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to the barotropic geopotential height anomalies and the lagged northward jump of WPSH

Hosted file

essoar.10512274.1.docx available at https://authorea.com/users/531862/articles/597750-
significant-northward-jump-of-the-western-pacific-subtropical-high-the-interannual-
variability-and-mechanisms


https://authorea.com/users/531862/articles/597750-significant-northward-jump-of-the-western-pacific-subtropical-high-the-interannual-variability-and-mechanisms
https://authorea.com/users/531862/articles/597750-significant-northward-jump-of-the-western-pacific-subtropical-high-the-interannual-variability-and-mechanisms
https://authorea.com/users/531862/articles/597750-significant-northward-jump-of-the-western-pacific-subtropical-high-the-interannual-variability-and-mechanisms

North Jump Pentad

T T
1990 2000
year



g
o
1

o
1

e
o

H HHH nolAll 7

Difference of the Ridge Index

/

n
o
1

T T T 17T
61 63 65 7.

T T T T T T T 11
1 73 75 81 83 85

Ridge Index




Significant Northward Jump of the Western Pacific Subtropical High:
the Interannual Variability and Mechanisms

YaNing Wang”, HaiBo Hu™#, Xuejuan Ren”, Xiu-Qun Yang”, Kefeng
Mao?

* CMA-NJU Joint Laboratory for Climate Prediction Studies, Instituted for
Climate and Global Change Research, School of Atmospheric Science, Nanjing
University, Nanjing 210093, China

2National University of Defense Technology.

#Corresponding author: H.-B. Hu (huhaibo@nju.edu.cn)

Key Points:

e The anomalous early and late years of the western Pacific subtropical high
(WPSH) significant northward jump events in 42 years are revealed.

. In the early years, the tropical geopotential height anomalies in
the mid-lower levels determine the time of the WPSH northward
jump.

o The upper wave train in the mid-high latitudes and local air-sea

interaction control the WPSH northward jump collaboratively
in late years.

Abstract

The intensity and position of the western Pacific subtropical high (WPSH) have
crucial effects on climate and disaster events in East Asia during summer. The
WPSH significant northward jump (SNJ) events are the main manifestation of
the seasonal evolution of WPSH, which are important for the precipitation over
East Asia. Using the daily reanalysis datasets from year 1979 to 2020, this
study further defines the early and late SNJ events of WPSH on the interan-
nual timescale, which are connected separately with the tropical, mid-latitude
subseasonal signals and the local air-sea interaction. However, the mechanisms
of the WPSH-SNJ events are different in the anomalous early and late years. In
the early SNJ years, the subseasonal signals from the mid-level East Asia-Pacific
teleconnection pattern or the low-level boreal summer intraseasonal oscillation
cause the positive 500 hPa geopotential height anomalies, which contribute to
the significant WPSH northward jump in the first pentad of July. However, the
above factors are unable to cause the WPSH-SNJ in the late years. Until the
second pentad of August, the collaborative effects between mid-high latitudes
wave trains over high levels and cold SST anomalies in the core region lead to
the barotropic geopotential height anomalies and the lagged northward jump of
WPSH.

Key words: western Pacific subtropical high; East Asia-Pacific teleconnection;
boreal summer intraseasonal oscillation; upper-level wave train; local air-sea
interaction
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Plain language summary

The West Pacific Subtropical high (WPSH) is an important component of the
East Asian summer monsoon circulation system. The subseasonal northward
movement of the WPSH during summer is closely related to the climate of
East Asia. However, there are few studies on the interannual variability and
the mechanism of the WPSH significant northward jump (SNJ). Focusing on
the SNJ events of WPSH, it is found that the time of WPSH-SNJ exhibits
significant interannual variability. After selecting the anomalous early and late
northward jump years based on the interannual variability, different mechanisms
are revealed. The subseasonal signals in the mid-lower levels play a vital role in
the WPSH-SNJ in the early years: the circulation anomalies caused by the East
Asia/Pacific (EAP) teleconnection pattern or the boreal summer intraseasonal
oscillation (BSISO) can affect the meridional position of WPSH and lead to
the WPSH-SNJ. However, the EAP and BSISO signals are ineffective in the
late years. The WPSH-SNJ events are jointly influenced by the upper wave
train and the local air-sea interaction. This study will be helpful to understand
the process of the northward jump of the WPSH and to improve the skills of
subseasonal climate forecasting in East Asia during summer.

1 Introduction

The Western Pacific Subtropical High (WPSH) is a large—scale anticyclonic cir-
culation system in the mid-lower troposphere over the North Pacific during
summer (Huang, 1963; Tao and Chen, 1987). As an important component of
the East Asian summer monsoon (EASM) circulation system, the WPSH has
a crucial influence on the East Asian summer climate (Ding, 1992; Chang et
al., 2000b; Ding and Chan, 2005; Zhou and Yu, 2005). Multiple variabilities
of WPSH with different timescales (such as subseasonal, interannual, and inter-
decadal variabilities) were found (Zhou et al.,2009; He et al.,2015. Chang et al.,
2000; Yang and Sun, 2003). To characterize the variations in the intensity and
position of the WPSH, some research results (Liu et al., 2012) defined a series of
WPSH indices, including the WPSH area index, intensity index, west extension
index, and ridge index. Especially, the ridge index represents the meridional
position of the WPSH and has an important indication for precipitation over
eastern China during summer (Liu et al., 2019). Previous studies suggested that
with the subsolar point moving northward during the boreal summer, the WPSH
ridge line has a significant seasonal variability. It is also related to the merid-
ional movement of the rain belt in eastern China (Zhang and Tao, 1999; Wang
and Ding, 2008; Liang and Ding, 2012; Chen et al., 2016; He and Liu, 2016).
These studies found that the significant northward movement of WPSH in sum-
mer corresponds to the beginning or end of “Meiyu” in the Yangtze-Huaihe
River (YHR) basin. In addition to the influence on the eastern China rain belt
in seasonal evolution, the meridional movement of WPSH also has significant
interannual variability, which is closely related to the large-scale drought, flood
disasters, and extreme heat wave events in East Asia (Liu et al.,2019; Wang
et al. 2016; Ding et al., 2021). However, the interannual variability and main



influencing mechanisms of meridional movement of WPSH are still unclear.



Climatologically, the East Asia/Pacific (EAP) teleconnec-
tion pattern (Nitta, 1987; Huang and Sun, 1992; Hirota and
Takahashi, 2012) is related to the meridional atmospheric
dynamic processes and sea surface temperature anomalies
(SSTAs) over the western Pacific (Wang et al., 2000; Yang
et al., 2007; Xie et al., 2016; Kosaka and Nakamura, 2010).
The EAP pattern exhibits strong subseasonal variability
with an oscillation period of 25-60 days (Bueh et al. 2008;
Wu et al., 2013; Li et al., 2014). In different phases of the
EAP pattern, anomalous anticyclones or cyclones will oc-
cur over the YHR basin and Japan, which will cause the
meridional displacement of WPSH (Huang et al., 2012).
In addition, the tropical intra-seasonal oscillation (ISO)
also plays a dominant role in the meridional movement of
WPSH on subseasonal timescales (Madden, 1986; Wang
and Rui, 1990; Zhang and Dong, 2004; Kikuchi et al., 2012).
The tropical ISO mode in the Indo-Pacific warm pool dur-
ing summer is called boreal summer intraseasonal oscilla-
tion (BSISO). It is one of the most prominent sources of
short-term climate variability in the Asian summer mon-
soon region (Wang and Xie, 1997; Lin, 2013; Hsu et al.,
2016; Lee et al., 2017). Using multivariate empirical or-
thogonal function (MV-EOF) analysis, Lee et al. (2013)
suggested that the propagation of BSISO has an effect on
the subseasonal OLR and geopotential height fields over
the western North Pacific (WNP). They also defined two
real-time indices: BSISO1 index and BSISO2 index. The
BSISO1 represents the northward /northeastward propaga-
tion of the boreal summer ISO mode in the Indian Ocean
with a quasi-oscillation period of 30-60 days. The BSISO2
indicates the northward /northwestward propagation of ISO
mode over the Western Pacific and East Asia, with a period
of 10-30 days. The active ISO over the WNP can stimulate
a poleward propagating Rossby wave, which is favorable for
the northward movement of the WPSH. The accumulated
effect of the tropical ISO convections in the meridional dis-
placement of WPSH are also discussed (Huang et al., 2020).

In addition to the above tropical factors, the mid-latitude
zonal wave trains are proved to influence the WPSH, such
as the silk road wave train (SRP) and circumglobal tele-
connection (CGT) wave traip (Branstator,2002; Lu et al.
2002; Enomoto et al., 2003; Ding and Wang, 2005; Chen
and Huang,2012). As the wave train propagates eastward
along the atmospheric westerly jet, the energy of the zonal
wave train can transmit to the eastern coast of China by
forming a ridge or trough. This process has been proved to
influence the zonal movement of the WPSH (Tao and Wel,
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et al., 2007; Xie et al., 2009; Zhou et al., 2009; Chung et al., 2011; He and Zhou,
2015). Ren et al. (2013) suggested that the persistent warm SSTAs under the
west of the WPSH are conducive to the transformation of low-level anomalous
anticyclone into a cyclone. Qian and Shi (2017) noted that the interannual
SSTAs over the tropical western Pacific can lead to the zonal position of WPSH
showing anomalous response. Guan et al. (2019) further pointed out that the
local air-sea interaction plays different roles in different stages of the subseasonal
variability of WPSH. During the WPSH westward extension stage, the negative
SSTAs covering the East Asian coastal water south of 30°N are favorable for
the enhancement of local anomalous anticyclones. During the WPSH eastward
retreating stage, the persistent warm SSTAs promote the transition from low-
level anomalous anticyclone into a cyclone. However, the relationship between
the meridional movement of WPSH and the local SSTAs remains to be clarified.

To sum up, this study will focus on the interannual variability of the significant
northward jump events of WPSH during summer, which is defined in section
2. Besides, the following impact factors on the meridional movement of WPSH
will be discussed: (1) the northward propagation of subseasonal signals from
the tropics mid-lower levels, (2) the east-propagating upper-level wave train
at mid-latitudes, (3) the SSTAs over the Western Pacific. The remainder of
this study is organized as follows: Section 2 introduces the data, methods, and
the definition of significant northward jump events of WPSH during summer.
Section 3 investigates the interannual variability and different climatic effects of
the WPSH significant northward jump events, which can be selected as early and
late northward jump years. Section 4 examines the importance of northward
propagation of subseasonal signals in the mid-lower levels for the anomalous
early northward jump years. Section 5 reveals the combined forcings by the
east-propagating upper-level wave train at mid-latitude and the local SSTAs
over the WNP for the anomalous late northward jump years. The summary
and discussions are given in Section 6.

2 Data and Methods

In this study, daily gridded observations of precipitation covering global land
areas are from the US Climate Prediction Center (CPC) with a spatial resolution
of 0.5°x0.5°. The daily mean outgoing longwave radiation (OLR) grid data are
from the National Oceanic and Atmospheric Administration (NOAA) with a
spatial resolution of 1°x1°. In addition, we use the data for daily atmospheric
circulation from the fifth generation ECMWEF atmospheric reanalysis dataset
of the global climate (ERA-5) with a spatial resolution of 1°x1°. All datasets
cover the period 1979-2020.

The composite and correlated analyses of meteorological statistical methods are
used, and statistical significance tests are based on the Student’s t-test. We
use pentad as the time unit. To extract the subseasonal variations, we first
remove the daily climatology for all variables and then take a 5-day running
mean (Krishnamurthy and Shukla, 2000).



The meridional position of WPSH is represented by the ridge index, which
is defined as follows: the averaged latitudes satisfying both u=0 and u/y 0
conditions in a closed 5880 gpm contour over the area (north of 10° N, 110-150°
E). If 5880 gpm contour does not exist, then calculate the averaged latitudes
satisfying both u=0 and u/y 0 conditions in a closed 5840 gpm contour (Liu
et al., 2012; Liu et al.,2019).

Fig. 1la displays the climatological 500 hPa geopotential height (Z500), hori-
zontal winds, and precipitation fields during summer, the 5880-gpm isocline at
the 500 hPa geopotential height field (5880-line) represents WPSH. It can be
observed that the main body of the WPSH zonally extends over the WNP, and
the average of the WPSH ridge line is 26°N. The south flank of the WPSH is
occupied by tropical easterly flow, and the north flank is subtropical easterly
flow. The southwest side of the WPSH is occupied by southeast flow, which
delivers warm and wet air from the ocean to the mainland. The abundant rain-
fall is observed over the area located at the outer edge of the WPSH, such as
Southern China, southern Japan, the Korean Peninsula, and the Philippines.
However, the position of the WPSH ridge line is not constant. As shown in
Fig. 1c, the WPSH ridge line has significant subseasonal variability during the
summer. In early June, the WPSH ridge index is 20°N and keeps moving north-
ward. It reaches the summer average latitude of 27°N in the fourth pentad of
July, then moves northward rapidly, reaching the maximum summer latitude
of 31°N in the first pentad of August. After that, the WPSH ridge line retreats
southward. In mid-late August, the WPSH ridge index remains near 29°N. The
ridge index pentad increment shows that, before the first pentad of August, the
WPSH ridge line keeps moving northward, but the amplitude is different in each
pentad. The amplitude in the third pentad of June, the first, fourth, and fifth
pentad of July are significant, but in the fourth pentad of July is the largest.
In the second pentad of August, the WPSH southward recedes obviously, and
then the ridge line occurs meridional oscillation.

In the fourth pentad of July, since the WPSH ridge index exceeds the average
summer latitude (27°N) and the north shift amplitude is the largest, we consider
the latitude value of 27°N in this pentad as the critical latitude. Based on the
critical latitude, we define the significant northward jump (SNJ) event of WPSH:
if the ridge index of WPSH exceeds 27°N for the first pentad and the ridge index
of the next two pentads is greater than or equal to 27°N, an SNJ event is selected,
and the first pentad exceeding 27°N is defined as the WPSH-SNJ time.

The SNJ event has important climatological significance. Fig. 1b depicts the
difference between the after and before of the SNJ event, including the precip-
itation and the 500hPa horizontal wind fields. The 5880-lines are also shown.
After the SNJ, the WPSH moves northward from 24°N to 30°N. An anticy-
clone is evident over the mid-latitude North Pacific, with easterlies near 30°N.
Due to the influence of water vapor transport caused by wind field variation,
the amount of precipitation increases in Northern China, the Korean Peninsula,
and the Indian Peninsula, and decreases in Southern China, the YHR basin, and



southern Japan. Therefore, before and after the WPSH-SNJ, the atmospheric
circulation and precipitation fields in East Asia are distinct. The interannual
evolution of the WPSH-SNJ time from 1979 to 2020 is shown in Fig. 2. In the
next chapter, we will investigate the interannual variability of the WPSH-SNJ
time.

Based on the previous studies (Bueh et al. 2008; Kosaka and Nakamura,2010),
for EAP pattern, we define the daily EAP index according to its activity center
as Equation (1):

(1)

In Equation (1), Z500 represents the standardized daily Z500 anomalies. When
the EAP index is positive (EAP positive phase), East Asia and its coastal regions
present a “+-+” meridional wave—train pattern from low to high latitude; when
the EAP index is negative (EAP negative phase), it shows a “-4-” pattern.

When discussing the influence of BSISO on WPSH, we follow the previous stud-
ies (Lee et al., 2013). The MV-EOF analysis conducts on the subseasonal anoma-
lies of daily OLR and 850hPa zonal winds in the East Asian summer monsoon
region. BSISO1 consists of the first and second EOF modes, and BSISO2 con-
sists of the third and fourth EOF modes. BSISO1 index and BSISO2 index are
calculated as follows:

BSISO1 index= (2)
BSISO2 index= (3)

When the BSISO1/BSISO2 index exceeds 1, this day is defined as a
BSISO1/BSISO2 active day.
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Figure 1. (a) Climatological 500 hPa geopotential height (Z500, contour of 60—
gpm intervals), horizontal winds (vector, m s ), and rainfall (shaded, mm day ')
from 1979-2020. The blue thick contour line and the red line indicate the 5880-
line and the WPSH ridge line, respectively. (b) The difference between the after
and before of the WPSH-SNJ event, including the precipitation (shaded, mm
day ') and the 500hPa horizontal wind(vector, m s!) from 1979-2020 during
summer. The blue contour line/solid line is the average 5880-line/ridge line
before the WPSH-SNJ, and the red contour line/dotted line is the average 5880-
line/ridge line after the WPSH-SNJ. (c) Climatological WPSH ridge index (red
line, corresponding to the right y-axis) and pentad increments of ridge index
(bar, corresponding to the left y-axis) from 1979 to 2020 during summer.

3 The interannual variability of the WPSH-SNJ time

After defining the WPSH-SNJ event, to investigate the interannual variability,
Fig. 2 shows the interannual evolution of the WPSH-SNJ time during summer
from 1979 to 2020. It is shown that the WPSH-SNJ time has prominent interan-
nual variability. The climatological SNJ time is the fourth pentad of July. The
years with WPSH-SNJ time less than one standard deviation of the climatolog-
ical mean are selected as early years, which are 1981, 1984, 1994, 2001, 2002,
2011, and 2018 (seven years in total). The mean SNJ time of the early years
is the fourth pentad of July. The years with WPSH-SNJ time exceeding one
standard deviation of the climatological mean are selected as late years, which
are 1980, 1983, 1987, 1998, 2003, 2007, 2010, and 2018 (seven years in total).
The mean WPSH-SNJ time of the late years is the second pentad of August.
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Figure 2. The interannual evolution of WPSH-SNJ time from 1979-2020 (unit:
pentad). The yellow and blue bars indicate that WPSH-SNJ time is earlier
and later than the climatological mean, respectively. The red and black dots
represent the WPSH-SNJ early years and late years, respectively.

To compare the characteristics before and after SNJ for the early and late years
respectively, Fig. 3a firstly depicts the difference between the after and before of



the SNJ event in the early years, including the precipitation and the 500hPa hor-
izontal wind fields. The corresponding 5880-line is also shown. Before the SNJ,
the WPSH zonally extends over the WNP, and the WPSH ridge line locates
around 23°N. After the SNJ, the main body of the WPSH moves northward
significantly, and the average position of the ridge line is around 30°N. The
intensity of WPSH weakens, and the west extension ridge point retreats east-
ward. The situation in the late years (Fig. 3b) is different. Before the SNJ, the
west extension ridge point of WPSH is westward. After the SNJ, the WPSH
maintains stably over the WNP without retreating eastward or weakening, but
the amplitude of the north shift is less than that in the early years. After the
SNJ, the average of the WPSH ridge line is near 27°N.

The precipitation field of early years (Fig. 3a) shows that, after the SNJ, there
is a tripolar precipitation anomaly pattern along the coast of East Asia. The
amount of precipitation increases in Northern China, the Korean Peninsula,
and the Indian Peninsula but decreases in Southern China, the YHR basin, and
southern Japan. This precipitation difference is due to the variation of water
vapor transport caused by the wind field. In the late years (Fig. 3b), the same
tripolar precipitation anomaly as in the early years occurs. However, compared
with the early years, the precipitation variation is different. The precipitation
increment in the Korean Peninsula is fewer, while in the Indian peninsula is
more significant.

The above discussion indicates that the WPSH-SNJ time has interannual vari-
ability. The early and late years have different impacts on rainfall in East Asia.
However, what is the influencing factor for the interannual variability of the
WPSH-SNJ time? In the following, we will have a discussion.
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Figure 3. The difference between the after and before of the SNJ event in (a)
early years and (b) late years, including the precipitation (shaded, mm day ')
and the 500hPa horizontal winds (vector, m s !). The blue contour lines/dotted
lines are the average 5880-line/ridge line before the WPSH-SNJ, and the red
contour lines/dotted lines are the average 5880-line/ridge line after the WPSH-
SNJ.

4 The characteristics and mechanisms of the WPSH-SNJ early years
4.1 The anomalous characteristics of the WPSH-SNJ early years

In this chapter, we will focus on the characteristics and possible mechanisms
for the early years. Fig. 4 shows the pentad evolution from June 6th pentad -
July 3rd pentad (the SNJ pentad and two pentads before and after) for early
years, including the and 500 hPa horizontal wind anomalies. Before the SNJ
(Fig. 4a), WPSH is zonally elongated over the subtropical western Pacific. The
WPSH ridge line is north of the climatological mean, near 25°N. In the sixth
pentad of June, the Z500 anomalies presents a “-+-" pattern in the subtropical
western Pacific, Japan, and northeast East Asia. The 500 hPa wind anomalies
show a “cyclone - anticyclone — cyclone” pattern. This situation is similar to
the negative phase of the EAP pattern. During the SNJ pentad (Fig. 4c, the
first pentad of July), the positive Z500 anomalies near Japan (the purple box in
the middle) further strengthens, which is conducive to the northward migration
of WPSH. Meanwhile, the ridge index shifts to 29°N. The rapid Z500 anomalies
intensification in the middle purple box plays a vital part in the WPSH-SNJ.
Therefore, we define this region (30-40°N, 112.5-137.5°E) as the core region for
the early years. After the SNJ (Fig. 4d, e, the second and third pentad of July),
WPSH retreats eastward and weakens rapidly.

4.2 The mechanisms of the WPSH-SNJ early years

It can be seen from Fig. 4c that the Z500 anomalies field in the SNJ pentad is
similar to the EAP pattern. To explore the relationship between the EAP pat-
tern and the WPSH-SNJ in the early years, Fig. 5 shows the pentad-evolution
of the composites WPSH ridge index and EAP index of the early years during
summer. The WPSH ridge line of the early year is farther north than the cli-
matological mean (Fig. 1c). In early June, the WPSH ridge index is near 20°N
and keeps moving northward. The WPSH keeps moving northward with a large
amplitude from mid-June. In the first pentad of July, the WPSH completes the
SNJ, with the WPSH ridge index exceeding 28°N. WPSH continues to move
northward in the fourth pentad of July. In the sixth pentad of July, WPSH is
in the northernmost position (33°N). The WPSH occurs meridional oscillation
during August.

As for the evolution of the EAP index, it is negative in the SNJ pentad (the
first pentad of July). Meanwhile, the Z500 anomalies field along the East Asian
coast shows a “-+-" pattern, which was favorable for the WPSH-SNJ. We also
find that the EAP index turns negative one pentad before the SNJ pentad (in
the sixth pentad of June). The advanced occurrence and maintenance of the
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EAP negative phase are conducive to the positive Z500 anomalies appearing in
the core region, which leads to the WPSH-SNJ.
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Figure 4. From June 5th pentad - July 3rd pentad for early years, the compos-
ite subseasonal anomalies of Z500 (shaded, gpm) and 500hPa horizontal wind
(vector, m s!). The shading areas and vectors are shown only when they are
significant at the 95% confidence level. The blue solid contours and red dotted
contours represent the 5880-line for early years and the climatological mean,
respectively. The blue solid and red dotted lines denote the WPSH ridge line
for early years and climatological mean. The purple boxes indicate the three
active centers of the EAP pattern.
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left y-axis) and WPSH ridge index (red line, corresponding to the right y-axis)
for early years during summer.

It can be concluded from the above that the Z500 anomalies in the core region
are very vital for the WPSH-SNJ. Except for the meridional EAP wave train,
previous studies indicated that BSISO1 can also influence geopotential height
anomalies (Lee et al., 2013; Lin, 2013). Therefore, we will investigate the cor-
responding relation between BSISO1 and the WPSH-SNJ. Fig. 6a shows the
phase space diagram of BSISO1 from June 6th pentad - July 3rd pentad for
the early years. Although BSISO1 propagates from phase 1 to phase 8, the
distribution in each phase is not uniform. The BSISOL1 is very active in Phases
5-6, and their total proportion reaches about 42%. The composite of OLR and
850-hPa wind anomalies of BSISO1 in Phase 1-8 during the same period is also
shown (Fig. S1 in the supporting information file). During Phase 5 (Fig. Sle),
anomalous convection related to BSISO1 is enhanced over the South China Sea
(SCS) and tropical WNP. During Phase 6 (Fig. S1f), the enhanced convection
is transmitted to the northwest and strengthened. The active days in Phases
5-6 for early years are also more than the climatological mean (Fig. 6b).

What is the impact of BSISO1 (Phases 5-6) on the WPSH-SNJ? Fig. 6¢ com-
posites the convection and circulation anomalies fields in Phases 5-6 of BSISO1
from June 6th pentad - July 3rd pentad for early years. As shown in the pic-
ture, the enhanced convection is over the SCS and Philippines Islands, with
anticyclonic circulation and negative Z500 anomalies over its northwestern part.
Suppressed convection is observed over the south of Japan, which affects the
positive Z500 anomalies occurring in the core region (purple box). Therefore,
the active BSISO1 can influence the circulation anomalies in the core region,
which is conducive to the WPSH-SNJ. In addition, our results also show that
BSISO2 has a weak influence on the geopotential height anomalies over the core
location (Figure omitted).
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Figure 6. From June 5th pentad - July 3rd pentad for early years, (a) the phase
space diagram of BSISO1, the blue words represent the percentage of the days’
number in each phase. (b) The active BSISO1 days in phases 1-8 (bar, unit:
day), the blue and grey bars represent the active days for early years and the
climatological mean, respectively. (c¢) The composite subseasonal anomalies of
OLR (shaded, W m™2), 500hPa wind (vector,m s'*) and Z500 (contour, the solid
red lines and dotted blue lines indicate positive and negative value, respectively)
of active BSISO1 days in Phase 5-6, the shades and vectors are shown only when
they are significant at the 95% confidence level. The purple box indicates the
core region of the early years.

For each year in the early years, we obtain Table. 1 according to the pentad-
evolution of the EAP index and the phase space diagram of BSISO1. Table. 1
shows the contribution of the EAP pattern and BSISO1 to each year. For some
years (1981, 2002), BSISO1 works independently. In other years (1984, 1994,
2001, 2011, 2018), the EAP pattern and BSISO1 all play a role. The specific
composite results are shown in Fig. S2, which confirms the conclusion in Table
.1. Tt indicates that the effects of the EAP pattern and BSISO1 in the early
years on the WPSH-SNJ are independent.

Early years 1981 1984 1994 2001 2002 2011 2018
EAP X iV v i/ X iy iy
BSISO1 iy v " iy iy iy i
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Table 1. The contributions of EAP pattern and BSISO1 for each early year,
where “y” indicates contributions and “x” indicates no contributions.

To sum up, the characteristic of the early years is the “-+-” Z500 anomalies
pattern along the East Asian coast during the SNJ pentad. The region (30-
40°N, 112.5-137.5°E) is regarded as the core region. The negative phase of EAP
pattern and BSISO1 can affect the core region’s geopotential height anomalies,
which leads to WPSH-SNJ in the early years. What are the characteristics and
mechanisms of the late years? We will explore this in the next chapter.

5 The characteristics and mechanisms of the WPSH-SNJ late years
5.1 The anomalous characteristics of the WPSH-SINJ late years

To explore the characteristics of the circulation anomalies in the late years,
Fig. 7 shows the pentad-evolution of the Z500 and 500 hPa horizontal wind
anomalies, which are from July 6th pentad - August 4th pentad (the SNJ pentad
and two pentads before and after). Before the SNJ (Fig. 7a, the sixth pentad of
July), the WPSH ridge line is more southern than the climatological mean. The
positive Z500 anomalies appear near the subtropical WNP. In the first pentad
of August, the WPSH ridge line moves slightly to the north, basically coincident
with the climatological mean. A weaker positive Z500 anomalies appear on the
north side of the WPSH (the area indicated by the green box). During the SNJ
pentad (Fig. 7c, the second pentad of August), the positive Z500 anomalies
in the green box further strengthens. As a result, the WPSH ridge line moves
further northward, clearly surpassing the climatological mean ridge line. We
can conclude that the positive Z500 anomalies in the green box are in favor
of the WPSH-SNJ. Therefore, the area shown in the green box (32.5-47.5°N,
147.5-172.5°E) is defined as the core region for late years. After the SNJ (Fig.
7d, e, the third and fourth pentad of August), the WPSH maintains its original
position while the positive Z500 anomalies in the core region weaken rapidly.
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Figure 7. As in Figure 4 but for the late years from July 6th pentad -August
4rd pentad.

5.2 The mechanisms of the WPSH-SNJ late years

The results in Chapter 4 show that the subseasonal signals in the mid-lower
levels play a vital role in the WPSH-SNJ for the early years. In this section, we
will explore whether these signals have the same effect on the late years.

To explore the influence of the EAP pattern, Fig. 8 shows the composites pentad-
evolution of the WPSH ridge index and EAP index in the late years during
summer. The WPSH ridge line in the later years is more southerly throughout
the summer. In early June, the WPSH ridge index is near 16°N. and keeps
moving northward. After that, the WPSH moves northward continuously with
a lesser amplitude. In the fourth pentad of July (the climatological SN.J pentad),
the WPSH rapidly moves northward to around 29°N and then retreats to the
south in the next pentad. Subsequently, the WPSH continues to move slowly
northward. After the second pentad of August (the SNJ pentad), the WPSH
ridge index remains near 28°N. The evolution of the EAP index illustrates that,
in the sixth pentad of July, the EAP index is positive. Meanwhile, a meridional
“4-4" tripolar pattern appears along the East Asian coast, and the negative
7500 anomalies near Japan causes the WPSH to remain in the southern position
(Fig. 7c). In the SNJ pentad (the second pentad of August), the negative EAP
index is still maintained, which is not conducive to the WPSH-SNJ. Therefore,
the EAP pattern does not contribute to the WPSH-SNJ in late years.
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Figure 8. As in Figure 5 but for the late years situation.

Similar to the above, we will investigate the impact of the BSISO1 on WPSH-
SNJ in late years. Fig. 9a shows the phase space diagram of BSISO1 from July
6th pentad -August 4th pentad (the SNJ pentad and two pentads before and
after) for the late years. The distribution in each phase is not uniform. The
BSISOL1 is very active in Phases 2-4, and their total proportion is about 51%.
During Phases 2-4, anomalous convection related to BSISO1 is enhanced over
the Bay of Bengal, Maritime Continent, and SCS (Fig. S3). The active days in
Phases 2—4 for late years are also more than the climatological mean (Fig. 9b).

Fig. 9c¢ composites the convection and circulation anomalies fields in Phases
2-4 of BSISO1 from July 6th pentad -August 4th pentad for late years. As
shown in the picture, the suppressed convection is observed over the SCS and
the tropical WNP, with a large-scale anticyclonic circulation and positive Z500
anomalies over its northwestern part. Enhanced convection is over Japan island,
which affects the weak negative Z500 anomalies occurring in the core region
(purple box). Therefore, the circulation anomalies connected with the BSISO1
are unfavorable for the WPSH-SNJ in the late years.
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Figure 9. From July 6th pentad - August 4th pentad for late years, (a) the
phase space diagram of BSISO1, the blue words represent the percentage of
the days’ number in each phase. (b) The active BSISO1 days in phases 1-
8 (bar, unit: day), the blue and grey bars represent the active days for late
years and the climatological mean, respectively. (¢) The composite subseasonal
anomalies of OLR (shaded, W m2), 500hPa wind (vector,m s'), and Z500
(contour, the solid red lines, and dotted blue lines indicate positive and negative
values, respectively) of active BSISO1 days in Phase 2—4, the shades and vectors
are shown only when they are significant at the 95% confidence level. The purple
box indicates the core region of the late years.

The above results indicate that subseasonal signals in the mid-lower levels do
not affect the late years. So, what factors contribute to the WPSH-SNJ in the
later years? Previous studies showed that wave trains in the mid-upper levels
can affect the geopotential height anomalies in the core region (Liu et al., 2019).
To explore the influence of the upper-level wave train on the WPSH-SNJ, Fig.
10 shows the pentad evolution from July 6th pentad-August 4th pentad for late
years, including the 300 hPa geopotential height (Z300) and horizontal wind
anomalies fields. In the sixth pentad of July (Fig. 10a), a northwest-southeast
tilted wave train appears over the Eurasian Continent. Propagating along the
westerly jet, the wave train show a “+-+” pattern over the East European Plains,
Lake Baikal, and the mid-latitude North Pacific in the first pentad of August
(Fig. 10b). It results in a weak positive Z300 anomalies over the core region
(green box). In the WPSH-SNJ pentad (the second pentad of August, Fig.
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10c), the intensity of the wave train weakens, but the positive Z300 anomalies
in the core region increase instead, which is favorable for the northward shift
of the WPSH. After that, the wave train dissipates rapidly, and the positive
7300 anomalies over the core region also weaken. Consequently, we consider the
eastward zonal wave train in the upper level over the Eurasian Continent as a
significant factor for WPSH-SNJ in the later years.

(a) Late years 2300 & UV300
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Figure 10. The composite subseasonal anomalies of geopotential height at 300
hPa (Z300) (shaded, gpm) and 300hPa horizontal wind (vector, m s™) form July
6th pentad-August 4th pentad for late years. The shading areas and vectors are
shown only when they are significant at the 95% confidence level. The green
boxes indicate the core region of the late years.

After exploring the influence of the upper-level wave train in the later years, we
are also curious whether it acts on the WPSH-SNJ in the early years. Fig. S3
shows the anomalies in Z300 and 300 hPa horizontal wind fields from June 5th
pentad - July 3rd pentad (the SNJ pentad and two pentads before and after) for
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early years. Although a wave train appears over Eurasian Continent, it locates
over the north side of the core region, and cannot affect the WPSH-SNJ in the
early years. The enhanced Z300 anomalies over the core region during the SNJ
pentad are due to the development of the positive Z500 anomalies to the upper
level. Therefore, we conclude that the wave train in the upper troposphere does
not play a role in the WPSH-SNJ in the early years.

Hereinbefore, we found a notable fact that although the upper-level zonal wave
train weakens overall in the second pentad of August, the positive Z300 anoma-
lies in the core region increase (Fig. 10c). It may relate to air-sea interaction
(Guan et al.,2019). To explore the effect of air-sea interaction, Fig. 11 depicts
the pentad evolution from July 6th pentad - August 4th pentad for late years, in-
cluding the SST, turbulent flux, Z500, and 1000 hPa geopotential height (Z1000)
anomalies. In the sixth pentad of July, negative Z500 anomalies are over the
core region, then it turns to a weaker positive value. The positive Z500 anoma-
lies intensify significantly in the SNJ pentad (the second pentad of August).
The cold SSTAs appear in the core region in the 6th pentad of July and main-
tains. Affected by the sustained cold SSTAs, the negative turbulent heat flux
anomaly occurs over the core area in the sixth pentad of July and continues to
develop. In the second pentad of August, it significantly intensifies. As a result,
weak positive Z1000 anomalies appear over the core region in the sixth pentad
of July. Subsequently, the positive Z1000 anomalies gradually strengthen, en-
hancing markedly in the second pentad of August and maintaining until the
fourth pentad of August.
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To further explore the process by which SSTAs
affect the geopotential height anomalies over the
core region, Fig. 12 shows composite anomalies
of SST, the difference between SST and 2m air
temperature, latent heat flux, sensible heat flux,
and Z1000 averaged over 31.5°N- 41.5°N 150°E-
170°E. We also depict the spatial distribution
evolution of these anomalies (Fig. S4). Since the
sixth pentad of July, SSTAs consistently present
negative values. Under this influence, the sea-
air temperature difference gradually decreases,
leading to a decrease in the sensible heat flux
and latent heat flux. At the same time, a weak
positive Z1000 anomaly occurs and continues to
grow until the third pentad of August. It can
be seen that the negative SSTAs in the core re-
gion reduce the upward sensible and latent heat
fluxes, stimulating the positive Z1000 anomaly.

Fig. 12 also shows the pentad evolution of the
7300 anomalies. The Z300 anomalies have been
negative from the fourth to sixth pentad of July.
In the first pentad of August, due to the influ-
ence of the upper-level wave train (Fig. 10b), the
7300 anomalies turn into a positive value. This
change lags behind Z1000. In the second pen-
tad of August, accompanied by the intensifica-
tion of the positive Z1000 anomalies, the positive
7300 anomalies reach the maximum and weaken
rapidly.

To better represent the corresponding relationship between the upper and lower
level geopotential height anomalies over the core region, Fig. 13 shows the ver-
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tical profile of the geopotential height anomalies for late years averaged over
31.5°N- 41.5°N 150°E-170°E. In the first pentad of July, positive geopotential
height anomalies from the upper to the lower level, showing a barotropic struc-
ture. This barotropic structure continues until the fifth pentad of July. In the
sixth pentad of July, due to the influence of the cold SSTAs, the Z1000 anomaly
is positive, but there are still negative anomalies in the mid-upper troposphere.
A vertical baroclinic structure appears over the core region. In the first pentad
of August, the Z300 anomalies turn to a positive value influenced by the wave
train (Fig. 10b), and the positive Z1000 anomalies further strengthen.

(f) Turbulent heat flux
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(m) North jump pentad
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Figure 11. The composite subseasonal anomalies of (a) SSTAs (shaded, °C),
(b) turbulent heat flux (shaded, positive upwards, °C). The shading areas and
vectors are shown only when they are significant at the 95% confidence level.
(c) The geopotential height at 1000 hPa (Z1000) (shaded, gpm) and Z500 (black
contour, the solid and dotted lines indicate the positive and negative values, re-
spectively) from July 6th pentad-August 4th pentad for late years. The shading

21



areas and vectors are shown only when they are statistically significant. The
blue solid and red dotted lines are the 5880-lines for late years and the climato-
logical mean, respectively. The green boxes indicate the core region of the late
years.

In the SNJ pentad (the second pentad of August), the positive geopotential
height anomalies of the upper and lower layers further develop. Under their
interaction, the positive equivalent barotropic structure appears over the core
region. After that, the positive anomaly in the upper level weakens rapidly.
While the positive anomaly in the lower level continues to grow and gradually
weakens after the third pentad of August.

From the above analysis, it is not difficult to find that the development of
geopotential height anomalies in the upper and lower troposphere are not in-
phase. The low-level positive geopotential height anomalies develop ahead of
the upper-level, and they both enhance in the second pentad of August. The
positive geopotential height anomalies of the entire troposphere grow signifi-
cantly, contributing to the enhancement of the Z500 anomalies over the core
region.
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Figure 12. The composite subseasonal anomalies of SST, the difference be-
tween SST and 2m air temperature, latent heat flux, sensible heat flux, Z1000,
and Z300 averaged over 31.5°N- 41.5°N for late years.
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Figure 13. The vertical profile pentad evolution of the geopotential height
anomalies averaged over 31.5°N- 41.5°N for late years. The red asterisk on the
X axis indicates the WPSH-SNJ pentad. The dots denote statistically significant
areas.

In conclusion, the characteristic of late years is that there are significant Z500
positive anomalies in the north side of the WPSH during the SNJ pentad. The
region (32.5-47.5°N, 147.5-172.5°E) is defined as the core region. Different from
the forcing results of the EAP pattern and BSISO in the early years, the WPSH-
SNJ in the late years is affected by the east-propagating upper-level wave train
and the local air-sea interaction collaboratively.

6 Summary and discussions

Based on the reanalysis datasets, this study investigates the characteristics and
mechanisms of the western Pacific subtropical high (WPSH) significant north-
ward jump during summer. According to the WPSH ridge which represents
the meridional position of the WPSH (Liu et al., 2012), the WPSH significant
northward jump (SNJ) events are identified from the year 1979 to 2020 dur-
ing summer. It is found that the WPSH-SNJ event has critical effects on the
climate of the Fast Asian coast. After the WPSH-SNJ, the amount of precipi-
tation increases over Northern China, Korean Peninsula, and Indian Peninsula
but decreases over Southern China, the YHR basin, and southern Japan.

The occurrence time of WPSH-SNJ events exhibits significant interannual vari-
ability. On the interannual timescale, the anomalous characteristics and differ-
ent mechanisms for the early and late WPSH-SNJ years are revealed. After
investigating the subseasonal evolution of the anomalous circulation character-
istics, it is clearly shown that the 500 hPa geopotential height (Z500) anomalies
present a “-+-” pattern over the subtropical western Pacific, Japan, and north-
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east East Asia during the WPSH-SNJ pentad in the early years. The Z500
anomalies during the WPSH-SNJ pentad are found to be similar to the nega-
tive phase of the East Asia/Pacific (EAP) teleconnection pattern. Especially
the core region (30-40°N, 112.5-137.5°E) in the center of the EAP tripolar geopo-
tential height anomalies is proved to be vital for WPSH-SNJ in early years. In
the SNJ early years, the EAP index shows a negative value on the sixth pentad
of June. Until the first pentad of July, the positive geopotential height anoma-
lies in the core region of the EAP pattern push the SNJ of WPSH to the north
of the 28°N. The early years 500 hPa geopotential height anomalies are also
related to the boreal summer intraseasonal oscillation (BSISO). The anomalous
northwestward signal in BSISO1 over the Northwest Pacific Ocean can lead to
the WPSH-SNJ by enhancing the positive Z500 anomalies in the core region. A
total of seven earlier WPSH-SNJ events occurs from 1979 to 2020. Our work
further proves that five of them are accompanied by the negative EAP index and
phase 6 of BSISO1, while the remaining two events are accompanied by the pos-
itive EAP index and phase 5 of BSISO1. In general, the meridional transports
of mid-lower levels tropical signals (EAP and BSISO1) are the main causes of
the WPSH-SNJ in the first pentad of July, and their effects are independent on
the interannual time scale.

However, in the WPSH-SNJ late years, the center of the EAP tripolar pattern
shows weak negative Z500 anomalies, and the continuous positive EAP index
is not conducive to the WPSH-SNJ. In addition, the active days of BSISO1 are
dominant in the 2-4 phases during the later WPSH-SNJ. Although the above
mid-lower levels anomalous signals are crucial to WPSH-SNJ in the early years,
they have been revealed to be unrelated to the WPSH-SNJ in the late years.
Our study further proves that the WPSH-SNJ in the later years is caused by
the geopotential height anomalies over the region (32.5-47.5°N, 147.5-172.5°E),
which is defined as another core region in WPSH-SNJ later years. The mecha-
nisms in the SNJ late years are different from the early years. The research shows
that the combined effect of the east-propagating upper-level wave train and the
sea surface temperature anomalies (SSTAs) are the determinants. The continu-
ous cold SSTAs stimulate the positive 1000 hPa geopotential height anomalies,
contributing to the vertical baroclinic structure over the core region from the
sixth pentad of July. On the first pentad of August, the upper-level wave train
leads to the positive 300 hPa geopotential height anomalies over the core region.
In the WPSH-SNJ pentad (the second pentad of August), the positive geopo-
tential height anomalies of the upper and lower levels develop significantly. As
a result, a positive anomaly with equivalent barotropic structure appears over
the core region, leading to the WPSH-SNJ at this time.

This study reveals the influences of the atmospheric internal variability and
external forcing on the WPSH-SNJ on the interannual timescale, including
the EAP teleconnection pattern, BSISO, upper-level zonal wave train, and the
SSTAs over the WNP. The meridional position of the WPSH may be also in-
fluenced by other factors, such as the atmospheric cross-equatorial flow, and
thermal forcing of the Tibetan Plateau (Tao and Zhu, 1964; Xue et al., 2004;
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Yang and Huang, 1989), which requires further investigation. Finally, the mech-
anisms of WPSH-SNJ in the anomalous early and late years are based on the
fifth generation ECMWF atmospheric reanalysis dataset of the global climate
(ERA-5). Further numerical simulations are needed to verify the impact fac-
tors. It is also necessary to explore the quantitative climate influences of the
WPSH-SNJ with different intensities.
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	Climatologically, the East Asia/Pacific (EAP) teleconnection pattern (Nitta, 1987; Huang and Sun, 1992; Hirota and Takahashi, 2012) is related to the meridional atmospheric dynamic processes and sea surface temperature anomalies (SSTAs) over the western Pacific (Wang et al., 2000; Yang et al., 2007; Xie et al., 2016; Kosaka and Nakamura, 2010). The EAP pattern exhibits strong subseasonal variability with an oscillation period of 25-60 days (Bueh et al. 2008; Wu et al., 2013; Li et al., 2014). In different phases of the EAP pattern, anomalous anticyclones or cyclones will occur over the YHR basin and Japan, which will cause the meridional displacement of WPSH (Huang et al., 2012). In addition, the tropical intra-seasonal oscillation (ISO) also plays a dominant role in the meridional movement of WPSH on subseasonal timescales (Madden, 1986; Wang and Rui, 1990; Zhang and Dong, 2004; Kikuchi et al., 2012). The tropical ISO mode in the Indo-Pacific warm pool during summer is called boreal summer intraseasonal oscillation (BSISO). It is one of the most prominent sources of short-term climate variability in the Asian summer monsoon region (Wang and Xie, 1997; Lin, 2013; Hsu et al., 2016; Lee et al., 2017). Using multivariate empirical orthogonal function (MV-EOF) analysis, Lee et al. (2013) suggested that the propagation of BSISO has an effect on the subseasonal OLR and geopotential height fields over the western North Pacific (WNP). They also defined two real-time indices: BSISO1 index and BSISO2 index. The BSISO1 represents the northward/northeastward propagation of the boreal summer ISO mode in the Indian Ocean with a quasi-oscillation period of 30-60 days. The BSISO2 indicates the northward/northwestward propagation of ISO mode over the Western Pacific and East Asia, with a period of 10-30 days. The active ISO over the WNP can stimulate a poleward propagating Rossby wave, which is favorable for the northward movement of the WPSH. The accumulated effect of the tropical ISO convections in the meridional displacement of WPSH are also discussed (Huang et al., 2020).
	In addition to the above tropical factors, the mid-latitude zonal wave trains are proved to influence the WPSH, such as the silk road wave train (SRP) and circumglobal teleconnection (CGT) wave train (Branstator,2002; Lu et al. 2002; Enomoto et al., 2003; Ding and Wang, 2005; Chen and Huang,2012). As the wave train propagates eastward along the atmospheric westerly jet, the energy of the zonal wave train can transmit to the eastern coast of China by forming a ridge or trough. This process has been proved to influence the zonal movement of the WPSH (Tao and Wei, 2006; Liu et al., 2019; Guan et al.,2019). Especially the study by Guan et al. (2019) proposed that the mid-latitude zonal wave trains have different effects on the east-west position of the WPSH in early and late summers. However, the contribution of the zonal wave train in the mid-upper levels to the meridional movement of WPSH should be further explored.
	Figure 8. As in Figure 5 but for the late years situation.
	To further explore the process by which SSTAs affect the geopotential height anomalies over the core region, Fig. 12 shows composite anomalies of SST, the difference between SST and 2m air temperature, latent heat flux, sensible heat flux, and Z1000 averaged over 31.5°N- 41.5°N，150°E-170°E. We also depict the spatial distribution evolution of these anomalies (Fig. S4). Since the sixth pentad of July, SSTAs consistently present negative values. Under this influence, the sea-air temperature difference gradually decreases, leading to a decrease in the sensible heat flux and latent heat flux. At the same time, a weak positive Z1000 anomaly occurs and continues to grow until the third pentad of August. It can be seen that the negative SSTAs in the core region reduce the upward sensible and latent heat fluxes, stimulating the positive Z1000 anomaly.
	Fig. 12 also shows the pentad evolution of the Z300 anomalies. The Z300 anomalies have been negative from the fourth to sixth pentad of July. In the first pentad of August, due to the influence of the upper-level wave train (Fig. 10b), the Z300 anomalies turn into a positive value. This change lags behind Z1000. In the second pentad of August, accompanied by the intensification of the positive Z1000 anomalies, the positive Z300 anomalies reach the maximum and weaken rapidly.

