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Spatial and temporal pattern of extreme temperature
during 1961–2018 in China
Xiaowan Liu and Zongxue Xu

ABSTRACT
As extreme climate events in China occur frequently, the characteristics of temperature extremes
have changed substantially. Spatial and temporal pattern in the selected temperature extreme
indices was analyzed by using the Mann–Kendall method (MK), sliding t-test and standard t-test, and
Pearson correlation analysis method. In addition, the relationship between them and AO/NAO
(Arctic Oscillation/North Atlantic Oscillation) was investigated during 1961–2018 in mainland China.
The results show regional and seasonal pattern in temperature extremes. Both ELTs (extreme low
temperatures) and EHTs (extreme high temperatures) show increasing trend in autumn and winter,
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but decreasing trend in spring and summer. In particular, ELTs in all northern basins have more
signiﬁcant increasing trend, while EHTs in the southern areas show insigniﬁcant or even decreasing
trend. The AO plays an important role in the change of ELTs in summertime (summer and autumn),
while the NAO accounts for it during wintertime (winter and spring). Moreover, the NAO is partly
responsible for the change of EHTs.
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INTRODUCTION
Extreme climate events have varied substantially over the

events are directly correlated with climate extreme events.

last 60 years with identiﬁed regional differences (Cropper

Precipitation was also found to have a close relationship

& Hanna ; Grant ; Mahmood & Jia ; Partal

with temperature, while the relationship differs from

). As a country that experiences serious climate

region to region (Beniston & Rebetez ; Gruza et al.

extreme events and disasters, China is characterized by a

; New et al. ; Li et al. ). In addition, the link-

variety of events with high frequency, obvious periodicities

age of vegetation growth to temperature changes has

and seasonality, demonstrating signiﬁcant regional discre-

been widely studied. It has been acknowledged that veg-

pancy that encompasses a broad spectrum of impacts,

etation degradation is related to change in temperature

such as frequent occurring heat waves, droughts, cold

extremes (Meehl et al. ; Sun & Wang ; Wang

waves, and frost during the last few decades (López-

et al. ). Therefore, furthering the understanding on

Moreno et al. ; Jia et al. ). Temperature extremes

climatic extremes is essential to predict future hydrological

are causations in extreme climate events, for which a sig-

changes and provide a reference for water resources

niﬁcant trend has been widely observed in the last 60

management and ecological protection (Mutiibwa et al. ).

years (Castro-Díez et al. ; You et al. ). Relevant

A large number of studies has investigated the spatial

studies (Frich et al. ; Fischer et al. ; You et al.

and temporal pattern of temperature extremes over the

) have indicated that these hydrological extreme

whole of China and individual basins (Jiang et al. ;
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Zhang et al. ; Chen & Sun ; Su et al. ). The

regions. Islands are excluded from this study due to a lack

results generally show that change in temperature extremes

of observational data.

during the past decades has been consistent with global
warming. Tong et al. () documented that extreme climate events became more frequent and have intensiﬁed

DATA AND METHODOLOGY DESCRIPTIONS

generally since the last mid-century, while the frequent
occurrence of such events in most parts of northern China

Daily minimum and maximum temperature from 1961 to

started from the 1990s (Ma et al. ). On the other

2018 archived by the China Meteorological Data Service

hand, the reason for temperature extremes in China has

Center (http://data.cma.cn/) for 589 meteorological stations

also been broadly explored, for which atmospheric circula-

across mainland China was used for the analysis. Daily and

tion factors including NAO (North Atlantic Oscillation)

monthly NAO index records covering the same period were

and AO (Arctic Oscillation) were frequently combined

obtained from the Climate Prediction Center (http://www.

(Chan & Zhou ; Suo et al. ; Wan et al. ;

cpc.ncep.noaa.gov/). Seasonal values were averaged from

Zhou & Wu ; Renom et al. ; Wu & Qian ).

monthly records, and the seasons were divided as fol-

For instance, Chen et al. () pointed out that the AO is

lows: spring (March–May), summer (June–August), autumn

a primary factor that inﬂuences temperatures north of

(September–November), and winter (December–February).

China, and the East Asian trough is considered to be a

The selected extreme temperature indices include seasonal

prime channel of inﬂuence (Lee & Zhang ; Shi et al.

ELTs (extreme low temperatures), seasonal EHTs (extreme

). NAO was also hypothesized to be the main

high temperatures), seasonal DTR (diurnal temperature

factor exerting signiﬁcant impacts on the occurrence of

range), and frozen days, frost days, and GSL (growing

cold surges south of China (Linderholm et al. ; Zuo

season length) on annual scale. Figure 1 shows the locations

et al. ). Extreme temperatures in East Asia were linked

of the 589 meteorological stations and ten water resources

to the AO (He & Wang ), and the NAO correlated

regions.

with frost days and cold days (Scaife et al. ). Wei &

According to the statistics, the area of the northwest

Lin () found that negative phase in the AO could

rivers is over 36% (3.61 × 106 km2) of the total area in main-

result in more frequent cold extremes in China, and

land China, while only 17% (100 stations) of all selected

vice versa.

stations are located in this area. The area of the Yangtze

Change in temperature extremes could signiﬁcantly

River basin is around 1.8 × 106 km2, which accounts for

affect local natural water resources condition by hydro-

18% of the total area in mainland China, and 24% (139

logical

evapotranspiration,

stations) of all the selected stations are distributed in this

precipitation, runoff, etc. (Wang et al. ; Grant ;

cycle

elements

such

as

area. The area in each of the residual basins is less than

Ghorbani et al. ; Liu et al. ). Understanding spatial

10% of the total area in mainland China, particularly for

and temporal pattern in temperature extremes is fundamen-

the southwest rivers, where the area occupies 9% of the

tal to predict future water resources. However, the existing

total area in mainland China while less than 6% (33

studies are quite discrete and rarely consider the water

stations) of all stations are situated. In the following,

resources partition. To adapt to the regionalization mode

northern areas contain the Songhua River, northwest rivers,

in water resources management, this study was conducted

Liaohe River, Haihe River, and Yellow River basin, and the

based on the ten water resource subregions in mainland

Yangtze River, Huaihe River, southeast rivers, southwest

China (the map will be provided in the following part), con-

rivers and Pearl River basin are marked as southern areas.

sidering each has a particular water resource condition with

The Mann–Kendall non-parameter test (MK method)

a corresponding climate. The aim of the present study is to

(Cropper & Hanna ), which analyzes trends, is utilized

investigate spatiotemporal patterns of temperature extremes

to detect the trend of extreme temperatures. In addition, to

and their relationship with the AO/NAO in the period of

identify change points and signiﬁcance, the sliding t-test

1961–2018 based on the selected ten water resources

and the standard t-test were simultaneously used (Waliser
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Locations of 589 meteorological stations and ten water resources regions.

et al. ). Moreover, the Pearson correlation analysis

Similar to frozen days, the highest number of frost days

(Donges et al. ) was also employed to analyze the

(193) was also found in the Songhua River basin, and the

relationship between AO/NAO and temperature extremes,

number of frost days for the northwestern rivers is less

and the t-test was used to verify the signiﬁcance.

(176 days). In addition, the number of frost days in the
Liao River and Yellow River basins are similar (155–160).
For the most southern basin in the northern region, i.e.,

ANALYSIS OF THE RESULTS

the Haihe River basin, slightly fewer frost days (134) were
observed. For the southern areas, over 100 frost days were

Spatial patterns in temperature extremes in ten water

observed in the southwestern rivers, while other basins

resources regions

have fewer than 100 frost days, as only 16 and 2 frost days
occur in the southeastern rivers and the Pearl River basin,

The spatial patterns of temperature extremes were analyzed

respectively.

using statistical methods, and the results are shown in

The spatial pattern of the GSL is almost opposite that

Figure 2. The highest number of frozen days (118) occurred

for frozen days and frost days; fewer frozen or frost days cor-

in the Songhua River basin, while the northwestern rivers

respond to a longer GSL. To be speciﬁc, the shortest GSL

and the Liao River basin have similar numbers of frozen

occurs in the Songhua River basin (166 days), and the north-

days

approximately

western rivers have the second fewest number of days in the

35–40 frozen days were observed in both the Yellow River

GSL (182). However, the anomaly is that both the number

and the Haihe River basins, while the southwestern rivers

of frozen days and the GSL in the Liao River basin are

only experience 13 frozen days, 7 frozen days for both the

greater than those in the Yellow River basin. In addition,

Huai River and the Yangtze River basins, respectively. In

in the Haihe River basin, a slightly longer GSL (226 days)

addition, no frozen days appear in the southeastern rivers

was observed. Moreover, in increasing order, the GSLs of

or in the Pearl River basin.

the southern areas can be listed as follows: the southwestern

(approximately

70).

Additionally,
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Distribution of temperature extremes in ten water resources regions.

rivers, the Huai River basin, the Yangtze River basin, the

regions, the values are positive. In comparison with the

southeastern rivers, and the Pearl River basin.

ELTs, the values between spring and autumn that are

To detect the seasonality in temperature extremes, sea-

found in each water resources region are similar, while

sonal ELTs and EHTs were extracted for further analysis.

spring EHTs are slightly greater than those in winter.

The results show that the seasonal ELTs over northern

Lastly, for the DTR, the values in the northern areas are gen-

areas are negative (below 0  C), while the seasonal ELTs

erally larger than those in the southern areas, particularly in



are positive (above 0 C) over southern areas. Seasonally,

the Huai River and Yangtze River basins. The southeastern

spring ELTs are similar to those in autumn and lower than

rivers and the Pearl River basin have seasonal DTRs that are

those in winter. Winter ELTs are negative except for those

less than 10  C in all seasons. The largest DTR (over 30  C)

in the Pearl River basin, and all summer ELTs are positive.

occurs during autumn in the Haihe River basin.

The lowest EHT reaches



30 C in winter in the Songhua

River basin, and the largest ELT (20  C) occurs during

Trend in temperature extremes in the ten water

summer in the Pearl River basin. Aside from the anomaly

resources regions

between the Liao River basin and the Yellow River basin,
ELTs generally increase from north to south for each

To determine the trend in temperature extremes, the MK

season. For the seasonal EHTs in the ten water resources

method was applied, and the results are shown in the
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supplementary material, Table S1. For the northern water

level test. The summer DTRs in the Huai River basin, the

resources regions, all seasonal ELTs have a clear increasing

Yangtze River basin, and the southeastern rivers show

trend at 0.01 signiﬁcance level, and an upward trend in

decreasing trend at 0.01 signiﬁcance level. Moreover, the

autumn ELTs was observed only in the Liao River basin

autumn DTRs in the Huai River basin, the southeastern

(at 0.05 signiﬁcance level). For the southern water resources

rivers, and the Pearl River basin show decreasing trend;

regions, all wintertime ELTs have an increasing trend at

the former two basins pass the 0.01 signiﬁcance level test,

0.01 signiﬁcance level. In autumn, the ELTs across all

and the latter only passes the 0.05 signiﬁcance level test.

southern water resources regions have an apparent

In terms of spring DTRs, the southwestern rivers and

upward trend at 0.05 signiﬁcance level, and those in the

the Huai River and Pearl River basins have decreasing

Yangtze River and Huai River basins pass the 0.01 signiﬁ-

trend, but only the former passes the 0.01 signiﬁcance

cance level test. Spring ELTs in all water resources regions

level test, while the latter only pass the 0.05 signiﬁcance

show an upward trend, such that a majority pass the 0.01 sig-

level test.

niﬁcance level test. However, that of the Pearl River basin

In terms of the trend in frozen days, frost days, and the

only passes the 0.05 signiﬁcance level test and that of the

GSL, both frozen and frost days exhibit signiﬁcant decreas-

southeastern river is nonsigniﬁcant. However, for the sum-

ing trend (excluding the frozen days in the Pearl River

mertime ELTs, the southeastern rivers and the Pearl River

basin, which are nonsigniﬁcant). In addition, the trend in

basin have signiﬁcantly decreasing and increasing trend

frozen days over the Huai River and Liao River basins

respectively, while the other water resources regions show

only pass the 0.05 signiﬁcance level test, while other

no apparent trend.

water resources regions have increasing trend at 0.01

The trend in EHTs is not as signiﬁcant as that for ELTs.

signiﬁcance level for frozen and frost days. In addition,

Speciﬁcally, for the northern water resources regions, only

the GSL has an increasing trend at 0.01 signiﬁcance

the autumn and winter EHTs were identiﬁed as having sig-

level (except in the southeastern rivers). This increase

niﬁcant trend (excluding those of the Songhua River and

in GSL may contribute to enhanced crop yields by

the Haihe River basins). In addition, the southwestern

providing opportunities for earlier planting, guaranteeing

rivers show signiﬁcant increasing trend in their seasonal

maturation, and the possibility of multiple cropping

EHTs. Both the winter EHTs in the Yangtze River

(Linderholm ).

basin and the summer EHTs in the Pearl River basin
have distinguishable increasing trend at 0.01 signiﬁcance

Relationship between the AO/NAO and temperature

level. Surprisingly, in the southeastern rivers, all the seaso-

extremes in ten water resources regions

nal EHTs have decreasing trend at 0.05 signiﬁcance level
in spring and autumn and at 0.01 signiﬁcance level
in summer.

The results of the correlation coefﬁcients between the winter
AO/NAO and temperature extremes and their signiﬁcance

The DTR generally has a decreasing trend, particularly

level are shown in Figures 3(a)–3(f) and 4(a)–4(c) show

over the Songhua River basin and the northwestern rivers,

the change points in temperature extremes when comparing

which have trend at 0.01 signiﬁcance level. In the Liao

with the winter AO/NAO. For the relationship between sea-

River and Haihe River basins, the seasonal DTR exhibits a

sonal ELTs and the winter AO/NAO, the winter AO is

decreasing trend at 0.01 signiﬁcance level (excluding the

closely related to the spring ELTs in the Songhua River,

summer DTR). In addition, the Yellow River basin has a sig-

Liao River, and Haihe River basins and the southwestern

niﬁcant decreasing trend for DTR in summer and winter at

rivers with relationships at 0.05 signiﬁcance level. With

0.01 signiﬁcance level. In the southern water resources

respect to the winter NAO and seasonal ELTs, all basins

regions, all the winter DTRs have decreasing trend at 0.01

have similar positive relationships of their winter NAO

signiﬁcance level in the southwestern rivers, southeastern

and spring ELTs at 0.01 signiﬁcance level, especially in the

rivers, and the Pearl River basin, while those in the Yangtze

Songhua River, Yellow River, Haihe River, Yangtze River,

River and Huai River basins only pass the 0.05 signiﬁcance

Huai River, and Pearl River basins and the southwestern
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Relationship between AO/NAO and seasonal EHT. Note: The ‘**’ and ‘*’ marked rectangles describe the correlation coefﬁcient over the 0.01 or 0.05 signiﬁcance level t-test,
respectively. (a) ELT & AO. (b) ELT & NAO. (c) EHT & AO. (d) EHT & NAO. (e) DTR & AO. (f) DTR & NAO.
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Change points of ELT, EHT, and DTR in ten water resources regions. Note: ‘**NAO’ and ‘**AO’ represent that the change point is in agreement with the NAOs or AOs,
respectively. (a) ELT. (b) EHT. (c) DTR.

rivers. In addition, the relationships between summer ELTs

addition, the year of 1986 is the change point for the south-

and the winter NAO in the Songhua River, Liao River, and

western rivers and the Pearl River basin, respectively. It is

Huai River basins and the northwestern rivers are also posi-

obvious that these indices almost have the same pattern as

tive with correlation coefﬁcients at 0.05 signiﬁcance level.

winter AOs with the change point in 1987. Moreover, the

To further the effects of AO/NAO on ELTs, change points

year of 1972 is the change point for the spring ELTs over

in them have been calculated and compared, in which

the Songhua River, Liao River, and Huai River basins,

those matching with AO/NAO have been shown as follows.

and the year of 1979 was found to be the change point

The winter ELTs over the southeastern rivers have change

over the Haihe River basin and the southeastern rivers,

points in 1992, while the change point in 1987 was observed

respectively, for the spring ELTs. The NAO shifting in the

in autumn ELTs over the northwestern rivers and the

year of 1972 may largely explain the change point of these

Songhua River, Liao River, and Haihe River basins. In

spring ELTs (Zuo ).
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DISCUSSION

EHTs is nonsigniﬁcant. However, the winter NAO has a
signiﬁcantly positive relationship with spring EHTs. This

Trend in temperature extremes

relationship passes the 0.01 signiﬁcance level test over the
southwestern rivers and the Pearl River basin, while the

Regional warming in China has been identiﬁed. For instance,

relationships over the Songhua River, Liao River, Haihe

Ren & Zhai () found that northern areas have greater

River, and Yangtze River basins pass the 0.05 signiﬁcance

trend in ELT both during spring and autumn. Similar results

level test. In addition, the relationship between the

were also obtained in the present research. In addition,

autumn EHTs, the winter EHTs, and the winter NAO over

Zhang et al. () documented that EHT in the downstream

the southeastern rivers are negative and pass the 0.05 signiﬁ-

of the Yellow River basin appeared a signiﬁcantly decreasing

cance level test. Similar to the ELT, the change points for

trend during 1955–2005, while after the current analysis, the

the EHTs were also analyzed. Speciﬁcally, the Pearl River

areas with decreasing trend in summer EHT have expanded,

basin has a change point in 1986. For the autumn EHTs,

including the northwest rivers, Haihe River, Yangtze River,

the change points in different basins have scattered distri-

Huaihe River basin, and the southeast rivers. In addition,

butions from 1989 to 1992 for the northwestern rivers and

stronger warming in winter than in summer and signiﬁcantly

the Yangtze River and Huai River basins. In addition, the

decreasing trend in DTR concluded from the above analysis

year 1986 is the change point both in the Yellow River

is consistent with Xu et al. (). In particular, decreasing

and Haihe River basins, and there is another change point

trend in DTR of the Songhua River basin was most signiﬁ-

in 1995 for the Pearl River basin. These are considered as

cant, which is consistent with Zhong et al. (). Kukal &

having a similar pattern in the winter NAO with the

Irmak () pointed out that the signiﬁcant downward

change point in 1987.

trend in DTR may be caused by decrease in incoming short-

In terms of the winter AO and the seasonal DTR, a nega-

wave radiation and atmospheric moisture increase. In

tive relationship was observed for the northwestern rivers,

addition, the result in GSLs lengthening, and frozen and

the Yellow River, and Yangtze River basins. The correlation

frost days shortening, may provide a reference for agricultural

coefﬁcient for the Yangtze River basin passes the 0.01 sig-

prearrangements.

niﬁcance level test, and those of the other two pass the
0.05 signiﬁcance level test. However, a negative relationship
was generally found between the winter NAO and the seaso-

Linkages of AO/NAO to temperature extremes

nal DTR. Speciﬁcally, the spring DTRs over the Songhua
River basin, the northwestern and southwestern rivers, and

To further the effects of AO/NAO on temperature extremes,

the Pearl River basin, as well as most winter DTRs, are nega-

change points in frozen and frost days and GSL were ident-

tively related to the winter NAO. In addition, the summer

iﬁed. The change points for frozen and frost days span over

DTRs over the northwestern rivers and the Yellow River,

1986–1988, which is close to the timing for the AO changes

Yangtze River, and Huai River basins, as well as the

in 1987. It suggests that the change in AO is responsible for

autumn DTRs over the Songhua River basin and the south-

the shifting in frozen and frost days consistent with AO and

western rivers, are also negatively related with the winter

NAO being strongly associated with frozen days and frost

NAO. With respect to the change points for DTRs, the

days (Table 1). In terms of the DTR, the year of 1972 is

spring and summer over the Liao River basin, the spring

when the change point for the spring DTR occurred,

over the Yangtze River basin, and the summer over the

which may be explained by the shifting in winter NAO

Haihe River and Pearl River basins shift in 1972, which

with change point in 1971. It also matches that the winter

lags one year behind the change point in the winter NAO.

NAO has a signiﬁcant relationship with the seasonal DTR.

In addition, the change point for the winter DTR over the

The AO is one of the dominant atmospheric circulation

southwestern rivers occurs in 1987, which is consistent

modes in the extratropic of the northern hemisphere, alter-

with the winter AOs.

nating between positive and negative phases (Thompson &
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Relationship between AO/NAO and three temperature extremes on mainland

and aerosol emissions and other human activities can affect

China

temperature extremes (Xi et al. ; Wu et al. ). In

Atmospheric circulation factors

Frozen days

Frost days

GSL

terms of how the linkages work, Li et al. (a, b) ident-

NAO

3.12**

3.47**

3.55**

iﬁed atmospheric circulation in China is inﬂuenced by the

AO

3.06**

2.50*

2.77**

Subtropical High, the polar vortex, the East Asian monsoon

Note: Numbers with ‘

’ present have negative relationship. The ‘**’ marked bold

(EAM), tropical cyclones, etc. Moreover, urbanization, land

numbers and ‘*’ marked numbers represent the correlation coefﬁcient calculated by Pear-

use change, and other anthropogenic activities such as

son correlation analysis over the 0.01 and 0.05 signiﬁcance level of standard t-test,
respectively.

higher greenhouse gas emission, etc., have signiﬁcant effects

Wallace ). The AO is enhanced during the winter and
weakened during the summer having a profound effect on
the temperatures in China by inﬂuencing the Siberian

on temperature extremes (Sun & Wang ; Wang et al.
). However, the existing studies have not completely
clariﬁed the physical mechanism in the inﬂuencing mode,
which needs to be further advanced in future relevant work.

High and thereby the East Asian Winter Monsoon (Thompson & Wallace , ; Alexander et al. ; He et al.
). Zuo () has described how AO signiﬁcantly

CONCLUSIONS

inﬂuences the air temperature above 35 N over mainland
China in an opposite way, and pointed out that the effects

Spatial and temporal patterns of extreme temperature indices

of NAO/AO on local SST (sea surface temperature)

and their relationships on both annual and seasonal scale with

anomalies may be one of the potential pathways to inﬂu-

the winter AO/NAO over mainland China were investigated

ence climate over mainland China. It can explain that

by trend analysis, and change point and correlation coefﬁcient

ELTs in the northern areas have more signiﬁcant increas-

calculations. The conclusions are summarized as follows:

ing

trend

in

summertime

(including

summer

and

autumn). In combination with the above analysis, the
NAO may account for the signiﬁcant increasing trend in
ELTs in wintertime (including winter and spring). Moreover, the winter NAO was found to have signiﬁcant
effects on spring EHT over mainland China, while decreasing trend was detected in EHTs in the southeastern areas.
The phenomenon may be attributed to change in the
NAO coupled with several other atmospheric circulations
and regional elevation distribution (Beniston & Rebetez
; Giorgi et al. ; Feng et al. ).

1. ELTs, EHTs, and GSLs gradually increase from north to
south, while the DTR decreases from north to south.
Similarly, the number of frozen and frost days also
decrease from north to south.
2. Spatial discrepancy in temperature distribution over
mainland China is shrinking, and temperature range is
shortening. ELTs generally show signiﬁcant increasing
trend, particularly in winter. The increasing trends in northern basins are more signiﬁcant. However, EHTs generally
have inconspicuous trend, and the summer EHTs even
show decreasing trend. Frozen days and frost days have signiﬁcant increasing trend, while the GSL shows the opposite.

Limitation of the study

In particular, DTR in Songhua River basin and the northwest rivers have signiﬁcantly decreasing trend.

The biggest limitation of the study is that only AO and NAO

3. The increasing trend of ELTs in summertime for the

were selected for the attribution analysis in changes of

northern areas can be mainly attributed to change in

temperature extremes, which restricts understanding in

the AO, and the NAO accounts for their changes in win-

the mechanism to some extent. Another limitation is that

tertime. The insigniﬁcant decreasing trend of EHTs in the

uneven distribution of meteorological stations blocked

southeastern areas primarily results from the sea–land

several regional characteristics somehow. According to

interaction, in which the NAO plays an important role,

relevant reports, global warming, change in atmospheric cir-

while other coupled atmospheric circulation proxies

culation, SST (sea surface temperature), land use and cover,

still need to be further investigated. The physical
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mechanism for how these atmospheric circulations inﬂuence the climate extremes also need further explorations
in future studies.
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