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ABSTRACT

Extreme summer heat can have serious socioeconomic impacts in North China. Here, we explore the decadal
variability of the number of extreme heat days in early-to-mid summer (June and July) and a related potential mechanism
consistent with the major seasonal occurrence period of extreme heat events in North China (NCSH). Observational
analyses show significant decadal variability in NCSH for 1981-2021, potentially linked to the Indo-Pacific warm pool and
Northwest Pacific Ocean dipole (IPOD) in early-to-mid summer. Dynamic diagnostic analysis and the linear baroclinic
model (LBM) show that the positive IPOD in early-to-mid summer can excite upward vertical wind anomalies in the South
China-East China Sea region, shifting the position of the western Pacific subtropical high (WPSH) to the east or weakening
the degree of its control of the South China-East China Sea region, thus generating a positive geopotential height
quadrupole (EAWPQ) pattern in the East Asia-Northwest Pacific region. Subsequently, the EAWPQ can cause air
compression (expansion) over North China by regulating the tropospheric thickness anomalies in North China, thus
increasing (decreasing) NCSH. Finally, an empirical model that incorporates the linear trend can better simulate the decadal
NCSH compared to an empirical model based solely on the IPOD index, suggesting that the decadal variability of NCSH
may be a combined contribution of the decadal IPOD and external linear forcing.

Key words: extreme heat, early-mid summer, North China, Indo-Pacific warm pool and Northwest Pacific Ocean dipole
(IPOD), decadal variability
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Article Highlights:

* The number of extreme heat days in early-to-mid summer (June and July) within the major heat occurrence period in
North China (NCSH) has displayed significant decadal variability since 1981.

¢ The NCSH decadal variability has a significant relationship with the Indo-Pacific warm pool and Northwest Pacific
Ocean dipole (IPOD) in early-to-mid summer.

¢ The linkage of the IPOD influencing the NCSH decadal variability via the East Asia-Northwest Pacific geopotential
height quadrupole (EAWPQ) pattern is established.

Mora et al., 2017; King and Harrington, 2018; Lewis et al.,
2019; Perkins-Kirkpatrick and Lewis, 2020; Suarez-Gutier-
rez et al., 2020; Yu et al., 2021). This was especially the
case in 2022 when the average maximum temperature in cen-
tral India exceeded the historical record for the past 122
years. The temperature in many regions in Europe exceeded
their most extreme values in nearly 100 years, and China
experienced the strongest extreme summer heat event in

1. Introduction

Since the onset of rapid global warming in the 1980s,
extreme heat events have occurred frequently in many
global regions, adversely affecting human production, life,
and health (e.g., Lobell and Field, 2007; Ding et al., 2010;
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terms of its combined intensity since there were complete
meteorological observation records. Numerous evidence sug-
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gests that the frequency and intensity of extreme heat events
increased under global warming (e.g., Feng et al., 2009;
Gong et al., 2009; Xu et al., 2009; Shi, 2012; Chen and Zhai,
2017; Li et al., 2018; Deng et al., 2019). The North China
region is home to a large population and is among the most
prolific industrial and agricultural production centers in the
world (Sun et al., 2006; Zhang et al., 2015), and are affected
by extreme heat days, which mainly occur in early-to-mid
summer (June and July; Shi, 2012; Wang et al., 2018).
Notably, operational prediction for early-to-mid summer
extreme heat days in North China still falls short of societal
needs. Therefore, it is very important to investigate the
change characteristics and mechanism of NCSH under
global warming since the 1980s to provide a theoretical
basis for its prediction.

The soil water-surface-temperature feedback and atmo-
spheric anticyclonic forcing represent the two main factors
for extreme heat occurrence (e.g., Domonkos et al., 2003;
Fischer et al., 2007; Seneviratne et al., 2010; Dole et al.,
2011; Hirschi et al., 2011; Jia and Lin, 2011; Stéfanon et al.,
2014; Qian et al., 2016; Wang et al., 2018; Deng et al.,
2019). The soil water-surface temperature feedback operates
under the premise that insufficient soil moisture in the preced-
ing stages may greatly reduce evaporative cooling and
amplify surface warming, favoring the occurrence of
extreme heat. The atmospheric anticyclonic forcing is eluci-
dated by the tendency for anticyclonic circulation anomalies
to suppress convection and reduce cloud cover, thus on the
one hand causing more diabatic or adiabatic heating at the sur-
face and on the other hand causing compressional warming
through large-scale subsidence, in turn increasing the occur-
rence of extreme heat. The extreme heat in North China is
mainly influenced by the atmospheric anticyclonic forcing
associated with the western Pacific subtropical high (WPSH)
and continental high pressure over Eurasia (Wei et al.,
2004; Wu et al., 2012; Zhou and Wu, 2016; Wang et al.,
2018). Wu et al. (2012) found that the snow cover on the west-
ern Tibetan Plateau can influence the summer heatwave fre-
quency in North China by strengthening the high pressure
over Mongolia and its surrounding regions. Deng et al.
(2019) found that the frequency of summertime extreme
heat events in North China significantly correlates with sea
surface temperature (SST) anomalies in the Indian Ocean
and the Northwest Pacific. By combining the roles of the
SST anomalies in the Indian Ocean and the Northwest
Pacific, our study found that the decadal variability of the
number of extreme heat days in early-to-mid summer in
North China (NCSH) is closely linked to the Indo-Pacific
warm pool and Northwest Pacific Ocean dipole (IPOD).

The IPOD, characterized by positive (negative) SST
anomalies in the Northwest Pacific and negative (positive)
SST anomalies in the Indo-Pacific warm pool, was first pro-
posed in Zheng et al. (2014) based on the work of Li and
Hu (2011). This climatological feature is manifest by a signifi-
cant summertime anomalous SST pattern in the Indian and
Pacific oceans that appears around May, strengthens in the fol-
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lowing months, before weakening in September, and can sig-
nificantly influence the summer climates of East Asia
(Zheng et al., 2014; Yu et al., 2019). Zheng et al. (2014)
found that the positive phase of the IPOD in summer can
weaken and shrink the WPSH, which favors the strengthening
of the East Asian summer monsoon (EASM), and vice versa.
The relationship between the IPOD and the EASM in summer
was also evaluated by Yu et al. (2019) based on the Coupled
Model Intercomparison Project Phase 5 (CMIPS). Further-
more, Fig. 4a in Zheng et al. (2014) shows that when the
IPOD is in its positive phase, not only are there negative
geopotential height anomalies in South China but also posi-
tive geopotential height anomalies in North China, suggesting
that the IPOD may also exert some influence on the climate
in North China. Our further study found that the IPOD in
early-to-mid summer could have a significant influence on
NCSH on decadal timescales

This paper discusses the significant decadal variability
in NCSH and advances the premise that the decadal NCSH
may be tied to the early-to-mid summer IPOD. The mecha-
nism by which the early-mid summer [POD influences the
decadal NCSH is also investigated. The remainder of the
text is organized as follows. The data and methodology
employed in this study are described in section 2. In section
3, we investigate the decadal variability of NCSH and its rela-
tionship with the IPOD. In section 4, we investigate the mech-
anism by which the IPOD influences the decadal variability
of NCSH. In section 5, we establish a decadal empirical
model of NCSH by combining the early-to-mid summer
IPOD and the linear trend of NCSH. A summary and discus-
sion are given in section 6.

2. Data and methodology

2.1. Datasets

The datasets employed in this research include, 1) The
daily meteorological dataset of basic meteorological elements
of China National Surface Weather Stations (V3.0) covering
the period 1951-2021 from the China Meteorological Admin-
istration (CMA) with 467 valid stations in North China
under strict quality control, in which the daily surface air tem-
perature (SAT) data are used; 2) The National Centers for
Environmental Predictions-Department of Energy reanalysis
2 (NCEP-DOE reanalysis II) dataset covering the period
1979-2021 with a spatial resolution of 2.5° latitude x 2.5° lon-
gitude from the NOAA/ESRL (Kanamitsu et al., 2002), in
which the atmospheric circulation data including wind, geopo-
tential height and sea surface pressure (SLP) are employed;
3) The Hadley Centre Sea Ice and Sea Surface Temperature
dataset (HadISST) covering the period 1870-2021 with a spa-
tial resolution of 1° x 1° from the Met Office Hadley Centre
(Rayner et al., 2003). In this research, the above-mentioned
datasets from 1981-2021 are analyzed.

2.2. Indices

In this research, a maximum daily temperature equal to
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or greater than 35°C is defined as an extreme heat day based
on operational monitoring and forecasting necessity. June
and July are referred to hereafter as early-mid summer. The
latitude range of the North China region in this study is 35°
—44°N, and the longitude range is 110°-120°E, as shown in
Fig. 2. The NCSH is calculated according to the area-
weighted average of the number of extreme heat days in
early-mid summer in North China; in this calculation, the
number of extreme heat days is first calculated station by sta-
tion and then interpolated onto a 0.5° x 0.5° grid. Another
method that first spatially averages the daily maximum tem-
perature over North China and then calculates the number
of heat days that exceed a certain threshold (i.e., 90th per-
centile) was also applied and is not shown here because the
study in this paper is not sensitive to the choice of the two
methods mentioned above. Analogous to the definition in
Zheng et al. (2014), the IPOD index (IPODI) is defined as
the difference between the normalized area-weighted average
SST anomalies of the Northwest Pacific (Al region: 10°—
40°N, 140°-170°E; nSSTa,;) and the Indo-Pacific warm
pool (A2 region: 10°S-20°N, 90°-120°E; nSSTa,,) which
are displayed in Fig. 7a, and is formulated as follows:
nSSTaA1 - IlSSTaA2

IndexIPOD = ) . (1 )

To quantitatively characterize the horizontal circulation
pattern in the East Asia-Northwest Pacific region correspond-
ing to the period of high NCSH decadal variability, the East
Asia-Northwest Pacific geopotential height quadrupole
(EAWPQ) index is defined as follows:

Indexgawrq = %[(H; + Hyy) = (Hpy + Hyy)| . (@)
where Hy, Hy,, Hy,, and Hy, are the normalized 500-hPa
geopotential height anomalies after an area-weighted average
in the B1 region (35°-60°N, 110°-130°E), B2 region (45°
—60°N, 130°-160°E), B3 region (15°-45°N, 135°-160°E),
and B4 region (15°-35°N, 110°-135°E), respectively. The
spatial extents of the B1 region, B2 region, B3 region, and
B4 region are shown in Fig. 3h.

In this paper, these above indices are for early-mid sum-
mer unless otherwise specified.

2.3. Dynamical diagnosis

The perturbation hypsometric equation (Li et al., 2022)
was employed to explore the influence of atmospheric circula-
tion changes on air temperature. The derivations are as fol-
lows.

On the basis of the hypsometric equation, the thickness
of the atmospheric layer between the pressures p; and p,,
denoted by AZ, is calculated as follows (Holton and Hakim,
2013):

R(T) n 2!
n_
80 P2

ANZ=7,-27 =

, A3)
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where Z, and Z, denote the geopotential heights at pressures
p1 and p,, respectively, the gas constant for dry air is given
by R = 287 J kg'' K- and go= 9.80665 m s~2 denotes the
global average gravity at mean sea level. The mean tempera-
ture of the layer, denoted by ed by (T'), can be written as fol-

lows:
p1 P
<T>Ef lenp/f dlnp. 4
j2) j2)
Thus,
-1
<T>=g—°(1nﬂ) AZ. (5)
R P2

Upon transforming (T') and AZ into deviations or anoma-
lies from their time averages, such as (T')" and AZ’, respec-
tively, the perturbation hypsometric equation can then be
expressed as:

-1
(TY = g—o(lnﬂ) AZ' . (6)
R\ p2

Therefore, the perturbation average temperature (T)" of
the layer is proportional to the perturbation thickness AZ' of
the corresponding layer bounded by isobaric surfaces.
When the perturbation layer thickness AZ' increases, thecorre-
sponding perturbation layer mean temperature (T)
increases and vice versa. We apply the perturbation hypsomet-
ric equation to estimate the layer-averaged temperature allow-
ing us to discuss the influences of upper atmospheric circula-
tion changes upon the air temperature anomalies over North
China.

The linear baroclinic model (LBM; Watanabe and
Kimoto, 2000) is employed to explore the influence of the
IPOD on the EAWPQ pattern. In this study, a dry version of
the LBM and an early-mid summer climatology consisting
of a T21 horizontal resolution and 20 vertical levels
obtained from the NCEP-NCAR reanalysis dataset are
employed. The variables in the above-mentioned climatology
include the zonal wind, meridional wind, vertical velocity
(Pa s!), temperature, geopotential height, surface pressure,
stream function, and velocity potential. Further details on
the LBM are described in Watanabe and Kimoto (2000).
The LBM is integrated for 29 days, and the results after stabi-
lization (the 10th modeled day) are used.

2.4. Statistical methods

Since the analysis of this study is focused on a decadal
timescale, a 7-year Gaussian low-pass filter is used to
obtain the decadal series. A two-tailed #-test is then used to
determine the significance levels of the correlation and regres-
sion. The number of effective degrees of freedom N is
used to consider the influence of low-pass filtering on
degrees of freedom, which can be calculated as follows: (e.
g., Pyper and Peterman, 1998; Li et al., 2013; Xie et al.,
2019):
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2 N-j .
N NZ N pxx(Dpeyr(j) (7

eff =

where N indicates the total sample size, and pxx(j) and
pyy(j) denote the autocorrelations for the time series X and
Y, which are of the same length at time lag j, respectively.

Some other statistical methods are also employed, such
as the area-weighted average, correlation analysis, composite
analysis, regression analysis, etc.; however, the specific infor-
mation therein is not detailed here.

3. Decadal variability in NCSH and

relationship to IPOD

As shown in Fig. 1a, there is a significant decadal varia-
tion characteristic in NCSH accompanied by a significant
(>95% confidence level) linear-increasing trend of 0.22
days per decade. Relatively high NCSH occurred around
1997-2001 and around 2017-19, and relatively small
NCSH was evident in 1981-96 and 2002-16 since the rapid
global warming from 1981. The highest values of NCSH
occurred in 2000, exceeding 3.6 days, followed by 1998
with more than 3.3 days, and the lowest value occurred in
1993 with less than 0.2 days. From 1981-2021, there were
24 years with an NCSH below 1 day, 17 years with values
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above 1.0 day, and 17 years with values below 0.6 days, indi-
cating that years with larger NCSH occurred less frequently
than years with lower NCSH. In addition, as shown by the
red line in Fig. 1a, a clear decadal characteristic is present in
the number of early-mid summer heat stations in North
China. Early-mid summer heat stations in North China after
1997 were significantly more numerous than before 1996.
This trend is not discussed in further detail here as NCSH
remains the primary concern of this study.

To further analyze the decadal characteristics of NCSH,
the time series for NCSH subjected to a 7-year Gaussian
low-pass filter is shown in Fig. 1b. It can be seen that
NCSH has a clear decadal quasi-periodic variability with a
cycle of about 20 years. Here, we set a one-day threshold as
the cut-off value for the high and low-value years of NCSH
on a decadal timescale. It is then clearly seen that the periods
of 1981-95 and 2003-14 are low-value years of NCSH, and
the periods of 19962002 and 2015-21 are the high-value
years of NCSH on decadal timescales. It is revealed that
there is a potential dynamical linkage between NCSH and
IPOD on decadal timescales in early-mid summer. Similar
to the NCSH, the early-mid summer IPOD index also has a
significant decadal cyclic variation, with a correlation coeffi-
cient of 0.69 (>95% confidence level based on the effective
degrees of freedom). Figure 2 shows the spatial correlation
between the IPOD index and the number of extreme heat

50 :(a) NCSH*=0-022*year-43_77: 480
40 5 = 440
g | = 400
S 3.0 : _
E | : ,_ 360 o
T 1 : 5
g 201 - 320 &
] E = 280
1.0 - :
: : = 240
. . T 1 T T L T T 1 - : L - 2
00 1990 5000 5010 L L 200
“0 I — iy
: ; - 1.2
3.0 :
g I 4 F oo
S ] . )
T 2.0 — - 06 3
o ] C o
2 : — 0.3
Z ] -
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Fig. 1. Time series of NCSH and IPOD indices. (a) Area-weighted average NCSH
(units: d; bars) and the number of observation stations (red line) in North China for
1981-2021. The black line, marked with stars, is the linear trend of the NCSH series.
(b) The red and green dashed lines denote the year-to-year series of NCSH and IPOD
indices, respectively. The solid lines correspond to the decadal series of NCSH and
IPOD indices in early-mid summer after applying a 7-year low-pass Gaussian filter,

respectively.
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Fig. 2. Correlation map between the early-mid summer IPOD index and
extreme heat days over the North China region (35°-44°N, 110°-120°E)
during 1981-2021 based on 7-year low-pass Gaussian filtered data. The black-
dotted region represents the areas where the significance of the correlation
coefficient exceeds the 90% confidence level using the effective number of
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degrees of freedom.

days in early-mid summer in North China. It is evident that
the IPOD index also has a spatially consistent and significant
spatial correlation with NCSH on the decadal scale.

These results indicate that NCSH exhibits significant
decadal variability and is significantly correlated with the
IPOD index in early-mid summer, suggesting that the IPOD
may influence the decadal variability of NCSH.

4. Mechanism of the IPOD influences on the
decadal variability in NCSH

Further studies found that NCSH decadal variability is
linked to the IPOD in early-mid summer, which can generate
the EAWPQ circulation pattern and thus influences the
NCSH decadal variability by modulating adiabatic expansion
and compression of the air. The potential physical mecha-
nisms by which the early-mid summer IPOD influences the
decadal variability of NCSH are introduced in this section.

4.1. Relationship between the NCSH and EAWPQ

Extreme summer heat in North China is generally consid-
ered to be related to the interaction between the continental
high pressure on the Eurasian continent and the western
Pacific subtropical high (WPSH), which can influence the
heat in North China by modifying the atmospheric pressure
in North China and surrounding regions (Wu et al., 2012;
Zhou and Wu, 2016; Wang et al., 2018). Therefore, the atmo-
spheric circulation and its differences corresponding to the
years of high and low values of NCSH are first analyzed
here, and the corresponding climatological states are also

given for the convenience of the analysis.

From the climatological states of the geopotential
height and SLP in early-mid summer, the upper-level geopo-
tential heights in the East Asia-Northwest Pacific region
show a distribution of high in the south and low in the north,
such as the 300-hPa (Fig. 3a) and 500-hPa (Fig. 3e) geopo-
tential heights, and the lower levels show a distribution of
high in the southeast and low in the northwest, such as the
850-hPa geopotential height field (Fig. 3i) and SLP
(Fig. 3m). From the composites of the early-mid summer
geopotential height anomalies for high NCSH years, positive
geopotential height anomalies are stronger and constant in
all levels such as 300 hPa (Fig. 3b), 500 hPa (Fig. 3f) and
850 hPa (Fig. 3j), in the Baikal Lake and its surrounding
regions and the Northwest Pacific region east of Japan. How-
ever, in the Okhotsk Sea region, negative geopotential
height anomalies are present at all levels and in the SLP
field (Fig. 3n). The geopotential height anomalies in the
South China-East China Sea regions are different in the
upper and lower levels. For example, there are weaker posi-
tive anomalies at 300 hPa (Fig. 3b), weaker negative anoma-
lies at 500 hPa (Fig. 3f), and enhanced negative anomalies
at 850 hPa (Fig. 3j). The negative anomalies are even more
obvious in the SLP field (Fig. 3n). Figures 3c, g, k, and 30
show the atmospheric circulation pattern in early-mid summer
corresponding to the low-value years of NCSH is opposite
to that described above. From the composite differences
between the early-mid summer geopotential height anomalies
and SLP anomalies in the high and low NCSH years
(Figs. 3d, h, 1, p), the circulation pattern that favors
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Fig. 3. (a) Climatology map of early-mid summer geopotential height (units: gpm) at 300 hPa during 1981-2021. (b) The
composite map of early-mid summer geopotential height anomalies (units: gpm) at 300 hPa during 1996-2002 and 2016-21
when the decadal NCSH is above one day. (c) As in (b), but for the period 1981-95 and 2003—14 when the decadal NCSH is less
than one day. (d) As in (b), but for the composite difference between (b) and (c). (e-h) and (i-1) As in (a—d), but for the
geopotential height at 500 hPa and 850 hPa, respectively. (m—p) As in (a—d), but for SLP (units: hPa). The black dotted region
represents the significance of the composite or the composite difference above the 90% confidence level. The researched North
China region is surrounded by a blue box. The B1, B2, B3, and B4 regions, used to define the EAWPQ index, are surrounded by

two red boxes and two green boxes.

increased NCSH is clearly seen.

The above results indicate that when stronger positive
geopotential height anomalies are present in Baikal and its sur-
rounding regions as well as in the Northwest Pacific region
east of Japan and when negative geopotential height anoma-
lies occur in the Okhotsk Sea region, it is favorable for
enhanced NCSH on decadal timescales. At the same time,
the geopotential height in the South China-East China Sea
region experiences weak positive anomalies at the upper lev-
els and negative anomalies at the lower levels. In other
words, when a circulation pattern similar to the above
occurs in the East Asia-Northwest Pacific region, it is favor-
able for heat to appear in North China.

For further study, the above circulation pattern in the
East Asia-Northwest Pacific region corresponding to a high-
value year of NCSH is defined as the EAWPQ pattern, and
the EAWPQ index is calculated, the details of which are
giveninsection 2.2. As shown in Fig. 4, the early-mid summer

EAWPQ index is relatively consistent with the NCSH series
over the period 1981-2021 on a decadal timescale, with a cor-
relation coefficient of 0.82 (significant above the 95% confi-
dence level based on the effective degrees of freedom), further
indicating that the decadal variability of NCSH is signifi-
cantly associated with the early-mid summer EAWPQ pat-
tern.

4.2. Mechanism responsible for the effect of the
EAWPQ on NCSH

The physical mechanism by which the EAWPQ affects
NCSH decadal variability is analyzed in this subsection.
Figure 3 shows that during the period of high NCSH, positive
geopotential height anomalies are present in the Northwest
Pacific region east of Japan, while negative geopotential
height anomalies are present in the lower levels and weaker
positive geopotential height anomalies are present in the
upper levels in the South China-East China Sea region, and
these above regions are generally controlled by the WPSH
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Fig. 4. As in Fig. 1b, but for the NCSH and EAWPQ indices in early-mid summer.

in summer (e.g., Huang and Yu, 1962; Zhu et al., 2000;
Zhou and Yu, 2005; He et al., 2007; Wang et al., 2018;
Zhao et al., 2022) and are also representative of the two activ-
ity centers of the EAWPQ pattern located in the south. There-
fore, these results suggest that when the control region of
the WPSH is displaced eastward, or its control region is
strong in the east (the Northwest Pacific region east of
Japan) and weak in the west (the South China-East China
Sea region), which also corresponds to the positive phase of
the EAWPQ pattern, it is favorable for hot weather to occur
in the North China region. This is easily understood because
the WPSH often enhances precipitation in the adjacent west-
ern region due to efficient water vapor transport. However,
when the control region of the WPSH is eastward, or its con-
trol region is strong in the east and weak in the west, as men-
tioned above, the location of enhanced precipitation in the
adjacent western regions of the WPSH also shifts correspond-
ingly eastward, which reduces the precipitation in North
China and favors the occurrence of excessive heat in the
region.

In addition, when the EAWPQ pattern in early-mid sum-
mer is in its positive phase, the geopotential height of its
northwest polariton is strong, meaning that the North China
region is controlled by high pressure, which also favors
high NCSH. As shown in Fig. 5, the climatological state as
indicated by the composites of the geopotential height and
meridional-vertical winds in early-mid summer averaged
over 110°-130°E during 1981-2021 are used to advance
research concerning the effect of the EAWPQ on NCSH
decadal variability. As seen from the climatology, in early-
mid summer, the vertical winds in North China are weaker
than those in South China (Fig. 5a). As shown in Fig. 5b,
when there are positive geopotential height anomalies over
North China in all vertical levels, which corresponds to the
positive phase of the EAWPQ pattern, there are strong down-
ward vertical wind anomalies in North China which favor a
high NCSH. Similar results can be seen in Figs. 5¢ and 5d.

Figure 6 shows the time series of early-mid summer tro-

pospheric mean temperature anomalies between 500 and
1000 hPa over North China, as evaluated by the perturbation
hypsometric equation, to further study the influence of the
upper-level atmospheric circulation on the decadal variability
of NCSH. The temperature anomalies, as evaluated by the
thickness anomalies between 500 and 1000 hPa pressure lev-
els, are very consistent with the decadal NCSH. The correla-
tion coefficient between the evaluated early-mid summer
500-1000-hPa layer mean temperature anomalies over
North China and NCSH on a decadal timescale is 0.75,
which is significant at a 95% confidence level based on the
effective degrees of freedom. In addition, the correlation coef-
ficients between the above-mentioned evaluated temperature
anomalies and the IPOD and EAWPQ indices are 0.83 and
0.73, respectively, both exceeding the 95% confidence level.
These results suggest that the EAWPQ can cause the expan-
sion/compression of the air over North China by regulating
the tropospheric thickness anomalies in North China, perhaps
playing an essential role in the IPOD influencing the
decadal variability of NCSH.

4.3. Relationship between the EAWPQ and IPOD

The correlation map between the EAWPQ index and
SST anomalies in early-mid summer over the Northwest
Pacific region and the Indo-Pacific warm pool region on the
decadal scale is shown in Fig. 7a. It can be seen that the
early-mid summer EAWPQ index has a strong positive corre-
lation with the decadal variability of SST anomalies over
the Northwest Pacific region, especially in the region of 10°
—40°N, 140°-170°E, and has a strong negative correlation
with the decadal variability of SST anomalies over the Indo-
Pacific warm pool, especially in the region of 10°S—20°N,
90°-120°E. This illustrates that when positive SST anomalies
occur in the Northwest Pacific region and negative SST
anomalies occur in the Indo-Pacific warm pool region, it
favors the circulation pattern associated with the EAWPQ pos-
itive phase in the East Asia-Northwest Pacific region.

Furthermore, the time series of early-mid summer
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Northwest Pacific region (A1l region) and the Indo-Pacific warm pool region (A2 region) in
early-mid summer during 1981-2021 based on 7-year low-pass Gaussian filtered data. The
black dotted region represents the significance of the correlation coefficient above the 90%
confidence level using the effective number of degrees of freedom. (b) As in Fig. 1b, but for

the EAWPQ and IPOD indices.

EAWPQ and IPOD indices are given in Fig. 7b, and it can
be seen that the two have similar trend change characteristics
on the decadal scale over the period 1981-2021. The correla-
tion coefficients between the EAWPQ and IPOD indices in
early-mid summer are 0.60 on the annual scale and 0.83 on
the decadal scale, both exceeding the 95% confidence level
based on the effective degrees of freedom. This further sug-
gests a potential connection between the EAWPQ pattern
and IPOD in early-mid summer and that the EAWPQ may
be an intermediate factor for the early-mid summer IPOD
influencing the decadal variability of NCSH.

4.4. Mechanisms responsible for the effect of the IPOD
on EAWPQ

First, as shown in Fig. 8, the regression patterns of the
normalized geopotentialheightanomaliesand meridional—ver-

tical winds anomalies averaged over 110°-130°E in early-
mid summer against the IPOD indices on the decadal scale
are very similar to Fig. 5d. This result suggests that the
IPOD may be able to excite upward vertical wind anomalies
in the South China-East China Sea region, which can shift
the position of the WPSH to the east or weaken its control
intensity in the South China-East China Sea region. This con-
dition can reduce the water vapor transported to the North
China region, thus reducing the precipitation, which is not
conducive to the emergence of heat days in North China.
This also corresponds to the two polaritons of the EAWPQ-
type circulation anomalies located in the west.

Meanwhile, to further explore the physical mechanism
of the IPOD influencing the EAWPQ in early-mid summer,
three idealized simulations based on the LBM (Watanabe
and Kimoto, 2000) were conducted in this section. The first
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idealized simulation sets up a positive SST forcing in the
Northwest Pacific region (A1 region), and the stable geopoten-
tial height anomalies of 300 hPa (Fig. 9a), 500 hPa (Fig. 9b),
850 hPa (Fig. 9c), and 1000 hPa (Fig. 9d) are obtained after
integration. It can be seen that the positive geopotential
height anomalies located in the Baikal Lake and its surround-
ing regions and the Northwest Pacific region east of the Sea
of Japan and the negative geopotential height anomalies
located in the Okhotsk Sea region correspond to the positive
EAWPQ pattern. Still, the negative geopotential height
anomalies contained within the southwest pole of the
EAWPQ pattern have not been simulated. The second ideal-
ized simulation sets up a negative SST forcing in the Indo-
Pacific warm pool region (A2 region), and the stable geopo-
tential height anomalies of 300 hPa (Fig. 9e), 500 hPa
(Fig. 9f), 850 hPa (Fig. 9g), and 1000 hPa (Fig. 9h) are
obtained after integration. It can be seen that the positive
geopotential height anomalies in the northwestern part of
the EAWPQ pattern are more shifted, but the negative geopo-
tential height anomalies in its southwestern part can be simu-
lated, despite a slight shift in their location. The third idealized
simulation sets up a positive SST forcing in the Pacific North-
west region and a negative SST forcing in the region of the
Indo-Pacific warm pool to obtain stable geopotential height
anomalies at 300 hPa (Fig. 9i), 500 hPa (Fig. 9j), 850 hPa
(Fig. 9k), and 1000 hPa (Fig. 91) after integration. It can be
seen that the anomalies in the geopotential height field, similar
to that of the EAWPQ pattern in its positive phase, can be
obtained. This is especially obvious at 500 hPa. Undeniably,
there are some discrepancies with the observations, which
may be related to the fact that fewer climatic factors were con-
sidered, and only linear forcing was considered in the ideal-
ized LBM experiment. The results of these simulations sug-

gest that the emergence of the EAWPQ pattern needs the
joint forcing of positive SST anomalies located in the North-
west Pacific region and negative SST anomalies located in
the Indo-Pacific warm pool region rather than just one of
them. In other words, the anomalous SST field of the IPDO
pattern can excite the anomalous geopotential height field of
the EAWPQ pattern.

In addition, previous studies have arrived similar conclu-
sion. During the boreal summer, when the [POD is in its posi-
tive phase, the WPSH weakens and narrows (Zheng et al.,
2014). Based on the above findings, we propose that the
IPOD influences the decadal variability of NCSH through
the EAWPQ. The IPOD first enhances vertical wind anoma-
lies in the South China and East China Sea region, accompa-
nied by an eastwardly displaced or weakly-intense WPSH,
generating a positive phase EAWPQ circulation pattern in
the East Asia-Northwest Pacific region, and then enhances
the decadal variability of NCSH by adiabatically compressing
the atmosphere over the North China region, and vice versa.

5. Decadal climate model of NCSH

In practical climate prediction operations, the SST can
be better predicted than the atmospheric circulation. Thus,
the IPOD index obtained based on SST may be used to predict
the decadal variability of NCSH. Here, two empirical models
for the decadal variability of NCSH are constructed based
on the IPOD index, one of which does not consider the linear
trend of the NCSH decadal variability, while the other one
does. Without considering the linear trend of NCSH, the
decadal NCSH model is established as follows:

NCSH(7) = a,IPOD(f) + ¢, , (8)
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researched North China region is surrounded by a blue box.

where NCSH denotes the modeled NCSH, 7 is the time in
years, the coefficients a;, and e; are empirically obtained by
linear regression, and the approximation of the variance
between the modeled and the observed NCSH is consistent
with the decadal timescale. As shown in Fig. 10a, this
decadal NCSH model can reflect the decadal variability of
NCSH close to the observed decadal NCSH, such as the
high values of the decadal NCSH around 2000 and 2018,
and almost all observed decadal NCSH are in the 2-sigma
uncertainty range of modeled values. The correlation coeffi-
cient between the observed and the modeled decadal NCSH
is 0.69, whose significance exceeds the 95% confidence

level based on the effective degrees of freedom. These
results indicate that this decadal NCSH model can better simu-
late the decadal NCSH compared to an empirical model
based solely on the IPOD index, and further validate that
the decadal variability of NCSH is significantly tied to the
IPOD in early-mid summer.

Another decadal NCSH model that considers the linear
trend of NCSH is established as follows:

NCSH* () = a;IPOD(¢) + byt + e, , )

where only the linear trend term b,t is added compared to
Eq. (8), the coefficients a,, b,, and e, are determined in the
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same way as the previous Eq. (8). As shown in Fig. 10b,
after adding the linear trend term, the empirical model can bet-
ter simulate the decadal NCSH and the correlation coefficient
between the observed and the modeled decadal NCSH
increases to 0.72. This result indicates that the empirical
model can even better simulate the decadal NCSH with the
inclusion of the linear trend term and that the decadal variabil-
ity of NCSH may be a combined contribution of the decadal
IPOD and external linear forcing.

6. Summary and discussion

In this study, we have investigated the linkage of the
decadal variability of NCSH with the IPOD since 1981. It
was found that NCSH is subjected to significant decadal vari-
ability, with relatively high values around 1996-2002 and
2015-21 and relatively small values around 1981-95 and
2003-14, on a decadal timescale, since the rapid global warm-
ing from 1981. Further studies found that the decadal
NCSH may be tied to the early-mid summer IPOD, which
also exhibits significant decadal cyclic variations, similar to
that of the decadal NCSH, and the correlation coefficient
between the decadal NCSH and the IPOD index in early-
mid summer exceeds 0.69, and it is also consistent in the spa-
tial field. The evidence presented reveals a potential
dynamic linkage between the decadal NCSH and the IPOD
in early-mid summer, suggesting that the decadal variability
of NCSH may be influenced by the early-mid summer

IPOD.

Next, the physical mechanisms by which the early-to-
mid summer IPOD influences the decadal NCSH are ana-
lyzed. First, based on the composites of the early-to-mid sum-
mer geopotential height and SLP anomalies over the East
Asia-Northwest Pacific region in the high and low NCSH
years, it is found that when there is the combination of positive
geopotential height anomalies in the Baikal Lake and its sur-
rounding regions and the Northwest Pacific region east of
Japan, negative geopotential height anomalies in the
Okhotsk Sea region, and positive geopotential height anoma-
lies in the upper levels of the South China-East China Sea
region and negative geopotential height anomalies in its
lower levels, it is favorable for the increase of the decadal
NCSH. In light of this, an EAWPQ pattern, as described
above, is defined with its early-to-mid summer index signifi-
cantly correlated with the NCSH on a decadal timescale.
Based on the perturbation hypsometric equation, we find
that the early-to-mid summer EAWPQ can cause either the
expansion or compression of the air over North China by regu-
lating the tropospheric thickness anomalies in North China,
suggesting that the early-to-mid summer EAWPQ might
play an essential role in the IPOD influencing the decadal
NCSH.

Second, the relationship between the EAWPQ and the
IPOD in early-to-mid summer on decadal scales and the physi-
cal mechanisms by which the IPOD influences the EAWPQ
are analyzed. We found that the early-to-mid summer
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EAWPQ index has a strong positive correlation with the
decadal variability of SST anomalies over the Northwest
Pacific region, and has a strong negative correlation with
the decadal variability of SST anomalies over the Indo-
Pacific warm pool, consistent with the regions of the [IPOD
positive and negative poles. The correlation coefficient
between the EAWPQ index and the IPOD index in early-to-
mid summer reached 0.83, implying that there may be a
dynamic linkage between the two. Based on the LBM and pre-
vious studies, we found that the positive IPOD in early-to-
mid summer can excite upward vertical wind anomalies in
the South China-East China Sea region, shifting the position
of WPSH to the east or weakening its control intensity in
the South China-East China Sea region, thus generating a pos-
itive phase EAWPQ circulation pattern in the East Asia-
Northwest Pacific region.

Finally, two empirical models for the decadal NCSH
are constructed based on the IPOD index. The decadal
NCSH based on the early-to-mid summer [POD index can
simulate the decadal NCSH relatively well and further vali-
date that the decadal variability of NCSH is significantly
tied to the IPOD in early-mid summer. After the linear trend
term is added to the decadal NCSH model, the correlation
coefficient between the modeled and the observed decadal
NCSH increases to 0.72. These results further suggest that
the decadal variability of NCSH may be a combined contribu-
tion of the decadal IPOD and external linear forcing. It
should be pointed out that although the contribution of the lin-
ear trend to the decadal NCSH is weak relative to that of the
decadal IPOD, it does not mean that global warming is
entirely independent of the decadal variability of the NCSH.
It is possible that global warming can indirectly affect the
decadal NCSH by influencing the SST, such as the IPOD pat-
tern.

Note that this work only analyzed the linkage of the
decadal NCSH with the IPOD and the physical mechanisms
by which the IPOD influences the decadal NCSH in early-to-
mid summer. Although it is undeniable that the continental
high pressure over Eurasia has been integrated into the
EAWPQ pattern described here, upstream climate factors in
the North Atlantic and other locations also influence it. This
teleconnection is worthy of further exploration in the future.
Finally, due to the limitations of the built-in climatology of
the LBM, the LBM simulations of this study used the clima-
tology from the NCEP data (based on the average for the
period 1958-1997). In the future, the adaptation of global cli-
mate models can better reproduce the corresponding atmo-
spheric circulation to [POD forcing.
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