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Abstract

Based on the 1979-2018 datasets of Climate Prediction Center (CPC) daily maximum air temperature, HadISST, and
NCEP-DOE 1II reanalysis, the impact of Pacific decadal oscillation (PDO) and Atlantic multidecadal oscillation (AMO) on
the interdecadal variability in extreme high temperature (EHT) in North China (NC) is investigated through observational
analysis and National Center for Atmospheric Research (NCAR) Community Atmosphere Model version 5.3 (CAMS5.3)
numerical simulations. The observational results show an interdecadal shift in NC’s EHT in approximately 1996 with a cold
period from 1983 to 1996 and a warm period from 1997 to 2014. The summer PDO and AMO are both closely related to
NC’s EHT, of which AMO dominates. From the cold to warm period, the combination of PDO and AMO changed from a
positive PDO (+ PDO) phase and a negative AMO (— AMO) phase to a negative PDO (— PDO) phase and a positive AMO
(+ AMO) phase. The shift in the antiphase combination of PDO and AMO plays an important role in the interdecadal tran-
sition of NC’s EHT in 1996. PDO could impact NC’s EHT through the Pacific-East Asia teleconnection pattern, and AMO
could influence the NC’s EHT through an atmospheric wave train in the midlatitudes of the Northern Hemisphere. During the
warm period (— PDO and + AMO), warmer sea surface temperature anomalies (SSTA) in the northern North Pacific (NP)
and North Atlantic (NA) could cause anticyclonic circulation anomalies over these two basins. The anticyclonic circulations
anomalies over the NP could enhance the anticyclone over NC through the Pacific-East Asian (PEA) teleconnection pattern.
It could also cause an easterly wind from the NP to NC which would weaken the upper westerly over NC. The anticyclonic
anomalies over the NA, which were parts of the wave train, could affect other sectors of the wave train, resulting in anticy-
clonic anomalies over NC. The anticyclonic anomalies over NC could strengthen the continental high and weaken the upper
zonal westerly, resulting in favorable EHT conditions. During the cold period (+ PDO and — AMO), because of the same
atmospheric response mechanism, a westerly wind from NC to NP and a wave train with reversed anomaly centers could
be found, causing a cyclonic anomaly over NC that is not conducive to the EHT. A series of numerical simulations using
CAMS.3 confirm the above observational results and show that the combination of + PDO and — AMO changing to — PDO
and + AMO has a great impact on the interdecadal shift in EHT in NC in 1996. The simulations also show that both + AMO
and — PDO can lead the EHT in NC individually, and the impact of AMO on the EHT in NC is dominant.
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1 Introduction

Extreme high temperature (EHT) events have always been
among the most important topics in meteorology because
of the deep impacts on human lives and the social econ-
omy (McGregor et al. 2005). Under the background of
global warming, EHT events occur more frequently in
many regions around the world (Zhai et al. 1999; Meehl
and Tebaldi 2004; Fischer and Knutti 2015). For example,
Europe experienced record-breaking high temperatures in
2010 (Barrio et al. 2011), and the Yangtze River Delta
region of China suffered from persistent high temperatures
in the summer of 2013 (Sun 2014). Li and Sun (2017)
indicated that the dominant teleconnection pattern over the
Eurasian continent had a high impact on the interdecadal
variability in EHT event frequency over the middle and
lower reaches of the Yangtze River basin (MLYR). A posi-
tive teleconnection phase could weaken the upper westerly
jet and upward movement of convergence over MLYR. In
2018, Northeast China suffered from an unusual summer
EHT event with the maximum air temperature anomaly
exceeding 6 °C (Tao and Zhang 2019). EHT has a seri-
ous impact on the lives and work of residents and leads to
drought and crop yield reductions in many areas.

Located in the midlatitudes, North China (NC) is not
only a political center but also a populated area and high-
yield wheat region of China. In recent years, record-break-
ing high temperature events have occurred in many cities
in NC. Regional high temperature events have become
more frequent and enhanced in most regions of China,
especially in NC (Wang et al. 2013). Xu et al. (2009) indi-
cated that EHT events in NC exhibit an increasing trend.
Ding et al. (2009) and Sun et al. (2011) both found that the
number of EHT days in NC significantly increased after
the mid-1990s. Deng et al. (2018) found that the concur-
rent variability in the heat waves in Eastern Europe and
NC was mostly caused by an atmospheric circumglobal
teleconnection with anticyclones over each region. An
increasing number of researchers have begun to focus on
the interdecadal variation of EHT events in NC (Sun et al.
2008; Yuan and Sun 2009; Cheng and Zhou 2014).

As important factors of global climate change, the
Pacific decadal oscillation (PDO) and Atlantic multidec-
adal oscillation (AMO) have greatly impacted climate
change in China (Wei et al. 2004; Yang and Li 2005; Lei
et al. 2009; Han et al. 2017). Because AMO and PDO can
modulate the atmospheric circulation system (Sun 2012;
Zhu et al. 2013; Zhang and Delworth 2015), it is very
important to study the effects of AMO and PDO on the
EHT in NC. Deng et al. (2019) revealed that the unprec-
edented East Asian warming in spring 2018 is related to
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the North Atlantic (NA) tripole sea surface temperature
(SST) mode. Previous studies have noted that AMO is
associated with thermohaline circulation (Delworth and
Mann 2000; Zhang and Delworth 2005; Gulev et al. 2013;
Delworth et al. 2016). The results of Lu et al. (2001)
showed that the positive phase of AMO could lead to
a strong East Asian Summer Monsoon (EASM). Li and
Bates (2007) indicated that the positive AMO could warm
the winters in most regions of China. Wang et al. (2009)
thought that the positive AMO caused a rise in air tem-
peratures in East Asia. Wu et al. (2016b) found that the
second MV-EOF mode of the EASM was characterized
by cyclonic anomalies over northeastern China and Japan,
which was part of a circumglobal wave train. Further-
more, the researchers also found that the circumglobal
teleconnection pattern was associated with forcing from
AMO. Wang et al. (2017) found that the spring and sum-
mer AMO impacted the occurrence of the interdecadal
Silk Road pattern (SRP) significantly, which has a key
role in climate changes in China. Huang et al. (2018) indi-
cated that an out-phase PDO and AMO could cause sig-
nificant shifts in the East Asian jets. Some studies (Si and
Ding 2016; Zhang et al. 2018) also found that PDO and
AMO had great impacts on the interdecadal variability in
the EASM precipitation. Zhu et al. (2016) investigated the
combined impact of PDO and AMO on the summer mon-
soon in eastern China and found that the strongest signals
occurred with an out-phase PDO and AMO. Zhang et al.
(2018) indicated that when PDO and AMO were in dif-
ferent phases, the same SST anomalies occurred in the
North Pacific (NP) and NA, and a zonal teleconnection
wave train propagating from the NA to northern East Asia
appeared across the mid-to-high latitudes of the Eura-
sian continent. Climate systems that affect precipitation
can sometimes affect high temperature, and NC is in the
region of the EASM. Thus, we consider that the summer
PDO and AMO may impact the summer EHT in NC.

Has PDO and AMO influenced the EHT in NC in the
most recent 40 years? How do PDO and AMO impact the
EHT? And which one is dominant? This study will focus
on these questions. The remainder of this paper is struc-
tured as follows. The data used in this study are described
in Sect. 2. In Sect. 3, the methods used in this study are
described and the interdecadal EHT characteristics in NC
are demonstrated. In Sect. 4, the features of the atmos-
pheric circulation anomalies in the warm and cold periods
in NC are elaborated. In Sect. 5, the relationships between
the EHT in NC and PDO and AMO are analyzed, and the
effects of PDO and AMO on the interdecadal variations in
the EHT are shown. Finally, the findings of this study are
summarized and discussed in Sect. 6.
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2 Data

Because of a good time correlation (0.98) and spatial
similarity (Figure 1S) with the observational data in NC
(CNO05.1, Wu and Gao 2013), this study selected a global
daily maximum temperature dataset provided by the Climate
Prediction Center (CPC) to calculate the EHT indices from
1979 to 2018 (Xie and Arkin 1997). Its horizontal resolution
is 0.5°x0.5°.

The datasets used for analyzing atmospheric circulations
include zonal and meridional winds, geopotential height
and vertical p-velocity in pressure levels with a 2.5°x2.5°
horizontal resolution from 1979 to 2018 provided by the
National Centers for Environmental Prediction-Depart-
ment of Energy (NCEP-DOE) Reanalysis II (Kanamitsu
et al. 2002).

The monthly SST datasets from 1871 to 2018 are pro-
vided by the Hadley Centre (HadISST), with a horizontal
resolution of 1.0°x 1.0° (Rayner et al. 2003).

The PDO index is obtained from the University of
Washington (http://jisao.washington.edu/pdo/PDO.lates
t). This index is defined as the leading standardized prin-
cipal component of monthly SST anomalies in the NP,
and more details can be found in Mantua et al. (1997) and
Zhang et al. (1997). The AMO index is obtained from the
National Center for Atmospheric Research (NCAR) (http://
www.cgd.ucar.edu/cas/catalog/climind/AMO.html). This
index is based upon the average anomalies of SST in the
NA, typically over 0°-80°N, and more details can be found
in Trednberth and Shea (2006).

3 Methods
3.1 Statistics methods

In addition to a composite and correlation analysis (Zhu
et al. 2013; Huang et al. 2018), liner regression (Kucharski
et al. 2009), multiple regression analysis (Aiken and West
1991; Wang et al. 2017), Lanczos low-pass filtered method

(Duchon 1979) and the developed moving ¢ test technique
with effective freedom correction (Xiao and Li 2007) were
used in this study. In order to eliminate the effects of global
warming and better analyze the interdecadal variations, all
datasets were removed linear trends firstly and then pro-
cessed by low-pass filtering. The significance of the corre-
lation is evaluated using the two-tailed Student’s z-test, with
the effective degree of freedom N,, is calculated as follows:

1-rr,

N, =N,
¢ °1+nrr,

ey

where N, is the sample size; r; and r, are the lag-1 autocor-
relation coefficients of the two series (Bretherton et al. 1999;
Zhang et al. 2018; Miao et al. 2019; Napoli et al. 2019). It’s
also applied to evaluate the significance of linear correlation
coefficients.

3.2 Heatindices

Three EHT indices were calculated in this study. They are
warmest day (TXx), warm days (TX90p), and heat wave
(HW), representing the intensity, frequency, and duration
of EHT events, respectively (Table 1) (Meehl and Tebaldi
2004). To focus on the interdecadal variations, the data used
were subjected to a 9-year low-pass filtering. The study sea-
son is summer (June—August), and the climatology definition
is averaged from 1981 to 2010.

3.3 Location of North China

In this study, we define the domain (35°-45°N, 110°-120°E)
as North China (Fig. 1a), which is similar to the definition
of Cheng and Zhou (2014). The regional mean summer
daily maximum surface air temperature (Tmax) anomalies
and its 9-year moving average (black solid line) from 1979
to 2018 over North China exhibits a significant increasing
trend and interdecadal variability (Fig. 1b). The moving
t-test technique (Xiao and Li 2007) was employed to find
the exact shift year, and its result shows that the shift year is
1996 (Fig. 1c). The three indices, i.e. TXx, TX90p and HW,

Table 1 Definitions of extreme

S Acronym Indicator Definitions Units
heat indices
TXx Warmest day Maximum Tmax in summer °C
TX90p Warm days Days when Tmax is larger than T90 days
HW Heat wave (1) The entire period must contain at least three con- days

secutive days with a Tmax higher than T95

(2) the average Tmax of the entire period must be higher
than T80; and

(3) the Tmax of each day must be higher than T80

Where Tmax is the daily maximum surface air temperature. T95, T90 and T80 are 95%, 90% and 80%,
respectively, of the local Tmax during 1979-2018
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Fig.1 a Map of China and the location of North China (black frame:
35°-45°N, 110°-120°E). The shaded denotes the terrain height
(units: m). b Time series of regional mean HW anomalies in North
China (filled bars) and its 9-year moving average (black solid line)

represent different features of EHT events, and they also
show the same interdecadal variations (Figure S2). Accord-
ing to the results of the 9-year moving average (Fig. 1b), we
finally choose the years from 1983 to 1996 as the cold period
and the years from 1997 to 2014 as the warm period.

3.4 Numerical model

The Community Atmosphere Model version 5.3 (CAMS.3),
as part of the Community Earth System Model version 1.2.2
(CESM1.2.2) modeling framework, is used in this study to
investigate the possible physical mechanism of the interdec-
adal shift in summer EHT in North China. This model has
been used in the previous studies of climate over East Asia
(e.g. Zhang et al. 2016; Huang et al. 2018). The finite-vol-
ume dynamical core configured with a horizontal resolution
of 1.9° latitude X 2.5° longitude (f19_f19) and 30 vertical
hybrid levels is selected. More details about this model can
be found in Neale (2012).

3.5 Wave activity flux
Wave activity flux (WAF) is used to determine the propaga-
tion of Rossby waves. The calculation of WAF is from Plumb

(1985). Plumb (1985) used the conservation relationship of
small amplitude steady wave propagation in a uniform zonal
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from 1979 to 2018. ¢ The results calculated by developed moving
t-test technique (filled bars). The black dotted lines in (c) represent
significance at the 0.05 level

flow and gave the three-dimensional WAF of the stationary
Rossby wave to characterize the wave energy and propagation
direction. The WAF formula is as follows:

” 1 a(v'e’)
v 2Qsin 29 oa( )
— P ] 1 o(u'®’
Fs—po cosp X| —u'v +2mm2q) 57 2)
f[ 1 1 "(T,q’l)]
LT - ——
S 2Qsin2¢ 04

=93

where variables marked with a superscript of “~ or “”’ rep-
resent zonal mean and zonal deviation, respectively. (¢, A)
represents latitude and longitude, and (a, Q) is the radius of
the Earth and the Earth’s rotation rate. f = 2£2sin ¢ repre-
sents the Coriolis parameter, and (®, T) indicates the poten-
tial height and temperature. Static stability is presented by s,
which is expressed as follows:

0T kT

s=—+
0z H

3

where k=~ 0.286 is the ratio of gas to specific heat at constant
pressure. H=_8 km is the constant height.
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4 Atmospheric circulation anomalies Previous studies have concluded that the upper zonal
westerly is closely related to changes in vertical movements
During the cold period, NC is occupied by negative geo-  and clouds, while the changes could affect radiation, precipi-

potential height anomalies at 500 hPa with a central value  tation, and so on, which could eventually lead to temperature
exceeding — 0.4 dagpm (Fig. 2a). The situation during the ~ change (Liang and Wang 1998; Lu et al. 2001; Gong and
warm period is the opposite (Fig. 2b): NC is controlled ~ Ho 2003; Sun 2014). The anomalies in the horizontal wind
by positive geopotential height anomalies at 500 hPa with  in the upper troposphere (300 hPa) during the cold period
a central value exceeding 0.6 dagpm. This indicates that ~ and warm period are shown in Fig. 2c, d, respectively. East-
the warm period in NC was controlled by the enhanced erly anomalies are found in the warm period, while westerly
warm continental high pressure, which was conducive to ~ anomalies are found in the cold period. This finding indi-
the solar radiation reaching the surface and thus to the  cates that the upper zonal westerly wind is weakened dur-
EHT events. ing the warm period and enhanced during the cold period.

As shown in Fig. 3, the Tmax together with the three EHT
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Fig.2 Geopotential height anomalies at 500 hPa (shaded, dagpm) in warm period (d). The black frame in each figure shows the location of
the cold period (a) and warm period (b). Wind anomalies at 300 hPa North China. Dotted areas denote statistical significance at the 0.05
(vector, m/s; shaded is horizontal velocity) in the cold period (¢) and level according to the Student’s #-test
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Fig.3 Correlation coefficient pattern of the Z500/U300 with North China’s summer Tmax (a)/(e), TXx (b)/(f), TX90p (c)/(g) and HW (d)/(h)
during 1979-2018 (shaded). Dotted areas indicate statistical significance at the 0.05 level according to the Student’s #-test
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indices show a positive correlation with the geopotential
height at 500 hPa (Z500) and a negative correlation with
the zonal wind at 300 hPa (U300) over NC. This means
that when the Z500 and U300 over NC, namely, the conti-
nental high and upper zonal westerly, increase (decrease)
and decrease (increase), respectively, NC will become warm
(cold).

Therefore, it is considered in this study that the continen-
tal high and the upper zonal westerly over NC are the main
atmospheric circulation factors affecting the EHT.

5 Impacts of PDO and AMO
5.1 Observational results

Summer sea surface temperature anomalies (SSTA) in the
NP and NA during the two periods are shown in Fig. 4a,
b. It is easy to find a pattern such as the negative PDO
(— PDO) and a pattern such as the positive AMO (+ AMO)
in the warm period (Fig. 4b) and patterns such as the posi-
tive PDO (+ PDO) and the negative AMO (— AMO) in the
cold period. The time series of summer PDO (Fig. 4c) and
AMO (Fig. 4d) from 1979 to 2018 have similar interdecadal
variations with the EHT in NC, that is, in the mid-to-late
1990s, the PDO phase changed from positive to negative,
and the AMO phase changed from negative to positive.
We also find that in the cold (heat) period, PDO and AMO
are in a positive (negative) and negative (positive) phase,

respectively. The average values of PDO and AMO during
the cold (warm) period are 0.94 (— 0.26) and — 0.07 (0.25).
Thus, the cold period is considered to be the combination of
+ PDO and — AMO, while the warm period is considered to
be the combination of — PDO and + AMO.

As shown in Fig. 5, the Tmax together with three EHT
indices (TXx, TX90p and HW) show good correlations with
the summer SST in the NP (Fig. 5a—d) and NA (Fig. Se, f).
The significant correlation patterns also have similar SST
distributions: the positive (negative) significant correla-
tions are in the northern (southern) part of the NP, and the
positive significant correlations are in most areas of the NA.
Significant positive correlations occur both at decadal and
interannual time scales between the summer AMO and each
EHT index in NC. The summer PDO has significant nega-
tive correlations with Tmax and TXx (TX90p) at decadal
(interannual) time scale (Table 2). It is obvious that both of
them have contributions to the 1996’s interdecadal shift of
EHT in NC.

Therefore, we speculate that the configuration of PDO
and AMO is closely related to the EHT events in NC during
1979-2018. The combination of + PDO and — AMO chang-
ing to — PDO and + AMO may be the main reason for the
interdecadal shift in North China’s EHT in approximately
1996

The decadal and interannual correlation coefficients
between PDO and AMO are both significantly negative
(— 0.54 and — 0.31). The impacts of PDO and AMO on
NC could be individual and combined. Because NP is
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Fig.4 The SST anomalies in the a cold period and b warm period
(°C). The time series (filled bars) of summer ¢ PDO and d AMO
from 1979 to 2018 with their 9-year moving average (black solid
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line). Dotted areas are statistically significant at the 0.05 level accord-
ing to the Student’s 7-test
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nificance at the 0.05 level according to the Student’s #-test

Table 2 Decadal (interannual) correlation coefficients between PDO/AMO and North China’s summer EHT indices

PDO AMO Tmax TXx TX90p HW
PDO - —0.54 (- 0.31) —0.57 (- 0.33) —0.53(—0.21) —0.51 (- 0.30) —0.50 (—0.18)
AMO —0.54 (— 0.31) - 0.72 (0.40) 0.80 (0.49) 0.85 (0.41) 0.71 (0.35)

Correlation coefficients in bold are significant at the 0.05 level

located close to NC, the most impacts of PDO on NC is
probably local or basin scale. Wang et al. (2019) found
that the — PDO could impact the severity of the autumn
drought in NC through the Pacific-East Asian (PEA) tel-
econnection pattern. In this study, we consider the mecha-
nism of the PDO in summer is similar. Figure 6¢, d shows
that there are anticyclone-cyclone-anticyclone/cyclone-
anticyclone-cyclone (ACA/CAC) circulation anomalies
in the upper level from the NP to NC in the warm/cold
period. During the warm period (— PDO), the anticy-
clonic circulation anomalies caused by the warm SSTA
(Fig. 4b) in the northern NP (NNP) could enhance the
anticyclonic anomalies over NC through the PEA. The
enhanced anticyclonic circulation over NC could lead
to the local downward motion (Fig. 6b), which is con-
ducive to getting warm. In addition, there is a counter-
clockwise vertical circulation anomalies located from NC
(110-20°E) to the Sea of Japan (~ 135°E) in Fig. 6b. The
easterly wind anomalies in the high level of this vertical
circulation can weaken the upper zonal westerly over NC.
While in the cold period (+ PDO), the SSTA in the NNP
is cold (Fig. 4a). The mechanism is the verse: the cyclone
circulations over the NNP enhance the cyclonic anomalies
over NC through the PEA (Fig. 6¢), which would lead the
upward motion and not conducive to rising temperature
(Fig. 6a); the local vertical circulation from NC to the
Sea of Japan is clockwise, which means the westerly wind

anomalies are in the high level; the westerly winds could
enhance the upper zonal westerly over NC (Fig. 6a).
Zhang et al. (2018) concluded that changes in SSTA in
the NP and NA could affect the climate of East Asia by tel-
econnection. Our study also studied the combined impacts
of the PDO and AMO on NC’s EHT. As shown in Fig. 7,
the partial correlation coefficient patterns of summer PDO
and AMO with meridional wind at 300 hPa (V300) during
1979-2018 both seem like a wave train in the midlatitudes
of the Northern Hemisphere. The V300 anomalies in the
cold period (Fig. 8a) and warm period (Fig. 8b) both show
a significant cyclonic-anticyclonic teleconnection wave
train in the midlatitudes of the Northern Hemisphere.
The wave trains resemble the interdecadal circumglobal
teleconnection pattern in Wu et al. (2016a). The part of
the wave trains over NA and Europe were similar to the
North-Atlantic-European East West (NEW) mode found by
Ghosh et al. (2017), and the sector over Eurasia is similar
to the interdecadal SRP (Wang et al. 2017). The wave train
in our study is opposing patterns in the warm and cold
periods. In the warm/cold period (Fig. 8a, b), the circu-
lation anomalies over NA, NP and NC are anticyclonic/
cyclonic, and they are parts of the wave trains. In the warm
(cold) period, significant positive (negative) anomalies of
7300 over the NA, NC and the NP demonstrate a kind of
atmospheric circulation that is conducive (not conducive)
to NC’s EHT (Fig. 9a, b). The eastward WAF indicates that
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wind are 1072 Pa/S and m/s, respectively; shaded is vertical velocity)
and c¢/d horizontal wind anomalies (vector, m/s, shaded is meridi-

this wave train propagates from the NA to the NP along
the Eurasian continent in the midlatitudes. The signifi-
cant partial correlation patterns in NC only show in the
results of AMO (Fig. 7b), not in the PDO (Fig. 7a). This
means that although PDO could affect the wave train, the
impacts of PDO through the wave train on NC may be less.
Ghosh et al. (2017) noted that the NEW mode is associated
with the AMO. Wang et al. (2017) proposed that the AMO
signals were captured by the subtropical and subpolar jet
streams, formed the SRP and influenced the climate over
NC. Thus, the wave train in the warm/cold period may
be caused by the + AMO/— AMO. + AMO/— AMO may
cause significant positive/negative Z300 and anticyclonic/
cyclonic circulations over NA through air-sea interac-
tions, thereby affecting the wave train. The multiple linear
regression of EHT in NC by AMO and PDO indicate that
their standardized regression coefficients are statistically
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onal velocity) at 200 hPa during the cold period/warm period. Dotted
areas denote statistical significance at the 0.05 level according to the
Student’s r-test

significant, 0.61 for AMO and — 0.23 for PDO. Therefore,
PDO and AMO both have contributions to the 1996’s shift
of NC’s EHT, but the impacts of AMO is dominant.

In summary, PDO and AMO can influence the EHT
in NC through the PEA and the wave train, respectively.
The anticyclonic circulations over the NP can enhance the
anticyclonic anomalies over NC via PEA, and the easterly
wind of the local vertical circulation from NC to the Sea
of Japan can weaken the zonal upper westerly over NC.
The anticyclones over the NA can affect the wave train
and strengthen anticyclonic anomalies over NC, resulting
in EHT events. In the cold period (+ PDO and — AMO),
due to the same atmospheric response mechanism, a wave
train with reversed anomaly centers compared with the
warm period and a westerly wind from NC to the Sea of
Japan can both be found in the midlatitudes of the North-
ern Hemisphere.
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Table 3 Descriptions of one control experiment and six sensitivity experiments using the CAM5.3 atmospheric model

Experiments Members Years Description

CTRL 50
PpAn 50
PnAp 50
Pp 50
Pn 50
Ap 50
An 50

5
5

Forced by climatological SSTs.

In each summer, the SSTs in regions A and B are the summer +PDO and — AMO period ensemble means,
respectively, while other regions are climatological SSTs. In other seasons, the global are climatological
SSTs

Same as the PpAn but the summer SSTs in regions A/B are summer — PDO/+ AMO period ensemble means

In each summer, the SSTs in region A are the summer +PDO period ensemble means, while other regions are
climatological SSTs. In other seasons, the global are climatological SSTs

Same as the Pp but the summer SSTs in region A are the summer — PDO period ensemble means

In each summer, the SSTs in region B are the summer +AMO period ensemble means, while other regions are
climatological SSTs. In other seasons, the global are climatological SSTs

Same as the Ap but the summer SSTs in region B are the summer — AMO period ensemble means
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5.2 Numerical experimental results

Based on the above observational analysis, the main possible
causes of the EHT event interdecadal increase in NC can be
summarized as follows: the enhanced continental high and
weakened zonal westerly wind are mainly caused by summer
— PDO and + AMO through the PEA and the cyclonic-anti-
cyclonic teleconnection wave train in the midlatitudes of the
Northern Hemisphere. To prove the findings of the observa-
tional results, several numerical experiments (Table 3) with
CAMS5.3 are conducted for analysis. We considered the PDO
region (20°-65°N, 120°E-120°W) to be region A and the
AMO region (0°-65°N, 80°W—-0°) to be region B, and then
defined the cold/warm periods (1983—-1996/1997-2014) as
the periods of + PDO and + AMO.

Descriptions of the seven numerical experiments are
shown in Table 3. Each experiment contains 50 members,
and each member run of 5 years is forced by different initial
conditions. The ensemble simulations are considered to be
the analytical data of each experiment. The model is forced
by climatological SSTs in the control experiment (CTRL).
The six sensitivity experiments are mostly the same as the
CTRL but are performed separately for different phases of
the summer PDO and AMO. The PpAn/PnAp experiment
represents the summer + PDO together with the summer +
AMO, which is with imposed summer + PDO period ensem-
ble mean SSTs in region A and summer + AMO period
ensemble mean SSTs in region B. These two experiments
are used to study the impacts of the combination of + PDO

and + AMO on EHT events in NC. The Pp/Pn experiment
represents the summer +PDO which is with imposed sum-
mer + PDO period ensemble mean SSTs in region A. The
Ap/An experiment represents the summer + AMO which
is with imposed summer + AMO period ensemble mean
SSTs in region B. These four experiments are used to study
the individual impacts of PDO and AMO on EHT events
in NC. The SSTA distributions of each sensitivity experi-
ment, which are the results of the input SST in each sensitive
experiment minus the SST in CTRL, are shown in Fig. 10.

The summer Tmax anomalies in NC of PpAn (Fig. 11a)
and PnAp (Fig. 11b) are negative and positive, respec-
tively. This finding is consistent with the observations and
proves that the combination of — PDO and + AMO can
cause the warmer NC. The geopotential height anomalies
at 500 hPa for PpAn (Fig. 11c) and PnAp (Fig. 11d) also
showed a weakened and enhanced continental high over
NC, which means that the combination of — PDO and +
AMO could result in conditions that are conducive to EHT.
We also analyzed the results of three EHT indices (TXx,
TX90p and HW) in two sensitivity experiments (PpAn and
PnAp). Compared to PpAn, more enhanced, more frequent,
and more persistent EHT events occurred in PnAp (Fig. 12).
Figure 13a, g show that the summer Tmax and Z500 over
NCin Ap is higher and stronger than in An. The same results
are showed in Fig. 13b, h but for the Pn and Pp. These indi-
cate that — PDO or + AMO can rise summer temperature
in NC. Compared to the — PDO (Pn), + AMO (Ap) seems
to be more conducive to getting warm in NC (Fig. 13c, 1),
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Fig. 10 Summer SSTA (°C) for a PnAp, b PpAn, ¢ Pp, d Pn, e Ap and f An. SSTA is the input SST of each sensitive experiment minus the input

SST of CTRL experiment
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Fig. 12 Difference between PnAp and PpAn for a TX90p, b TXx and ¢ HW. Dotted areas denote statistical significance at the 0.05 level accord-
ing to the Student’s r-test

which proves that the AMO is dominant of the impacts on
NC’s EHT. Figure 13d, f show that the summer Tmax of
PnAp is higher than that of Ap and Pn. Thus, the combina-
tion of — PDO and + AMO (PnAp) also has more impacts
on NC’s Tmax than their individual impacts.

@ Springer

The clockwise/counter-clockwise vertical circulation
anomalies from NC to the Sea of Japan and the CAC/ACA
circulation anomalies in the upper level are both shown in
the results of PpAn/PnAp (Fig. 14a, b, e, f). Besides that,
the individual results of Pp/Pn are also similar: Fig. 14c,
d shows that there are upward/downward motions over
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NC and the westerly/easterly winds in the high level; the =~ NA and crosses the Eurasian continent in the midlatitudes
CAC/ACA anomalies are also above the mid-latitudes  to the NP. Not only the combination simulations (PpAn
(Fig. 14d, h). Therefore, the experimental results prove  and PnAp, Fig. 16a, b) but also the individual simula-
the mechanism of PDO’s impacts on NC in the observa-  tions for AMO (An and Ap, Fig. 16c, d) are similar to
tion conclusion. In addition, the cyclonic-anticyclonic tel-  the observations. In summary, the results of the numerical
econnection wave trains in the midlatitudes of the North-  experiments are very similar to the observations, and prove
ern Hemisphere also appeared in their results (Fig. 15).  that — PDO and + AMO are conducive to the EHT events
Although there was little positional deviation in the peaks  in NC. The individual simulations show that both + AMO
and troughs of the wave trains, the circulations over NP, and — PDO can lead the EHT in NC. Compared to — PDO,
NA and NC are very similar to the observations. Figure 16 + AMO lead to warmer NC, which proves that the impact
shows the results of the geopotential height anomalies and  of AMO on NC is dominant.

WAPF at 300 hPa. The eastward WAF of each experiment The results of the model experiments have proven the
also indicates that the wave train mainly starts from the  previous conclusions. The combination of — PDO and +
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Fig. 15 Same as in Fig. 8 but for the anomalies of PpAn (a) and PnAp (b)

AMO can cause anticyclonic circulation anomalies over the
NP and NA. The impact of AMO on the EHT in NC is domi-
nant. The anticyclonic circulation anomalies over NA are
the parts of the teleconnection wave train in the midlatitudes
of the Northern Hemisphere. These anticyclonic circulation
anomalies could affect the wave train and cause the anticy-
clonic circulation anomalies over NC. It could strengthen the
continental high and weaken the upper zonal westerly over
NC and eventually result in conditions that are favorable for
the EHT. The anticyclonic circulation anomalies over NP
can enhance the anticyclonic anomalies over NC through
the PEA, and the ACA from NC to the NNP can also lead a
counter-clockwise vertical circulation from NC to the Sea
of Japan. This vertical circulation would cause the down-
ward motion and the upper easterly wind over NC, which
could weaken the upper zonal westerly. For the combination
of +PDO and -AMO, the reversed atmosphere circulations
would cause the cyclonic circulation anomalies and enhance
the upper zonal westerly over NC.

6 Conclusions and discussion
6.1 Conclusions

Based on the CPC daily maximum air temperature datasets
and three EHT indices (TXx, TX90p, HW) from 1979 to
2018, the interdecadal variation in summer EHT events in
NC was analyzed. An interdecadal shift occurred in 1996
with the years before 1996 (1983-1996) being a cold period
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and the following years (1997-2014) being a warm period.
Comparing the differences in atmospheric circulation anom-
alies in the two periods, the results indicate that the increases
in the continental high and weakening of the zonal westerly
over NC are the main factors for EHT events in NC.

The summer SSTA distribution of the cold (heat) period
shows a pattern such as + PDO (— PDO) in the NP and a
pattern such as — AMO (+ AMO) in the NA. The time series
of the summer PDO and AMO, which show similar inter-
decadal variations with NC’s Tmax, where the PDO turns
from positive to negative and the AMO turns from negative
to positive in the mid-late 1990s, have significant negative
and positive correlations with the EHT events in NC.

Further observational analysis showed that PDO and
AMO could affect NC through the PEA and the cyclonic-
anticyclonic teleconnection wave train in the midlatitudes
of the Northern Hemisphere, respectively (Fig. 17). During
the warm period (— PDO and + AMO), warmer SSTA in the
NP and NA could cause anticyclonic circulation anomalies
over each basin. The anticyclonic circulation anomalies over
NA are parts of the wave train. These anticyclonic anoma-
lies could influence the wave train to cause the anticyclonic
circulation anomalies over NC. This would strengthen the
continental high and weaken the upper zonal westerly over
NC and eventually result in the EHT events in NC. The
anticyclonic circulation anomalies over NP can enhance the
anticyclone over NC through the PEA, and the ACA from
NC to NP can also lead a counter-clockwise vertical circula-
tion from NC to the Sea of Japan. This vertical circulation
would cause the downward motion and weaken the upper
zonal westerly. In the cold period (+PDO and — AMO), due
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Fig. 17 Schematic diagram of the impacts of +PDO and — AMO a
and — PDO and +AMO b on the interdecadal variations in North
China’s EHT. Red A and blue C denote an anticyclone and cyclone
of the teleconnection wave train in the midlatitudes of the Northern

to the same atmospheric response mechanism, a wave train
with reversed anomaly centers and the clockwise vertical
circulation from NC to the Sea of Japan were also found.
The cyclonic anomalies over NC are not conducive to the
EHT. Therefore, the combination of + PDO and — AMO
changing to — PDO and + AMO has a great impact on the
interdecadal shift in EHT in NC in 1996. Both the + AMO
and — PDO can lead the EHT in NC individually, and the
impact of AMO is dominant.

Based on observational analysis, we carried out one
control experiment and six sensitivity experiments using
the CAMS.3 atmospheric model. The numerical results
proved the observational analysis. The results of this study
indicate that an important reason for the interdecadal tran-
sitions of the summer EHT in NC in approximately 1996
was the shift in PDO and AMO.

6.2 Discussion

The limitations of the current research should be recog-
nized. First, only the interdecadal variation in EHT in
NC during the 1979-2018 period was analyzed. Com-
pared with this period of + AMO and — PDO, the results
from Zhang et al. (2018) showed that the + AMO and
-PDO during 1946-1961 had some different impacts on
the ESAM. Whether the correlation between the EHT in
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Hemisphere, respectively. The Wggp, and Cggr, denote warm and
cold SSTA, respectively. The green/red straight line with an arrow
represents the enhanced/weakened upper zonal westerly. The black
curve with an arrow denotes the teleconnection wave trains

NC and the combination of AMO and PDO existed before
1979 needs further study. Second, future studies that
use air-sea coupled models may be helpful for making a
stronger correlation between the EHT in NC and the com-
bination of AMO and PDO. Third, the effects of in-phase
AMO and PDO on the EHT also require further study. This
may need to be based on long-term observational data or
long-term reconstruction data to obtain enough samples.
In addition, AMO is dominant of the 1996’s shift. What
about other shifts? More analysis may be needed to find
which circulations have greater contributions to the EHT
in NC. Finally, similar limitations will arise in the research
on interannual variations in the EHT in NC.
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