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Abstract. The long-term mean air temperature has increased with continued greenhouse-gas emissions in
the past decades in the Wei River Basin (WRB) (China), with little understanding of the changes in extreme
temperatures. In this study, the change characteristics of both maximum (Tmax) and minimum (Tmin)
temperatures at daily, monthly, and annual scales were fully examined, and their relations with the Arctic
Oscillation (AO) were also explored. The modified Mann-Kendall trend test method (MMK) and heuristic
segmentation method were employed to detect the trends and change points of the Tmax and Tmin at
multiple scales, respectively. Subsequently, the cross wavelet transform was adopted to reveal the
correlations between Tmax/Tmin and AO. Results indicated: (1) both monthly and annual Tmax and Tmin
showed significantly increasing trends, whilst at daily scale they generally exhibited no obvious trends; (2)
change points were found in monthly, seasonal, and annual Tmax and Tmin, implying that the stationarity
of Tmax and Tmin series in the WRB has been ineffective; (3) AO had strong impacts on Tmax and Tmin
changes in the WRB. Our results highlight the asymmetric response of Tmax and Tmin at the monthly,
seasonal, and annual scales, which has great implications for ecosystem functions and agricultural
production.

Keywords: temperature extremes, Arctic Oscillation, the heuristic segmentation method, the cross wavelet
transform, the Wei River Basin

Introduction

The Fifth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC, 2007) has stated that global average temperature has risen by nearly 0.85°C
(IPCC, 2013) within the 1880-2012 period. Regionally, China has warmed by
0.45£0.05°C during 1860-2005 (CMA, 2006). Accompanying increased surface air
temperature are the enhanced evaporation demand (Leng et al., 2015a), accelerated
global hydrologic cycle (Menzel et al., 2002; Wang et al., 2013; Huang et al., 2016,
2017; Han et al., 2019; Fang et al., 2019a), and the increase of extreme events (WMO,
2003; Guoetal., 2013, 2019a,b; Leng et al., 2015b,c; Zhao et al., 2019a; Dai et al., 2020;
Guo et al., 2020). Compared to the variations of mean conditions, variations of extremes
can exert more adverse influences on both the natural environment and human society
(Easterling et al., 2000a; Patz et al., 2005; Kapsomenakis et al., 2013; Zhao et al., 2019)
and have attracted much attention during the last decades (Beniston et al., 2004; Lehner
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etal., 2006; Piao et al., 2010; Sheffield et al., 2012; Fang et al., 2019b; Zhao et al., 2019b;
Ren et al., 2020).

Although many researchers have investigated the spatial and temporal changes in
temperature extremes (Kunkel et al., 1999; Easterling et al., 2000b; Nasrallah et al.,
2004; Fuhrer et al., 2006), the changing characteristics of temperature extremes vary
regionally, showing obvious changes in some areas and no striking trends in other areas
(Bonsal et al., 2001).

As for a time series, change point is a vital change characteristic. The statistical
characteristics of a specific time series before a change point differ significantly from
those after the change point. If a change point is found, it indicates the time series is not
stationary and is characterized by a noticeable variation. Change point is a time when
the temporal pattern of a time series changes significantly. Detection of change points in
hydrological series is highly important not only for understanding the location and
timing when there is a change in the factors driving the complex system, but also helps
us make inference about the issue of non-stationarity (Li et al., 2020; Zhao et al., 2020a,
b). Indeed, if the issue of non-stationarity in a hydrological time sequence exists, the
conventional hydrological frequency analysis assuming the stationarity of time sequence
would be useless in practice (Milly et al., 2008; Vogel et al., 2011; Gilroy et al., 2012).
Many previous studies concerning temperature extremes focused on their trend
variations, few of them paid attention to their change point detection. In view of the
importance of identifying change points for a specific time series, the investigation on
identifying change points in maximum (Tmax) and minimum (Tmin) temperatures series
was conducted in this study.

Furthermore, majority of previous studies on temperature extremes paid attention to
the spatial and temporal variations of Tmax and Tmin series, rare studies explained
detected changes. Indeed, understanding of the cause of Tmax and Tmin series changes
is extremely important, which helps better understand climate change. Therefore, this
study attempts to reveal the possible relations between temperature extremes and the
Arctic Oscillation (AO). AO is an important pattern of climate change in the Northern
Hemisphere and has been shown to exert strong influences on the climate change in the
middle and high latitude areas (Toreti et al.,, 2010; Wang et al., 2013). The
meteorological and hydrological processes may show various characteristics at different
spatial scales (Tudesquea et al., 2014). In order to fully reveal the scale effect on the
correlations between temperature extremes and AO, the response of temperature
extremes to AO at different spatial scales was also explored in this study.

Here, the Wei River Basin (WRB) is chosen as a case study. The WRB is located in
a typical climatic zone (monsoon region) (Huang et al., 2014a). Tmax and Tmin series
have been reported to exert strong adverse influences on both agricultural production
and runoff variations. Investigation of the spatio-temporal changes in temperature
extremes in the WRB can help to understand and effectively guide local water resources
management in a changing climate. We focus on the temperature extremes at multiple
time scales, i.e. daily, monthly, and annual Tmax and Tmin series. The major objectives
of this study are: (1) to reveal the spatial and temporal variations of Tmax/Tmin; (2) to
detect the change points in Tmax/Tmin series at different timescales in the WRB; (3) to
analyze the possible relations between Tmax/Tmin and the AO series at different spatial
scales.
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Materials and Methods
Introduction of the WRB

The WRB was selected as the study area in this study. It was partitioned into eight
sub-basins based on the secondary basin boundary in China, and their zone ID are 26, 28,
29, 31, 33, 36, 40, and 41, respectively (Figure 1). Situated in a continental monsoon
climate-impacted zone, the region is characterized by rich precipitation and high
temperature in summer, and dominated by rare precipitation and low temperature in
winter. Its annual precipitation is nearly 559 mm (Zhang et al., 2008; Liu et al., 2018a).
The precipitation in the WRB varies obviously at seasonal scale, with flood season (from
June to September) precipitation accounting for roughly 60% of the annual average
(Huang et al., 2020).
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Figure 1. Location of the WRB and related meteorological stations in the Yellow River Basin,
China

In order to explore the changing characteristics of temperature extremes and their
correlation with AO at various spatial scales, the WRB was divided into four sub-basins
primarily based on the distribution characteristic of its river system. The four sub-basins
are the upper reaches of the Wei River (URWR) section, the middle and downstream of
the Wei River (MDWR) section, the Jing River basin, and the Beiluo River basin
(Figure 1).
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Data

Daily minimum and maximum air temperature are collected from 21 meteorological
stations located in the WRB (Figure 1). The dataset is obtained from the National Climate
Center (NCC) of the China Meteorological Administration (CMA), and are homogenized
before their release. Note that monthly Tmax/Tmin was determined by the largest/lowest
daily data in a month, and annual Tmax/Tmin was determined by the largest/lowest
monthly data in a year. The sub-basin Tmax and Tmin are determined from point Tmax
and Tmin based via calculating the arithmetic mean value of point Tmax and Tmin. The
detailed information of these stations is summarized in Table 1. Each station has daily
maximum and minimum temperature records spanning January 1%, 1958-December 31%,
2008. These data have been successfully applied in our previous studies (Huang et al.,
2014b, c) in investigating drought evolution characteristics in the WRB. Additionally, the
monthly AO series within 1958-2008 was obtained from the National Oceanic and
Atmospheric Administration (NOAA).

Table 1. Information on meteorological stations analyzed in this study

Station name Sub-basin Station No. Longitude (E) Latitude (N) Elevation (m)
Lintao URWR 1 103.85 35.35 1893.8
Minxian URWR 2 104.02 34.04 2315
Huajialing URWR 3 105.00 35.38 2450.6
Xiji URWR 4 105.72 35.97 1916.5
Tianshui URWR 5 105.75 34.58 11417
Guyuan JRB 6 106.27 36.00 1753
Pingliang JRB 7 106.67 35.55 1346.6
Baoji URWR 8 107.13 34.35 612.4
Huanxian JRB 9 107.30 36.58 1255.6
Xifengzhen JRB 10 107.63 35.73 1421
Changwu JRB 11 107.80 35.20 1206.5
Foping MDWR 12 107.98 33.52 827.2
Wuqi BL 13 108.17 36.92 13314
Wugong MDWR 14 108.22 34.25 447.8
Xi'an MDWR 15 108.93 34.30 397.5
Tongchuan MDWR 16 109.07 35.08 978.9
Zhen'an MDWR 17 109.15 33.43 693.7
Yan'an BL 18 109.50 36.60 958.5
Luochuan BL 19 109.50 35.82 1159.8
Shangxian MDWR 20 109.97 33.87 742.2
Huashan MDWR 21 110.08 34.48 2064.9

URWR, MDWR, JRB and BL denote the upper reaches of the Wei River, middle and downstream of the
Wei River, Jing River basin and Beiluo River basin, respectively

Methodology
The modified Mann-Kendall trend test method

Given initial Mann-Kendall (MK) trend test method is easily influenced by the
persistence of hydro-meteorological series, Hamed and Rao (1998) proposed a modified
MK (MMK) trend test method to remove the persistence through taking into account the
lag-i autocorrelation. Daufresne et al. (2009) found that the MMK is more robust than
MK in terms of examining the trends of hydro-meteorological series. Given the weakness
of the MK mentioned above, the MMK trend test method was employed to in this study
to calculate the change trends of Tmax/Tmin in the WRB. The detailed computation
processes can be referred to Huang et al. (2014a, b).
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The heuristic segmentation method

Generally, traditional statistical test methods such as the sliding T test, rank sum test,
sliding F test, and Mann-Kendell test are frequently adopted to detect change points,
assuming the time series of interest is linear and stationary. Nevertheless, extreme
temperature time series is extremely nonlinear owing to the high variability caused by
many factors. Hence, it is difficult for them to obtain the real change points accurately.
To this end, the heuristic segmentation method which was proposed by Pedro et al. (2001)
was adopted to capture the change points in temperature extremes series in this study.
The method is based on the sliding T test and further modified, which can be applied to
identify the change points in highly nonlinear and nonstationary time series. The detailed
calculation processes can be referred to Huang et al. (2017) and Liu et al. (2019).

The cross wavelet transform

The cross wavelet transform proposed by Hudgins et al. (1993) is a new technique in
revealing the correlation between two-time series of interest. It is featured with combining
the cross spectrum analysis with wavelet transform, and can reveal the changing features
and the coupled oscillations of two-time series of interest in both time and frequency
domains (Hudgins et al., 1996; Torrence et al., 1998). Hence, it was applied in this study
to examine the correlation between Tmax/Tmin in the WRB and AO. The detailed
calculation processes can be referred to Huang et al. (2018).

Results
Spatial and temporal changes in Tmax and Tmin

In order to vividly present the spatial change characteristics of Tmax and Tmin in the
WRB, the stations adopted in this study were ranked according to the magnitude of their
longitudes. Additionally, the MMK statistics of Tmax and Tmin in each month during
1958-2008 in the WRB were calculated, which were plotted in Figure 2 and Figure 3,
respectively, with x axis of station number ranked according to the magnitude of their
longitudes and y axis of the MMK statistics of Tmax and Tmin in each month. A positive
value of MMK statistics represents an increasing trend of Tmax/Tmin series, especially
for the value is larger than 1.96, indicating a statistically significant increasing trend at
the 95% confidence level. Otherwise, the detection trend is no obvious, and vice versa.
Hence, the spatial and temporal changes in Tmax and Tmin at the monthly scale can be
displayed in Figure 2 and Figure 3, respectively.

Spatially, in the western and middle basin (Figure 2), increase of monthly Tmax is
found for almost all months, especially for station 9 where significantly increasing trend
is detected in February, April, June, and July. Changes in Tmax in the eastern basin is a
little complex with decreasing trends in summer (June, July, and August) and increasing
trends in Spring (February, march, April). The change pattern is especially evident for
station 17, in which Tmax decreased significantly in June, but increased significantly in
January, February, March, October, November, and December. Generally, changes in
Tmax at the monthly scale exhibited a noticeable spatial difference. Temporally, the
MMK of Tmax series is dominated by positive values in February, April and summer
(June, July, and August), indicating a statistically increasing trend. Particularly, February
and April show significant increasing trend. In contrast, the Tmax series for January,
March, May, November, and December generally have decreasing trends.
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Figure 2. The change trends of monthly maximum temperature in the WRB (Red, dark blue,
yellow and sky blue represent significant increasing, significant decreasing, no obvious
increasing and no obvious decreasing trends, respectively)
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Figure 3. The change trends of monthly minimum temperature in the WRB

As for the changes in Tmin (Figure 3), spatially, being similar to the changes in Tmax, the
western and middle basin is mainly characterized by increasing Tmin in almost all months
except for station 11 experiencing decrease in January, February, March, May, June, October
and December. In general, the eastern basin is characterized by increasing Tmin except for
stations 17 and 20. Note that the Tmax and Tmin at station 17 have a significantly increasing
trend at the 99% confidence level in autumn and winter and a significantly decreasing trend
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at the 99% confidence level in summer. The cause may be related to its location near to the
edge of monsoon region compared with other meteorological stations, its temperature
extremes therefore are easily impacted by the changing global climate (Huang et al., 2014c).
The underlying causes of the strange behavior of station 17 need to be further investigated in
the future study. Temporally, a statistical increase is detected in almost all months in most of
the basin. In particular, April, June and July are dominated by significant increasing trends.
In contrast, only October showed no obvious decreasing trends.

Overall, the spatial and temporal change patterns of Tmin are similar to that of Tmax. The
MMK statistic of the diurnal temperature range in the whole basin is 0.16, which exhibits no
obvious trend. The normalized annual Tmax and Tmin series during 1958-2008 in the four
sub-basins are illustrated in Figure 4, which is based on the Eq.1. Note that the sub-basin
Tmax and Tmin are determined from point Tmax and Tmin via calculating the arithmetic
mean value of point Tmax and Tmin. It can be found that all of the sub-basins are
characterized by increasing annual Tmax and Tmin. The MMK statistics of annual Tmax in
the four sub-basins are 3.88, 4.51, 3.91 and 2.36, respectively, whilst those of annual Tmin
are 5.11, 4.54, 3.64 and 3.89, respectively. The increase in annual Tmin is faster than that of
annual Tmax in these sub-basins except for the Jing River basin.
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Figure 4. The normalized annual maximum and minimum temperature series during 1958-2008
in the four sub-basins. A, B, C and D denote the URWB section, the MDWR section, the Jing
River basin and the Beiluo River basin, respectively

The MMK statistics of daily Tmax and Tmin were also calculated in this study, and the
spatial and temporal distribution of daily Tmax and Tmin in the WRB is presented in Figure 5.
It can be found that the MMK statistics of daily Tmax at all the stations are positive, and those
at stations 2, 5, 12, and 17 are significant at the 95% confidence level (Figure 5A). Similarly,
most of the MMK statistics of daily Tmin at all the stations are positive, and those at stations 5,
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10, 15, and 18 are significant at the 95% confidence level (Figure 5B). Differently, it also has
a significant decreasing trend at stations 11 and 20 (Figure 5B).
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Figure 5. The spatial and temporal distribution of daily Tmax (A) and Tmin (B) in the WRB

Identification of change points of Tmax/Tmin and AO index series

The heuristic segmentation method introduced in previous was adopted to identify change
points of Tmax and Tmin in the four sub-basins. The threshold Po was set to 0.95 and lo was
set to 25. The segmentations and identified change points of the annual Tmax and Tmin in
the four sub-basins are exhibited in Figure 6 and Figure 7, respectively.
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Figure 6. Segmentations and identified change points of annual maximum temperature in the
WRB. A, B, C and D denote the URWB section, the MDWR section, the Jing River basin and the
Beiluo River basin, respectively

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(2):3277-3295.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1802_32773295
© 2020, ALOKI Kft., Budapest, Hungary



Huang et al.: Spatiotemporal changes in daily maximum and minimum temperatures and their relations with a large-scale
atmospheric circulation pattern

- 3285 -
7 - - - : . . i
A | =——The first iteration N\ F(Tmax)=1
6 Th d iterati : (Tmax)>P0| 6l B change P(Tmax)=0.99|
= The second iteration The first 19971 point 1993 : P(Tmax)=P0
sk change point 1 sk i 4
i i
1 1
4 i 4 ;
1 1 i
L 1 1 1
3 i ] ! !
1 1 !
.l ;1983 | 5l . i
P(Tmax)=0.99 ! i i i
1t P(Tmax)>P0 .'d']r;'ne :“g:‘ncl ! 1f iP(Tmax)=0.89 !
i ge i | P(Tmax)<P0 |
L . . P . . . . . 1 L . L . . ! .
V1960 1965 1970 1975 1950 1955 1990 1995 2000 2005 Y560 1365 1570 1975 1950 1955 1990 1995 2000 2008
[
6 hl T " P(Tmax)-0.99 6 . . . . . . . .
c cl ?)rilng[e P(Tmax)>P0 D change P(Tmax)=0,99
st p d {1 &l point P(Tmax)>P0 |
] 1
! 1
r ! L 1
4 1993 | 4 1993 |
! P(Tmax)=0.94 :
3r : 3t P(Tmax)<P0 H
P(Tmax)—0.49 ' 1 H
2r P(Tmax)<P0 i 2| ! '
1 H 1
i i i
1+ i i 1 [ i
i i ! i
i H i
0 L i I I L 1 I I ol P I L 1 I I 1
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Year

Figure 7. Segmentations and identified change points of annual minimum temperature in the
WRB. A, B, C and D denote the URWB section, the MDWR section, the Jing River basin and the
Beiluo River basin, respectively

In general, both of annual Tmax and Tmin series have change points, implying that
the stationarity of temperature extremes in the WRB is invalid. As shown in Figure 6A,
a change point of 1993 in Tmax was identified in the URWB section in the first iteration
due to the condition that P(tmax)=1> Po, while no change point was detected in the second
iteration due to the condition that P(tmax)=0.45< Po. For the MDWR section and the Jing
River basin, a common change point (1993) was found in the first iteration due to the
condition that P(tmax) > Po, while no change point was detected in the second iteration
due to the condition that P(tmax) < Po. For the Beiluo River basin, a change point of 1996
was detected in the first iteration, whilst no change point was found in the second
iteration. From Figure 7A, it can be found that a change point of 1997 was detected for
the annual Tmin series in the URWB section. For the Tmin in the MDWR section, Jing
River basin, and Beiluo River basin, a change point of 1993 was detected.

Moreover, the change points of monthly and seasonal Tmax in the four sub-basins in
the WRB were also identified, and their results are displayed in Table 2 and Table 3. It
can be found that the change points of monthly Tmax in the four sub-basins vary from
1967 to 2003 with a striking variation (Table 2). Note that the monthly Tmax in May in
the four sub-basins has no change point. As for the seasonal Tmax in the four sub-basins,
their change points are concentrated in 1990s (Table 2). In general, the change points of
the monthly and seasonal Tmax in the Beiluo River basin are less than those in the other
sub-basins. The monthly Tmin in November and December in the four sub-basins has no
change point (Table 3). Comparatively, the change points of the monthly and seasonal
Tmin are less than those of the monthly and seasonal Tmax in the four sub-basins
(Table 3). Similarly, the change points of the monthly and seasonal Tmin in the Beiluo
River basin are less than those in the other sub-basins. Since the change points of monthly,
seasonal, and annual Tmax and Tmin were found, the stationarity of temperature extremes
in the WRB is ineffective.
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Table 2. Identification of the change points of monthly and seasonal Tmax in the four sub-
basins in the WRB

Sub-basins | 1 | 2 3 14|5]|6 7 [ 8] 9 |10|11 |12|Sp|Sm | Am | Wt
URWR section| 98 | - [99/74/91| - |94 | 96 | - |90 | - [ 8 |- 99| 95| 93 | 95
JRB - - |99 (01| -]|03| 94 |-|8|-|86|68/99| 96 | 86 -

MDWR section| 69 | 73 | 97 |91 | - |67/03/68/94| 68 | 93 | 76 {89/68| 68 | 99 |68/93| 90 |69/77
BL - - 199(03]| - | - 94 | - |8 | - | - |-|99]| 9 | 86 -

1, 2,..., and 12 denote January, February,..., and December, respectively; Sp, Sm, Am, and Wt denote
spring, summer, autumn, and winter, respectively

Table 3. Identification of the change points of monthly and seasonal Tmin in the four sub-
basins in the WRB

Sub-basins 1 2 |3 ]4]5 6 7 8 191]10|11|12| Sp | Sm |Am | Wt
URWR section| - 81/07 - | - [96| 97 | 93 |93 |73| - | - | - | 96 |61/93| 97 | 85
JRB - - - 839 | 97 | 93 |74 |68| - |-|-1] 9% | 93 | - | -
MDWR section| 69 | 70 | 69 | 81 | 95 |68/93|68/92| 68 | - | - | - | 68|73/96|68/93| - | 70
BL 72 - - |180|9 | 84 | 92 -l - -] - - 90 | 97 | -

In addition, identification of the change points of monthly and seasonal AO index was also
conducted based on the heuristic segmentation method. Related results are displayed in Table
4. In general, from the monthly perspective, there are change points identified in January,
February, May, July, August, September, November, and December. However, from the
seasonal perspective, change points are detected in four seasons, indicating that the
stationarity of AO status is also ineffective. Through comparison between the change points
of Tmax/Tmin and AQ, it can be observed that there is no solid linkage between Tmax/Tmin
and AO at monthly and seasonal time scales.

Table 4. Identification of the change points of monthly and seasonal AO index

M/S 112 |3|4|5|6|7 8] 9 |10(11|12|Sp|Sm | Am | Wt
Change points | 82 |88 | - | - |07 |- |73 |70|03| - |69 |70 |67 | 70 | 71 | 87

M and S denote month and season, respectively

Tmax and Tmin variations are associated with the large-scale atmospheric circulations
(Liang et al., 2014), underlying surface conditions (Yu and Li, 2015), as well as human
activities such as carbon dioxide emissions (Pereira et al., 2013). To further explain the
phenomenon in a quantitatively way is out of the scope of this study, since the major
objective of this paper is to investigate the spatial and temporal variations of maximum
and minimum temperature at various spatial and temporal scales, along with exploring
the correlation between temperature extremes with the AO series. Therefore, the detailed
reasons for the occurrence of the change points in annual maximum and minimum
temperature series will be investigated in the future study.
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The linkages between temperature extremes and AO

As mentioned above, temperature extremes are associated with the large-scale atmospheric
circulations (Liang et al., 2014), underlying land surface conditions (Yu and Li, 2015), as well
as human activities such as carbon dioxide emissions (Pereira et al., 2013). To quantitatively
separate the changes in Tmax and Tmin from various large-scale and local scale factors is
important but not within the scope of this study. Arctic Oscillation (AO) is found to be closely
associated with the climate variations in middle and high latitudes regions (Toreti, 2010; Wang,
2013). Hence, we attempt to examine the possible relations between AO and Tmax/Tmin
variations. We focus the analysis on summer and winter seasons. The AQO values corresponding
annual Tmax were summer AO values (the average of those in June, July and August), and the
AO values corresponding annual Tmin were the winter AO values (the average of those in
December, January and February) (Xue et al., 2012). Based on the Morlet wavelet, the cross
wavelet transform between Tmax/Tmin and AO are conducted, and relevant results are shown
in Figure 8 and Figure 9, respectively. The 95% significance confidence level against red noise
is exhibited as a thick contour, and the relative phase relationship is denoted as arrows (with
anti-phase pointing left, in-phase pointing right). It can be found that Tmax has a no obvious
positive relationship with AO in the URWB section in the entire period except for the period
of 1966-1973 when a statistically significant anti-phase relationship with a 2~3 signal is
detected. Similarly, Tmax has a no obvious positive relationship with AO in the MDWR section
in 1958-1989, with significant correlations with 4-year signal during 1962-1969. However, a
significant negative correlation is detected in 1966-1970. As for the Jing River basin, Tmax has
ano obvious positive correlation with AO in the entire period. With regards to the Beiluo River
basin, the correlations between Tmax and AO are dominated by significant linkages with a 5-
year signal during 1960-1966.

Period/years

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Year

Figure 8. The cross wavelet transform between maximum temperature and AO. The 95%
significance confidence level against red noise is exhibited as a thick contour, and the relative
phase relationship is denoted as arrows (with anti-phase pointing left, in-phase pointing right).

A, B, C and D denote the URWB section, the MDWR section, the Jing River basin and the

Beiluo River basin, respectively
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Figure 9. The cross wavelet transform between minimum temperature and AO. The 95%
significance confidence level against red noise is exhibited as a thick contour, and the relative
phase relationship is denoted as arrows (with anti-phase pointing left, in-phase pointing right).

A, B, C and D denote the URWB section, the MDWR section, the Jing River basin and the
Beiluo River basin, respectively

As for the relations between Tmin and AO in the URWB section, the significantly
positive relationship is found with a period of 4 years during 2000-2007, and a
significantly negative relationship with AO is detected in 1960-1970 with a 1~2-year
signal. Regarding the MDWR section, Tmin has a generally no obvious positive
correlation with AO, but the relation become significant in 1960-1969 with a 1~2-year
signal. As regards to the Jing River basin, the relationship between Tmin and AO is also
dominated by positive correlations, and that in 2003-2006 is significant with a period of
4 years, whilst they have a significantly negative association in 1961-1973 with a 2-year
signal. With regards to the Beiluo River basin, the relationship between Tmin and AO is
also primarily dominated by positive linkages, and that in 1958-1966 is significant with
a 1~2-year signal. Generally, the relations between Tmax/ Tmin and AO in the four sub-
basins have both similarity and difference. For example, both Figures 8B and 8D show
that the Tmax has a strongly positive correlation with AO with the same 4~5-year signal
during 1960~1965 in the MDWR section and the Beiluo River basin. In addition, both
Figures 9A and 9C indicate that the Tmin has a strongly negatively relations with AO
with the same 1~2-year signal during 1960~1970 and a significantly positive correlation
with AO with the same 4~5-year signal in the URWR section and the Jing River basin.
Through the comparison between Figure 8 and Figure 9, it can be roughly observed that
the area enclosed by the thick contour in Figure 9 is larger than that in Figure 8, indicating
that the correlation between Tmin and AO is stronger than that between Tmax and AO.
Previous studies have reported that temperature extremes are modulated by the variability
of precipitation (Liu et al., 2017), humidity (Krautgasser et al., 2015), wind speed
(Jiménez-Hornero et al., 2011), and vegetation type (Migata et al., 2014) in addition to
the anomaly of the large-scale atmospheric circulations. The combined effects of these
factors may contribute to the different responses of temperature extremes to AO in the
four sub-basins in the WRB. For example, Tabari et al. (2014) investigated the links
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between AO and inter-annual variability of Iranian evapotranspiration in 41 weather
stations, and found that different stations had different characteristics in the response of
evapotranspiration to AO. That is, the impacts of the large-scale circulation anomaly on
local climatic variations may be different, especially for extreme events which is sensitive
to climate change (Kapsomenakis et al., 2013; Zhao et al., 2019), depending on different
climate types and underlying surface.

Furthermore, we selected the sub-basin 26 in the Yellow River Basin shown in
Figure 1 which is near to the WRB (the sub-basin 31) in the Yellow River Basin (YRB)
to conduct a similar analysis. The cross wavelet transform between annual Tmax/Tmin
and summer/winter AO in the sub-basin 26 in the YRB are exhibited in Figure 10. It can
be observed from Figure 10A that Tmax temperature shows a strongly positive correlation
with AO with a signal of 4~6 year during 1959~1966 in sub-basin 26 in the YRB. The
response is similar to that in the Beiluo River Basin in the WRB which is close to the sub-
basin 26 in the YRB. Importantly, it can be observed that a significantly positive relation
is found between Tmax and AO with a signal of 2~3 year during 1975~1983 in the sub-
basin 26, which is different from that in all the four sub-basins. The results further indicate
that the relations between AO and Tmax would exhibit different features even in small
areas in the WRB. Similar conclusions can be drawn for the relations between AO and
Tmin as shown in Figure 10B.
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Figure 10. The cross wavelet transform between maximum (A)/ minimum (B) temperature and
summer/winter AO in sub-basin 26 in the Yellow River Basin

In order to explore the response of temperature extremes to AO at different spatial scales,
the correlations between Tmax/Tmin and AO in the whole WRB and YRB were obtained
based on the cross wavelet analysis, and their cross wavelet transforms are shown in Figure
11. For the whole WRB, Tmax has a significantly negative correlation with AO with a
signal of 2~3 year during 1965~1970 (Figure 11A), while Tmin exhibits a strongly positive
correlation with AO with a signal of 4~5 year during 2002-2006 (Figure 11B). Regarding
the whole YRB, Tmax has a strongly negative correlation with AO with a signal of 2~3
year during 1966~1980 and a significantly positive relation with AO with a signal of 4~6
year during 1959-1966 (Figure 11C), while Tmin exhibits a strongly positive association
with AO with a signal of 2~3 year during 1965-1970 (Figure 11D). Therefore, the pattern
of the correlations between temperature extremes and AO in the whole WRB has both
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similarity and difference compared with that in the whole YRB, but the difference is more
obvious than its similarity. Generally, the URWB section in the WRB, the WRB, and the
YRB has negative correlations between Tmax/Tmin and AO in 1965-1970. Differently, the
WRB has significantly positive correlations between minimum temperature and AO in
2002-2007, whilst the YRB has significantly positive correlations between maximum
temperature and AO in 1960-1965.

Period/years
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Figure 11. The cross wavelet transform between maximum (AC)/minimum (BD) temperature
and summer/winter AO in the whole Wei (AB) and Yellow (CD) River Basin

Discussion

Extreme climatic events frequently occur in the context of global warming, including
extreme temperature and extreme precipitation events. In this study, the spatiotemporal
variation characteristics of extreme temperature (Tmax/Tmin) are discussed, and it is
found that the maximum and minimum temperature in WRB showed an increasing trend
at different degrees. Liu et al. (2018b) found that the frequency of extreme temperature
Is increasing. In particular, station 17 is dominated by significant increasing trends in
autumn and winter, while the summer is reversed. It is near to the monsoon zone than
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other meteorological stations, thus is impacted by climate change. However, increasing
extreme temperatures will lead to a change of the temperature difference, which will have
a serious impact on crops. Therefore, extreme temperature events should be given more
attention.

It is found that AO is a possible factor influencing the extreme temperature changes in
WRB. Similarly, AO also affect temperature changes in other areas (Zhong et al., 2017,
Gao et al., 2019; Liu et al., 2019). Therefore, this study can provide a reference for other
areas of high concern.

In addition, the present research focuses on the spatiotemporal variation of extreme
temperatures, and tries to explain possible causes of the changes at different scales from
the perspective of atmospheric circulation. Note that the spatiotemporal variation of
extreme temperatures are also related to underlying surface conditions, human activities
and carbon dioxide emissions. Therefore, future work should extend current research to
reveal the effects of different factors on extreme temperature dynamics.

Conclusion

Changing characteristics of Tmax and Tmin in time and space across the WRB were
thoroughly investigated in this study. The modified Mann-Kendall trend test method was
applied to identify the change trends, and the heuristic segmentation method was used to
identify possible change points of Tmax and Tmin at the monthly, seasonal, and annual
scales. Additionally, the cross wavelet transform was utilized to reveal the correlation
between annual Tmax and Tmin and AO to explore the possible cause of temperature
extremes variations from the perspective of atmospheric circulation anomaly. The
primary conclusions are presented as follows:

(1) The WRB is primarily characterized by increasing monthly Tmax especially in the
western and middle basin, whilst monthly Tmin is found to decrease in the eastern basin
in summer, but increase in winter. Similar pattern of changes in Tmin is found with
significant increase in most months. The annual Tmax and Tmin in the WRB have an
obviously increasing trend. As for the daily scale, most of stations show no obvious
trends. The increasing Tmax and Tmin are expected to accelerate the rate of water
circulation, thus resulting in high frequent extreme events such as droughts and floods,
which will affect local ecosystem functions and agricultural production.

(2) The change points in monthly, seasonal, and annual Tmax and Tmin series were
identified, and all of them have change points found. This suggests that the stationarity
of the temperature extremes in the WRB has been invalid in 1958-2008.

(3) The Tmax has a strongly positive correlation with AO with 4~5-year signal during
1960-1965, whilst the Tmin has a strongly negatively relations with AO with the 1~2-year
signal during 1960-1970 in the WRB. Overall, Tmax and Tmin have strong correlations
with AO, implying that the increasing temperature extremes in the WRB are closely
related to the variation of AO.
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