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Abstract: Under the background of global warming, climate extremes have become a crucial issue
with distinct heterogeneity features in different regions. Hence, spatial–temporal changes in tempera-
ture and precipitation extremes in Guizhou Province were investigated utilizing daily maximums
and minimums of temperature and daily precipitation data during 1960–2019 based on trend analysis.
It was concluded that, firstly, all warm extremes but warm spell duration indicator (WSDI) are
significantly enhanced, whereas for cold extremes, the monthly minimum value of daily minimum
temperature (TNn) is significantly enhanced, while cool nights (TN10P), frost days (FD0), ice days
(ID0), and cold spell duration indicator (CSDI) are significantly decreased. And all precipitation
extremes but consecutive wet days (CWD) have no significant variational trend in Guizhou Province.
Secondly, variational trends of temperature extremes are more prominent and robust in western
Guizhou Province. Temperature and precipitation extremes show large differences from spring to
winter. Thirdly, temperature extremes are closely correlated with strength, area, and the westernmost
ridge point index of western Pacific subtropical high (WPSH), whereas precipitation extremes show
no distinct correlation with WPSH. The WPSH has significantly strengthened and shifted westward
in the past 60 years, leading to less total cloud cover and more downward solar wave flux reaching
Earth’s surface, accordingly, exacerbating warm extremes and weakening cold extremes. These
results will benefit understanding the heterogeneity of climate extremes at a regional scale.

Keywords: climate extremes; Guizhou province China; annual and seasonal variations; atmospheric
circulation; trend analysis

1. Introduction

Globally averaged temperature has become successively warmer in each of the last
four decades than any decade that preceded it since 1850, with an increasing of 0.99 ◦C
being detected in 2001–2020 higher than 1850–1900, and global precipitation over land has
also likely increased since 1950 [1]. Climate change could exert significant impacts on the
strength and frequency of weather and climate extremes, for instance, flooding, heat waves,
drought, cold waves, and hailstorms [1,2]. Furthermore, climatic extremes can also exert
severe impacts on the ecological environment and human activities including vegetation
greenness, the terrestrial carbon cycle, agricultural production, and human health around
the world [3–10]. Considering the spatial–temporal heterogeneity of climatic changes and
extremes, the Intergovernmental Panel on Climate Change (IPCC) suggested that it was of
significance to investigate climatic changes and extremes at a regional and local scale to bet-
ter service nations’ and economic organizations’ response to climate change [11]. Globally,
over 530,000 people lost their lives owing to 15,000 extreme climate and weather events
during 1993–2012 [12]. Thereby, further analysis of long-term variations of climatic ex-
tremes such as their magnitude, duration, and frequency, is not only significant for scientific
development but is also needed for sustainable economic and social development [13].

China is one of regions in the world where climate change is most evident, and vari-
ations of climatic extremes exert significant impacts on the ecological environment, local
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people’s livelihood, and economic development [14]. Several researchers investigated
variations in temperature and precipitation in the whole of China [15–19]. The regional
mean temperature in China has increased with a rate of 1.3–1.7 ◦C (100 yr)−1 [15], and
heavy precipitation will enhance the following warming climate across China [16]. Mean-
while, the regionally averaged extreme temperature trends in China are in line with global
warming, with significantly upward trends in warmth-related indices and obviously de-
crease trends occurring in cold-related indices [20]. The extreme precipitation events in
China show prominent spatial heterogeneity, which increases with increasing longitude
but decreases significantly with increasing latitude [20]. Shi et al. (2018) also pointed
out that distinct discrepancies were observed in the spatial pattern of trends in temper-
ature and precipitation extremes across China [18]. In terms of the spatial heterogeneity
features of climatic extremes, numerous existing studies were conducted on temperature
and precipitation extremes including their magnitude, duration, frequency, and long-term
changing trends at a regional or local scale for central and eastern China, Loss Plateau, and
North China [21–30]. For instance, extreme warm events tend to be enhanced while cold
events prefer to weaken; by contrast, extreme precipitation events such as erosive rainfall,
heavy rainfall, and rainstorm display insignificant variation trend in most regions of Loss
Plateau [21]. Gansu Province shows a warmer and more extreme climate in recent years,
and variations in precipitation extremes tend to increase, leading to more severe floods
and droughts in the future in its northern regions [30]. The temperature extremes increase
faster in northern Hunan than those of other regions, and the extreme precipitation indices
show a large spatial heterogeneity in Hunan Province [26]. In Inner Mongolia, precipitation
extremes slightly decrease overall, warm extremes significantly increase, and cold extremes
significantly decrease [29]. A few studies have also investigated spatial and temporal
changes of climatic extremes in Southwestern China [31–35]. Li et al. (2012a,b) examined
the long-term trend and spatial pattern of climatic extremes and the altitude dependency
of trends based on 110 stations in southwestern China in the period of 1961–2008 [31,32].
They found that the warming intensities over Hengduan Mountains and Tibet Plateau
were greater comparing to those over the Sichuan basin and Yunnan–Guizhou Plateau.
Qin et al. (2015) employed a dataset consisting of 116 meteorological station records in
Southwestern China to analyze the features of climatic extremes during 1960–2009 [33].
The above-mentioned studies primarily concerned changes of annual mean climatic ex-
tremes, employing weather station data with relatively rough horizontal resolution in
Southwestern China.

Karst regions of the world are often termed as being particularly sensitive and vulner-
able to climatic extremes due to global warming. Guizhou Province (24◦37′ N–29◦13′ N
and 103◦36′ E–109◦35′ E, Figure 1) is located at the eastern part of the Yunnan–Guizhou
Plateau, China, and is characterized by karst rocky desertification [36,37]. Although a few
studies have examined variations of climatic extremes in Southwestern China, there have
so far been not enough efforts made on variations of climatic extremes in Guizhou Province.
Meanwhile, with the accessibility of real-time updated observation data, the long-term
trends and spatial patterns of climatic extremes need to be re-investigated to involve the
latest climatic information for better service to adaption strategies in the background of
climate change and sustainable development. Hence, it is of significant to carry out a
study on the temperature and precipitation extremes in Guizhou Province at an annual
scale, employing real-time updated observation data with a more precise resolution. In
addition, most of the existing studies were mainly conducted on variations in annual
mean climatic indices in Southwestern China, and ignored varied characteristics of climatic
extremes among different seasons. Thereby, we also try to examine variation characteristics
in climatic extremes in Guizhou Province from spring to winter.

According to the above ideas, the present study has more comprehensively investi-
gated spatial–temporal variations of climatic extremes for the annual and seasonal time
scale in Guizhou Province based on meteorological observation data at 61 weather stations
across Guizhou Province from 1960 to 2019. The primary objectives here are to (1) char-
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acterize the climatology of climatic extremes in Guizhou Province; (2) examine long-term
trends of climatic extremes at an annual and seasonal scale employed real-time updated
stations observational data up to 2019; and (3) investigate the linkages of climatic extremes
in Guizhou Province to several oceanic and atmospheric factors.
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2. Datasets and Methodologies
2.1. Study Area and Data

Guizhou Province (24◦37′–29◦13′ N, 103◦36′–109◦35′ E, Figure 1) is situated in the
middle and upper reaches of the Yangtze River and covers a total area of 176,167 km2. The
topography over Guizhou Province increases from east to west and ranges from 121 m to
2887 m, with an average altitude of 1100 m. Carbonate rocks in the karst region are widely
distributed and account for 62% of the total area in Guizhou Province [37,38]. The region is
a typical subtropical humid monsoon climate area, not merely affected by eastern Asian
monsoon, but the Indian monsoon [39]. The mean annual temperature is 15 ◦C and annual
cumulative precipitation is about 1200 mm, mostly occurring during April–September.
Guizhou Province has suffered from a variety of extreme climate and weather disasters
such as flooding, hailstones, freezing rain, drought, and rainstorms. In order to better
understand the heterogeneity of climatic extremes, Guizhou province was divided into four
subregions: western Guizhou (WG, including 18 stations of Bijie, Liupanshui, Qianxinan,
and Anshun), northern Guizhou (NG, including 11 stations of Zunyi), eastern Guizhou (EG,
including 20 stations of Tongren and Qiandongnan), and southern Guizhou (SG, including
12 stations of Guiyang and Qiannan). Meteorological observational data from 84 stations
collected from the China Meteorological Administration (CMA) were employed to evaluate
spatial–temporal variations of climatic extremes. The stations for which the portion of
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missing values was greater than 5% during the study period (1960–2019) were eliminated.
Meanwhile, data homogeneity evaluation and quality check were conducted based on
RClimDex software [40] and RHtest V4 software [41], respectively. These programs were
obtained from the website http://etccdi.pacificclimate (accessed on 21 December 2022).
Finally, considering the missing value, quality, and homogeneity of the meteorological
data, only 61 stations (see Figure 1) were selected to evaluate spatial–temporal variations
of climatic extremes during 1960–2019 in Guizhou Province in this study. In addition,
the 500 hPa geopotential height (HGT), total cloud cover, downward solar wave flux,
and 2 m air temperature were employed by National Centers for Environmental Predic-
tion/National Centers for Atmospheric Research reanalysis products [42]. The topographic
data were obtained from ASTER GDEM V3 and downloaded from geospatial data cloud
platform (http://www.gscloud.cn, accessed on 10 December 2022).

2.2. Definitions of Climatic Extremes

The 27 climatic extremes consisting of sixteen temperature extremes and eleven pre-
cipitation extremes are listed in Table 1. For the convenience of analysis, the temperature
indices were divided into two groups: warm extremes (TXx, TNx, TX90p, TN90p, SU25,
TR20, GSL, and WSDI), and cold extremes (TXn, TNn, TX10p, TN10p, FD0, ID0, DTR,
and CSDI). The eleven precipitation indices consist in ten wet indices (including PRCP-
TOT, SDII, R50, CWD, R10, R20, R95p, R99p, RX1day, and RX5day), and one dry index
of CDD. More specific information about these climatic extremes is accessible on the
website http://etccdi.pacificclimate.org/list_27_indices.shtml (accessed on 10 December
2022). All the extremes are obtained from daily maximum and minimum temperatures and
precipitations at 61 chosen meteorological stations by RClimDex.

Table 1. Definitions of the 27 extreme temperature and precipitation indices applied in this study.

ID Indicator Name Definitions Classification

TXx Max Tmax Monthly maximum value of daily maximum temp Warm/◦C

TNx Max Tmin Monthly maximum value of daily minimum temp Warm/◦C

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

TN90p Warm nights Percentage of days when TN > 90th percentile Warm/days

SU25 Summer days Annual count when TX > 25 ◦C Warm/days

TR20 Tropical nights Annual count when TN > 20 ◦C Warm/days

GSL Growing season length Annual count between first span of at least 6 days with TG
> 5 ◦C and first span after 1 July of 6 days with TG < 5 ◦C Warm/days

WSDI Warm spell duration indicator Annual count of days with at least 6 consecutive days
when TX > 90th percentile Warm/days

TXn Min Tmax Monthly minimum value of daily maximum temp Cold/◦C

TNn Min Tmin Monthly minimum value of daily minimum temp Cold/◦C

TX10p Cool days Percentage of days when TX < 10th percentile Cold/days

TN10p Cool nights Percentage of days when TN < 10th percentile Cold/days

FD0 Frost days Annual count when TN (daily minimum) < 0 ◦C Cold/days

ID0 Ice days Annual count when TX (daily maximum) > 0 ◦C Cold/days

DTR Diurnal temperature range Monthly mean difference between TX and TN Cold/◦C

CSDI Cold spell duration indicator Annual count of days with at least 6 consecutive days
when TN < 10th percentile Cold/days

PRCPTOT Annual total wet-day
precipitation Annual total PRCP when RR > 95th percentile Wet/mm

http://etccdi.pacificclimate
http://www.gscloud.cn
http://etccdi.pacificclimate.org/list_27_indices.shtml
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Table 1. Cont.

ID Indicator Name Definitions Classification

SDII Simple daily intensity index Annual total precipitation divided by the number of wet
days (defined as PRCP ≥ 1 mm) in the year Wet/mm/day

R50 Number of days above 50 mm Annual count of days when PRCP ≥ 50 mm, 50 is user
defined threshold Wet/days

CWD Consecutive wet days Maximum number of consecutive days with RR ≥ 1 mm Wet/days

R10 Number of heavy
precipitation days Annul count of days when PRCP ≥ 10 mm Wet/days

R25 Very wet days Annul count of days when PRCP ≥ 25 mm Wet/days

R95p Extremely wet days Annual total PRCP when RR > 95th percentile Wet/mm

R99p Max 1-day precipitation
amount Annual total PRCP when RR > 99th percentile Wet/mm

RX1day Max 5-day precipitation
amount Monthly maximum 1-day precipitation Wet/days

RX5day Consecutive dry days Monthly maximum consecutive 5-day precipitation Wet/days

CDD Max 1-day precipitation
amount Maximum number of consecutive days with RR < 1 mm Dry/days

2.3. Oceanic and Atmospheric Indices

With the aim of connecting several oceanic and atmospheric factors to climate extremes,
we selected Niño3.4, PDO, and several western Pacific subtropical high (WPSH) indices
(e.g., Istr, Iar, Irl, and Iwe). The Niño3.4 index was defined as the area-averaged SST in
5◦ S–5◦ N and 170◦ W–120◦ W during winter and was employed to indicate El Niño–
Southern Oscillation (ENSO) variability. The Pacific decadal oscillation (PDO) index was
obtained from http://www.esrl.noaa.gov/psd/data/correlation/pdo.data (accessed on
9 December 2022). The National Climate Center of the CMA provided the WPHS indices,
which can well represent the intensity and location of WPSH [43–45]. The sum of the
difference between HGT ≥ 5880 geopotential meters (gpm) and the 5870 gpm in 10◦ N–
60◦ N and 110◦ E–180◦ E was calculated as the strength index (Istr). The cumulative grids
with HGT ≥ 5880 gpm in the above-mentioned region was defined as the area index (Iar).
Ridgeline index (Irl) was the mean latitude where u = 0 and ∂u

∂y > 0, over the corresponding
region and the westernmost longitude where the contour of 5880 gpm could reach was
termed as the westernmost ridge point index (Iwe).

2.4. Studying Methodologies
2.4.1. Trend Analysis Method

The Theil–Sen (TS) trend and Mann–Kendall (M-K) test were employed to investigate
variational trend and significance of climatic extremes. The TS trend is obtained as follows:

TS = median
((

Mj −Mi
)
/(j− i)

)
; 0 < i < j < n (1)

where Mj and Mi represent climatic extremes of years j and i, respectively. n indicates the
length of the focusing period (1960–2019, n = 60). Climatic extremes increase when TS > 0,
and vice versa.

The M-K test was utilized to estimate significance for the trend of climatic extremes.
The M-K test was obtained as follows:

Z =


H−1√
Var(H)

(H > 0)

0 (H = 0)
H+1√
Var(H)

(H < 0)

http://www.esrl.noaa.gov/psd/data/correlation/pdo.data
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where H = ∑n−1
j=1 ∑n

i=j+1 sgn(Mj −Mi)

sgn
(

Mj −Mi
)
=


1
(

Mj −Mi > 0
)

0
(

Mj −Mi = 0
)

−1
(

Mj −Mi < 0
) (2)

Var(H) =
n(n− 1)(2n + 5)

18
where Mj and Mi indicate climatic extremes of years j and i, n indicates length of focusing
period (1960–2019, n = 60), and sgn represents the sgn function. The value of statistic
Z changes between −∞ and +∞. When the value of Z is larger than 0, it indicates an
increasing trend, and vice versa. The trend is significant at p < 0.05 and p < 0.01 when the
value of |Z| is greater than 1.96 and 2.58.

2.4.2. Other Methodologies

To investigate connection of several oceanic and atmospheric factors to climate extremes
in Guizhou Province, a correlation-analyzing method was conducted on correlations of
climatic extremes and several oceanic and atmospheric factors. In addition, a nine-year
moving average method was employed to analyze interdecadal variations of climatic extremes.
The two-tailed Student’s test was applied to evaluate the significance confidence of correlation
and composite [46]. The data processing and maps were conducted by NCAR Command
Language (NCL, https://www.ncl.ucar.edu, accessed on 20 January 2023) and ArcGIS 10.5.

3. Results
3.1. Climatology of Temperature and Precipitation Extremes

Figure 2 displays the probability density distribution of 27 climatic extremes across
stations in four subsections of Guizhou Province. As seen, for the eight warm indices
(Figure 2(a1–a8)), the mean values of annual average TXx of eastern Guizhou are largest
(36.36 ◦C), followed by northern Guizhou (35.65 ◦C), southern Guizhou (33.78 ◦C), and
western Guizhou (32.32 ◦C), and they have a similar probability distribution pattern. The
spatial variation of mean values of TNx and TR20 is similar to TXx, but with higher maxima
of probabilities in TNx over western and northern Guizhou (more than 10%). The mean
values of the TX90P, TN90P, GSL, and WSDI and their probability distributions are nearly
equal over the four subsections of Guizhou (about 10–11 days for TX90P and TN90P,
340–345 days for GSL, and 4–6 days for WSDI). The mean values of SU25 are largest over
eastern Guizhou (145.84 days), followed by southern Guizhou (134.25 days), northern
Guizhou (125.55 days), and western Guizhou (107.19 days). Based on probability density
distributions of eight warm indices, mean values of TXx, TNx, SU25, GSL, and WDSI are
distinctly weaker in western Guizhou than those of eastern and northern Guizhou. For the
eight cold indices (Figure 2(b1–b8)), the mean values of TXn, TNn, TX10P, TN10P, DTR,
and CSDI show little fluctuation in different subsections. The FD0 and ID0 shows largest
mean values in western Guizhou (19.01 and 3.08 days), followed by southern Guizhou
(17.76 and 2.21 days), eastern Guizhou (13.02 and 1.36 days), and northern Guizhou (11.84
and 1.00 days). Based on these cold indices, western and southern Guizhou is colder than
northern and eastern Guizhou based on the TXn, TNn, FD0, ID0, and CSDI indices.

For the eleven extreme precipitation indices (Figure 2(c1–c11)), the mean values of
SDII of the eastern, southern, and western Guizhou are close (though eastern Guizhou
receives an average value of about 40 mm (PRCPTOT) than the latter), and greater (by
1 mm/day) than that of the northern Guizhou. The western Guizhou has stronger (e.g., R50,
CWD, R95P, and R99P) precipitation extremes and drought (e.g., CDD) than those of other
subsections. The mean values of the R10 and R20 tend to be stronger in eastern Guizhou
than those of western and southern Guizhou. Although northern Guizhou has the weakest
R10 and R20, it receives the strongest RX1day and RX5day compared to other subsections.

https://www.ncl.ucar.edu
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Based on the probability density distributions in the four subsections of Guizhou, we found
that the climatic extremes in Guizhou Province show a distinct spatial heterogeneity.
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Figure 2. Probability density curves of extreme temperature indices for (a1–a8) warm extremes,
(b1–b8) cold extremes, and (c1–c11) precipitation extremes across western Guizhou (WG, including
18 stations of Bijie, Liupanshui, Qianxinan, and Anshun), northern Guizhou (NG, including 11 stations
of Zunyi), eastern Guizhou (EG, including 20 stations of Tongren and Qiandongnan), and southern
Guizhou (SG, including 12 stations of Guiyang and Qiannan). The mean values of climatic extremes
are listed in each density plot, and red, purple, brown, and blue curves represent the WG, NG, EG,
and SG, respectively.



Atmosphere 2023, 14, 1162 8 of 22

3.2. Variability of Temperature Extremes
3.2.1. Annual Variations in Warm Extremes

We present long-term trends of regional mean for the eight warm indices over Guizhou
Province in Figure 3(a1–a8). As see from Figure 3(a1–a8), all warm indices but WSDI show
a prominent increasing trend during 1960 to 2019 in Guizhou Province. Specifically, TNx,
TX90P, TN90P, and TR20 significantly increase (p < 0.01) at a rate of 0.14 ◦C/decade,
0.63 ◦C/decade, 1.51 ◦C/decade, and 2.93 days/decade, respectively. TXx, SU25, and GSL
significantly increase (p < 0.05) by 0.16 ◦C/decade, 1.32 days/decade, and 1.53 days/decade,
respectively. Additionally, distinct interdecadal variations are also observed in the warm
extreme indices. For instance, TXx shows a weakening phase during the 1960s to 1970s,
increasing in the 1980s, and weakening in the 1990s to early 2000s, then increasing during
the 2010s. The TNx displays a strong phase during the mid-1970s to the mid-1990s and after
the 2010s, and a weak phase before the mid-1970s and mid-1990s to the 2000s. The TX90P,
TN90P, SU25, TR20, and WDSI show a weak phase before the early 2000s and increase after
the 2000s. The GSL shows a weak phase during the 1960s to early 1980s, and a strong phase
during the early 1980s to mid-2000s, then decreases from the mid-2000s.
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(black circled line) as well as linear trends (blue solid line) and 9−year moving averages (red dashed Figure 3. Time series of regional mean of annual average warm (a1–a8) and cold (b1–b8) extremes
(black circled line) as well as linear trends (blue solid line) and 9-year moving averages (red dashed
line) in Guizhou province from 1960 to 2019: (a1) TXx, (a2) TNx, (a3) TX90P, (a4) TN90P, (a5) SU25,
(a6) TR20, (a7) GSL, and (a8) WSDI, (b1) TXn, (b2) TNn, (b3) TX10P, (b4) TN10P, (b5) FD0, (b6) ID0,
(b7) DTR, and (b8) CSDI. The corresponding slope, and probability (p) are displayed in the top
right corner.
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Figure 4(a1–a7) present spatial pattern of long-term variational trends in the seven
warm indices over Guizhou Province. Note that the WSDI has not been considered here,
owing to it having a large scope of zero values in most parts of stations in Guizhou Province
throughout the years. Simultaneously, the statistical percentage of meteorological stations
with positive or negative trends in Guizhou province is shown in Figure 5a. As seen from
Figures 4(a1–a7) and 5, most stations in Guizhou Province show a positive trend in TXx
(93.4%), TNx (90.2%), TX90P (95.1%), TN90P (98.4%), SU25 (90.2%), TR20 (86.9%), and GSL
(62.3%). And the TXx, TNx, TX90P, TN90P, and TR20 significantly increase (p < 0.05) in the
55.7%, 77.0%, 68.9%, 90.16%, and 82.0% of stations across Guizhou Province. The SU25
with a significant upward trend accounts for 44.3% of stations mainly distributed over
western and southeastern Guizhou Province. The GSL shows a significant increasing trend
in the 11.5% of stations mainly distributed over western and northern Guizhou Province.
In addition, several stations show a significant decreasing trend, for instance, Panxian (TXx,
TX90P, and SU25), Guiyang City (TX90P and SU25), and Duyun city (SU25). These results
indicate that warm extremes (e.g., TXx, TNx, TX90P, TN90P, SU25, TR20, and GSL) over
Guizhou Province significantly increase during 1960–2019. The results here are in line with
Zhang et al. (2022), who pointed out a significantly increasing trend in extreme temperature
intensities in the Yunnan–Guizhou Plateau based on relatively rough resolution data [35].
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Figure 4. Spatial patterns of Mann–Kendall trends (shadings) for warm (a1–a7) and cold (b1–b7)
extremes: (a1) TXx, (a2) TNx, (a3) TX90P, (a4) TN90P, (a5) SU25, (a6) TR20, (a7) GSL, (b1) TXn,
(b2) TNn, (b3) TX10P, (b4) TN10P, (b5) FD0, (b6) ID0, and (b7) DTR. The purple (green) dots indicate
significant positive (negative) trends (p < 0.05), whereas insignificant trends are shown by gray dots.
(a1,a2), (a3,a4), (a5–a7), (b1,b2), (b3,b4), and (b5–b7) share a common color bar.
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Figure 5. Statistics for proportions of meteorological stations in Guizhou province that show increas-
ing or decreasing trends in the extreme climate indices from 1960 to 2019. Black portions of the bar
indicate stations at which the trend is significantly above the 95% confidence level, and gray portions
of bar represent stations at which the trend is insignificant. The west, north, east, and south regions
represent western Guizhou (WG, including 18 stations of Bijie, Liupanshui, Qianxinan, and Anshun),
northern Guizhou (NG, including 11 stations of Zunyi), eastern Guizhou (EG, including 20 stations
of Tongren and Qiandongnan), and southern Guizhou (SG, including 12 stations of Guiyang and
Qiannan).

3.2.2. Annual Variations in Cold Extremes

Figure 3(b1–b8) display the long-term variational trend of the regional mean cold ex-
tremes. As seen from Figure 3(b1–b8), TNn shows a significant increasing trend (p < 0.0001)
with a rate of 0.43 ◦C/decade, and TXn displays insignificant upward trend. TN10P and
FD0 significantly decrease (p < 0.0001) at a rate of−1.32 ◦C/decade and−2.06 days/decade.
ID0 and CSDI significantly decrease (p < 0.05) with a rate of −0.16 ◦C/decade and
−0.57 ◦C/decade. TX10P and DTR have an insignificant downward trend. Distinct inter-
decadal variations are also seen in the cold extremes, for instance, the TXn and TNn indices
weakened before early 1980s, and strengthened after the early 1980s. TX10P, TN10P, FD0,
and ID0 enhanced before the 1990s and weakened after the 1990s.
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The spatial distribution patterns and statistical percentage are shown in
Figures 4(b1–b7) and 5a. Note that the CSDI has not been considered here. Most stations in
Guizhou Province show a positive trend in TXn (95.08%) and TNn (98.36%). Specifically,
TXn significantly increases (p < 0.05) in the 42.62% stations mainly distributed over western
Guizhou, western Qiandongnan, and some scattered stations of Qianxinan and Zunyi.
TNn displays a significant upward trend (p < 0.05) in 93.44% of stations spread all over
Guizhou Province. Most stations of Guizhou Province display a decreasing trend in TN10P
(98.36%), FD0 (98.36%), TX10P (88.52%), and DTR (85.25%), respectively. And 95.08%,
91.80%, and 62.30% of stations significantly decreased (p < 0.05) in TN10P, FD0, and DTR
spread all over Guizhou Province, respectively. TX10P shows a significant downward trend
in 50.82% stations mainly distributed over western Guizhou and northern Qiannan. The
ID0 significantly decreased in 13.11% of stations over western Guizhou.

Figure 5b–e also display the statistical percentage of meteorological stations with a
positive or negative trend in the four subsections of Guizhou. In western Guizhou, TN90P
and TNn (TN10P and FD0) significantly increased (decreased) in all the 18 stations, and
TNx, TX90P, and TR20 significantly increased in more than 80% of 18 stations. Concurrently,
TXx and SU25 (DTR) significantly increased over 60% of the stations in western Guizhou.
In the northern Guizhou, only TNn and FD0 showed a significant change in trend in about
80% of the 11 stations, and about 60% of stations had a significant increasing trend in
TNx, TX90P, and TR20. In eastern Guizhou, TN90P, TR20, and TNn (TN10P and FD0)
significantly increased (decreased) in more than 80% of stations, and TXx, TNx, TX90P, and
DTR significantly increased (decreased) in about 60% of stations. Furthermore, in southern
Guizhou, TNn and TN10P had a significant variation trend in all the 12 stations, and TNx,
TN90P, TR20 (FD0) significantly increased (decreased) in about 60% of the stations. Based
on the above results, the long-term trend of these climatic extremes is most significant and
robust in western Guizhou.

Figure 6 also presents the correlation coefficients among temperature extremes. Annual
mean temperature (Tave) is significantly positively correlated with the warm extreme
indices including TXx (0.37), TNx (0.35), TX90 (0.35), TN90 (0.82), SU25 (0.69), TR20 (0.57),
GSL (0.44), and WSDI (0.55). Simultaneously, Tave is significantly positively associated
with the cold extremes of TXn (0.41) and TNn (0.48), but negatively correlated with TX10
(−0.69), TN10 (−0.62), FD0 (−0.64), ID0 (−0.41), and CSDI (−0.40). Warm extremes are
positively correlated with each other and two series of cold extremes (e.g., TXn and TNn),
and negatively linked with six series of cold extremes (e.g., TX10, TN10, FD0, ID0, DTR,
and CSDI). For example, TN90P is significantly positively correlated with TXx (0.37), TNx
(0.51), TX90P (0.66), SU25 (0.63), TR20 (0.74), GSL (0.34), WSDI (0.46), and TNn (0.51), and
negatively linked with TN10 (−0.54), FD0 (−0.46). The two series of cold extremes such as
TXn and TNn are positively correlated with each other, and negatively linked with another
six cold extremes (TX10P, TN10P, FD0, ID0, DTR, and CSDI). Concurrently, TX10P, TN10P,
FD0, ID0, and CSDI are positively correlated with each other, but DTR has no correlation
with the other warm and cold extremes.

3.2.3. Seasonal Variations in Temperature Extremes

Among sixteen temperature extremes, there are eight indices (i.e., TXx, TNx, TX90P,
TN90P, TXn, TNn, TX10P, and TN10P) that have a monthly time resolution which inspires us
to investigate their seasonal variational features. Spatial distribution patterns and statistical
percentage from spring to winter in Guizhou Province are shown in
Figures 7(a1–d4) and 8. For four warm extremes, most stations in Guizhou Province
show a positive trend during spring to autumn in TXx (86.88%, 96.72%, and 95.08%), TNx
(95.08%, 96.72%, and 95.08%), TX90P (91.80%, 93.44%, and 93.44%), and TN90P (96.72%,
96.72%, and 98.36%). Specifically, in spring, TNx and TN90P display a significant up-
ward trend in 55.74% and 63.93% stations mainly distributed over Bijie, Anshun, northern
Qiannan, and eastern Qiandongnan. However, stations with a significant increasing trend
in TXx and TX90P only account for 14.75% and 31.15%, and stations with a significant



Atmosphere 2023, 14, 1162 12 of 22

decreasing trend accounting for 1.64% in spring. In summer and autumn, TXx (TNx, TX90P,
and TN90P) show a significant increasing trend in 83.61% and 60.66% (85.25% and 62.30%,
75.41% and 59.02%, 86.89% and 83.61%) of stations spread all over Guizhou Province.
In winter, most stations of Guizhou Province have a positive trend in TNx (90.16%) and
TN90P (93.44%), and there are 34.43% and 11.48% of stations where the increasing trend is
significant. In addition, the TXx and TX90P increase in northern Guizhou and decrease in
southern Guizhou, and these changes are insignificant in most stations. Therefore, the four
warm extremes have had an increasing tendency in the recent 60 years in most stations of
Guizhou Province from spring to autumn (Figure 8). However, the TNx and TN90P display
an insignificant increasing trend over northern Guizhou Province, but show an opposite
variational feature in the southern part.
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Figure 8. Statistics for proportions of meteorological stations in Guizhou Province that show in-
creasing or decreasing trends of seasonal mean climatic extremes (TXx, TNx, TX90P, TN90P, TXn,
TNn, TX10P, TN10P, RX1day, RX5day) during (a) spring, (b) summer, (c) autumn, and (d) winter,
respectively, from 1960 to 2019. Black and gray portions of the bar indicate stations at which the trend
is significant (p < 0.05) and insignificant, respectively.

For four cold extremes Figures 7(e1–h4) and 8, TXn shows a positive trend in most of
stations in spring and winter, with 67.2% stations having a significant increasing trend in
spring. Concurrently, TXn significantly decreased in 21.31% of stations mainly distributed
over northwestern Guizhou during summer, and significantly increased in 31.15% of sta-
tions, mainly distributed over southwestern Guizhou in autumn. Analogously, the TX10P
significantly decreased in 56% of stations during spring, and only several stations display a
significant negative trend during summer to winter. TNn shows a positive trend in most
stations in Guizhou Province from spring to winter; for instance, stations that significantly
increase account for about 92%, 84%, 87%, and 75% of the total stations and spread all
over the Guizhou Province during spring to winter, respectively. Analogously, TN10P also
significantly decreased within the stations of significant negative trend, accounting for
about 85%,70%, 84%, and 84% of the total stations during spring to winter. According to the
above results, the long-term variation trend of warm and cold extremes displays obvious
differences among the seasons. For instance, TXx, TNx, TX90P, TN90P, TXn, and TNn
(TX10P and TN10P) regionally averaged over Guizhou significantly increased (decreased)
in spring (Table 2). During summer and autumn, TXx, TNx, TX90P, TN90P, TNn, and
TN10P showed significant variational trend, whereas only TN90P, TNn, and TN10P had a
significant change trend in winter.

Table 2. Linear trend of regional mean of extreme temperature indices during spring, summer,
autumn, and winter, respectively.

Indices Unit Spring Summer Autumn Winter

TXx ◦C/decade 0.28 * 0.23 ** 0.34 ** 0.05
TNx ◦C/decade 0.30 ** 0.12 * 0.24 * 0.25
TX90 Days/decade 1.53 ** 1.91 ** 1.71 ** 0.35
TN90 Days/decade 2.07 ** 2.11 ** 2.03 ** 1.34 *
TXn ◦C/decade 0.41 ** 0.04 0.06 0.26
TNn ◦C/decade 0.42 ** 0.24 ** 0.48 ** 0.31 *
TX10 Days/decade −1.51 ** −0.35 −0.29 −1.00
TN10 Days/decade −1.63 ** −1.80 ** −1.95 ** −2.28 **

** significant above the 0.01 confidence level; * significant above the 0.05 confidence level.
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3.3. Variations of Precipitation Extremes

Figure 9 displays the regional annual series of eleven precipitation extremes. As seen
from Figure 9, only consecutive wet days (CWD) significantly decreased (p < 0.01) with a
rate of −0.14 days/decade. R50mm, R99P, RX1day, SDII, CDD, R95P, and RX5day display
an insignificant increasing trend. Concurrently, PRCPTOT, R10mm, and R20mm show
an insignificant negative trend. Precipitation extremes also show distinct interdecadal
variations. For instance, PRCPTOT, SDII, R10mm, and R20mm enhanced before 1980 and
1995–2001, and decreased in 1980–1994 and 2002–2012. R50mm, R95P, R99P, PX1day, and
RX5day weakened before 1990 and 2000–2010, and increased during 1990–2000. In addition,
the CDD weakened before 1980 and then weakly increased.
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Figure 9. Time series of regionally averaged indices of precipitation extremes (circled line) as well as
the linear trends (solid gray line) and the 9-year moving averages (dashed line) in Guizhou province
from 1960 to 2019 (a) SDII, (b) R20, (c) R50, (d) CWD, (e) R10, (f) CDD, (g) R95P, (h)PRCRTOT,
(i) RX1day, (j) RX5day, and (k) R99P. The corresponding slope, and probability (p) are displayed in
the top right corner.

The spatial distributions of precipitation extremes are exhibited in Figure 10. The
stations with significant decreasing trend for CWD account for about 31% of stations in
Guizhou and are primarily distributed over Bijie, Liupanshui, Zunyi, Tongren, northern
Guiyang, and central Qiandongnan. R50mm shows significant upward trend along central
Guizhou Province, and a negative trend in Panxian, and the trend in other stations is zero.
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R99P and RX1day display significant positive trend in several scattered stations. Although
the regional means of R20mm and R10mm do not show a significant trend, there are several
stations that display a significant negative trend primarily distributed over Liupanshui,
Zunyi, and Bijie. Owing to these significant negative trends in R20mm, R10mm, and CWD,
PRCPTOT shows a negative trend in the corresponding region. The positive trend in R95P,
R50mm, RX1day, and R99P over northern Qiannan and eastern Qiandongnan may lead
to a significant positive trend in PRCPTOP. The spatial variations of RX1day and RX5day
during spring to summer were also analyzed. The spatial distribution of RX1day and
RX5day are quite close during spring and autumn. Specifically, they exhibit an insignificant
weakening trend in most parts of Guizhou during spring and autumn, except the station
of Meitan and Xingyi (Panxian, Meitan, and Dejiang), which may contribution to the
obviously negative trend in annual mean PRCPTOT. During summer and winter, RX1day
and RX5day increases over western Bijie, Guiyang, northern Qiannan, Qiandongnan, and
Tongren, which may account for the prominent increasing of annual average PRCPTOT.
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Figure 10. Spatial patterns of Mann–Kendall trends (shadings) for annual mean precipitation extremes
based on (a) SDII, (b) R20, (c) R50, (d) CWD, (e) R10, (f) CDD, (g) R95P, (h)PRCRTOT, (i) RX1day,
(j) RX5day, and (k) R99P. The purple (green) dots indicate significant positive (negative) trends
exceeding the 0.05 confidence level, whereas insignificant trends are shown by gray dots. (a–d), (e,f),
(g,h), and (i–k) share a common color bar.
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3.4. Correlations with Several Oceanic and Atmospheric Indices

Considering the variations of atmospheric circulation would exert some impact on
climatic extremes, we have analyzed the correlations between climatic extremes and some
representative atmospheric circulation indices in Table 3, for instance, the Niño3.4, PDO,
strength and the position indices of WPSH (strength, area, ridgeline latitude, and western-
most ridge index). Among the warm extremes, TXx and TX90P are significantly positively
correlated with Niño3.4, and five of the cold extremes (TNn, TN10P, FD0, DTR, and CSDI)
are significantly negatively connected with Niño3.4. PDO is significantly positively related
to TNx, TN90P, and TNn, and negatively linked to FD0. What is noteworthy is that Istr and
Iar are significantly positively connected with Tave, TX90P, TN90P, SU25, TR20, TXn, and
TNn, and show a significant negative correlation with TX10P, TN10P, FD0, ID0, and CSDI.
In addition, Iwe also displays a semblable but opposite correlation the above-mentioned
twelve indices compared to the strength and area index. Irl has a significant negative corre-
lation with TX10P, TN10P, and a positive connection with DTR. The precipitation extremes
have no significant correlation with the selected six atmospheric circulation indices. The
strong and close connection of the WPSH indices with temperature extremes inspire us to
further explore long-term variation trends in WPSH. The Istr and Iar show a significant
increasing trend at a rate of 3.71 gpm/decade and 1.83 grids/decade, respectively, and the
westernmost ridge point has a distinct downward trend at a rate of−2.18 longitude/decade.
Concurrently, distinct interdecadal variations are also observed in the three indices, for
instance, the WPSH weakened and shifted eastward before the early 1980s and enhanced
and moved westward after early 1980s. The ridge latitude has a weak and insignificant
increasing trend and weak interdecadal variations.

Table 3. Correlation coefficients among temperature indices and several oceanic and atmospheric
indices.

Indices Nino3.4 PDO THA THI THR THW

Tave 0.06 0.16 0.53 ** 0.48 ** 0.22 −0.57 **
TXx 0.27 * −0.04 0.20 0.20 0.06 −0.18
TNx 0.14 0.36 ** 0.28 * 0.29 * −0.15 −0.33 *
TX90P 0.28 * 0.01 0.34 ** 0.28 * 0.10 −0.29 *
TN90P 0.24 0.30 * 0.52 ** 0.49 ** 0.05 −0.48 **
SU25 0.24 0.03 0.37 ** 0.34 ** 0.05 −0.34 **
TR20 0.09 0.21 0.48 ** 0.51 ** 0.09 −0.46 **
GSL 0.09 0.19 0.18 0.15 0.03 −0.19
WSDI 0.18 −0.03 0.19 0.13 0.08 −0.18
TXn 0.11 0.19 0.29 * 0.31 * 0.01 −0.36 **
TNn −0.32 * 0.40 ** 0.45 ** 0.43 ** −0.01 −0.43 **
TX10 −0.21 0.01 −0.34 ** −0.33 * −0.26 * 0.45 **
TN10 −0.31 * −0.13 −0.47 ** −0.45 ** −0.35 ** 0.52 **
FD0 −0.27 * −0.28 * −0.52 ** −0.48 ** −0.18 0.54 **
ID0 0.02 −0.17 −0.29 * −0.30 * −0.10 0.35 **
DTR −0.28 * −0.12 −0.04 −0.05 0.27 * −0.01
CSDI 0.35 ** −0.21 −0.40 ** −0.37 ** −0.04 0.42 **

** Significant above the 0.01 confidence level; * Significant above the 0.05 confidence level.

Based on the close correlation between climatic extremes and strength, area, and
westernmost ridge point index of the WPSH, composite differences of 500-HGT, total cloud
cover, downward solar wave flux, and 2 m air temperature between the west and east
years of the WPSH are further discussed in Figure 11. Nine west WPSH years (1967, 1968,
1971, 1972, 1974, 1975, 1989, and 2000) and ten east WPSH years (1979, 1983, 1987, 1994,
1995, 1998, 2003, 2005, 2010, and 2016) during 1960–2016 were chosen according to the
±1 standard deviations of the Iwe index. For the west years, the WPSH is obviously
enhanced and shifted more westward, with the westernmost point reaching the western
Indo-China peninsula. Significant positive HGT at 500 hPa is distinctly observed over
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eastern Asia and the tropical and subtropical Pacific (Figure 11a). Under the impacts of
high-pressure systems, the total cloud cover is significantly weakened and leads to a more
downward solar wave flux reaching Earth’s surface in northern and southwestern China
(Figure 11b). In addition, the adiabatic warming caused by a stronger WPSH is also one
of the important causes of warming extreme temperature. Hence, significant warming
temperature is observed over the corresponding regions, and is of benefit to an increasing
or decreasing trend of the warm or cold extremes.

Atmosphere 2023, 14, x FOR PEER REVIEW 20 of 24 
 

 

CSDI 0.35 ** −0.21 −0.40 ** −0.37 ** −0.04 0.42 ** 
** Significant above the 0.01 confidence level; * Significant above the 0.05 confidence level. 

 
Figure 11. Composite differences between the west and east of the WPSH over years for (a) 500 hPa 
HGT, (b) downward solar radiation flux (Dswrf, unit: W/m2, color) and total cloud cover (TCDC, 
unit: %, contour), and (c) 2 m air temperature (unit: °C). Black solid and blue dashed lines in (a) 
indicate the contour of 5870 gpm (west years) and 5860 gpm (east years), respectively. The dotted 
regions represent the difference of 500 hPa HGT, downward solar radiation flux, and 2 m air tem-
perature as significant (p < 0.05) in (a), (b), and (c), respectively. 

4. Conclusions and Discussion 
In this study, 27 climatic extremes were chosen to examine the spatial and temporal 

variations of climatic extremes based on the Theil–Sen trend and Mann–Kendall test 
method from 1960 to 2019 in Guizhou province at annual and seasonal time scales. Con-
currently, their correlations to some representative atmospheric circulations were also an-
alyzed. Under the background of global warming, the spatial distribution of climatic ex-
tremes has a feature of distinct heterogeneity. For instance, warm extremes (indicated by 
TXx, TNx, SU25, GSL, and WDSI) and cold extremes (indicated by TXn, TNn, FD0, ID0, 
and CSDI) tend to be weaker (stronger) in western and southern Guizhou than those of 
eastern and northern Guizhou. Concurrently, western Guizhou has stronger (e.g., R50, 
CWD, R95P, and R99P) precipitation extremes and drought (indicated by the CDD) than 
those of other subsections. In the past 60 years, at an annual time scale, all the warm indi-
ces, except for the WSDI, were significantly enhanced, while among the cold extremes, the 
TNn was significantly enhanced, the TN10P, FD0, ID0, and CSDI significantly decreased, 
and the TXn, TX10P, and DTR insignificantly decreased. The spatial variations of the cli-
matic temperature extremes in Guizhou show a distinct heterogeneity, with most signifi-
cant and robust long-term variation trends in western Guizhou. The long-term variation 
trend of the warm and cold extremes displays an obvious difference among the seasons. 
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HGT, (b) downward solar radiation flux (Dswrf, unit: W/m2, color) and total cloud cover (TCDC, unit:
%, contour), and (c) 2 m air temperature (unit: ◦C). Black solid and blue dashed lines in (a) indicate
the contour of 5870 gpm (west years) and 5860 gpm (east years), respectively. The dotted regions
represent the difference of 500 hPa HGT, downward solar radiation flux, and 2 m air temperature as
significant (p < 0.05) in (a), (b), and (c), respectively.

4. Conclusions and Discussion

In this study, 27 climatic extremes were chosen to examine the spatial and temporal
variations of climatic extremes based on the Theil–Sen trend and Mann–Kendall test method
from 1960 to 2019 in Guizhou province at annual and seasonal time scales. Concurrently,
their correlations to some representative atmospheric circulations were also analyzed.
Under the background of global warming, the spatial distribution of climatic extremes
has a feature of distinct heterogeneity. For instance, warm extremes (indicated by TXx,
TNx, SU25, GSL, and WDSI) and cold extremes (indicated by TXn, TNn, FD0, ID0, and
CSDI) tend to be weaker (stronger) in western and southern Guizhou than those of eastern
and northern Guizhou. Concurrently, western Guizhou has stronger (e.g., R50, CWD,
R95P, and R99P) precipitation extremes and drought (indicated by the CDD) than those
of other subsections. In the past 60 years, at an annual time scale, all the warm indices,
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except for the WSDI, were significantly enhanced, while among the cold extremes, the TNn
was significantly enhanced, the TN10P, FD0, ID0, and CSDI significantly decreased, and
the TXn, TX10P, and DTR insignificantly decreased. The spatial variations of the climatic
temperature extremes in Guizhou show a distinct heterogeneity, with most significant and
robust long-term variation trends in western Guizhou. The long-term variation trend of the
warm and cold extremes displays an obvious difference among the seasons. In spring, all
the extremes show a significant variational trend; during summer and autumn, seven of the
eight extremes (TXx, TNx, TX90P, TN90P, TNn, and TN10P) show a significant variational
trend, whereas only three of them (TN90P, TNn, and TN10P) have a significant change trend
in winter. Among the eleven precipitation extremes, only the CWD significantly decreased,
the R50mm, R99P, RX1day, SDII, CDD, R95P, and RX5day insignificantly weakly increased,
and the PRCPTOT, R10mm, and R20mm weakly decreased. The spatial pattern of the
precipitation extremes showed significant negative trends in R20mm, R10mm, and CWD
over western and northern Guizhou and a positive trend of R95P, R50mm, RX1day, and
R99P over northern Qiannan and eastern Qiandongnan may lead to a significant variational
trend of PRCPTOT. The temperature extremes have a close correlation with Niño3.4, PDO,
and WPSH, especially strength, area, and westernmost ridge point index of the WPSH.
When the WPSH is obviously enhanced and shifted more westward, a high-pressure system
controlled East Asia, resulting in the significant weakening of total cloud cover and more
downward solar wave flux reaching Earth’s surface in northern and southwestern China.
Hence, significant warming air temperature was observed over the corresponding regions,
and was of benefit to the increasing or decreasing trend of the warm or cold extremes.

Global warming is deteriorating the climate and inducing special climatic extremes,
enhancing the frequency of warm days and nights, and weakening the frequency of cold
days and nights [11]. In this study, all the warm extremes but WSDI significantly increased,
while, for cold extremes, TNn significantly enhanced, whereas TN10P, FD0, ID0, and CSDI
significantly decreased, and TXn, TX10P, and DTR insignificantly decreased in Guizhou
province in the past 60 years (Figures 3 and 6). Variations of climatic extremes in Guizhou
Province have been similar to those elsewhere, but there exist some differences. Compared
to the regional average of the entirety of China’s mainland during 1960–2016 [40], the
long-term variational trend of TXx, TNX, SU25, TX10P, ID0, DTR, and CSDI in Guizhou is
obviously weaker, and that for TN90P, TR20, WSDI, and TN10P is stronger. Concurrently,
TX90P, TN90P, SU25, WSDI, TX10P, TN10P, FD0, and CSDI are distinctly weaker than
those in Inner Mongolia based on the period of 1960–2017 [29]. The weaker long-term
variation trends in Guizhou Province might be associated with relatively slow urbanization
and increasing vegetation greenness [47]. In addition, the warm extremes of TXx, TX90P,
TN90P, and SU25 are distinctly weaker, and the TR20, TNn, and FD0 are stronger than those
regionally averaged by the Yunnan–Guizhou Plateau (1960–2019; Zhang et al., 2022 [35]).
Although there are some previous studies considering the long-term variations of climatic
extremes over southwestern China or the Yunnan–Guizhou Plateau, including Guizhou
Province, their spatial variations have a prominent heterogeneity. Hence, it is necessary and
of significance to separately examine variations of climatic extremes in Guizhou Province
in this study. As was expected, spatial variations of climatic extremes also exhibit a distinct
heterogeneity within the scope of Guizhou Province, with most significant and robust
long-term variation trends in western Guizhou Province. Concurrently, numerous studies
primarily concerned annual averages of climatic extremes; this study has also analyzed
long-term variation features during spring to winter and found that there were no obvious
differences among different seasons. However, this study mainly focused on examining
the spatial–temporal variations of climatic extremes. More works in the future need be
devoted to exploring the possible causes and physical mechanisms of the specific extreme
climatic events in Guizhou Province.
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