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Abstract: Based on daily maximum temperature (Tmax), minimum temperature (Tmin), and precipi-
tation of the Yangtze River Basin (YRB) from 1961 to 2020, we employed the trend analysis method
and correlation analysis method to analyze spatiotemporal variations in 10 extreme indices and their
associations with atmospheric and oceanic circulations. Results indicated that maximum Tmax (TXx),
maximum Tmin (TNx), and minimum Tmin (TNn) all increased significantly, at rates of 0.19 °C,
0.19 °C, and 0.37 °C per decade, respectively, whereas minimum Tmax (TXn) did not show any
significant trend. The diurnal temperature range (DTR) decreased by 0.09 °C per decade as minimum
temperatures increased faster than maximum temperatures. TNx and TNn increased significantly
in the majority of the YRB, but TXn showed no significant increases. TXn increased significantly in
the upper reaches of the Yangtze River. The DTR increased significantly in the Jinsha River Basin
and the lower reaches of the Yangtze River. Rxl1day (maximum 1-day precipitation), SDII (Simple
daily intensity index) and R99p (extremely wet-day precipitation) increased significantly, at rates of
1.12 mm, 0.09 mm, and 5.87 mm per decade, respectively, but the trends of Rxbday (maximum 5-day
precipitation) and PRCPTOT (total wet-day precipitation) were not significant. However, the trends
of precipitation extreme indices were not statistically significant in most of the YRB. In the future,
maximum temperature and minimum temperature might increase while DTR might decrease. But,
the trends of precipitation extremes in the future were ambiguous. Nearly all the extreme indices
were related to the variability of Atlantic multidecadal oscillation (AMO) in the YRB. In addition,
the correlations between extreme temperature indices and AMO are higher than that of extreme
precipitation indices.

Keywords: extreme events; temporal variations; spatial trends; oceanic and atmospheric circulations;
Yangtze River Basin

1. Introduction

Extreme events, such as floods, droughts, and heat/cold waves, are one of the most
destructive natural disasters and have severe impacts on ecosystem services, agriculture
productivity, and society [1-3]. Unlike mean climate, the spatio-temporal variations in
extreme events are more sensitive to climate change [4]. It has been demonstrated that
the frequency of extreme weather and climatic event increases in the context of warming
climate [5,6]. For example, more extreme temperature events have been observed at
global and regional scales since the 1990s [7-9]. As the temperature rises, the capacity of
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the atmosphere to hold water increases, resulting in more frequent and intense extreme
precipitation events [10,11]. More storms, floods, droughts, and other weather-related
events have been triggered by extreme temperature and precipitation events, potentially
resulting in loss of life and economic damage [12,13]. Thus, it is necessary to investigate
the changes in extreme temperature and precipitation, which is crucial for developing
adaptation strategies to reduce climate risks. The World Meteorological Organization’s
Expert Team on Climate Change Detection and Indices (ETCCDI) defined 40 climate change
indices. A total of 27 indices were core indices. They are based on daily temperature
values or daily precipitation amount, which can be used for assessing extreme climate
change globally and regionally [14,15]. Numerous scientists have used these indices to
assess the characteristics of different kinds of extreme events, such as frequency, intensity,
and trends [16,17].

China has a complicated topography and diverse climatic conditions, making its
economy and environment vulnerable to climate extremes. Recently, many scholars have
been devoted to the extreme temperature and precipitation events in China [18-21]. How-
ever, different scholars came to various conclusions because the selected indices, data
sources and length, and analysis methods were different. Overall, observational evidence
indicated that extreme indices showed patterns consistent with a regional warming. The
frequency and intensity of extreme precipitation in China have also increased since 1950,
but the trends were not consistent or significant across many regions over China [22-25].
Meanwhile, researchers have found that oceanic and atmospheric circulations might have
a relationship with these changes in extreme climate events. Therefore, many large-scale
circulation indices were used to investigate these linkages [26-28].

Most of the YRB is dominated by a typical subtropical monsoon climate, except for
some areas in the Tibetan Plateau. The annual precipitation concentrates mostly in the
summer, and most of the water vapour in the YRB was provided by the Pacific and Indian
oceans. As a region affected by monsoon climate, the spatial and temporal distribution of
temperature and precipitation the Yangtze River Basin (YRB) vary significantly and are
sensitive to global warming. The variation in temperature indicated that the YRB witnessed
a general cooling trend before the mid-1980s, but a warming trend afterwards [29]. In
addition, the variation in temperature was more complex in the middle YRB, owing to
rugged topography [30]. Unlike extreme temperature, the variations in extreme precip-
itation had obvious regional characteristics, and consistent patterns were found in the
YRB. It has been reported that extreme precipitation showed positive trends in mid-lower
reaches of the YRB, while the trends in the upper basin were not consistent among different
studies [31,32]. Literature studies have shown that, while the results of spatio-temporal
variations in temperature and precipitation extremes are generally consistent in the whole
YRB, there is a great deal of ambiguity at the regional scale [33]. Besides, previous research
was limited to certain time zones and temporal scales, with just a few meteorological
stations and a few extreme indices. Comprehensive analysis is lacking, and detailed inves-
tigation of spatiotemporal distributions must be improved [34]. Furthermore, few studies
examined driving factors of temperature and precipitation extremes in the YRB. Regional
temperature and precipitation are influenced significantly by large-scale atmospheric and
oceanic circulation. It is necessary to find whether and how these phenomena affect tem-
perature and precipitation extremes in the YRB [35]. Furthermore, during the twenty-first
century, both temperature and precipitation would show a significant rising trend [36]. It
might lead to an increase in the risk of extreme events, make the YRB vulnerable to flood
and drought disasters, and have a negative effect on the implementation of the Yangtze
River Economic Belt Strategy.

Therefore, the objective of this article is to analyze how the variations in temperature
and precipitation extremes vary across the YRB, and to investigate if there is a link between
them and oceanic and atmospheric circulations. It has great significance for reducing
disasters and ensuring development in the YRB. The questions we are attempting to
answer here are: (1) What are the characteristics of temporal variations in extremes in the
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whole YRB? (2) What is the spatial difference in the spatial distribution of change trends for
extremes? (3) Which factors control the spatial and temporal variability of extremes? The
rest of the paper is organized as follows: Materials and Methods are described in Section 2.
The spatio-temporal variations in the extremes and the association with the oceanic and
atmospheric circulations are presented in Section 3, followed by discussion and conclusions
in Sections 4 and 5.

2. Materials and Methods
2.1. Study Area

The Yangtze River, the longest river in China, is about 6300 km in length. It passes
through a range of landscapes, originating in the Qinghai-Tibet Plateau, cutting through
western mountains to eastern plains before joining the East China Sea at Shanghai [37]
The main stream runs through 11 provinces and autonomous regions (namely Qinghai,
Tibet, Sichuan, Yunnan, Chongqing, Hubei, Hunan, Jiangxi, Anhui, Jiangsu, and Shanghai).
The Yangtze River Basin (YRB, 90°32’ to 121°54’ E and 24°28' to 35°45’ N) is located
in the south of China, covering approximately 1,800,000 km?. The entire YRB is usually
divided into three sub-basins, namely upper reaches (above Yichang), middle reaches (from
Yichang to Hukou), and lower reaches (downstream of Hukou), which correspond well
with the decrease in altitude [38] (Figure 1). Apart from some areas located in the Tibetan
Plateau, most parts of the YRB are characterized by a sub-tropical monsoon climate [39].
The average annual temperature varies from —4 °C to 18 °C, with an average of 13.0 °C,
increasing from the lower reaches to the upper reaches [40]. The annual mean precipitation
of YRB is about 1100 mm, with more than 60% of the annual totals falling between June and
August. Additionally, the annual mean precipitation also shows an increasing tendency
from lower reaches (about 300 mm) to upper reaches (about 2400 mm) [41].
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Figure 1. Geographical location of the study area.

2.2. Data

The National Climate Center of China Meteorological Administration (NCC/CMA)
has established daily precipitation and temperature datasets covering the Chinese Main-
land, namely China’s Ground Precipitation 0.5° x 0.5° Gridded Dataset (V2.0) and China’s
Ground Temperature 0.5° x 0.5° Gridded Dataset (V2.0) (http://data.cma.cn/, accessed on
11 June 2021). These datasets are based on the observed daily precipitation and temperature
at 2474 meteorological stations, the GTOPO30 (Global 30 arc-second elevation) DEM data,
and Thin Plate Spline method. The data range from 1961 to 2020, with a spatial resolution
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of 0.5° x 0.5°. According to the boundary of the YRB, a total of 102 grids were selected to
calculate the extreme temperature and precipitation indices (Figure 2).
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Figure 2. Grid points over the YRB in China’s Ground Precipitation (temperature) 0.5° x 0.5°
Gridded Dataset.

In addition, time-series of annual Atlantic Multidecadal Oscillation (AMO), Pacific
Decadal Oscillation (PDO), Southern Oscillation Index (SOI), North Atlantic Oscillation
(NAO) and Arctic oscillation (AO) were used to analyze the relationship between extreme
temperature (precipitation) indices and climate indices. These atmospheric and ocean
time-series are obtained from the Physical Sciences Laboratory (https://psl.noaa.gov/,
accessed on 15 June 2021).

2.3. Methods
2.3.1. Definition of Extreme Temperature and Precipitation Indices

In the early twenty-first century, the World Meteorological Organization (WMO)
and the World Climate Research Program (WCRP) collaborated to form the Expert Team
on Climate Change Detection and Indices (ETCCDI), which defined 27 representative
climate indices to assess extreme climate change on a global and regional scale (http:
/ /ccema.seos.uvic.ca/ETCCDI, accessed on 20 May 2021). The ETCCDI’s extreme climate
indices have advanced research into observed extreme climate events, as well as model
simulation and attribution of such events. This study selected ten extreme temperature
and precipitation indices to analyze the spatio-temporal variations in extreme events in the
YRB. All these indices are recommended by the ETCCDI, which have been widely used in
previous studies [42—44]. The definitions of these indices are listed in Table 1. The extreme
temperature and temperature indices were calculated year by year at all boxes in the YRB.

2.3.2. Trend Analysis of Extreme Temperature and Precipitation Indices

Linear regression method was used to estimate the inter-annual trends of extreme tem-
perature and precipitation indices characteristics [45], which can be calculated as follows:

nox (X xg) = Y i X

nox Oy i2— (Y0 i)

where Slope is the trend value of the time series variable, which can be used to characterize
the upward trend (Slope > 0) or downward trend (Slope < 0) during a given study period
(here 1961 to 2020); n is the number of years (here n = 60); x; is the value of the variable for
theithyear (i=1,2,...,n).

Slope = D
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Table 1. Extreme temperature and temperature indices and their definition.

Abbreviation Definition Units
TXx Maximum value of daily maximum temperature °C
TXn Minimum value of daily maximum temperature °C
TNx Maximum value of daily minimum temperature °C
TNn Minimum value of daily minimum temperature °C

Daily temperature range: mean difference
DTR between daily maximum temperature and daily °C
minimum temperature
sDII Simple daily intensity index mm
Rxlday Annual maximum 1-day precipitation mm
Rx5day Annual maximum 5-day precipitation mm

Annual total precipitation when daily
precipitation > 99th percentile
Annual total precipitation in wet days
(RR > 1 mm)

R99p

PRCPTOT

The statistical significance of a linear trend was evaluated using F-test at the 0.05 level [46].
The formula for F-value is:

(n—2) x T, (£ — %)°
Y (g — %)

where #; is the regression value of variable in i year and ¥ is the average value of variable
for a given study period.

Abrupt change of the time series variable was detected by Moving t-test method,
which tests a hypothesis based on a difference between two subsequence means [47]. For
the time series (x;,i=1,2, ..., n), the t statistic is given as:

F =

@

- a2 (3)

nls% + nzs% 1 + 1
n +ny —2\ m ny

where n7(n3), X¥1(Xp), and s1(sp) are the length, mean, and variance of the x1(x;) subse-
quences, respectively. In this research, ny = n; = 10. Given a significant level « (here
« =0.05), if It;| > t,, the corresponding time (ith year) could be regarded as an abrupt
change point.

The future trend of extreme temperature and precipitation was evaluated by Hurst
index (H index for short, range from 0 to 1). This index is based on rescaled range (R/S)
analysis method and can be used to describe the continuous state of precipitation or
temperature events. The calculation principle is as follows [48]:

Consider the time series of extreme temperature or precipitation as:

{XH(t)}(t: 1,2,3,...,n) )

Define the mean sequence as follows for any positive integer 7 > 1
- 1 T
X(r) = = ;1 Xue (1=123,...,n) )

The cumulative deviation is calculated by

Y(t,1) = > (XH(t) - XH(T)) (1<t<T) (6)

u=1
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The extreme deviation sequence is calculated by
R(t) =max(Y(¢t, 7)) —min(Y(t, 7)) (+=1,23,...,n) 7)

The standard deviation sequence is calculated by

S(t) = \/,lr ) (XH(t) - XH(T))2 ®)

t=1

Define R(1)/S(t) = R/S. If R/SextH, it indicates that the investigated time series data
exhibit the Hurst phenomenon. If H = 0.5, it indicates that the time series of extreme
temperature (precipitation) is random, that is, the future trend is independent of past trend.
If 0 < H < 0.5, it indicates that the time series of extreme temperature (precipitation) has
anti-continuity, that is, the future trend is opposite to the past. The closer H is to 0, the
stronger the anti-continuity. If 0.5 < H < 1, it indicates that the time series of extreme
temperature (precipitation) has continuity, that is, the future trend is consistent with the
past. The closer H is to 1, the stronger the continuity. Hurst index classification is listed
as Table 2.

Table 2. Future trend detected by Hurst index.

H Future Trend
065<H<1 Strong continuity
0.50 <H <0.65 Weak continuity
0.35<H <0.50 Weak anti-continuity
0<H <035 Strong anti-continuity

2.3.3. Correlation Analysis of Climate Indices and Extreme Temperature/Precipitation

To identify the effects of climate indices on extreme indices, the Pearson correlation
coefficient was employed to analyze the relationship between climate indices and extreme
indices [49]. The coefficient (Ryy) can be calculated as:

i1 (Xi - Y) (yi - ?)
VI (X - XD (- 7)?

where i denotes extreme temperature or precipitation (e.g., TXx, Rxlday) and x denotes cli-
mate indices (e.g., AMO, PDO); x; (y;) is the value of variable for theithyear (i=1, 2, ..., n);
X(7) is the average value of variable for a given study period. If Ry, > 0, it indicates that two
variables are positively correlated; if Ry, <0, it indicates that two variables are negatively
correlated. The closer the absolute value of Ry, is to 0, the weaker the correlation. Whereas
the closer H is to 1, the stronger the correlation.

Rxy = 9

3. Results
3.1. Temporal Variations in Extreme Temperature and Precipitation
3.1.1. Variations in Extreme Temperature Events

During 1961 to 2020, TXx, TNx, and TNn increased significantly (p < 0.01), at rates of
0.19 °C, 0.19 °C, and 0.37 °C per decade, while TXn had an insignificant slight increase,
with a rate of 0.14 °C per decade. However, DTR decreased significantly (p < 0.01) at a
rate of 0.09 °C per decade over the period of 1961 to 2020 (Figure 3a—e). It can be seen
from figures that TXx, TXn, TNx, and TNn decreased first from the 1960s to the 1980s or
mid-1990s and then increased. TXx, TXn, TNx, and TNn had obvious abrupt changes at
1993, 1985, 1987, and 1980, respectively. The annual average values of TXx, TXn, TNx, and
TNn during the second period (after abrupt change, the same as below) were 31.26 °C,
—1.82 °C, 20.01 °C, and —10.39 °C, respectively, which were 0.63 °C, 0.65 °C, 0.56 °C, and
1.17 °C higher than those during the first period (before abrupt change, the same as below).
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Annual DTR decreased at a rate of 0.19 °C per decade before 1996 (abrupt change year) and
then rapidly decreased by 0.22 °C per decade from 1996 to 2020. The H values of TXx, TXn,
TNx, TNn, and DTR were 0.765, 0.678, 0.878, 0.781, and 0.657, respectively. The findings
showed that future trends in the selected extreme temperature indices were consistent
with the current condition, with an increasing trend in TXx, TXn, TNx, and TNn and a
decreasing trend in DTR (Table 3).

Table 3. Hurst values for regional average of annual series in extreme temperature and

precipitation indices.

Extreme Extreme
Temperature H Values Future Trend Precipitation H Values Future Trend
Indices Indices
Stron: Weak
TXx 0.765 ong SDIIT 0.527 cax
continuity continuity
Stron Stron
TXn 0.678 ong Rxlday 0.718 ong
continuity continuity
Stron: Weak
TNx 0.878 ong Rx5day 0.558 cax
continuity continuity
Stron Stron
TNn 0.781 ong R99p 0.692 ong
continuity continuity
Stron Weak anti-
DTR 0.657 ong PRCPTOT 0476 ar
continuity continuity
95% confidence ® Period1 95% confidence ® Period1
----- Trend line for period1 Period2 ====-Trend line for period1 Period2
34 Trend line for period2  ====- Trend line for 1961 to 2020 2 ~-Trend line forperiod2 ~ ----- Trend line for 1961 to 2020
(a)TXx (b)TXn
33
0 y = 0.0141x-30.076
G =0.0185x-5.9072 ) ¢
g y x g ( °
e 32 ‘ e
5 .
® [
2 3
£ 31 £
(7 )
= =
-4
30
[
Period1: y = =0.0111x+52.546 Period1: y = -0.0621x + 119.99
29 -6
1960 1970 1980 1990 2000 2010 2020 1960 1970 1980 1990 2000 2010 2020
Year Year
95% confidence ® Period1 95% confidence ® Period1
----- Trend line for period1 Period2 ====-Trend line for period1 Period2
21 Trend line forperiod2 = ===-- Trend line for 1961 to 2020 6 Trend line for period2 = ====- Trend line for 1961 to 2020
()TN y = 0.0186x-17.214 (d)TNn
8 y = 0.0373x-85.028
g 20 g
g g 10
= 3
s s
g 8
; E
[ 19 4 -
Period1: y = =0.0077x + 34.722 14 ®
Period1: y = —0.019x + 25.808
18 16
1960 1970 1980 1990 2000 2010 2020 1960 1970 1980 1990 2000 2010 2020
Year Year
Figure 3. Cont.



Atmosphere 2021, 12, 1423

8 of 19

95% confidence
----- Trend line for period1
---Trend line for period2

® Period1
Period2
----- Trend line for 1961 to 2020

12
(e)DTR
—_ 1" e
e © o o0 y = —0.0093x + 28.48
g
2
[ 10
L}
=%
£
o
-
(]
9
Period1: y = -0.0194x + 48.281 =
8
1960 1970 1980 1990 2000 2010 2020
Year
95% confidence ® Period1
----- Trend line for period1 ©  Period2
70 --Trend line for period2 = ====- Trend line for 1961 to 2020
(g)Rx1day
y = 0.1124x-168.09
€ J
£ 60
c
L
s
2
]
9 50
o
Period1: y = 0.0798x-103.73
40 T T T T T T
1960 1970 1980 1990 2000 2010 2020
Year
95% confidence ® Period1
----- Trend line for period1 Period2
170 -Trend line for period2 = ====- Trend line for 1961 to 2020
()R99p
. y = 0.5869x-1093.1
£
£
c
0
E
a
‘c
2
o
e e &
Period1: y = 0.3806x-684.88 1.6 3
20
1960 1970 1980 1990 2000 2010 2020
Year

Precipitation (mm)

Precipitation (mm)

Precipitation (mm)

10.0

9.0

8.0

7.0

6.0

140

80

1300

1100

900

700

95% confidence
----- Trend line for 1961 to 2020

O  Period of 1961 to 2020

(f)spll
y = 0.0092x-10.415 o q
[e) 0]
°© o o o ©
o o OO O__.
0 6 0 o Qonz-Qz-=-
° o Fou.2) D____o___.o_ooe-o— ----- 5°G6S5 0 O o
______ 5=---=-80"5""" 0o o
~ RPEQNOCKEO o o o
©o o o ° 4 °
o] o [e]
1960 1970 1980 1990 2000 2010 2020
Year
95% confidence @® Period1
----- Trend line for period1 Period2
Trend line for period2 = ----- Trend line for 1961 to 2020
(h)Rx5day
y =0.1214x-133.661
o ()
o

Period1: y = 0.0403x + 26.756

1960 1970 1980 1990 2000 2010 2020
Year
95% confidence @ Period1
----- Trend line for period1 Period2
-Trend line for period2 = ====- Trend line for 1961 to 2020
(i)PRCPTOT
y = 0.8505x-701.15
Period1: y = -0.031x + 1043.94
1960 1970 1980 1990 2000 2010 2020
Year

Figure 3. Regional average of annual series in extreme precipitation and temperature indices during 1961 to 2020: (a) TXx;
(b) TXn; (c) TNXx; (d) TNn; (e) DTR; (f) SDII; (g) Rx1 day; (h) Rx5 day; (i) R99p; (j) PRCPTOT.

3.1.2. Variations in Extreme Precipitation Events

All the selected extreme precipitation indices showed a continuous increasing trend
during the period 1961 to 2020. Changes of Rx1day, SDII, and R99p passed the significant
trend test at the 0.01 significance level, with rates of 1.12 mm, 0.09 mm, and 5.87 mm per
decade, respectively. The rates of change in Rx5day and PRCPTOT were 1.21 mm and
8.50 mm per decade, respectively, failing the significant trend test (Figure 3f-j). Annual
Rxlday, Rx5day, R99p, and PRCPTOT had significant turning points in the later 2000s.
From the late 2000s to the late 2010s, there was a large, fluctuating increasing trend in
these four indices. Rx1day, Rx5day, R99p, and PRCPTOT were 58.61 mm/a, 112.73 mm/a,
93.91 mm/a, and 1029.10 mm/a after abrupt change years, which were 7.4%, 5.7%, 33.4%,
and 4.8% higher than those before the abrupt year. Namely, the YRB showed an increasing
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trend in extreme precipitation indices after an abrupt change. The H values of Rx1day,
Rx5day, SDII, R99p, and PRCPTOT were 0.718, 0.558, 0.527, 0.692, and 0.476, respectively.
The results indicated that future trends of Rx1day, Rx5day, SDII, and R99p were consistent
with that of the current status, namely an increasing trend in the future. But future trend of
PRCPTOT will be opposite to past change, namely a decreasing trend in the future (Table 3).
However, the H values were generally around 0.5, indicating that the future change trends
were ambiguous.

3.2. Spatial Trends in Extreme Temperature and Precipitation
3.2.1. Trends in Extreme Temperature Events

TXx, TXn, TNX, and TNn had positive trends, while DTR had a negative trend in most
regions (Figure 4a—e). TXx, TXn, TNx, and TNn increased in 91.9%, 78.0%, 93.1%, and 96.1%
of the total area of the YRB, and the significant positive trend (p < 0.05) accounted for 45.2%,
14.8%, 81.4%, and 75.5% of the study area. Thus, both the maximum and minimum values
of Tmin had increased dramatically and widely in the YRB. DTR exhibited a decreasing
trend around 80.1% of the YRB. The area with a significant decreasing trend (p < 0.05) in
DTR accounted for 51.4% of the total area of YRB.

9 E 100°E ne'E 120°E

.

H 0.0
H 04
H 0.2

H 03

.

H 0.0

H 0.4

mm/10a

mm/10a

Figure 4. Cont.
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Figure 4. Spatial trend distribution of extreme precipitation and temperature indices from 1961 to 2020: (a) TXx; (b) TXn;
(c) TNx; (d) TNn; (e) DTR; (f) SDII; (g) Rx1day; (h) Rx5day; (i) R99p; (j) PRCPTOT. Significant positive trend or negative
trend at the 0.01 significance level was indicated by dots.

Spatially, annual TXx significantly increased in most areas of the upper reaches of the
Yangtze River, with a rate of 0.1 to 0.5 °C per decade. Annual TXx decreased significantly in
only 1.3% of the study area, which was mainly concentrated in the Han River Basin. Except
for the Han River Basin, annual TXx increased slightly by 0 to 0.2 °C per decade in the
Yangtze River’s middle and lower reaches, and this linear trend was mostly insignificant.
However, annual TXx significantly increased at 0.3 to 0.5 °C per decade in the Yangtze
River Delta (Figure 4a). About 22.0% of the area showed a decreasing trend in TXn and
mainly concentrated in the Jinsha River Basin and Chendu Plain. But almost all decreasing
trends were insignificant. Annual TXn also insignificantly increased in the middle and
lower reaches of the Yangtze River, which is similar to the trends in TXx. However, the
increasing rate of TXn was higher than that of TXx (Figure 4b). Both annual TNx and TNn
increased significantly in most of the YRB, except the Han River Basin. In addition, the
increasing rate of TNn (more than 0.3 °C per decade) was higher than that of TNx (range
from 0.1 to 0.3 °C per decade). Only 4 to 7% of the area had a decreasing trend in TNx and
TNn, which was mostly centered in the upper reaches of the Han River. In this area, annual
TNx and TNn decreased by 0.1 to 0.2 °C per decade, and the decreasing trend in TNx was
significant (Figure 4c,d). Annual DTR decreased at rates of 0 to 0.5 °C per decade in most
YRB. But in some areas in the middle reach of the Yangtze River, it increased at rates of
0 to 0.2 °C per decade. The linear trend of DTR was significant in most areas of the Jinsha
River Basin, Min River Basin, Wu River Basin, Gan River Basin, and middle and lower Han
River (Figure 4e).

By combining the linear trend and the Hurst index, we can find that the “Positive—
Consistent” trend accounted for 68.5 to 91.7% of the total area for TXx, TXn, TNx, and
TNn (Figure 5a—d). In more than two-thirds of the YRB, it was predicted that these four
extreme temperature indices would continue to increase. The “Negative—Consistent” trend
accounted for 71.9% of the total area, namely, the DTR would continue to decrease in
most of the YRB (Figure 5e). For TXx and TNx, “Negative-Consistent” area accounted for
5.6% to 6.5% of the total area, and was mostly found in the Han River Basin. (Figure 5a,c).
The areas where TXn continued to decrease were mainly located in the Jinsha River
Basin, accounting for 13.0% of the YRB (Figure 5b). The areas where DTR continued to
increase were widely distributed in the Jialing River Basin, accounting for 17.1% of the
YRB (Figure 5e).

3.2.2. Trends in Extreme Precipitation Events

There were more pixels with positive trends than negative trends for the selected five
extreme precipitation indices, while the areas with significant trends were generally less.
SDII, Rx1day, Rx5day, R99p, and PRCPTOT increased in 80.2%, 79.7%, 66.5%, 43.8%, and
70.3% of the total area of the YRB, and the significant positive trend (p < 0.05) accounted
for 17.4%, 13.3%, 7.4%, 2.0%, and 18.8% of the study area (Figure 4f).
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Figure 5. Spatial distribution of the extreme precipitation and temperature indices future trend: (a) TXx; (b) TXn; (c) TNx;
(d) TNn; (e) DTR; (f) SDIL (g) Rx1day; (h) Rx5day; (i) R99p; (j) PRCPTOT. NC, NO, PO, PC are abbreviations for “Negative—
Consistent”, “Negative-Opposite”, “Positive-Opposite”, “Positive-Consistent”, respectively.

In most areas of the lower reaches of the Yangtze River, annual SDII, Rx1day, Rx5day,
R99p, and PRCPTOT increased by more than 0.2 mm/10a, 3.0 mm/10a, 5.0 mm/10a,
10 mm/10a, and 20 mm/10a, accounting for 17.1%, 11.6%, 12.6 percent, 21.4%, and 22.7%
of the area of the YRB, respectively. In some scattered areas in the middle reaches of the
Yangtze, annual SDII, Rx1day, Rx5day, R99p, and PRCPTOT had decreased by more than
0.1 mm/10a, 1.0 mm/10a, 2.5 mm/10a, 5.0 mm/10a, and 10 mm/10a, accounting for
1.2%, 2.9%, 7.2%, 1.0%, and 11.7% of the total area of the YRB (Figure 4f—j). In addition, in



Atmosphere 2021, 12, 1423

12 of 19

AO-

PDO -

TXX(C)

T

y=7994

Il:llll!l;lklllll rw

SDIi(mm)

y=30.98+204 x

114

084

o

0X6

0G5

TXx

R?=032

R?=027°

the source region of Yangtze River, the linear trend of annual PRCPTOT was significant,
showing that this alpine region in the YRB has experienced a wetter climate over the recent
60 years (Figure 4j).

The areas where SDII, Rxlday, Rx5day, R99p, and PRCPTOT would consistently
increase accounted for 41.5%, 41.9%, 34.4%, 51.2%, and 36.2% of the YRB, respectively.
The areas where extreme precipitation indices would consistently decrease were scattered,
accounting for 5.5 to 22.7% of the YRB. The sum of the “Positive-Opposite” and “Negative—
Opposite” areas were 41.1 to 51.7% of the YRB, indicating that the future trend of extreme
precipitation indices was opposite to the past in almost half of the YRB (Figure 5f-).

3.3. Relationships between Extreme Precipitation/Temperature and Climate Indices
3.3.1. Correlation between Regional Extreme Precipitation/Temperature and
Climate Indices

Overall, the most extreme indices used in this study (about 80% to 90%) were positively
connected with AMO and AO, but negatively correlated with NAO (Figure 6a). For the
temperature indices, TXx, TXn, TNx, and TNn were all positively and strongly connected
with AMO. The Pearson correlation coefficients between these four temperature indices
and AMO were 0.57, 0.37, 0.74, and 0.48, respectively (Figure 6a—f). DTR was negatively
and significantly correlated with AO, with coefficient of —0.41. For precipitation indices,
SDII, Rx1day, Rx5day, R99p, and PRCPTOT were all positively and significantly correlated
with AMO. The Pearson correlation coefficients between these five precipitation indices
and AMO were 0.52, 0.55, 0.40, 0.58, and 0.26, respectively (Figure 6a,g-k).
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Figure 6. Correlation between extreme indices and climate indices in the YRB during 1961 to 2020. (a) The value of Pearson

correlation coefficients and the “x” means that the correlation is not significant; (b—k) Scatter diagrams for significant

correlation between extreme indices and climate indices.
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3.3.2. Spatial Distribution of Correlation between Extreme Precipitation/Temperature and
Climate Indices

For the selected extreme temperature indices, areas with significant positive correla-
tion between maximum values of temperature (TXx and TNx) and AMO accounted for
77.0 to 90.8% of the YRB, which were larger than those between the minimum values of
temperature (TXn and TNn) and AMO (about 39.8 to 67.4%) (Figure 7a). In the majority
of the YRB, TXx, TNx, and TNn were significantly and positively related to AMO, while
areas with a nonsignificant correlation between these three indices and AMO were scarce
and concentrated in the Han River Basin (Figure 8a,c,d). The variations in TXn were signifi-
cantly and positively related to AMO mainly in the Wu River Basin, the region from Yibin to
Yichang, upstream of Gan River, and upstream of Jialing River (Figure 8b). DTR variations
were strongly and negatively connected to AO in many regions of the YRB, accounting for
63.9% (Figure 7a) and primarily distributed in middle and lower reaches of Jinsha River,
Min River Basin, the Dongting Lake area, and the Poyang Lake area (Figure 8e).
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Figure 7. The percentage of areas with significant or non-significant correlation between extreme temperature (a) precipita-
tion (b) and climate indices in the YRB during 1961 to 2020.
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Figure 8. Spatial distribution of correlation coefficients between extreme temperature/precipitation and climate indices in
the YRB during 1961 to 2020. (a) TXx vs. AMO; (b) TXn vs. AMO; (c) TNx vs. AMO; (d) TNn vs. AMO; (e) DTR vs. AO;
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correlation at the 0.01 significance level was indicated by dots.

In the vast majority of the YRB, the variations in the selected extreme precipitation
indices were not significantly related to the variability of climatic indices. Areas with
significant correlation between extreme precipitation and climate indices accounted for less
than 30% of the total YRB. The connection between the AMO and extreme precipitation
was stronger than that of other climate indices and extreme precipitation. Areas with sig-
nificant positive correlation between AMO and SDII, Rx1day, Rx5day, R99p, and PRCPTOT
accounted for 28.8%, 10.9%, 11.1%, 20.1%, and 18.5% of the total YRB (Figure 7b), which
was mainly distributed in the Dongting Lake area and the Poyang Lake area (Figure 8f—j).

4. Discussion
4.1. Changes in Extreme Temperature and Precipitation in the YRB during 1961 to 2020

The present results indicate that extreme temperature showed an increasing trend
during 1961 to 2020, which was generally consistent with other studies [50-52]. However,
the trends in maximum and minimum Tmin (TNx, TNn) were faster than those of maximum
and minimum Tmax (TXx, TXn), consistent with a long-term decrease in DTR (Figure 3a—e).
This finding agreed with the work carried out by You et al. [22]. In addition, the increase
rate of TNn was 0.37 °C per decade, which was more than twice that of the warm extreme
(TNx and TXn). It suggested that the YRB has witnessed more rapidly warming winter
temperatures in the recent 60 years. Warmer temperature in winter is a double-edged
sword for agriculture. It caused a northward expansion of the northern limits of winter
crops, an increase in the planting area, and a reduction in the risk of freezing damage. But
the warmer temperature in winter might hasten the maturity of winter crops, reducing
the time required for seeds to grow and mature and resulting in lower yields [53,54]. All
the selected extreme precipitation indices showed an increasing trend over the recent
60 years (Figure 3f—j), which is similar to the warm/cold extreme (TXx, TXn, TNx, TNn).
But the areas with significant increases in extreme precipitation were much less than that
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of the increases in the warm/cold extreme (Figure 4). Previous studies also concluded
that changes in the precipitation extreme showed lower levels of statistical significance
compared with temperature extremes [25,52].

Our research revealed that abrupt changes in extreme temperatures were present in
the 1980s or 1990s, while extreme precipitation altered suddenly in the 2000s (Figure 3).
The changes in the warm/cold extremes were obviously different in the period prior to the
abrupt change point and the period after the abrupt change point. Before the abrupt change
point, the warm/cold extreme indicated a cooling trend, while it showed a warming trend
after the abrupt change point (Figure 3a—d). Significantly, the warming trend in TXx from
1993 to 2020 (the period after the abrupt change point) was approximately twice that of
the warming trend from 1961 to 2020 (Figure 3a). Time-series analysis revealed that most
extreme precipitation indices showed a larger increase rate during the 2010s, indicating
more frequency or higher intensity of extreme precipitation over the recent 10 years.

4.2. Impact of Oceanic and Atmospheric Circulations on Extreme Temperature and Precipitation in
the YRB during 1961 to 2020

The mechanisms responsible for changes in extreme temperature and precipitation
are complicated. Many factors, such as oceanic and atmospheric circulations [55,56],
urbanization and economic growth [57,58], and topography and elevation [59] may affect
the spatio-temporal variation in extreme temperature and precipitation. Considerable
research has proven that large-scale oceanic and atmospheric patterns (such AMO, NAO,
and AO) significantly affect regional average or extreme temperature and precipitation
in China [55,56,60-62]. AMO represents the alternation of warm and cold sea surface
temperatures in the North Atlantic. It has an important influence on multidecadal climate
variability, such as the fluctuations of land surface temperature and precipitation [55,63].
For the East Asian climate, one viewpoint suggests that AMO causes sea—air feedback
in the western Pacific [64], while the other believes that AMO influences atmospheric
circulation, causing tropospheric temperature change in Eurasia [65]. According to the
research carried by Wang et al., the AMO enhances the thermal contrasts between land
and sea by heating the middle and upper troposphere over Eurasia, which ultimately
affects the monsoon [66]. This is in line with the second point of view above. Although the
mechanism of AMO’s influence on East Asian climate remains unknown, there are many
studies that have proven that the AMO has a substantial interdecadal modulating effect
on the east Asian monsoon climate. The East Asian summer monsoon is intensified by
the warm phase AMO, but the winter monsoon is weakened, and vice versa [67-69]. In
detail, the positive AMO phase corresponds to the warm winter in most parts of China,
with less rain in the coastal areas of South China and more rain in the north [66]. The
study of Li et al. showed that the significant winter warming in China has arisen from both
anthropogenic creation of greenhouse gas and natural greenhouse gas creation dominated
by the AMO [70]. Yan et al. found that the winter temperature in the south of the Hetao and
the middle reaches of the Yangtze River in China, as well as precipitation in the Yangtze
River basin in China and the East Asian summer monsoon, have a significant positive
correlation with the Atlantic Ocean’s sea surface temperature [71]. In our study, we found
that the AMO displayed significant correlations with warm/cold extremes in the YRB. It is
noteworthy that areas with significant positive correlation between AMO and TNx (TNn)
accounted for 90.8% (67.4%) of the total YRB (Figure 7a, Figure 8c,d). It indicated that the
significant winter warming in the YRB was dominated by the AMO. In addition, areas
with significant positive correlation between AMO and extreme precipitation were mainly
concentrated in the middle and lower reaches of Yangtze River, especially in the Dongting
Lake area and Poyang Lake area (Figure 8fj). These findings were consistent with the
above conclusions.

5. Conclusions

We investigated the spatio-temporal variations in temperature and precipitation ex-
tremes in YRB from 1961 to 2020 using gridded daily temperature and precipitation data,
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the linear regression method, the Moving t-Test method, and R/S analysis. We also studied
the correlation between oceanic and atmospheric circulation with extreme indices. The
conclusions are as follows:

During 1961 to 2020, the warm/cold extremes (TXx, TXn, TNx, TNn) showed an
increasing trend. Minimum temperature (TNx and TNn) increased at a higher rate than
maximum temperature (TXx and TXn), indicating a long-term decrease in DTR. TNx and
TNn increased significantly in most of the YRB, excluding a few areas in the Han River
Basin. TXx exhibited significant changes primarily in the upper reaches of Yangtze River,
whereas TXn showed no significant trends in most YRB. TXx, TXn, TNx, and TNn might
show an increasing trend in the future, whereas DTR might show a declining trend.

The extreme precipitation indices showed a consistent upward trend from 1961 to 2020,
with greater increasing rates in most extreme precipitation indices primarily occurring in
the middle and lower reaches of Yangtze River. In comparison to temperature extremes,
trends in precipitation extremes are more ambiguous in the recent 60 years, and precipita-
tion extreme indices are not statistically significant in most of the YRB. An increasing trend
in Rx1day, Rx5day, SDII, and R99p along with a decreasing trend in PRCPTOT might occur
in the future, but this trend was ambiguous.

There is a relationship between extreme indices and climate indices. The correlations
between extreme temperature indices and climate indices are higher than that of extreme
precipitation indices. In most of the YRB, especially for TNn, variations in warm/cold
extreme (TXx, TXn, TNx, TNn) were more related to AMO variability. The variations in
extreme precipitation indices were not significantly related to climate indices in the vast
majority of the YRB.

This study focused on the long-term variation in the temperature and precipitation
extremes in YRB, which might be crucial for forecasting meteorological disasters (such as
floods and droughts) and water resource management. However, there is still room for
improvement. First, we investigated the characteristics of variation on annual scales. How-
ever, in terms of seasonal scales, the variation characteristics may change. Second, certain
statistical approaches were used to obtain the study’s results. We could arrive at different
results if we apply other approaches. It is important to compare the consequences of differ-
ent statistical approaches. Finally, the enhancements to the CMIP6 dataset have allowed
scientists to investigate future changes in extremes. Identifying the spatial and temporal
variability of extremes over the next several decades is beneficial for risk management.
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