1.58 d/10a,
respectively, and the corresponding UE and UC are −1.52 d/10a and 48.95%. FD0 and
TN10p also show almost similar negative UEs (−1.33 d/10a and −1.17 d/10a, respectively)
and relatively lower UCs (23.02% and 40.78%). However, TX10p reveals a positive UE
(0.43 d/10a) with a relatively higher UC (52.95%). For the intensity indices, both TXn and
TNn indicate positive UEs (0.28 ◦C/10a and 0.4 ◦C/10a, respectively) with rather high UCs
(100% and 67.34%, respectively). The CSDI at the urban (rural) station shows a decreasing
trend with a rate of −2.71 d/10a (−1.61 d/10a), with an UE and UC of −1.10 d/10a and
40.82%, respectively.

Table 6. Urbanization effect and urbanization contribution to the extreme cold climate indices and
DTR of Urumqi from 1976 to 2018.

Extreme Cold
Climate Indices

Linear Trend
UE UC (%)

Urban Rural

ID0 −3.10 d/10a * −1.58 d/10a −1.52 d/10a 48.95
FD0 −5.80 d/10a ** −4.46 d/10a ** −1.33 d/10a 23.02

TX10p −0.80 d/10a * −1.23 d/10a ** 0.43 d/10a 52.95
TN10p −2.87 d/10a ** −1.70 d/10a ** −1.17 d/10a 40.78

TXn 0.08 ◦C/10a −0.2 ◦C/10a 0.28 ◦C/10a 100
TNn 0.59 ◦C/10a 0.19 ◦C/10a 0.4 ◦C/10a 67.34
CSDI −2.71 d/10a * −1.61 d/10a * −1.10 d/10a 40.82
DTR −0.44 ◦C/10a ** −0.37 ◦C/10a ** −0.07 ◦C/10a 16.05

Values labeled with * and ** indicate significance levels of 0.05 and 0.01, respectively.
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Figure 5. Similar to Figure 2, but for 7 extreme cold climate indices and the diurnal temperature
range. Panels (a–h) indicate the time variations and linear trends of indices ID0, FD0, TX10p, TN10p,
TXn, TNn, CSDI and DTR, respectively.

The DTR in Xinjiang is relatively high in comparison to that in eastern China [56], and
the DTR is an index that has a large impact on the health of urban residents [35]. It was
found that the DTR in the urban and rural stations of Urumqi exhibits decreasing trends,
with rates of −0.44 ◦C/10a and −0.37 ◦C/10a, respectively. The UE on the DTR is negative
(−0.07 ◦C/10a), which is consistent with the previous findings that the UCI in the day and
the UHI at night lead to a decrease in the DTR.

Unlike the characteristics of extreme warm climate indices analyzed above, most of the
extreme cold climate indices calculated based on Tmax (TX10p and TXn) show a positive
UE, while the extreme cold indices calculated based on Tmin (FD0, TN10p, and CSDI)



Land 2024, 13, 285 13 of 25

and the DTR exhibit a negative UE (except for the TNn). These findings largely confirms
that the UCI effect dominates during the day, while the UHI effect dominates at night in
Urumqi. The absolute averaged UEs on the cold frequency, intensity, and duration indices
are 1.11 d/10a, 0.34 ◦C/10a, and 0.585 d/10a. The ranking orders of the UCs for the above
indices are TXn > TNn > TX10p > ID0 > CSDI > TN10p > FD0 > DTR. In general, most of the
extreme cold indices (except for the TXn and TNn) have decreased in both the urban and
rural stations, and for most of the cold indices (except for the ID0 and CSDI), urbanization
causes a faster decrease in the urban areas.

The M-K test results for ACs in extreme cold climate indices at the urban and rural
stations from 1976 to 2018 (Figure 6 and Table 7) show that all the indices underwent ACs,
except for the CSDI. The ID0 experienced an AC (in 1989) only at the urban station, with
rates of −2.53 d/10a and −1.44 d/10a, respectively, before and after the AC, but no AC
occurred at the rural station. The ACs for FD0 and TNn at urban station occurred 1 and
3 years later, respectively, than those at the rural station, while the ACs for other cold
indices at urban station occurred earlier than those at the rural station. FD0 in the urban
(rural) station experienced an AC in 1995, with a difference in rates after and before the AC
of −2.60 d/10a (−1.66 d/10a), showing a significant decreasing trend. The AC for TX10p
at the urban (rural) station occurred in 1997 (2003), and the difference in rates after and
before the AC of TX10p at urban (rural) was −0.64 d/10a (−1.32d/10a). The timing of the
AC for TXn at the urban station was advanced by 4 years, and the difference in rates after
and before the AC at the urban station is greater than that in the rural station, and the trend
at the urban station after the AC was more intense. The AC for the DTR at both the urban
and rural stations occurred in 1994, but the difference in rates after and before the AC at
the urban (rural) station was 0.30 d/10a (0.09 d/10a), and the increasing trend of the DTR
after the AC at the urban station was more dramatic.
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Figure 6. Similar to Figure 4, but for the eight extreme cold climate indices. Panels (a–p) indicate the
variations of indices ID0(Ur), ID0(Ru), FD0(Ur), FD0(Ru), TX10p(Ur), TX10p(Ru), TN10p(Ur), TN10p(Ru),
TXn(Ur), TXn(Ru), TNn(Ur), TNn(Ru), CSDI(Ur), CSDI(Ru), DTR(Ur), DTR(Ru), respectively.
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Table 7. Comparison of the timing of abrupt changes (ACs) in the trends of cold climate indices
at urban and rural stations based on the M-K test and related characteristics before and after the
ACs. The difference in average value indicates the averaged value of an index after the AC minus
the averaged value of the index before the AC. The symbol “-“ indicates that there is no AC and
corresponding value.

Extreme Cold
Climate

Indices (Unit)

Timing of ACs (year) Urban Rural

Urban Rural

Rate
before

AC
(RBAC)

Rate
after
AC

(RAAC)

Difference
of Rate
(RAAC-
RBAC)

Difference
in

Average
Value

Rate
before

AC
(RBAC)

Rate
after
AC

(RAAC)

Difference
of Rate
(RAAC-
RBAC)

Difference
in

Average
Value

ID0
(d/10a) 1989 - −2.53 −1.44 1.09 −8.64 - - - -

FD0
(d/10a) 1995 1994 −1.68 −4.28 −2.60 −14.27 −1.47 −3.13 −1.66 −11.02

TX10p
(d/10a) 1997 2003 −0.04 −0.68 −0.64 −2.02 −0.87 −2.19 −1.32 −2.75

TN10p
(d/10a) 1997 1988 −2.72 −1.39 1.33 −6.80 −1.91 −0.50 1.41 −5.24

TXn
(◦C/10a) 1996 2000 2.22 0.20 −2.02 −0.50 1.18 0.65 −0.53 −1.33

TNn
(◦C/10a) 2003 2000 1.64 1.00 −0.64 0.4 1.48 0.46 −1.02 −0.30

CSDI
(d/10a) - - - - - - - - - -

DTR
(◦C/10a) 1994 1994 −0.12 −0.42 0.30 −1.03 −0.46 −0.37 0.09 −0.77

3.4. Urbanization Effects on Extreme Precipitation Indices

The UE on regional precipitation is of great interest [4,5,22]. Urbanization affects the
formation, timing, duration, and phase of precipitation by changing the roughness of the
subsurface and through UHI circulation [57]. Lin et al. [58] found urbanization to have a
negative impact on extreme precipitation in coastal areas of China, while it has a positive
impact on extreme precipitation events in inland cities. However, the UEs on precipitation
in arid regions have seldom been explored, and the effects could be different from humid
regions due to the differences in evapotranspiration and convective efficiencies [59].

As shown in Figure 7 and Table 8 below, for the major intensity indices, such as
PRCPTOT and R95p, their UEs are rather high (reaching 13.04 mm/10a and 11.74 mm/10a,
respectively), along with the UC (76.01% and 93.45%). However, the SDII only shows a
very low UE (0.06 mm/10a) and UC (19.15%). R10mm, as the only frequency index for
precipitation, reflects a UE of 0.56 d/10a and a relatively high UC (68.79%). For the duration
indices, the CDD at the urban and rural stations declines at respective rates of −1.71 d/10a
and −5.01 d/10a, with a 3.3 d/10a UE and a 100% UC. Moreover, the number of CDDs in
the urban station is significantly lower (about 20 ~70 days) than those in the rural station,
whereas the number of CWDs at the urban (rural) station increases (decreases) at the rate of
0.18 d/10a (−0.13 d/10a), resulting in a rather low UE (0.31 d/10a), but a high UC (100%).
The absolute averaged UEs on the precipitation frequency, intensity, and duration indices
are 8.27 mm/10a, 0.56 d/10a, and 1.805 d/10a. The UCs for each index are ranked from
the highest to lowest values as CDD = CWD > R95pd > PRCPTOT > R10mm > SDII. The
contribution of urbanization to the extreme precipitation indices ranked according to the
mean value is duration indices > frequency indices > intensity indices.

In general, urbanization has an effect on the intensity, frequency, and duration of
extreme precipitation to some extent. Based on the temporal trends of extreme precipitation
indices, it was found that urbanization probably exacerbates the degree of “wetting” in the
overall “warming and wetting” trend [60–63] of the climate in the region, which means
that urbanization probably increases local precipitation and alleviates droughts to some
extent. However, the driving factors and generation mechanisms of precipitation are very
complex. Oke [57] has also shown that the urban–rural difference depends critically on



Land 2024, 13, 285 15 of 25

the choice of rural station. This means that different rural reference stations may lead to
different research results to some extent.
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Table 8. Urbanization effect and urbanization contribution to extreme precipitation indices of Urumqi
from 1976 to 2018.

Extreme
Precipitation

Indices

Linear Trend
UE UC (%)

Urban Rural

PRCPTOT 17.15 mm/10a * 4.11 mm/10a 13.04 mm/10a 76.01
R10mm 0.82 d/10a ** 0.26 d/10a 0.56 d/10a 68.79

R95p 12.56 mm/10a * 0.82 mm/10a 11.74 mm/10a 93.45
SDII 0.31 mm/10a ** 0.25 mm/10a 0.06mm/10a 19.15
CDD −1.71 d/10a −5.01 d/10a 3.30 d/10a 100
CWD 0.18 d/10a −0.13 d/10a 0.31 d/10a 100

Values labeled with * and ** indicate significance levels of 0.05 and 0.01, respectively.

The M-K test results for ACs in extreme precipitation indices at the urban and rural
stations from 1976 to 2018 (Figure 8 and Table 9) exhibited that only the SDII experienced
an AC at both the urban and rural stations (in 2013 and 1994, respectively), with differences
in the rates after and before the AC of 0.58 d/10a and −0.60 d/10a, respectively, but no
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significant increasing trend was found after the AC. In addition, PRCPTOT only underwent
an AC in the rural station in 1983, with a difference in the rates after and before the AC of
23.71 mm/10a. Similarly, the CDD only underwent an AC at the rural station in 1989, with
a difference in rates after and before the AC of −13.87 d/10a. These two indices did not
show a significant AC at the urban station. The other three precipitation indices (R10mm,
R95p, and CWD) did not show significant ACs at both the urban and rural stations.
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Table 9. Comparison of the timings of abrupt changes (ACs) in the trends of extreme precipitation
indices at urban and rural stations based on the M-K test and related characteristics before and after
the ACs. The difference in average value indicates the averaged value of an index after the AC minus
the averaged value of the index before the AC. The symbol “-“ indicates that there is no AC and
corresponding value.

Extreme
Precipitation
Indices (Unit)

Timing of ACs (year) Urban Rural

Urban Rural

Rate
before

AC
(RBAC)

Rate
after
AC

(RAAC)

Difference
of Rate
(RAAC-
RBAC)

Difference
in

Average
Value

Rate
before

AC
(RBAC)

Rate
after
AC

(RAAC)

Difference
of Rate
(RAAC-
RBAC)

Difference
in

Average
Value

PRCPTOT
(mm/10a) - 1983 - - - - −26.25 −2.54 23.71 30.03

R10mm
(d/10a) - - - - - - - - - -

R95p
(mm/10a) - - - - - - - - -

SDII
(mm/10a) 2013 1994 0.27 0.85 0.58 0.81 0.40 −0.20 −0.60 0.76

CDD
(d/10a) - 1989 - - - - 12.44 −1.43 −13.87 −16.54

CWD
(d/10a) - - - - - - - - - -

4. Correlation between Extreme Climate Events and Urbanization Factors

Previous studies such as the one by Du et al. [55] have shown correlations between
the urbanization factors and UHI intensity, where urbanization is measured by a com-
prehensive metric that includes economic, population, and land urbanization factors [64].
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Therefore, to gain insight into the correlations between the extreme climate indices and the
different urbanization factors in Urumqi, we shall further explore the correlations between
all 22 extreme climate indices and the population (Pop.), impervious surface area (ISA),
and gross domestic product (GDP) in Urumqi from 1990 to 2018. Note that the data of
these urbanization factors in Urumqi are only available for this time period, and the time
resolution of these data is 1 year.

As shown in Figure 9, there are relatively high correlations between each urbanization
factor and some of the extreme climate indices. Specifically, the extreme warm indices are
positively correlated with all three urbanization factors, among which TR20 and TN90p
are significantly correlated at the 0.01 significance level. TR20 has the highest correlation
(0.774) with the Pop., while TN90p has the highest correlation (0.745) with the ISA. The
extreme cold indices are negatively correlated with these three urbanization factors, and
the FD0 and TN10p are significantly correlated at the 0.05 significance level. Compared
to the warm indices, the cold indices show relatively weaker correlations. FD0 has the
highest correlation (−0.541) with the ISA, while TN10p exhibits the highest correlation
(−0.571) with Pop. As mentioned in Section 3.3, the TR20, TN90p, FD0, and TN10p indices
calculated based on the Tmin show a significant UE possibly via the nighttime UHI effect,
and now it can be inferred that these four indices are strongly correlated with the Pop. and
ISA of Urumqi.
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In addition, there are significant (up to 0.01 level of significance) negative correlations
between the DTR and all three urbanization factors. The highest correlation is found
between the DTR and Pop., with a correlation coefficient of −0.917. It may be inferred
that the decrease in DTR, which is probably due to the daytime UCI effect and nighttime
UHI effect, is mostly affected by the increasing population in Urumqi. However, the
correlation between the extreme precipitation indices and the three urbanization factors
are not significant compared to the extreme warm and cold indices, with a low correlation
coefficient between −0.33 and 0.35.

In general, among the three urbanization factors, the correlations between the Pop.
and ISA with the extreme climate indices are the strongest, especially with the warm and
cold indices and the DTR. Therefore, it can be deduced that the changes in population
and land use and land cover are the most important urbanization factors to affect the
local climatology. The UE on the local climate is complicated and can be related to com-
plex dynamic, thermal, and moisture aspects, together with UHI circulation and aerosol
emissions. Therefore, this needs to be further studied in depth using high-resolution
numerical models.

5. Conclusions

This work can be considered as the first investigation about the urbanization effect and
urbanization contribution to the changes in extreme climate events in Urumqi, Xinjiang,
northwest China, and it is believed that the findings in this work can fill the gap in
understanding the extent to which the UE has impacted the trends in extreme events in
this arid region. These analyses are mainly based on the trends of the annual Tmax, Tmean,
Tmin, and 22 extreme climate indices calculated at urban and rural stations from 1976 to
2018 using the UMR method. The major findings are as follows.

The variations and linear trends of Tmax, Tmean, and Tmin show that urbanization in
Urumqi has caused a significant increase in Tmin mostly through the nocturnal urban heat
island (UHI) effect. In contrast, Tmax in the urban area rises at a rate smaller than that in
the rural area, reflecting the existence of a certain cooling effect, i.e., the urban cold island
(UCI) effect, during the daytime.

From the perspective of the UE on extreme warm climate indices, most of the frequency
indices show a rather high UC (>66%), while the duration indices show a rather low UC
(<39%). The UE of TR20 reached 5.22 d/10a, indicating that urbanization has led to a
relatively faster increase in the number of hot nights in Urumqi. Moreover, most of the
warm indices calculated based on the Tmax (or Tmin) show a negative (or positive) UE
with a relatively higher (lower) high UC. Consequently, it can be concluded again based on
the warm indices that Urumqi shows a significant UCI effect during the day, along with a
UHI effect at night.

For the extreme cold indices, most of them showed a decreasing trend at both the
urban and rural stations, while the rate of decrease due to urbanization is faster for most
cold indices. Furthermore, most of the cold indices calculated based on Tmax (or Tmin)
show a positive (or negative) UE. This is in agreement with the dominating effect of the
UCI during the day and UHI at nighttime in Urumqi. The absolute averaged UEs on the
cold frequency, intensity, and duration indices are 1.11 d/10a, 0.34 ◦C/10a, and 0.585 d/10a.
It is noteworthy that the absolute averaged UE on the indices measuring the frequency of
warm events is about twice as large as that on the cold indices, while that on the indices
measuring the intensity of warm events is about one third of that on the indices measuring
the intensity of cold events.

Urbanization has an effect on the intensity, frequency, and duration of extreme precipi-
tation to some extent. It was found from evolving trends of extreme precipitation indices
that urbanization probably exacerbates the degree of wetting in the overall “warming and
wetting” trend of the climate in the region [60–63], which means that urbanization probably
increases local precipitation and alleviates droughts in the region.
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Among the three major urbanization factors, i.e., the population (Pop.), impervious
surface area (ISA), gross domestic product (GDP), the correlations between the Pop. and
ISA with the extreme climate indices are the most significant, especially for the warm
and cold indices and DTR. This implies that changes in population and ISA are the most
important factors in the urbanization to affect the local climatology.

6. Discussion and Future Work

Although this study was conducted to investigate the urbanization effect and the
urbanization contribution to the changes in extreme climate events in only one city, since
Urumqi is the only city that can be considered as a large city with a population of more
than three million in Xinjiang and one of the most typical oasis cities in the arid zone of
northwest China (according to the Xinjiang Statistical Yearbook), this study is important to
discover new evidence to provide the scientific basis for further investigations of the UE on
climate changes in arid regions.

In general, urbanization in Urumqi over the last 34 years has affected the frequency,
duration, and intensity of extreme warm, cold, and precipitation indices. However, Table 10
shows unique regional characteristics that are different from those found in other parts of
China, such as northern China [65], Nanjing [66], and Chengdu [67]. The SU25 index shows
a relatively large negative UE of −2.09 d/10a in Urumqi, but very small positive values of
0.167 d/10a and 0.31 d/10a in North China and Nanjing, respectively. Similarly, the TXx
index shows a negative value of −0.22 ◦C/10a in Urumqi, while those of North China and
Nanjing are close to zero. For WSDI, the UE of Urumqi is negative (−0.19 d/10a), while
that of Nanjing is positive (0.35 d/10a). In addition, the other two cold extreme indices,
TX10p and TXn, show positive UEs (0.43 d/10a and 0.28 d/10a), while those of North China
and Nanjing are negative or near zero. The differences are likely due to the unique UCI
effect of the arid region, as the UEs are closely related to the background climate [22,68].
The physical processes and phenomena in the urban atmosphere are influenced by a wide
range of factors, such as the latitude, altitude, and proximity to water bodies. A city’s
intrinsic controls include its unique combination of urban surface properties and the size of
the city, with urban surface encompassing radiative, thermal, moisture, and aerodynamic
factors [57]. Manoli et al. [59] demonstrated that the urban heat island (UHI) is controlled by
water or energy limitations on evapotranspiration (ET). In wet climates, energy limitations
set an upper limit on the differences in ET between urban and rural environments, while in
arid regions, water limitations reduce the magnitude of rural ET, thus limiting the impact
of ∆ET on the UHI. Consequently, we believe that as Urumqi is a typical arid oasis city,
urban greening, irrigation, air conditioning, and water vapor from car exhausts have led to
a surplus of water vapor over the urban area, resulting in a cooling effect (i.e., oasis effect).
North China and Nanjing are located in the eastern monsoon region close to the ocean
and abundant in water vapor, with the rural areas predominantly consisting of forests
or croplands. Urbanization has led to the replacement of croplands with impermeable
urban layers, altering urban humidity and heat properties and resulting in a significant
UHI phenomenon. Consequently, the warm indices SU25, TXx, and WSDI calculated based
on the Tmax exhibit more negative urbanization effects in Urumqi, while they do not in
North China and Nanjing. Therefore, to specifically explore the similarities and differences
in urbanization effects in cities with different climate backgrounds, numerical simulations
should be employed to study the surface energy balance of cities, and in-depth analysis
should be conducted on the thermal and moisture aspects.

Du et al. [55] studied the surface UHI (SUHI) and the canopy UHI (CUHI) effects
in a number of cities in different climatic zones around the globe. They found that the
SUHI is stronger than the CUHI over the cities in tropical, subtropical, and high-altitude
snowy climates. But for cities in an arid climate, the CUHI is stronger than the SUHI during
the daytime. Previous studies have shown that greater regional aridity will increase the
potential transpiration of vegetation [69], and the aridity-driven increase in transpiration
can result in increases in latent heat flux, which correlates with greater vegetation-derived
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cooling in arid cities [70]. In addition, studies have also suggested that the urban–rural
contrast in vegetation abundance in the arid regions may contribute to weaker SUHI effects
through the occurrence of a significant daytime CUHI [55,66]. Therefore, the UCI effect in
Urumqi is likely due to the cooling oasis effect masking the heating effect of the UHI.

Table 10. Comparison of UE on the extreme climate indices in Urumqi and other regions in China.

Indices (Unit)
Urumqi

(87◦37′ E, 43◦45′ N)
(Present Study)

North China
(108◦ E−120◦ E, 33◦ N−43◦ N)

[65]

Nanjing
(118◦46′ E, 32◦24′ N)

[66]

Chengdu
(104◦04′ E, 30◦40′ N)

[67]

SU25 (d/10a) −2.09 0.167 0.31
TR20 (d/10a) 5.22 1.84 1.86

TX90p (d/10a) −0.87 −0.23 0.12 −28.72
TN90p (d/10a) 1.31 4.51 1.03 18.49
TNx (◦C/10a) 0 0.15 0.14
TXx (◦C/10a) −0.22 −0.03 0.02
WSDI (d/10a) −0.19 0.35

ID0 (d/10a) −1.52 0.122 −0.03
FD0 (d/10a) −1.33 −2.38 −1.15

TX10p (d/10a) 0.43 −0.15 −0.01 −7.31
TN10p (d/10a) −1.17 −4.44 −0.68 −22.37
TXn (◦C/10a) 0.28 0.04 −0.03
TNn (◦C/10a) 0.40 0.39 0.07
CSDI (d/10a) −1.10 −0.37

Although most of the extreme climate indices calculated based on Tmax (Tmin) show
the characteristics of a UCI (UHI) effect; ID0 and TNn suggest opposite results, namely, the
UHI effect during the day. This, to some extent, indicates that the UHI of Urumqi would
not be 100% covered by the cooling oasis effect, and some extreme climate indices still can
reflect the UHI of Urumqi during the day. It can also be understood from this perspective
that the climatological characteristics portrayed by each extreme climate index are different;
these may reflect the characteristics of a UHI or UCI in Urumqi.

The UE of TR20 reaches 5.22 d/10a, indicating that urbanization has led to a relatively
faster increase in the number of hot nights in Urumqi. Cities in arid climate have a relatively
fragile ecology and poor climate regulation capacity and will be exposed to a greater human
health risk. Exposure to extreme urban temperature can bring about severe consequences,
including physical health decline, psychological stress, and even increased mortality [71,72].
This suggests that there may be a risk of extreme climate impacts on human health in the
urban area of Urumqi. To effectively prevent and assess the human impacts of climate
extremes in the region, more locally applicable research on climate-resilient cities and
climate extremes and human health is needed.

In the mid-latitudes, the synoptic-scale precipitation process (e.g., frontal precipitation
associated with synoptic-scale cyclones) is common, especially in winter (or cold season).
The synoptic-scale processes that drive the precipitation systems may mask the UEs and
limit the opportunity to test the hypotheses related to urbanization for only a subset of
precipitation events. Moreover, the topographic settings of a city must also be considered
as other influences (such as coastal and valley circulations), which may also be present,
making it difficult to detect the UEs on the precipitation [57]. The surrounding area of
Urumqi not only has a certain topographic relief, but frontal precipitation associated with
synoptic-scale weather systems are also common in this region. Therefore, numerical
simulation may be the most effective method for obtaining quantitative and accurate
conclusions about the UEs on precipitation in Urumqi.
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Cities can affect precipitation through various factors, such as changes in the urban
surface energy balance causing urban heat islands and heat-driven circulation, urban rough
subsurface enhancing urban airflow convergence, and aerosol emissions altering urban
aerosol particle size distribution, which affects precipitation [27,57,59]. Therefore, our next
study will focus on how urbanization in arid regions influences precipitation and how it
differs from urban effects on precipitation in humid regions based on numerical simulation.

To account for potential multicollinearity among the extreme indices used in this
study, we conducted Pearson correlation analysis and calculated the variance inflation
factors (VIFs) to detect any potential multicollinearity. Previous studies [73,74] indicated
that multicollinearity shall be considered to exist when the Pearson correlation coefficient
is greater than 0.85, or the VIF value is greater than 10. Tables 11–13 below show the
Pearson correlation coefficients and VIFs of the extreme climate indices. It can be seen
that the highest value of the Pearson correlation coefficients is 0.85. According to the
calculation method of the extreme climate indices, some of the extreme temperature indices
are calculated based on Tmax or Tmin, and the extreme precipitation indices are calculated
based on the daily precipitation amount. Therefore, it is inevitable that there are some
high correlation values exceeding 0.7 or 0.8 between certain indices. However, extensive
research has been conducted on these extreme climate indices, leading us to believe that
each extreme climate index holds unique significance. This study aims to explore the
urbanization effects on various extreme climate indices; thus, 22 extreme climate indices
were selected to be analyzed in this study.

Table 11. The Pearson correlation coefficients and variance inflation factors (VIFs, shown in round
brackets) of the extreme warm climate indices at urban station of Urumqi from 1976 to 2018.

SU25 TR20 TX90p TN90p TNx TXx WSDI GSL

SU25 1
TR20 0.54 ** (1.42) 1

TX90p 0.44 ** (1.25) 0.60 ** (1.56) 1
TN90p 0.43 ** (1.23) 0.85 ** (3.51) 0.73 ** (2.16) 1

TNx 0.03 (1.00) 0.38 * ( 1.17) 0.27 (1.08) 0.44 ** (1.23) 1
TXx 0.34 * (1.13) 0.42 ** (1.22) 0.39 ** (1.18) 0.32 * (1.11) 0.52 ** (1.37) 1

WSDI 0.00 (1.00) 0.30 * (1.10) 0.44 ** (1.24) 0.29 (1.10) 0.08 (1.01) 0.09 (1.01) 1
GSL 0.39 * (1.18) 0.55 ** (1.44) 0.40 ** (1.19) 0.58 ** (1.50) 0.19 (1.04) 0.16 (1.02) 0.27 (1.08) 1

Values of Pearson correlation coefficients labeled with * and ** indicate significance levels of 0.05 and 0.01,
respectively.

Table 12. The Pearson correlation coefficients and variance inflation factors (VIFs, shown in round
brackets) of the extreme cold climate indices at urban station of Urumqi from 1976 to 2018.

ID0 FD0 TX10p TN10p TXn TNn CSDI DTR

ID0 1
FD0 0.50 ** (1.33) 1

TX10p 0.59 ** (1.54) 0.58 ** (1.52) 1
TN10p 0.58 ** (1.50) 0.73 ** (2.12) 0.78 ** (2.54) 1

TXn 0.24 (1.06) 0.09 (1.01) 0.47 ** (1.28) 0.35 * (1.14) 1
TNn 0.40 ** (1.19) 0.22 (1.05) 0.43 ** (1.22) 0.43 ** (1.23) 0.85 ** (3.51) 1
CSDI 0.50 ** (1.33) 0.47 ** (1.28) 0.68 ** (1.85) 0.71 ** (2.02) 0.61 ** (1.58) 0.62 ** (1.61) 1
DTR 0.03 (1.00) 0.36 * (1.15) 0.14 (1.02) 0.30 * (1.10) 0.23 (1.06) 0.11 (1.01) 0.15 (1.02) 1

Values of Pearson correlation coefficients labeled with * and ** indicate significance levels of 0.05 and 0.01,
respectively.

In general, all the extreme climate indices in this study did not exceeded 0.85, and the
values of the VIFs for all the extreme climate indices did not exceeded 10. Therefore, it is
believed that there is no potential multicollinearity between the indices in this study.
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Table 13. The Pearson correlation coefficients and variance inflation factors (VIFs, shown in round
brackets) of the extreme precipitation indices at urban station of Urumqi from 1976 to 2018.

PRCPTOT R10mm R95p SDII CDD CWD

PRCPTOT 1
R10mm 0.80 ** (2.79) 1

R95p 0.73 ** (2.12) 0.47 ** (1.29) 1
SDII 0.73 ** (2.15) 0.74 ** (2.19) 0.75 ** (2.32) 1
CDD 0.48 ** (1.30) 0.41 ** (1.20) 0.26 (1.07) 0.23 (1.06) 1
CWD 0.23 (1.05) 0.16 (1.03) 0.02 (1.00) 0.00 (1.00) 0.37 * (1.16) 1

Values labeled with * and ** indicate significance levels of 0.05 and 0.01, respectively.
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List of technical terms and the corresponding abbreviations.
UE Urbanization Effect
UC Urbanization Contribution
AC Abrupt Change
RBAC Rate Before Abrupt Change
RAAC Rate After Abrupt Change
Pop. Population
ISA Impervious Surface Area
GDP Gross Domestic Product
PRCP Precipitation
Tmin Minimum Temperature (daily)
Tmax Maximum Temperature (daily)
Tmean Mean Temperature (daily)
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