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Editorial on the Research Topic
Extreme climate events: Variability, mechanisms, and numerical
simulations

The IPCC AR6 reported that the frequency and intensity of extreme high temperature
and heat wave events have increased significantly over most parts of the globe during the
past few decades. The frequency and/or intensity of extreme precipitation have also
increased over many land areas in central and South Asia, United States, northwest
Australia, central and northern Europe, West and South Africa. In addition, some
compound extreme events such as co-occurrent heatwaves and droughts are becoming
more frequent. These extreme climate events are very likely to continue to increase as
global warming intensifies in the future, thus increasing the threat the security of food and
water for human communities.

Although scientists around the world have made great efforts to understand how and
why the extreme climate events are changing, we are still facing several crucial challenges:
What are the mechanisms for the change of regional extreme climate events under global
warming? How to improve the predictability of extreme climate events at a regional scale?
More importantly, what are the broad effects of extreme climate events on the ecosystem and
environment? Answers to these questions would help society to know more clearly what
actions should be taken to better predict the extreme climate events and to reduce the
associated adverse impacts.

This Research Topic collects 16 papers focusing on the above scientific questions, and
contributes to a better understanding of the variability, mechanisms, prediction, and impacts
of extreme climate events. Below is a brief introduction of the 16 papers in this Research
Topic.

Shin et al. investigated the synoptic features of a record-breaking heavy rainfall event
during August 2018 in the Korean peninsula. They compared the synoptic environmental
and frontal structures of the heavy rainfall events during August and the Changma period.
The results indicate that these events have several common characteristics, including an
expanded western Pacific subtropical high (WPSH) as well as strong low-level winds along
the western or northwestern edge of the WPSH. Their study shows the importance of
anomalous WPSH to the occurrence of heavy rainfall events in East Asia.
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Wan et al. explored the impact of extreme weather events on the
ground-level air pollution over eastern China and the association
with the premature deaths. They suggest that the compound hot and
dry extreme events could lead to a notable increase in the ground-
level ozone concentration over eastern China. The extreme hot
weather events may result in an increase in the ozone-related
premature deaths. These results contribute to a better
understanding of the influence of weather extremes on human
health.

Wu et al. elucidated a strengthened relationship between
summer rainfall over North China and Pacific Decadal
Oscillation (PDO) since the mid-2000’s. The results suggest that
the negative phase of PDO brought more summer rainfall in North
China via modulating the upper-level jet stream and the East Asia-
Pacific teleconnection since the mid-2000’s. Results of this study
could help improve the understanding of the factors contributing to
interdecadal variation of wet/dry condition over North China.

Yan et al. investigated the projected future change of the gross
primary productivity (GPP) of the northern Asian ecosystem and
the impact of extreme heat events. Their results suggest an overall
increase of the GPP and extreme heat events over northern Asia in
the future. The impact of extreme heat events on GPP exhibit
spatiotemporal heterogeneity, indicating a complex relationship
between the extreme events and the ecosystem GPP.

Huang et al. identified a decadal variation in the frequency of
tropical cyclones (TCs) in the South China Sea. They found a seesaw
interdecadal variation in the frequencies of two types of tropical
cyclones around 1997, which are generated in the South China Sea
and the western North Pacific. This seesaw variation of the two types
of tropical cyclones is affected by the genesis positions of TCs and
the large-scale environmental flow patterns. Their study contributes
to a better understanding of the variability of tropical cyclones that
influence East Asia.

Huang et al. analyzed two heavy rainfall events in northwestern
China during the summer of 2012 and 2013. They suggest that the
northwestward-moving plateau vortex plays an important role in
the two heavy rainfall events, which affect the moist potential
vorticity, moisture helicity, and convective clouds characteristics
in association with heavy rainfall. This study indicates an important
impact of plateau vortices originating from the Tibetan Plateau on
the extreme weathers in East Asia.

Sun et al. explored the quasi-biweekly oscillation in the
atmospheric circulation associated with the mei-yu onset
period. They found that the quasi-biweekly oscillation in the
geopotential height over the Ural Mountains and the Northwest
Pacific has an important influence on the onset of mei-yu in the
Yangtze-River valley. During recent years, extreme mei-yu events
have occurred more frequently, causing flood and/or drought
disasters. The results of this study may help to understand
these extreme events.

Zhu et al. estimated the prediction skill of the CFSv2 for the
extreme high temperature events (EHTE) in eastern China, which is
relatively poor at present. They explored the influential factors of
EHTE and constructed a physical-empirical model for predicting the
EHTE in eastern China. The results indicate that this physical-
empirical model may greatly improve the prediction of EHTE in
eastern China. This study provides an approach for obtaining a
better prediction of extreme high temperature events over China.

Lv et al. showed that during the past 35 years, there is no
significant poleward migration of TC in the western North
Pacific, but there is large interdecadal variation in the TC tracks
over the western North Pacific. The interdecadal variation of TC
tracks is mainly affected by the Interdecadal Pacific Oscillation.

Qianrong et al. investigated the atmospheric circulation
anomalies associated with a heavy rainfall event in West China
during August 2020. They found this event resulted from a
combination of different factors, including westward extended
and anomalously strong WPSH, eastward extended South Asian
High, and an anomalous low over Mongolia. These results indicate
that extreme rainfall in the interior region of Eurasia is associated
with the interaction between low latitude factors and mid-to-high
latitude factors.

Li et al. studied the characteristics of Madden-Julian Oscillation
(MJO) activity under three super El Niño events. Anomalous
propagation and intensity of the MJO are detected during the
developing, maturation, and decaying stages of the super El Niño
events, which are suggested to be related to the atmospheric
circulation and moisture anomalies caused by these El Niño
events. Their study contributes to a better understanding of the
influence of extreme El Niño events.

Cheng et al. explored the atmospheric circulation anomalies
associated with the record-breaking rainfall over South China
during the “Dragon Boat Water” season in 2022. They found
that this record-breaking rainfall was mainly caused by
anomalous meridional atmospheric circulation, which accounts
for about 86% of the actual rainfall anomaly. These results
exhibit the importance of meridional water vapor transport to
the extreme rainfall in East Asia.

Wolf et al. investigated the relationship among the extreme sea
levels, extreme astronomical tide, and extreme storm surge along the
Norwegian coast. They found the highest storm surges mostly
coincided with moderate astronomical tides and vice versa. Their
study shows the possibility to estimate extreme sea level return
values based on a three-variable system.

Huo et al. studied the extreme mei-yu in the Yangtze-Huaihe
River Valley during the summer of 2021. Their results suggest that
the occurence of this extreme mei-yu event is due to the joint
impacts of an anomalous quasi-stationary atmospheric wave train
propagating northeastward from Hainan Island to northwestern
Pacific, and an anomalous quasi-stationary atmospheric wave train
propagating eastward in the mid-latitudes originating from the
tropical Atlantic. This study contributes to a better
understanding of the mechanisms of extreme mei-yu events.

Omondi and Lin. investigated the long-term trend and spatial-
temporal variations of drought characteristics over equatorial East
Africa in boreal spring during the last 120 years. The results exhibit a
weak long-term drying trend and an increase in drought areal extent
after the 1980s in equatorial East Africa, which suggest that the
drought risks are increasing in equatorial East Africa under global
warming.

Fan et al. explored the interdecadal variation of summer extreme
high temperature days (EHTDs) in northern Eurasia and the
underlying mechanisms. They found that the number of summer
EHTDs in northern Eurasia notably increased after the mid-1990’s,
especially in the areas around Lake Baikal and the Caspian Sea. They
suggest that anomalous Rossby wave activities induced by a warmer
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state of North Atlantic plays an important role in this interdecadal
increase of EHTDs. This study contributes to a better understanding
of the interdecadal variation of heat waves in Northern Hemisphere.
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Synoptic Features of August Heavy
Rainfall Episodes Accompanied By a
Quasi-Stationary Front Over the
Korean Peninsula and Its Relationship
With the Western Pacific Subtropical
High
Uju Shin1, Sang-Hun Park1*, Yong-Ro Yun1 and Chimook Oh2

1Department of Atmospheric Sciences and Global Environmental Laboratory, Yonsei University, Seoul, South Korea, 2Republic of
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In this study, we investigated the synoptic features of the August 26–27, 2018 heavy rainfall
episode, which was accompanied by a quasi-stationary front over the Korean peninsula,
as well as its relationship with the climatological characteristics of the Western Pacific
Subtropical High (WPSH), using reanalysis and observational data. Through a case study,
we analyzed the synoptic environment and frontal structure of the heavy rainfall event by
comparing it with a heavy rainfall event associated with a quasi-stationary front that
occurred on June 26–27, 2018 (during the Changma period). The case study indicates that
the environment and structure of the quasi-stationary fronts in both events exhibited
common characteristic features: an extendedWPSH and strong low-level winds along the
western or northwestern edge of the WPSH and a northward tilted frontal structure.
Although differences in the moisture transport path were observed (southwesterly for the
Changma event and southerly for the August event), their contributions to maintaining the
quasi-stationary fronts were comparable around the Korean peninsula. We further
investigated the climatological characteristics of these two heavy rainfall episodes for a
30 year period (1990–2019). We identified heavy rainfall days similar to those of the case
study using pattern correlations of the 850 hPa geopotential height anomaly. The
occurrence frequencies for each period indicate that the environmental features of the
Changma event can be regarded as the typical heavy rainfall environment during the
Changma period, whereas the environmental features of the August event were not typical
for heavy rainfall during August. The main difference between similar and different cases to
the August event is the expansion of the WPSH. Analysis of the relationship between
annual variations in the WPSH indices and the occurrence frequency of heavy rainfall days
during each August period also indicates that heavy rainfall with a quasi-stationary front
similar to the August event is closely related to WPSH expansion.

Keywords: heavy rainfall, August rainfall, changma, quasi-stationary front, west pacific subtropical high index
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1 INTRODUCTION

A Changma front is a quasi-stationary front located over the
Korean peninsula during the Changma period of the monsoon
season, which typically occurs from the end of June to the middle
of July. It has been well documented that a significant portion of
the summertime precipitation over the Korean peninsula occurs
during the Changma period (KMA, 2011). During this period, the
Changma front develops along the boundary between the
monsoon and continental or marine polar air masses, and its
meridional location oscillates between southern Japan and the
middle of the Korean peninsula. The front is elongated from
China to Japan and is closely related to the Baiu (Japan) and Mei-
Yu (China) fronts. Ninomiya and Akiyama, (1992) suggested that
the structure of the front varies with longitude. The Baiu front
(135–160°E) exhibits a typical polar front structure, with a deep
baroclinic structure, while the Mei-Yu front (100–120°E) exhibits
a shallow structure, in which the vertical vorticity is confined to
the lower layer. The Changma front (120–135°E) is regarded as a
transition zone between these two frontal structures.

The Changma front is characterized by a meridional moisture
gradient instead of a temperature slope, as indicated by
Ninomiya, (2000). The onset and withdrawal dates of the
Changma period are determined by the meridional oscillations
of the Changma front, which has been investigated by previous
studies (e.g., Byun and Lee, 2002; Ha et al., 2005; Seo et al., 2011;
Choi et al., 2012; Park et al., 2015). Seo et al. (2011) proposed
criteria for determining the onset and withdrawal dates of the
Changma period using factors such as the meridional gradient of
equivalent potential temperature, 500 hPa geopotential height,
and 200 hPa zonal wind. Based on these factors, the onset and
withdrawal dates of the Changma period were defined as when
the Changma front crosses 32.4°N in mid-June and 40°N in late
July. Seo et al. (2011) also found that these favorable
environmental factors retreat southward over the Korean
peninsula during late August, even though such an occurrence
is not considered as a part of the Changma period.

Compared to climatological research on the Changma period,
few studies have been performed regarding heavy rainfall in
August, despite late summer rainfall events being
climatologically important over the Korean peninsula (e.g.,
Byun and Lee, 2002; Ha et al., 2007). Previous studies of
heavy rainfall during August over the Korean peninsula have
suggested that these episodes exhibit similar environmental
conditions as those of heavy rainfall episodes during the
Changma period (Lee and Cho, 2007). Both types of heavy
rainfall episodes occur at the edge of the West Pacific
Subtropical High (WPSH), and the warm moist air
transported by the strong southwesterly winds plays a crucial
role in the occurrence of heavy rainfall over the Korean peninsula.
However, the detailed features of the synoptic pressure patterns
that produce heavy rainfall during August differ slightly from
those during the Changma period. Park et al. (2021) classified the
synoptic weather patterns of the warm season’s heavy rainfall
events in South Korea. They found that heavy rainfall events
associated with the quasi-stationary frontal boundary between
low and high, which is the typical heavy rainfall environment

during the Changma period, occurred mainly during the first
rainy period (late June to July). In contrast, synoptic
environments associated with the extratropical cyclone from
eastern China and local disturbances at the edge of the WPSH
were observed frequently during the second rainy period (mid-
August to mid-September), which differed from the typical heavy
rainfall during the Changma period.

Climatologically, different characteristics also exist between
heavy rainfall episodes in August and in the Changma period.
First, heavy rainfall caused by the Changma front tends to occur
regularly every year, whereas the August heavy rainfall episodes
caused by a quasi-stationary front do not occur regularly because
synoptic systems such as typhoons can substantially influence
them (e.g., Kim et al., 2006; Byun and Lee, 2012; Cheung et al.,
2018; Lee et al., 2021). Suzuki, (1967) reported that the amount of
August rainfall in Japan was composed mainly of rainfall caused
by thunderstorms and typhoons. Second, the Changma front is
closely related to the Mei-Yu (China) and Baiu (Japan) fronts.
The average onset and withdrawal dates for the Mei-Yu/Baiu
fronts are June and July, respectively (Tomita et al., 2011).
Therefore, determining the relationship between the quasi-
stationary front in August and the Mei-Yu/Baiu fronts is
difficult using climatological analyses.

During August 26–September 1, 2018, a record-breaking
heavy rainfall episode occurred over the Korean peninsula,
accompanied by a quasi-stationary front. During this episode,
heavy rainfall occurred in a long-lasting quasi-stationary frontal
zone without the presence of the propagating extratropical
cyclone from eastern China. According to the Korean Ministry
of the Interior and Safety, this heavy rainfall event resulted in
three casualties and approximately $50 million in property
damage (Ministry of the Interior and Safety, R. of K, 2018).
The second-highest precipitation amount was recorded on
August 26, 2018 among the station-averaged daily
precipitation during August over the past 10 years, excluding
precipitation due to the direct effects of typhoons (Lee et al.,
2020). Therefore, in order to prepare for damage caused by this
type of heavy rainfall, it is essential to understand the synoptic
environments and climatological characteristics that can cause
heavy rainfall over the Korean peninsula during August. It is also
necessary to determine the similarities and differences with heavy
rainfall that occurs during the Changma period. Therefore, this
study addressed the following questions by comparing heavy
rainfall events in August and during the Changma period: 1) Is
there a difference between the synoptic environments of heavy
rainfall that occurs during August and the Changma period? and
2) What is the main driver of heavy rainfall on the Korean
peninsula during August?

To address these questions, we investigated the synoptic
characteristics of the August heavy rainfall episode that was
accompanied by a quasi-stationary front over the Korean
peninsula. We also investigated the relationship of this episode
with key synoptic-scale features using reanalysis and
observational data. Section 2 documents the data and method
used in this study. In Section 3, we examine the environment and
frontal structure of heavy rainfall events during August 26–27,
2018 by comparing it with the Changma front that formed earlier
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in the year. The climatological characteristics of the August heavy
rainfall are analyzed in Section 4. In addition, we examine the
relationship between heavy rainfall episodes associated with the
quasi-stationary front in August and the WPSH using three
different WPSH indices. Finally, the summary and conclusions
are provided in Section 5.

2 DATA AND METHODS

2.1 Data and Classification of Heavy Rainfall
We used the European Centre for Medium-Range Weather
Forecasts (ECMWF) Re-Analysis Interim (ERA-Interim; Dee
et al., 2011) dataset at 6 h intervals with a 0.75° × 0.75°

FIGURE 1 | The upper panels show the 36 h accumulated rainfall amounts (mm) from (A) 15:00 UTC on June 25 to 03:00 UTC on June 27, 2018 and from (B) 15:
00 UTC on August 25 to 03:00 UTC on August 27, 2018. The middle panels show surface weather charts obtained from the KMA at (C) 12:00 UTC on June 26, 2018
and (D) 12:00 UTC on August 26, 2018. The solid blue lines indicate the sea-level pressure (hPa), and the violet shadings represent the area with wind speed >25 knots.
The text “TD” in (D) represents the tropical depression. The bottom panels are satellite images obtained from the Communication, Ocean, and Meteorological
Satellite (COMS) at (E) 12:00 UTC on June 26, 2018 and (F) 12:00 UTC on August 26, 2018.
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horizontal resolution. Observational data were obtained from the
Korean Meteorological Administration (KMA), including upper-
air observations, satellite data, and hourly rainfall amounts from
Automatic Weather Stations (AWS) to analyze the synoptic
environment and the vertical structure of the front. In
addition, we used Automated Surface Observing System

(ASOS) data obtained from the KMA to classify the heavy
rainfall events.

We also investigated the environmental conditions during the
Changma and August periods over a 30 years duration
(1990–2019). We defined the Changma and August periods as
June 20–July 19 and August 6–September 4, respectively, and

FIGURE 2 | Isobaric level analyses for June 26 (left) and August 26, 2018 (right). (A,B)Geopotential heights (gpm, solid lines), equivalent potential temperatures (K,
shaded), and wind vectors (ms−1, black arrows) at 850 hPa, (C,D) geopotential heights (gpm, solid lines) at 500 hPa, and (E,F) geopotential heights (gpm, solid lines) and
isopachs (ms−1, shaded) at 200 hPa.
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classified each period into heavy and non-heavy rainfall days.
Both periods were defined by analyzing the rainfall climatology as
in Seo et al. (2011),, which exhibited two rainfall peaks during the
Changma and August periods. We observed the same two peaks
(Changma and August) in the ASOS rainfall data, extending its
period to the past 30 years (Supplementary Figure 1). In this
study, a heavy rainfall event is defined by the KMA as an event
with 24 h rainfall accumulations >80 mm at a minimum of two
ASOS stations. In order to investigate their relationship with the
expansion ofWPSH, 190 and 189 cases were statistically analyzed
for the Changma and August periods, respectively.

We identified heavy rainfall days similar to those in the case
study by calculating the pattern correlation of the 850 hPa
geopotential height anomaly with the selected events in each
period (i.e., events on June 26 and August 26, 2018). The pattern
correlation was calculated in the 15°–45°N, 110°–160°E area,
which adequately represents the synoptic-scale pressure
pattern in East Asia.

2.2 Western Pacific Subtropical High Index
In this study, we selected three WPSH indices to examine the
relationship between the expansion of the WPSH and the heavy
rainfall episode in August over the Korean peninsula. The WPSH
indices were calculated based on the indices proposed by Liu and
Wu, (2004; LW index), Choi and Kim, (2019; CK index), and
Riyu, (2002; LU index). Each of these indices diagnoses different
variables, but their physical meanings represent similar WPSH
behavior over East Asia.

To calculate the LW index, the analysis domain was modified
for the purposes of this study. We first set an analysis domain as
the area within 10°–45°N and 92°–155°E, and established aWPSH
ridgeline at 500 hPa. The WPSH ridgeline is defined as a line that
connects grids where the zonal wind speeds are zero and the
meridional gradient of the zonal wind is positive. We then found
the easternmost 5880 gpm point on the WPSH ridgeline in the
domain. The longitude determined using this process was used as

the westward extension longitude of the WPSH. Note that if the
geopotential height of the grid point located at the right end of the
WPSH ridge line is less than 5880 gpm, the westward extension
longitude of the WPSH is treated as a missing value. The other
two indices were calculated based on geopotential height
anomalies instead of horizontal wind shear. The CK (Choi
and Kim, 2019) index is defined as the averaged geopotential
height anomaly values at 500 hPa for the area within 9°–32°N and
105°–150°E, while the LU (Riyu, 2002) index is averaged over the
area within 30°–40°N and 120°–150°E at 850 hPa. For both
indices, a positive (negative) anomaly indicates the
strengthening (weakening) of the WPSH over East Asia.

3 CASE STUDIES

In this study, we describe the characteristic features of two heavy
rainfall events over the Korean peninsula that were accompanied
by a quasi-stationary front. During the Changma event on June
26–27, 2018, the AWS rainfall amount over 36 h was over
100 mm in the southern part of the Korean peninsula, with
the maximum rainfall exceeding 130 mm (Figure 1A). The
surface weather chart from the KMA at 12:00 UTC on June
26, 2018 (Figure 1C) shows a typical pressure pattern during the
Changma period (KMA, 2011), with theWPSH located southeast
of the Korean peninsula and a migrating low-pressure system to
the north of the peninsula. A strong pressure-gradient was
located between the low-pressure system and the WPSH, and
a quasi-stationary front extended from eastern China to the
Korean peninsula. The satellite image obtained from the
Communication, Ocean, and Meteorological Satellite (COMS)
for 12:00 UTC on June 26 shows a wide cloud band that extended
from eastern China to northern Japan along the quasi-stationary
front, and convective clouds with cloud-top temperatures below
−35°C (shaded in red) were located over the Korean peninsula
(Figure 1E).

FIGURE 3 | Vertical cross sections along latitudes for events on (A) June 26 and (B) August 26, 2018. All values at each latitude were calculated by averaging
between 125° and 130°E (red boxes). The solid lines, shading, and arrows represent the equivalent potential temperatures (K), vertical velocities (Pa s−1), and horizontal
wind vectors (ms−1), respectively.
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The other heavy rainfall event occurred on August 26–27,
2018 over the southern part of the Korean peninsula. During this
event, precipitation exceeding 300 mm was observed on the
southern Korean peninsula, with a maximum rainfall amount
of ~400 mm (Figure 1B). The surface weather chart at 12:00 UTC
on August 26, 2018 (Figure 1D) shows that the WPSH was
located southeast of the Korean peninsula, and a tropical
depression (labeled TD) was located on the southern coast of
China. A low-pressure system was located northeast of the
Korean peninsula, and the trough extended from the center of
the low-pressure system to the tropical depression. A strong
pressure gradient was present east of Taiwan between the
WPSH and the tropical depression. A quasi-stationary front
extended east–west to the southern Korean peninsula at the
northern end of this strong pressure gradient. In the satellite
image (Figure 1F), the development of a narrow and intense
cloud band is depicted along the quasi-stationary front over the
southern Korean peninsula.

The considerable similarity between these two events is that
heavy rainfall occurred in an environment in which the WPSH
extended to the west, and that heavy rainfall occurred over the
Korean peninsula due to convective systems that developed
within a cloud band on a quasi-stationary front that extended
from eastern China to the Korean peninsula. However, the low-
pressure disturbances associated with the front exhibited different
features during each event. In the Changma event, the quasi-
stationary front developed in the vicinity of the strong pressure
gradient between the WPSH and the synoptic-scale low to the
north of the Korean peninsula. In contrast, in the August event,
the strong pressure gradient occurred between the WPSH and a
tropical depression to the south of Korea, and the quasi-

stationary front developed at the northern end of the strong
pressure gradient.

We further investigated the heavy rainfall environments using
pressure level analyses from the ERA-Interim for the Changma
(June 26, 2018) and August (August 26, 2018) events. The
meteorological fields shown in Figure 2 represent the averages
between 00:00 UTC and 12:00 UTC. The 850 hPa pressure chart
for the Changma event indicates that the WPSH and the
synoptic-scale low were located to the southeast and north of
the Korean peninsula, respectively. A region with a strong height
gradient was located between the WPSH and the synoptic-scale
low, while strong westerly–southwesterly currents in this region
transported warm and moist air toward the Korean peninsula. As
a result, an area of high-θe air extended from China to the Korean
peninsula. The quasi-stationary front (Figures 1C,E) developed
in the strong θe gradient region (Figure 2A). In the 850 hPa
pressure chart for the August event, a strong southerly flow was
observed over the ocean between the WPSH and the tropical
depression. Warm and moist air was transported from the East
China Sea by the strong southerly flow, and a strong θe gradient
extending from the eastern part of China to Japan, was located
along the northern edge of the strong southerly flow (Figure 2B).
The Changma and August events exhibited different transport
paths for the warm and moist air. Owing to the synoptic pattern
differences, the warm and moist air was transported by strong
southerly wind in August, whereas the prevailing winds during
the Changma event were southwesterly. However, these moisture
transports supported maintaining both quasi-stationary fronts,
thereby presenting common environmental features between the
two cases. The strong low-level flow was located in the strong
geopotential height gradient region, and the warm and moist air

FIGURE 4 | Geopotential heights (gpm, solid black lines), equivalent potential temperatures (K, dashed magenta lines), equivalent potential temperature gradients
(K/100 km, shaded), and wind vectors (ms−1, black arrow) at 850 hPa for heavy rainfall days during the (A) Changma and (B) August periods.
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was transported toward the Korean peninsula. As warm and
humid air was supplied, an area with a robust θe gradient
appeared over the Korean peninsula and the quasi-stationary
front developed in this region.

Similarities at low-level pressure fields were also apparent in
the upper-level analysis. During both events, the 500 hPa pressure
chart indicates that the WPSH was located southeast of the
Korean peninsula, with the west end of the 5880 gpm contour
extending into China (Figures 2C,D). At the northern edge of the
WPSH, a strong geopotential height gradient was located over the
Korean peninsula. In the 200 hPa pressure chart, the upper-level
jet axis was located to the north of the Korean peninsula, and the
Korean peninsula was located on the right side of the jet entrance
(Figures 2E,F).

The vertical structures of the quasi-stationary fronts are
shown in Figure 3, showing latitude-pressure cross-sections
between 20°N and 50°N for both events. The values at each
latitude are represented by averaged values between 125° and

130°E (i.e., red box in Figures 2A,B). Figure 3 shows vertical
cross-sections of the θe, vertical velocity, and horizontal wind
vectors during the Changma and August events. During both
events, high-θe air below 700 hPa was located south of the
Korean peninsula, while an area of low-θe air was located
toward the northern Korean peninsula. This front, which is
defined as the boundary between high- and low-θe air, was tilted
steeply northward. A low-level strong southerly flow upstream
of the front transported the high-θe air toward the Korean
peninsula, which rose as it encountered the front. Previous
studies of the Changma front (e.g., Sampe and Xie, 2010; Seo
et al., 2011) have shown that its vertical structure is
characterized by the northward tilt of the front from the
lower to the upper troposphere. The typical structure of the
Changma front was observed in both the Changma and August
events.

Although the two case studies developed from different
synoptic patterns, the environment and structure of the front
for both events exhibited common characteristic features: an
extended WPSH and strong low-level winds along the western
or northwestern edge of the WPSH, and a northward tilting
frontal structure. Differences were observed regarding the
moisture transport path (southwesterly in the Changma event
and southerly in the August event); however, their contributions
to maintaining their respective quasi-stationary fronts around the
Korean peninsula were comparable.

4 HEAVY RAINFALL EVENTS IN AUGUST
AND CLIMATOLOGY

There are climatological issues related to the characteristics of the
heavy rainfall in August. As we discussed above, heavy rainfall
caused by the Changma front tends to occur regularly every year,
and the Changma front is closely related to the Mei-Yu (China)
and Baiu (Japan) fronts. These characteristics are important
factors that define the Changma front. Thus, the long-term
climatological characteristics of the quasi-stationary front
during both the Changma and August events should be
considered.

Figure 4 shows the mean geopotential height field and
equivalent potential temperatures at 850 hPa during heavy
rainfall episodes from 1990 to 2019. During the Changma
period (190 cases), the northwestern edge of the WPSH
extended from southwestern China to the Korean peninsula
and northern Japan. A synoptic disturbance was located
northwest of the Korean peninsula and a stationary trough
extended from the disturbance to the downstream region of the
Tibetan Plateau (Figure 4A). These characteristic features
during the Changma period are in agreement with those of
the Changma event, as shown in the case study revealed in
Figure 2A.

The mean August synoptic field from 189 heavy rainfall events
in Figure 4B indicates that the synoptic-scale ridge extended
from the northwestern edge of the WPSH to eastern China. The
western edge of theWPSH did not extend to southern China as in
the Changma period, and a strong trough was located in the

FIGURE 5 | (A) Cumulative occurrence frequency of cases with similar
patterns (SP) during the Changma period (June 20–July 19, black line) and
August (August 6–September 4, red line) depending on the pattern correlation
threshold. The dashed blue line indicates a pattern correlation threshold
of 0.5. (B,C) Time series of the frequency of heavy rainfall days (black bars),
cases with similar patterns (SP, red bars), and cases with different patterns
(DP, blue bars) during the (B) Changma period and (C) August.
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vicinity of Taiwan. The synoptic features of the mean August field
differ from those of the mean Changma field, represented by the
strong trough near Taiwan, the strong disturbance near the
Korean peninsula, and the location of the synoptic cyclone
northeast of the Korean peninsula. Note that the mean heavy
rainfall environment during August (Figure 4B) does not match
the August event in the case study precisely (Figure 2B). This
may be due to the diversity of the synoptic environment that

causes heavy rainfall during August, as documented by Park et al.
(2021).

Considering the diversity of the heavy rainfall environment
during August, we identified the heavy rainfall days in each period
as similar pattern (SP) and different pattern (DP) cases by
calculating the pattern correlation of the 850 hPa geopotential
height anomaly with the selected August event (i.e., August 26,
2018). For comparison, the same analysis was performed on the

FIGURE 6 |Composite geopotential height (gpm, solid lines), equivalent potential temperature (K, shaded), and wind vector (ms−1, arrows) fields at 850 hPa for (A)
SP cases and (B) DP cases during August from 1990 to 2019. The dots indicate that the value is significant at the 95% confidence level.

FIGURE 7 | Same as Figure 3, but for the similar pattern (SP) cases during the (A)Changma period and (B) August from 1990 to 2019. Note that the magnitude of
vertical motion is different from that shown in Figure 3. The dots indicate that the value is significant at the 95% confidence level.
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Changma period using the selected Changma event (i.e., June 26,
2018). Figure 5A shows the change in the cumulative occurrence
frequency of the SP cases according to the change in the pattern
correlation threshold. For the Changma period, the cumulative
occurrence frequency of the SP cases remained above 180 (95%) up
to a pattern correlation threshold of 0.5 and retained values of 90
(47%) even at a pattern correlation threshold of 0.8. Unlike the
Changma period, the cumulative occurrence frequency of the SP
cases during August decreased rapidly with an increasing pattern
correlation threshold. The cumulative occurrence frequencies of
the SP cases during August were approximately 97 (51%) and 7
(4%) cases when the pattern correlation thresholds were 0.5 and
0.8, respectively. Notably, the occurrence frequencies of the SP
cases during the two periods were quite different. The occurrence
frequencies of the SP cases during both periods implies that the
environmental features of the Changma event can be regarded as
the typical heavy rainfall environment during the Changma period,
while the environmental features of the August event cannot be

regarded as typical for heavy rainfall during August. For example,
the occurrence frequencies of the heavy rainfall days, SP cases, and
DP cases when the pattern correlation threshold was assumed to be
0.5 (Figures 5B,C) indicate that, during the Changma period, SP
cases occurred on 95% of the heavy rainfall days. In contrast,
during August, only 51% of the heavy rainfall days were similar to
the August event described above.

Since the SP and DP cases both exhibited similar occurrence
frequencies during August, we examined the environmental
features of the SP cases during August by comparing them with
the DP cases. Days with a pattern correlation value greater than
0.5 were classified as SP cases (97), whereas those with values
less than 0.5 were classified as DP cases (92). Figure 6 shows
constant pressure charts for the SP and DP cases during
August. The composite charts of the SP cases from
Figure 6A exhibited environmental features that were
consistent with those of the August event as shown in
Figure 2B. In the 850 hPa pressure chart for the SP cases,
the WPSH extended to China and the front (i.e., east–west line
of the high θe gradient) was located at the northern end of the
strong low-level southerly wind that flows toward the Korean
peninsula along the western flank of the WPSH (Figure 6A).
The expansion of the WPSH was also apparent in the 500 hPa
pressure chart, and the upper-level jet axis was located north of
the Korean peninsula (not shown). In the composite charts of
the DP cases from Figures 6A,B low-pressure system was
located over the Yellow Sea and the Korean peninsula that
extended from the eastern part of China to the northern part of
Japan, crossing the low-pressure system. Note that the synoptic
trough and disturbances around Taiwan and the Korean
peninsula revealed in Figure 4B were from DP cases during
August, as shown in Figure 6B. The SP and DP cases exhibited
considerable differences regarding the development of the front
over the Korean peninsula. In the SP cases, the strong southerly
or southwesterly wind along the western flank of the WPSH
plays an important role in the front development, as in the
heavy rainfall environment during the Changma period. In
contrast, from DP cases (Figure 6B), the cyclonic circulation
associated with the mesoscale low near the Korean peninsula
was the main driver of heavy rainfall systems. By decomposing
Figure 4B into Figures 6A,B, we found that these differences
were strongly associated with the expansion of the WPSH. In
the SP cases, the 1500 gpm and 1485 gpm contours extended
further northwest than in the DP cases, while the northwestern
edge of the WPSH extended to the southern part of the Korean
peninsula.

The vertical structure of the SP cases during the Changma and
August periods were similar to those of the case studies
(Figure 3), although the fields were smoother than the case
study events. Figures 7A,B show the vertical structure of the
SP cases during the Changma and August periods, respectively.
During both periods, high-θe air below 700 hPa was located south
of the Korean peninsula, while an area of low-θe air was located
north of the Korean peninsula in the layer between the surface
and the upper troposphere (Figures 7A,B), as shown in the case
studies (Figures 3A,B). Moreover, significant upward motion
was observed over the region with a strong horizontal θe gradient.

FIGURE 8 | Annual variations in the westward extension of the WPSH:
(A) LW (Liu and Wu, 2004), (B) CK (Choi and Kim, 2019), and (C) LU (Riyu,
2002) Indices. All indices were calculated during August of each year from
1990 to 2019. Thick gray bars indicate years with three or more SP
cases. Red (blue) dashed lines indicate the mean values of years with (without)
three or more SP cases.
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Analyses of the SP cases during both the Changma and August
periods demonstrate that they occurred in each period in an
environment similar to those of the case study events. As
mentioned above, this study was motivated to find favorable
synoptic conditions for heavy rainfall events during August with a
quasi-stationary front. Here, the environmental conditions of the
SP cases in August suggest that similar heavy rainfall events can
occur under certain synoptic conditions in which the WPSH
extends northwestward. Therefore, based on the importance of
the expansion of the WPSH for heavy rainfall development
during August, we examined the relationship between the

frequency of heavy rainfall days in August and the WPSH
index for each year.

Figure 8 shows the annual variations in the WPSH indices for
the August events. All of the indices were calculated during
August of each year from 1990 to 2019. As shown in
Figure 8A, the annual variations in the LW index indicate
that the average longitude of the WPSH between 1990 and
2019 was ~128.8°E. The mean extension longitude of the
WPSH during years with three or more SP cases (red dashed)
was ~123.7°E, which is farther west than in other years (blue
dashed line) at 137°E. For the other two WPSH indices, the mean

FIGURE 9 | Correlation coefficients between the WPSH indices (left, middle, and right panels represent the LW, CK, and LU indices, respectively) and annual
frequencies of (A–C) SP cases in August, (D–F) DP cases in August, and (G–I) SP cases during the Changma period from 1990 to 2019. Note that the results of the DP
cases during the Changma period are not shown, as the total frequency was only 10 days during 1990–2019.
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values during years with (without) three or more SP cases had
positive (negative) anomalies, and the differences between the red
and blue dashed lines were 6.4 and 5.5 m for the CK and LU
indices, as shown in Figures 8B,C, respectively.

The relationship between the WPSH indices and the annual
occurrence frequencies of heavy rainfall days during August was also
examined using the correlation coefficient (Figure 9). The LW index
exhibited a negative correlation with heavy rainfall occurrence for
the SP cases (0.56) in August, while the CK and LU indices exhibited
positive correlations (0.47 and 0.58, respectively), as shown in
Figures 9A–C. In contrast to the SP cases, the relationship
between the WPSH indices and the heavy rainfall occurrence
frequency for the DP cases exhibited a nearly random pattern,
with correlation coefficients of 0.11, 0.01, and 0.19 for the LW
(Figure 9D), CK (Figure 9E), and LU indices (Figure 9F),
respectively. The annual variations in the WPSH indices and the
annual occurrence frequencies of heavy rainfall days during August
indicate that a strengthening of the WPSH is closely related to the
occurrence of heavy rainfall for the SP cases, while it was unrelated to
the occurrence of heavy rainfall for the DP cases.

We also applied the above analysis to the Changma period.
Figures 9G–I show the relationships between the WPSH
indices and the occurrence frequency of the SP cases during
the Changma period. The results for the DP cases during the
Changma period have been excluded, as the total frequency of
the DP cases was only 10 during 1990–2019, as shown in
Figure 5A. For the SP cases during the Changma period, the
correlation coefficients were 0.06, 0.03, and 0.23 for the LW
(Figure 9G), CK (Figure 9H), and LU (Figure 9I) indices,
respectively. These values were substantially smaller than the
correlation coefficients for the SP cases in August (Figures
9A–C) and exhibited a nearly random pattern. During the
Changma period, since the occurrence frequency of the SP
cases occupied 95% of the heavy rainfall occurrences, we can
conclude that the relationship between the annual variations in
the WPSH and heavy rainfall occurrence is very weak,
indicating that the expansion of WPSH is not a key feature
of heavy rainfall over the Korean peninsula. Complicated
development processes exist for the quasi-stationary front in
the Changma period, such as the impact of the Tibetan Plateau
(e.g., Hsu and Liu, 2003; Son et al., 2019; Seok and Seo, 2021) or
large-scale diabatic heating effects (e.g., Yun et al., 2010; Jin
et al., 2013). More detailed analysis of various aspects of heavy
rainfall during the Changma period is beyond the scope of this
study, and further research should be performed on this subject.
In contrast, we found that heavy rainfall events that occurred in
a similar synoptic environment as that of the August event were
very closely related to WPSH expansion.

5 SUMMARY AND CONCLUSION

We investigated the relationships between heavy rainfall in
August over the Korean peninsula and the climatological
characteristics of the WPSH using reanalysis and observational
data. Based on the two case studies, the synoptic environment and
frontal structure during August 26–27, 2018 were compared with

those of the heavy rainfall event during the Changma period.
Furthermore, we investigated the climatological characteristics of
heavy rainfall episodes during the Changma (190 cases) and
August periods (189 cases) from 1990 to 2019.

The case studies indicate that the environment and structure
of the quasi-stationary front for both events exhibited common
characteristics: an expanded WPSH and strong low-level winds
along the western or northwestern edge of the WPSH; and a
northward tilting frontal structure. These characteristics are
consistent with those of the Changma front, as defined by
previous studies. However, the moisture transport path
differed between the two events: moisture transport was
mainly derived from the southwest in the Changma event, but
was derived from the south in the August event. This difference is
due to the synoptic pressure caused by the presence of the
cyclonic system over the southern coast of China. However,
the moisture transports supported maintaining both quasi-
stationary fronts presenting common environmental features
between the two cases.

We classified the heavy rainfall days during each period from
1990 to 2019 as SP and DP cases by calculating the pattern
correlations with each period’s selected events. The occurrence
frequency of the SP cases was dependent on the pattern
correlation threshold for both periods, thereby indicating that
the environmental features of the Changma event can be regarded
as the typical heavy rainfall environment during the Changma
period. In contrast, environmental features of the August 2018
event could not be regarded as the typical heavy rainfall
environment during August, but accounted for half of the
heavy rainfall during August when the pattern correlation
threshold was 0.5.

A major difference between the SP and DP cases during
August was the expansion and intensity of the WPSH. In the
SP cases, the strong southerly or southwesterly winds along the
western flank of the WPSH played an important role in the
development of the front, as in the heavy rainfall environment
during the Changma period. However, the cyclonic circulation
associated with a mesoscale low near the Korean peninsula was
the main driver of heavy rainfall systems. The environmental
conditions in the SP cases indicate that heavy rainfall events
similar to the August event in the case studies can occur under
certain synoptic conditions in which the WPSH extends
northwestward.

To examine the influence of the WPSH expansion on heavy
rainfall during August over the Korean peninsula, we analyzed
the relationships between the annual variations in three WPSH
indices and the annual occurrence frequency of heavy rainfall
days during August and the Changma period. The results indicate
that heavy rainfall during August accompanied by a quasi-
stationary front was very closely related to WPSH expansion.

This study focused on investigating the relationship between
the heavy rainfall environment during August and the expansion
of the WPSH. To better understand the characteristics of heavy
rainfall during August, further research regarding the heavy
rainfall environment with WPSH modulation (e.g., Yang and
Li, 2020) and the environment considered in this study should be
conducted. In addition, the influence of tropical cyclone activity
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on heavy rainfall during August should be addressed more clearly
in future research.
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Change of ecosystem productivity and its response to climate extremes in the

context of global warming are of great interest and particular concern for

ecosystem management and adaptation. Using the simulations with and

without the CO2 fertilization effect from the Yale Interactive Biosphere (YIBs)

model driven by seven CMIP5 climate models, this article investigates the future

change in the gross primary productivity (GPP) of the Northern Asian ecosystem

as well as the impacts from extreme heat events under the RCP2.6 and

RCP8.5 scenarios, respectively. The results show an overall increase of GPP

in Northern Asia during the growing season (May-September) under both

scenarios, in which the CO2 fertilization effect plays a dominant role. The

increases in GPP under RCP8.5 are larger than that under RCP2.6, and the

greatest projected increases occur in western Siberia and Northeast China. The

extreme heat events are also projected to increase generally and their

influences on the Northern Asian ecosystem GPP exhibit spatiotemporal

heterogeneity. Under the RCP2.6 scenario, the positive and adverse effects

from the extreme heat events coexist in Northern Asia during the middle of the

21st century. During the end of the 21st century, the areas dominated by positive

effects are expected to expand particularly in Northeast China and central-

western Siberia. For the RCP8.5 scenario, the facilitation effects of the extreme

heat events are widely distributed in Northern Asia during the middle of the 21st

century, which tends to decline in both intensity and extent during the end of

the 21st century. The case is similar after the CO2 fertilization effect is excluded.
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Introduction

Terrestrial ecosystem is an important component of global

carbon cycle. It can absorb and fix a large amount of CO2 through

photosynthesis, thus reducing atmospheric CO2 concentration

and playing an important role in climate change (IPCC, 2013).

On the other hand, the terrestrial ecosystem is also highly

sensitive to climate change (Walther et al., 2002; Ni, 2011;

Piao et al., 2013; Wang et al., 2014). As revealed by

observational evidence and modeling findings, global climate

warming has exerted profound impacts on the terrestrial

ecosystem (IPCC, 2014). In response to future warming

caused by continued emissions of greenhouse gases, an

increasing tendency toward the end of the 21st century in the

gross primary productivity (GPP), a critical indicator of the

terrestrial carbon cycle, is projected (Yu et al., 2014; Zhu

et al., 2018; Schlund et al., 2020).

Appropriate warming of the temperature can better satisfy

the thermal demand of vegetation, thereby improving the leaf

photosynthetic efficiency and consequently increasing the

ecosystem productivity. However, high temperatures beyond

the plant tolerance threshold can increase plant respiration

and inhibit photosynthesis (Salvucci and Crafts-Brandner,

2004). Some studies have shown that temperature extremes

may decrease the plant productivity and change the carbon

cycle of the ecosystem through affecting plant physiological

processes (Meehl et al., 2000; Smith et al., 2009; Frank et al.,

2015; Piao et al., 2019; Peng et al., 2022). For example, the heat

wave event occurring in western Russia in 2010 led to a

significant decrease in local ecosystem productivity (Bastos

et al., 2014). The extreme heat events promoting plant growth

at middle and high latitudes has also been reported. Based on the

data from the European Carbon Flux Observatory network,

Delpierre et al. (2010) indicated that the extreme warm spring

in 2007 caused an increase in ecosystem photosynthesis and

respiration, with the increase in photosynthesis larger than that

in respiration. As a consequence, the carbon uptake was

enhanced. These studies suggest that the effects of extreme

heat events on the ecosystem may promote or inhibit

productivity, depending on the location, duration and

intensity of extreme events, and vegetation type, etc.

Northern Asia, especially Siberia, is a region with rich

vegetation and diverse ecosystem. It is famous particularly for

a widespread of taiga. The GPP change in this region is crucial to

the Asian and even global carbon cycle. Meanwhile, Northern

Asia is also one of the regions that are most sensitive to climate

extremes (Xu et al., 2017; Zhou et al., 2020; IPCC, 2021).

Accompanied with future warming, significant changes in

frequency, intensity and duration of temperature extremes are

anticipated in this region (IPCC, 2021). However, the impact of

future changes in temperature extremes on the ecosystem

remains an open issue. Exploring this issue can deepen our

understanding of terrestrial carbon sequestration and

ecological risks to climate extremes. It is also demanded for

ecosystem management and adaptation.

In this study, we use the simulations of the Yale Interactive

Biosphere (YIBs) model which are driven by multiple

CMIP5 models under the low and high emission scenarios, i.

e, RCP2.6 and RCP8.5 (Taylor et al., 2012), to project the GPP

change in Northern Asia. The impacts of extreme heat events on

the Northern Asian GPP during the middle and end of the 21st

century under the two scenarios are also quantified, with the aim

to provide scientific support for ecosystem management and

adaptation.

Model, data, and methods

Data, model, and simulations

The YIBs model (Yue et al., 2020) with a spatial resolution of

1° × 1° is applied for the simulations of ecosystem productivity.

This model dynamically produces the leaf area index and tree

height in terms of carbon assimilation and allocation. The hourly

leaf photosynthesis is calculated by the scheme of Farquhar et al.

(1980), and different responses of sunlit and shading leaves to

diffuse and direct light (Spitters, 1986) are taken into account.

Carbon absorbed by plants is firstly used to maintain life

activities and then distributed among leaves, stems, and roots

to support plant growth (Clark et al., 2011). Soil respiration is

calculated by the carbon transition among 12 soil carbon pools

(Schaefer et al., 2008). There are nine plant functional types

(PFTs) considered in the model, including evergreen broadleaf

forest (EBF), evergreen needleleaf forest (ENF), deciduous

broadleaf forest (DBF), tundra, shrubland, C3/C4 grass, and

C3/C4 crop.

The simulations of the YIBs are driven by the daily

meteorological fields under the historical simulation

(1986–2005) as well as the RCP2.6 and RCP8.5 scenarios

(2006–2100) of seven CMIP5 climate models (Table 1). The

meteorological variables include surface temperature,

precipitation, specific humidity, surface downward shortwave

radiation, surface pressure and surface wind speed. The domain

TABLE 1 CIMP5 models used to drive the YIBs model.

Model name Country Atm. Resolution (lon×lat)

BCC-CSM-1.1 China 128 × 64

BCC-CSM-1.1(M) China 320 × 160

CNRM-CM5 France 256 × 128

GFDL-ESM2G U.S. 144 × 90

GFDL-ESM2M U.S. 144 × 90

MIROC5 Japan 256 × 128

MRI-CGCM3 Japan 320 × 160
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for the YIBs simulations focuses on the Northern Asian region

(60°-140°E, 40°-60°N). The RCP2.6 (RCP8.5) scenario is a low

(high) emission pathway with the radiative forcing peaking at 2.6

(8.5) Wm−2 by 2,100 (Taylor et al., 2012). The seven models

chosen not only provide all available daily meteorological data

that are needed to drive the YIBs, but also yield a warming of

temperature close to 1.5°C (relative to the pre-industrial era)

under the RCP2.6 scenario, which meets the long-term warming

target pursued by the Paris Agreement.

To exclude the effect of CO2 fertilization, two groups of

experiments are conducted, i.e., total factor simulation

(ALL) and meteorological element simulation (MET). The

sole difference between the two groups of experiments is

that the ALL simulation allows the year-to-year variation of

CO2 concentrations in line with the CMIP5 simulations,

while the CO2 concentration in the MET simulation after

2000 is fixed at the level of 2000. More information about the

YIBs model and experiments can refer to the study of Yue

et al. (2020).

The satellite retrieval NIRv-based GPP data at a resolution of

0.05° × 0.05° (Wang et al., 2021) are used as the observation to

assess the YIBs performance. To facilitate the comparison, the

data are interpolated to the same 1° × 1° resolution as the YIBs

model.

Methods

In this study, the period 1986–2005 is taken as the reference

period and the periods 2041–2060 and 2081–2100 are referred

to as the middle of the 21st century (the mid-century) and the

end of the 21st century (the end-century), respectively. The

ensemble is calculated as the arithmetic mean with the same

weight.

As the growing season for plants in the Northern

Hemisphere is confined to the period from May to September,

the present and future extreme heat events at each grid of

Northern Asia are identified during these 5 months by the

95% percentile threshold method (Zhai and Pan, 2003) on the

daily scale. Specifically, the threshold of extreme heat events at

one grid for a certain calendar day is calculated as the 95th

percentile of daily temperature from May to September of the

reference period, with the given day centered on a 31-days slide

window. When the daily temperature exceeds the corresponding

threshold for three consecutive days, one extreme heat event is

considered to occur.

The anomalies of GPP associated with extreme heat events

(abbreviated as EHE-GPP) relative to the climate mean state are

composited to represent the impact of extreme heat events on the

ecosystem. The GPP anomalies are calculated separately on each date

of the growing season to exclude the influence of seasonal variations

of GPP. The statistical significance is assessed by the Student’s t-test.

Performance of the YIBs model
The performance of the YIBs model in the simulation of GPP

over Northern Asia is evaluated through the comparison with the

observation. Figures 1A–C show the spatial distributions of the

ensemble simulated and the observed GPP as well as their

difference in Northern Asia over the course of 1986–2005,

respectively. In general, the ensemble simulated climatological

distribution of GPP bears a resemblance to the counterpart

shown in the observation, although the GPP values are

somewhat overestimated in parts of Siberia and Northeast

China and underestimated in the remaining regions. For the

region west of 110°E, large GPP values are mainly located in the

north flank of 50°N, particularly in the vast area of Siberia. Due to

the widespread distribution of Gobi and desert south of 50°N,

only the Altai Mountains and the Tianshan Mountains show

large GPP values. To the east of 110°E, large values of GPP are

more widely distributed with the largest values situated in

Northeast China. The spatial correlation coefficient between

the ensemble simulation and the observation is 0.75, higher

above the 99.9% significance level. In addition, the observed

GPP shows an upward trend, which can be generally captured by

the ensemble simulation (Figure 1D). The temporal correlation

coefficient between the ensemble simulation and the observation

is 0.53, also higher above the 99.9% significance level. Overall, the

evaluation suggests that the YIBs model performs well in

capturing the climatological distribution and trend of GPP in

Northern Asia.

Result

Projected changes in GPP

The spatial distributions of the ensemble projected changes

in GPP during the mid-century and the end-century under the

RCP2.6 and RCP8.5 scenarios in the ALL simulations are

displayed in Figure 2. Under the low emission scenario

(RCP2.6), relative to the reference period, an increase in

GPP is projected for both the mid-century and the end-

century, and the increasing amplitudes show little change

from the mid-century to the end century (Figures 2A,B). In

comparison, the GPP is projected to increase continuously from

the mid-century to the end century under the high emission

scenario (RCP8.5) (Figures 2C,D). The projected greatest

increases under the two scenarios both occur in western

Siberia and Northeast China, with the increasing magnitudes

much larger under the RCP8.5 scenario than under the

RCP2.6 scenario. Regionally averaged in Northern Asia,

compared to the reference period, the GPP during the mid-

century and the end-century under the RCP2.6 scenario is

projected to increase by 0.49 gCm−2d−1 and 0.56 gCm−2d−1,

respectively. The projected increases under the
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RCP8.5 scenario are 1.16 gCm−2d−1 in the mid-century and

further to 2.57 gCm−2d−1 in the end-century, much higher than

the counterpart under the low emission scenario. Figure 3

presents the ensemble projected GPP changes from the MET

simulations, in which the influence of CO2 change on the

ecosystem is eliminated; only the meteorological elements

vary with time following the RCP path. It is found that the

projections in the MET simulations differ from that shown in

the ALL simulations. Although the increases of GPP still appear

in most of Northern Asia in warmer scenarios, the magnitudes

of increases are much weaker than that of the ALL simulation in

which the effect of CO2 is taken into consideration. Moreover,

slight decreases in GPP are even projected in some areas of the

upper reaches of the Ob River and Northeast China. On the

regional average, the projected GPP in the mid-century and the

end-century increases around 0.11 gCm-2d-1 under the

RCP2.6 scenario, and that under the RCP8.5 scenario

increases by 0.15 gCm-2d-1 and 0.26 gCm-2d-1, respectively.

FIGURE 1
Spatial distributions of (A) ensemble simulated and (B) observed GPP (gCm−2d−1) as well as (C) their difference (simulation-observation) in
Northern Asia during the period of 1986–2005. (D) Time series of the normalized GPP (smoothed with a 5-years window) from the ensemble
simulation (red line) and observation (blue line). The time series are smoothed with a 5-years runningmean filter. The shading indicates the spread of
the individual CMIP5 simulations.

FIGURE 2
Ensemble projected anomalies in GPP (gCm−2d−1) during (A,C) the mid-century and (B,D) the end-century relative to the reference period
1986–2005 under (A,B) RCP2.6 and (C,D) RCP8.5 in the ALL simulations.
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In summary, the above findings illustrate that the Northern

Asian ecosystem GPP positively responds to the future warmer

scenarios, with larger increases under the high emission scenario

(RCP8.5) than that under the low emission scenario (RCP2.6).

The enhancement of CO2 fertilization effect in the future plays a

dominant role in the projected increase in GPP. When excluding

the CO2 fertilization effect, the future climate warming also

shows a positive contribution, likely due to that the increase

of ambient temperature can better meet the thermal demand of

plant growth and improve the photosynthetic efficiency of

vegetation.

Projected impacts of extreme heat events
on GPP

Figure 4 shows the spatial distributions of the ensemble

projected changes in extreme heat events during the mid-

FIGURE 3
Ensemble projected anomalies in GPP (gCm−2d−1) during (A,C) the mid-century and (B,D) the end-century relative to the reference period
1986–2005 under (A,B) RCP2.6 and (C,D) RCP8.5 in the MET simulations.

FIGURE 4
Ensemble projected anomalies in extreme heat events (times/year) during (A,C) the mid-century and (B,D) the end-century relative to the
reference period 1986–2005 under (A,B) RCP2.6 and (C,D) RCP8.5 in the ALL simulations.
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century and the end-century relative to the reference period

under the RCP2.6 and RCP8.5 scenarios from the ALL

simulations. As global climate continues to warm in the

future, an increase in the frequency of extreme heat events is

anticipated in Northern Asia, with larger increase under the high

emission scenario than under the low emission scenario, which is

consistent with the previous studies (IPCC, 2013; 2021). For the

RCP2.6 scenario (Figures 4A,B), the projected increases are

comparable between the mid-century and the end-century. A

slight decrease in the frequency of extreme heat events is seen

around Lake Baikal. For the RCP8.5 scenario (Figures 4C,D), the

increases of extreme heat events are projected to strengthen from

the mid-century to the end-century. During the mid-century, the

magnitudes of increases are in general 3–9 times per year with the

exceedance of 12 times per year in some coastal areas. During the

end-century, the projected extreme heat events increase more

significantly in the south than in the north. The north region

show an increase of more than 12 times per year, while the

increase in the south region is above 30 times per year.

Future increases in extreme heat events are expected to exert

effects on the GPP in Northern Asia. Figure 5 shows the

percentage anomalies of EHE-GPP relative to the

climatological state in the mid-century and the end-century as

projected from the ALL simulation. Under the RCP2.6 scenario,

in the mid-century (Figure 5A), negative anomalies can be

noticed in a majority of Northern Asia, indicating a general

adverse effect on the local GPP from the extreme heat events. In

contrast, the northwest-southeast oriented belt region from

around Lake Baikal to Heilongjiang Province of Northeast

China shows an increase of above 3% in GPP as a response to

the occurrence of extreme heat events, indicating a significant

facilitation effect from the extreme heat events. In the end-

century (Figure 5B), the areas dominated by negative EHE-

GPP anomalies tend to shrink. Instead, the regions covered by

positive EHE-GPP anomalies expand particularly in Northeast

China and central-western Siberia. This result hints at a relatively

strengthening (weakening) of the facilitation (inhibition) effect

on the ecosystem productivity from the extreme heat events in

the end-century compared to the mid-century under the low

emission scenario. For the RCP8.5 scenario, the extreme heat

events contribute to the increase of GPP in most regions

(Figures 5C,D). Contrary to the case under the

RCP2.6 scenario, the percentage increases in EHE-GPP

during the mid-century are much more salient than that

during the end-century in both intensity and extent. It

suggests that the facilitation effect from the extreme heat

events on the ecosystem productivity tends to decline from

the mid-century to the end-century under the high emission

scenario. During the end-century, the large positive anomalies

of EHE-GPP are concentrated in the belt region near 50°N and

the coastal zone of Russian Far East.

The spatial characteristics of the effect of extreme heat events

on the GPP in Northern Asia from the MET simulations are

similar to that of the ALL simulations, but with a reduction in

intensity particularly under the RCP8.5 scenario (Figure 6). For

instance, the magnitudes of increases in EHE-GPP forced by the

MET simulations are about half (one fifth) of that in the ALL

simulations during the mid-century (the end-century) under the

RCP8.5 scenario. Therefore, although the presence of CO2 can

promote the ecosystem productivity and improve the GPP level

on the whole, it will not change the impact of extreme heat events

on the ecosystem.

FIGURE 5
Ensemble projected percentage anomalies (%) of EHE-GPP relative to the climatological state during (A,C) the mid-century and (B,D) the end-
century under (A,B) RCP2.6 and RCP8.5 (C,D) from the ALL simulations. Regions with six out of seven models exceeding the 95% significance level
are dotted.
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It should be worth noting that the effects of extreme heat

events on the ecosystem are spatially heterogeneous around the

world, since the needs of temperature for the growth of

ecosystem are not the same in different regions. For example,

the projected increases of temperature tend to promote the

vegetation growth in the high latitudes of the Northern

Hemisphere (Yu et al., 2014; Jeong, 2020). However, in the

tropics, future temperature increases will inhabit the

vegetation growth and hence weaken the GPP (Park et al., 2015).

Given that the ENF and tundra are widely distributed in

Northern Asia (Zhang et al., 2015), we also calculate the GPP

anomalies of these two vegetation types under the influence of

extreme heat events. It is found that the spatial patterns under the

RCP2.6 and RCP8.5 scenarios in the All and MET simulations

are similar to Figures 5, 6, respectively, and the relative changes of

the tundra GPP affected by the extreme heat events are generally

larger than that for the ENF (Figure not shown). The spatial

correlations of the EHE-GPP anomalies in ENF and tundra with

that of the whole vegetation from the ALL and MET simulations

exceed 0.50 (significant at the 99.9% level) for both the mid-

century and the end-century under each scenario (Table 2),

indicating that the GPP changes of the ENF and tundra

influenced by the extreme heat events are consistent with that

for the whole vegetation. As the ENF is the dominant vegetation

type and the most important GPP provider in Northern Asia

(Pan et al., 2011), its GPP change affected by the extreme heat

events will largely determine the influence of extreme heat events

on the whole ecosystem productivity in Northern Asia. Although

the tundra is also extensive in Northern Asia, its GPP change

shows less contribution to the change of total GPP, due to small

proportion of tundra GPP to the whole Northern Asian

ecosystem GPP.

FIGURE 6
Ensemble projected percentage anomalies (%) of EHE-GPP relative to the climatological state during (A,C) the mid-century and (B,D) the end-
century under (A,B) RCP2.6 and RCP8.5 (C,D) from the MET simulations. Regions with six out of seven models exceeding the 95% significance level
are dotted.

TABLE 2 Spatial correlation coefficients of the total ecosystem GPP anomalies with the ENF/tundra GPP anomalies under the influence of extreme
heat events.

Vegetation type RCP2.6 RCP8.5

2041–2060 2081–2100 2041–2060 2081–2100

ALL Simulations ENF 0.67 0.66 0.63 0.77

tundra 0.56 0.54 0.50 0.63

MET Simulations ENF 0.68 0.67 0.66 0.74

tundra 0.57 0.54 0.56 0.60
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Conclusion

Based on the YIBs model simulations driven by

7 CMIP5 models under the low-emission (RCP2.6) and high-

emission (RCP8.5) scenarios respectively with the CO2 effect

included and excluded, this study projects the changes of GPP in

Northern Asia during the middle and the end of the 21st century.

The impacts of future changes in extreme heat events on the

Northern Asian ecosystem productivity are further examined.

The main findings are summarized as follows:

1) The GPP during the growing season is projected to increase in

Northern Asia, accompanied with larger increases under

RCP8.5 than under RCP2.6. The greatest increases are

projected in western Siberia and Northeast China. In

addition, the projected increases are enhanced from the

mid-century to the end-century under the

RCP8.5 scenario, whereas under the RCP2.6 scenario they

are comparable between the middle and the end of the 21st

century. The enhancement of CO2 fertilization effect plays a

dominant role in the projected increase of GPP. After

removing the influence of CO2 effect, the projected

increase of GPP in Northern Asia becomes weaker.

2) The impacts of future increases in the extreme heat events on

the Northern Asian GPP show spatiotemporal heterogeneity.

Under the RCP2.6 scenario, during the mid-century, the

adverse effect of extreme heat events exists in most of the

region except the northwest-southeast oriented belt region

from around Lake Baikal to Heilongjiang Province where the

positive effect from the extreme heat events is projected. The

positive effect tends to expand in the end-century particularly

in Northeast China and central-western Siberia. Under the

RCP8.5 scenario, the positive effect from the extreme heat

events is projected to dominate most regions in the mid-

century and to shrink in the end-century. Although the CO2

fertilization effect can amplify the facilitation effect from the

warming, it will not alter the spatial regime of the impact of

extreme heat events on the GPP.

3) The spatial distributions of the impacts on the evergreen

needleleaf forest and tundra from the extreme heat events

under each scenario with and without the effect of CO2

fertilization approximate that for the whole ecosystem in

Northern Asia. In addition, larger relative changes are

projected for the tundra GPP than for the evergreen

needleleaf forest GPP that are affected by the extreme heat

events.

Note that this study aims at the projected impacts of extreme

heat events on the GPP in Northern Asia. The physical processes

for their impacts on the GPP are not addressed. Naturally, the

processes of extreme heat events affecting the ecosystem are

complicated, which includes a variety of physicochemical

processes and a number of elements that are mutually

positively and negatively interacted (Allen and Breshears,

1998; Peng et al., 2009; Allen et al., 2010). Further in-depth

investigations are needed in the future work to explore detailed

physical processes for different behaviors of the impacts of

extreme heat events on the Northern Asian ecosystem GPP

under different scenarios.
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Heavy precipitation events in
northwestern China induced by
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The plateau vortex is one of the dominant weather systems that modulate

summer rainfall in northwestern China, a typical arid/semi-arid area worldwide.

Two heavy rainfall cases in the summer of 2012 and 2013, accompanying the

northeastward movement of plateau vortexes, are selected here. The role of

plateau vortexes in these two cases is explored by diagnosing their moist

potential vorticity, helicity, and convective clouds characteristics, using

numerous data (ERA-Interim reanalysis, multi-sourced precipitation data, FY-

2E satellite images). The plateau vortexes enhanced convective instability in the

rainfall area by entraining upper-level dry and cold air, manifested as salient

vertical gradients of moist potential vorticity and steep pseudo-equivalent

potential temperature isolines. The rainfall occurred eastward relative to the

vortex movement track and intensified on the left of cloud black body

temperature (TBB) with larger gradients at the middle to late stages of the

vortex life span. The generation of moisture helicity is dictated by the water

vapor transportation, with the negative value concentrated in the water vapor-

rich areas. Notably, the two cases differ in tracks, life spans, water vapor sources,

and precipitation amounts, which may be attributed to large-scale circulation

background, vertical vortex structure, and moisture condition.

KEYWORDS

plateau vortex moving northeastward, heavy precipitation, diagnostic analysis, moist
potential vorticity, helicity

Introduction

Northwestern China is one of the world’s typical arid/semi-arid climate regions.

Climatologically (54-year) annual precipitation is 299 mm, of which summer rainfall

accounts for the majority of this (Huang et al., 2016; Shang et al., 2018). In arid and

mountainous northwestern China, heavy rainfall has a double-edged effect here,

benefiting agriculture against drought, reservoir storage, and power generation while

it is also a potential reason to lead to secondary disasters such as floods and mudslides.
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Rainstorms in northwestern China are less frequent and less

intense than those in eastern China. Due to poor rainproof

facilities in arid regions, even less intense rainfall can

sometimes cause severe damage, not to mention heavy

rainfall. For instance, in the summer of 2012, Subei County in

Gansu Province was hit by an extreme precipitation event, where

torrential flooding annihilated the road and farmland (Xinhua

News Agency, 2012). In July 2013, Shaanxi province suffered a

record-breaking extreme rainstorm, affecting 460,000 people in

387 townships and causing economic losses of 542 million CNY

(China News Service, 2013). These two heavy precipitation

events, which attracted much attention and caused severe

disasters, were both related to the plateau vortex.

Plateau vortex is an α mesoscale cyclone generated on the

Tibetan Plateau (the plateau for short) in summer-half years.

Evident at the 500-hPa isobaric surface, the plateau vortex is one

of the dominant precipitation-related weather systems in the

summertime on the plateau. The plateau vortex is active at its

genesis source and mainly regulates precipitation in the central

and western plateau. Under favorable synoptic conditions, some

plateau vortexes can move out of the plateau and cause

widespread heavy rainfall (Li, 2013; Curio et al., 2019)

downstream. According to the moving tracks (Wang, 1987;

Lin, 2015), plateau vortexes can be separated into three

categories: eastward plateau vortex (EPV), northeastward

plateau vortex (NEPV), and southeastward plateau vortex

(SEPV), which affect different areas downstream of the

plateau (Yu et al., 2014; Li et al., 2020b; Sun et al., 2022).

Several previous studies have documented that the plateau

vortex is crucial in the formation of heavy rainfall, especially in

eastern China. The upper-level divergences in westerly and

lower-level convergences in vortex have been argued to favor

the development of EPV, with the former acting as a vital role in

the genesis of vortex-induced precipitation (Liu and Fu, 1986; Li

et al., 2019; Li et al., 2020b). Yang et al. (2017) reported that the

positive vorticity advection in front of the EPV was one of the

triggering mechanisms of rainstorms. Water vapor conditions

are also essential for EPV. Yu (2002) pointed out that the water

vapor vortex in the middle-to-upper troposphere is indicative of

EPV, for their development and movement are in line with that

of EPV. The role of EPV in precipitation has been widely

investigated (Huang and Li, 2007; Huang and Li, 2009; Huang

et al., 2010). After diagnosing the circulation of three EPVs

moving processes, they found that the variations of physical

quantities such as helicity, moist potential vortex, and non-

geotropic Q vector are consistent with the variation of EPV

precipitation, which may provide the predictable source for

precipitation.

The previous studies deepen our understanding of the role of

the eastward-moving plateau vortex, i.e., EPV in the precipitation

of eastern China. For rainfall occurring in northwestern China,

the role of the northeastward-moving plateau vortex, i.e., NEPV

may be more critical. A NEPV event can cause > 100 mm of

precipitation in one single day over Northwestern China, making

a great contribution to the inherently low annual total

precipitation amount in this arid region (Shang et al., 2018).

However, the research on the effect of NEPV on precipitation in

Northwestern China remains notably absent. Compared to EPV,

NEPV has a more northerly moving track and a shorter life span.

Even constrained by the limited water vapor supplements, the

NEPV can also cause heavy precipitation. Furthermore, NEPV is

observed to weaken when it moves off the Plateau (Sun et al.,

2022). So how does the NEPV affect precipitation in its

weakening period? The mechanism of its influence on

precipitation deserves further study.

Therefore, two typical cases of heavy summer

precipitation associated with NEPV in 2012 and 2013 are

selected here to explore the physical mechanisms of NEPV-

induced precipitation, by diagnosing the quantities including

moist potential vorticity, helicity, and mesoscale cloud cluster

characteristics in the two cases, based on multi-source

datasets. This work aims to deepen the cognition of the

NEPV to provide information for the plateau vortex-

induced precipitation forecast, and highlight the role of the

Tibetan Plateau in the weather and climate of China. This

paper is organized as follows. Section 2 presents the data and

methods used in this work. Section 3 describes the

precipitation profile and the movement of NEPV, and then

the precipitation intensity caused by the NEPV was

statistically analyzed. Section 4 investigates the heavy

precipitation feature of NEPV, including precipitation

conditions and physical quantities. A summary and

discussion are provided in Section 5.

Data and methods

Data

The Yearbook of Low Vortex Shear Lines over the Tibetan

Plateau compiled by the Institute of Plateau Meteorology, China

meteorological administration, 2012 (CMA), Chengdu (Li et al.,

2013), is consulted here for NEPV case selection. These are the

four standards that we use to pick up typical cases: 1. NEPV that

moving off plateau, 2.24-h accumulate precipitation more than

50 mm, 3. Life span longer than 48 h, 4. Having close source area.

Therefore, we selected the two cases with heavy precipitation

induced by NEPV under different sensible heating over the

plateau, one on June 3–5 in 2012 (referred to as Case 2012)

and the other on July 19–22 in 2013 (referred to as Case 2013)

among all the recorded NEPVs. ERA-Interim reanalysis dataset

(6-h time interval, 2.5o × 2.5o latitude-longitude grid) is used to

depict environmental circulations and calculate physical

quantities (e.g., moist potential vorticity, helicity), for its

better performance in vortex tracks identification than other

reanalysis datasets according to Lin et al. (2020). The rainfall area
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during the NEPV movement is captured using CMORPH

integrated hourly precipitation amount data with a 0.1° × 0.1°

latitude-longitude grid (Joyce et al., 2004), while the specific

precipitation amount generated is determined by the daily and

hourly precipitation amount observed in automatic weather

stations provided by the National Meteorological Information

Center of CMA. Hourly Black Body Temperature (TBB) data

retrieved from the FY-2E geostationary satellite (Yang et al.,

2015) is used to further analyze the cloud top brightness

temperature associated with precipitation intensity.

Methods

Moist potential vorticity (MPV) and helicity, are useful

physical quantities in diagnosing rainfall cases, especially

those related to severe convective weather such as mid-

latitude torrential rain (Gao et al., 2007; Onderlinde and

Nolan, 2014; Luhunga and Djolov, 2017). The studies on

plateau vortex-induced precipitation have mainly focused

on EPV (Huang and Li, 2007; Huang and Li, 2009; Huang

et al., 2010). Reflecting the combined characteristic of air-

water vapor, thermal and dynamic simultaneously (Bennetts

and Hoskins, 1979; Marquet, 2014), MPV in the p-coordinate

system is expressed as (Wu et al., 1995):

MPV � −g(ζ + f) zθse
zp

+ g(zv

zp

zθse
zx

− zu

zp

zθse
zy

) (1)

Where g is the gravitational acceleration, ζ is the vertical

vorticity, f is the Coriolis parameter, θse is the potential

pseudo-equivalent temperature, p is the pressure, and u, v

is the horizontal wind. The first term on the right is the

barotropy moist potential vortex (MPV1), which is the vertical

component of the wet potential vortex, reflecting the effect of

convective stability -gzθse/zp. The second term is the

baroclinic moist potential vortex (MPV2), which is the

horizontal component of the moist potential vortex and

can be used as a tracer of warm and wet air. The moist

potential vortex unit is PVU, 1 PVU = 10–6 m2 K·s−1 kg−1.
Helicity is commonly applied to describe the degree of

rotation along the direction of motion for rotating fluids, and

the rotational properties of weather systems are

comprehensively depicted (Moffat, 1969; Lilly, 1986; Wu

and Tan, 1989). Given a large number of definitions of

helicity and the fact that the effect of water vapor on

helicity is discussed in this study, the formula of moisture

helicity is adopted (Lei et al., 2006):

Hq � wζ∇ · (qV) � ω
ρg

(zv
zx

− zu

zy
)(zuq

zx
+ zvq

zy
) (2)

Where q is the specific humidity, ρ is the density. When there is

upward motion (w > 0) and positive vertical vorticity (ζ > 0),Hq

is negative (positive) under water vapor flux convergence

∇·(qV) < 0 (>0 for divergence). The moist helicity reflects the

relationship between the development and maintenance of

weather systems and the intensity of synoptic phenomena.

Generally, the smaller the Hq the more favorable the

precipitation production.

The precipitation profile and the
movement of northeastward plateau
vortex

The characteristics of heavy precipitation
events associated with northeastward
plateau vortex

Figure 1 shows the NEPV moving tracks (black dotted

curves) and total precipitation amount (shaded) in the two

cases. In Case 2012, the plateau vortex bred in Ali, Tibet, then

FIGURE 1
Moving tracks (black dots, moving-out in red dots) and
accumulated daily precipitation (shaded) in 3–5 June 2012 (A) and
19–21 July 2013 (B) (marked as vortex position corresponding to
date in the superscript and time in the subscript, ▲:
precipitation maximum station) based on ERA-Interim reanalysis
datasets and CMORPH.
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moved northeastward and died out in western Inner Mongolia

(Figure 1A). During its movement, precipitation mainly

occurred on 5 June 2012, with the rainfall center in Hexi

Corridor. The vortex of Case2013 was also generated in Ali,

Tibet, but disappeared in the northeast of Loess Plateau

(Figure 1B). As the two vortexes moved out of the plateau,

the Loess Plateau region experienced heavy precipitation, with

the rainfall area to the southeast of the vortex tracks.

To better distinguish the effects of different phases in

NEPV movements on precipitation, the vortex movements are

subdivided into plateau stages and moving-out plateau stages

according to their tracks and influences on precipitation.

Figure 2 shows the variations of relative vorticity (curves)

and 6-h accumulative precipitation (bars), averaged over a 2° ×

2° range centered at the vortex center at 6-h intervals.

Prominent relative vorticity was observed at the plateau

stage in the two cases under the heating in the Ali.

Constrained by water vapors supplement, less precipitation

was generated in both the cases. However, as the vortex moved

off the plateau, vortex-induced precipitation at the

northeastern edge of the plateau as well as downstream

areas were detectable. Heavy rainfall at the moving-out

plateau stage began at 18:00 on the 4th, and ended at 12:

00 on the 5th in Case 2012 (Figure 2A), while it was 12:00 on

the 21st to 00:00 on 22nd in Case 2013 (Figure 2B), suggesting

a substantial influence of NEPV on precipitation in the

middle-to-late life span.

The intensity of NEPV-induced precipitation in

Northwestern China was graded into four levels following

the CMA’s criteria (2012). The numbers of stations at each

level in two cases are listed in Table 1. The precipitation

amount at most stations in Case2012 was at moderate to heavy

FIGURE 2
The relative vorticity of vortex center (curves, plateau stages in dashed lines andmoving-out plateau stages in solid lines, unit: 10–4·s-1) and the
variation of 6-h accumulated precipitation (bars, unit: mm) at 6-h intervals in the range of 2° × 2°centered at the vortex center in Case 2012 (A) and
Case 2013 (B)
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levels, while only two stations (Subei and Yumenzhen) were at

rainstorm level. On 21 July 2013, the daily rainfall of Lingtai

station reached 184.6 mm, exceeding its historical extreme. In

Case 2013, the vortex moved eastward, producing a narrower

and longer rainfall area than Case 2012. The rainstorm located

at the southeast quadrant relative to the NEPV center. In the

following, the synoptic-scale circulation environments are

examined to further detail the case differences.

Synoptic-scale circulation environments

Sun et al. (2022) figured that the plateau vortex movement

is mainly influenced by the westerly wind at 200 hPa and the

ridge in the east of plateau at 500 hPa. The former mainly

affect the plateau vortex movement at plateau stage, and the

latter at moving-out plateau stage. Typically, the cyclonic

circulation of NEPV is found to be most pronounced in the

TABLE 1 Overview of precipitation (graded into four levels following the CMA’s criteria) and moving tracks of plateau vortex in Case2012 and
Case2013.

Moving tracks Life
span (h)

Number of observation stations The heaviest precipitation

Moderate
rain

Heavy
rain

Rainstorm Heavy
rainstorm

Case2012 Northeastward
(northerly)

60 26 5 2 - Subei Station (39.52°N, 94.87°E,
93.8 mm)

Case2013 Northeastward
(easterly)

54 47 50 17 6 Lingtai Station (35.07°N, 107.62°E,
184.6 mm)

FIGURE 3
Geopotential height (black isolines; Unit: dagpm), temperature (red isolines; Unit: °C) and strong wind area (shaded, wind speed ≥12 m/s) on
500 hPa at intermediatemoments of plateau stage (A,C) andmoving-out plateau stage (B,D) (A) 00:00 4 June 2012, (B) 06:00 5 June 2012, (C) 12:00
20 July 2013, (D) 18:00 21 July 2013, V denotes the position of the vortex at the corresponding time) in Case 2012 (A,B) and Case 2013 (C,D) (The
brown solid line is Tibetan plateau boundary).
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middle troposphere (500 hPa) (Sun et al., 2022). As for our

study, the NEPV movement in plateau stage was mainly

easterly in both cases, the northeasterly movement was

mainly occurred when moving out plateau. Therefore, in

this section, we investigated the impacts of 500 hPa-ridge

on the NEPV movement. Figure 3 illustrated the 500-hPa

large-scale environmental circulation at intermediate

moments during the different stages in the two cases.

Specifically, at the plateau stage in Case 2012 (06:00 on 3rd

--18:00 on 4th, Figure 3A), a meridional structure of “two

troughs and one ridge” was observed in middle-high latitudes

of Eurasia, with a closed depression center in the central part of

the Tibetan Plateau, and a deep cold trough stable along the

northeast of Lake Baikal to the east coast China. Suppressed by

the strong cold air from the north, the plateau vortex mainly

moved eastward at the plateau stage. Subsequently, the large

northern vortex weakened and moved eastward by about 10°

longitudes at the moving-out plateau stage (18:00 on 4th --

noon on 5th, Figure 3B). Guided by the southwesterly on the

east edge of the plateau, the vortex moved towards the

northeast. On the contrary, the environmental circulation in

Case2013 is more zonal, causing the vortex to move eastward

easily in response to the guiding airflow. Particularly, the

stronger southerly in front of the trough at the moving-out

stage (noon on 21st -- 00:00 on 22nd, Figure 3C) than that at

the plateau stage (18:00 on 19th -- noon on 21st, Figure 3D)

made an apparent northward movement of the vortex. The

result regarding the effects of 500 hPa trough on NEPV is

consistent with the statistical analysis by Sun et al. (2022). The

horizontal distribution of the environmental fields for the two

cases is discussed in this section. The following section will

focus on the changes in the vertical structure of NEPV.

FIGURE 4
The vertical distribution of relative vorticity (solid, Unit: 10–4 s−1), divergence (hollow, Unit: 10–4 s−1) of vortex center and vertical velocity (cross,
Unit: Pa·s−1) at plateau stage and moving-out plateau stage in Case 2012 (A,B) and Case 2013 (C,D).
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Vertical structure of northeastward
plateau vortex

To obtain the vertical structure of NEPV during its

movement, a composited analysis of the vertical profile of

relative vorticity, divergence, and vertical velocity in the

middle and upper troposphere at the two stages was

performed (Figure 4). We found that the early-stage

plateau vortex moved slowly and intensified in its birth-

source area, reaching its strongest intensity over its life

span (not shown) in the two cases. Notably, the two

NEPVs have commonalities in the strongest centered

relative vorticity maintained at 500 hPa (solid), convergent

flow below 450 hPa (hollow), and upward motion from

500 hPa to the top troposphere (cross). As the vortex

moved to the northeast, the vorticity maximum decreased

with the weakened convergence in the middle troposphere.

Subsequently, abundant water vapor led to widespread heavy

precipitation downstream as showed in Figure 1.

Also, the two NEPVs diverge in their triggering of rainfall.

In Case 2012, a deeper cyclonic circulation with two positive

vorticity maxima was found in the vertical stratification

(Figures 4A,B), which favors vortex maintenance, in line

with the observed NEPV lifetime (Figure 1). In Case 2013,

the positive (negative) vorticity was accompanied by

convergence (divergence) in the lower (upper) level

(Figure 4C), resulting in a robust upper-level pumping and

lower-level water vapor accumulation at the moving-off plateau

stage (Figure 4D). Therefore, more severe precipitation

occurred in Case2013 than in Case2012 in Figure 2. In

addition, a salient upper-level divergence appeared at the

plateau stage in Case2013 that rapidly allowed vortex

intensity and vertical extension height to reach their

maximum within 6 h (not shown), which may be attributed

to the plateau heating effect (Zhou et al., 2022). It can be

concluded that the consistent circulation from middle to upper

levels is favorable for the vortex to live longer. The coupling

structure of low-level convergence with positive vorticity and

upper-level divergence with negative vorticity, combined with a

robust pumping effect, enhanced the convergence of middle-to-

lower water vapor in the rainstorm area. As a result, the

precipitation continues to accumulate in the vortex-

weakening period.

Heavy precipitation feature of
northeastward plateau vortex

Dynamic conditions

To confirm the dynamical effects of NEPV on heavy

precipitation, the time-height evolution of relative vorticity

and vertical velocity above 800 hPa at the rainstorm center in

the two cases is given in Figure 5. Before the onset of heavy

precipitation, the entire troposphere at the rainstorm center was

controlled by the negative vorticity (dashed contours). The

downdraft in the middle-to-lower troposphere inhibited the

moisture convergence in the rainfall area. With the

northeastward movement of the vortex, positive vorticity

(solid contours) appeared in the mid-troposphere and was

accompanied by upward motion (shaded in red). The

strongest updraft at the rainstorm center appeared about 6-h

earlier than the relative vorticity reaching its maximum in both

cases, indicating that the wind modification precedes the

vorticity. The vertical motion signal in Case2012 is a better

predictor of precipitation (Figure 5A). With the appearance of

the maximum updraft, the mid-level vorticity began to transform

from negative to positive. Influenced by the descent plateau

topography, the favorable precipitation conditions (positive

FIGURE 5
Time-height profile of relative vorticity (positive vorticity:
solid contours; negative vorticity: dashed contours, Unit: 10–5 s−1)
and vertical velocity (shaded, Unit: Pa·s−1) of the rainstorm center
(A) (100°E, 40°N) in Case 2012; (B) (106°E, 35°N) in Case 2013)
(the vertical line is the time when vortex passes through rainstorm
center).
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vorticity and upward motion) tended to shift downward with

time. In Case 2013 (Figure 5B), the positive vorticity (solid

contours) signal of the vortex appeared 12-h earlier than the

time vortex passes through the rainstorm center (black vertical

line). When the vortex approached the rainstorm center, the

updraft (shaded in red) was rapidly enhanced. In a word, the

plateau vortex provides a favorable dynamic environment for a

rainstorm.

FIGURE 6
The water vapor flux divergence (shaded; Unit: 10–6 g cm−2·hPa−1 s−1) and water vapor flux (vectors; Unit: g·cm−1 hPa−1 s−1) on 500 hPa at 06:
00 5 June 2012 (A) and at 12: 00 21 July 2013 (B) (the thick arrows denote water vapor transport path, V denotes the position of the vortex at the
corresponding time).
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Water vapor conditions

Knowing that the weakened cyclonic circulation as the NEPV

moved out of the plateau, we hypothesize that the water vapor

condition plays a crucial role in heavy precipitation. Flows

associated with the Indian monsoon and the South China Sea

monsoon create the main water vapor transport channel to

northwestern China in summer (Wang et al., 2018). As the

vortex circulation on the plateau is strongest at 500 hPa, we

use the water vapor flux at 500 hPa when the vortex moves

through to depict the convergence of the water vapor transports

(Figure 6).

The maximum values of water vapor flux divergence in the

two rainstorm areas were both 2.5 × 10–6 g cm−2·hPa−1·s−1. The

FIGURE 7
The longitude - height profile of MPV1 (positive value: solid isoline; negative value: dashed isoline, Unit: PVU) and θse (shaded, Unit: K) along 40°N
at 06: 00 5 June 2012 (A) and 35°N at 12: 00 21 July 2013 (B) (C: vortex center, ▲: storm center).
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FIGURE 8
The moisture helicity (Unit: 10–11 m s−3) on 500 hPa and 6-h accumulated precipitation (Unit: mm) (A,B), black-body temperature (TBB) by FY-
2E satellite (C,D) at 06: 00 5 June 2012 in Case 2012 (A,C) and at 12: 00 21 July 2013 in Case 2013 (B,D).

TABLE 2 Comparisons of two heavy precipitation cases (Case2012 and Case 2013) induced by northeastward plateau vortices (NEPV).

Case2012 Case2013

Characteristics Life span 60 h: plateau stage 42 h, moving-out stage 18 h 54 h: plateau stage 42 h, moving-out stage 12 h

Moving tracks Northeastward (northerly) Northeastward (easterly)

Circulation Meridional Flat

Main fall area Hexi Corridor Area (more concentrated) Loess Plateau (narrower)

Precipitation intensity Mainly moderate to heavy rain, few rainstorm Large-scale rainstorm

The vorticity maximum 3.7 × 10–4·s−1 2.4 × 10–4·s−1
Primary water vapor source Local Subtropical high

Vertical structure Two vorticity maxima Vorticity and divergence are coupled

Commonalities Precipitation period Moving-out stage (the middle and late period of life span)

Relative position of fall area Moved eastward compared to the vortex

MPV1 Large vertical gradient (invasion of dry and cold air caused convection instability)

Moist helicity The negative area is affected by the water vapor transport path

TBB The precipitation always occurred in large gradient area on the left of TBB
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water vapor convergence center in Case2012 was located on the

northeast side of the vortex (Figure 6A, shaded). In Figure 3A, the

ridgeline of West Pacific Subtropical High (WPSH) was

positioned south of 20°N in Case 2012. Blocked by the terrain

of the Loess Plateau in the way, it is difficult for water vapor to be

transported from the Bay of Bengal to northwestern China.

Therefore, in the absence of strong external supplements of

water vapor for the rainfall area, the vortex convergence can

only lead to local water vapor accumulation with a shorter

duration and less amount of precipitation. Nevertheless, the

ridgeline of WPSH was northward in Case 2013 (Figure 3B).

The vortex caused a large amount of water vapor to gather

around the rainfall area (Figure 6B, shaded). One of them was the

water vapor from the Bay of Bengal, which flowed around the

southern boundary of the plateau and crossed the Hengduan

Mountains. These external water vapors joined the water vapor

conveyor belt around the WPSH, climbed along the south side of

the Loess Plateau, and converged near the vortex. Therefore, the

rainfall area in Case2013 was southward shifted to the

convergence area and presented a banded distribution along

the plateau. In addition, it can also be found that water vapor

convergence appears in the southeast of the vortex in

Case2012 and the southwest of the vortex in Case 2013, and

the convergence even was stronger than that of the NEPV falling

area. However, in the absence of the dynamic lifting conditions of

the vortex, there was no significant precipitation in these regions.

In fact, not only the water vapor supply, the other factors which

cause heavier rainstorm in Case2013 will be discussed later.

Distribution of moist potential vorticity

To investigate the convective stability in the rainstorm center

brought by the NEPV, the longitude-height profile of MPV1 and θse
(potential pseudo-equivalent temperature) is depicted in Figure 7.

The rainstorm center in Figure 1 was located near the vortex center

and slightly eastward. The plateau vortex led the upper-level positive

MPV1 and θse maxima to extend downward and invade the rainfall

area, leaving the MPV1 maxima center at 500 hPa. The θse line near

the vortex was steep, which induce the dry and cold air to diffuse

downward and suppress the warm and wet air in the lower

atmosphere. Therefore, both cases show great changes in vertical

convective stability. Particularly in Case 2013 (Figure 7B), there was

a significant negative MPV1 in the middle-to-lower troposphere

over the rainstorm area, leading to a large vertical gradient of MPV1.

The layer where the MPV1 sign changed from positive to negative

was exactly corresponding to the low θse. It is indicated that the cold

air invaded from the middle troposphere and met the warm air at

600 hPa below the vortex. This convergence of warm and cold air led

to significantly enhanced convective instability. The rainstorm

center was located downstream with dense θse lines.

The NEPV led to the entrain of dry and cold air from the upper

layer to the rainfall area, manifesting as a salient vertical gradient of

MPV and a steep iso-θse line in the rainstorm center. The

configuration of middle-level dry and clod air invasion and low-

level instability is conducive to the storage and release of convective

instability energy, creating conditions for the outbreak of rainstorms,

similar to the previous analyzes of convective rainstorms induced by

Meiyu-front (Zheng et al., 2019).

Distribution of moisture helicity and black
body temperature characteristics

Moisture helicity measures both the vortex energy and the

water vapor conditions. The area with negative moisture helicity

is reported to correspond well to the rainfall area in EPV cases

(Huang et al., 2011). For our NEPV cases, the negative moisture

helicity in Case2012 was mainly in the junction of Gansu

Province and Inner Mongolia, along the plateau edge,

covering the rainfall area (Figure 8A). Strong updraft driven

by low-level convergence and abundant water vapor encouraged

the occurrence and development of heavy precipitation.

Although the Loess Plateau also has covered by negative

moisture helicity, there was no significant precipitation in the

lack of vortex dynamic effect. For Case 2013, the negative

moisture helicity in southern Gansu to the central Shaanxi

presented a northwest-southwest distribution (Figure 8B). The

less energy transportation outward and abundant moisture in

this region benefited the precipitation generation. The negative

moisture helicity center was slightly northward than the

rainstorm center.

The TBB on cloud top obtained by the FY-2E satellite is depicted

to investigate convective cloud cluster characteristics around the

vortex. Themesoscale convective cloud clustermainly appeared over

the area including northern Gansu, western Inner Mongolia,

Ningxia, central Shaanxi, and southern Shanxi Provinces at 06:

00 on 5 June 2012, covering an area of 800–1,000 km (Figure 8C).

The convection associated with the vortex is to the north of 37°N.

The region with TBB below—30°C presented an inverted triangle

shape. The convective cloud belt was generally near the vortex

trough at 500 hPa, with its outline highly aligned with the

562 dagpm isoline in Figure 3B and its shape similar to the 6-h

accumulated rainfall area. The heavy precipitation clouds and

rainfall areas with TBB below -40°C were to the northwest of the

inverted triangle. At the same time, a convective cloud also appeared

on the southeast of the vortex cloud cluster, whichwas far away from

the vortex circulation and did not produce effective precipitation. A

northeast-southwest oriented convective cloud cluster in

Case2013 appeared from the north of Sichuan to the south of

Shanxi, presenting a northeast-southwest oriented distribution

(Figure 8D). It is necessary to pointed out that the largest cloud

cluster in central Shaanxi was mainly affected by vortex, while the

strongest cloud cluster in Sichuan was mainly affected by

topography uplift of Hengduan Mountains, which was hardly

affected by the vortex. The lower TBB indicated the higher cloud
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top height and deeper vertical movement. The TBB is significantly

lower than that of Case 2012, which can be as low as below −50°C in

Case 2013. Thus, a more favorable dynamic condition with lower

TBB in Case2013 generated a larger rainstorm area with stronger

rainfall intensity than Case 2012.

The distribution of moisture helicity reflects the

concentration of energy and water vapor in NEPV.

Consistent with the evolution of rainfall area, the evolution

of the negative moisture helicity region is affected by water

vapor transportation. In both cases, the rainfall areas of the

NEPV were to the left of TBB with a large gradient. The lower

the TBB reflected by the satellite images, the better the

dynamic conditions that trigger precipitation. Therefore,

the strong rainfall always appeared near the large gradient

area on the left of TBB.

Conclusion

Two typical cases of heavy precipitation induced by NEPV are

selected here to analyze their moving track, precipitation

characteristics and physical mechanism in detail, using multi-

source data (automatic station observation, ERA-interim

reanalysis and satellite images). A comparative analysis of heavy

precipitation by using physical quantities such asMPV and helicity

is conducted (Table 2). The main conclusions are as follows:

1) In terms of precipitation conditions, the plateau vortex led to

the invasion of dry and cold air from the upper layer to the

rainfall area, which resulted in a strong vertical gradient of

MPV and steep iso-θse line in the rainstorm center and

strengthened the convective instability in the rainfall area.

The heavy precipitation always appeared near the large

gradient area on the left of TBB, and the rainfall area

moved eastward compared to the vortex. The vortex

cyclonic circulation and updraft from middle to upper

levels may be useful signals for precipitation forecast.

2) In terms of water vapor sources, the water vapor

transportation was blocked by plateau topography in Case

2012, leading to less precipitation. In Case 2013, the low-level

water vapor climbed up to the plateau and converged in the

vortex center. The interaction of lower-level water vapor and

the upper-level dry and cold air produced heavier

precipitation. Affected by the water vapor transport path,

the negative moisture helicity appeared in water vapor-rich

regions, such as the edge of the plateau and outside of the

subtropical high. The NEPV-induced precipitation occurred

after the vortex moved out of the plateau.

3) In terms of vortex structure, there were two positive vorticity

maxima in the vertical structure of the vortex in Case 2012,

and the consistent circulation from middle to upper levels is

conducive to the vortex maintenance. The coupling structure

of vorticity and divergence in lower and upper levels,

combined with the strong pumping effect enhanced the

convergence of middle and low-level water vapor in the

rainstorm area.

Discussion

This work conducted a study on NEPV and precipitation it

causes in two cases. It is found that the precipitation induced

by NEPV is crucial to northwestern China, and the water

vapor supply and vortex structure play important roles in the

precipitation process. However, the cause analysis of the

difference between the two NEPVs is not addressed,

including the thermal factors in the development of the

two vortexes and precipitation. At the same time, the data

completeness on Tibetan plateau remains inadequate,

although there are several kinds of reanalysis data, it is

unknown whether other data can reproduce the results of

this paper, and it is necessary for further analysis using

additional research methods, such as radar data analysis

and numerical model. In addition, the total amount of such

NEPV is relatively small, and some results may lack of

representativeness. Moreover, some vortex develop strongly

but do not move out of the plateau, whether these plateau

vortices can induce precipitation in the downstream through

wave propagation mechanism is also a topic worthy of future

study. Therefore, the conclusions of this study deserve further

confirmation by more cases and more diagnostic analysis.
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Weather Extremes Led to Large
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As global warming intensifies, hot extremes and heavy precipitation frequently happen in
East of China. Meanwhile, severe surface ozone (O3) pollution resulting from the
interactions of anthropogenic emissions and meteorological conditions also occur
more frequently. In this study, we quantified the impact of weather extremes on
ground-level O3 concentration during the summers of 2015–2021 and associated
premature deaths in East of China. The O3 pollution influenced by hot extremes
[maximum 8-h average O3 concentration (MDA8 O3) = 152.7 μgm−3] was 64.2% more
severe than that associated with heavy rain (MDA8 O3 = 93 μgm−3) on the daily time scale.
The compound hot and dry air extremes had a larger impact, and the associated MDA8 O3

could be up to 165.5 μgm−3. Thus, weather extremes could drastically perturb the O3 level
in the air to exhibit large variability. Based on GEOS-Chem simulations with fixed
anthropogenic emissions, forcing of weather extremes could successfully reproduce
the large daily variability of O3 concentration because the weather extremes
significantly influenced the physicochemical processes in the atmosphere. Furthermore,
hot extremes magnified the single-day O3-related premature death to 153% of that under
other-condition events, while heavy rain events decreased it to 70% in East of China. The
findings of the present study have the potential to promote daily to weekly O3 forecasts and
further improve our comprehensive understanding of the health effects of weather
extremes and air pollution.

Keywords: weather extreme, high temperature, heavy rain, O3 pollution, premature mortality

INTRODUCTION

Weather extremes have been occurring more frequently and are posing huge threats to human
society, infrastructure, and the natural environment (Zhang Q. et al., 2017; Chen and Sun, 2021;
Wang et al., 2022). The sequential flood-heatwave disasters in Japan during 2018 caused thousands
of deaths in a single week (Kim et al., 2019). In 2021, an extreme precipitation event hit the Henan
Province in China and resulted in more than 300 deaths and an economic loss of 17.7 billion dollars
(World Meteorological Organization, 2021). In addition, the heatwave in the summer of 2003 led to
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about 70,000 deaths in Europe (Robine et al., 2008). Furthermore,
largest warming (particularly increases in maximum air
temperature) and enhanced heavy precipitation were projected
to occur in East of China in most of the coming decades (Zhou
et al., 2014; Li et al., 2021; Qiao et al., 2021; Yang et al., 2021).

In recent years, ground-level ozone (O3) has exceeded fine
particulate matters to become a primary air pollutant that affects
East of China (Wang et al., 2017; Fu et al., 2019). Meanwhile, the
O3 pollution in the summer was the most serious and would have
caused a greater impact on human health. Because anthropogenic
emissions remain approximately invariant on the daily time scale,
the daily variability of O3 concentration wasmainly dominated by
weather conditions (Han et al., 2020; Yin and Ma, 2020; Tang G.
et al., 2021). Large concentrations of surface O3 were observed to
occur frequently with high air temperature, strong solar radiation,
and low air humidity (Pu et al., 2017; Li et al., 2022). The
relationships between high ozone days and weather extremes
in the eastern U.S. have been analyzed, and Zhang H. et al. (2017)
found that high ozone extremes were most sensitive to daily
maximum air temperature and minimum relative humidity.
Based on simulations of the Weather Research and
Forecasting model coupled with Chemistry (WRF-Chem), the
O3 concentration in the U.S. associated with heat waves and
atmospheric stagnation proved to be much larger than that under
non-extreme weather conditions in the present and also in the
future. Moreover, compound weather events had a larger impact
than a single event because the temperature was noticeably higher
and the wind speed was abnormally weaker (Zhang et al., 2018).
However, quantitative studies on the impacts of weather extremes
on O3 pollution in East of China are far less than sufficient to the
best of our knowledge.

Short-term exposure to peak levels of ozone can largely
affect the lungs, the respiratory tract, and the eyes, and
increase susceptibility to inhaled allergens. In the worst
situation, it can even lead to premature mortalities (Chen
et al., 2017; Orellano et al., 2020). Even when O3

concentration was lower than the level influencing
pulmonary function, the blood pressure of healthy adults
could still increase and possibly affect their cardiovascular
health (Day et al., 2017). Fenech et al. (2019) examined the
meteorological drivers associated with two five-day episodes
of air pollution in 2006 and found about 70 daily premature
deaths because of short-term O3 exposure across the UK. In
China, the number of premature deaths attributed to short-
term O3 exposure increased by 9,100 from 2013 to 2018 in
74 key cities, and the national premature mortalities in
2018 were 6.32 × 104 (Wang et al., 2021). With every
10 μg/m3 increase in ozone, the rates of respiratory deaths
and non-accidental deaths respectively increased by 2.22 and
0.05% in highly O3-polluted areas of China (Lei et al., 2019).
As shown clearly from site observations, large daily
variabilities of O3 concentration existed (Supplementary
Figure S1), and must have resulted in evident day-to-day
differences in premature mortalities.

At present, few studies have been conducted to quantify to
what extent weather extremes (e.g., hot, hot-dry, and heavy rain
events) influence O3 concentration and their associated health

effects in East of China. Accurate quantification of large O3

variability and premature deaths associated with different
weather extremes could not only provide scientific support for
O3 pollution forecasts but also contribute to a comprehensive
understanding of the health effects of weather extremes and air
pollution.

DATA AND METHODS

Observations
The daily meteorological data with a horizontal resolution of 0.5°

latitude by 0.625° longitude from 1981 to 2021 were derived from
the Modern-Era Retrospective analysis for Research and
Applications version 2 (MERRA2) dataset (Gelaro et al.,
2017). The data included daily maximum temperature (Tmax),
surface relative humidity, precipitation, planetary boundary layer
(PBL) height, and downward solar radiation. In addition, the
Tmax and precipitation data from the gridded daily observation
dataset over China region (CN05.1) were downloaded to verify
the impact of weather extremes on O3. Surface O3 concentrations
have been observed and widely implemented since 2015 in China.
The impact of weather extremes on O3 during 2015–2021 were
studied. Ground-level O3 concentrations from 2015–2021 were
downloaded from https://quotsoft.net/air/. The daily maximum
8-h average O3 concentration (MDA8 O3) was used to represent
ozone pollution condition.

Weather Extremes
Following Lu et al. (2016) and Zhang et al. (2011), we used
percentile-based indices to describe three types of weather
extremes as follows:

(1) Warm temperature events indicated weather conditions with
Tmax higher than the 90th percentile threshold during
1981–2010 (hereafter called TX90).

(2) Compound hot and dry air events indicated weather
conditions with Tmax higher than the 90th percentile
threshold and relative humidity smaller than 10th
percentile during 1981–2010 (hereafter called TX90H10).

(3) Heavy precipitation events indicated weather conditions with
daily precipitation higher than the 95th percentile threshold
during 1981–2010 (hereafter called R95).

All other weather conditions, except for the aforementioned
three weather extremes in the summer, were defined as other-
condition events (hereafter called OCE).

GEOS-Chem Simulation
A global 3-D chemical transport model (GEOS-Chem) was
implemented to simulate surface ozone concentration in East of
China. The GEOS-Chem model includes fully coupled O3-NOx-
hydrocarbon and aerosol chemistry with more than 80 species and
300 reactions (Bey et al., 2001). The major physical-chemical
processes used for the budget diagnostics included chemical
reaction, transport, PBL mixing, convection, and their summary
within the PBL (Liao et al., 2006).
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The GEOS-Chem model could well reproduce the daily-
interannual variation and spatial distribution of surface ozone
concentration (Yin and Ma, 2020; Ma and Yin, 2021). In this
study, we also evaluated the performance of the GEOS-Chem
model. Observations and model results during the summer of
2020 and extreme weather events during 2015–2021 were
shown in Supplementary Figure S1. Statistical metrics
such as correlation coefficient (Cor), normalized mean bias
(NMB), and normal mean error (NME) were calculated. The
spatial correlation coefficient between observations and the
model simulation, respectively, is 0.87 and 0.82 during the
summer of 2020 and extreme weather events, indicating that
the simulated MDA8 O3 agreed well with the observed
distribution. Moreover, NMB was 0.49% (4.9%) and NME
was 10.2% (11.2%) during the summer of 2020 (extreme
weather events), indicating a good capability of the GEOS-
Chem model for the simulation of MDA8 O3 concentration
both on a daily time scale and weather extremes. However, the
GEOS-Chem model was short of reproduction when the
MDA8 O3 > 150 μg m−3, i.e., underestimating the severest
surface O3 caused by weather extremes (Supplementary
Figure S1b).

Premature Mortality
The Environmental Benefits Mapping and Analysis Program-
Community Edition (BenMAP-CE) has been used to calculate the
premature mortality due to short-term exposure to ozone
pollution (Fenech et al., 2019). The formulas are as follows:

M � Y0P[(R − 1)
R

], (1)

R � expβ(C−Cf), (2)
where M is the all-cause premature mortality attributed to
ambient ozone, Y0 is the baseline mortality rate due to a
specific disease category, and P is the population. The value of
Y0 from 2015 to 2019 could be obtained from the China Public
Health and Family Planning Statistical Yearbook, and Y0 for
2020–2021 was set to be the same as that in 2019. The gridded
population data were downloaded from the Socioeconomic Data
and Applications Center. R is the relative risk for a specific
disease, which can be calculated by utilizing the integrated
exposure response (IER) model. β is the estimated slope of the
log-linear relationship between ozone concentration and all-
cause mortality. Ye et al. (2020) conducted a meta-analysis of

FIGURE 1 |Observed numbers of (A)warm temperature events (TX90), (B) compound hot and dry air events (TX90H10), and (C) heavy precipitation events (R95)
in the summers of 2015–2021. The solid circles indicate that the mean extreme weather days during 2015–2021 were higher than that during 1981–2014. The green
boxes represent the location of North China, Yangtze River Delta, and Pearl River Delta.
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the associations between short-term ozone exposure and human
mortality in China. Their result (β = 0.0003992) was used in the
present study. C is the observed ozone concentration (unit:
μg m−3), and Cf is the theoretical minimum concentration is
set to 70 μg m−3 (Wang et al., 2021).

LARGE O3 VARIABILITIES DUE TO
WEATHER EXTREMES

During the summers of 2015–2021, the occurrence frequencies of
hot extreme and heavy rain (i.e., TX90 and R95) were higher than
those during 1981–2014 in most of the stations in East of China
(Figures 1A,C). There were 10.2 TX90 days per summer in East
of China (8.3 in NC, 8.4 in YRD, and 15 days in PRD) during
2015–2021, while the number of R95 days was 5.1 per summer (5,
6.1, and 4 days in NC, YRD, and PRD, respectively). The mean of
Tmax values accompanied with the occurrences of TX90 and
R95 events were 37.3 and 28.9°C, respectively. The intensities of
precipitation during TX90 and R95 were 0.4 and 34 mm/d,
respectively. This result indicated significant differences in
meteorological conditions (above 95% confidence level).
Furthermore, the mean PBL heights on the days of TX90 and
R95 were 585.7 m (12.7% higher than OCE) and 442.6 m (14.8%
lower than OCE) and the surface incoming shortwave fluxes were
9.7 × 105 J m−2 (26% stronger than OCE) and 4.8 × 105 J m−2

(37.7% weaker than OCE), respectively (Supplementary Figure
S2). As a compound extreme weather, TX90H10 represented the

meteorological conditions with both hot temperature (mean
Tmax = 37.5°C) and dry air (mean relative humidity = 29.4%).
There were 2.8 TX90H10 days per summer in East of China (2.1,
2.2, and 7 days in NC, YRD, and PRD, respectively, as shown in
Figure 1B). Hot temperature contributed to efficient
photochemical reactions and natural precursor emissions (Pu
et al., 2017). Dry air and strong solar radiation also helped to
enhance photochemical reactions in the air (Zhang and Wang,
2016; Lu et al., 2019). Detected by tethered balloons, higher PBL
height with stronger free convection condition were found to be
beneficial for the aggravation of ozone pollution in China (Tang
R. et al., 2021). The impacts of precipitation on surface O3 were
relatively complex. In addition to temperature reduction and
cloud shading accompanied with precipitation process, heavy
rain itself could remove the stock of O3 in the air (Meleux et al.,
2007). Therefore, large daily differences in weather conditions
potentially resulted in large variabilities of surface O3

concentration.
To quantify the impacts of weather extremes, O3

concentrations under TX90, TX90H10, and OCE during the
summers of 2015–2021 were composited. The values were
152.7 μg m−3, 165.5 μg m−3, and 115.6 μg m−3, respectively, in
East of China (Figure 2). That is, the hot extremes could
increase O3 concentration by 32.1% in East of China with
respect to O3 concentration under OCE conditions. When dry
air was coexistent with hot temperature (i.e., compound extreme
TX90H10), the anomalous percentage of O3 concentration was
raised to 43.2%. However, the mean O3 concentration in R95 days
was only 93 μg m−3, indicating that the meteorological condition
of heavy rain could reduce O3 concentration by 19.6% (Figure 2).
In general, the O3-polluted condition corresponding to TX90
(TX90H10) was 51.7% (62.8%) worse than that corresponding to
R95. In other words, weather extremes resulted in quite large
variabilities of ground-level O3 concentration. In addition to the
aforementioned observational analysis, the GEOS-Chem model
was also driven by weather extremes but with fixed anthropogenic
emissions to simulate O3 concentration. Many previous studies
pointed out that numerical models had limited capability for the
simulation of weather extremes and air pollution in response to
the extremes (Zhang and Wang, 2016; Zhang et al., 2018; Zhang
et al., 2020).

Underestimation of high concentrations of O3, as shown in
Supplementary Figure S1B, is one of the possible reasons that
the GEOS-Chem model failed to simulate the large percentage
change of MDA8 O3 induced by weather extremes in East of
China. Results of the present study indicate that, although the
quantitative values simulated by the GEOS-Chem model were
smaller, the significant influences of TX90, TX90H10, and
R95 on O3 concentration were well verified (Figure 2;
Supplementary Figure S3). Similar analysis was also
conducted for each individual year. The abnormal
percentages of O3 concentration remain steadily at around
30% under TX90, 40% under TX90H10, and −20% under
R95 during the years of 2015–2021 (Supplementary Figure
S3). These quasi-steady percentage changes would be
helpful in forecasting O3 pollution on daily to weekly time
scales.

FIGURE 2 | Area-averaged MDA8 O3 concentrations (unit: μg m−3)
corresponding to TX90, TX90H10, R95, and OCE during the summers of
2015–2021 in East of China (EC), North China (NC), the Yangtze River Delta
(YRD), and the Pearl River Delta (PRD). The numbers represent ozone
concentrations. The results from GEOS-Chem simulations were denoted by
solid triangles on the bars.
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To explore the spatial heterogeneity of O3 concentration, the
impact of weather extremes in three severely O3-polluted areas
were analyzed. The summer-mean O3 pollution was the severest
in NC (145.7 μg m−3), followed by that in YRD (115.9 μg m−3)
and PRD (91.2 μg m−3). O3 concentrations in all the three areas
significantly exceeded the peak-season threshold of O3

concentration (i.e., 60 μg m−3) recommended by the World
Health Organization (Zhu et al., 2022). Closely related to the
regional O3-polluted level, the O3 concentrations under TX90
(TX90H10) were 191 (193.3), 154.6 (173.9), and 133.3 (143.3)
μg m−3 in NC, YRD, and PRD during the summers of 2015–2021
(Figure 2). Under the meteorological condition of heavy rain,
however, the O3 concentrations were only 112.9, 84.3, and
76.0 μg m−3 in NC, YRD, and PRD, respectively (Figure 2).
Unlike absolute O3 concentration, the anomalous percentage
of O3 concentration under TX90 compared to that under OCE
was about 34% both in NC and YRD, but it increased to 60% in
PRD (Supplementary Figure S4). This result indicated that hot
extremes could induce a larger percentage increase of O3

concentration compared to that in normal conditions in PRD
than in the other two regions. The O3 anomalous percentage
under R95 was −20.9, −25.8, and −6.1% in NC, YRD, and PRD,
respectively, during the summers of 2015–2021. These regional
differences were also evident in the GEOS-Chem simulations
(Supplementary Figure S4), and they probably had close
relationships with local climate conditions and anthropogenic
emissions.

Associated physical-chemical processes in East of China were
analyzed based on the GEOS-Chem simulations (Figure 3). During
OCE days, the mass fluxes of chemistry, transport, convection, and

PBL mixing were 6.36, −1.14, 0.44, and −2.14 Tons d−1. In regard to
chemical processes, high temperature could induce larger natural
emissions of BVOCS and soil NOX, accelerate photochemical reaction
(Lu et al., 2019), and enhance thermal decomposition of peroxyacetyl
nitrate (PAN) to provide additional NOX (Doherty et al., 2013).
Conversely, heavy rain with more cloud cover could reduce the
photolysis rate of NO2 (Lien and Hung, 2021). Meanwhile, the
reduced solar radiation led to decreases in ozone production rate
and natural emission (Jiang et al., 2021). Consequently, hot extremes
led to almost double mass flux of chemistry (11.32 Tons d−1). In
contrast, the chemical flux was largely suppressed by heavy rainfall in
East of China (1.55 Tons d−1, Figure 3). The fluxes of transport and
mixing processes heavily depended on wind anomalies, free
convection conditions, ozone level and its concentration gradient
(Jiang et al., 2021; Tang G. et al., 2021). During TX90 days, the
atmospheric circulation could transport more O3 pollutants under
TX90 condition (−3.07 Tons d−1). However, the mass flux of
transport turned out to be positive (1.37 Tons d−1) during heavy
rainfall events, indicating that more O3 pollutants remained in the air
(Figure 3). Compared to that in the OCE days, the anomaly of PBL
mixing flux was negative (−0.69 Tons d−1) due to hot temperature,
while that under the influence of heavy rain was positive
(0.68 Tons d−1). As shown in Figure 3, the quantity value of
convection and its response to weather extremes were both tiny.
In summary, when the weather was hot (hot-dry), 64.6% (72.5%)
more O3 pollutants were produced. However, the O3

production was reduced by half during heavy precipitation events
(Figure 3).

FIGURE 3 | Mass fluxes of ozone (units: tons d−1) simulated by the
GEOS-Chem corresponding to TX90, TX90H10, R95, and OCE during the
summers of 2015–2021 in East of China. The boxplots showed the 25th
percentile and 75th percentile and medians. The x-axis indicates the
physicochemical processes: chemistry, transport, convection, mixing and
their sum within the planetary boundary layer.

FIGURE 4 | Numbers of premature deaths in East of China
corresponding to TX90, TX90H10, R95, OCE, and their accumulated total in
the summers of 2015–2021. Vertical black bars represent the ±10% intervals.
The proportions of area-averaged premature death during TX90,
TX90H10, and R95 with respect to those during OCE were also displayed in
the inner panel.
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IMPACTS ON PREMATURE DEATHS

Weather extremes not only affected human health by basic
meteorological factors (i.e., hot environment and rainfall
intensity), but also modulated premature deaths associated
with surface O3 pollution. Short-term O3 exposure could
increase human premature deaths by elevating the risks of
respiratory and cardiovascular diseases (Dong et al., 2016; Lei
et al., 2019). To comprehensively understand the causes and
consequences related to large variabilities of ozone pollution, the
all-cause premature mortalities due to short-term O3 exposure
were calculated using the BenMAP-CE approach. The number of
accumulated premature mortalities in the summers of
2015–2021 was 13.8 × 104 (90% CI: 12.4–15.1 × 104) in East
of China (Figure 4). Furthermore, the premature mortalities were
greatly different between NC (5.6 × 104, 90% CI: 5.0–6.1 × 104),
YRD (2.7 × 104, 90% CI: 2.4–3.0 × 104), and PRD (0.3 × 104, 90%
CI: 0.29–0.35 × 104). These obvious regional differences were
mainly a result of local levels of O3 pollution and resident
population. For example, Cf was set to 70 μg m−3, which did
not frequently occur in PRD, and the premature mortalities were
obviously lesser than in the other two regions (Supplementary
Figure S5).

In addition to the spatial disparity, the aforementioned
premature mortalities also varied greatly on a daily time scale.
Hot temperature enlarged the daily death toll owing to short-term
O3 exposure to 153% of that under OCE conditions. Dry air
would pile up another 23% increase in danger. However, heavy
rain would decrease the O3 concentration and thus cause fewer
daily premature deaths, which was 70% under the OCE
conditions. As shown in Figure 4, the premature mortalities
due to O3 exposure associated with TX90 (excluding TX90H10),
TX90H10, and R95 in East of China were 1.56 × 104 (90% CI:
1.40–1.71 × 104), 0.77 × 104 (90% CI: 0.69–0.84 × 104), and 0.43 ×
104 (90% CI: 0.38–0.47 × 104) persons, respectively. Although the
impacts of weather extremes on short-term O3 exposure were
significant, 79.7% of premature mortalities occurred without
weather extremes because of a much larger OCE frequency
(Figure 4). It is noted that while TX90 and R95 were not
independent, there was only 1 day in seven summers in East
of China when these two weather extremes happened
simultaneously, which had little impact on total premature
mortalities. The percentages were 82.3, 82.1, and 11.9% in NC,
YRD, and PRD (Supplementary Figure S5), respectively. The
small percentage in PRD was closely related to the relatively good
air quality there, and indicated most remarkable impacts of
weather extremes on premature mortalities due to short-term
O3 exposure.

CONCLUSION AND DISCUSSION

In this study, we quantified the impacts of weather extremes on
surface O3 pollution in East of China and their modulation of
premature deaths caused by short-term O3 exposure. Hot
extremes (i.e., TX90 with Tmax = 37.3°C) could greatly
enhance the mass fluxes of chemistry, which was favorable for

production of more O3 pollutants (Figure 3). Although more O3

could be removed by transport and PBL mixing processes, the
summary mass fluxes were still 64.6% higher than those under
other-condition events (i.e., OCE). Conversely, heavy
precipitation (i.e., R95 with rain intensity = 34 mm/d) and
associated meteorological conditions could obviously reduce
the production of O3 pollutants (−48.7% lower than that in
OCE days). Consequently, the MDA8 O3 were 152.7 and
93 μg m−3 in East of China under TX90 and
R95 conditions, respectively, which were 32.1% higher and
19.6% lower than their mean values in OCE days. The
compound hot-dry extreme could result in a larger O3

concentration that is 43.2% higher than that under the
OCE conditions (Figure 2). Furthermore, the impacts of
weather extremes on O3 variability were geographically
inhomogeneous. That is, a hot environment could lead to a
larger deviation of O3 concentration in PRD than in the other
two regions, while the influence of heavy rainfall on O3

concentration was the weakest in PRD. In addition to
observational analysis, GEOS-Chem simulations were also
conducted to verify the large variability in O3 pollution
driven by weather extremes. To enhance the reliability of
the conclusion, the CN05.1 dataset was also employed to
explore the impact of weather extremes on O3

concentration. As shown in Supplementary Figure S6,
identical results were obtained.

The health benefits of short-term O3 exposure were also
evaluated under different weather conditions. It is found that
hot extremes increased the daily death toll to 153% of that under
other-condition events. In contrast, the daily death toll decreased
to 70% of that under other-condition events by heavy
precipitation. The premature mortalities due to short-term O3

exposure respectively associated with TX90 (excluding
TX90H10), TX90H10, and R95 were 1.56 × 104 (90% CI:
1.40–1.71 × 104), 0.77 × 104 (90% CI: 0.69–0.84 × 104), and
0.43 × 104 (90% CI: 0.38–0.47 × 104) persons in East of China
(Figure 4). However, these results about premature mortality
were preliminarily estimated by an idealized tool named
BenMAP-CE, and they did not exactly correspond to the
actual mortalities. It is imperative to check the relationships
based on clinical cases and analyze the associated mechanisms.
Furthermore, the weather extremes could also affect human
health and lead to premature mortality by the meteorological
conditions without O3 pollution. Therefore, it is emergent to
distinguish the health effects between weather extremes
themselves and the associated O3 extremes. More importantly,
the new findings of the present study provides a more
comprehensive understanding of health effects of weather
extremes and air pollution.

Nowadays, daily to weekly forecasts of weather and air
quality to a great extent depends on numerical models. It is
widely known that weather models still have limited capability
for forecasting weather extremes; that is, obvious biases exist
in the numerical prediction (Huang and Ding, 2021). In this
study, we find that the atmospheric chemical model failed to
simulate the large percentage change of MDA8 O3 induced by
weather extremes in East of China, which implies the
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imperative necessity to improve model performance for the
simulation of extreme events by both numerical weather
models and atmospheric chemical models. In addition, the
mechanisms of how a specific meteorological element
influenced the atmospheric physical-chemical processes
(particularly fluxes of transport and PBL mixing) were still
unclear and needed further studies. The observed quasi-
steady changes of MDA8 O3 concentration influenced by
weather extremes had the potential to promote daily to
weekly forecasts and further support short-term control
measures, such as limitations on industrial and traffic
emissions.
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Decadal variation in the
frequency of tropical cyclones
originating in the South China
Sea and migrating from the
western North Pacific
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A decadal variation in the frequency of tropical cyclones (TCs) that reached their

lifetime maximum intensity (LMI) in the South China Sea (SCS; 5°N-25°N, 107°E-

121°E) from 1978 to 2020 was identified. TCs that generated and reached LMI in

the SCS were named “local TCs,” while those that generated in the western

North Pacific (WNP) and reached LMI in the SCS were named “migratory TCs.” A

seesaw phenomenon in the frequencies of these two types of TCs was found

before and after 1997. From 1978 to 1996, TC frequency was generally lower in

local TCs but higher inmigratory TCs. The opposite was true from 1997 to 2020.

Themain factors responsible for this “seesaw” phenomenon include changes in

the genesis positions of TCs and the interdecadal variation of large-scale

environmental flow patterns. From 1997 to 2020, during which the large-

scale steering flow was favorable for local TCs, the monsoon trough over

theWNPwithdrewwestward alongwith thewarmpool and the subtropical high

strengthened westward. Meanwhile, the sea surface temperature (SST) gradient

between the equator and mid-latitudes decreased and the north wind

weakened near 120°E. Easterly winds were strengthened in the equatorial

region, which led to an abnormal anticyclone and the divergence of water

vapor in the WNP. In contrast, the SST of the SCS, an internal sea, increased

significantly. Under local atmosphere-ocean interaction, abnormal cyclonic

circulation appeared in the SCS, which led to intensified convergence and

intensified wet convection. Changes in the environmental fields in theWNP and

SCS are the main reasons for the seesaw phenomenon observed in these two

types of TCs.

KEYWORDS

tropical cyclones, lifetime maximum intensity, interdecadal variation, seesaw, South
China Sea
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1 Introduction

The South China Sea (SCS), located south of mainland

China, lies in the western part of the Pacific Ocean. It is one

of the locations where tropical cyclones (TCs) form (Chen, 1990)

and is influenced by westward-shifting TCs generated in the

western North Pacific (WNP). Approximately 67% of rapid

intensification of TCs occurred in the SCS, which is much

higher than that in the East China Sea (23%) and Yellow Sea

(10%) (Liu and Rong, 1995; Yan, 1996; Lin et al., 2006). TCs in

the SCS have caused severe damage to South China and Vietnam

owing to their rapid intensification, variable paths, and complex

rainstorm patterns (Chen et al., 2004; Zhang et al., 2009; Duan

et al., 2014; Wen et al., 2019; Tran-Quang et al., 2020). There are

obvious differences in climate characteristics of the SCS and

WNP basins (Zhang, 2003). The WNP basin is vast and less

influenced by the surrounding land and the upper ocean warm

water is deeper than the SCS (Lin et al., 2008), leading to a higher

upper ocean heat content (Goni and Trinanes, 2003; Lin et al.,

2009). As a powerful large-scale circulation background factor

for TCs genesis, the spatial scale and intensity of the monsoon

troughs are often stronger in theWNP than in the SCS (Harr and

Elsberry, 1995; Mao and Wu, 2010). A large difference exists

between TCs over the SCS and the WNP. Approximately 76% of

TCs over the WNP develop into typhoons or super typhoons,

while TCs over the SCS which annual average number of

typhoons or super typhoons accounted for 28.6% of the total

number of TCs are much weaker (Yuan et al., 2007; Feng et al.,

2013; Hao andMao, 2015). Therefore, it is important to study the

different characteristics of TCs between the SCS and WNP in a

changing climate.

Previous studies on TC activity in the SCS and WNP have

mainly focused on decadal timescales. Three suppressed TC

frequency periods (1951–1960, 1973–1985, and 1995–2018)

and two enhanced TC frequency periods (1961–1972 and

1986–1994) were found in the WNP (Yumoto and Matsuura,

2001; Liu and Chan, 2013). However, two inactive periods

(1979–1993 and 2003–2010) and two active periods

(1965–74 and 1995–2004) were identified in the SCS. These

activities in the SCS might be due to changes in the surface sea

temperature (SST) gradient between the Indian Ocean and the

WNP and the intensity of the East Asian jet stream (Wang et al.,

2012; Li and Zhou, 2014). Another study showed that the

birthplace of TCs and vertical moisture advection dominated

the interdecadal variation in TCs intensity over the SCS (Zheng

and Wang, 2022). Previous studies have also found that the TC

frequency across oceans appeared to show “seesaw” variability,

which means the inverse phase change. Wang et al. (2022)

identified a decadal variation in TCs genesis between the

WNP and North Atlantic (NA) with a seesaw variability,

which is proposed to be related to the contact teleconnection

of the subtropical east-west triggered by the Atlantic Decadal

Oscillation and causes the opposite changes of the environmental

fields in the WNP and NA. A seesaw phenomenon was also

observed in TC activities in North America and the Northeast

Pacific (Elsner et al., 1999), caused by opposite changes in the

large-scale conditions of these basins shaped by the El Nino-

Southern Oscillation (ENSO), Atlantic Multidecadal Oscillation

(AMO), and Atlantic Meridional Modes (Frank and Young,

2007; Wang and Lee, 2009; Patricola et al., 2017). Wang et al.

(2020) proposed that opposite large-scale conditions in the NA

and North Pacific are associated with reverse standing wave

activity (tropical upper tropospheric trough) in both oceans.

However, few studies have focused on the interdecadal

comparison of TCs between the SCS and WNP. It is also

unknown whether the frequencies of TCs in the WNP and

SCS show a seesaw phenomenon.

Many studies have investigated the activities of TCs lifetime

maximum intensity (LMI). The annual average LMI latitude of

TCs above the tropical storm intensity increased significantly

from 1960 to 2016 (Liu and Chan, 2019). They also found that a

significant interdecadal variation was observed in strong TCs

(category 4–5), that is, TCs LMI latitudes were higher in

1960–1969 and 1991–2011, but lower in 1970–1990 and

2012–2016. Song et al. (2018) studied standard deviation of

LMI and found that the occurrence frequency of the strongest

and weakest TCs around the world during 1999–2016 was greater

than that during 1981–1998. Lu and Tang (2021) used a machine

learning method to study the distribution of the LMI, which

revealed that the circulation of high LMI is that lower latitude is

embedded in the continuous band with high vorticity in the

lower troposphere, and the circulation in the upper and lower

troposphere is more dense. Recent studies have mainly focused

on the characteristics of LMI in global regions or oceans, but few

studies have focused on local small continental seas, such as

the SCS.

The remainder of the paper is structured as follows: Section 2

presents the data and methods. Section 3 studies the decadal

variation of the two types of TCs is studied and discusses the

possible factors causing these changes. Finally, Section 4 presents

the discussion and conclusions.

2 Data and methods

2.1 Data

Monthly average atmospheric circulation reanalysis data

were provided by the US Center for Environmental Prediction

(Kalnay et al., 1996), covering the period 1978–2020 with a

horizontal resolution of 2.5° latitude × 2.5° longitude and nine

layers from 1000 to 200 hPa in the vertical direction, including

vertical velocity, potential height, specific humidity, and wind.

Because of our TCs research range in the WNP and SCS, we used

the International Best Track Archive for Climate Stewardship

(IBTrACS) Version 04 data (Knapp et al., 2010), including the
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TC records from Joint Typhoon Warning Center (JTWC),

Shanghai Typhoon Institute of China Meteorological

Administration (CMA), and Hong Kong Observatory (HKO),

etc. Monthly mean SST data covering 1978–2020 were obtained

from the Hadley Center (Rayner et al., 2006), with a horizontal

resolution of 1.0° latitude × 1.0° longitude.

2.2 Methods

One of the previous research metrics for TC is LMI, and LMI

of TCs has been recommended as a steady indicator to study TCs,

because its geographical location is comparatively insensitive to

data uncertainties (Kossin et al., 2014, 2016; Moon et al., 2015,

Moon et al., 2016; Zhan and Wang 2017; Song et al., 2018; Wang

and Wu 2019; Zhao et al., 2022). This study follows the previous

definition of LMI, in which TCs.

Reach maximum wind speed in their lifetime (Kossin et al.,

2014, 2016; Song et al., 2018; Zhao et al., 2022). To better study

the characteristics of TC LMI in the SCS (5°N-25°N, 107°E-

121°E), we selected TCs that passed over the SCS and reached the

maximum wind speeds in their lifetime.

The first point at which the intensity was ≥25 knots was

defined as the TC genesis position. Two types of TCs enter the

SCS: one is generated locally and the other is generated from the

WNP and moves into the SCS. However, the intensity and

genesis frequency of these two types of TCs differ (Chen,

1990; Yuan et al., 2007). To better reveal the decadal

variations of these two types TCs, TCs that reach LMI in the

SCS were divided into two groups: those that generated and

reached LMI in the SCS were “local TCs” and those that

generated in the WNP and reached LMI in the SCS were

“migratory TCs.” The large-scale circulation fields, thermal

and dynamic characteristics (Emanuel and Nolan, 2004) that

reveal the causes of TC frequency seesaw, were respectively

composited by the two types of TCs. The statistical test

method used in this study was student’s t-test.

3 Results

3.1 A seesaw relationship

A total of 303 TCs reached the LMI in the SCS from 1978 to

2020, of which 173 were local TCs (accounting for 57.1% of total

TCs reached the LMI in the SCS) and 130 were migratory TCs

(accounting for 42.9% of total TCs reached the LMI in the SCS).

As with all typhoons, the generation of local andmigratory TCs is

influenced by Coriolis forces (Gray, 1979), resulting in the

location of TC generation being mainly concentrated north of

5°N. The local TCs generation positions were evenly distributed

in the interior of the SCS. Note that most of the migratory TCs

generated west of 140°E of the WNP (Figure 1). However,

because TCs generation positions was not the focus of this

study, no further investigation will be conducted. As shown in

Figure 1, the prevailing tracks of local TCs prevailing tracks were

variable, mainly consisting of northwest and northeast, while the

majority of migratory TCs were westward into the SCS. Local

TCs reached LMI mainly on the western and northern of the SCS

while the locations where migratory TCs reached LMI were more

evenly distributed. The reason why migratory TCs reached LMI

were more evenly distributed was not the focus of this study.

FIGURE 1
TCs Locations that reached their LMI (red dots) and the tracks from TCs genesis positions to their LMI location (gray lines) during 1978–2020 for
(A) local TCs that generated and reached LMI in the SCS and (B)migratory TCs that generated in theWNP and reached LMI in the SCS. The blue boxes
indicate the SCS region. Green box indicates the SCS and the WNP region. TCs data is from best-track dataset of JTWC during 1978–2020.
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From 1978 to 2020, the average frequency of local TCs

(4.02 per year) was greater than that of migratory TCs

(3.02 per year). The interdecadal variation of these two TC

groups showed a seesaw phenomenon around 1997 (Figure 2).

That is, the average frequency of local TCs increased significantly

from 3.21 from 1978 to 1996 to 4.67 from 1997 to 2020 (p<0.05).
In contrast, the average frequency of migratory TCs was

3.47 from 1978 to 1996 and decreased to 2.67 (p<0.1) from

1997 to 2020. Several datasets were used for verification to ensure

the reliability of these observed seesaw phenomena. Standardized

TC frequencies of the CMA, JTWC, and HKO that reached the

LMI in the SCS were compared (Figure 3). The interannual

variations and linear trends of different institutions were the

similar from 1978 to 2020. To facilitate the analysis, JTWC data

were adopted for further analysis.

Wang (2013) showed the seasonal variation characteristics of

TCs genesis in the SCS using the genesis potential index (GPI)

(Emanuel and Nolan, 2004), finding that the number of TCs in

the SCS increases after May and peaks in August and September.

Wang et al. (2007) found that, from 1948 to 2003, 157 TCs

generated north of 12°N from May–September (southwest

monsoon period), while 65 TCs generated south of 18°N from

October–December (northeast monsoon period). According to

our statistics, 303 TCs reached LMI in the SCS from 1978 to

FIGURE 2
Annual frequency of (A) local TCs and (B) migratory TCs reaching LMI in the SCS region. The blue lines denote 1978–1996 and
1997–2020 average of the TCs frequency. TCs data is from best-track dataset of JTWC during 1978–2020.

FIGURE 3
Annual standardized frequency of (A) local TCs and (B)migratory TCs that reaching LMI using different best-track dataset from the HKO, CMA,
JTWC during 1978–2020.

Frontiers in Earth Science frontiersin.org04

Huang et al. 10.3389/feart.2022.980220

54

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.980220


2020, with 265 reaching LMI from June–November, accounting

for 87.5% of the total. In addition, TC genesis was mainly

concentrated from June–November, which is consistent with

the conclusions of previous studies that TCs generally form in

boreal summer and autumn in the SCS (Zhang et al., 2009;Wang,

2013).

Since TCs that reached the LMI in the SCS generally

originated from June–November, the TC genesis circulation

characteristics from June–November can represent most TCs.

Therefore, to discuss the possible reasons for the seesaw

relationship between these two groups of TCs frequencies

around 1997, the changes in atmospheric circulation and the

ocean environment in the SCS and WNP from June–November

were analyzed synthetically.

3.2 Large-scale circulation variations
responsible for TC frequency changes

TC activity in theWNP is closely related to the location of the

monsoon trough (Wu et al., 2012). When the monsoon trough

retreated westward, fewer TCs were formed in the southeastern

part of the WNP; that is, TCs were more likely to occur in the

northwest. To analyze the changes in the monsoon trough in

June–November from 1978 to 1996 and 1997–2020, the average

streamline distributions at 850 hPa during these two periods are

shown in Figure 4. From 1978 to 1996, the SCS was dominated by

cyclonic circulation and the WNP was occupied by a monsoon

trough extending from the SCS to the east of 140°E with a

northwest-southeast trend (Figure 4A). At the same time, the

positions where local TCs and migratory TCs reached LMI were

mainly located in the west of the SCS. At the same time, these

locations were relatively concentrated in the north of 10°N and

the locations of migratory TCs were generally westward into the

SCS. From 1997 to 2020, the cyclonic circulation over the SCS

was strengthened and the monsoon trough in the WNP was

weakened and retreated westward to the west of 140°E

(Figure 4B). Under the evolution of these large-scale

circulation variations, more local TCs appeared in the SCS

and the LMI locations were more scattered. Note also that the

genesis and LMI locations of migratory TCs were more westward

with a more dispersed track.

From 1978 to 1996, the monsoon trough lied east-south over

the WNP, local TCs reached LMI in the west of the SCS, and

migratory TCs reached LMI east. Migratory TCs had a basically

northwest path and were more concentrated north of 10°N

(Figure 4A). From 1997 to 2020, the monsoon trough in the

SCS was strengthened and the monsoon trough in the WNP was

weakened. In other words, the monsoon trough retracted, which

led to the westward TCs generation point, increasing the TCs

generated in the SCS and decreasing the TCs generated in the

WNP (Figure 4B). The SCS was favorable for the formation and

strengthening of TCs while the WNP was unfavorable for the

early development of TCs. The paths of migratory TCs were also

northwestern but were relatively scattered and located north of

7°N. There was little difference between the two types of TCs in

terms of the location where they reached LMI.

The western Pacific subtropical high (WPSH) is one of the

main factors affecting TC genesis position and path (Wang et al.,

2017). Since the easterly wave located between the WPSH and

FIGURE 4
The streamline at 850-hPa and location of the LMI of local TCs (red dots) and migratory TCs (blue dots) for June–November during (A)
1978–1996 and (B) 1997–2020. The gray lines are TCs track from the genesis position to their LMI location.
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equator is one of the main flow patterns affecting TC genesis, the

intensity and north-south position of the WPSH may influence

TCs genesis. The average geopotential heights at 500 hPa from

June–November from 1978 to 1996 and 1997–2020 are shown in

Figures 5A,B, respectively. From 1978 to 1996, the WPSH was

located at approximately 20°N-25°N and 145°N-165°N with a

rather small range, while it expanded westward and southward

from 1997 to 2020. This may be one of the reasons that TCs

genesis was more westward from 1997 to 2020. As a result, more

TCs were likely to originate in the SCS and less in the WNP from

1997 to 2020 (Figure 4).

Chen and Huang (2006) studied the influence of the western

Pacific warm pool thermal state on TCs over the WNP and

indicated that there were fewer TCs in WNP and more TCs in

SCS in warm years. Figures 6A,B show the distributions of the

average SST from June–November from 1978 to 1996 and

1997–2020, respectively. Region of SST exceeding 28.5°C are

conducive to TC genesis and development. From 1978 to 1996,

the 28.5°C line was basically to the south of 10°N in the SCS and

18°N in the WNP (Figure 6A). From 1997 to 2020, the SST

increased significantly, with the Region of 28.5°C SST expanding

to 15°N in the SCS and the range of 29.5°C significantly from 5°N

expanding to 10°N in the WNP (Figure 6B). As a result, it is

expected that fewer TCs would be generated in the southeast

quadrant of theWNP from 1997 to 2020, which is consistent with

the results of Chen and Huang (2006).

The Walker circulation, a vast zonal overturning

atmospheric circulation across the tropical Pacific Ocean, is

FIGURE 5
The 500-hPa geopotential height (unit: m) averaged for June–November during (A) 1978–1996 and (B) 1997–2020. The gray areas indicate the
Western Pacific subtropical high region.

FIGURE 6
The sea surface temperature (shading, units: °C) and the 28.5°C and 29.5°C isothermal lines (black dashed lines) of the warm pool SST averaged
for the June–November during (A) 1978–1996 and (B) 1997–2020.
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named after Sir Gilbert Walker and is one of the most important

components of the global climate system. The rising branch of

the Walker circulation over the WNP affects TC genesis and

intensification (Chan, 1985). Because the TC genesis positions

and moving tracks were mainly concentrated between 10 and

25°N, to observe the changes in Walker circulation in these two

periods, the zonal mean vertical velocity difference in the 10°N-

25°N region between the two periods was determined (Figure 7).

FIGURE 7
Composite anomalies of mean vertical velocities (shading, units: Pascal s−1) profile between 10°N and 25°N for the June–November over the
Indo-Pacific Ocean. Arrows indicate zonal velocities (units: m s−1) and vertical velocities (units: 100 Pascal s−1). Indian Ocean region [60°E-100°E],
Northwest Pacific Ocean region [121°E-160°E], South China Sea region [107°E-121°E]. The stippled areas indicate the values are statistically significant
at the 90% confidence level.

FIGURE 8
Composite anomalies of wind (vectors, units: m s−1) and geopotential height (black dotted line, unit: m) at (A) 850-hPa and (B) 200-hPa. The
arrow areas indicate the values are statistically significant at the 90% confidence level. The letter A and C indicates for anticyclonic and cyclonic
circulation, respectively.
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The walker circulation was found to be weaker from 1997 to

2020 and the Indian Ocean and WNP basins showed abnormal

sinking at 100°E and between 150°E and 180°E, respectively.

Meanwhile, the rising branch of the Walker circulation over

the SCS and WNP was enhanced (110°E-150°E) because the two

abnormal sinking branches forced the production of abnormal

updrafts, which were conducive to TCs genesis over the SCS and

western WNP. As a result, the genesis position of migratory TCs

was mainly located to the west of 140°E, and few were found to

the east of 140°E (Figure 4).

3.3 Dynamic features

Previous studies have shown that, in contrast to TCs

generation in the Atlantic Ocean, dynamic conditions play

a much larger role than thermal conditions in influencing TC

generation in the WNP (Fu et al., 2012). Figure 8 shows the

difference between the wind field and contour field from

1978 to 1996 and 1997–2020. In the lower 850 hPa, the SCS

was a low-pressure anomaly and theWNP was a high-pressure

anomaly. There was abnormal easterly convergence at the

equator and a southerly wind anomaly appeared near 120°E.

From 1997 to 2020, the SST gradient of the equatorial region

and TC-generating region of the Philippines decreased

significantly, which may be the main reason for the south

wind anomaly. There was a southwest wind anomaly and a

cyclonic circulation anomaly in the lower troposphere in the

SCS, which were favorable for convergence. The anticyclonic

anomaly over the WNP was not conducive to the formation

and development of TCs. At 200 hPa, there was abnormally

high pressure over the SCS and a southwest anomaly of the

equatorial flow over the SCS. At the same time, there was a

convergence of the westerly winds over the WNP, a low-

pressure anomaly over the central Pacific, and a cyclonic

circulation anomaly. In terms of the wind field, the low-

level cyclonic circulation anomaly in the SCS was favorable

for the generation of TCs. The lower troposphere layer in the

WNP had abnormal anticyclonic circulation, and the

convergence of the high troposphere layer was not

conducive to the formation of TCs, indicating that the

formation of TCs was favorable to the west. The variation

in the wind field during the two periods may explain the

increasing frequency of local TCs and decreasing frequency of

migratory TCs.

From the perspective of dynamics, strong vertical wind

shear is usually not conducive to the enhancement of TCs.

Wei et al. (2018) found that westerly wind shear has a more

significant impact on TCs than easterly wind shear. Figure 9A

shows the difference in vertical wind shear between the two

periods and a positive anomaly of significant vertical wind

shear and westerly zonal wind shear in the generating area of

TCs in the WNP, which was not conducive to the generation

and development of TCs. However, the vertical wind shear of

SCS region remains unchanged compared with the SCS, the

WNP was more unfavorable to the generation and

development of TCs, which led to a westward shift in the

generation point of TCs, leading to an increase in the

frequency of TCs generated in the SCS, while the

frequency of TCs generated in the WNP decreased.

Previous studies have shown that environmental vorticity

distribution can affect the intensification of TCs (Rappin et al.,

2011; Wu et al., 2020). The relative vorticity difference between

the two periods was plotted to analyze the relative vorticity

distribution of the environmental field (Figure 9B). Figure 9B

shows insignificant positive vorticity anomalies in the SCS, while

the relative vorticity in the WNP decreased and was partially

significant; that is, the SCS was conducive to the generation and

FIGURE 9
Composite anomalies of (A) vertical wind shear (vector, 200-hPa minus 850-hPa, unit: m s−1) and (B) relative vorticity (contour, unit: 106 m s−1)
at 850-hPa. The vectors and shaded areas only indicate the values are statistically significant at the 90% confidence level.
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strengthening of TCs, whereas the WNP was unfavorable to the

early development of TCs.

3.4 Thermodynamic features

From the perspective of thermodynamics, changes in SST, heat

content of air-sea flux, and exchange coefficients significantly impact

the intensification rate of TCs (Shen and Ginis, 2003; Gao and Chiu,

2010). According to Figure 6, SST increased from 1997 to 2020,

increasing by 0.29°C in theWNP region, 0.32°C in the Indian Ocean

region, and 0.41°C in the SCS region.

Ge et al. (2013) found that decreases in environmental

humidity may inhibit the enhancement of TCs. From 1997 to

2020, the specific humidity increased in the SCS and WNP. The

specific humidity increased more in the WNP (0.441) than in the

SCS (0.316), indicating that specific humidity is not an important

condition affecting TC generation.

Water vapor flux is a physical quantity that reflects water vapor

transport and its value and direction can represent the size and

source of water vapor transport in a region (Li et al., 2015; Li et al.,

2018). Figure 10 shows the average divergence and difference in

water vapor flux between 1000 and 500 hPa from June-November

from 1978 to 1996 and 1997–2020. The TC generation area north of

10°N in the SCS region shows mid-low level moisture convergence

and some areas pass the significance test, while the area east of 130°E

in theWNPhasmid-low levelmoisture divergence. The water vapor

flux enters the SCS region from the WNP.

3.5 Complex connections between
various processes

Figure 11 combines the changes in large-scale circulation fields

and dynamic and thermal conditions from 1978 to 1996 and

1997–2020. From 1997 to 2020, owing to the SST gradient

between the equatorial regions and TCs, the area reduced and the

near 120°E north wind was weakened. At the same time, the equator

east wind was strengthened, warmwater accumulation and SST of the

WNP and SCS increased, and the western Pacific warm pool

expanded. The monsoon trough trended westward and enhanced

the monsoon trough in the SCS area, whereas the WNP monsoon

trough was abated. The WPSH extended westward to the south and

the overall area expanded. Because the SCS is an inland sea near the

mainland, its SST rosemore than those of the northwestern Pacific and

Indian oceans. Through local air-sea interaction, the SCS forms low-

level anomalous cyclonic circulation and low-level convergence. At the

FIGURE 10
Composite anomalies of water vapor flux divergence
(contour, unit: 10–5 kg m−2 s−1) and water vapor flux (vectors, unit:
102 kg m−1 s−1). The shaded areas and blue vectors indicate the
values are statistically significant at the 90% confidence level.

FIGURE 11
Physical mechanism diagram of interannual variation of TC frequency reaching LMI in the SCS. White arrows indicate wind, blue arrows circles
indicate cyclonic circulation (or anticyclonic circulation), green area indicate positive vertical wind shear anomalies, and orange arrows indicate zonal
circulation anomalies from 10°N to 25°N. The blue and orange areas indicate water vapor convergence and divergence areas. The white area
indicates positive relative vorticity.
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same time, the WNP region and Indian Ocean region Walker

circulations were anomalous, forcing local updrafts in the maritime

continent and SCS area and the SCS vorticity increased. The

convergence of water vapor in the middle and lower layers, namely

the increase in wet convection, formed an environment conducive to

the generation of TCs. Because the equatorial east wind enhanced and

the north wind weakened near 120°E, in theWNP region, anomalous

anticyclonic circulation formed, local sinking airflow appeared, vertical

wind shear increased, and atmospheric stability increased. The SST of

the WNP increased and the specific humidity increased, but lower

water vapor divergence and dynamic and thermal conditions were

formed against the TCs generated by the environment.

4 Conclusion and discussion

4.1 Conclusion

Previous studies on LMI were limited to the latitude and

intensity of TCs reaching LMI in large regional oceans (Wang

and Lee, 2009; Patricola et al., 2017; Wang et al., 2020). This study

divided the frequency of TCs reaching the LMI in the SCS into local

andmigratory TCs according to the source of generation. There was

a seesaw phenomenon in the frequency variation of the two types of

TCs before and after 1997. That is, local TCs showed an increase in

mutations after 1997, while migratory TCs showed a decrease.

From 1997 to 2020, the monsoon trough retreated westward, the

warm pool strengthened, and the WPSH strengthened westward.

Owing to the decrease in the SST gradient at the equator and mid-

latitudes, the north wind weakened in the region near 120°E, while

the east wind strengthened in the equatorial region, which led to an

abnormal anticyclone in theWNP region. In theWNP, the abnormal

anticyclone enhanced divergence, which led to the abnormal

subsidence of zonal circulation, increased vertical wind shear,

increased atmospheric stability, and water vapor divergence.

However, the SCS is an internal sea adjacent to the mainland and

experienced amore significant increase in SST than theWNP. Under

the action of local sea and air, abnormal cyclonic circulation and

convergence were enhanced, zonal circulation showed a weak

abnormal rise, vorticity increased, and wet convection was

enhanced. The change in the environmental field in the WNP

and SCS was the main reason for the seesaw phenomenon in the

two types of TCs.

4.2 Discussion

Different from previous studies on the seesaw of TCs in the two

oceans, for example, Wang et al. (2022) study on the seesaw of TCs

between the Atlantic Ocean and the WNP, which found that it was

related to the Atlantic Decadal Oscillation while the seesaw of TCs

activities in North America and the Northeast Pacific Ocean were

caused by the ENSO, AMO, and Atlantic Meridional Modes (Frank

and Young, 2007; Wang and Lee, 2009; Patricola et al., 2017), this

paper only analyzed the reasons for the seesaw phenomenon in the

variation trend of the frequency of the two types of TC around

1997 considering the influencing system anddynamic andwater vapor

conditions. Such an air-sea interactionmay shed light on the projected

suppressed TC genesis in the WNP but enhanced TC genesis in the

SCS in global warming. In addition, whether the intensity of the two

types of TC also showed a seesawphenomenon from1978 to 2020 and

the reasons for this need to be further discussed.
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The interdecadal change of the summer (July–August) rainfall over North China

(SRNC) is of great concern to the climate research community. Based on the

sliding correlation and interdecadal difference analysis, the interdecadal change

of SRNC was studied. Results show a significantly wetter period of SRNC since

the mid-2000s, which was associated with strengthening negative relationship

between SRNC and PDO. PDO affected the SRNC through the jet stream in the

upper-level and the East Asia–Pacific (EAP) teleconnection pattern. In the

negative phase of the PDO since the mid-2000s, the contractive upper-level

jet stream in the west of North China resulted in the abnormal updraft over the

southern region of North China. Meanwhile, the positive phase of the EAP

teleconnection pattern brought warm and wet southeast flow entering North

China from its eastern boundary, both bringingmore rainfall in North China. The

abnormal water vapor transport from the western Pacific was very different

from that accompanying the East Asian summer monsoon.

KEYWORDS

North China, summer rainfall, interdecadal change, PDO, EAP, jet stream

Introduction

North China lies south of Yanshan mountains, east of Hetao Plain, north of Qinling

Mountains and Huaihe River, and east of the Bohai Sea and Yellow Sea (Figure 1), where

the capital of Beijing is located. The summer precipitation (July–August) accounts for 80%

of the annual precipitation in North China (Tao, 1980). The shortage of summer

precipitation in North China has seriously hindered the further development of

industrial and agricultural production and the daily life of urban and rural residents

there (Huang et al., 1999). North China experienced frequent and severe droughts in the

past, which resulted in significant economic and environmental impacts and worsened the

local hydrographic environment (Ma and Fu, 2006; Pei et al., 2015).

Numerous studies have investigated the causes of the decreasing summer

(July–August) precipitation over North China (SRNC) since the mid-1960s and after
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the mid-1970s (Yan et al., 1990; Yatagai and Yasunari, 1994;

Huang et al., 1999; Lu, 1999; Dai et al., 2003; Liu and Ding, 2010;

Zhu et al., 2011). The main possible causes include the large-scale

temperature changes due to the weakening thermal difference

between land and ocean (Yan et al., 1990; Yan et al., 1991), the

winter Arctic sea-ice variations (Wu et al., 1999), the

teleconnection pattern including the North Pacific Oscillation

(NPO) variation and the North Atlantic Oscillation (NAO) (Li

and Li, 1999), the Pacific Decadal Oscillation (PDO or NPDO)

and the South Pacific Decadal Oscillation (SPDO) pattern

(Zhang et al., 1997; Chang et al., 2000; Yang and Lau, 2004;

Li et al., 2020), the sea surface temperature (SST) of the central

and eastern Pacific in the equatorial region (Huang et al., 1999),

the interaction of the air-sea in the middle latitudes (Li and Liao,

1996), the circumglobal teleconnection (CGT) (Ding and Wang,

2005), the interdecadal weakening of East Asia Summer

Monsoon (EASM) (Wang, 2001), the interdecadal changes of

the western Pacific subtropical high (WPSH) over the eastern

China regions (Nitta and Hu, 1996), the interdecadal cooling in

the upper troposphere and lower stratosphere over East Asia (Yu

and Zhou, 2007), and the thermal effect of aerosols over Asia

such as the black carbon (Menon et al., 2002).

The natural variability at interdecadal timescales in the

Pacific Ocean is termed the Pacific decadal variability, which

is referred to as the Interdecadal Pacific Oscillation (IPO; Power

et al., 1998, Power et al., 1999; Allan, 2000) for the basin-wide

pattern or PDO (Mantua et al., 1997) for the North Pacific

pattern (Joshi et al., 2022). Both IPO/PDO is defined as a long-

lived El Niño-like pattern of Pacific climate variability that not

only modulates the rainfall over India (Joshi and Pandey, 2011;

Joshi and Rai, 2015; Joshi and Kucharski, 2017; Joshi et al., 2021),

Sahel (Mohino et al., 2011; Villamayor and Mohino, 2015), and

United States (Dai, 2013) but also over North China. There were

two positive phases of PDO (1922–45 and 1977–2002) and one

negative phase of PDO (1946–76) in the period of 1900–2010

(Qian and Zhou, 2014). Meanwhile, Ma (2007) found that the

spring PDO index had a climate shift occurring in 1978/1979. In

interdecadal timescale, PDO not only has a climate shift but also

has a close relationship with SRNC. Qian and Zhou (2014)

suggested that the dry conditions of North China in summer

were influenced by the PJ/EAP meridional teleconnection

pattern generated by one negative PDO phase (1946–76)

using the Palmer Drought Severity Index data. Li et al. (2020)

suggested that after removing the correlation between SPDO and

NPDO, there was a significant positive (negative) correlation

between SPDO (NPDO) and PRNC.

Numerous studies investigated the unstable relationships

between the two time series and suggested that the

FIGURE 1
The topography around North China; the altitude (unit: m) is shaded. The box (35°N–41°N, 110°N–122°E) shows the region of North China.
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relationship between El Nino-Southern Oscillation (ENSO) and

the Indian summer monsoon had broken down in recent decades

(Kumar et al., 1999; Kulkarni et al., 2021). Liu et al. (2004) found

that the interannual correlation between the winter sea ice over

the Davis Strait and July rainfall over North China had weakened

after 1994.

Previous studies indicated that PRNC had experienced an

interdecadal decrease since the mid-1970s (Huang et al., 1999).

However, the year after which PRNC entered an interdecadal

wetter period was still of great concern to the climate research

community. Has a new interdecadal change of PDO occurred?

How did the interdecadal change of the PDO influence the

interdecadal change of the SRNC? With these questions in

mind, we firstly investigated the interdecadal variations of the

PDO and SRNC and then verified the stability of the relationship

between PDO and SRNC from decades to decades. This study

was organized as follows. The data and analysis methods were

introduced in the Data and analysis methods section. The Results

section shows the interdecadal change of the relationship

between PDO and SRNC, and the possible mechanism of

PDO influencing the SRNC. The final section is Conclusions

and discussions.

Data and analysis methods

The Climate Prediction Center (CPC) Unified Gauge-Based

Analysis of Global Daily Precipitation dataset with a horizontal

resolution of 0.5° × 0.5° (Xie et al., 2007) and the precipitation

data of 17 gauge-based stations from 1979 to 2021 in North

China (Liu et al., 2020) were used to investigate the interdecadal

change of the SRNC. The SRNC is the regional averaged summer

(July–August) precipitation over North China in the box of

[35°N–41°N, 110°N–122°E] (Liu et al., 2020). Two

precipitation datasets were consistent in indicating the

interdecadal change of SRNC. For brevity, we only showed

the SRNC index from the CPC dataset.

The monthly NCEP-DOE AMIP-II Reanalysis (R-2)

(Kanamitsu et al., 2002) dataset and ERA5 dataset were used

to reveal the interdecadal variations of atmospheric circulation.

Two reanalyzed datasets have subtle differences in characterizing

the interdecadal variations of atmospheric circulation. For

brevity, we only showed the NCEP-DOE AMIP-II results in

the following. Besides, the SST data from the NOAA Extended

Reconstructed Sea Surface Temperature (SST) V5 dataset

(Huang et al., 2017) and the monthly Pacific Decadal

Oscillation (PDO) index derived from https://www.ncdc.noaa.

gov/teleconnections/pdo/ were also used.

The vertically integrated water vapor flux from the ground to

300 hPa was calculated to further measure the interdecadal

difference of the water vapor transportation. The vertically

integrated water vapor flux is computed using the following

formula as discussed by Ding (1989):

Qx � 1
g

∫Ps

300
(uq)dp

Qy � 1
g

∫Ps

300
(vq)dp

(1)

where Qx and Qy are the vertical integral of water vapor flux in

the zonal and the meridional directions, respectively. g is

gravitational acceleration, and u and v indicate the zonal and

the meridional wind, respectively. q is specific humidity, and p is

atmospheric pressure. Ps is the atmospheric pressure on the

surface. 300 is the 300 hPa level.

We intend to discuss the interdecadal change of the summer

precipitation over North China and its causes, which was about

the difference between the adjacent 10 years. Therefore, we chose

a 20-year running t-test to calculate the precipitation difference

between the later and former 10-year periods. The 20-year

running t-test has also been used earlier to verify the abrupt

point of interdecadal change in the summer precipitation over

North China (Liu et al., 2012). On the contrary, we used the 11-

year sliding correlation to test the relationship variation between

the summer rainfall over North China and PDO (Kumar et al.,

1999; Liu H. W. et al., 2004).

Results

The characteristics of interdecadal change
of the SRNC and PDO in the recent forty
years

Figure 2A shows the time series of SRNC during 1979–2021.

A 20-year moving t-test was performed to quantify the

interdecadal change of SRNC, as shown in Figure 2B. The

year 2006 is the first point with a significant precipitation

difference between the later and earlier 10-year periods,

reaching a 95% confidence level. It was apparent that SRNC

had an interdecadal abrupt change point in 2006 during

1979–2021. Therefore, there were two interdecadal periods

obviously. In the first period of 1979–2005, the SRNC showed

an interdecadal negative anomaly with a mean value below the

climate mean. Liu et al. (2020) discovered that SRNC had a weak,

increasing trend since 1979 and then halted in the mid-1990s.

However, this halted period did not last long (Hu, 1997–2005);

then, SRNC entered a wetter period in 2006 (Figure 2A). It is

worth noting that, since 2006, the SRNC was not only observed

with an increasing trend but also showed an interdecadal positive

anomaly with the mean value above the climate mean value.

Moreover, the linear trend of SRNC during 2008–2021 was also

significant, reaching the 95% confidence level. Thereby, the

SRNC entered an interdecadal wetter period in the mid-2000s.

In order to further investigate the interdecadal change of the

SRNC, the difference in the SRNC between 2006–2021 and

1979–2005 is shown in Figure 3. A significant positive
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anomaly is clearly observed in North China with blue shading

areas. During 2006–2021, North China entered an interdecadal

wetter period, which was consistent with the interdecadal change

of the SRNC index (Figure 2).

Previous studies indicated a negative relationship between

the PDO index and the SRNC (Ma, 2007; Qian and Zhou, 2014;

Li et al., 2020). Since the SRNC experienced an interdecadal

abrupt change in 2006, has the PDO experienced a similar

interdecadal change? In order to investigate the interdecadal

variation of PDO, the normalized time series of PDO index in

July–August during 1979–2021 and the result of the 20-year

moving t-test are shown in Figure 4. The PDO index revealed the

characteristics of interannual and interdecadal variation in

Figure 4A. PDO was almost in the positive phase before

2004 and then turned to the negative phase. The SRNC and

the PDO index had a significantly negative relationship with a

correlation coefficient of −0.361, reaching a 99% confidence level,

which is consistent with numerous previous studies (Ma, 2007;

Qian and Zhou, 2014; Li et al., 2020). The 20-year running t-test

was performed to find the abrupt change point of the PDO index

(Figure 4B). We found that the PDO index had a significant

abrupt change during 2002–2004.

The difference in Pacific SST between the periods

2004–2021 and 1979–2003 is also shown in Figure 5. There

were warm anomalies in North Pacific and the Warm Pool

region, whereas cold anomalies existed in the eastern

equatorial Pacific, which is similar to the previous results

(Qian and Zhou, 2014). Thus, PDO changed from the

negative phase to the positive phase in 2004, and the phase

transition year of 2004 is roughly consistent with the interdecadal

abrupt year of the SRNC. This reminds us that the interdecadal

change of the SRNC is related to the phase transition of the PDO.

The interdecadal change in the
interannual relationship between SRNC
and PDO

As mentioned above, the PDO and SRNC both had similar

interdecadal variations with close abrupt change or transition

years. To further explore whether the interannual relationship

between SRNC and the PDO index is stable, Figure 6 shows the

sliding correlations between SRNC and the PDO index with an

11-year moving window. The negative correlations between

SRNC and the PDO index had obvious interdecadal change.

Based on the analysis result using data in the recent 40 years, the

the correlations between SRNC and PDO have become stronger

and more significant since 2007. Before 2007, the negative

FIGURE 2
(A)Normalized time series of SRNC index during 1979–2021. The horizontal dash lines indicate themean during two periods, the solid black line
during 2006–2021 indicates the linear trend, and the vertical line indicates the interdecadal abrupt change year. (B) A 20-year running t-test of SRNC
index, with two green lines showing a 95% confidence level.

FIGURE 3
Climatological mean difference of summer precipitation
during periods 2006–2021 and 1979–2005 using CPC dataset
(unit: mm). The shading area indicates a difference reaching the
95% confidence level based on Student’s t-test. The black
box shows the region of North China.
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FIGURE 4
The same as Figure 2, but for normalized time series of PDO index in July–August during 1979–2021. The horizontal dash lines in (A) indicate the
mean during two periods, and the vertical line indicates the interdecadal abrupt change year. Two green lines showing a 95% confidence level in the
20-year running t-test in (B).

FIGURE 5
The same as Figure 3, but for the difference of SST during the periods 2004–2021 and 1979–2003 in the Pacific (unit: °C). Shaded areas show
differences reaching 90% and 95% confidence levels according to Student’s t-test. The box shows the region of North China.
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correlations between SRNC and the PDO index were almost

weak. Accompanying the enhanced interannual relationship

between SRNC and the PDO index, the SRNC became wetter

since the mid-2000s (Figure 2). This suggests that the

interdecadal variations of the SRNC were closely related to

the interdecadal variations of the negative relationship

between SRNC and the PDO index.

To further demonstrate the interdecadal change in the

relationship between the PDO index and SRNC, the wind

vector at 850 hPa is regressed onto the normalized PDO index

during two periods in Figure 7. During 1979–2005 (Figure 7A),

the PDO index was almost positive, and the regression of the

wind vector shows anomalous northwest wind over North China,

reaching a 95% confidence level. An anomalous cyclone was

found in Northeast China. On the contrary, during 2006–2021

(Figure 7B), the PDO index was almost negative, and the

regression of the wind vector shows anomalous northeast

wind to the southeast of North China. Therefore, while the

PDO index was negative, there was anomalous southwest

wind to the southeast of North China accompanied by an

anomalous anticyclone around southern Japan. Obviously,

more water vapor entered North China during 2006–2011,

especially from the Pacific.

The possible causes of interdecadal wetter
North China since 2006

The upper-level jet stream and its secondary circulation

played an important role in the SRNC (Quan and

Liuzhucheng, 2013). The correlation distributions between

PDO index and zonal wind at 200 hPa were calculated during

1979–2005 and 2006–2021, respectively, to measure the

interdecadal variations of the relationship between the upper-

level jet stream and PDO during two periods, as shown in

Figure 8. We firstly figured out how the PDO influenced the

SRNC through the upper-level jet stream.

There were significant positive correlation coefficients to the

west of North China in Figure 8A. During 1979–2005, the PDO

was almost in the positive phase, so the upper-level jet streamwas

a positive anomaly to the west of North China. Uccellini and

Johnson (1979) indicated a downdraft in the right hand of the

exited region of the jet stream. North China is just below the exit

region of the upper-level jet stream. Therefore, during

1979–2005, with an outstretched jet stream to the west of

North China, there should be an abnormal downdraft over

North China. Figure 9A further demonstrates an abnormal

downdraft over southern North China during the period of

1979–2005, although the vertical velocity anomaly had not

passed 95% confidence levels. This feature went against more

rainfall in North China.

FIGURE 6
11-year sliding correlations between SRNC and the PDO
index during 1979–2021. The red line of −0.476 indicates a critical
value of a one-tailed 95% confidence level with n = 11.

FIGURE 7
Regression results of wind vector at 850 hPa using the normalized PDO index during (A) 1979–2005 and (B) 2006–2021. Shaded areas indicate
regression reaching 95% confidence levels according to Student’s t-test. The box shows the region of North China.
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FIGURE 8
Correlation distributions between PDO and zonal wind at 200 hPa during (A) 1979–2005 and (B) 2006–2021. Shaded areas indicate correlation
reaching 95% confidence levels according to Student’s t-test. The box shows the region of North China. The blue isolines indicate the zonal wind
greater than 25 m/s.

FIGURE 9
Latitude-height cross section of vertical velocity anomaly along 117.5°E in JA by (A) 1979–2005 mean minus 1979–2021 mean (unit: 10−2 Pa/s)
and (B) 2006–2021meanminus 1979–2021mean. Shaded areas are statistically significant at the 95% confidence level according to Student’s t-test.
The red line shows the latitude range of North China. The black arrow line shows the abnormal vertical movement.

Frontiers in Earth Science frontiersin.org07

Wu et al. 10.3389/feart.2022.957940

69

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.957940


On the contrary, during 2006–2021, there were weak negative

correlation coefficients to the west of North China in Figure 8B.

During 2006–2021, the PDO was almost in the negative phase, so

the upper-level jet stream was a weak positive anomaly to the

west of North China. However, we found that the upper-level jet

stream was contractive to the west of North China during

2006–2021 with respect to that during 1979–2005. There

should be an abnormal updraft over North China. Figure 9B

further demonstrates an abnormal updraft over southern North

China during the period of 2006–2021, whereas the vertical

velocity anomaly had passed 95% confidence levels. This

feature made more rainfall in North China.

Numerous studies indicated that PDO influenced the

SRNC mainly through the East Asia–Pacific (EAP)

FIGURE 10
The same as Figure 3 but for 850 hPa wind vector (unit: m/s). Red arrows show the difference reaching 90% confidence levels according to
Student’s t-test. The box shows the region of North China.

FIGURE 11
The same as Figure 3 but for sea level pressure (unit: hPa). Shaded areas show the difference reaching 90% and 95% confidence levels according
to Student’s t-test. The box shows the region of North China.
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teleconnection pattern (Nitta, 1987; Huang and Sun, 1992;

Qian and Zhou, 2014). Figure 10 shows the difference in wind

vector by 2006–2021 minus 1979–2005. An anomalous

anticyclone was found to the east of the Philippines island.

In contrast, an anomalous cyclone was observed near Taiwan

island and an anomalous anticyclone to the east of Japan

island. The “+-+” pattern was very similar to the positive

phase of the EAP teleconnection pattern (Nitta, 1987; Huang

and Sun, 1992). North China is dominated by an anomalous

southeast flow from the Pacific and an anomalous northwest

FIGURE 12
The same as Figure 3 but for wind vector at 1,000 hPa (unit: m/s) and SST in the Pacific (unit: °C). The isolines show the difference in SST. Shaded
areas and red arrows indicate a difference reaching 95% confidence levels according to Student’s t-test. The box shows the region of North China.

FIGURE 13
The same as Figure 10, but for the vertically integrated water vapor flux (unit: kg/m/s).
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flow from Lake Baikal, resulting in the convergence over

North China in the mid-lower troposphere. Thus, more

precipitation has been observed in North China since the

mid-2000s.

Although the difference in sea level pressure (SLP) by

2006–2021 minus 1979–2005 in Figure 11 does not show the

typical positive phase of the EAP teleconnection pattern, it shows

a distribution of low over the land and high over the Pacific along

40°N. This pattern benefited anomalous east wind, leading to

more precipitation in north China (Liang et al., 2006).

The difference of wind vector at 1,000 hPa and SST in the

Pacific by 2006–2021 minus 1979–2005 shows a positive phase

of the EAP teleconnection pattern (Nitta, 1987; Huang and

Sun, 1992) in Figure 12. The positive phase of the EAP would

lead to more precipitation in North China, with the

anomalous southeast wind bringing warm-moist air into

North China. At the same time, the positive phase of the

EAP strengthened the Kuroshio current in the east of the

Japan island to keep the warmer SST in North Pacific. The

warmer SST in North Pacific was beneficial to maintaining the

negative phase of PDO. In general, PDO was conducive to the

form of the EAP teleconnection pattern (Nitta, 1987; Huang

and Sun, 1992), whereas the EAP teleconnection pattern

contributed to maintaining the PDO in turn. Thus, a

positive feedback mechanism was formed between the PDO

and the EAP pattern. Furthermore, the negative phase of the

PDO and the positive phase of the EAP pattern both led to

abundant precipitation over North China (Wang and He,

2015).

In addition, when the PDO was in a negative phase, the

SST in the Indian Ocean and the Maritime Continent was

anomalously warm, which was significantly different from

previous studies (Ma, 2007; Qian and Zhou, 2014).

Meanwhile, the warmer SST in the Indian Ocean,

around the Maritime Continent, and in the mid-high

latitude of the western Pacific resulted in weaker East

Asian summer monsoon (EASM) with weaker land-sea

thermal contrast.

Figure 13 shows the difference in the water vapor transportation

by 2006–2021 minus 1979–2005, which also reflected the

characteristics of the positive phase of the EAP with the “+-+”

pattern. Anomalous anticyclone of water vapor flux was found

FIGURE 14
Schematic diagramof amechanism for the abnormal summer rainfall over North China due to (A) positive phase of PDO during 1979–2005 and
(B) negative phase of PDO during 2006–2021.
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near the Philippines island, and the anomalous cyclone of water vapor

flux was observed over Taiwan island, while the anomalous

anticyclone water vapor fluxed to the east of the Japan island. The

anomalouswater vapor enteringNorthChina between the anomalous

cyclone over Taiwan island and the anomalous anticyclone to the east

of Japan was significant, reaching a 95% confidence level. Another

cyclone marked as “CV” also provided abundant water vapor and

brought more precipitation to North China.

Conclusion and discussions

Previous studies (Yan et al., 1990; Yatagai and Yasunari,

1994; Huang et al., 1999; Lu, 1999; Dai et al., 2003; Liu and Ding,

2010; Zhu et al., 2011) proved that North China had undergone

interdecadal drought since the mid-1960s and mid-1970s.

However, we discovered the SRNC was interdecadal wetter

since the mid-2000s. The enhanced negative relationship

between SRNC and PDO has occurred since 2006.

Accompanied by an enhanced negative relationship between

SRNC and PDO, the negative phase of PDO since

2006 resulted in a significantly wetter anomaly of SRNC,

which is different from previous results that the SRNC has

become drier since the mid-1960s and mid-1970s. The

possible major mechanisms are summarized in Figure 14.

In Figure 14A, during 1979–2005, with PDO in the positive

phase, the upper-level jet stream extended to North China, resulting

in anomalous downdraft over southern North China and the

anomalous northwest wind to the southeast of North China, both

leading to less rainfall over North China. However, in Figure 14B,

during the enhanced relationship period (2006–2021) between the

PDO and SRNC with PDO in the negative phase, the upper-level jet

stream was contractive to the west of North China, resulting in an

anomalous updraft over southern North China, and the anomalous

southwest wind was found to the southeast of North China, both

leading to more rainfall over North China.

Except for the upper-level jet stream, the PDO influenced the

SRNC mainly through the East Asia–Pacific (EAP)

teleconnection pattern (Nitta, 1987; Huang & Sun, 1992; Qian

& Zhou, 2014). During 2006–2021 in the positive phase of the

EAP teleconnection pattern and negative phase of the PDO, the

water vapor transport into North China was mainly from the

eastern boundary. The water vapor transport was very different

from that provided by the traditional southwest summer

monsoon. However, this also suggested that the wetter

anomaly of SRNC would not be stable because the recent

water vapor budget would be easily changed by the summer

monsoon variations in the future, which is worthy of constant

attention and research.

Except for two known interdecadal decrease phenomena of

SRNC since the mid-1960s andmid-1970s (Yan et al., 1990; Yatagai

and Yasunari, 1994; Huang et al., 1999; Lu, 1999; Dai et al., 2003; Liu

and Ding, 2010; Zhu et al., 2011), we firstly discover another

interdecadal increase phenomenon of the SRNC in this study

and the unstable relationship between SRNC and PDO. It is

worth noting that the SST in the Indian Ocean and the

Maritime Continent are a warm anomaly, which is very different

fromprevious studies when PDOwas in a negative phase (Ma, 2007;

Qian and Zhou, 2014). In this study, we just used PDO to explain

the wetter anomaly of SRNC.However, the other factors, such as the

Arctic sea-ice (Wu et al., 1999; Liu H. et al., 2004) and CGT (Ding

and Wang, 2005), also need to be further studied.
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Recent studies have proposed a relatively reliable metric, i.e., the annual-mean

latitude of tropical cyclone (TC) lifetime maximum intensity, to evaluate the

observed trend of poleward migration of TC. The documented trend in the

existing records of the metric suggests that anthropogenic factors might make

considerable contributions to the poleward migration of TC. However, here we

show that there is no significant TCmigration trend in the western North Pacific

(WNP). Instead, large interdecadal variation is found in the WNP TC track over

the past 35 years. Rather than the anthropogenic factors, it is the natural

variability, especially the Interdecadal Pacific Oscillation (IPO), that plays a

key role in modulating the migration of WNP TC track. The IPO-related TC

migration is assumed to cause systematic changes (i.e., increases and

decreases) in regional hazard exposure and risk. The impact of IPO on the

WNP TC migration is attributed to its influences on the large-scale circulation,

TC genesis potential index, and the potential intensity in the TC prevailing region

of the WNP.

KEYWORDS

tropical cyclones, poleward migration, anthropogenic, natural variability, IPO

1 Introduction

In the context of global warming and considering the economic damages and

catastrophes resulting from tropical cyclones (TCs) in various ocean basins, it is of

great interest and societal importance to understand whether some changes of the TC

activity may occur outside of natural variability and thus can be attributed to

anthropogenic forcing (Knutson et al., 2010; Wang et al., 2011; Lee et al., 2012;

Kossin et al., 2014; Kossin et al., 2016; Lee et al., 2020). While great progress has

been made in evaluating the impact of global warming on TC intensity and TC-induced

rainfall (Knutson et al., 2010), by far relatively little is known about the anthropogenically

forced changes in the current climate (Wang et al., 2011; Kossin et al., 2014).
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Over the past 30 years, the annual-mean latitude where

tropical cyclones (TCs) reach their lifetime maximum intensity

(LMI) has significantly migrated poleward in the northern and

southern hemispheres, which potentially would have profound

impacts on life and property safety (Kossin et al., 2014).

Increasing mortality risks and hazard exposures from TCs

(Peduzzi et al., 2012) may be compounded in coastal cities

at higher latitudes, while they might possibly be offset at lower

latitudes (Cardon et al., 2012; Kossin et al., 2016). TCs from the

western North Pacific (WNP), which is also the most active

basin hosting the largest TC genesis numbers on earth, make

the largest contribution to the trend of TC poleward migration

in the northern hemisphere (Kossin et al., 2014; Kossin et al.,

2016).

Recent studies suggested that the observed trend of WNP

TC poleward migration can be attributed to a conflation of

anthropogenic and natural factors (Shen et al., 2018). With a

substantial portion occurring outside the dominant known

modes of variability in the region [i.e., El Niño–Southern

Oscillation (ENSO) and Pacific Decadal Oscillation (PDO)]

(Ho et al., 2004; Camargo et al., 2007a; Liu & Chan, 2008;

Kossin et al., 2010; Zhang et al., 2012; Liu & Chan, 2013; Wang

& Wang, 2013; Mei et al., 2015), it is argued that the TC

migration may be related to other forms of slow decadal

forcing (possibly anthropogenic forcing) (Kossin et al.,

2014; Kossin et al., 2016). ENSO and PDO are known to

affect the large-scale environment and thus the genesis and

trajectories of the WNP TCs, which eventually contribute to

the WNP TC migration (Kossin et al., 2016; Camargo et al.,

2007a). However, other variabilities (except for ENSO and

PDO) may also contribute to theWNP TCmigration, which, if

anything, will raise the uncertainty in the contribution of

anthropogenic forcing. The Interdecadal Pacific Oscillation

(IPO), which is similar to the PDO but occurs over a wider

area of the Pacific (Power et al., 1999; Folland et al., 2002;

Henley et al., 2015), is expected to considerably contribute to

the WNP TC migration. Nevertheless, no studies on the

contribution of IPO to the WNP TC migration have been

conducted yet. Moreover, despite some studies on recent

changes of TC track and exposure under global warming

conditions (Knutson et al., 2010; Wang et al., 2011; Lee

et al., 2012; Kossin et al., 2014; Kossin et al., 2016), how

the natural variability and anthropogenic forcing affect the

WNP TC migration still remain unclear.

Here we try to address these issues by analyzing the

observations during the 41-year period of 1980–2020, when

the best-track data are considered to be most complete and with

the highest quality in terms of both TC position and TC

intensity due to the monitoring of geostationary satellites

(Kalnay et al., 1996; Knapp & Kruk, 2010; Dee et al., 2011;

Kossin et al., 2014). We focus on the contribution of IPO to the

observed TC migration in the WNP, which has been proved to

be an important issue but is underestimated and even ignored

in the previous studies.

2 Data and methods

2.1 Climate index

The index “Niño 3.4” (5°N–5°S, 140°E–145°W) defined

over this region is widely used to represent the ENSO index,

which is available at http://www.esrl.noaa.gov/psd/gcos_

wgsp/Timeseries/Nino34/. The “Pacific Decadal

Oscillation” (PDO) is a long-lived El Niño-like pattern of

Pacific climate variability (Mantua et al., 1997; Christensen,

2013). The PDO index is defined as the projections of

monthly mean SST anomalies onto their first EOF vectors

in the North Pacific (north of 20oN) (Mantua et al., 1997).

The EOF vectors are derived for the period from 1900 to 1993,

and climatological value is defined as monthly mean for the

same period. Globally averaged monthly mean SST anomaly

is subtracted from monthly mean SST anomaly of the Pacific

Ocean north of 20°N before calculation of the first EOF vector

for the purpose to remove the effect of global warming. The

PDO index is available at https://www.esrl.noaa.gov/psd/

gcos_wgsp/Timeseries/PDO/. The Interdecadal Pacific

Oscillation (IPO) and the PDO are closely related modes

of decadal to interdecadal climate variability in the Pacific

Ocean (Mantua et al., 1997; Power et al., 1999; Folland et al.,

2002; Christensen, 2013; Henley et al., 2015). The PDO can be

considered as the North Pacific node of the Pacific-wide IPO

(Power et al., 1999; Folland et al., 2002). The IPO is associated

with a distinct “tripole” pattern of SST anomalies, and the

IPO Tripole Index (TPI) is calculated as follows based on

monthly global SST data (Henley et al., 2015): Firstly,

subtract the monthly climatological value from SST in

each grid cell to eliminate the seasonal cycle and calculate

monthly mean SST anomalies (SSTAi) in the three TPI

regions using a chosen base period (1971–2000 used here).

TPI regions are defined as follows: region 1 (25°N–45°N,

140°E–145°W); region 2 (10°S–10°N, 170°E–90°W); region 3

(50°S–15°S, 150°E–160°W). Secondly, the TPI is calculated as

follows:

TPI � SSTA2 − SSTA1 + SSTA3

2

The TPI is also available at https://www.esrl.noaa.gov/psd/

data/timeseries/IPOTPI/.

SST data are taken from the US National Oceanic and

Atmospheric Administration Extended Reconstruction of SST

(NOAA-ERSST; Smith & Reynolds, 2003), which is a global

gridded dataset reconstructed based on historical observations of

SST data using statistical methods. This dataset has spatial
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resolution of 2°×2° and temporal resolution of monthly, and the

scope of this paper is global (0°–360°, 90°N-90°S).

2.2 Genesis potential index , potential
intensity , and large-scale
environmental flow

GPI has important indicative significance for the generation

of TCs and has been widely used in the study of TCs. Its

definition is as follows:

GPI � ∣∣∣∣105η850∣∣∣∣ 3 /

2 × (1 + 0.1 × Vshear)−2 × (H600

/

50)3

× (PI /

70)3

Where η850 represents the vorticity of 850 h Pa,Vshear represents the

vertical wind shear between 850 h Pa and 200 h Pa,H600 represents

the relative humidity of 600 h Pa, and PI is the potential intensity. PI

describes the thermodynamically-basedmaximumTC intensity that

the environment will support and thus is closely associated with TC

genesis and intensification. In conjunction with the work of

Emanuel (1999), it is defined as follows:

PI2 � Ck

CD
×
Ts

T0
× (CAPEp − CAPEb)

where Ck and CD represent exchange coefficient for enthalpy and

drag coefficient respectively, Ts and T0 represent sea surface

temperature and average outflow temperature respectively.

CAPE is the convective available potential energy, and CAPE*

represents the CAPE value when an air mass within the radius of

the maximum wind speed reaches saturation for the first time

under the current SST and barometric conditions. CAPEb

represents the value of CAPE of the air parcel in the

surrounding boundary layer atmosphere reduced along the

isotherm to the radius of the maximum wind speed. In our

study, large-scale environmental flow is mainly represented by

500 hPa geopotential height and 850–300 hPa vertical-mean wind.

Note that the GPI, PI and large-scale environmental flow are

all calculated from the National Centers for Environmental

Prediction–National Center for Atmospheric Research Global

Reanalysis (NCEP–NCAR) (Kalnay et al., 1996) data. This

reanalysis dataset is using a state-of-the-art system to perform

data assimilation with spatial resolution of 2.5×2.5 and temporal

resolution of monthly. In this paper, these data are selected from

1980 to 2015, and the spatial range is the Western North Pacific

region (100°E-180°, 0°-60°N).

2.3 TC data

Best-track data are obtained from the International Best

Track Archive for Climate Stewardship (IBTrACS) v04r00

(Knapp et al., 2010; Knapp et al., 2018), which is available at

http://www.ncdc.noaa.gov/ibtracs/. There are four best-track

data provided by four different agencies in the WNP: the

Joint Typhoon Warming Center (JTWC), Japan

Meteorological Agency (JMA), China Meteorological

Administration (CMA), and Hong Kong Observatory (HKO).

Note that only TCs with LMI ≥35 kt and ≤1,000 hPa are used in

our analysis.

2.4 CMIP5 data

To further examine the impact of anthropogenic forcing on

meridional migration ofWNP TCs in future, we use an ensemble of

TCs generated by 14 CMIP5 models, which includes the twenty-

first-century RCP4.5 and RCP8.5 projection simulations (Camargo,

2013). RCP4.5 (RCP8.5) is a scenario that stabilizes radiative forcing

at 4.5 (8.5) Wm−2 at the end of the century. CMIP5 models used in

this paper include CanESM2, CCSM4, CSIRO Mk3.6.0, Fgoals-G2,

GFDL CM3, GFDL-ESM2M, HADGEM2-ES, and INM-CM4.0.

Ipsl-cm5a-lr, MIROC-ESM, MIROC5, MPI-ESM-LR, MRI-

CGCM3, and NORESM1-M. RCP4.5 is a stabilization scenario

and assumes that climate policies are invoked to achieve the goal

of limiting emissions, while RCP8.5 corresponds to the pathway

with the highest greenhouse gas emissions and is based on a

presumption of no to little change from the present trajectories

of greenhouse gas concentrations. RCP4.5 and RCP8.5 scenarios

have better model coverage compared to the other scenarios, which

is available at https://esgf-node.llnl.gov/search/cmip5/.

2.5 Residual analysis

The significance of residual analysis is to check whether the trend

of TC polewardmovement is still significant after removing the trend

of natural variability from the trend of TC poleward migration.

ENSO (PDO, IPO) variability is excluded from the annual-mean TC

latitude at the time of LMI (φLMI) time series by regressing each

individual φLMI series from the various best-track data onto the index

of the Niño-3.4 (PDO, TPI) and analyzing the residuals named εNiño-

3.4 (εPDO, εTPI). ENSO, PDO, and IPO variabilities are removed from

the φLMI series by regressing the φLMI series onto the indices of Niño-

3.4, PDO and TPI, and analyzing the residuals (εALL3).

3 Result

3.1 Insignificant trends of WNP TC
poleward migration

The measurement of φLMI is much less uncertain, since the

absolute LMI can be easily determined based on when the TC has

reached its maximum intensity during its lifetime (Kossin et al.,

2014). Because of the relatively short period of observation after
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1980, the estimated trend of φLMI is highly sensitive to the sample

size. For example, looking at the TCs in the IBTrACS best-track

data during 1980–2013, the annual-mean φLMI (TC intensity is

measured by maximum wind speed) in the western North Pacific

shows a poleward migration trend (0.48 ± 0.46 latitude decade−1),

which is basically consistent with results of the previous studies

(Kossin et al., 2014; Kossin et al., 2016). However, if the sample

length is extended to 2020, the poleward migration trend

decreases significantly (0.29 ± 0.38 latitude decade−1) due to

the low φLMI in 2014 and 2015 (Figure 1A; Table 1). Results based

on other TC best-track data (i.e., JTWC, JMA, and CMA) also

indicate that the poleward migration trend is no longer

significant at the 95% confidence level when observations in

2014 and 2015 are considered (Table 1; Figures 1B–F) except

FIGURE 1
Migration of the location of LMI. Time series of annual-mean φLMI calculated from various best-track historical data over the WNP. (A–F) shows
data from different sources, where (A) is IBTrACS, (B) is JTWC, (C) is JMA, (D) is CMA, (E) is HKO and (F) is the ensemblemean of JTWC, JMA, CMA and
HKO. Linear trend lines (dashed) are shown with their 95% two-sided confidence intervals (shaded), which are also given by the annotated values.

TABLE 1 Linear trends of annual-mean latitude of LMI and its regression residuals for best-track data from various sources. The WNP TC track
migration rates and 95% confidence intervals (latitude decade−1) of annual-mean φLMI, the residuals of the regression of φLMI onto the JASON-
mean Niño-3.4, PDO, and TPI indices (i.e., εNiño-3.4, εPDO, and εTPI) respectively and the residuals of the trivariate regression of φLMI onto the three
indices (i.e., εALL3) for the various best-track data sources. For the single-variate and trivariate regressions, the variance explained R2 and the p value
are also shown.

IBTrACS JTWC JMA CMA HKO Ensemble

φLMI 0.29 ± 0.38 0.26 ± 0.37 0.34 ± 0.36 0.23 ± 0.33 0.43 ± 0.35 0.31 ± 0.33

εNiño-3.4 0.30 ± 0.30 0.26 ± 0.33 0.34 ± 0.29 0.24 ± 0.29 0.44 ± 0.27 0.32 ± 0.27

R2, p value 0.35, <0.001 0.19, 0.001–0.01 0.31, <0.001 0.21, 0.001–0.01 0.32, <0.001 0.29, <0.001
εPDO 0.11 ± 0.34 0.08 ± 0.33 0.15 ± 0.33 0.08 ± 0.30 0.21 ± 0.29 0.13 ± 0.28

R2, p value 0.24, 0.001–0.01 0.22, 0.001–0.01 0.23, 0.001–0.01 0.20, 0.001–0.01 0.26, <0.001 0.29, <0.001
εTPI 0.03 ± 0.29 0.04 ± 0.31 0.08 ± 0.29 0.04 ± 0.28 0.15 ± 0.25 0.08 ± 0.25

R2, p value 0.45, <0.001 0.30, <0.001 0.43, <0.001 0.32, <0.001 0.53, <0.001 0.45, <0.001
εALL3 0.02 ± 0.29 −0.03 ± 0.31 0.04 ± 0.29 −0.03 ± 0.28 0.02 ± 0.25 −0.00 ± 0.25

R2, p value 0.45, <0.001 0.32, 0.001–0.01 0.43, <0.001 0.33, 0.001–0.01 0.56, <0.001 0.47, <0.001

Frontiers in Earth Science frontiersin.org04

Lv et al. 10.3389/feart.2022.994876

79

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.994876


FIGURE 2
Relationship between the location of LMI over theWNP and the IPO. (A) Time series of annual-mean φLMI from the IBTrACS best-track data (black line)
and JASON-mean TPI (grey line), Niño3.4 index (blue line), PDO (orange line); (B) Low pass filtered time series of TPI (orange line) and φLMI (blue line); (C)
map of correlation coefficient between the annual-mean φLMI and JASON SST; and (D)map of correlation coefficient between the JASONTPI and JASON
SST. The correlation coefficients (i.e., r) betweenφLMI and TPI or filtered TPI, and the p-value (i.e., p) for testing the hypothesis of nocorrelation are also
shown in Figures 2A,B (annotated values). A 13-years Chebyshev low-pass filter is applied to obtain the filtered version of the two indices. The positive IPO
phase corresponds to the period when the filtered TPI is no less than 0 °C (i.e., 1980–1998), while the IPO negative phase corresponds to the period when
the filtered TPI is less than 0 °C (i.e., 1999–2015). The time-averaged φLMI in the two IPO phases are presented in Figure 2B (annotated values). Dotted areas
in Figures 2C,D denote that the differences are significant at/above the 95% confidence level by the Student’s t test.
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HKO. More importantly, further analysis suggests that, rather

than anthropogenic forcing, it is the natural variability that plays

a critical role in modulating the migration of WNP TC track

during the past 41 years.

3.2 Relationship between IPO andWNP TC
migration

The variability of the WNP TC activity has received a large

amount of attention during the past 2 decades, andmany studies have

linked TC track variability to ENSO (Camargo et al., 2007a; Liu &

Chan, 2008) on interannual timescale. In recent years, the PDO has

been found to have important influences on large-scale flow patterns

and thus the TC track variability over the WNP (Liu & Chan, 2008;

Mei et al., 2015). Here, averages of the ENSO (Niño-3.4), PDO, IPO

(IPO tripole index, TPI) (Henley et al., 2015) indices are taken over

July-November (JASON), which is considered as the peak TC season

(about 80%of annualWNPTCs occur in thesemonths) (Kossin et al.,

2016). As expected, there is an inverse relationship between φLMI and

the two indices (i.e., Niño-3.4 and PDO) with the correlation

coefficients of −0.62 and −0.59 respectively, which indicate ENSO

and PDO both have strong impacts on TC migration (Figure 2A).

Moreover, comparedwith the ENSOandPDO, the IPOplays an even

more important role in determining the WNP TC migration with a

correlation coefficient of −0.70 between φLMI and TPI. Almost all the

peaks of IPO negative (positive) values correspond to high (low)

values of φLMI and φLMI increased dramatically during the transition

of the IPO from positive to negative phase in the late 1990s (Meehl

et al., 2013; Henley et al., 2015) (Figure 2A). Note that the low φLMI in

2014 and 2015 correspond to positive values of the TPI, which makes

the poleward migration trend of φLMI insignificant when the study

period is changed from 1980–2013 to 1980–2015. On the other hand,

as the low frequency component of the IPO signal can be obtained by

applying a 13-years Chebyshev low-pass filter to TPI (Henley et al.,

2015), we calculated the filtered φLMI using the same filter, and found

that the correlation coefficient between thefilteredTPI and the filtered

φLMI is −0.52, which is significant at the 99% confidence level

(Figure 2B). This result strongly suggests that there is a significant

inverse correlation between IPO and the WNP TC migration on

interdecadal timescale. In addition, the map of correlation coefficient

between φLMI and SST presents a pattern highly similar to the map of

correlation coefficient betweenTPI and SST (Figures 2C,D). The latter

displays a typical IPO pattern (see Figure 1 in the Henley et al., 2015)

and thus provides robust evidence supporting the strong relationship

between the WNP TC migration and IPO.

To further compare the contributions of various natural

variabilities to the WNP TC migration, we calculate the residuals

of annual-mean φLMI regressed onto the JASON-mean Niño-3.4,

PDO, andTPI indices (i.e., εNiño-3.4, εPDO, and εTPI), respectively. The

residuals of the trivariate regression of φLMI onto the three indices

(i.e., εALL3) are also calculated. For instance, ENSO is removed from

the φLMI time series by regressing the φLMI series onto the Niño-

3.4 index averaged over the peak TC season (July-November), and

the residuals are analyzed. When the PDO and IPO variabilities are

removed respectively, the residual TCmigration rates (i.e., εPDO, and

εTPI) are found to decrease substantially for various best-track data

(Table 1; Figure 3). This suggests that the PDO and IPO

considerably contribute to the TC migration rate. Moreover, as

expected, the regression coefficients (i.e., R2) are statistically

significant, and the JASON-mean ENSO, PDO, IPO, and all

these three indices together respectively explain 34.5%, 24.0%,

44.7%, and 44.7% of the φLMI variance in the IBTrACS best-

track data (Table 1). These results further suggest that natural

variability, especially IPO (Wang et al., 2013; Henley et al., 2015),

whose contribution to the change of φLMI is similar to the total

contribution of the three indices, is playing a critical role in the

observed TC migration. Furthermore, when the IPO variability

(i.e., time series of the TPI) is removed, the residual TC

migration rate decreases significantly from 0.29 ± 0.38 latitude

decade−1 (i.e., φLMI trend which is significant at 76% confidence

level) to 0.03 ± 0.29 latitude decade−1 (see φLMI and εTPI in Table 1).

This indicates that the poleward migration trend of the WNP TC

track does not occur outside the IPO variability based on the

observational records (1980–2020), and thus provides evidence

against the proposed conclusions of previous studies on the

contribution of anthropogenic factors to the TC poleward

migration ((Kossin et al., 2014; Kossin et al., 2016). In this study,

rather than studying the φLMI trend, we put emphasis on the close

relationship between TC migration and IPO, especially the

modulation of IPO on the WNP TC migration.

Despite the strong agreement between the two indices of

PDO and IPO (r = 0.75), the IPO index (i.e., TPI) is based on the

difference between SST averaged over the central equatorial

Pacific and that over the northwestern and southwestern

Pacific, and thus is substantially different from the PDO

index which is mainly determined by SST in the North

Pacific (north of 20oN) (Mantua et al., 1997). Thus,

compared with the PDO index, the IPO index is more

related to meridional and zonal gradients of SST over the

WNP. The interdecadal changes of the SST gradients and

related spatial SST distribution pattern make large

contributions to the WNP TC migration, which will be

discussed in detail in the next section.

3.3 Possible trend of WNP TC migration in
future under global warming

As mentioned above, our observational results imply that the

anthropogenic forcing does not contribute significantly to the

observed WNP TC migration as expected. This also does not

necessarily mean that the anthropogenic factors (e.g., global

warming induced by greenhouse gases) will not significantly

contribute to the poleward shift of the WNP TC in the future,

since it is difficult to distinguish the contributions of anthropogenic
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forcing and natural variability based on the short time-period

records (Allen et al., 2014; Lucas et al., 2014; Boo et al., 2015).

Thanks to the relatively long period (2006–2100) of RCP4.5 and

RCP8.5 scenarios which is much longer than the period during

which the known modes of natural variability are derived, it is

relatively robust and reliable to draw the conclusions on the

influence of anthropogenic forcing by using the results of these

14 CMIP5 models under the RCP4.5 and RCP8.5 scenarios. In the

RCP4.5 projection simulations, the projected rate of migration of

φLMI (0.11°±0.12° decade−1) is insignificant just under the 95%

confidence level (Figure 4). The difference in φLMI between

RCP8.5 and RCP4.5 scenarios is hardly distinguishable, although

the φLMI in RCP8.5 scenario (0.12°±0.11° decade
−1) is just at the 95%

confidence level (Figure 4). Thereby, the projected rates ofWNP TC

migration are closely related to the carbon emission intensity, as the

migration rates, in terms of φLMI trends, increase with the carbon

emission intensity (Figure 4). In RCP4.5 scenario, the global

warming remains unable to produce significant trend, indicating

that the observed insignificant trend is confirmed in the model.

3.4 Possible mechanisms for the impact of
IPO onWNP TCmigration on interdecadal
timescales

The φLMI of a TC is determined by TC genesis positon, TC

intensity evolution and TC track pattern. The first determines the

starting position of a TC during its lifetime, the second evolves

before LMI is reached and controls when the LMI would occur

during the TC lifetime, and the third determines the path of the

FIGURE 3
Possible effects of the three modes of variability on the migration of the latitude of LMI. Time series of (A) residuals of the single-variate of
annual-mean φLMI onto JASON-mean Niño-3.4 index, (B) residuals of the single-variate of annual-mean φLMI onto JASON-mean PDO index, (C)
residuals of the single-variate of annual-mean φLMI onto JASON-mean TPI index, and (D) residuals of the trivariate of annual-mean φLMI onto JASON-
mean Niño-3.4, PDO, and TPI indices. Linear trend lines (dashed) are shown with their 95% two-sided confidence intervals (shaded), which are
also shown by annotated values.

FIGURE 4
Projectedmigrations of theWNP TC in future under the two representative emission scenarios. Time series of annual-mean φLMI fromWNP TCs
explicitly generated in the 14 CMIP5 twenty-first-century (A) RCP4.5 and (B) RCP8.5 projection simulations.
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TC and thus controls where the LMI would possibly occur during

the TC lifetime. In this study, these three factors can be analyzed

from the aspects of GPI, PI, and large-scale environmental flow

respectively (Sun et al., 2020). Firstly, the GPI is widely used to

analyze spatial distribution of TC genesis potential and the

influence of environmental factors on tropical cyclogenesis

(Camargo et al., 2007b). Secondly, PI is a known major factor

modulating the TC intensity evolution (Emanuel, 1999). Thirdly,

FIGURE 5
Differences in annual-mean JASON SST, GPI, PI, large-scale circulation, and TC exposure between negative IPO phase and positive IPO phase.
(A) SST (°C), (B) GPI, (C) PI (m s−1), (D) 500-hPa geopotential height (shaded; m) and 850–300 hPa vertical-mean wind (vectors; m s−1), and (E) TC
exposure (number of days of exposure per year per 2°×2° latitude–longitude grid box) and the positions of TC genesis (G), lifetimemaximum intensity
(M), and disappearance (D), which are depicted in dotted line in the positive IPO phase and in solid line in the negative IPO phase. The IPO
negative phase refers to the period of 1980-1998, and the IPO positive phase refers to the period of 1999–2015. Dotted areas denote that the
differences are significant at/above the 99% confidence level by the Student’s t test. Black boxes indicate the twomain regions where SST differences
are significant at/above the 99% confidence (Region 1: 25°N-45°N, 130°E-180°E; Region 2: 0°N-20°N, 135°E-160°E).
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FIGURE 6
Annual-mean JASON SST, GPI, PI, large-scale circulation, and TC exposure during the positive IPO phase (A,C,E and G) and negative IPO phase
(B,D,F and H). (A,B) SST (°C); (C,D) GPI; (E,F) PI (m s−1); (G,H) 500-hPa geopotential height (shaded; m) and 850–300 hPa vertically averaged wind
(vectors; m s−1); and (I,J) TC exposure (number of days of exposure per year per 2°×2° latitude–longitude grid box) and the positions of TC genesis (G),
lifetime maximum intensity (M), and disappearance (D).
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WNP TCs are usually steered by large-scale environmental flow,

especially the flow in the main TC activity region (Chan & Gray,

1982; Sun et al., 2015), which modulates the geographical

properties of TC track over the WNP. Therefore, the change

of φLMI can always be attributed to changes in the GPI, PI and

large-scale environmental flow.

Consistent with the previous studies (Burgman et al., 2008;

Chen et al., 2008; Lee & McPhaden, 2008; Meehl & Arblaster,

2012; Henley et al., 2015), the IPO transferred from positive to

negative phase in the late 1990s after the 1997–98 El Niño event.

Thus, the period of 1980–1998 (1999–2015) can be considered as

the positive (negative) IPO phase on interdecadal timescale

(Figure 2B). Moreover, the time-averaged φLMI in the negative

IPO phase (21.2°N) is notably higher than that in the positive IPO

phase (20.4°N), which is significant above the 95% confidence

level by the Two-sample t-test. The positive and negative phases

of IPO are characterized by different regional patterns (Power

et al., 1999; Folland et al., 2002; Henley et al., 2015), which are

expected to play an important role in determining the GPI and PI

spatial distributions and the large-scale environmental flow in

the main TC activity region, and eventually affect φLMI of TCs

over the WNP. However, based on what we understand, little is

known about the impact of the regional pattern of IPO on the TC

track migration. To further investigate the linkage between IPO

and the WNP TC migration, we compare SST, GPI, PI, large-

scale circulation, and TC exposure during the negative and

positive IPO phases (Figure 5 and Figure 6). Note that, TC

exposure is defined as the number of days per year per

2×2 latitude–longitude grid box when a TC center is located

in that grid box.

During the transitional period from the positive IPO phase to

negative IPO phase over the WNP, there are two main regions

(Region 1 25°N-45°N, 130°E-180°E; Region 2 0°N-20°N, 135°E-

155°E) where positive SST anomalies are significant at/above the

99% confidence level (Figure 5A). At first, the higher SST in

Region 1 and Region 2 contribute to the significant increase of

GPI in the three ocean areas (i.e., an ocean area to the south of

Japan, an ocean area near the equator, and an ocean area near the

central North Pacific). Compared with the first area that is to the

north of the main WNP TC genesis area (see Figures 6C,D), the

latter two areas are relatively farther from themain genesis region

of WNP TC and thus contribute relatively smaller to the

migration of TC genesis position (Figure 5B). Under the joint

effects of GPI changes in the three areas, the time-averaged TC

genesis position shifts poleward by 0.47 latitude (Figure 5E).

Moreover, the higher SST in Region 1 leads to a relatively higher

PI that favors further development of TCs at the high latitudes

over the region (Figure 5C and Figures 6E,F), and eventually

leads to the poleward shift of φLMI. More importantly, the higher

SST in Region 2 induces positive geopotential height anomalies

in this region as the ocean warming is favorable for the

development of the deep warm high (i.e., WPSH) in the non-

equatorial region (>5°N), which favors westward expansion of

the WPSH over Region 2 (Figure 5D and Figures 6G,H). The

anticyclonic anomaly in the western boundary of the westward-

expanded WPSH contributes to increases in the northward

steering flow over the area of 10°N-22°N, 120°E-135°E, which

tends to promote northward turning of westward moving TCs

over the area (Figure 5D). In addition to the poleward shift of

φLMI, the intensified northward steering flow also contributes to

the increase in TC exposure over the regions of Taiwan, Ryukyu

Islands, the southern coast of Japan, and the southeastern coast of

China, but decreases TC exposure in the regions of Hainan,

Vietnam, and Philippines (Figure 5E). Note that the response of

equatorial circulations to higher SST is substantially different to

that of mid- and low-latitude circulations. Over the equatorial

area in Region 2, the prevailing easterly winds basically agree

with the theory of Gill model (Gill, 2010), which indicates that an

equatorial heating (e.g., SST warming) produces easterly flow

over the eastern region of the heating (Figure 5D). Overall, due to

the response of GPI, PI and large-scale flow to IPO, the WNP

TCs tend to originate and intensify at high latitudes and turn

poleward over certain regions, which contributes to the poleward

shift of the location of LMI during the IPO transition period from

positive to negative phase in the late 1990s.

4 Conclusion

This paper investigates that IPO impact on Migration of

Tropical Cyclone Track over the Western North Pacific. We

found that the location where TCs reach their lifetime maximum

intensity (LMI) moved northward with a trend of 0.29 ±

0.38 latitude decade-1 from 1980 to 2020. But the trend was

not significant, which is consistent across different datasets. The

correlation analysis shows that the correlation coefficient

between TC latitude at the time of LMI (φLMI) and JASON-

mean TPI from 1980 to 2020 is as high as −0.70, and the PDO

is −0.59, and the Niño3.4 index is −0.62. When applying a 13-

years Chebyshev low-pass filter to TPI and φLMI, the correlation

coefficient is −0.52, passed the 95% significance test. In order to

study the effect of these natural variability on the motion of φLMI,

we remove these three natural variability trends from φLMI. and

the JASON-mean ENSO, PDO, IPO, and all these three indices

together respectively explain 34.5%, 24.0%, 44.7%, and 44.7% of

the φLMI variance. When the IPO variability is removed, the

residual TC migration rate decreases significantly from 0.29 ±

0.38 latitude decade-1 to 0.03 ± 0.29 latitude decade-1. This

phenomenon is inconsistent with the previous conclusion that

human factors contribute to the polar movement of TC.

Therefore, 14 CMIP5 models under the RCP4.5 and

RCP8.5 Scenarios were used to investigate the anthropogenic

contribution of TC to polar mobility. The results show that the

poleward movement trend of TC is not as obvious as that during

the observation period. In order to further explore why IPO

affects TC poleward movement, genesis potential index (GPI),

Frontiers in Earth Science frontiersin.org10

Lv et al. 10.3389/feart.2022.994876

85

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.994876


potential intensity (PI), and large-scale environmental flow are

analyzed respectively because of their contribution to TC genesis

position, TC intensity evolution and TC track pattern. There are

two main regions (Region 1 25°N-45°N, 130°E-180°E; Region

2 0°N-20°N, 135°E-155°E) where positive SST anomalies are

significant at above the 99% confidence level, which

contribute to the significant increase of GPI in the three

ocean areas and induce a relatively higher PI that promotes

further extension of TCs at the high latitudes over the region. The

higher SST in Region 2 contributes to positive geopotential

height anomalies that can lead to increases in the northward

steering flow over the area of 10°N-22°N, 120°E-135°E, which

helps TC’s poleward shift.

In the following work, we will continue to study the

contribution of various natural variability, including IPO, to

the poleward movement of TC in future scenarios. We will

also continue to use the latest numerical weather patterns on

the impact of human activities on the TC for further explanation.

We believe that human activity to a certain extent, also affect the

change of the TC. However, further research is needed to

determine whether this effect will affect TC as human

activities affect natural variability, or directly affect TC itself.
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The atmospheric quasi-biweekly
oscillation during the Jiangnan
Meiyu onset period

Tianle Sun, Suxiang Yao* and Qian Huang

Key Laboratory of Meteorological Disaster, Ministry of Education (KLME)/Collaborative Innovation
Center on Forecast and Evaluation of Meteorological Disasters (CIC-FEMD)/Joint International
Research Laboratory of Climate and Environment Change (ILCEC), Nanjing University of Information
Science and Technology, Nanjing, China

Meiyu is a typical rainy season during the East Asian Summer Monsoon whose

early or late onset is closely related to an abnormal amount of rainfall. Based on

the ERA-interim daily reanalysis data from 1979 to 2019 and the Meiyu index

dataset provided by the CMA (the China Meteorological Administration), the

characteristics of the intraseasonal oscillation (ISO) in different latitudes during

the Jiangnan Meiyu onset period were examined. During the Meiyu onset

period, the analysis of 500 hPa geopotential height shows that the key

regions of circulation anomaly include the Ural Mountains in mid-high

latitudes and the Northwest Pacific in low latitudes. Moreover, the

geopotential height anomaly of the two regions shows significant quasi-

biweekly scale (10–30 days) characteristics. The diagnosis of quasi-biweekly

geopotential tendency shows that height variation in the mid-high latitude key

region mainly depends on the influence of temperature advection, while the

variation in the low-latitude key region relies on vorticity advection. Over the

mid-high latitudes, the height anomaly of the Ural Mountains gradually

increases before the day of Meiyu onset, and the contribution of quasi-

biweekly oscillation (QBWO) to the total anomaly is approximately 55.9%.

The fluctuations from Europe and the Aleutians spread toward the key

region, and the abnormal warm advection lies over the key region,

contributing to formation of the Ural-blocking pattern. Meanwhile, in the

key region located over the Western Pacific, the contribution of the quasi-

biweekly component reaches 51.2%. The oscillations over the Western Pacific

propagate southwestward along the East Asian coast, while fluctuations over

the East Asian continent migrate southward. Throughout this period, the

negative vorticity advection occupies the key region, which is conducive to

both the positive geopotential height variation andmaintenance of theWestern

Pacific Subtropical High. Thus, the migration of QBWO in different latitudes

could be an extended-range signal of the Jiangnan Meiyu prediction.

KEYWORDS

Jiangnan Meiyu, quasi-biweekly oscillation, geopotential height, different latitudes,
power spectrum analysis (PSA)
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1 Introduction

Meiyu, known as Baiu in Japan and Chang-ma in South

Korea, refers to continuous rainy weather in June and July in

the middle and lower reaches of the Yangtze River in China,

central and southern Japan, and southern South Korea.

During the Meiyu period, continuous high temperature

and humidity enhance the occurrence of extreme weather

events, such as heavy rainfall, causing massive loss to life and

property. Additionally, the study of the Meiyu period is an

important component of short-term climate prediction in

various countries. Therefore, to ensure disaster prevention

and mitigation strategies, it is urgent to conduct further

research on the evolutionary characteristics of Meiyu and

improve forecasting capabilities for the Meiyu season

(Ninomiya and Muraki, 1986; Lee, 1989; Oh et al., 1997;

Kawamura and Murakami, 1998; Krishnan and Sugi, 2001).

Due to inconsistency of the definition of the Meiyu onset,

previous conclusions have often lacked consistency and

comparability. Early efforts have often used indicators of

the circulation situation (Yu, 1980; Zhou, 1980),

precipitation process (Fu, 1981; Zhang and Zheng, 1981),

or both (Chen and Qian, 2004; Xu, 2007; Liang et al., 2010;

Liu et al., 2014) to determine the onset of Meiyu. Under

different standards for the same observed fact, they have

always led to inconsistent conclusions about the variability

of atmospheric circulation, evolution of precipitation, and

mutual feedback between weather systems. This confusion

was not resolved until 2017 when the China National

Climate Centre proposed the “New Monitoring Indices”,

which combines scientific zoning methods and detailed

monitoring indicators.

Furthermore, multiple weather systems at different scales

and their complex interactions in summer could be another

challenge for Meiyu analyses. Major components of the East

Asian Summer Monsoon (EASM) include the western Pacific

subtropical high (WPSH), South Asian high (SAH), upper-level

East Asian westerly jetstream, typhoons, and low-level

southwesterly jets. All these components may affect EASM

rainfall patterns and the evolution of Meiyu to varying

degrees (Tao and Cheng, 1987; Ninomiya and Shibagaki,

2007; Sampe and Xie, 2010; Zhu et al., 2017; Liu et al., 2019;

Ding et al., 2020). The location, dominant period, and intensity of

the WPSH at low latitudes play an important role in setting the

stage for the Meiyu season, providing plenty of water vapor for

Meiyu precipitation (Tao et al., 1958; Wang, 1992; Huang and

Tang, 1995; Yang et al., 2004; Mao and Wu, 2005; Liu et al.,

2013b; Liu et al., 2013a). The formations of SAH and the East

Asian subtropical westerly jet are considered to be the precursor

signals of the Meiyu onset (Zhao et al., 2018). At mid-high

latitudes, many studies have indicated that the variability of

Meiyu circulation is closely related to the blocking pattern

formation over the Urals, southward propagation of Rossby

waves, cold southward airflow, and so on (Tao and Cheng,

1987; Wang, 1992; Chan et al., 2002; Wang and Gaoqiao, 2005).

As a part of the evolution of the EASM, the Meiyu onset

implies that atmospheric circulation enters a short-term stable

state. Numerous studies have pointed out that ISOs

demonstrate great influence on the onset, maintenance, and

extinction of the EASM and Meiyu (Chen et al., 2001; Wu and

Wang, 2001; Li et al., 2003; Ju et al., 2005). The climatological

intraseasonal oscillation (CISO) of the EASM is embodied in

the oscillation characteristics of convection and wind fields at

different time scales. The first mode of EASM CISO in the

circulation shows that the jointly enhanced Mongolian

cyclone, the western North Pacific subtropical high, and

SAH correspond to a rainfall anomaly with strong Meiyu

fronts over East Asia (Wang and Wu, 1997; Lian et al., 2016;

Song et al., 2016). It has been found that Meiyu systems have

typical ISO characteristics. For example, owing to the heat

source of the Qinghai–Tibet Plateau and the southward

transmission of low-frequency wave trains from Eurasia,

the SAH has the characteristics of a 10–20-day oscillation,

similar to the subtropical westerly jet. The aforementioned

two factors have an important impact on precipitation in

eastern China during Jianghuai Meiyu (Wang et al., 2016;

Wang and Ge, 2016; Yang and Li, 2016; Amemiya and Sato,

2018; Ge, 2018). Meanwhile, as an important part of low-

frequency waves at mid-high latitudes, the blocking high

during the Meiyu period also has the characteristics of

quasi-biweekly oscillation because of the atmospheric

nonlinear interaction (Li et al., 2003). Moreover, the WPSH

has both quasi-biweekly and 30–60-day oscillation

characteristics (Su et al., 2017; Yang and Li, 2020). Some

research studies have reported that remarkable ISO

characteristics exist for meridional winds and water vapor

transport in the lower troposphere (Zuo et al., 2009).

Previous study has been devoted to revealing the ISO

feature and interactions between system members during

the Meiyu season. However, few studies have been carried

out on the mechanism of how ISO affects atmospheric

circulation during the Meiyu onset. In addition, since the

Jiangnan area defined in the new Meiyu monitoring indices is

located at the southernmost end of the traditional Meiyu

monitoring area, the determination of the Meiyu onset date

in the Jiangnan area can provide advanced warning and

indicative significance for the entire river basin during the

Meiyu period. Consequently, this study aims to analyze the

ISO characteristics at different latitudes during the Meiyu

onset period (specified by the new indices) over the Jiangnan

area to provide a theoretical reference for Meiyu forecasting.

The rest of the study is organized as follows. Section 2

describes the data and methods used in this study. Section

3 illustrates the ISOs at different latitudes during the Jiangnan

Meiyu onset. The main conclusions are summarized in Section

4, while the disscussion part is displayed in the last section.
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2 Data and methods

2.1 Data

Based on the “Meiyu Monitoring Indices” released by the

China Meteorological Administration (CMA) in 2017

(Standardization administration, 2017), the variations in

atmospheric circulation during the Meiyu onset period over

the Jiangnan area were analyzed. The distribution of Meiyu

monitoring stations is shown in Figure 1, which includes

277 CMA stations. According to the climatic

characteristics, the Meiyu monitoring area is divided from

south to north into the Jiangnan area (red), the middle and

lower reaches of the Yangtze River (blue), and the Jianghuai

area (yellow). As the southernmost monitoring region, the

Jiangnan area tends to witness the earliest onset of the Meiyu

period. Therefore, the study of this region can help predict the

onset of the whole Meiyu region. In addition, the updated

climatic dataset of the Meiyu season (including the onset/

retreat date, intensity, and precipitation) was obtained from

the National Climate Center (NCC) of China (https://www.

ncc-cma.net). Since it contains the common influences of

multiple factors, such as precipitation, air temperature, and

circulation, the new indices can more accurately reflect the

activity characteristics of Meiyu. For instance, the indices

stipulate that the regional average daily temperature should

be equal to or greater than 22°C during the Meiyu onset period

over the Jiangnan area. Additionally, the ridge line of WPSH

at 500 hPa should remain between 18°N and 25°N. Therefore,

we also used the geopotential height data of ERA-interim

(resolution: 1° × 1°) daily reanalysis (Dee et al., 2011) provided

by the ECMWF (the European Centre for Medium-Range

Weather Forecasts).

2.2 Methodology

In this study, power spectrum analysis was carried out to

obtain the dominant period of the geopotential height anomaly

during the Meiyu onset over the Jiangnan area. Furthermore, for

multiscale quantitative analysis, the geopotential height anomaly

was decomposed into four terms as follows (Hsu and Li, 2011;

Yao et al., 2019):

H � �H +H′ +H″ +Hp (1)

where �His the background condition with a time scale greater

than 90 days andH′ and H″represent the perturbations on the

30–90-day and 10–30-day time scales, respectively. Both values

were the results of the Butterworth bandpass filter.Hp represents

synoptic disturbances with a time scale less than 10 days and was

extracted by applying the Lanczos high-frequency (<10 days)
filter.

Considering that a circulation field is an important object of

Meiyu monitoring, we focused on the evolution and

intraseasonal oscillation characteristics of the center and

intensity of systems at 500 hPa altitude. In this study, the

geopotential height anomaly (the differences between the

preset day and its climatic state) was calculated to carry out

quantitative analysis. In addition, the geopotential tendency

equation (Lau and Holopainen 1984; Fang and Yang 2016;

Ren et al., 2021) was used to examine the key physical

processes, which can be simply written as follows:

(∇2 + f 2

σ

z2

zp2
) zϕ
zt

� −fVg · ∇f − fVg · ∇ζg + f 2

σ

z

zp
( − Vg

· ∇zϕ
zp

) (2)

where (zϕzt ) represents the geopotential tendency at 500 hPa; the

first term ((∇2 + f 2

σ
z2

zp2) zϕzt) is proportional to−zϕ
zt ; the second term

(−fVg · ∇f ) represents the geostrophic vorticity advection; the

third term (−fVg · ∇ζg) represents the relative vorticity

advection; and the last term (f
2

σ
z
zp (−Vg · ∇zϕ

zp)) denotes the

temperature advection with altitude variation.

3 Results

3.1 Climatic characteristics of the Meiyu
onset period over the Jiangnan area

We first sorted out the time series of the Meiyu periods over

the Jiangnan area from 1979 to 2019, as shown in Figure 2A. The

values plotted on the vertical ordinate are the duration of the

Meiyu periods and the climatic Meiyu onset date. The results

reveal that the onset dates are mainly concentrated from May to

June and show obvious interannual and interdecadal variabilities.

The earliest Meiyu onset date is on the 25th of May 1995, 15 days

FIGURE 1
Distribution of CMA stations over the Meiyu region (red dots:
Jiangnan area; blue dots: middle and lower reaches of the Yangtze
River; yellow dots: Jianghuai area).

Frontiers in Earth Science frontiersin.org03

Sun et al. 10.3389/feart.2022.986830

90

https://www.ncc-cma.net
https://www.ncc-cma.net
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.986830


earlier than the climatological mean (8th of June). In contrast, in

2005, the Meiyu onset occurred on the 11th of July, 32 days later

than normal.

On the Meiyu onset day, the climatic circulation and

geopotential height anomaly at 100, 500, and 850 hPa are shown

in Figures 2B–D. In the upper troposphere (Figure 2B), the

latitudinal range of the South Asian high (SAH) extends from

Africa eastward to the western Pacific, and the meridional range

extends from the tropics to themid-latitudewesterly region, with the

center located over the Tibetan Plateau. The Jianghuai area is

controlled by a significant high anomaly, contributing to the

eastward extension of the SAH. In the mid-troposphere

(Figure 2C), it can be clearly seen at mid-high latitudes that the

positive anomaly is mainly located over the Urals, while the negative

centers dominate most of Europe and eastern Russia. The

distribution of the anomalies not only contributes to the

establishment of the blocking situation during the Meiyu onset

period but also enhances the southward flow with cold and dry air.

At lower latitudes, the western Pacific subtropical high (WPSH) is

located in the South China Sea (SCS), with its ridge line remaining at

approximately 20°N, while the ridge point extends to the west of

120°E. At the same time, the geopotential height from the Bay of

Bengal to most of the Northwest Pacific shows a significant positive

anomaly, with its center located to the northwest of theWPSH. The

maintenance of the anomaly promotes the northwestward

movement of the WPSH, thus providing abundant moisture to

the Jiangnan area. The southward airflow in front of the Urals and

the northward transportation of water vapor near the WPSH

provide favorable conditions for the onset and maintenance of

Meiyu over the Jiangnan area.

In the lower troposphere at 850 hPa (Figure 2D), parts of the

Western Pacific at lower latitudes are similarly controlled by

significant high-pressure anomalies, and pronounced low-pressure

anomalies are situated in the mid-high latitudes east of Lake Baikal.

FIGURE 2
(A) Meiyu periods (blue bars) over the Jiangnan area and the climatic Meiyu onset day (red line) during 1979–2019. Geopotential height
(contours, unit: gpm) and its anomaly (shading, unit: gpm) at 100 hPa (B) and 500 hPa (C) on the Meiyu onset day. Wind (vector, unit: m/s) and
geopotential height anomaly (shading, unit: gpm) at 850 hPa (D) on theMeiyu onset day (dots are the areas with statistical significance exceeding the
95% level).
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The strong southwesterly winds at the periphery of the anomalous

high pressure confront the northwesterly winds at the back of the low

pressure in the Jiangnan region, contributing to a favorable

background of warm moisture for Meiyu precipitation. In

addition, the distribution of the height anomalies from the upper

to lower troposphere is relatively consistent in Figure 2. As a result, we

chose 500 hPa as a representation for further analysis.

3.2 The intraseasonal oscillation
characteristics of atmospheric circulation
at mid-high latitudes

As a member of the East Asia Summer Monsoon (Zhang

et al., 2018), the atmospheric circulation at mid-high latitudes

exhibits an obvious transformation process before Meiyu onset.

Therefore, to reveal the ISO characteristics at mid-high latitudes,

the geopotential height differences between the onset day and the

15-day lead, 10-day lead, and 5-day lead are provided in Figures

3A–C. Apparently, during the 15-day lead and 10-day lead, the

geopotential height gradually increases over most regions at mid-

high latitudes. However, only the Ural Mountains area keeps

growing until the 5-day lead. We accordingly selected the

persistently significant area of difference (indicated by the

black dashed frame: 60°N-70°N, 60°E-85°E) as the key region

of the mid-high latitudes.

The power spectrum of the key region average geopotential

height anomaly from May to July from 1979 to 2019 (Figure 4A)

was analyzed to obtain the dominant periods of the atmospheric

circulation variation over the Jiangnan area. The results show

FIGURE 3
Differences of geopotential height between the onset day and the lead 15 d (A), the lead 10 d (B), the lead 5 d (C) (black box: the mid-high-
latitude key region (60°N-70°N, 60°E-85°E); unit: gpm; dots are the areas with statistical significance exceeding the 95% level).

FIGURE 4
(A) Power spectrum analysis of geopotential height anomaly over the mid-high-latitude key region during May to July (unit: W2 m−4). The green
dashed line is the red noise spectrum, and the red (blue) dashed line indicates values above the 95% (5%) confidence level. (B) Variation contributions
of the perturbations at different time scales (unit: %).
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that the average height anomaly has remarkably high-frequency

oscillations with periods of 10–30 days, while the rest of the

periods (<10 days and 30–90 days) are also significant. By

calculating the variation contributions of the perturbations at

different scales, we found that the quasi-biweekly disturbances

dominate most in the Meiyu periods. The variance contribution

of the quasi-biweekly scale component is 50.4% (Figure 4B); this

value is larger than that of the synoptic scale component

(<10 days), intraseasonal (30–90 days) component, and

background component. Then, to confirm the dominant

period during the Meiyu onset period, the geopotential height

anomaly of the key region was differentiated into four terms

based on Eq. 1 for further analyses.

Figure 5 shows the evolution of the geopotential height

anomaly at different time scales over the mid-high latitude

key region. The regional average anomaly changes from

negative to positive at the 6-day lead and continues to

increase until it reaches a peak at the 2-day lead. This proves

that enhancement of the positive anomaly of the key region with

the Urals Mountains as the center is conducive to establishment

of the blocking situation at mid-high latitudes. In addition, a

quantitative diagnosis of the contribution of each component

variation in the geopotential height anomaly 2 days ahead of

Meiyu onset is provided in Table 1. The quasi-biweekly scale is

the most important component of the oscillations, contributing

approximately 55.9% of the total anomalies, indicating that the

characteristics of the geopotential height anomaly variation in

the key region are closely related to the quasi-biweekly

(10–30 days) oscillations (QBWOs).

The propagation and evolution of the geopotential QBWO

and its tendency were further analyzed (Figure 6). At the 10-day

lead (Figure 6A), Eastern Europe is controlled by weak

anomalous high pressure along with an obvious center of the

positive tendency field. Meanwhile, the positive anomaly over

Aleutian is relatively strong and extensive, and the tendency

center is located west of the anomalous high. During the 10-day

lead to 4-day lead (Figures 6A–D), the anomalous high over

Europe gradually strengthens and is accompanied by a

northeastward movement of the center. The high-pressure

center over the Aleutian Islands continues to move westward.

Then, these two centers merge at the 2-day lead (Figure 6E) and

continue to increase southward. Eventually, the key region near

the Urals Mountains, which was originally controlled by the

abnormal low pressure, shifts to an anomalous high (Figure 6F).

The propagation, evolution, and merging of two quasi-biweekly

disturbances is an essential factor for the anomalous variation in

geopotential height in the key region, and it is also one of the

precursor signals of the Jiangnan Meiyu onset at mid-high

latitudes.

Subsequently, to investigate the key physical process during

the quasi-biweekly geopotential height variations in themid-high

latitude key region during the Jiangnan Meiyu onset, we

calculated each term of the geopotential tendency equation by

the given Eq. 2. It is obvious from Table 2 that the fourth

component in the equation is −1.28, contributing most to the

positive variation in the key region geopotential height. The

quasi-biweekly geostrophic vorticity advection and relative

vorticity advection are only 0.014 and −0.41, respectively,

which indicates that the positive variation in the

geopotential height in the key region mainly depends on

the influence of quasi-biweekly temperature advection. The

spatial distribution of the abnormal temperature advection is

shown in Figure 7. In the mid-high latitudes, the regions over

Europe and east of Lake Baikal are mainly controlled by

anomalous cold advection, while the area to the north of

Lake Balkhash shows significant warm advection anomalies.

Over the key region, the quasi-biweekly warm advection

anomaly promotes the increase in geopotential height in

the key region before the Jiangnan Meiyu onset, which in

turn encourages the establishment and maintenance of a

blocking pattern in the Ural Mountains.

FIGURE 5
Variations of geopotential height anomaly over the mid-
high-latitude key region at different time scales during Jiangnan
Meiyu onset (unit: gpm; black, geopotential height anomaly;
yellow, synoptic scale; blue, quasi-biweekly scale; red,
intraseasonal scale; green, >90 d scale).

TABLE 1 Contribution of different time-scale anomalies in mid-high latitude key region.

Time scales Anomaly (unit:
gpm)

<10 d 10–30 d 30–90 d >90 d

Total summation 45.6 7.29 25.47 14.07 −1.2

Proportion 16.0% 55.9% 30.9% −2.6%
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3.3 The intraseasonal oscillation
characteristics of atmospheric circulation
at low latitudes

Intraseasonal oscillations of low-latitude atmospheric

circulation play an important role in Meiyu onset (Li et al.,

2015; Li and Zhou, 2015). The Meiyu rain belts often appear

on the western and northern sides of the 588 dagpm isoline of

the WPSH, and the precipitation amount is closely related to

the distribution, migration, and variation in the WPSH (Qian

and Guan, 2020). Therefore, we examined the ISO

characteristics of the region closely related to the variation

in the WPSH in this section. Figure 8 shows the distributions

of the 588 dagpm isolines of the WPSH from the 15-day lead

to the onset day, with an interval of 5 days. The composite

analysis indicates that the WPSH gradually strengthens and

extends westward before the Meiyu onset, finally expanding to

the South China Sea. Consequently, the red box zone (15°N-

23°N; 118°E-127°E) in Figure 8 is selected to be the key region

at low latitudes.

Similar to the analysis method in the mid-high latitudes, we

also analyzed the power spectrum of the geopotential height

FIGURE 6
Quasi-biweekly-scale geopotential height anomaly (shading) and its tendency (contour) from day -10 to day 0 during the Meiyu onset period
(A–F) (unit: gpm; black box: themid-high latitude key region; the latitude of the outermost line is 40°N; dots are the areas with statistical significance
exceeding the 95% level).

TABLE 2 Quasi-biweekly components of geopotential tendency equation over the mid-high latitude key region (unit: 10−10 s−2).

−fVg · f −fVg · ζg f2

σ
›
›p (−Vg · ›ϕ

›p)

Mid-high latitude key region 0.014 −0.41 −1.28
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anomaly in the key region in the low latitudes. As indicated in

Figure 9A, the red noise test shows that the cycle from 10 to

30 days is dominant, while the power spectrum peak at the

synoptic scale (<10 days) partially passes the test. The quasi-

biweekly disturbances contribute most to the low-latitude key

region geopotential height anomalies, which is up to 47.9%

(Figure 9B). Similar to the mid-latitude key region, this value

is also larger than that of the other components. However, to

explore the dominant period during the onset period, a more

elaborate diagnosis still needs to be conducted.

Based on the scale separation method, the height anomaly in

the key region of lower latitudes was examined. The anomaly

remains constant in the negative phase until the 2-day lead

(Figure 10), which suppresses the westward and northward

extension of the WPSH. Then, with the increase in the 10–30-

day anomaly, the geopotential height turns from a negative

anomaly to a positive anomaly, promoting the intensification

and westward extension of WPSH and transporting abundant

water vapor to the Jiangnan area. During this process, the

component of the 10–30-day scale contributes the most,

reaching 51.2% of the total anomalies (Table 3). This indicates

that during the Jiangnan Meiyu onset, the anomalous

geopotential height variation in the low-latitude key region is

mainly influenced by quasi-biweekly (10–30 days) scale

oscillations.

To explore the source and propagation path of the low-

latitude quasi-biweekly signal before the Meiyu onset, we

analyzed the evolution of potential height anomalies and their

tendency at the 10–30-day scale. At the 10-day lead (Figure 11A),

most of the Asian continent is controlled by the abnormally low

pressure in the zonal distribution. The two low-pressure centers

are located in northern India and over northeastern China.

Subsequently, an abnormally high-pressure center develops in

the northeastern part of Balkhash Lake to separate the originally

continuous low-pressure zone and weakens it continuously from

the 10-day lead to the 2-day lead (Figures 11A–E). Meanwhile,

the abnormal depression originating over northeastern China

moves eastward into the sea and then propagates southwestward

to take control of the key region. Moreover, at the 10-day lead

(Figure 11A), over the eastern Japan Sea, there is a northeast-

trending abnormal high-pressure zone, which weakens and splits

at the 8-day lead (Figure 11B). Then, the anomalous center

spreads southward along the east coast of Asia and gradually

strengthens. At 2 days, leading to the onset day (Figures 11E,F),

the disturbance from the western Pacific moves southward and

meets the abnormally high pressure southeast of the continent. In

this process, the positive geopotential tendency field controls

Northeast Asia, with the center propagating southwestward.

Eventually, the key region’s potential height anomaly changes

from a negative phase to a positive phase. Accordingly, the

positive geopotential tendency takes control of the key region,

which provides a conducive condition for the westward extension

andmaintenance of theWPSH in the precursor stage in regard to

the Meiyu onset.

Similarly, we analyzed the key physical process during the

variation in the geopotential height in the low-latitude key

region, and the results are presented in Table 4. By calculation

of each component of Eq. 2, it is known that the most

contributing term is the quasi-biweekly relative vorticity

advection, which is approximately −0.135 during the Meiyu

onset period. The other terms of the equation

are −0.006 and −0.019, which indicates that the positive

anomaly of the geopotential height in the key region at low

latitudes relies mostly on the relative vorticity advection.

Figure 12 presents a detailed analysis of the spatial

distribution of the quasi-biweekly relative vorticity advection

during the Meiyu onset. The results show that quasi-biweekly

positive vorticity advection dominates most of the low-latitude

sea surface. Significant negative anomalies lie along the

southeastern coast of China, as well as the region east of

FIGURE 7
Quasi-biweekly temperature advection during the Meiyu
onset period (unit: 10−5K s−1; dots are the areas with statistical
significance exceeding the 95% level).

FIGURE 8
Distributions of 588 dagpm isograms from lead 15 d to the
onset day (red box: the low-latitude key region (15°N-23°N,118°E-
127°E); unit: dagpm; black counter, onset day; purple counter, lead
5 d; blue counter, lead 10 d; yellow counter, lead 15 d).
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Taiwan. Apparently, the significant quasi-biweekly negative

vorticity advection in the key region favors the increasing

potential height and induces the westward extension

and northward shift of the Northwest Pacific

Subtropical High.

4 Summary

Based on regional division and the Meiyu dataset defined by

the Meiyu monitoring indicators, this study investigates the

intraseasonal oscillation characteristics of the atmospheric

circulation evolution during the Jiangnan Meiyu onset period

from 1979 to 2019. The results reveal that there are significant

interannual differences in the Meiyu onset in the Jiangnan area.

On the onset day, the abnormal high over the Urals along with

the anomalous low over Europe and eastern Russia promotes the

formation of the blocking pattern in the mid-high latitudes. The

positive height located to the northwest of theWPSH contributes

to the advancing westward and northward shift of the WPSH at

lower latitudes. As a result, abundant warm moisture

accompanied by the peripheral flow of the WPSH meets with

the cold air supplied by the blocking high, which provides

favorable conditions for the occurrence and maintenance of

precipitation during Jiangnan Meiyu periods.

During the Meiyu onset, intraseasonal oscillation

characteristics of both mid-high latitudes and lower latitudes

are studied by examining the filtered geopotential height

anomaly. The results of the power spectrum analysis and the

variation contributions of the perturbations at different time

scales show that the circulation at different latitudes has

significant quasi-biweekly scale (10–30 days) characteristics.

The diagnostic analysis shows that the contribution of the

quasi-biweekly scale oscillations accounts for 55.9% of the

total height anomalies at mid-high latitudes and 51.2% at

lower latitudes.

At mid-high latitudes, the abnormal high over the Aleutian Sea

propagates westward, while the positive anomaly originating from

FIGURE 9
Same as Figure 4. (A) the power spectrum analysis and (B) variation contributions over the low-latitude key region.

FIGURE 10
Same as Figure 5, but for the low-latitude key region.

TABLE 3 Contribution of different time-scale anomalies in the lower-latitude key region.

Time scales Anomaly (unit:
gpm)

<10 d 10–30 d 30–90 d >90 d

Total summation 13.2 1.30 6.76 4.26 0.07

Proportion 9.8% 51.2% 32.3% 0.5%
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Eastern Europe gradually enhances and spreads to the

northeast. Then, the two positive anomalies merge,

continuously strengthen, and expand southward to take

control of the key region in the Urals Mountains. The

propagation, evolution, and merging of two quasi-biweekly

disturbances facilitates the establishment of a mid-high-

latitude blocking situation by influencing the height of

geopotential anomalies in the key region, thus favoring the

southward invasion of cold air at high latitudes. Subsequently,

the diagnostic results of the quasi-biweekly scale geopotential

tendency in this process show that the contribution of the

temperature advection term is comparatively larger. During the

onset period, the mid-high key region is mainly controlled by

quasi-biweekly warm advection, while Europe and the region

east of Lake Baikal are dominated by significant cold advection.

Obviously, with such abnormal background circulation, the

Ural Mountains blocking situation is more likely to be

established and maintained.

In addition, the quasi-biweekly oscillations of the

atmospheric circulation in the low-latitude key region are

FIGURE 11
The quasi-biweekly-scale geopotential height anomaly (shading) and its tendency (contour) from day -10 to day 0 during the Meiyu onset
period (A-F) (unit: gpm; black box: the low latitude key region; dots are the areas with statistical significance exceeding the 95% level).

TABLE 4 Quasi-biweekly components of geopotential tendency equation over the low-latitude key region (unit: 10−10 s−2).

−fVg · f −fVg · ζg f2

σ
›
›p (−Vg · ›ϕ

›p)

Low-latitude key region −0.006 −0.135 −0.019

FIGURE 12
Quasi-biweekly relative vorticity during the Meiyu onset
period (unit: 10−6 s−1; dots are the areas with statistical significance
exceeding the 95% level).
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FIGURE 13
Schematic diagram of the evolution of atmospheric quasi-biweekly oscillations during Jiangnan Meiyu onset.

FIGURE 14
Quasi-biweekly-scale geopotential height anomaly (shading) and its tendency (contour) from day -10 to day 0 during the Meiyu onset period in
1998 (A–F) (unit: gpm; black box: the mid-high-latitude key region; the latitude of the outermost line is 40°N).
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mainly influenced by the southward propagating 10–30 day-

scale anomalous high over the Asian continent and the mid-

latitude Pacific. During the Meiyu onset, the anomalous high

over the mid-latitude Pacific intensifies and propagates

southward along the east coast of Asia, while the positive

anomalous center over the Asian continent travels eastward

and expands southward, and the two finally merge over the key

region. These two southward quasi-biweekly scale signals not

only enhance the key region’s geopotential height anomalies

but also promote the westward extension of the WPSH. The

warm and humid flow along the high ridge and the cold air

transported from high latitudes standoff in the Jiangnan area,

forming a favorable atmospheric circulation situation for Meiyu

precipitation. Similarly, by diagnosing the quasi-biweekly

geopotential height tendency in the low-latitude key region, it is

found that the impact of relative vorticity advection is more

significant. From the spatial distribution of the abnormal

advection, the negative advection anomaly over the key region

promotes the positive variation of geopotential height, which in

turn influences the evolution of the position intensity of the

western Pacific predominantly before Jiangnan Meiyu onset.

5 Discussion

This study mainly determined the characteristics of

intraseasonal oscillations at different latitudes during the

Jiangnan Meiyu onset under the new indices. It is worth

highlighting that most studies have suggested that the north-

transmitted ISOs at low latitudes are the main influencing

factors on the position and intensity variations of the WPSH

as well as the summer precipitation in China (Zhou and

Johnny, 2005; Hsu et al., 2016; Su, et al., 2017). In this study,

we found that the south-transmitted quasi-biweekly

oscillation signals over the mid-latitude Pacific and Asian

continents are also closely related to the westward extension

FIGURE 15
Quasi-biweekly-scale geopotential height anomaly (shading) and its tendency (contour) from day -10 to day 0 during the Meiyu onset period in
2011 (A–F) (unit: gpm; black box: the mid-high-latitude key region; the latitude of the outermost line is 40°N).
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of the WPSH during Jiangnan Meiyu onset. A schematic

diagram of the propagation of the oscillations is

highlighted in Figure 13.

However, there are still some shortcomings that need to

be studied in detail. For example, the Jiangnan Meiyu onset

dates show a large interannual difference, but the relationship

between the Meiyu onset date and the intensity and location

of ISOs is still unclear. As indicated in Section 3.2, the origins

of the quasi-biweekly disturbances with significant effects on

the mid-high latitude key region are over Europe and the

Aleutians. However, the annual analysis of individual cases

shows that for some years, the geopotential height variation

of the key region is mainly determined by the eastward

disturbances over Europe, for example, in 1998

(Figure 14). At the 10-day lead (Figure 14A), the positive

disturbance center lies in Europe, along with an obvious

center of the positive tendency field in the northeastern

area of Europe. However, over the Aleutians, the abnormal

high is accompanied by a negative tendency field, which leads

to a decrease in ISO intensity. Then, from the 8-day lead to

the 0-day lead (Figures 14B–F), the positive anomaly over

Europe continuously migrates eastward to the key region and

then strengthens southward.

In contrast, for several years, the key region’s geopotential height

is dominated by westward-moving disturbances over the Aleutian

area, such as in 2011 (Figure 15). At the 10-day lead (Figure 15A),

both Europe and the Aleutian area are controlled by abnormal high

centers. The positive tendency field is located in the westward region

of both centers. Then, during the days before onset (Figures 15B–F),

the anomalous high over the Aleutian Sea exhibits westward shift

characteristics and eventually impacts the key region’s geopotential

height variation. In addition, the evolution of quasi-biweekly

disturbances associated with the low-latitude key region also

shows similar characteristics to that of mid-high latitudes. The

examination of the causes of such interannual differences could

be the focus of our future research study.
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Characteristics and related
mechanisms of the persistent
extreme precipitation in August
2020 over Western China
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1School of Physical Science and Technology, Yangzhou University, Yangzhou, China, 2Laboratory for
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Disaster, Ministry of Education (KLME)/Joint International Research Laboratory of Climate and
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Meteorological Disasters (CIC-FEMD), Nanjing University of Information Science and Technology,
Nanjing, China

The persistent heavy precipitation that occurred in most of West China (WC)

during August 11–18, 2020, generated the highest rainfall record since

recording began in 1961 and was selected as one of the top 10 worst

national natural disasters of 2020 in China. Favorable circulation was

sustained during August; WC was positioned between two anomalous high-

pressure centers over the Tibetan Plateau and Sea of Japan and an anomalous

low-pressure center over Mongolia located on its north side, which created a

stable and long trough and formed a low-pressure center over WC. At 200 hPa,

the subtropical westerly jet was much stronger than average and southward,

and the South Asian High (SAH) was strong and extended eastward to 150°E. At

500 hPa, the western Pacific subtropical high (WPSH) was westward and

exceptionally strong, which helped abundant water vapor reach the

southeastern part of WC and provided favorable dynamic and

thermodynamic conditions for precipitation in this region. In addition, the

eastward extension of the SAH promotes the westward extension of WPSH,

which collectively enhanced the precipitation in WC. At 850 hPa, the low-level

jet corresponding to the west-extending subtropical high from the Sea of Japan

to WC further enhanced and guided the water vapor transport to WC. In

addition, the Mei-Yu front over the Yangtze River Basin in June and July

strengthened the northwestward spread of diabatic heating, transient

energy, and wave activity fluxes, which likely influenced the large-scale

circulation factors and reinforced the precipitation in WC in August 2020.

KEYWORDS

extreme precipitation, characteristics, mechanisms, Western China, South Asian
high (SAH)
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1 Introduction

The WC mainly refers to the areas 28°N–36°N and

100°E–108°E and exhibits complex terrain, including plateaus,

basins, plains, and hills (shown in Figure 1). Precipitation in WC

has two predominant peaks, with the highest precipitation in

summer and the second in autumn (Wei et al., 2018a; Zhou et al.,

2021). The autumn precipitation in WC is regarded as the last

rain belt associated with the retreat of the East Asian summer

monsoon (Ding andWang 2008; Han et al., 2018). Therefore, the

variability in autumn precipitation in WC is a major concern for

the scientific community (Gao and Guo 1958; Zhang et al., 2019;

Zhou et al., 2021). However, under the combination of the

Indian, East Asian, and Tibetan Plateau monsoons, abundant

summer precipitation in WC (Zhu and Yu 2003; Wang et al.,

2016; Xu et al., 2021) is prone to trigger various geological

disasters, such as landslides and debris flows, which seriously

affect human life and cause large economic losses (Nie and Sun

2022). A more in-depth understanding of precipitation during

different seasons in WC has practical application value for

improving the accuracy of climate predictions and disaster

prevention.

Because of global warming since the second half of the 20th

century, precipitation and precipitation extremes have exhibited

significant changes and have been detected worldwide

(Alexander et al., 2006; Stocker et al., 2014; Zhan et al., 2020).

China has frequently experienced severe droughts and heavy

floods. In particular, numerous studies on summer precipitation

changes in China have detected interdecadal variations since the

late 1970s (Wang et al., 2017, Ma et al., 2021). The annual

precipitation has increased significantly in southeast, northeast,

and western China and decreased from southwest China to

northeast Inner Mongolia during the past decades (Shang

et al., 2019). Autumn precipitation and rainy days in WC

exhibited a significant reduction before the 1990s and

increased after the 2000s (Yuan and Liu 2013; Wang et al.,

2015; Wei et al., 2018), but the precipitation intensity has

been enhanced (Wang et al., 2015; Zhang et al., 2019).

Summer precipitation had decreased along a geographical

band from the western Sichuan Basin to the southeastern part

of Gansu Province, with an increasing trend found in the western

Tibetan Plateau, eastern Sichuan Basin, and southwestern

Shaanxi Province (Lu et al., 2014; Han et al., 2016; Wang

et al., 2016; Jia et al., 2018; Shang et al., 2019). Lai et al.

(2010) determined that summer precipitation intensity had

increased and led to more floods and landslides. Because

summer precipitation in WC has a substantial impact on

agricultural production and disaster prevention, a better

understanding of precipitation variability is critical for the

development of the social economy.

Numerous studies have focused on the physical

mechanism of precipitation variability in WC. Anomalous

large-scale atmospheric circulation has also been emphasized.

The variations in precipitation in WC were closely related to

the western Pacific subtropical high (WPSH). When the

WPSH extends westward and intensifies, warm and wet air

from the south can be effectively delivered to WC, leading to

increased precipitation (Zhu and Yu 2003; Wang et al., 2016;

Zhou et al., 2019; Zhou and Wang 2019). Notably, the SAH

also has a considerable impact on precipitation in WC. Chen

et al. (2016) reported a significant positive correlation between

summer water vapor content in southwest China and the SAH

intensity index, area index, and eastward extension index. The

abnormally strong SAH is conducive to water vapor transport

from the South China Sea to the eastern Sichuan Basin; when

accompanied by the upward movement from a low to a high

level, precipitation is significantly enhanced (Chen et al.,

2016). In addition, the position of the SAH has a

significant influence on the regionality of precipitation in

WC. When the SAH extended eastward and northward,

more precipitation occurred in the western Sichuan Basin

and reversed in the east (Wang et al., 2016). Numerous

previous studies have shown that variations in precipitation

in the WC are closely related to the East Asian jet stream

(EAJS). The increase in sea surface temperature in the central

equatorial Pacific had caused a southward shift of the EAJS,

resulting in abnormal descending branches and less autumn

precipitation in WC (Wei et al., 2018). In contrast, when the

EAJS was strengthened and extended northward,

precipitation increased in this region (Wang and Zhou

2019; Zhou et al., 2019; Zhou and Wang 2019). The

strengthening of the WPSH and northward displacement of

the EAJS have contributed to the enhancement of water vapor

transport from the Bay of Bengal, South China Sea, and

western Pacific, which enhances the precipitation in WC

(Wei et al., 2018; Zhou et al., 2019).

In most areas of China, precipitation mainly occurs in the

summer, among which the most typical is the Mei-Yu front in

the Yangtze–Huai River Basin. An extreme Mei-Yu front in

FIGURE1
Spatial distribution of the 250 meteorological stations (Dots)
in western China and the geographical features (Unit: m).
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2020 was sustained for approximately 62 days from June 1 to

August 1. Precipitation anomalies have led to serious flooding

in these areas (Zhao et al., 2021). During the Mei-Yu period,

the periodic strengthening of the EAJS and SAH ridgeline

moved northward and stabilized around 37°N–40°N and

26°N–28°N, which resulted in strong divergence in the

upper troposphere, contributing to the upward movement

and precipitation in most of southern China (Ding et al.,

2021). The “two ridges and one trough” type existed in the

middle and high latitudes of Eurasia at 500 hPa, and the

WPSH was abnormally strong, westward, and continuous

(Qiao et al., 2021). Meanwhile, the Northwest Pacific

Anticyclone (WNPAC) at 850 hPa in the lower troposphere

was also abnormally enhanced and directly affected the water

vapor transport conditions in most of southern China (Zhao

et al., 2021). Crucially, extremely heavy rainfall occurred in

WC during August 2020, which has been regarded as one of

the top 10 worst national natural disasters in China in 2020

(http://www.mem.gov.cn/xw/yjglbgzdt/202101/t20210102_

376288.shtml). Waterlogging, landslides, and other disasters

caused by heavy rain result in heavy losses and threats to

human lives and property (Chen et al., 2022; Tang et al., 2022).

Therefore, this study investigated the underlying relationship

between the anomalous August precipitation in WC and the

associated circulations in 2020.

The remainder of this paper is organized as follows. Section 2

introduces the data and methods used in this study. The

spatiotemporal variations in the August 2020 precipitation

over WC and the associated mechanisms are presented in

Section 3. Finally, the conclusions and discussion are

presented in Section 4.

2 Data and methods

2.1 Dataset

The daily observed precipitation data were obtained from the

National Meteorological Information Center of the China

Meteorological Administration, covering 2020 meteorological

stations throughout China from 1961 to 2021. Because of the

errors caused by missing data, only stations missing less than 5%

of the total time series were retained, and the missing data from

these retained stations were estimated using the inverse distance

method (Eischeid et al., 2000). Finally, 250 stations in WC

(shown in Figure 1) were chosen for this study.

The monthly and daily reanalysis data of ERA5 from 1961 to

2021 were provided by the European Center for Medium-Range

Weather Forecasting (ECMWF), including potential height,

temperature, zonal wind, meridional wind, vertical velocity,

and specific humidity. The horizontal resolution was 1.0° ×

1.0°, and the vertical layer was 1,000–1 hPa with 37 layers. In

addition, the ERA5 dataset from July to August 2020 were used in

this study.

2.2 Methods

The vertically integrated water vapor transport flux

(WVT) was calculated from 1,000 to 300 hPa using the

method proposed by Trenberth (1991). The wave activity

flux (WAF) defined by Takaya and Nakamura (2001) was

used to study the propagation of the Rossby wave train. The

formula used is as follows:

FIGURE 2
Spatial distribution of the climatology (A) precipitation distribution and (B) the station-averaged precipitation series in August during
1961–2021 in WC (Dashed black line and the red solid line represent the climatological mean and linear trend, respectively. Unit: mm).
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W � 1

2
∣∣∣∣ �U∣∣∣∣⎛⎝

�u(ψ′2
x − ψ′ψxx) + �v(ψxψ

′
y − ψ′ψxy)

�u(ψ′
xψ

′
y − ψ′ψxy

′) + �v(ψ′2
y − ψ′ψyy

′) ⎞⎠

where ψ andU= (u, v) denote the stream function and horizontal

wind, respectively, and W represents two-dimensional Rossby

WAF. In addition, a barotropic Rossby wave source (RWS) is

useful for inspecting the generation of Rossby waves. This was

formulated by Sardeshmukh and Hoskins (1988) as follows:

RWS � −∇ · (Vχξa) � −Vχ · ∇ξa − ξa∇ · Vχ

where Vχ is the divergence wind and ξa is the absolute vorticity.

The apparent heat source (Q) is used to characterize the

diabatic heating (Zhang et al., 2009):

Q � cp(zT
zt

+ �V · ∇T + ω · ( p

p0
)

κ
zθ

zp
)

where θ is the potential temperature, T is the temperature, ω is

the vertical velocity, p0= 1,000 hPa. κ= R/cp is generally 0.286

(R = 287 J·kg−1·K−1, cp = 1,005 J·kg−1·K−1). The vertical

integrated <Q> was calculated from the surface to 100 hPa

according to

<Q> � 1
g

∫
p

p0

Q dp

To verify the synoptic-scale transient waves, uʹ and vʹ were

obtained by the 2.5–6-day bandpass filtering technique at

200 hPa because of the transient wave activity major

concentration in the upper troposphere (Chen et al., 2012).

The transient disturbance kinetic energy kʹ is defined as:

k′ � 1
2
(u′2 + v′2)

The Hybrid Single Particle Lagrange Integrated Trajectory

(HYSPLIT) model was developed jointly by NOAA’s Air

Resources Laboratory and the Australian Bureau of Meteorology,

and is widely used in tracking particles, moisture, or gas sources and

transmission. In this study, HPSPLIT4.9 was used to capture the

direction and proportion of water vapor.

FIGURE 3
Spatial distribution of (A) precipitation (Unit: mm) and (B) precipitation anomaly percentage (Unit: %) in August 2020 inWC. (C) and (D) show the
daily precipitation and precipitation anomalies (Unit: mm) in August 2020 in WC (Dark blue histogram and red line in (C) represent precipitation
exceeding the August 2020 average and climatological daily mean precipitation in August during 1961–2021, respectively).
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2.3 Indices

To quantitatively depict the variability in the WPSH and

SAH, the WPSH intensity index and SAH intensity index were

calculated using traditional methods. Related methods were

introduced by the National Climate Center of the China

Meteorological Administration (http://cmdp.ncc-cma.net, in

Chinese). The range of the 5,880-gpm contour at 500 hPa and

the 12,500-gpm contour at 200 hPa were used to describe the

WPSH and SAH, respectively.

3 Results

3.1 Characteristics of the extreme
precipitation of August 2020 in West
China

Figure 2 shows the spatial distribution and the corresponding

station-averaged time series of August precipitation during

1961–2021 in WC to understand the characteristics and

causes of the extraordinary precipitation. The spatial patterns

of the precipitation increased from the northwest to the southeast

(Figure 2A). High values were located in the Sichuan Basin, and

low values occurred in high-elevation areas, which spanned

50–450 mm. The precipitation in WC exhibited an

indistinctive increasing trend during 1961–2021 (Figure 2B).

Notably, the precipitation in August 2020 was more than

twice that of the previous record. After removing the value for

2020, precipitation in this region showed a slightly decreasing

trend.

The spatial distribution of the precipitation in August 2020

(Figure 3A) varied from the climatologymean (Figure 2A), which

exhibited a heavy precipitation belt in middle WC along

104°E–105°E and relatively lower precipitation in western and

eastern WC. The precipitation anomaly percentage further

confirmed that extraordinary precipitation occurred in middle

WC (Figure 3B). The precipitation at 161 stations exceeded the

historical average and were primarily scattered in the western

Sichuan Basin, southeast Gansu, and southwest Shaanxi. The

precipitation at 44 stations in Sichuan Province has been

recorded since 1961. In addition, persistent heavy

FIGURE 4
Characteristics of the anomalous atmospheric circulation in August 2020: (A) 200 hPa zonal wind anomaly (shading, Units: m·s−1; the dashed
and solid green lines represent the 30 m·s−1 isoline in the climatological mean and August 2020; the dashed and solid brown lines are the same as the
green lines but for the 12,500 isolines at 200 hPa); (B) 500 hPa geopotential height anomaly (shading, Units: gpm; the dashed and solid brown lines
are the 5,880 isolines in the climatological mean and August 2020); (C) 850 hPa geopotential height (shading, Units: gpm) and wind field
anomalies (vectors, Units: m s−1); (D) regional averaged vertical velocity anomalous height-longitude profile (Units: 10–1 Pa·s−1). The red rectangular
frame in (A–C) shows the location of WC, and the shaded gray areas in (C) exhibit the 850 hPa terrain.
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precipitation occurred in WC during August 11–18, 2020

(Figures 3C,D), which was defined as one of China’s top ten

national natural disasters in 2020 (http://www.mem.gov.cn/xw/

yjglbgzdt/202101/t20210102_376288.shtml). Chen et al. (2022)

reported that this extraordinary precipitation caused

waterlogging and mudslide disasters that affected 8.

523 million people and caused 58 deaths. In addition, there

were two consecutive heavy precipitation processes in late

August 2020: from August 23 to 24 and from August 30 to

31. Therefore, it is of great significance to analyze the

characteristics of the record-breaking precipitation that

occurred in WC in August 2020.

3.2 Atmospheric circulation responsible
for the extreme precipitation

Atmospheric circulation anomalies can directly cause

precipitation anomalies. Thus, this section analyzes the

circulation characteristics associated with the August

2020 precipitation anomaly in WC. The variable responses

to the local anomalous atmospheric circulation for this

extraordinary precipitation event are shown in Figure 4. The

zonal wind at 200 hPa over East Asia to the Western Pacific

(50°E–180°E, 30°N–40°N) was strong and southward, and the

subtropical westerly upper-level jet was strong and southward.

The maximum jet centers were located near (50°E–80°E,

30°N–40°N) and (150°E, 50°N). The WC was located south of

the jet stream axis (50°E–80°E, 30°N–40°N). The jet stream and

SAH were significantly stronger than normal in August 2020

(Figure 4A). In the middle troposphere, the WPSH was

predominantly westward and stronger than usual

(Figure 4B), which caused the southwest airflow on the

southwest side of the WPSH northwestward, reaching the

southern part of the WC and providing abundant water

vapor for precipitation in this region. Meanwhile, in the

middle latitudes of 500 hPa, anomalous low pressure and

two high-pressure centers were observed over Mongolia, the

Tibetan Plateau, and the Sea of Japan, respectively. WC was

located in the middle of the two high-pressure centers and was

affected by the low-pressure center. The abnormal low pressure

over Mongolia was beneficial for the cold air transported

southward, which finally mingled with warm and wet air in

WC, forming substantial and persistent precipitation. At

FIGURE 5
(A) August WVT (vectors, Units: kg·m−1 s−1) and its divergence (shading, Units: kg·m−2 s−1) during 1961–2020, (B)WVT (vectors, Units: kg·m−1 s−1)
and its divergence (shading, Units: kg·m−2 s−1) in August 2020. The contribution rates of water vapor transport toWC (C) during 1979–2020 and (D) in
August 2020.
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850 hPa (Figure 4C), a south low-level jet corresponding to the

west-extending subtropical high from the western Pacific Ocean

to the eastern part of WC provided abundant water vapor

conditions for precipitation. At the same time, strong

divergence at the upper level and strong convergence at the

lower level over WC combined with deep and strong vertical

movement from the lower level to the upper level (Figure 4D)

provided adequate dynamic conditions for precipitation.

In conclusion, the characteristics of the atmospheric

circulation fields in August 2020 were favorable for sustained

heavy precipitation in WC. At 200 hPa, the westerly jet stream

was strong and was located just north of WC. The strong

divergence at the upper level corresponded to a strengthened

SAH and discernable convergence at the lower level. The above

coupling effect further strengthened the south wind, convergence

at the lower level, and vertical movement, which formed a

positive feedback loop to maintain the precipitation process.

Moreover, theWPSH was significantly westerly, so the warm and

wet moisture from the southwest side of the WPSH could reach

the WC.

FIGURE 6
TheWPSH intensity index, SAH intensity index, WPSHwestern ridge point index, and ridge line index in August during 1961–2020 (A,C,E,G) and
anomalies in June–August 2020 (B,D,F,H) (The dotted lines in (A,C,E,G) represent the climatological average in August during 1961–2020).

TABLE 1 The correlations between the WPSH intensity index, SAH
intensity index, WPSH western ridge point index, and ridge line
index with precipitation anomaly in August 2020 over WC.

Index The correlation coefficients

WASH Intensity r= 0.32

SAH Intensity r=0.42

Bold type indicates correlations are significant at the 95% confidence level.

Frontiers in Earth Science frontiersin.org07

Qianrong et al. 10.3389/feart.2022.1004612

108

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1004612


In addition to the dynamic conditions provided by favorable

circulation, persistent precipitation also requires continuous water

vapor transport. Figure 5 compares the climatological mean and

August 2020 water vapor transport characteristics over WC. In

Figure 5A, thewestwardwater vapor from the western PacificOcean

and the eastward water vapor transport from the Arabian Sea in the

Indian Ocean and Bay of Bengal are the main moisture sources for

August precipitation in WC. The water vapor converged

predominantly in eastern and southern WC, which provided

favorable conditions for precipitation in this region (Figure 2A).

Obtained by the clustered daily backward track of water vapor in

August from 1979 to 2020, Figure 5C shows the track 5 channels

which were based on the increase in the growth rate of spatial

variance. Water vapor primarily comes from the western Pacific

Ocean, the Arabian Sea, and the Bay of Bengal in the Indian Ocean,

and is partially transported by westerlies.

In August 2020, the water vapor from the western Pacific

Ocean was significantly stronger as the strengthened WNPAC

provided more moisture from the South China Sea (Figure 5B).

Meanwhile, the water vapor formed a narrow convergence zone

in WC, which corresponds to the characteristics of heavy

precipitation in Figure 3A. The first five water vapor track

channels for August 2020 (Figure 5D) demonstrate that the

main water vapor transported by the WNPAC was

FIGURE 7
Latitude–time and longitude–time evolution of precipitation (A), (B) (Units: mm); the transient disturbance kinetic energy k′ (C), (D) (Units:
m2·s−2) and diabatic heating (E), (F) (Units: 10−4 K day−1) within 28°N–36°N, 100°E–120°E in July to August 2020.
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southwesterly. The water vapor transport from the southern part

of the WNPAC was more westerly than usual and turned

northeast near Hainan Island, continuously conveying water

vapor to southern WC and forming a distinct water vapor

convergence zone. The above results demonstrate that the

strengthened southern water vapor transport contributed to

the specific humidity, which was slightly higher than the

climatology mean. In addition, the strong convergence zone of

water vapor and circulation provided favorable conditions for

continuous heavy precipitation.

FIGURE 8
The WAF (vectors; unit: m2·s−2) and Rossby wave source (shading; units: 10−10 m2·s−1) at 200 hPa in July (A) and August (B) 2020.

FIGURE 9
Schematic diagram describing what drives the anomalous strong precipitation over WC in August 2020.
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3.3 Related physical mechanisms
underlying the extreme precipitation

During the rainfall period in WC, the intensity and position

of key influential systems, such as the SAH and WPSH, have a

significant impact on the rainfall intensity (Chen et al., 2022). In

August 2020, the SAH significantly extended and strengthened

eastward (Figure 4A). Thus, the standardized SAH intensity

index is discussed first. As shown in Figures 6A,B, the SAH

intensity in August reached a peak in 2020. The SAH intensity

anomaly from July to August 2020 indicates that the SAHwas the

strongest in mid-August 2020, corresponding to the occurrence

of heavy precipitation (Figure 3C). Moreover, the correlation

coefficient between precipitation and the SAH intensity index in

August 2020 reached 0.42 (significant at a confidence level of

0.05, Table 1). The results indicate that the anomalous SAH in

August corresponds well with extreme precipitation in WC. As

shown in Figure 6C, the intensity of the August WPSH exhibited

a second peak in 2020. The WPSH intensity from June to August

in 2020 was anomalously strong, especially in mid-August

(Figure 6D). The correlation coefficient between precipitation

and the WPSH intensity index in August 2020 reached 0.32

(significant at a 0.1 confidence level, Table 1). Moreover, the

WPSH western ridge point extended westward, and the WPSH

ridge line was more northerly than the climatological average

(Figures 6E,G). In mid-August 2020, the WPSH anomalously

moved westward and northward (Figures 6H). In addition, the

intensification and abnormal eastward extension of the SAH

influenced the precipitation accompanied with the strengthened

and westward extended WPSH.

Therefore, the significant strengthening of the SAH and

WPSH provided a stable circulation structure for this heavy

precipitation. In the lower troposphere, the strong WPSH

transported water vapor from the Pacific to the west, together

with water vapor from the South China Sea, and then to WC

along the western boundary of the WPSH. Combined with the

topography of the Tibetan Plateau, abundant water vapor formed

a narrow water vapor convergent belt over the WC.

Figure 7 shows the time-latitude and time-longitude profiles

of the precipitation, disturbance kinetic energy, and diabatic

heating. The daily distribution of precipitation in WC from

July to August 2020 indicated that heavy precipitation

occurred frequently and persistently in WC in mid-August

(Figures 7A,B). The precipitation in July was significantly

higher in the Yangtze River Basin than normal, which is

related to the 2020 super Mei-Yu in June and July (Zhao

et al., 2021). From July to August, the precipitation moved

westward and northward from the Yangtze River Basin to

WC. Relevantly, there are two significant disturbance kinetic

energy paths: 110–120°E, which corresponded to the extreme

Mei-Yu in the Yangtze River in July 2020, and 100–110°E, which

was related to the heavy precipitation in WC in August 2020

(Figures 7C,D). Disturbance kinetic energy can strengthen the

precipitation by influencing the intense convection (Para et al.,

2019). In addition, the energy conversion from synoptic-scale

disturbance to low-frequency fluctuation in the middle and lower

troposphere has been significantly enhanced, which makes

importation contributions to this heavy precipitation (Li

2007). From August 10 to 20, 2020, it can be clearly seen

from Figures 7C,D that a large center of kinetic energy

disturbance reached WC, which was beneficial for the

transport of water vapor and the occurrence of this

continuous extreme precipitation. In addition, the

characteristics of diabatic heating were used to analyze the

possible effects of atmospheric circulation on the continuous

heavy precipitation process in WC in mid-August 2020 (Figures

7E,F). The evolution characteristics of diabatic heating differed

from July to August, and stronger diabatic heating corresponded

to continuous heavy precipitation in the Yangtze River Basin in

July 2020 and in WC in mid-August 2020.

Abnormal circulation patterns control the intensity and

location of persistent heavy precipitation and thus determine

the evolution characteristics of the abnormal heating energy.

Abnormal heating energy also has a feedback effect on

atmospheric circulation (He and Zhai 2018). Figure 8 shows

theWAF propagation during July and August 2020, which varied

widely between the 2 months. There was a quasi-zonal “ + - +

-”wave train over the Eurasian continent over 30°N–50°N in July

2020 (Figure 8A). The wave flux propagated from west to east

along the jet stream and affected the super Mei-Yu over the

Yangtze River Basin. In August, quasi-stationary Rossby wave

energy dispersed northward at 26°N–28°N and propagated from

south to north. In conclusion, the continuous heavy precipitation

inWC inmid-August 2020 was influenced by the maintenance of

low-frequency atmospheric circulation and the diabatic heating

caused by the precipitation. The abnormal atmospheric

circulation, such as the abnormal SAH and WPSH, played a

key role in the occurrence, maintenance, and extinction of this

heavy precipitation. The released latent heat by the heavy

precipitation process has positive feedbacks and partially

strengthens the intensity and duration of precipitation (Hack

et al., 1989; Rao and Srinivasan., 2016).

4 Conclusion and discussion

In summary, persistent heavy precipitation events have

significant societal impacts. The persistent heavy precipitation

event that occurred over WC in August 2020 broke the historical

record since monitoring began in 1961. In addition, the

widespread and devastating floods over most regions of WC

are considered to be within the top 10 worst national natural

disasters in China in 2020. In the present work, we aimed to

understand extreme rainfall from large-scale circulation, and

Figure 9 provides a schematic diagram of this heavy

precipitation event.
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The precipitation in WC in August 2020 set the historical

record since monitoring began in 1961. The precipitation at

44 stations throughout WC, primarily distributed in Sichuan

Province, set a historical record by reaching 34.99 mm.

Persistent heavy precipitation occurred in WC, mostly

concentrated during the period of August 10–20, 2020.

Favorable circulation was sustained in August. At 200 hPa,

the subtropical westerly jet was much stronger than normal

and southward, and the maximum centers were located near

50°E–100°E and 130°E–150°E. The SAH was eastward and

strong, and its intensity was significantly correlated with

precipitation in WC. At 500 hPa, the WPSH was westward

and strong, which helped abundant water vapor reach the

southeastern part of the WC to provide favorable dynamic

conditions for precipitation in this region. Chen et al. (2016)

emphasized that the Mei-Yu rain band over the Yangtze–Huai

River basin through its effect on water vapor transport, which

indicates the anomalies precipitation in WC in August

2020 may influenced by the strong and persistent anomalous

circulation of super Mei-Yu in 2020. At the same time, WC was

positioned between two anomalous anticyclone centers over the

Tibetan Plateau and Sea of Japan, with an anomalous cyclone

over Mongolia located to the north that created a stable, long

trough and formed a low-pressure center over WC. At 850 hPa,

there was a low-level jet corresponding to the west-extending

subtropical high from the Sea of Japan to WC. The anomalous

low-level southerly jet enhanced and guided more water vapor

transport to WC.

Studies show that the effect of tropical Indian Ocean SST

plays a significant role in SAH and WPSH (Ding and Wang

2008; Huang et al., 2011). The standardized SAH intensity

index and WPSH intensity index during the precipitation

period ranked first in 1981 and second in 1961, respectively.

The stronger SAH enhanced the upward movement over WC

and strengthened the convergence of the water vapor. A strong

WPSH strengthened the water vapor from the South China Sea

and the Western Pacific into WC. Both provided sufficient

dynamic and thermodynamic conditions for heavy

precipitation. The occurrence and persistence of the super

Mei-Yu in June and July 2020 are mainly due to the

strengthening and westward expansion of the WPSH, a

positive-phase Pacific–Japan (PJ) pattern and a mid-

troposphere “two ridge–one trough” pattern over Asia (Qiao

et al., 2021). In addition, the development of La Niña sustained

the large-scale circulation, which leaded to the continuous

development of the super Mei-Yu. The development and

maintenance of large-scale circulation during Mei-Yu period

played a positive role in the extreme precipitation in August

over WC. The diabatic heating, transient energy, and wave

activity fluxes generated by ultra-strong Mei-Yu may affect the

precipitation of large-scale circulation factors and WC. Here is

a possibility of the influence of Mei-Yu on the extreme

precipitation in WC. The specific influencing mechanism

needs to be further studied. In addition, the SST warming

anomalies over the Tropical Indian Ocean enriched and

extended the super Mei-Yu in the Yangtze river basin in

2020 (Qiao et al., 2021; Zhou et al., 2021). The warming of

the Indian Ocean SST also plays an important role in the

extreme precipitation in August 2020 over WC, which needs

further study.

This study represents a persistent heavy precipitation

event in WC that occurred in August 2020. Several avenues

for future work exist to understand these extreme

precipitation events. We remain unsure of the exact drivers

of 10-day persistent heavy precipitation, such as MCSs and

synoptic isotropic ascent (Schumacher and Johnson 2004).

The occurrence probability of events with an intensity

exceeding that of the event of August 10–20 and whether it

will increase with global warming in the future requires

further investigation.
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The dominant mode of extreme high temperature events in eastern China

during summer shows a dipole pattern with opposite anomalies over southern

and northeastern China, which explains 25% of the variance. We document the

limited prediction skill of the National Centers for Environmental Prediction

Climate Forecast System, version 2 (CFSv2) for the dominant mode of these

events. Based on the mechanisms related to the dominant mode, a

physical–empirical model was established that improved the prediction of

extreme high temperature events in eastern China, which will help in

disaster prediction and mitigation. The physical connection between the

dominant mode and the summer sea surface temperature (SST) over the

western tropical and subtropical Pacific Ocean was predicted well by the

CFSv2 hindcasts, and thus the areal mean CFSv2-hindcast SSTs over the

western tropical and subtropical Pacific Ocean served as a predictor in the

physical–empirical model. In the observations, the soil moisture over southern

China in the preceding December (soil_Dec) combined the signal of the air–sea

interactions over the tropical and northern extratropical Pacific Ocean, which

induced anomalous SSTs in the Indian andwestern tropical Pacific oceans in the

following summer and contributed to the dominant mode. Soil_Dec was

therefore closely correlated with the dominant mode and was used as a

predictor. The results of the one-year-leave cross-validation and

independent hindcast showed that the time series of the dominant mode

was better predicted by the physical–empirical model than by the

CFSv2 hindcasts, with an improved correlation coefficient from insignificant

to about 0.8, a root-mean-square error reduced by about 50% and an increased

rate of same signs. The physical–empirical model showed advantages in the

prediction of the dominant mode of summer extreme high temperature events

over eastern China, which may be used in the prediction of other climate

variables.
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Introduction

Extreme high temperature events (EHEs) are occurring with

increasing frequency as a result of the global climate crisis,

exerting a greater influence on human health, the social

economy and the ecological environment (Chen et al., 2019;

Borg et al., 2021; Igun et al., 2022). The number of deaths related

to EHEs increased markedly in the decade from 2000 to

2010 compared with the decade from 1991 to 2000,

accounting for a large proportion of the increased deaths

caused by extreme climate events such as floods and droughts

(WMO 2013). Model simulations indicate that EHEs will occur

more frequently and with greater intensity in the future

(Orlowsky and Seneviratne 2012; Chen and Sun 2018). It is

therefore important for disaster prevention and reduction to

investigate the variations in EHEs, to understand the associated

mechanisms and to improve their prediction.

Eastern China is vulnerable to EHEs, which show a large

variability in this region (Sun et al., 2014; Deng et al., 2019).

Previous studies have shown that the frequency of EHEs (FEHEs)

over China is characterized by variability on different timescales

(You et al., 2017; Chen et al., 2018; Zhu et al., 2020b). You et al.

(2017) showed that the FEHEs based on relative and absolute

definitions has increased over the whole of China, particularly

after 1990, reflecting rapid warming after this time.

Superimposed on these long-term trends, there are also

dominant interdecadal and interannual spatiotemporal

variations in FEHEs over eastern China (Zhu et al., 2020b;

Hong et al., 2020; Liu et al., 2021; Yang et al., 2021; Zhu

et al., 2022). The interannual variability of FEHEs is relatively

large over eastern China, which greatly contributes to the overall

variability (Chen et al., 2018; Deng et al., 2019).

The prediction skill of current dynamic models for extreme

climate events is limited (Pepler et al., 2015; Gao et al., 2018; Luo

et al., 2020; Tang et al., 2021a; Tang et al., 2021b) and

physical–empirical models have been used to improve

predictions (Ji and Fan 2019; Yang et al., 2019; Tian and Fan

2020; Long et al., 2022). The crucial procedure in

physical–empirical models is the detection of physically

meaningful predictors (Gao et al., 2018; Han et al., 2020;

Long et al., 2022). A combination of predictors from dynamic

prediction systems and predictors in the observations includes

the dynamic processes revealed in the dynamic models and the

observations, improving the prediction skill (Zhang et al., 2019a;

Zhang et al., 2019b; Chen and Sun 2020).

We need a better understanding of the mechanisms related to

predictands to establish physical–empirical models. Many

studies have analyzed the anomalous atmospheric circulation

responsible for the occurrence of EHEs over China and the

influence from the tropics and mid to high latitudes (Deng

et al., 2019; Xu et al., 2019; Zhu et al., 2020a; Long et al.,

2022; Zhou et al., 2022). The anomalous intensity or location

of the western Pacific subtropical high could induce anomalous

vertical motion and transport of water vapor over China, leading

to anomalous adiabatic heating and surface heat fluxes, which

could contribute to the occurrence of EHEs over China (Li et al.,

2020; Ren et al., 2020). Several factors, such as the El

Niño–Southern Oscillation (ENSO) and the sea surface

temperature (SST) in the Indian Ocean, account for the

variations in the western Pacific subtropical high (Zhang

et al., 2019c; Sun et al., 2019; Tong et al., 2020) and could be

considered as potential predictors for the FEHEs over eastern

China. In addition, the mid- and high-latitude wave train

propagating eastward to East Asia could also induce

anomalous atmospheric circulation and contribute to the

variations in the FEHEs over China, which may be associated

with air–sea interactions over the North Atlantic, sea ice in the

Arctic region and other factors (Li et al., 2018; Zhu et al., 2020a,

2022).

Most studies have focused on the simultaneous atmospheric

circulation anomalies and influential factors related to EHEs. We

therefore aimed to investigate the following two questions: 1) how

are the dominant mode of the interannual variability of summer

FEHEs over eastern China, the associated atmospheric circulation

and SST anomalies predicted in the dynamic model; and 2) could a

physical–empirical model be established to improve the prediction

of the dominant mode of FEHEs over eastern China?

The rest of the paper is organized as follows. Section

2 introduces the data and methods. Section 3 investigates the

prediction ability of the National Centers for Environmental

Prediction (NCEP) Climate Forecast System, version 2 (CFSv2)

for the dominant mode of the FEHEs over eastern China during

summer. The predictors used in the physical–empirical model

are detected and their physical connection to the dominant mode

of the FEHEs are analyzed in Section 4. Section 5 presents the

establishment and estimation of the physical–empirical model

and conclusions are presented in Section 6.

Data and methods

Data

We calculated the FEHEs using the daily observed maximum

temperature during summer (June−July−August) from the

CN05.1 dataset, a gridded observational dataset with a

resolution of (0.25°×0.25°) based on data from observational

stations in China (Wu and Gao 2013). We obtained the
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monthly mean 850 hPa horizontal wind, 500 hPa vertical velocity

with a resolution of (2.5°×2.5°) and surface net shortwave

radiation with a resolution of 92×192 grid points from the

NCEP (Kalnay et al., 1996). We also used the Extended

Reconstructed SST V5 with a resolution of (2°×2°) (Huang

et al., 2017) and Climate Prediction Center (CPC) soil

moisture with a resolution of 360×720 grid points (Huang

et al., 1996) from the National Oceanic and Atmospheric

Administration.

The hindcasts of the daily maximum temperature and

monthly SSTs in summer were derived from the CFSv2,

which is a state-of-the-art prediction system with interactions

between the ocean, atmosphere and land on a global scale (Saha

et al., 2014). The CFSv2 hindcasts were integrated for 9 months,

with initial conditions every 5 days from 11 April to 6 Ma y, and

we used the ensemble mean of the forecasts for summer. The

CFSv2 data with a resolution of (1°×1°) cover the time period

1982–2018 and we selected the other observational and reanalysis

data to be consistent with this time period. Both the observational

and reanalysis data are referred to as observations to distinguish

them from the prediction data in the CFSv2 hindcasts.

Methods

Taking into consideration the different climate states in different

regions of China, we adopted the relative definition of EHEs—that

is, we used the 95% percentile value of the daily maximum

temperature during summer as the threshold (Zhu et al., 2020a;

Long et al., 2022; Zhu et al., 2022). The threshold was different

between grids and the number of days with maximum temperatures

exceeding the threshold during summer was defined as the FEHEs.

Because this study focused on the interannual variability, we applied

Fourier analysis to all data before other calculations such as

empirical orthogonal function decomposition, correlation analysis

and so on, and the 9-year high-pass variability was reserved

(Bloomfield 2004).

The linear signal of one variable (X) is removed from the

other variable (Y) based on the following formula (Sun et al.,

2019):

Y* � Y–X × cov(X,Y)/var(X),
where X and Y are the original time series, cov(X,Y) represents
the temporal covariance between X and Y, var(X) represents the
variance of X, and Y* represents the time series of Y with the

linear signal of X removed.

We used the one-year-leave cross-validation and independent

hindcast methods to estimate the prediction of the

physical–empirical model. We used one-year-level cross-

validation to predict the predictand in the specific year using the

remaining years as the training period to build the

physical–empirical model. The independent hindcast was similar

to the real prediction and we chose the first training period—for

example, the data for 1982–1999 were used to establish the first

physical–empirical model and give the prediction in 2000 and then

the data for 1982–2000 were used to build the second

physical–empirical model and make the prediction in 2001, and

so on. We used the prediction for 2000–2018 for verification. The

prediction skill of the physical–empiricalmodel wasmainly reflected

through the correlation coefficient, the root-mean-square error

(RMSE) and the rate of same signs. The significance test of the

correlation coefficient was based on Student’s t-test.

Prediction skill of the CFSv2 hindcasts
for the dominant mode of the FEHEs

To understand the skill of the CFSv2 hindcast data in predicting

the FEHEs over eastern China, we analyzed the characteristics of

FEHEs in the CFSv2 hindcasts and the observations. Figure 1A

shows the standard deviation of FEHEs over eastern China in the

observations, with two centers of relatively large values over

southern and northeastern China. The center of relatively large

standard deviations over northeastern China was captured in the

CFSv2 hindcasts (Figure 1B), but the standard deviation was

overestimated over northeastern and central China and

underestimated over southern China (Figure 1A,B). Figure 1C

shows that the RMSE between the FEHEs in the observations

and the CFSv2 hindcasts was almost greater than one standard

deviation over eastern China, with relatively large values over central

China. The time correlation coefficients between the observed

FEHEs and the CFSv2 hindcast FEHEs showed scattering

positive correlation over northern and southern China

(Figure 1D). The spatial discrepancies in the standard deviation

(Figure 1A,B), the relatively large RMSE (Figure 1C) and the low

time correlation coefficients (Figure 1D) indicate the limited

prediction skill of the CFSv2 hindcasts for the FEHEs over

eastern China.

To further investigate the prediction skill of the

CFSv2 hindcasts for the temporal and spatial variations of

the FEHEs, we calculated the first empirical orthogonal

function modes of the FEHEs over eastern China in the

CFSv2 hindcasts and the observations, which were

separated from the remainder of EOF modes according to

the criterion proposed by North et al. (1982). Figure 2A,B

show that the dominant mode of the FEHEs over eastern

China in the CFSv2 hindcasts was inconsistent with that in

the observations, with a low spatial correlation coefficient of

0.23. The dominant mode of the FEHEs in the observations

was characterized by a dipole pattern of negative (positive)

anomalies over southern (northeastern) China (Figure 2A),

with relatively large loadings over southern China. By

contrast, the dominant mode of the FEHEs in the

CFSv2 hindcasts showed relatively large positive

anomalies over northeastern China and no uniform

negative anomalies over southern China (Figure 2B). The
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FIGURE 1
Standard deviation of FEHEs over eastern China during summer in (A) the observations and (B) the CFSv2 hindcasts. (C) The RMSE between the
standardized time series of summer FEHEs in the observations and the CFSv2 hindcasts. (D) Time correlation coefficients between summer FEHEs in
the observations and the CFSv2 hindcasts. The meshes in (D) denote the correlation coefficients significant at the 95% confidence level based on
Student’s t-test.
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relatively large anomalies over northeastern China in the

dominant mode of the FEHEs in the CFSv2 hindcasts

(Figure 2A,B) were related to the overestimation of the

standard deviation of the FEHEs over northeastern China

in the CFSv2 hindcasts (Figure 1A,B). The CFSv2 hindcasts

therefore did not predict the spatial pattern of the dominant

mode of the FEHEs over eastern China in the observations.

To further investigate the prediction skill of the

CFSv2 hindcasts for the time series of the dominant mode

(PC1), we projected both the PC1s in the observations

(PC1_obs) and the CFSv2 hindcasts (PC1_CFSv2) to the

observed dominant mode (Figure 2A). Figure 2C shows that

there was a large deviation between PC1_obs and

PC1_CFSv2, with a RMSE of 1.28 and a correlation

coefficient of 0.18 significant below the 90% confidence

level. These results show the overall poor capability of the

CFSv2 hindcasts for predicting the dominant mode of the

summer FEHEs over eastern China.

FIGURE 2
First empirical orthogonal function mode (EOF1) of summer FEHEs over eastern China in (A) the observations and (B) the CFSv2 hindcasts. (C)
The standardized time series projected to the observed EOF1 of the FEHEs in the observations (black line) and the CFSv2 hindcasts (red line). The
percentages in the top-right corner of (A, B) are the explained variance to the total variance.
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Predictors used in the
physical–empirical model for
prediction of the dominant mode

Our previous studies have analyzed the mechanism

associated with the dominant mode of the FEHEs over eastern

China (Zhu et al., 2020a; Zhu et al., 2022). Based on these

previous studies, we identified the predictors with a physical

connection to the dominant mode, analyzed the corresponding

mechanisms and used them to build the physical–empirical

model.

FIGURE 3
Correlation coefficients between PC1_obs and the summer
SST in (A) the observations and (B) the CFSv2 hindcasts. The
meshes denote the correlation coefficients significant at the 95%
confidence level based on Student’s t-test. FIGURE 4

Anomalies of the summer (A) 500 hPa vertical velocity
(shading; units: 10–3 Pa s−1) and 850 hPa horizontal wind (vector;
units: m s−1), (B) surface net downward shortwave radiation (units:
W m−2) and (C) FEHEs in the observations regressed on the
time series of the sign-reversed MCSST. The dots denote the
anomalies significant at the 90% confidence level based on
Student’s t-test. Only the anomalies of the 850 hPa wind
exceeding 0.1 m s−1 are shown.
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Predictor in the CFSv2 hindcasts

Previous studies have shown that the SSTs in the tropical

Pacific Ocean have an important role in the variation of the

summer climate over East Asia (Sun and Wang 2019; Zhu et al.,

2020a; Hong et al., 2022). Figure 3A shows that there were

significant negative correlation coefficients between the SSTs

around the maritime continent and PC1_obs. To further

explore the physical relationship between them, we

investigated the climate anomalies associated with the SSTs

FIGURE 5
Correlation coefficients between PC1_obs and soil moisture in the preceding (A) December, (B) January, (C) February, (D)March, (E) April and
(F)May and the simultaneous (G) June, (H) July and (I) August. Themeshes denote the correlation coefficients significant at the 95% confidence level
based on Student’s t-test.
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around the maritime continent and an SST index (MCSST) was

defined as the areal mean SSTs within (15°S−10°N, 110–160°E)

(Figure 3A). The anomalous cold SSTs around the maritime

continent suppressed convection in the overlying troposphere

(Figure 4A), which further led to an anomalous cyclone

(anticyclone) and ascending (descending) motion over

southern (northeastern) China via a meridional teleconnection

similar to the Pacific–Japan/East Asia–Pacific (PJ/EAP) pattern

(Nitta 1987; Huang 1992; Qiao et al., 2021). The anomalous

atmospheric circulation related to the anomalous cold SSTs

around the maritime continent could contribute to

strengthened (weakened) convection over southern

FIGURE 6
Anomalies of (A,C,E,G) the 500 hPa vertical velocity (shading; units: 10–3 Pa s−1) and 850 hPa horizontal wind (vector; units: m s−1) and (B,D,F,H)
the SST (units: K) in the simultaneous (A,B) December, the following (C,D) January−February mean, (E,F)March−April−May mean and (G,H) summer
regressed on the time series of the sign-reversed soil_Dec. The dots denote the anomalies significant at the 90% confidence level based on Student’s
t-test. Only the anomalies of 850 hPa wind exceeding 0.1 m s−1 are shown.
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(northeastern) China (Figure 4A), leading to less (more)

downward shortwave radiation (Figure 4B), which could

induce less (more) FEHEs over southern (northeastern) China

(Figure 4C) and contribute to the dominant mode of FEHEs

(Figure 2A).

The PJ/EAP index, defined as the first empirical orthogonal

function mode of summer 850-hPa relative vorticity within

(0°−60°N, 100–160°E) according to Kosaka and Nakamura

(2010), was significantly correlated with PC1_obs and sign-

reversed MCSST with correlation coefficients of 0.60 and

0.51 exceeding the 99% confidence level respectively. These

results indicate that the PJ/EAP teleconnection was responsible

for the linkage between the dominant mode of FEHEs and the

SSTs around the maritime continent. The anomalous cyclonic

surface wind over the western subtropical Pacific could induce

the divergence of upper water and the upwelling of cold water

(figures not shown; Price et al., 1987; Seager et al., 2001), and

downward shortwave radiation was reduced (Figure 4B), which

could lead to negative SSTs in the western subtropical Pacific

(Figure 3A). As shown in Figure 3, the physical connection

between PC1_obs and the anomalous cold SSTs in the western

tropical and subtropical Pacific (Figure 3A) was well revealed in the

CFSv2 hindcasts (Figure 3B). The areal mean CFSv2 hindcast SSTs

within (10S°−28°N, 110–160°E; Figure 3B) was abbreviated as

sst_CFSv2, which was physically connected to PC1_obs with a

correlation coefficient of –0.58 significant at the 99% confidence

level and could be used as a predictor in the physical–empirical

model to predict the dominant mode of the FEHEs over eastern

China.

Predictor in the observations

Soil moisture varies slowly and has a memory of climate

anomalies. It has therefore been considered as a potential

predictor of extreme climate events (Wu and Zhang 2015;

Yang et al., 2019). We therefore examined the connection

between the preceding soil moisture and PC1_obs. Figure 5

shows that there were significant negative correlation

coefficients between the soil moisture over southern China in

the preceding December and PC1_obs, which lasted from the

preceding December to May. However, this negative relationship

(Figure 5A−F) became positive in summer (Figure 5G−I),

indicating that the persistence of soil moisture could not

explain the relationship between the soil moisture over

southern China in the preceding December and PC1_obs. To

further study the physical connection between them, we defined a

soil moisture index (soil_Dec) as the preceding December soil

moisture averaged within (22–30°N, 110–120°E).

Figure 6B shows that the deficit of soil moisture over

southern China in December was associated with La Nina-like

SST anomalies over the tropical Pacific. These negative SST

FIGURE 7
Anomalies of the SST (units: K) in the simultaneous (A)December, the following (B) January−Februarymean, (C)March−April−Maymean and (D)
summer regressed on the time series of the sign-reversed Nino3.4 in December. The dots denote the anomalies significant at the 90% confidence
level based on Student’s t-test.
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anomalies over the eastern tropical Pacific Ocean can induce an

anomalous cyclone over the western subtropical Pacific

(Figure 6A) via the Pacific–East Asia teleconnection (Wang

et al., 2000). The anomalous northerly wind to the west of the

anomalous cyclone can suppress the transport of water vapor to

southern China, inducing greater evaporation of the underlying

sea surface and negative SST anomalies along the coast of

southern China (Figure 6A,B). This can suppress convection

and lead to the soil moisture deficit over southern China. From

the preceding December to the following summer, the SST

FIGURE 8
Anomalies of (A,C,E,G) the 500 hPa vertical velocity (shading; units: 10–3 Pa s−1) and 850 hPa horizontal wind (vector; units: m s−1) and (B,D,F,H)
the SST (units: K) in the simultaneous (A,B) December, the following (C,D) January−February mean, (E,F)March−April−May mean and (G,H) summer
regressed on the time series of the sign-reversed soil_Dec with the linear signal of Nino3.4 in December removed. The dots denote the anomalies
significant at the 90% confidence level based on Student’s t-test. Only the anomalies of the 850 hPa wind exceeding 0.1 m s−1 are shown.
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anomalies over the tropical Pacific Ocean were characterized by

the decay of La Nina conditions (Figure 6B,D,F,H), with

significant negative SST anomalies over the eastern tropical

Pacific Ocean in December (Figure 6B) turning into positive

anomalies in the following summer accompanied by negative

anomalies over the western tropical Pacific Ocean (Figure 6H).

The anomalous cold SSTs over the western tropical Pacific Ocean

can induce anomalous descending motion over the maritime

continent, which could lead to an anomalous cyclone

(anticyclone) and ascending (descending) motion over

southern (northeastern) China via the PJ/EAP teleconnection,

contributing to the dominant mode of the FEHEs over eastern

China (Figure 6G,H).

In addition, there were negative SST anomalies in the

northern Indian Ocean in December, persisting to the

following summer with the decay of La Nina conditions

(Figure 6B,D,F,H). This is referred to as the Indian Ocean

capacitor effect and extends the influence of the ENSO into the

following summer (Xie et al., 2009). The anomalous cold SSTs

over the Indian Ocean during the summer can suppress

convection in the overlying troposphere (Figure 6G,H),

which may contribute to an anomalous cyclone over the

subtropical Pacific Ocean via a Kelvin wave-induced Ekman

divergence mechanism, intensifying anomalous ascending

motion over southern China and the western subtropical

Pacific Ocean (Figure 6G; Sun et al., 2019). Moreover, the

El Nino condition in December could contribute to positive

soil moisture anomalies in southern China (figure not shown),

which also decayed in the following seasons. This analysis

shows that the connection between the soil moisture over

southern China in December and the dominant mode of the

summer FEHEs can be partly attributed to their responses to

the ENSO. However, the correlation coefficient between

PC1_obs and Nino3.4 in December (−0.39, significant at

the 90% confidence level) was lower than that between

PC1_obs and soil_Dec (−0.78), indicating that other

physical processes were responsible for the relationship

between PC1_obs and soil_Dec.

The SST anomalies associated with soil_Dec

(Figure 6B,D,F,H) and Nino3.4 in December (Figure 7)

showed similarity over the tropical Pacific Ocean. By

contrast, there were discrepancies over the northern

extratropical Pacific Ocean, with positive anomalies over the

northeastern (northern central) Pacific Ocean related to

soil_Dec (Nino3.4) (Figures 6, 7), indicating the influence of

air–sea interactions over the northern extratropical Pacific

Ocean on soil_Dec. After removing the linear signal of

Nino3.4 in December from soil_Dec, the SST anomalies

associated with soil_Dec showed positive (negative)

anomalies over the northeastern (northern central) Pacific

Ocean (Figure 8B), enhancing (weakening) convection in the

overlying troposphere (Figure 8A). An anomalous cyclone was

formed over the northeastern Pacific as a Rossby wave response

to the enhanced convection (Figure 8A). The anomalous

cyclone induced anomalous westerly wind over the tropical

and subtropical Pacific Ocean, contributing to a weakened

Walker circulation, anomalous cold SSTs over the South

China Sea and descending anomalies over southern China

(Figures 8A,B), which favored the deficit in soil moisture

over southern China.

In late winter, the anomalous cyclone over the northeastern

Pacific Ocean intensified and the anomalous westerly wind

moved equatorward (Figure 8C), which provided favorable

conditions for the developing El Niño, with negative (weak

positive) SST anomalies over the western (eastern) tropical

Pacific (Figure 8D). In spring, the air–sea interactions over

the northeastern Pacific Ocean weakened and the anomalous

cyclone disappeared (Figure 8E), but the anomalous westerly

wind over the tropical Pacific Ocean lasted until summer and El

Niño continued to develop via Bjerknes positive feedback

(Bjerknes 1969). In summer, the anomalous cold SST over the

western tropical Pacific Ocean induced anomalous descending

motion over the maritime continent (Figure 8G,H), which

further led to an anomalous cyclone and ascending motion

over southern China and the western subtropical Pacific

Ocean and exerted an influence on the dominant mode of the

FEHEs over eastern China.

These results show that soil_Dec contained the signal of

air–sea interactions over the tropical and northern

extratropical Pacific Ocean in the preceding December,

which can influence the atmospheric circulation and the

dominant mode of the FEHEs over eastern China in the

following summer by inducing anomalous SSTs in the

Indian and tropical Pacific oceans (Figures 6-8). As a

result of the combination of the signal of the air–sea

interactions over the tropical and northern extratropical

Pacific Ocean in the preceding December, the soil_Dec was

closely correlated with PC1_obs with a correlation

TABLE 1 Definitions of the predictors and the correlation coefficients between PC1_obs and the predictors.

Predictor Months Definition PC1_obs

sst_CFSv2 June−July−August CFSv2-predicted SSTs averaged within (10°S−28°N, 110–160°E) −0.58**

soil_Dec December Areal mean soil moisture within (22–30°N, and 110–120°E) −0.78**

**Correlation coefficients significant at the 99% confidence level based on Student’s t-test.
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FIGURE 9
The physical–empirical model-predicted PC1 (PC1_PE, red dashed line) and PC1_obs (blue solid line) in (A) the one-year-leave cross-
validation for 1982–2018 and (B) the independent hindcast for 2000–2018. The value in the top-left (top-right) corner of (A−B) is the
correlation coefficient (RMSE) between PC1_PE and PC1_obs. ** denotes the correlation coefficients significant at the 99% confidence level
based on Student’s t-test.
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coefficient of −0.78 and served as a predictor in the

physical–empirical model.

Establishment and estimation of the
physical–empirical model

The physical–empirical model was established based on a

multiple linear regression method using the sst_CFSv2 and

soil_Dec predictors. Table 1 summarized the definitions of the

predictors and their correlation coefficients with PC1_obs.

Considering that the two predictors were not linear

independent, the sst_CFSv2 with the linear signal of soil_Dec

removed, was used in the physical–empirical model, which was

still significantly correlated with PC1_obs at the 90%

confidence level. The physical–empirical model is described

as follows:

PC1obs � a × sstCFSv2 + b × soilDec + c,

where a and b are the partial regression coefficients for the

predictors sst_CFSv2 and soil_Dec, respectively, and c is the

intercept of PC1_obs. The values of a, b and c will be different in

the different training periods.

The prediction of the physical–empirical model for PC1_obs

was evaluated by the methods of one-year-leave cross-validation

for 1982–2018 and independent hindcast for 2000–2018. The

results of the one-year-leave cross-validation showed that the

physical–empirical model-predicted PC1 (PC1_PE) was highly

consistent with PC1_obs (Figure 9A). Compared with the

prediction of CFSv2 (Figure 2C), the correlation coefficient

between the PC1_PE and PC1_obs increased to 0.79,

significant at the 99% confidence level, and the RMSE was

reduced by 52% (Table 2). Specifically, in some extreme years

(e.g., 1998 and 2003), the anomalies of PC1_obs larger than one

standardized deviation were captured better by the

physical–empirical mode1 than by the CFSv2 prediction

(Figure 9A). Accordingly, the rate of same signs was

improved from 19/37 in the CFSv2 to 30/37 in the

physical–empirical model and all the signs of PC1_obs in the

extreme years (the absolute value of PC1_obs larger than one

standard deviation) were correctly captured in the

physical–empirical model (Table 2).

As for the independent hindcast results (Figure 9B), the

physical–empirical model also showed an improved prediction

of PC1_obs compared with the prediction of the CFSv2 hindcasts

(Figure 2C). The interannual variability of PC1_obs was captured

well by the physical–empirical model (Figure 9B), with a

correlation coefficient of 0.81 and a reduced RMSE between

PC1_obs and PC1_PE (Table 2). The signs of PC1_obs were

better predicted in the physical–empirical model than in the

CFSv2 hindcast (Table 2). The relationship between PC1_obs

and predictors was robust (figures not shown), contributing to

the stability of the prediction model. The prediction skill of the

physical–empirical model based on sst_CFSv2 and soil_Dec, was

better than that only based on soil_Dec (figure not shown).

Therefore, the physical–empirical model has the ability to

improve the prediction of the dominant mode of summer

FEHEs over eastern China.

Conclusion

We have shown a limited prediction capability of

CFSv2 hindcasts for summer FEHEs over eastern China. The

CFSv2 hindcasts did not capture the dipole pattern of the

dominant mode in the observations, which was characterized

by negative (positive) anomalies over southern (northeastern)

China and relatively large loadings over southern China. The

time series in the CFSv2 hindcasts and in the observations

projected to the observed dominant mode were also

inconsistent, with a low time correlation coefficient of 0.18,

significant below the 90% confidence level.

To improve the prediction of the dominant mode of the FEHEs,

a physical–empirical model was established based on two predictors

(sst_CFSv2 and soil_Dec). The SST anomalies in the western

tropical Pacific Ocean influenced convection in the overlying

troposphere, affecting the atmospheric circulation over eastern

China via the PJ/EAP teleconnection and contributing to the

dominant mode of the FEHEs. The physical connection between

the dominant mode of FEHEs and the western tropical and

subtropical Pacific Ocean was well revealed in the

CFSv2 hindcasts and thus the CFSv2-predicted SSTs in the

western tropical and subtropical Pacific Ocean was used as the

predictor sst_CFSv2. The predictor in the observations was the soil

TABLE 2 Correlation coefficient (CC), RMSE, the rate of same signs in all years (SS) and in extreme years (SS-extreme) between PC1_obs and
PC1_CFSv2 during 1982–2018 (CC1, RMSE1, SS1 and SS1-extreme) and during 2000–2018 (CC2, RMSE2, SS2 and SS2-extreme). The correlation
coefficient (CC), RMSE, the rate of same signs in all years (SS) and in extreme years (SS-extreme) between PC1_obs and PC1_PE in the one-year-leave
cross validation (CC1, RMSE1, SS1 and SS1-extreme) and in the independent hindcast (CC2, RMSE2, SS2 and SS2-extreme). The bold value denotes
that the correlation coefficients were significant at the 99% confidence level based on Student’s t-test.

CC1 CC2 RMSE1 RMSE2 SS1 SS2 SS1-extreme SS2-extreme

PC1_CFSv2 0.18 0.19 1.28 1.59 19/37 8/19 3/8 2/5

PC1_PE 0.79 0.81 0.62 0.74 30/37 16/19 8/8 5/5
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moisture over southern China in the preceding December

(soil_Dec), which combined the signal of the air–sea interactions

over the tropical and northern extratropical Pacific Ocean. The

decaying La Nina was characterized by negative SST anomalies over

the eastern tropical Pacific Ocean in December and negative SST

anomalies over the western tropical Pacific and northern Indian

oceans in the following summer, which contributed to the

connection between the deficit in soil moisture over southern

China in December and the dominant mode of the summer

FEHEs over eastern China. The air–sea interactions over the

northern extratropical Pacific Ocean associated with the deficit in

soil moisture favored the developing El Niño and led to anomalous

cold SSTs over the western tropical Pacific Ocean in the following

summer, which contributed to the dominant mode of FEHEs over

eastern China. The soil_Dec was physically connected to the

dominant mode of FEHEs, with a significant correlation

coefficient (−0.78, significant at the 99% confidence level) with

PC1_obs.

The results of the one-year-leave cross-validation and

independent hindcast showed that the interannual variability of

PC1_obs was better captured by the physical–empirical model than

by the CFSv2 hindcasts, with an improved correlation coefficient

from insignificant to around 0.8 significant at the 99% confidence

level, a reduction in the RMSE by about 50% and an increased rate of

same signs. In extreme years (when the absolute value of PC1_obs

was greater than one standard deviation), all the signs of PC1_obs

were captured in the physical–empirical model. These results show

that the physical–empirical model established on these two

predictors significantly improved the prediction of the dominant

mode of summer FEHEs over eastern China.
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Unprecedented heat waves have been demonstrated sweeping across much of

the Northern Hemisphere in recent summers. However, this study reveals that

for northern Eurasia (30°–70°N, 10°–130°E), significant increases in summer

extreme high temperature days (EHTDs) have already commenced since the

mid-1990s, with the peaks centered on the surrounding areas of the Caspian

Sea and Lake Baikal. Results indicate that compared with the period of

1960–1994 (P1), during 1995–2018 (P2) high-pressure and anticyclonic

anomalies occupy the areas around the Caspian Sea and Lake Baikal, thus

suppressing local cloud cover and precipitation, enhancing the solar radiation

and high-temperature anomalies. The anticyclonic anomaly over Lake Baikal

shows a close relationship with the increasing trend of global temperature, and

the anomalous anticyclone over the Caspian Sea is under the influence of the

warm North Atlantic and anomalous upper-troposphere jet stream during P2.

The warmer than normal North Atlantic leads to the high-pressure anomaly

over the Caspian Sea bymodulating the Rossby wave activity. In addition, during

P2, the temperatures in the middle North Atlantic and Western Europe show

greater increments than those over higher latitudes, and thus the temperature

gradient enhances the westerly thermal wind, which therefore leads to an

anomalous upper-level jet stream to the North of the Caspian Sea. Under this

circumstance, the Caspian Sea is located to the right side of the anomalous jet

exit, inducing the suppressed upward motion over there and favoring the

occurrence of more EHTDs after the mid-1990s.
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northern Eurasia, extreme high temperature, decadal variation, North Atlantic, jet
stream
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1 Introduction

The northern part of the Eurasian continent is located

deep inland to the east of the Atlantic and south of the Arctic

with a temperate continental climate over most of the area.

Due to the year-round control of continental air masses, this

area is characterized by large annual temperature

differences, being fragile and sensitive to background

climate variations (e.g., Li et al., 2016; Ji and Fan, 2019).

Moreover, the northern part of the Eurasian continent

constitutes the “heartland” of the world and has become a

necessary place for cultural and economic exchanges

between Asia and western countries. Therefore, it is

important to study the characteristics of extreme

temperature variations in this region.

Extreme high temperature day (EHTD) is usually defined as a

day with the maximum temperature exceeds a threshold

indicator, which is generally considered to be the 90th

percentile (Tx90p) if a cumulative distribution function is

used to represent the daily maximum temperature (e.g.,

Zhang et al., 2005; Cornes and Jones, 2013). As global

warming intensifies in recent decades, EHTDs occur more

frequently in many regions of the world, with serious impacts

on electricity, water supply, and public health, constraining the

stable development of society (e.g., Greenough et al., 2001; Meehl

and Tebaldi, 2004; Alexander et al., 2006; Coumou and

Rahmstorf, 2012; Lesk et al., 2016; Ge et al., 2019; Allan et al.,

2021).

For many years, studies have indicated that the frequency

and intensity of various extreme events are exhibiting significant

decadal changes, which could often be attributed to the

influences from external forcing caused by increasing

greenhouse gas concentrations due to anthropogenic

emissions (e.g., Wang et al., 2012; Fischer and Knutti, 2015;

Dong et al., 2017; Chen and Dong, 2019; Vautard et al., 2019; Hu

et al., 2020; Ge et al., 2021). However, changes in oceanic and

atmospheric circulation from internal variability of the climate

system and their teleconnections are also important in

determining the occurrence of regional climate extremes,

especially EHTDs (e.g., Fan and Wang, 2004; Zhou and Wu,

2016; Hong et al., 2017; Sun et al., 2019; Jiang et al., 2020; Zhang

et al., 2020; Fan et al., 2022; Li et al., 2022). It is indicated that

under the modulation of teleconnections such as the Eurasian

teleconnection pattern, Silk Road pattern, and East Asia–Pacific

pattern, the frequency of EHTDs in Northeast China increased

after the mid-1990s (Liu et al., 2021). Li et al. (2018) pointed out

that the anomalous wave activity caused by the warming tropical

Atlantic is the main reason for the increased variability of high-

temperature extremes in Mongolia. Besides, the heat wave events

in the Korean Peninsula and China have been strongly affected

by the Scandinavian and the circumglobal teleconnection

patterns and show decadal changes in the interannual

variability (Choi et al., 2020).

Previous studies have shown that due to the polar

amplification effect, the climate architecture in polar areas

undergoes a more dramatic change than in lower latitudes,

leading to changes in jet and North Atlantic sea surface

temperature (SST) (e.g., Screen and Simmonds, 2010; Francis

and Vavrus, 2015; Ma et al., 2021). The anomalous summer jet

and the teleconnection patterns are significant in modulating the

atmospheric background, which in turn affect Eurasian surface

temperatures through cloud-radiation feedback and temperature

advection processes (e.g., Smith et al., 2010; Zhu et al., 2011;

Hanlon et al., 2013; Chen and Wu, 2017). Considering the above

factors, characteristics of the interdecadal variability of local

climate extremes in northern Eurasia and possible reasons

caused by the background changes in circulation and SSTs are

to be investigated in this study.

Themain contents of this paper are as follows: Data andmethods

are introduced in Section 2. Spatial and temporal characteristics of the

EHTD in northern Eurasia, decadal variability, and the

corresponding changes in the climatic background, as well as the

possible reasons, are analyzed in Section 3. A summary and

discussion of this study are provided in Section 4.

2 Data and methods

The Tx90p index is calculated as the percentage of days when

the maximum daily temperature exceeds the 90th percentile

during a certain time interval to present the EHTD (Zhang

et al., 2005). The extreme indices are provided by the Met

Office Hadley Centre observations datasets: HadEX3 (Dunn

et al., 2020), on a 1.25° × 1.875° grid from 1960 to 2018

(https://www.metoffice.gov.uk/hadobs/hadex3/index.html). The

number of EHTDs is calculated as the sum of the Tx90p indices

in summer: June, July, and August. The monthly reanalysis

datasets for circulation, sea level pressure, geopotential height,

total cloud cover, rate of precipitation, downward solar radiation

flux, and air temperature with resolutions of 2.5° × 2.5° are

derived from the National Centers for Environmental

Prediction-National Center for Atmospheric Research (NCEP-

NCAR) Reanalysis 1 (http://www.psl.noaa.gov/data/gridded/

data.ncep.reanalysis.derived.html) from 1960 to 2018. The SST

is obtained from the National Oceanic and Atmospheric

Administration (NOAA) Extended Reconstructed SST V5

(https://www.ncei.noaa.gov). The Atlantic Multidecadal

Oscillation (AMO) index is calculated as the detrended area-

weighted average summer SST over the North Atlantic from the

website of https://psl.noaa.gov/data/timeseries/AMO/.

In this paper, the climate mean is calculated using the average

values during 1960–2018. The empirical orthogonal function (EOF)

method is used to decompose the number of EHTDs in northern

Eurasia into spatial and temporal components to reflect the main

spatial characteristics. North-test is employed to verify that the EOFs

are reasonably distinct from each other (North et al., 1982). The
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sliding t-test is used to test the significance of interdecadal changes in

the time series of the number of EHTDs. Simple linear regression

and Pearson’s correlation are used to investigate the relationship

between different fields (Wilks, 2011).

To investigate the wave-activity flux for large-scale stationary

waves during different periods, the horizontal component at

pressure level p of wave-activity flux (Takaya and Nakamura,

2001) is:

W � p
2 �u| |

�u ψ′2
x − ψ′ψxx

′( ) + �v ψ′
xψ

′
y − ψ′ψxy

′( )
�u ψ′

xψ
′
y − ψ′ψxy

′( ) + �v ψ′2
y − ψ′ψyy

′( )
⎧⎨⎩ ⎫⎬⎭

where the overbars and primes denote mean states and deviations

from the mean states, respectively; the subscripts x and y represent

zonal and meridional gradients; u = (u, v) denotes horizontal wind

velocity; and ψ′ represents eddy stream functions.

3 Results

3.1 Decadal variation of the EHTD

EOF analysis on the EHTDs in summer northern Eurasia

(30°–70°N, 10°–130°E) during 1960–2018 shows that the first

eigenvector explains 37.2% of the total variance (Figure 1A). The

first eigenvector is well separated from the second according to

the criterion developed by North et al. (1982), with consistent

values across the region. Therefore, a regional average of the

EHTDs in summer in this region could be carried out to obtain

the EHTD index. As shown in Figure 1B, during 1960–1994, the

EHTD index fluctuates slightly and the average value is relatively

small, while the mean EHTD index increased during

1995–2018 with a relatively large mean value. Moreover,

statistical analysis of the decadal variation characteristic of the

EHTD index with sliding t-test (Figure 1C) reveals that the

average value of the index changes significantly around 1994/

1995. According to the variation in the number of EHTDs in

summer in northern Eurasia, the total period is divided into two

phases, i.e., fewer EHTDs during the period of 1960–1994 (P1),

and more EHTDs during the period of 1995–2018 (P2).

Figures 2A, B show the anomalies of EHTDs during P1 and

P2, respectively. Negative anomalies are mainly distributed over

most areas in northern Eurasia during P1 (Figure 2A), while

positive anomalies of EHTD occupy almost all the regions with

the large values located around the Caspian Sea and Lake Baikal

during P2 (Figure 2B). The difference in the EHTDs between

P2 and P1 shows a similar pattern as that between P2 and the

climatology, showing more EHTDs during P2 than P1

(Figure 2C). Concerning the significant decadal increase in the

EHTDs, how the associated atmospheric circulation and sea

surface temperature background change during the two

periods and the possible causes responsible for these

anomalies are to be investigated in the next subsection.

3.2 Decadal variations of associated
atmospheric circulations

The lower-troposphere circulation anomalies for P1 and

P2 show generally contrary characteristics (Figures 2D–F).

During the P1 period, low pressure and cyclonic circulation

anomalies are observed over Greenland, eastern Europe, and

Mongolia, whereas high pressure and anticyclonic circulation

anomalies occupy the North Atlantic (Figure 2D). The cyclonic

circulation over northern Eurasia is favorable for the formation

of clouds and precipitation (Figures 3A, D), which suppresses the

solar radiation reaching the surface (Figure 3G) and the

formation of anomalous EHTDs during P1 (Figure 2A). In

contrast, during the P2 period, high pressure and anticyclonic

circulation anomalies are detected over the northern Eurasia

region (Figure 2E), leading to a clearer sky with less cloud cover

FIGURE 1
(A) The first eigenvector of the EOF analysis on the EHTDs. (B)
Year-by-year series (scatter) of the summer EHTD indices in
northern Eurasia (10°–130°E, 30°–70°N) from 1960 to 2018, and
the averaged values (dashed lines) of the index on time for
1960–1994 (P1) and 1995–2018 (P2), respectively. (C) Decadal
change of EHTDs in northern Eurasia according to the sliding t-test
(blue: sliding t-test statistic, two dotted lines for low and high
indicate significance at 90% and 95% confidence levels,
respectively).
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(Figure 3B), less precipitation (Figure 3E), more solar radiation

(Figure 3H), and finally benefiting the occurrence of EHTDs

(Figure 2B). As shown in Figures 3C, F, I, the differences in terms

of cloud cover, precipitation and solar radiation between P2 and

P1 exert similar patterns as shown in Figures 3B, E, H: Less cloud

cover and precipitation are accompanied by more solar radiation

reaching the surface as well as more EHTDs during P2 than P1.

3.3 Possible physical mechanisms

The ocean and atmosphere compose a complex coupled

system. Ocean provides heat, water vapor, and energy to the

atmosphere, influencing the temperature, humidity, and

atmospheric circulations (e.g., Gill and Adrian, 1982; Webster,

1994; Trenberth et al., 2001; Si and Ding, 2016; Chen and Wu,

2017; Fan et al., 2019). To further investigate the causes of the

circulation anomalies, the following parts focus on the

relationship between the circulation anomaly over northern

Eurasia and the surrounding SST.

A composite analysis of SST at different periods reveals that

the key areas with significant decadal changes in SST are mainly

located in the North Atlantic. The North Atlantic SST is colder

than normal during P1 (Figure 4A) while warmer than normal

during P2 (Figures 4B, C), playing important roles in the decadal

variation of EHTDs in northern Eurasia. In addition, the

correlation coefficient between the AMO indices and the

EHTD index is 0.69, which is significant at the 99%

confidence level according to the Student’s t-test, indicating

the influence of AMO on the interdecadal timescale. That is,

the positive correlation between the changes in North Atlantic

SST and the EHTDs in northern Eurasia indicates that the

warmer (colder) than normal North Atlantic is consistent

with more (less) EHTDs in northern Eurasia. Furthermore,

the AMO index is standardized for P1 and P2, respectively

(Supplementary Figure S1), to obtain the warm cases with

AMO indices greater than 1.5 standard deviation (1960 and

1989 for P1, and 2010 for P2). The anomalous wave activity flux

and geopotential height at 200 hPa for warm cases during P1 and

P2 are shown in Figure 5. A propagation route of the anomalous

FIGURE 2
Differences in terms of the EHTDs between (A) P1 and the climatology, (B) P2 and the climatology, and (C) P2 and P1 (unit: %); the second
column [(D–F)] for the sea level pressure (shading, unit: hPa) and wind field at 850 hPa (vector, unit: m/s). Dashed areas indicate significance at 99%
confidence level according to the Student’s t-test.
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wave activity flux with alternating high- and low-pressure

anomalies from the northern Atlantic to the Caspian Sea

could be figured out for both P1 and P2 (Figure 5), indicating

that a warmer than normal North Atlantic favors the high-pressure

anomaly over the Caspian Sea. During P2, the North Atlantic is

warmer than P1 (Figure 4), and the wave activity flux and pressure

anomalies over the Caspian Sea are stronger (Figure 5). Meanwhile,

the sinkingmotion accompanied by high pressure would bringmore

clear sky and solar radiation (Figures 3C, F, I), increasing EHTDs in

northern Eurasia (Figure 2C).

Another important factor affecting the summer climate in

northern Eurasia is the position of the upper-level jet stream (e.g.,

Smith et al., 2019; Ma et al., 2021; Streffing et al., 2021). As shown in

Figure 6, during P2 (P1), the temperatures in the middle North

Atlantic and Europe show significant increments (decreases) than

those over higher latitudes, and thus the temperature gradient is larger

FIGURE 3
Differences in terms of the total cloud cover between (A) P1 and the climatology, (B) P2 and the climatology, and (C) P2 and P1 (unit: %); the
second column [(D–F)] for the rate of precipitation (unit: mm/day); the third column [(G–I)] for the downward solar radiation flux at surface (unit: W/
m2). Dashed areas indicate significance at 95% confidence level according to the Student’s t-test.

FIGURE 4
Differences in terms of the SST between (A) P1 and the climatology, (B) P2 and the climatology, and (C) P2 and P1 (unit: K). Dashed areas indicate
significance at 95% confidence level according to the Student’s t-test.
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(smaller) than normal along these areas along 50°N. Moreover,

according to the thermal wind principle, the westerly jet stream

over therewould be accelerated. As shown in Figure 7, the climatology

of the 200 hPa horizontal wind speed over Europe shows that the

average position of the jet stream is located at around 45°N, while the

anomalous westerly jet stream is southward (northward) at around

30°N (50°N) during P1 (P2). Therefore, during P2, the Caspian Sea is

located on the right side of the anomalous upper-level jet stream exit.

Due to that the wind speed decreases rapidly in the jet exit area and

thewind speed along the jet axis is larger than that on both sides, there

is a negative vorticity advection resulting in the anticyclonic anomaly

on the right side of the jet exit area at 200 hPa. Furthermore, under the

Coriolis forcing effect, convergence anomaly exits at the upper-level

troposphere, leading to high pressure and divergence anomalies at the

lower troposphere as well as the abnormal sinking motion between

the two layers.With the joint impacts of the northwards-than-normal

jet stream, negative vorticity advection, and strengthening sinking

movement, the summer EHTDs are inclined to increase in the

Caspian Sea during P2.

The AMO phase changes twice during 1960–2018, which

appear around 1965 and 1995, respectively. The decadal change

in EHTDs is consistent with the phase of the AMO from the cold

phase to the warm phase. During the positive AMO phase, more

frequent occurrences of negative NAO may contribute to the

increased EHTDS over the Caspian Sea and Lake Baikal by

modulating the eastward propagated wave trains such as the Silk

Road pattern and inducing the high-pressure anomalies (Hong et al.,

2022). Besides, regression analysis shows that the global warming

trend shows a significant influence on the positive pressure

anomalies over the areas to the South of Lake Baikal

(Supplementary Figure S2). It indicates the contribution of global

warming on the increasing EHTDs over areas around Lake Baikal.

4 Summary and discussion

In recent decades, the summer extreme high temperature

days (EHTDs) in the Northern Hemisphere has been frequently

detected, posing a serious threat to the safety of human life,

agricultural production, and the ecological environment of many

countries. This study investigates the decadal variation of

summer EHTDs in northern Eurasia during 1960–2018, using

the EHTD index provided by Hadley Center and the atmospheric

circulation and sea surface temperature (SST) data provided by

NOAA. The corresponding climate factors are also analyzed with

statistical and dynamic diagnosis methods. The obtained

conclusion are summarized as follows.

The number of summer EHTDs in northern Eurasia undergoes

a significant decadal variation around the mid-1990s, especially over

the areas around Lake Baikal and the Caspian Sea, with fewer

FIGURE 5
The 200 hPa geopotential height (unit: gpm) and wave activity flux (vector, unit: m2 s−2) anomalies for warm North Atlantic years during (A)
P1 and (B) P2.
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EHTDs during 1960–1994 and more EHTDs during 1995–2018.

The circulation background also shows a corresponding decadal

variation at that time. During 1960–1994 (1995–2018), low pressure

and cyclonic (high pressure and anticyclonic) anomalies control

Lake Baikal and the Caspian Sea, favoring more (less) cloud cover

and precipitation, absent (sufficient) solar radiation and decreased

(increased) EHTDs over there.

During 1995–2018, the anomalous Rossby wave

activities induced by warmer than normal North Atlantic

leads to high-pressure anomalies over the Caspian Sea,

resulting in the significant anticyclonic anomaly over the

area, which favors the more frequent occurrence of EHTDs

than those during 1960–1994. Meanwhile, the Atlantic jet is

located northward. The area around the Caspian Sea is to the

right side of the jet stream exit. On such a background, the

negative vorticity advection at the upper-level

troposphere would lead to the divergence anomaly and

strengthen the sinking motion between lower- and higher-

levels. Thus, the summer EHTD tends to be maintained over

the Caspian Sea. As for the increasing EHTD over areas

around Lake Baikal, the influence of global warming and

the modulation of AMO on the NAO-Silk Road teleconnection

relationship might play important roles, and corresponding

mechanisms still need further exploration. Besides, previous study

has also pointed out that the variations in summer Arctic contribute

to the heatwaves in Eurasia (Wu and Francis, 2019). Therefore, the

impacts of the sea surface temperature and sea ice cover in Arctic on

decadal change in EHTDs over Northern Eurasia are also to be

further investigated.

In this paper, the causes of decadal variation of the summer

EHTD in northern Eurasia are investigated primarily from the

perspective of changes in circulation backgrounds. However, it is

also important to further detect whether the contributions are

mainly attributed to the internal variability of the climate system

or the external forcing signals such as human-induced greenhouse

gas emissions and anthropogenic aerosols. Therefore, future studies

will make further investigations with numerical model experiments

and state-of-the-art methods of attribution analysis.

FIGURE 6
Differences in terms of the 850 hPa air temperature between (A) P1 and the climatology, (B) P2 and the climatology, and (C) P2 and P1 (unit: K).
Dashed areas indicate significance at 99% confidence level according to the Student’s t-test. [(D–F)] The meridional gradient of air temperature in
[(A–C)], respectively (unit: K kkm−1).
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Meridional circulation dominates
the record-breaking “Dragon
Boat Water” rainfall over south
China in 2022
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During the “Dragon Boat Water” season in 2022, record-breaking anomalous

rainfall occurred over South China (SC). In this study, the causes of anomalous

rainfall are investigated by using the novel moisture budget equation of three-

pattern circulations. The results show that the anomalous rainfall over SC

caused by the horizontal, meridional, and zonal circulations was −10 mm,

168mm, and 45.3 mm, which contribute −5%, 86%, and 23% of the actual

rainfall anomaly (195.1 mm), respectively, suggesting that the meridional

circulation contributes most to anomalous rainfall, followed by zonal

circulation, and horizontal circulation contributes negatively. Further analysis

based on the three-pattern decomposition of the global atmospheric

circulation shows that the spatial configuration of the anomalous horizontal

circulation and vertical vorticity provides the background for generating the

anomalous divergence and convergence of meridional and zonal circulations

and further anomalous vertical velocity of themeridional and zonal circulations,

ultimately resulting in anomalous rainfall.

KEYWORDS

record-breaking rainfall, “dragon boat water” season, south China, novel moisture
budget equation, meridional circulation

1 Introduction

South China (SC) is located in the southernmost region of China, which

comprises the southern region of the Yangtze River basin and the eastern region

of the Tibetan Plateau; it includes the Guangdong, Guangxi, Hainan, and Fujian

Provinces and their surrounding areas. SC has abundant rainfall that is characterized

by a large annual mean value, high frequency of rainstorms, and long duration (Zhai

and Eskridge, 1997; Yuan et al., 2010; Chu et al., 2018; Miao et al., 2019; Chu et al.,

2020). According to the differences in influencing factors and time periods, the flood

season of SC can be divided into two periods (Ramage, 1952; Yang and Sun, 2005;

Yuan et al., 2019). The first flood season is generally called the “first rainy season” or

“early rainy season” of China, which occurs from April to June. The second flood
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season is generally called the “second rainy season” or “late

rainy season” of China, which occurs from July to September.

In the first rainy season, the rainfall in SC is mainly influenced

by monsoon circulations, including the subtropical jet,

western Pacific subtropical high, South Asia high, and low-

level southwest jet in the subtropics and the East Asian trough

and northeastern cold vortex in the mid–high latitudes (Yuan

et al., 2012; Li et al., 2018; Miao et al., 2019; Liu et al., 2022). In

the second rainy season, the rainfall in SC is mainly influenced

by typhoons or tropical depressions (Lee et al., 2010; Yuan

et al., 2019).

During the first rainy season, there is a special time period

called the “Dragon Boat Water” rainfall season. The name

“Dragon Boat Water” rainfall season originates from 21 May

to 20 June, which includes the Chinese Dragon Boat Festival

(Lin et al., 2009; Gu and Zhang, 2012; Qian et al., 2020).

During the “Dragon Boat Water” rainfall season, the rainfall is

concentrated and generally accompanied by thunderstorms

over SC. Climatically, the regionally averaged rainfall during

the “Dragon Boat Water” season over SC (106°E–120°E,

23°N–28°N) is 322.3 mm (Figures 1B,D). In 2022, an

extreme “Dragon Boat Water” rainfall occurred, with the

regionally averaged rainfall reaching 517.5 mm, which is

1.6 times the climatological mean value and represents the

highest record since 1979 (Figures 1A–D). Since extreme

rainfall can lead to great socioeconomic losses, crop

destruction, and casualties (Qiao et al., 2021), thus, the

primary causes of the extreme rainfall during the “Dragon

Boat Water” season should be studied. In addition to the

record-breaking “Dragon Boat Water” rainfall, the zonal

negative rainfall anomaly belt in the north and south of SC,

the zonal positive rainfall anomaly belt in the Southern

Hemisphere, and the negative rainfall anomaly in the east

of the Malay Archipelago can be observed (Figure 1C). Further

correlation analysis (Figure 1E) suggests that the anomalous

“Dragon Boat Water” rainfall over SC is generally

accompanied by the anomalous rainfall shown in

Figure 1C, implying that the same anomalous atmospheric

circulation system caused the anomalous rainfall in

2022 shown in Figure 1C.

FIGURE 1
(A) Distribution of the accumulated rainfall during the “Dragon Boat Water” season (21 May to 20 June) in 2022; (B) and (C) are the same as (A)
but for the climatological rainfall during 1981–2010 and the rainfall anomaly in 2022, respectively. The rainfall anomaly is calculated by subtracting
the climatological rainfall during 1981–2010. The purple box in (A–C) represents the region of South China (SC; 106°E–120°E, 23°N–28°N). (D) Time
series of the regionally averaged rainfall over SC during 1979–2022. The Y-axis on the left (right) represents the rainfall (rainfall anomaly). The red
dashed line represents the climatological rainfall (zero line of rainfall anomaly) for the Y-axis on the left (right). (E) Correlation between the regionally
averaged rainfall anomaly over SC and the rainfall anomaly during 1979–2022. Black (purple) dots over the shading represent that those correlation
coefficients are significant above the 95% (90%) confidence level based on Student’s t test. Units of the rainfall and rainfall anomaly are mm.

Frontiers in Earth Science frontiersin.org02

Cheng et al. 10.3389/feart.2022.1032313

141

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1032313


According to previous studies (Seager et al., 2010; Han et al.,

2021), the moisture budget equation can be used to investigate

the relative contributions of anomalous atmospheric circulation

(dynamic term) and anomalous moisture (thermodynamic term)

to anomalous rainfall. Additionally, a novel decomposition of

atmospheric circulation, which is called the three-pattern

decomposition of global atmospheric circulation (3P-DGAC),

can be used to explore anomalous atmospheric circulation (Liu

et al., 2008; Hu et al., 2017; Hu et al., 2018a; Hu et al., 2018b; Hu

et al., 2020). However, the quantitative contribution of the three-

pattern circulations (i.e., horizontal, meridional, and zonal

circulations) to anomalous rainfall cannot be obtained using

the 3P-DGAC method. To solve this issue, Han et al. (2021) and

Cheng et al. (2022) developed a novel moisture budget equation

of the three-pattern circulations by incorporating the 3P-DGAC

method into the moisture budget equation. Namely, the rainfall

anomaly can be linked up with three-pattern circulations by

using the novel moisture budget equation. By using the novel

moisture budget equation, Cheng et al. (2022) studied the

extreme rainfall in Henan Province in July 2021 and found

that zonal circulation played the dominant role in causing this

anomalous rainfall. In this study, the novel moisture budget

equation of three-pattern circulations is adopted to investigate

the relative contribution of the three-pattern circulations to the

record-breaking “Dragon Boat Water” rainfall over SC in 2022.

This study is organized as follows. The study area, datasets,

and methods used are described in Section 2. The quantitative

contribution of the three-pattern circulations to anomalous

rainfall is investigated using the novel moisture budget

equation in Section 3. The anomalous three-pattern

circulations and underlying mechanism are studied in Section

4. Finally, the summary and conclusion are given in Section 5.

2 Materials and methods

2.1 Study area

According to the spatial pattern of the anomalous rainfall

during the “Dragon Boat Water” season in 2022 (Figure 1C), the

study area of the SC in the present study is defined as

(106°E–120°E, 23°N–28°N), which is shown as a purple box in

Figure 1.

2.2 Source of data

The hourly rainfall, specific humidity, surface pressure, zonal

wind, meridional wind, and vertical velocity from the European

Center for Medium Range Weather Forecasts Reanalysis 5

(ERA5) (Hersbach et al., 2020) are used for the investigation

in this study. The original horizontal resolution of these datasets

is 0.25° × 0.25°, and we interpolate these datasets into the

0.5° × 0.5° horizontal resolution for this study. In the vertical

direction, we adopt the commonly used 17 pressure levels,

i.e., 1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150,

100, 70, 50, 30, 20, and 10 hPa. We use the datasets during

the “Dragon Boat Water” rainfall season (i.e., 21 May to 20 June)

from 1979 to 2022.

2.3 Novel moisture budget equation of
three-pattern circulations

Based on the moisture budget equation (Seager et al., 2010; Han

et al., 2021) and the 3P-DGAC method (Liu et al., 2008; Hu et al.,

2017; Hu et al., 2018a; Hu et al., 2018b; Cheng et al., 2018; Hu et al.,

2020), Han et al. (2021) and Cheng et al. (2022) developed a novel

moisture budget equation of three-pattern circulations as follows:

δP � δP H + δP M + δP Z + δR, (1)

where δP represents the anomalous rainfall. δP H, δP M, and

δP Z represent the anomalous rainfall caused by the horizontal,

meridional, and zonal circulations. δR represents the anomalous

rainfall caused by the residual term. δ represents the difference

during the “Dragon Boat Water” season between 2022 and the

climatological mean of 1981–2010 in this study.

Since the novel moisture budget equation can be written as

δP � δMCDA + δMCDD + δTHA + δTHD + δR, therefore,

δP H, δP M, and δP Z can be further decomposed as follows:

⎧⎪⎨⎪⎩
δP H � δMCDA H + δMCDD H + δTHA H + δTHD H,
δP M � δMCDA M + δMCDD M + δTHA M + δTHD M,
δP Z � δMCDA Z + δMCDD Z + δTHA Z + δTHD Z,

(2)
where δMCDA and δMCDD represent anomalous rainfall caused

by the change in advection and divergence to the dynamic term.

δTHA and δTHD represent advection and divergence to the

thermodynamic term. H, M, and Z on the right of each term

represent that those terms are induced by the horizontal,

meridional, and zonal circulations, respectively. δMCDA,

δMCDD, δTHA, and δTHD can be represented as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

δMCDA � –
1
ρwg

∫
0

Ps

(δ �V · ∇q0)dp,

δMCDD � –
1
ρwg

∫
0

Ps

(q0∇ · δ �V)dp,

δTHD � –
1
ρwg

∫
0

Ps

(V0
	→ · ∇δq)

)dp,

δTHA � –
1
ρwg

∫
0

Ps

(V0
	→ · ∇δq)dp, (3)

where ρw, g, �V, and q represent the density of water, gravitational

acceleration, horizontal wind, and specific humidity, respectively.

Subscript 0 represents that the variables are the climatological
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mean of 1981–2010. δMCDA, δMCDD, δTHA, and δTHD of the

three-pattern circulations can be obtained using the

corresponding anomalous horizontal wind in Eq. 3, i.e., δ �VH

and �VH0 for the horizontal circulation, δ �VM and �VM0 for the

meridional circulation, and δ �VZ and �VZ0 for the zonal

circulation, respectively. The novel moisture budget equation

of three-pattern circulations can be used to investigate the

relative contribution of the three-pattern circulations to the

record-breaking “Dragon Boat Water” rainfall over SC in

2022, which cannot be obtained by using the moisture budget

equation or the 3P-DGAC method independently.

In the process of calculation, the δMCDA, δMCDD, δTHA, and

δTHD of the three-pattern circulations are first calculated by using

Eq. 3. Second, the anomalous rainfall caused by the horizontal,

FIGURE 2
(A) Anomalous rainfall caused by the combined effects of horizontal (δP H), meridional (δP M), and zonal (δP Z) circulations
(i.e., δP H + δP M + δP Z) during the “Dragon BoatWater” season in 2022 based on the novelmoisture budget equation; (B–D) are the same as (A) but
for the anomalous rainfall caused by the (B) horizontal, (C)meridional, and (D) zonal circulations. (E–H) Anomalous rainfall caused by the change in
(E) advection (δMCDA H) and (F) divergence (δMCDD H) to the dynamic term and (G) advection (δTHA H) and (H) divergence (δTHD H) to the
thermodynamic term induced by the horizontal circulation; (I–L) and (M–P) are the same as (E–H) but for those induced by themeridional and zonal
circulations, respectively. (I–L) are δMCDA M, δMCDD M, δTHA M, and δTHD M, and (M–P) areδMCDA Z, δMCDD Z, δTHA Z, and δTHD Z. Units of
the anomalous rainfall caused by changes in the moisture budget components are mm.
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meridional, and zonal circulations is calculated by using Eq. 2. Third,

the residual term δR is calculated by using Eq. 1. More details of the

3P-DGAC method can be obtained in (Hu et al., 2017; Hu et al.,

2018a; Hu et al., 2018b), and a detailed deduction of the novel

moisture budget equation can be obtained in (Han et al., 2021;

Cheng et al., 2022).

3 Quantitative contribution of the
three-pattern circulations to
anomalous rainfall

Figure 2A displays the spatial distribution of the anomalous

rainfall caused by the combined effects of horizontal, meridional,

and zonal circulations (i.e., δP H + δP M + δP Z) during the

“Dragon Boat Water” season in 2022. The spatial distribution of

the anomalous rainfall caused by the three-pattern circulations is

similar to the actual rainfall anomaly, with the spatial similarity

coefficient reaching 0.74 (Figure 1C, Figure 2A). The anomalous

rainfall over SC caused by the three-pattern circulations is

203.3 mm, which is equal to 104% of the actual rainfall anomaly

(195.1 mm), while the anomalous rainfall caused by the residual

term is −8.2 mm, which contributes −4% (Figure 3A), implying that

the total rainfall change in 2022 can be largely explained by the sum

of three-pattern circulations.

Figures 2B–D show the anomalous rainfall caused by the

horizontal, meridional, and zonal circulations, respectively. By

comparing Figures 2A,C, it can be observed that the anomalous

rainfall caused by the meridional circulation is similar to that caused

by the three-pattern circulations, and the spatial similarity coefficient

between Figures 2A,C is 0.82. Additionally, by comparing Figures

2B–D, it can be observed that the meridional circulation contributes

most to the anomalous rainfall, followed by zonal circulation, and

the contribution of the horizontal circulation is the least, implying

that the meridional circulation plays the dominant role in the

anomalous rainfall. The quantitative anomalous rainfall over SC

caused by the horizontal, meridional, and zonal circulations

is −10 mm, 168 mm, and 45.3 mm, which contribute −5%, 86%,

and 23% of the actual rainfall anomaly, respectively (Figure 3A).

Figures 2E–H show the anomalous rainfall caused by the change

in advection (δMCDA H) and divergence (δMCDD H) to the

dynamic term and changes in advection (δTHA H) and divergence

(δTHD H) to the thermodynamic term induced by the horizontal

circulation. By comparing Figures 2B,G, it can be observed that the

anomalous rainfall caused by δTHA H is similar to that caused by

δP H, and the spatial similarity coefficient between Figures 2B,G is

0.89, implying that δTHA H contributes most to δP H.

Figure 2I–L show the anomalous rainfall caused by δMCDA M,

δMCDD M, δTHA M, and δTHD M. By comparing Figures 2C,J,

it can be observed that the anomalous rainfall caused by δMCDD M

is similar to that caused by δP M, and the spatial similarity

coefficient between Figures 2C,J is 0.95, implying that

δMCDD M contributes most to δP M. The quantitative

anomalous rainfall over SC caused by δMCDA M, δMCDD M,

δTHA M, and δTHD M is 0.4 mm, 162 mm, −2.6 mm, and

8.2 mm, which contributes 0%, 83%, −1%, and 4% of the actual

rainfall anomaly, respectively (Figure 3A).

Figures 2M–P show the anomalous rainfall caused by

δMCDA Z, δMCDD Z, δTHA Z, and δTHD Z. By comparing

Figures 2D,N, it can be observed that the anomalous rainfall caused

FIGURE 3
(A) Regionally averaged rainfall anomaly (δP) and the regionally averaged anomalous rainfall caused by changes in the moisture budget
components over SC during the “Dragon Boat Water” season in 2022. δP HMZ represents anomalous rainfall caused by the combined effects of
horizontal, meridional, and zonal circulations (i.e., δP H + δP M + δP Z). δR represents anomalous rainfall caused by the residual term. The physical
meanings of the other terms are the same as those in Figure 2 but for the regionally averaged values. The percentages on the bottom represent
the contributions of changes in the moisture budget components to δP. (B) is the same as (A) but for the results where the upper limit of vertical
integration of Eq. 3 changes to 500 hPa. Units of the rainfall anomaly and anomalous rainfall caused by changes in themoisture budget components
are mm.
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by δMCDD Z is similar to that caused by δP Z, and the spatial

similarity coefficient between Figures 2D,N is 0.79, implying that

δMCDD Z contributes most to δP Z. The quantitative anomalous

rainfall over SC caused by δMCDA Z, δMCDD Z, δTHA Z, and

δTHD Z is 5 mm, 33.4 mm, 2.9 mm, and 4 mm, which contributes

2%, 18%, 1%, and 2% of the actual rainfall anomaly, respectively

(Figure 3A).

Since the moisture mainly exists below 500 hPa (Supplementary

Figure S1), the results where the upper limit of vertical integration of

Eq. 3 changes to 500 hPa are similar to those obtained from Eq. 3

(comparing Figure 2, Figure 4). Additionally, the main conclusions

of the quantitative contribution of the three-pattern circulations to

the anomalous rainfall do not change (comparing Figures 3A,B).

Generally, δP M (meridional circulation) contributes most

to anomalous rainfall over SC, δP Z (zonal circulation) follows,

and δP H (horizontal circulation) contributes negatively.

Additionally, the main contributors to δP H, δP M, and δP Z

are δTHA H, δMCDD M, and δMCDD Z, respectively.

4 Anomalous three-pattern
circulations and underlying
mechanism

4.1 Anomalous meridional and zonal
circulations

Figures 5A–C display the total vertical velocity anomaly

and the vertical velocity anomaly of meridional and zonal

circulations, respectively, during the “Dragon Boat Water”

season in 2022. Figure 5A shows that there exists a zonal

negative velocity anomaly belt over SC, implying that there is

FIGURE 4
Figures 4A–P are the same as Figure 2A–P, except for that the results where the upper limit of vertical integration of Eq. 3 changes to 500 hPa.
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anomalous rising motion over SC. Additionally, the zonal

positive velocity anomaly belt in the north and south of SC,

the zonal negative velocity anomaly belt in the Southern

Hemisphere, and the positive velocity anomaly in the east

of the Malay Archipelago can be observed. Comparing

Figure 1C, Figure 5A, the spatial patterns of the vertical

velocity anomaly and rainfall anomaly are similar, and the

spatial similarity coefficient is −0.76, implying that the

anomalous rainfall is caused by the anomalous vertical

velocity of meridional and zonal circulations. This result is

also supported by Figure 5D since the correlation between

the time series of the regionally averaged vertical velocity

anomaly (multiplied by −1) and rainfall anomaly over SC

during 1979–2022 reaches 0.95. Therefore, the

extremely anomalous vertical velocity over SC leads to

record-breaking “Dragon Boat Water” rainfall in 2022

(Figure 5D).

Figures 5A,B show that the spatial patterns of the total

vertical velocity anomaly and vertical velocity anomaly of

meridional circulation are similar. Additionally, the regionally-

averaged vertical velocity anomaly of the meridional circulation

over SC is –0.064 Pa s−1, which contributes 80% of the total

vertical velocity anomaly (−0.08 Pa s−1), while the regionally-

averaged vertical velocity anomaly of the zonal circulation

is −0.016 Pa s−1, which contributes 20% of the total vertical

velocity anomaly (Figure 5E). The results proposed above are

similar to those obtained from the novel moisture equations. This

is because the vertical velocity anomalies of meridional and zonal

circulations are closely related to δMCDD M and δMCDD Z,

which are the main contributors to the anomalous rainfall, as

shown in Figure 2, Figure 4. This proposal can be proven by the

following deduction. According to Eq. 3, δMCDD M and

δMCDD Z can be written as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

δMCDD M � –
1
ρwg

∫
0

Ps

(q0∇ · δ �VM)dp,

δMCDD Z � –
1
ρwg

∫
0

Ps

(q0∇ · δ �VZ)dp.
(4)

FIGURE 5
(A)Distribution of the vertical velocity anomaly during the “Dragon BoatWater” season in 2022; (B) and (C) are the same as (A) but for the vertical
velocity anomaly of (B) meridional and (C) zonal circulations, respectively. Positive (negative) values in (A–C) represent sinking (rising) motion. The
values in the upper right corners of (A–C) represent the regionally-averaged vertical velocity anomalies over SC. (D) Time series of the regionally-
averaged vertical velocity anomaly (black line) and rainfall anomaly (green line) over SC during 1979–2022. The Y-axis on the left (right)
represents the vertical velocity (rainfall) anomaly. (E) Time series of the regionally-averaged vertical velocity anomaly (black line) and vertical velocity
anomaly of meridional (red line) and zonal (blue line) circulations over SC during 1979–2022. Vertical velocity anomalies in (D) and (E) are multiplied
by −1 for convenience. Units of the vertical velocity anomaly and rainfall anomaly are Pa s−1 and mm, respectively.
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Since the specific humidity mainly exists below 500 hPa, Eq.

4 can be rewritten as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

δMCDD M ≈–
1
ρwg

∫
500hPa

Ps

(q0∇ · δ �VM)dp,

δMCDD Z ≈–
1
ρwg

∫
500hPa

Ps

(q0∇ · δ �VZ)dp.
(5)

The deduction from Eq. 4, to Eq. 5 can be confirmed by

Figure 2, Figure 4. Since q0 represents the climatological specific

humidity during 1981–2010, δMCDD M and δMCDD Z are

mainly controlled by – ∫500hPa

Ps

∇ · δ �VMdp and – ∫500hPa

Ps

∇ · δ �VZdp.

According to the 3P-DGAC method, the meridional circulation
�VM � �jvM + �kωM and zonal circulation �VZ � �iuZ + �kωZ satisfy

the two continuity equations as follows:

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

1
a cosφ

zvM
zλ

+ zωM

zp
� 0,

1
a

zuZ

zφ
+ zωZ

zp
� 0.

(6)

The continuity equations can be rewritten as follows:

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

zωM

zp
� − 1

a cosφ
zvM
zλ

,

zωZ

zp
� −1

a

zuZ

zφ
.

(7)

Therefore, the vertical velocity of the meridional and zonal

circulations at 500 hPa can be calculated as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

ωM � − ∫
500hPa

Ps

1
a cosφ

zvM
zλ

dp � − ∫
500hPa

Ps

∇ · �VMdp,

ωZ � − ∫
500hPa

Ps

1
a

zuZ

zφ
dp � − ∫

500hPa

Ps

∇ · �VZdp.

(8)

Thus, the vertical velocity anomaly of the meridional and

zonal circulations at 500 hPa can be obtained by using the

following equations:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

δωM � − ∫
500hPa

Ps

∇ · δ �VMdp,

δωZ � − ∫
500hPa

Ps

∇ · δ �VZdp.

(9)

Since δMCDD M and δMCDD Z are the main contributors

to anomalous rainfall (Figure 2, Figure 4) and δMCDD M and

δMCDD Z are mainly controlled by –∫500hPa

Ps
∇ · δ �VMdp and

–∫500hPa

Ps
∇ · δ �VZdp (i.e., δωM and δωZ at 500 hPa), the spatial

patterns of the vertical velocity anomaly and the rainfall anomaly

are similar. Additionally, the similarity between the quantitative

contributions of the meridional and zonal circulations to the

vertical velocity anomaly and those to the anomalous rainfall can

also be explained.

4.2 Anomalous horizontal circulation

As proposed in the previous section, anomalous rainfall is caused

by the anomalous vertical velocity of meridional and zonal

FIGURE 6
(A) Distribution of the horizontal circulation anomaly at 500 hPa during the “Dragon Boat Water” season in 2022. Shading and vector represent
the stream function anomaly and wind anomaly of the horizontal circulation; (B) is the same as (A) but for the distribution of the vertical vorticity
anomaly of horizontal circulation at 500 hPa. Units of the stream function, wind, and vorticity anomalies are 10−6 s−1, m s−1, and 10−6 s−1, respectively.
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circulations; thus, the cause of the anomalous vertical velocity is

investigated in this section. Figure 6 displays the horizontal

circulation anomaly and vorticity anomaly at 500 hPa during the

“Dragon BoatWater” season in 2022. Figure 6 shows that affected by

the continental high, anomalous anticyclonic circulation and negative

vorticity exist over the region north of SC, which can result in

anomalous divergence (convergence) in the lower (higher)

troposphere (Figures 7A,B) and further anomalous sinking

motion (Figure 5A). Over SC, affected by the anomalous

continental high, anticyclonic circulation in the western Pacific,

FIGURE 7
(A),(B) Distribution of the divergence anomaly (shading) and wind anomaly (vector) of the vertical circulation (i.e., the meridional and zonal
circulations) at (A) 850 hPa and (B) 200 hPa during the “Dragon Boat Water” season in 2022; (C),(D) and (E),(F) are the same as (A),(B) but for the
distribution of the divergence anomaly of the meridional and zonal circulations, respectively. Units of the divergence and wind anomalies are 10−6 s−1

and m s−1, respectively.
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and the trough north of the western Pacific anticyclone, anomalous

cyclonic circulation and positive vorticity exist, which can result in

anomalous convergence (divergence) in the lower (higher)

troposphere and further anomalous rising motion. In the western

Pacific and the area southeast of southern India, anomalous

anticyclonic circulation and negative vorticity exist, which can

result in anomalous divergence (convergence) in the lower

(higher) troposphere and further anomalous sinking motion.

Between 5°S and 5°N, except for the region east of the Malay

Archipelago, anomalous cyclonic circulation and positive vorticity

exist, which can result in anomalous convergence (divergence) in the

lower (higher) troposphere and further anomalous rising motion.

Generally, the spatial configuration of the anomalous horizontal

circulation provides the background for the generation of the

anomalous vertical velocity.

Additionally, the anomalous divergence of the meridional

circulation is similar to that of the vertical circulation

(i.e., meridional and zonal circulations) and is larger than that of

the zonal circulation (Figures 7A–F), which corresponds to the

dominant role of meridional circulation in influencing anomalous

rainfall during the “Dragon Boat Water” season in 2022.

4.3 Correlation analysis

To verify the mechanism proposed above, correlation analysis is

conducted. Figure 8 displays the correlation maps between the

regionally averaged rainfall anomaly over SC and different

variables during 1979–2022. By comparing Figure 8A, Figure 6A,

the main characteristics of the spatial configuration are found to be

similar, i.e., the anomalous continental high and the trough north of

the western Pacific anticyclone in the mid–high latitudes, the

anomalous anticyclonic circulation over the western Pacific and

the area southeast of southern India in the subtropics, and the

anomalous cyclonic circulation south of 5°N. The similarity of the

spatial configurations of the anomalous horizontal circulation also

leads to the similar spatial configuration of the vertical vorticity

(Figure 8B, Figure 6B). Furthermore, the spatial configuration of the

anomalous horizontal circulation and vertical vorticity leads to the

anomalous divergence of meridional and zonal circulations (Figures

8C–F and Figures 7C–F) and further anomalous vertical velocity of

the meridional and zonal circulations (Figures 8G,H and Figures

5B,C), which finally results in anomalous rainfall (Figure 1E).

Additionally, the similarity between Figure 1E, Figure 8G

corresponds to the findings that the meridional circulation

dominates the anomalous rainfall during the “Dragon Boat

Water” season in 2022.

5 Summary and conclusion

During the “Dragon Boat Water” season in 2022, record-

breaking anomalous rainfall existed over SC and was

accompanied by the zonal negative rainfall anomaly belt in

the north and south of SC, the zonal positive rainfall anomaly

belt in the Southern Hemisphere, and the negative rainfall

anomaly in the east of the Malay Archipelago. In this study,

FIGURE 8
Correlation between the regionally averaged rainfall anomaly
over SC and different variables during 1979–2022. (A) Horizontal
circulation anomaly at 500 hPa. Shading and vector are for the
stream function anomaly and wind anomaly of the horizontal
circulation. (B) Vertical vorticity anomaly of horizontal circulation
at 500 hPa. (C),(D) Divergence anomaly of meridional circulation
at (C) 850 hPa and (D) 200 hPa. (E),(F) are the same as (C),(D) but
for the zonal circulation. (G),(H) Vertical velocity anomaly of the
(G)meridional and (H) zonal circulations at 500 hPa. Black (purple)
dots over the shading represent that those correlation coefficients
are significant above the 95% (90%) confidence level based on
Student’s t test.
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the causes of anomalous rainfall are investigated by using the

novel moisture budget equation of three-pattern circulations, and

the following conclusions are obtained.

(1) The anomalous rainfall over the SC caused by the horizontal

(δP H), meridional (δP M), and zonal (δP Z) circulations

are −10 mm, 168 mm, and 45.3 mm, which contribute −5%,

86%, and 23% of the actual rainfall anomaly (195.1 mm),

respectively, suggesting that δP M contributes most to

anomalous rainfall, δP Z follows, and δP H contributes

negatively.

(2) The dynamic terms caused by the anomalous divergence of

meridional (δMCDD M) and zonal (δMCDD Z)

circulations are the main contributors to δP M and δP Z,

while the thermodynamic term caused by the anomalous

vapor advection of horizontal circulation (δTHA H) is the

main contributor to δP H.

(3) Since δMCDD M and δMCDD Z are largely determined by

the anomalous vertical velocity of the meridional and zonal

circulations according to the novel moisture budget equation

and continuity equation, and δMCDD M and δMCDD Z

are the main contributors to anomalous rainfall, the

anomalous vertical velocity leads to anomalous rainfall.

(4) The spatial configuration of the anomalous horizontal

circulation and vertical vorticity provides the background

for the generation of the anomalous divergence of

meridional and zonal circulations and further the

anomalous vertical velocity of the meridional and zonal

circulations, ultimately resulting in anomalous rainfall.

It should be noted that the external forcings that cause

anomalous horizontal, meridional, and zonal circulations are not

investigated in this study and should be explored in the future.
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Trend and spatial-temporal
variation of drought
characteristics over equatorial
East Africa during the last
120years
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Centennial drought characteristics in Equatorial East Africa (EEA) is investigated

using the Standardized Precipitation Evapotranspiration Index (SPEI) derived

from the Climatic Research Unit (CRU) dataset. The spatial pattern of drought

distribution, as well as drought duration, intensity and frequency, are analyzed

for SPEI at a 3-month timescale for March-April-May (MAM) season. Rotated

Empirical Orthogonal Function (REOF), Mann-Kendall method (MK), and

wavelet analyses are used to study drought’s spatial pattern, trend, and

periodicity. The result of the principal component analysis returned six

homogenous drought sub-regions. A low drought frequency characterizes

EEA (<20%). The drought in the MAM season lasts between 2.2 and

2.8 months. Overall, the result showed a weak long-term drying trend for

most parts of EEA that were significant in some sub-regions and insignificant

in others. An increase in drought areal extent after the 1980s could be ascribed

to the increase in potential evapotranspiration (PET) and is consistent with the

negative trend in SPEI value over the six sub-regions. The apparent increase is

mainly attributed to the increase in moderate and severe droughts area rather

than extreme drought areas. The spectral analysis further reveals that inter-

annual drought variability with periodicities less than 8 years dominates in all

sub-regions of Equatorial East Africa, which is associated with the critical role of

El-Niño in driving the drought variations in EEA.
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drought trend, drought variability, SPEI, equatorial East Africa, rotated empirical
orthogonal function (REOF)
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1 Introduction

Drought is an extreme event characterized by a protracted

period of insufficient water supply emanating from erratic and

irregular rainfall distribution, high evapotranspiration and

higher demand for water than supply (Bhuiyan, 2009). Unlike

other meteorological disasters, drought developed slowly and is

only recognized once its effect on the environment and

population is felt. It places an immense burden on agricultural

production, water resource, energy production and causes

damage to the ecological environment (Iglesius et al., 2001;

Winslow et al., 2011). Droughts may emanate from a

combination of drivers of climate variability and

anthropogenic forcing and, as such, cannot be blamed on one

driver alone. Beyond the drought itself, the extent of the impact

depends on the vulnerability and exposure of societies. Poor land

management practices can also worsen the drought and lead to

soil degradation (Cook et al., 2009). Dai (2013) suggested that the

warming trend since the 1980s has led to the expansion of global

drought areas by about 8%. Many studies reported more frequent

and severe droughts in different regions in the 21st century as the

global mean surface temperature continues to rise (Sheffield

et al., 2012; Cook et al., 2015; Schwalm et al., 2017; Trenberth

et al., 2013).

Equatorial East Africa (hereafter, EEA) is among the

drought-sensitive regions owing to the large interannual

rainfall variability. The observed variability has been

characterized by the region’s increased frequency and intensity

of extreme events (Nicholson, 2014). In addition, as much as 69%

of East Africa may be classified as arid and semi-arid, with annual

rainfall less than 50% of the mean annual potential

evapotranspiration (UNDP/UNSO, 1997). The demand for

water resources is increasingly under pressure owing to

population growth and the region’s larger interannual rainfall

variability. Severe drought has occurred in East Africa in recent

decades, and the events have direly impacted socio-economic

activities in the region. Funk et al. (2014) reported that East

Africa experienced drought for 8 years between the 1990s and

2000s. The economic impact of drought has been significant. For

instance, Mogaka et al. (2006) estimated the 1998–2000 drought

episode over East Africa caused agricultural losses estimated to be

worth USD 370M. On the other hand, the 2008–2011 dry

conditions affected over 13 million people in the region and

led to a severe shortage of water, food and pasture, leading to loss

of life and livelihood (AghaKouchak, 2015; Uhe et al., 2017).

These losses and the impact of earlier severe droughts, such as

1983/84, highlight the region’s susceptibility to drought.

East Africa has shown a neutral to slight decline in rainfall

(Lyon and Dewitt, 2012; Yang et al., 2014; Tierney et al., 2015).

Nicholson (2014) reported that the first decade of the 21st

century experienced an increased frequency of below-average

rainfall that lasted over a longer time in the Greater Horn of

Africa (GHA) region. The reduction in rainfall, coupled with the

increase in regional temperature, has increased the frequency and

intensity of drought over the region. For example, Mpelasoka

et al. (2018) linked the region’s drought-like crises to rainfall

reduction. Several studies have attempted to explain the causal

mechanisms of these droughts and the observed rainfall

variability. For instance, it is a well-established fact that La-

Niña suppresses rainfall over East Africa (Ogallo, 1989). Lyon

(2014) reported that the post-1998 decline in rainfall is strongly

driven by natural multi-decadal variability in the tropical Pacific

Ocean rather than anthropogenic climate change. Hastenrath

et al. (2005, 2010) reported that the surface equatorial westerlies

were fast during the 2005 and 2008 droughts. Consequently, they

linked the 2005 and 2008 droughts to the fast-moving westerlies,

often accompanied by anomalously cold waters in the

northwestern and warm anomalies in the southeastern Indian

Ocean. Lyon (2014) further found that sea surface temperature

(SST) anomalies in the tropical Pacific and Indian Oceans shows

a strong association with October-November-December (OND)

season drought, especially in locations that have a bimodal

rainfall pattern. The study also reported that this influence

depended on the ability of ENSO to affect SSTs outside the

Pacific. Wainright et al. (2019) reported that the decrease in

rainfall results from the late onset and early withdrawal of

rainbands over East Africa. Williams and Funk (2011) link

the reduction in rainfall to the enhanced warming of Indian

Ocean sea surface temperature (SST), which they argue is driven

by anthropogenic emissions.

Defining drought is complicated due to its complex nature.

Among the indices developed to monitor and characterize

drought, the Standard Precipitation Index (SPI; McKee et al.,

1993), the Standardized Precipitation Evapotranspiration Index

(SPEI; Vicente-Serrano et al., 2010) and the Palmer drought

severity index (PDSI; Palmer, 1965) are the popular and the

commonly used. However, PDSI has limitations such as having a

fixed time scale, limited spatial comparability, and dependent on

data calibration (Wells et al., 2004; Andreadis et al., 2005). On the

other hand, SPI boasts simple calculations but is solely based on

rainfall. Indeed, Ntale and Gan (2003) recommended using SPI

over East Africa owing to its ability to produce more consistent

spectral patterns, modest data requirements and adaptability to

the local climate. However, while changes in rainfall patterns

broadly define drought, processes such as temperature and wind

speed determine water availability by controlling the

evapotranspiration rate, thus affecting the drought. Given this,

the SPEI drought index is adopted in the current study, which

incorporates a water balance making it suited to quantify drought

much better (Beguería et al., 2013).

Studies that give spatial and temporal variability of drought

in the region are limited. Most studies focus on explaining the

drivers responsible for a drought event or declining rainfall in the

region. In addition, most of the earlier studies are confined to

watersheds scale or larger areas (e.g. GHA) but with different

climate zones. Despite the increasing drought risk, the intrinsic
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characteristics of East Africa climate zones have been given little

or no attention in past drought studies. For instance, Mpelasoka

et al. (2018) found regional differences in the probability of

occurrence of drought year over the GHA region, while

Gebremeskel et al. (2020) reported differences in drought

trends for individual East Africa countries. This shows that

while a large-scale forcing may drive the regional drought, the

local response may lead to variation in drought intensity.

However, studies on the entire region or country level led to a

loss of information on the uniqueness of climate regime-specific

responses. Consequently, to address this, the current study

classifies East Africa into homogenous sub-regions using

principal component analysis and varimax rotation and

proposes the drought characteristics for each zone.

In addition, studies show that successive seasons are

uncorrelated over East Africa; thus, drought development in

one season does not guarantee its persistence to the next

season (Nicholson et al., 2014; Lyon, 2014). Given this, the

current study focuses on the spring season (March-April-May,

MAM) drought characteristics over East Africa using the

centennial drought dataset since 1901. The season locally

referred to as Masika, corresponds to the primary planting

season for major food crops across East Africa when moisture

availability is critical for the plant’s growth (Supplementary

Figure S1).

Specifically, the study aims to analyze the spatio-temporal

characteristics of drought events over EEA-during

1901–2020 using the SPEI index at regional and sub-regional

scales and further delineate the possible relationship between

SPEI and key regional climatic indices. The paper is organized as

follows. Section 2 describes the data and analysis methods, while

Section 3 discusses the region’s characteristics and dynamics of

droughts. Finally, Section 4 gives a summary and concludes the

research findings.

2 Study area, data and methodology

2.1 Study domain

The current study defines Equatorial East Africa (EEA) as

the area bounded by Kenya, Uganda, Tanzania, Rwanda, and

Burundi (28.5oE-42oE, 12oS-5.5oN) as shown in Figure 1.

Rainfall in most of EEA shows a bimodal seasonal

distribution pattern influenced by the seasonal movement

of the Inter-Tropical Convergence Zone (ITCZ; Mutai and

Ward 2000; Camberlin and Philippon 2002). This movement

of ITCZ is accompanied by a change in wind direction that

brings in moisture from the adjacent Indian Ocean. The

rainfall peaks occur in March-May and October-December

seasons and are separated by short dry periods in June and July

and January and February. The mean annual precipitation

varies from about 400 mm in the eastern and northern parts of

Kenya to more than 2800 mm over the Lake Victoria basin.

The region is dotted with lakes, key among them L. Victoria

which drives a local land/lake breeze that controls the

convective activities around the lake basin (Anyah et al.,

2006; Onyango et al., 2020). On the other hand, the

Kenyan highland deflects the cross-equatorial flow

strengthening it during boreal summer (Peagle and Geisler,

1986; Chakraborty et al., 2009).

2.2 Data

While in situ rainfall data remains the most accurate, the

gauge network density in EA is sparse, thus inadequate to

describe drought’s spatial distribution accurately. In addition,

the limited length and inconsistency in the observational data

(Schreck and Semazzi, 2004; Shilenje and Ongoma, 2016) limit

our ability to assess the long-time observed drought changes over

the region. In this study, the monthly rainfall and potential

evapotranspiration data from CRU TS 4.05 (Harris et al.,

2014) were used to calculate the drought index.

One of the reasons for using CRU data is because it

includes all the climate variables that allow for the SPEI

index computation. Secondly, all grid points have complete

data over a 120-year long period during 1900–2020 with

relatively higher resolution of 0.5° x 0.5°. Meanwhile, the

PET data from CRU uses the FAO-recommended Penman-

Monteith method that incorporates daily temperature,

radiation, humidity and wind speed. Moreover, the CRU

dataset performs relatively well in hydrometeorological

studies over East Africa. Ongoma and Chen (2017) found

that CRU data outperforms the GPCC dataset in reproducing

the East Africa rainfall cycle. The CRU dataset has also been

widely used for climate variability studies over East Africa,

including the rainfall decadal variation and the model

performance evaluation (e.g., Yang et al., 2014; Ayugi

et al.,2020; Mbigi et al., 2022). It is noted that, the spring

season in this study refers to March, April and May (MAM).

Monthly Nino3.4 and PDO indices data were obtained from

the NOAA Climate Prediction Center (https://psl.noaa.gov/

gcos_wgsp/Timeseries/).

2.3 Method

2.3.1 Definition of drought index
The study used SPEI to define drought during the MAM

season. The index was estimated using the monthly rainfall and

the potential evapotranspiration (PET) for 1901–2020. SPEI is

based on a water balance approach and uses the difference

between rainfall and potential evapotranspiration (PET) to

analyze the dry and wet spells over multiple timescales

(Vicente-Serrano et al., 2010). The index is computed by
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subtracting potential evapotranspiration from corresponding

rainfall and summing up the result with a moving window of

width equivalent to the user-specified timescale known as the

accumulation period. The accumulated monthly values are then

fitted to a parametric statistical distribution where non-

exceedance probabilities are transformed into a standard

normal distribution (McKee et al., 1993; Guttmann, 1998).

The parameter of the Log-logistic distribution function is

adopted here to fit cumulative probability distribution

aggregated over 3-month rainfall time series. SPEI values were

computed using the R package developed by Vicente-Serrano

et al. (2010).

To obtain the drought classification, the SPEI drought

index was firstly calculated from CRU hydrometeorological

observations, then the drought category was further classified

based on the predefined threshold on the SPEI index value as

defined by Vicente-Serrano et al. (2010), and was shown in

Table 1. We adopted the run model (Yevjevich, 1967) to define

the drought-related characteristics for our study period. Here,

drought is considered anytime the SPEI value equals or less

than −1 and ends when the value is above this threshold. Once

a drought event is detected, it is assigned drought

characteristics. These are drought duration, the number of

consecutive months in which the SPEI value remains below

the threshold value. At the same time, the area under the curve

represents the magnitude of drought severity. The ratio of

drought severity to its duration gives the drought intensity.

SPEI3 values from May 1901–2020 were used to analyze

drought in this study.

2.3.2 Rotated empirical orthogonal function
analysis

Due to the high dimensionality and non-linearity of

hydrometeorological data (Hannachi et al., 2007), the

Empirical Orthogonal Function (EOF) is commonly used to

systematically decompose data into a smaller set of variables

that explain most of the original variance. However, EOF often

exhibits subdomain instability, domain shape dependence, and

sampling problems that may hamper their utility in isolating

individual modes of variation (Richman, 1986). Consequently,

the Rotated Empirical Orthogonal Function (REOF)

methodology has been applied to the SPEI dataset in this

study to identify the regions with similar drought features.

REOF is computed by the rotation of eigenvectors obtained in

the EOF analysis to achieve a more stable localized pattern that

retains its orthogonality. The number of EOF retained for

rotation is decided based on the rule of thumb (North et al.,

1982) and the cumulative proportion of variance explained by the

principal components.

2.3.3 Wavelet analysis
In general, the variation of SPEI can be analyzed using

Fourier transform. However, owing to the intricacy of factors

from which the drought arises, its time series may exhibit non-

stationary properties (Abdourahamane, 2018). The time series of

REOF is analyzed in a time-frequency domain using continuous

wavelet transform (CWT) to identify the periodicity. CWT

transforms the temporal drought variability pattern onto a

time-frequency plane where their duration and dominant

periodicities can be easily identified.

Further, the study investigated the relationship between the

Niño3.4 index, a leading mode of regional interannual variability,

and SPEI using wavelet coherence (WCO; Torrence and Compo,

1998; Grinsted et al., 2004). WCOmeasures the time and scale of

interaction between two processes as a function of frequency and

may be taken as a decomposition of the correlation coefficient

across multiple timescales (Casagrande et al., 2015). We adopt

the Morlet wavelet function due to its ability to balance time and

frequency. The analysis was tested for significance using Monte

Carlo techniques at a 95% confidence level. The WCO values

range from zero to one, and a closer value to one shows a higher

correlation.

2.3.4 Trend analysis
The long-term wetting and drying trend were estimated at

each grid point over EEA for the study period 1901–2020 using

the non-parametric Mann-Kendall test (MK; Mann 1945;

Kendall 1975). The MK test is a non-parametric test that

applies to all types of distribution. Due to its low sensitivity,

MK does not require samples to conform to any particular

distribution. It is also less sensitive to the missing values

making it appropriate for studying hydrometeorological

variables. The mathematical description of the MK method

can be found in Gao et al. (2020).

3 Results

3.1 Regionalization of spring drought
characteristics over EA

In order to clarify the sub-regional difference in drought

characteristics over EEA, this study adopted the maximum

TABLE 1 SPEI classification.

SPEI value Drought classification

SPEI ≤ −2.00 Extremely dry

−1.99 ≤SPEI≤-1.5 Severely dry

−1.49 ≤SPEI≤-1.0 Moderately dry

−0.99 ≤SPEI≤ 0.99 Near normal

1.0 ≤SPEI≤ 1.49 Moderately wet

1.5≤SPEI≤ 1.99 Severely wet

SPEI ≥ 2.00 Extremely wet
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loading rule (Vincent Serrano, 2006) to identify the sub-regional

boundaries for drought analysis. Figure 2 presents the spatial

pattern of the top six dominant REOF modes that were well-

demarcated and shows clear spatially disjunctive patterns that

did not overlap when a loading threshold of ±0.05 was applied.

The six modes explained approximately 77.9% of the total

variance in the original SPEI series. The leading mode of

variability explains 18.5% of the total variance and has a

maximum magnitude in northeastern Kenya. The second

mode represents the south of Lake Victoria basin, central and

western Tanzania and explains 18.3% of the total variance. The

third mode represents Kenya and Tanzania’s coastal strip and

explains 12.9% of the total variance. The fourth mode explains

10.1% of the total variance and has its center in western Kenya,

Central and northern Uganda. The fifth mode has its maximum

magnitude in southern Tanzania and explains 9.9% of the total

variance. Lastly, the sixth mode has the largest magnitude in

south Uganda, Rwanda and Burundi.

For brevity, the zones were named as follows; Northern

Kenya (NK; REOF1), Central Region (CR; REOF2), Coastal

Strip (CS; REOF3), Northern Uganda (NU; REOF4), Southern

Tanzania (ST; REOF5) and Western Sector (WS; REOF6). We

further performed a Spearman correlation between the rotated

principal component (RPC) for each dominant REOF mode and

the averaged SPEI values corresponding to each region. The

correlation coefficients were generally higher than 0.70, except

for the NU Region, with a coefficient value of 0.46. The high

correlation coefficients between any two corresponding regions

imply that the demarcation is appropriate for studying regionally

homogeneous drought characteristics.

3.2 Spatial pattern of drought
characteristics

The estimated SPEI values were used to characterize drought

based on frequency, intensity and duration for the analysis

period. The spatial distribution of drought characteristics over

EA is shown in Figure 3, with lower drought frequency (<20%)

found over the region. More specifically, the frequency is

relatively lower in the WS sub-region, with a value below

14%. Conversely, CR, NU, ST, and NK sub-regions have a

relatively higher frequency (15–20%) of drought occurrence

(Figure 3A). The frequency has a maximum magnitude of

~20% in the CR region at the border of Kenya and Tanzania.

On the other hand, Figure 3B reveals that drought in the MAM

season lasts between 2.2 and 2.8 months. Drought rarely occurs

in all months of the season as it coincides with the long rainfall

season when the region receives its maximum rainfall. Higher

drought duration occurs mostly in NU, with a large portion of the

sub-region having an average duration of 2.7 months. Parts of the

western CR and southern WS sub-regions also experience a high

FIGURE 1
Geographical location and elevation map for East Africa and Equatorial East Africa.
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average drought duration of 2.6 months. The CS region shows

the lowest drought frequency relative to the other sub-region,

with the highest duration of approximately 2.2 months.

Figure 3C shows that CR and NK sub-regions exhibit

relatively lower drought intensity (~1.44/month) than the rest

of EEA, while the WS shows the largest intensity (1.6/month).

Generally, the higher frequency and lower intensity of drought in

the CR and NK sub-regions indicates that the zones experience

more droughts that are less intense, probably due to the reduced

rainfall received in the season. In contrast, the NU sub-region

showed higher frequency that lasted a relatively longer duration

hence the large drought intensity over the region during the

MAM season.

3.3 Spatial distribution of drought trends

The spatial distributions of the drought trend for the entire

study period are mapped in Figure 4. The linear trend of MAM

SPEI3 majorly returned drying over EA. The trend is

insignificant at a 95% confidence level in most parts of EA

except southwestern Tanzania, northern Tanzania and parts

FIGURE 2
Spatial patterns of the six leading Rotated Empirical Orthogonal Function (REOF) modes of SPEI3 over equatorial East Africa. (A) is the leading
mode representing NK, (B) the second mode representing CR, (C) the third mode representing CS, (D) the fourth mode representing NU, (E) the fifth
mode representing ST and (F) the sixth mode representing WS. The solid blue line indicates the boundary of sub-regions based on the spatial pattern
of the leading REOFs. CC gives the temporal correlation coefficients between the rotated principal component and the corresponding
averaged SPEI values over the sub-region.

Frontiers in Earth Science frontiersin.org06

Omondi and Lin 10.3389/feart.2022.1064940

157

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1064940


of northern Kenya and Uganda, where the magnitude is

about −0.008/yr (Figure 4B). The result shows that most

regions had a mild to moderate increase in drought.

Conversely, a small region north of Lake Victoria Basin and

southeastern Tanzania shows a weak wetting trend of about

0.002 years−1. Lake Victoria is known to control the diurnal

variation of rainfall in the surrounding area, making the basin

wetter than the surrounding. Skliris et al. (2016) found that the

Lake makes its basin wetter relative to other regions through the

“amplification of the water cycle” that occurs at a slower rate due

to global warming. Figure 4B reveals a mixture of an increasing

and a decreasing trend in drought duration that is largely

insignificant over EA. CS sub-region mainly shows an increase

in drought duration with an annual trend reaching 0.008/yr for

FIGURE 3
Spatial patterns of MAM seasonal mean (A) drought frequency (B) Drought duration and (C) drought intensity over Equatorial East Africa during
the 1901–2020 period. The solid red line indicates the boundary for various sub-region.

FIGURE 4
Spatial pattern of Mann-Kendall (MK) trend for (A) SPEI, (B) Drought duration and (C) Drought Intensity over equatorial East Africa during the
1901–2020 period. Cross-hatching shows regions where trends are significant at a 95% confidence level.
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some areas that exhibit a significant trend. Similarly, the NK

sub-region shows a positive trend in most parts but appears

insignificant, with an annual trend value of about 0.004/yr.

Figure 4C shows that drought intensity also shows a

combination of both downward and upward trends. The

reduction in intensity is mainly located in northwestern

Kenya (~0.006/yr) and parts of western CR sub-regions

(~0.003/yr), where the trend is significant. The decreasing

trend is mainly located in WS and western parts of NU sub-

regions, where the trend is as high as 0.007/yr.

3.4 Temporal variation of drought indices
over EA

The time series of SPEI in different sub-regions may help

understand the temporal evolution of drought indices at a sub-

domain scale and their regional differences. Figure 5 gives the

temporal evolution of SPEI over the six sub-regions. The linear

trend line and the local regression (LOESS) curves with 11 years

are fitted to the SPEI time series to represent the linear and non-

linear patterns of SPEI. From Figure 5, we can find that the

SPEI3 drought index shows considerable inter-annual variation

between wet and dry years. Meanwhile, the 11-year loess curve

reveals that negative SPEI3 values have dominated the SPEI

evolution since the 1980s in all sub-regions. This indicates that a

large portion of EEA is gradually becoming drier in recent

decades. The evolution of the SPEI drought index reveals the

widespread drought events over EA in 1902, 1921, 1924/25, 1933,

1943, 1949, 1953, 1955, 1961, 1969, 1971/73, 1976, 1983/84,

1992/93, 2000/01, 2004/05, 2007/09, 2011/2012, 2014, and 2017.

The drought events identified in the second half of the 20th

century correspond well with the findings of previous studies

(e.g., Nicholson, 2014; Agutu et al., 2017).

Regarding the regional differences, even more, drought

years were identified in different years. For instance, the NK

FIGURE 5
Temporal evolution of SPEI3 over six sub-regions of equatorial East Africa (A)NK, (B)CR, (C) CS, (D) ST, (E)NU and (F)WS. The red line shows an
11-year smoothed LOESS line, and the trend (blue) shows the rate of change of SPEI based on the Mann-Kendall trend test. p values with an asterisk
(**) show statistically significant trends at a 95% confidence level.
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sub-region had drought events in 1928/29,

1938,1945,1976,1980, and 1999 (Figure 5A); CR had

droughts in 1909 and 1993 (Figure 5B); CS had droughts in

1961 and 1962 (Figure 5C). For ST, more drought can be

found in 1919, 1954, 1957, 1964, 1970, and 1988 (Figure 5D);

for NU in 1905, 1939, 1943, and 1953 (Figure 5E) and WS in

1901, 1904, and 2020 (Figure 5F). Generally, many years

identified as having sub-regional droughts had negative

SPEI values in some of the sub-regions that did not satisfy

our drought threshold. This indicates that while there would

be a large-scale driver of drought in a particular year, each

zone’s distinct interaction with the local physical mechanism

may suppress or enhance the dry condition. The time

evolution of SPEI shows a weak negative trend in all the

sub-regions. The trend is significant in CR (0.005/yr.), CS

(0.006/yr.), and ST (0.005/yr.) and insignificant in NK (0.003/

yr.), NU (0.001/yr.) and WS (0.004/yr.).

3.5 Temporal variation of the drought area

The areal drought extent was computed as a ratio of grid points

with SPEI values less than −1 to the total number of all the grid

points in that sub-region. Figure 6 shows the time series of

percentage drought areas for the six sub-regions of EEA, we can

find that the area affected by drought fluctuated significantly year by

year, with magnitude ranging between 0% and 95% for the six sub-

regions during the study period. Meanwhile, increasing trend of

drought affected areas can also be found for all six sub-regions.

The variability of the drought area suggests that the positive

linear trend observed may not be monotonous during the entire

study period. Moreover, the high percentages of drought areas

experienced in the later stages of the study period are likely to

affect changes in the slope of the linear fitting. Consequently, we

performed a non-linear trend analysis using singular value

decomposition (SSA) for each sub-region separately. We chose

FIGURE 6
Temporal Evolution of percentage area under drought (PAD) for (A) NK, (B) CR, (C) CS, (D) ST, (E) NU and (F)WS sub-regions of the equatorial
East Africa. The blue line denotes the reconstructed area under drought using the leading SSA principal component, while the black curve is the trend
in the percentage drought area.
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a window frame of 11 years and reconstructed the time series

using the dominant mode to represent the time evolution of the

series better. Figure 6 reveals a gradual rise in the area under

drought for NK, CS, ST, and NU sub-regions, while the CR and

WS show a flat curve, with relatively smaller increasing trends.

The percentage drought areas can further be categorized into

four classes, i.e., moderate, severe and extreme drought area. For

each category, the percentage area is obtained by comparing the

total number of grids under that specific category to the total

number of grids in each year. The result revealed that the total

increase of percentage drought area is dominated by an increase

in the area under moderate and severe droughts, rather than that

under extreme drought (Supplementary Figure S2).

In most regions with larger increasing trend of percentage

drought area extent, large spatial extension of drought can be also

found after the 1980s. Previous study suggested that the decadal

variation of rainfall anomalies in East Africa could be linked to

the Pacific decadal oscillation (PDO; Bahaga et al., 2018). To

understand the potential linkage between drought variation in

EEA and PDO, the time series of the PDO index and 11-year

running mean SPEI3 drought index over EEA region during

1900–2020 is presented (Supplementary Figure S3). It is found

that the correlation between PDO index and SPEI drought index

is weak during the whole study period, with temporal correlation

coefficient of only 0.17. However, the correlation increase to

around 0.88 after 1980. These suggest that the PDO signal can

enhance the drought extension after 1980s, but this relationship

is not significant over the whole time period.

3.6 Contribution of PET and rainfall to the
drought

Based on the SPEI definition, the driving factors considered

were rainfall and PET and, thus, their contribution to the total

drought area. However, the influence of PET and rainfall on SPEI

depend on their independence from one another (Cook et al.,

2014). To quantify the contribution of rainfall and PET on SPEI-

based drought changes, we adopted the detrending method

described by Hamlet and Lettenmaier (2007), which references

the SPEI by incorporating changes in either variable. To isolate

the impact of rainfall, we calculated the SPEI index using the

original data that retained the transient changes in rainfall and

detrended PET and named it SPEI-PRE. Similarly, to isolate the

impact of PET, SPEI was calculated using detrended rainfall and

the original values of PET and referred result as SPEI-PET.

As shown in Figure 9, the combined effects of rainfall and

PET on drought either reinforced the area under drought (mid-

20th century) or acted in opposition (beginning and end of the

20th century) to mitigate the effect of each other for most regions

in EEA. Additionally. Figure 7 also reveals that in the first half of

the 20th century, the percentage of drought area computed using

detrended rainfall (PET) was higher (lower) than the observed

conditions in all six regions. Consequently, the findings suggest

that lower PET values reduced drought intensity. However, the

result reverses in the post-1975 period, where the increase in PET

had a positive effect on drought, indicated by the rise in drought

area calculated using varPre. Therefore, the apparent increase in

areal drought extent in the post-1980s may be attributed to the

high evaporative demands that exert greater stress on an already

declining rainfall, thus exacerbating the drought severity. The

impact of PET was pronounced in CR, NK, WS, and NU regions

(Figure 7).

To explore the impact of PET on areal drought extent further,

we compared the area under drought computed using SPEI to

that SPI index (Supplementary Figure S4). The result shows

divergent evolution of the percentage of land area affected by

drought defined by the two indices. Furthermore, the result

indicates that since the 1950s, the SPEI index has

progressively identified more drought extent, thus pointing to

the role of PET in the increase of drought coverage in all the sub-

regions. Therefore, the apparent growth in drought areal extent

in the post-1980s may be attributed to the high evaporative

demands that exerted significant stress on an already declining

rainfall, thus exacerbating the drought severity.

3.7 Variability of spring drought and its
relationship with climate indices

REOF helps identify drought variability patterns but fails to

provide information on the periodicities of the observed variabilities.

Consequently, we apply the wavelet analysis to isolate dominant

periodicity in the drought records and identify the coherence

between drought and teleconnection indices. Figure 8 shows the

result of the wavelet power spectrum of spatially averaged

SPEI3 over the six sub-regions. The thick black line encloses

values that have passed the red noise test at a 95% confidence

level as determined by the Monte Carlo process (Jevrejeva et al.,

2003). However, the Cone of Influence (COI) gives the region

potentially influenced by the edge effect of data during wavelet

transformation, and the area inside it provides an accurate time-

frequency representation of the data. In contrast, the area outside it

suffers from edge effects, thus unreliable.

For the NK sub-region (Figure 8A), a significant power

region exists in the 3 years band in the 1920s, increasing to a

periodicity of 6 years in the 1940s before decreasing and decaying

by 1955. In addition, there is a strong amplitude between the

1970s and 1985 in the 4 years band and a weak amplitude in the

8 years band between 1940 and 2000s. Figure 8B shows that for

the CR sub-region, significant power regions are distributed in

the 3–6 years band between 1920 and 1950 and a 9–14 years band

between the 1960s and 1990s. Figure 8C shows intermittent wave

spectra between 1901 and 1980 in the CS sub-region. A weak

8–12 years band exists between 1960 and 2010, as well as a strong

band outside the cone of influence in the 30–48 years band.
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Figure 8D shows the local wavelet spectra in the 2–7 years band

for the NU sub-region. The result appears weak throughout the

study period except in 1920, 1930–1950, and 1980–1985. For the

ST sub-region, the local wavelet spectra are in the 2–6 years band

and 8–30 years band between 1950 and 2000 (Figure 8E). The

inter-annual periodicity decreases from the 6 years to 2 years

band from the 1980s. The sub-region also has a significant

wavelet power in the 30–48 years band outside the cone of

influence. In contrast, Figure 8F shows that WS has the

weakest periodicity of all the sub-regions throughout the

study period, with a reduced level of activities in pre-1920

and post-2000. In general, the regular periodicity is relatively

stable at 2–6 years, indicating a large inter-annual variability

within the period 1920–1980, while a decadal (8–16 years)

variability also exists in some sub-regions. This suggests that

inter-annual periodicities (<6years) dominate drought variability

across EA. Overall, CR, CS, and ST sub-regions revealed the

strongest interannual variations with maximum yellow regions.

Over EEA region, the dominant inter-annual (2–6 years)

oscillations observed in the periodicity are mainly modulated

by the El-Niño southern oscillation (ENSO; Ogallo, 1989; Kiladis

and Diaz, 1989; Nicholson and Kim, 1997; Indeje et al., 2000).

Consequently, we explore the interdependency between

SPEI3 and the Niño3.4 index using cross-wavelet

transformations. In case of any association between the two

indices, a slowly varying phase lag is expected, and the

phenomenon would be phase-locked, i.e., the phase arrows

point only in one direction for a given wavelength (Grinsted

et al., 2004). The use of arrows expresses the relationship between

the two factors. The arrows pointing east reflect the in-phase

relationship, whereas the arrow pointing west indicates an out-

of-phase relationship. Conversely, arrows pointing upward

(downward) indicate drought lag (lead) the index by a quarter

cycle and reveals a non-linear relationship. Higher wavelength

transforms coefficients correspond to a stronger correlation

between drought and the Niño3.4 index.

FIGURE 7
Temporal evolution of the percentage area under drought conditions computed for (A)NK, (B)CR, (C)CS, (D) ST, (E)NU and (F)WS sub-regions
of Equatorial East Africa. The green time series represent the original SPEI, blue computed by varying rainfall and red computed by varying PET.
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Figure 9 shows the result of cross wavelet transformation

between Niño3.4 and SPEI with high wavelet coherence larger

than 0.6 shown with arrows. As shown in Figure 9A, NK showed

high energies between SPEI and Niño3.4 in the 8–12 years

frequency band in 1920–1960 years; and 4–6 years in the

1930s. The observed coherence between Niño3.4 and SPEI

was in-phase during the periods as arrows points to the east.

However, from 1970 to 1990, the two indices were out of phase

within the 3–5 years period band. Nevertheless, the coherence in

the later period failed the significance test. In the CR sub-region,

a significant correlation between the indices appeared

intermittently from the 1920s to 1990s in the 2–6 years band

(Figure 9B). In the beginning, the two indices were in-phase,

followed by Niño3.4 leading SPEI and later an antiphase

relationship. Figure 9C shows that the CS sub-region

exhibited a statistically significant relationship between SPEI

and Niño3.4 between 1940 and 1970; however, the former

index led the latter by about 3–4 months. The anti-phase

association infers no or weak influence on drought by the

ENSO. Another high power appears in the 16–24 years band

where the relationship is in-phase. NU sub-region shows a

scattered high coherence between the two indices within a

2–6 years band with in-phase coherence between

1920–1940 and Niño3.4 leading SPEI by 3–4 months in the

1950s and 1980s (Figure 9D). Figure 9E reveals that SPEI

were out of phase with Niño3.4 in the 1920s over the ST sub-

region with high energies lasting 2–6 years. Another statistically

significant high power is evident in the 1970s and 1980s, where

SPEI lags Niño3.4 by 3–4 months lasting between 9 and 15 years.

Over the WS sub-region, significant high power was

concentrated in the 2–6 years band and was in-phase between

1920–1940, while the variability of SPEI lagged that of Niño3.4 in

1960 (Figure 9F).

In general, the 2–6 years oscillation is more robust, suggesting a

strong inter-annual coherence between drought and ENSO, and this

is consistent with findings by previous studies (Rodhe and Virji,

1976; Nicholson and Entekhabi, 1986). It is suggested that ENSO

can produce anomalous diabatic heating/cooling over the western

FIGURE 8
Wavelet power spectra of averaged SPEI time series over (A)NK, (B)CR, (C)CS, (D) ST, (E)NUand (F)WS sub-regions of equatorial East Africa. The solid
dark contour denotes the 95% confidence level against the red noise. The cone of influence (COI) is shown as a semi-circle with a dark shade.
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Pacific Ocean, creating a dynamically forced anomalous ascent/

descent in the region, thus modifying the walker-type zonal

circulation in the equatorial Indian Ocean (Goddard and

Graham 1999; Mutai and Ward, 2000). Pohl and Camberlin

(2011) also reported that the interannual variability of rainfall in

all season except the boreal summer over EEA are strongly

controlled by zonal wind shear between 850 mb and 150 mb

level over the equatorial Indian Ocean, which was closely

correlated to ENSO in all seasons.

4 Discussion and conclusion

The current study gives a simple but complete picture of

meteorological drought characteristics over EEA during the MAM

season based on SPEI3 using a long-term CRU dataset. MAM was

chosen because it corresponds to the primary planting season for

major food and because the season is the best candidate for

investigating the observed rainfall decline’s impact on drought

characteristics. SPEI index is relatively easier to characterize but

FIGURE 9
Squared wavelet coherence between the spatially averaged SPEI for (A) NK, (B) CR, (C) CS, (D) ST, (E) NU and (F) WS sub-regions and MAM
Niño3.4. The colour increment from blue to red denotes the increasing coherency between the two indices. Phase arrows pointing right indicate
signals are in phase, whereas left-pointing arrows indicate an antiphase relationship. Arrows pointing upward (downward) shows lead (lag)
relationships between the two signals. The black contour designates the 95% confidence level against red noise, and the cone of influence (COI)
is shown as a black semi-circle with a lighter shade.
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provides subtle information on drought behavior vital to drought

mitigation and water resource management. The Meteorological

drought discussed herein is the precursor for other types of

drought. Therefore, the knowledge of its temporal variability

may reveal the susceptibility of an area to different drought

types. The evolution of SPEI during the period of study points

toward an increase in spatial coverage of drought areal extent.

Most of this increase was observed in moderate and severe

drought, while extreme drought remained stable during the

observation period. The result of REOF identified six distinct

spatial patterns that partly resemble the MAM daily rainfall

homogeneous sub-regions identified by Indeje et al. (2000). The

observed variation may be attributed to the SPEI calculation,

which uses PET that is influenced by other climatic factors.

The sub-regions identified may be helpful in regional drought

risk assessment and management. SPEI3 used was able to capture

the major drought events documented over EEA. For the study

period, the notable droughts occurred in 1902, 1921, 1924/25,

1933, 1943, 1949, 1953, 1955, 1961, 1969, 1971/73, 1976, 1983/84,

1992/93, 2000/01, 2004/05, 2007/09, 2011/2012, 2014, and 2017.

Although there is no apparent pattern in the occurrence of

these events, the first 2 decades at the beginning of the 20th

century are marked by a persistent period of positive SPEI

values. The opposite has been true from the late 20th century

to recent decades, signaling the increase in drought events in

the region. The recent increase in drought has been linked to

warming in the western Pacific Ocean that is associated with

the cold PDO phase (Williams and Funk, 2011; Funk et al.,

2014).

The warming extends the warm pool into the eastern

Indian Ocean, creating an anticyclonic flow that disrupts

the moisture flow to EA by enhancing subsidence over

EEA. A similar decline in rainfall has also been reported in

Africa’s monsoon region (Han et al., 2019). Non-etheless,

Bahaga et al. (2018) found that the Greater Horn of Africa (a

larger part of eastern Africa) receives above (below) normal

rain during warm (cold) PDO phases. However, the

correlation coefficient between PDO and drought variation

is pretty weak, when only Equatorial East Africa region is

considered. Consequently, this points to a complicated

relationship between decadal pacific variability and drought

over Equatorial East Africa in MAM season, and care should

be taken when analyzing such a relationship.

EEA region generally experienced increased drought

frequency between 1981 and 2020, with the drought-

afflicted area remaining at an average above 30% for most

of the sub-regions. Such an increase in areal extent increases

the community’s vulnerability through reduced portable

water and food production. Additionally, the strength and

direction of the SPEI trend seemed to change depending on

the period chosen. However, the trend magnitude weakened

considerably when the entire study period was considered. We

further analyzed how changes in rainfall and PET influence

SPEI. The contribution of rainfall was dominant over the

contribution of PET on SPEI variation; however, the latter has

contributed positively to the increase in drought areas in the

post-1980 era. The implicit assumption from the above result

is that factors that drive droughts, such as temperature, have

changed over the decades. Indeed, the comparison between

the percentage of land affected by drought using SPI and SPEI

indices showed a progressive divergent evolution. The

difference between the two indices shows the percentage of

land area affected by drought should the phenomenon be

defined using the water balance rather than rainfall alone. The

result suggests that before the 1970s, changes in drought were

primarily related to the rainfall variability over the region.

Besides the decline in rainfall during the MAM season,

evapotranspiration has exacerbated the spread of drought.

These findings are coherent with rainfall and temperature

evolution over EEA, where studies have reported general

temperature increases and reductions in rainfall (Ongoma

and Chen, 2017). While the SPEI value shows a decreasing

trend, it lacks clear evidence of substantial significant changes.

This result agrees with the findings of Mpelasoka et al. (2018),

who reported a lack of significant changes in the long-term

probability of the annual occurrence of drought over the larger

greater horn of Africa.

The result of spectral analysis of the cyclic behavior of MAM

drought reveals that 2–6 years cycles are frequent in almost all sub-

regions suggesting that inter-annual periodicities (<6 years)
dominate drought variability across EA. The periodicity nature of

drought signifies good news for policymakers as this implies ease of

predicting the drought phenomenon. Analyses of drought using

wavelets show a significant relationship with Niño3.4 at a periodicity

of 2–6 years that occurs intermittently throughout the study period.

The strength of influence of Niño3.4 varies from one period to

another and from one sub-region to another. Onyutha andWillems

(2017) reported that although the large-scalemechanism responsible

for droughtmay be the same, its characteristicsmay be influenced by

the local land-atmosphere feedback response determined by

topography and the presence of water bodies (Funk et al., 2015;

Wainwright et al., 2019).
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SUPPLEMENTARY FIGURE S1
Major planting season for various food crops in EA. Adopted fromFAOGIEWS
- Global Information and Early Warning System (Accessed 28 March 2022).

SUPPLEMENTARY FIGURE S2
Evolution of percentage area under drought for NK (A–D), different sub-
regions for moderate drought (left column), severe drought (mid
column) and extreme (right column). Figures CR (E–H), CS (I–L), ST
(M–P), NU (Q–T) andWS (U–X) The blue denotes the reconstructed area
under drought using the leading SSA principal component, while the
black curve is the trend in the percentage drought area.

SUPPLEMENTARY FIGURE S3
Time series of PDO (red) and Equatorial East Africa spatially averaged SPEI
(green) for MAM. An 11-year moving average has was applied to both series. R
denotes the correlation coefficient between the PDO and SPEI time series.

SUPPLEMENTARY FIGURE S4
Difference in percent area under drought calculated as the difference
between MAM SPEI and SPI for (A) NK, (B) CR, (C) CS, (D) ST, (E) NU and
(F) WS sub-regions of the equatorial East Africa.
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Affected by the East Asian summer monsoon, summer floods occur frequently

in eastern China, causing huge economic losses and social impacts. In 2021, the

precipitation anomaly during the Meiyu period in Yangtze-Huaihe River Valley

(YHRV) was abnormally high, with a value of 188.0 mm, about 1.7 standard

deviations above normal. However, it did not cause serious flood disasters. This

was mainly due to the existence of two precipitation anomaly centers in YHRV,

which shared the impact of the excessive precipitation. These two centers were

located at the junction of Anhui Province and Henan Province and the junction

of Jiangsu Province, Anhui Province and Jiangxi Province, respectively. And

more notably, the 2021 Meiyu precipitation anomalies were distributed in a

Northwest-Southeast oriented band that is very rare. During the 2021 Meiyu

period, the western Pacific subtropical high (WPSH) weakened and extended

westward. An anticyclonic circulation anomaly in the lower troposphere was

observed over eastern China, which was found to be related to the quasi-

stationary wave trains propagating eastward from Hainan Island to the

northwestern Pacific by vorticity budget analysis. And the Rossby wave

source term played a critical role. In addition, the tropical Atlantic

anomalous warming produced convergence anomaly over the eastern

Mediterranean and excited quasi-stationary wave trains propagating

downstream at the mid-latitudes in upper layers through a monsoon-

desert-like teleconnection. It raised the geopotential height over eastern

China and thus favored the westward extension of WPSH. These large-scale

circulation anomalies generated the anomalous easterly winds along the

eastern coast of China and the anomalous southwesterly winds from

Guangxi Province to the middle and lower reaches of the Yangtze River.

Similar features can be found in the anomalous water vapor transport and

the water vapor converged in the YHRV. The above-mentioned reasons jointly

caused the abnormally high precipitation anomaly and its unusual pattern in the

2021 Meiyu season. This study might provide a scientific basis and clues for

understanding Meiyu precipitation anomalies and disaster prevention and

mitigation.
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1 Introduction

Eastern China, the densely populated and the most

developed region in China, is also one of the major crop

production areas. Influenced by the East Asian summer

monsoon (EASM), floods occur frequently in eastern China.

In the summer of 1998, a devastating flood occurred on the

Yangtze River, which caused over 3,000 deaths and

disappearances, and resulted in 260 billion RMB in direct

economic losses (Huang et al., 1998). During the summer of

2020, the middle and lower reaches of the Yangtze River suffered

a persistent extremely heavy precipitation event (Liu et al., 2020;

Takaya et al., 2020; Wang et al., 2021; Zhou et al., 2021) that

resulted in more than 140 deaths or missing persons, and

76 billion RMB in direct economic losses (Ding et al., 2021).

The summer flooding events in the Yangtze River Basin seriously

affect the local people’s life and socio-economic development.

The precipitation during the flood season of the Yangtze

River Basin is closely tied to the Meiyu period from mid-June to

mid-July (Ding et al., 2021). During the Meiyu period, the rain

belt in eastern China is mainly located in the middle and lower

reaches of the Yangtze River. The high values of average

precipitation are situated in the southern Anhui Province and

the junction of Anhui Province, Fujian Province, and Zhejiang

FIGURE 1
(A) 1979–2021 climatological mean precipitation (shading, units: mm) during Meiyu period (from 10 June to 11 July); (B) Anomalous
precipitation (shading, units: mm) and percentage of precipitation anomaly (contours, units: %). The red solid (blue dotted) line represents a positive
(negative) percentage, and the magenta solid line denotes zero values; (C) Time series of the regional mean [two rectangular regions showed in (B)]
precipitation anomaly (units: mm) over Yangtze-Huaihe River Valley (YHRV) during Meiyu period.
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Province, with an extreme value exceeding 400 mm (Figure 1A).

The Meiyu precipitation over the Yangtze River Basin is usually

distributed in a Southeast-Northwest or East-West oriented

narrow belt. For instance, the Yangtze River basin suffered

from persistent extreme heavy precipitation events in the

2020 Meiyu season, with an almost West-East oriented rain

belt along the Middle and Lower of the Yangtze River (Liu

et al., 2020; Takaya et al., 2020; Wang et al., 2021; Zhou et al.,

2021). In 2021, theMeiyu season started on 10 June and ended on

11 July, lasting for 31 days. However, the spatial distribution of

the precipitation anomaly in the 2021 Meiyu period exhibited an

unusual Northwest-Southeast tilted feature, which was different

from the typical Meiyu rain belt. There were two dominant

precipitation anomaly centers. One was located at the junction of

Anhui Province and Henan Province, and the extreme value of

precipitation anomaly exceeded 300 mm and the corresponding

precipitation anomaly percentage exceeded 150%. The other

large value center was situated at the junction of Jiangsu

Province, Anhui Province, and Jiangxi Province, with an

anomalous precipitation extreme value greater than 240 mm

and a precipitation anomaly percentage extreme value

exceeding 60%. In the eastern Hubei Province, there were

negative precipitation anomalies, with a minimal value of less

than -90 mm and a precipitation anomaly percentage of less

than −30% (Figure 1B).

The time series of regional-averaged precipitation (two

rectangular areas shown in Figure 1B) during the Meiyu

period in Yangtze-Huaihe River Valley (YHRV) for

1979–2021 show that there are not only significant

interannual and interdecadal variations but also obvious

long-term trends in Meiyu precipitation of YHRV

(Figure 1C). The mean Meiyu precipitation in the YHRV is

289.3 mm for 1979–2021, with a standard deviation of

112.1 mm. The highest Meiyu total precipitation occurred

in 2020 (Ding et al., 2021), with a precipitation anomaly of

386.9 mm. During the 2021 Meiyu period, the total

precipitation in the YHRV is the second most in the past

four decades. And the precipitation anomaly was 188.0 mm,

about 1.7 standard deviations. It can be seen that during the

2021 Meiyu season, the precipitation anomaly in YHRV was

positive. In addition, different from the zonal distribution of

precipitation in typical Meiyu years, the precipitation

anomaly was distributed in a southeast-northwest trending

narrow area.

There are numerous factors influencing the Meiyu

precipitation in YHRV. The EASM system and the Meiyu

precipitation anomaly are closely linked (Ding, 2004; Zhang,

2015). El Niño-Southern Oscillation (ENSO) is an important air-

sea coupling phenomenon in the tropics. It is found that ESNO

can regulate the anomalies of the EASM system (Wang et al.,

2000; Xie et al., 2009), and thus exerts important effects onMeiyu

precipitation anomalies (Zhang et al., 1996; Xie et al., 2010; Jin

et al., 2016). Northern Atlantic Oscillation (NAO; Walker and

Bliss, 1932; Hurrell, 1995) can modulate the summer

precipitation anomaly in East Asia by affecting the

atmospheric teleconnection in the upper troposphere at mid-

high latitudes (Wu et al., 2009; Jin and Guan, 2017; Liu et al.,

2020). The tropical Atlantic sea surface temperature (SST)

anomaly regulates the western Pacific subtropical high

(WPSH) and then influences the Meiyu precipitation anomaly

in YHRV (Jin and Huo, 2018). Furthermore, the soil moisture of

the Indo-China Peninsula in early spring (Gao et al., 2020), the

Arctic Oscillation (Gong et al., 2002), and the Antarctic

Oscillation (Nan and Li, 2003) can also affect the precipitation

during the flood season of YHRV.

To investigate the causes of the abnormal precipitation and

its atypical pattern in 2021 Meiyu season, this study focuses on

the atmospheric circulation anomalies associated with theWPSH

and the tropical Atlantic SST. The remainder of this paper is

organized as follows: Section 2 describes the data and methods

used in this paper. The causes of precipitation anomaly and its

spatial distribution in the 2021 Meiyu season are presented in

Section 3. The conclusion and discussion are provided in

Section 4.

2 Data and methods

The NCEP/NCAR daily reanalysis data with a horizontal

resolution of 2.5°×2.5° (Kalnay et al., 1996) and daily

precipitation data of Climate Prediction Center (CPC) with a

horizontal resolution of 0.5°×0.5° for 1979–2021 are utilized

(Chen et al., 2008). The Meiyu season in 2021 started on

10 June and ended on 11 July. Therefore, this period is taken

as theMeiyu period to obtain the average value of each variable in

this study. The COBE monthly SST data with a horizontal

resolution of 1° × 1° are also obtained (Ishii et al., 2005). The

long-term trends are deducted from all data except that the raw

data are used in Figure 2B to show the contour line of 588 dagpm.

The anomaly in this paper is defined as the deviation of the

Meiyu period from the climatological mean for 1979–2021.

Linear vorticity equation (Kosaka and Nakamura, 2006) is

utilized in Section 3.2 to analyze the vorticity budget:

S−�uψ
zζ′
zx︸��︷︷��︸

ZA

−�vψzζ′
zy︸��︷︷��︸

MA

−u′
ψ

z�ζ

zx
− v′ψ

z(f + �ζ)
zy︸��������︷︷��������︸

β

−Rres � 0

where S denotes the linearized Rossby wave source (RWS)

(Sardeshmukh and Hoskins, 1988):

S � −∇H · {u′
χ(f + �ζ)} − ∇H · (�uχζ′)

ZA and MA are mean zonal and meridional advection of

anomalous vorticity, respectively. β term represents the

horizontal advection of the mean absolute vorticity by

anomalous winds. Rres denotes the residual term.
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3 Results

The precipitation anomaly during theMeiyu season in East Asia

is closely related to the WPSH (e.g., Wang et al., 2000; Jin and Huo,

2018; Qian and Guan, 2020; Zhou et al., 2021). Therefore, from the

perspective of local atmospheric circulation anomaly and SST

anomaly, the following paper aims to explore the causes of the

abnormal total precipitation over YHRV in 2021 Meiyu and the

atypical pattern of precipitation anomaly.

3.1 Local atmospheric circulation anomaly

During the 2021 Meiyu season, a cyclonic anomaly and a

negative geopotential height anomaly center appeared in the

lower troposphere over the northwestern Pacific. And an

anticyclonic anomaly and a positive geopotential height

anomaly center can be seen from the South China Sea to the

middle and lower reaches of the Yangtze River. Abnormal

easterly winds prevailed from the Kuroshio extension area to

the coastal region of eastern China. And the region fromGuangxi

Province to the middle and lower reaches of the Yangtze River

was controlled by the anomalous southwesterly winds. These two

branches of anomalous airflows converged in YHRV (Figure 2A).

The convergence anomaly was observed in the middle and lower

troposphere over YHRV (Figures 2A,B). Above circulation

anomalies were conducive to the anomalous upward motion

in the middle and lower troposphere (Figure 2B), and thus

increased precipitation over YHRV.

Note that the negative geopotential height anomaly and

cyclonic anomaly in the middle and lower troposphere were

maintained over the northwestern Pacific (Figures 2A,B) during

the 2021 Meiyu period. The regional average geopotential height

anomaly within [20–30°N, 130–150°E] at 850-hPa was calculated

as the WPSH index according to the scope of the area with the

large absolute value of the negative geopotential height anomaly

in the lower troposphere (Figure 2A). It is found that the WPSH

index during the 2021 Meiyu period was −0.35 standard

deviation, indicating that the intensity of WPSH during the

2021 Meiyu period was weaker than the climate mean.

However, the location of WPSH showed by 588 dagpm isoline

was approximately 10 longitudes west compared with its climate

mean position. And it approximately extended to 112°E

(Figure 2B) in the 2021 Meiyu period, which signs that the

WPSH during this period was characterized by a relatively large

range and a westward extension.

FIGURE 2
(A) Anomalous geopotential height (shading, units: gpm), divergence (contours, units: 10−6 s−1) andwinds (vectors, units: m/s) at 850-hPa during
2021 Meiyu period; (B) Anomalous geopotential height (shading) and winds (vectors) at 500-hPa, and anomalous vertical velocity (units: Pascal/s) at
700-hPa during 2021 Meiyu period; (C) Anomalous geopotential height (shading) and winds (vectors) at 200-hPa during 2021 Meiyu period; (D)
Anomalous water vapor flux (vectors, units: kg/ms) integrated from surface to 300-hPa and its divergence (shading, units: kg/m2s) during
2021 Meiyu period. The red solid/blue dashed line represents divergence/convergence anomaly, and the magenta solid line denotes zero values in
(A). The black solid line, magenta solid line, and blue dashed line in (B) represent positive, zero, and negative values, respectively. The green solid and
dashed lines in (B) are the 588-dagpm contours for climate mean and for the 2021 Meiyu period, respectively.
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As shown in Figure 2C, a positive anomaly center of

geopotential height anomaly and an anticyclonic anomaly

appeared over eastern China and the adjacent ocean.

Meanwhile, a positive geopotential height anomaly and an

anticyclonic anomaly in the middle (500-hPa) and lower (850-

hPa) troposphere were located over eastern China (Figures

2A,B), denoting that the anticyclonic circulation anomaly in

eastern China showed an equivalent barotropic structure.

However, in the middle and upper troposphere, the area to

the north of YHRV was controlled by anomalous westerly

winds (Figures 2B,C), suggesting that the positive precipitation

anomaly and its unusual pattern over YHRV in the 2021 Meiyu

season may also be related to the circulation anomaly in the

upper troposphere at mid-latitudes. This will be further analyzed

in the following.

The integrated water vapor flux anomaly and its divergence

during the 2021 Meiyu period in Figure 2D show that there was

anomalous anticyclonic (cyclonic) transport of water vapor over

the south of the Yangtze River (northwestern Pacific). Due to the

weakened WPSH, the abnormal water vapor was transported

from the Kuroshio extension area to the middle and lower

reaches of the Yangtze River along the northern side of

WPSH (Figures 2A,B). The other branch of abnormal water

vapor was transported from the South China Sea to the JHRV

along the western side of WPSH, which was due to the expanded

range of WPSH and the westward extension of the ridge point

(Figure 2B). These two branches of anomalous water vapor

converged in JHRV, and the convergence center was located

over JHRV (the two rectangular boxes as shown in Figure 2D),

which was primarily responsible for the excessive precipitation

and the atypical spatial distribution of precipitation anomaly

in JHRV.

3.2 Influence of quasi-stationary wave
trains

To explore the mechanism of WPSH affecting the atypical

precipitation anomaly pattern during the 2021 Meiyu period, we

analyzed the Rossby wave energy dispersion in the lower

troposphere over the western Pacific, followed by Takaya and

Nakamura (2001).

The wave activity fluxes dispersed northeastward from the

east of Hainan Island to the Kuroshio extension area (Figure 3),

showing a typical great circle path (Hoskins and Karoly, 1981).

The Rossby wave energy diverged over the east of Hainan Island,

while converged over the south of the Yangtze River and the

northwestern Pacific. The disturbances of Rossby wave energy in

the above two regions enhanced the anticyclonic anomaly over

eastern China and the cyclonic anomaly over the northwestern

Pacific, respectively (Figure 2A). The anomalous positive

vorticity (Figure 3) and convergence (Figure 2A) were

observed over the east of Hainan Island, which manifests the

airflow converged here and the quasi-stationary wave trains were

excited and propagated northeastward.

To further study the structure of wave trains propagating

from the east of Hainan Island to the northwestern Pacific, we

diagnosed the vorticity budget using the linear vorticity equation

according to Kosaka and Nakamura (2006).

Figure 4 shows the contributions of 850-hPa RWS, ZA, MA,

and β terms to the East Asian circulation anomalies during the

2021 Meiyu period. It can be seen that the RWS term played a

critical role in maintaining the low-level anticyclonic anomaly in

the south of the Yangtze River (Figure 4A), and the MA term had

a positive/negative contribution to the North/South of

anticyclonic circulation anomaly (Figure 4C). The β term

negatively contributed to the southeast of the anomalous

anticyclone circulation (Figure 4D), while the ZA term slightly

promoted to the anticyclonic anomaly (Figure 4B).

For the cyclonic anomaly in the northwestern Pacific, the

RWS and ZA terms were positive anomalies (Figures 4A,B),

facilitating the generation of low-level cyclonic vorticity anomaly

in the northwestern Pacific. However, the MA and β terms

showed negative anomalies in most of the northwestern

Pacific (Figures 4C,D), which thus partially offset the

contributions of RWS and ZA terms to the cyclonic vorticity

anomaly in the lower troposphere of this region.

3.3 Influence of tropical Atlantic SST
anomaly

Although the above analysis denotes that precipitation

anomaly during the 2021 Meiyu period was closely related to

the anomalous WPSH. However, previous studies indicated that

the tropical Atlantic SST anomaly also exerts a dominant

influence on East Asian climate anomalies (e.g., Rong et al.,

FIGURE 3
Anomalous vorticity (shading, units: 10−6/s), wave activity flux
(vectors, units: m2/s2) and its divergence (contours, units: 10−5 m/
s2) at 850-hPa during the 2021 Meiyu period. The red solid (blue
dashed) line represents divergence (convergence), and the
magenta solid line denotes zero values.
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FIGURE 4
Anomalous (A) Rossby wave source (RWS), (B)mean zonal advection of anomalous vorticity (ZA), (C)meanmeridional advection of anomalous
vorticity (MA), and (D) β terms at 850-hPa during the 2021 Meiyu period (units: 10−12/s2).

FIGURE 5
(A) Anomalous SST (shading, units: °C) and divergent wind (vectors, units: m/s) at 850-hPa; (B) Anomalous vertical velocity at 500-hPa (shading,
units: Pascal/s) and divergent wind at 200-hPa (vectors, units: m/s); (C) Anomalous vorticity (shading, units: 10−6/s) and wave activity flux at 200-hPa
(vectors, units: m2/s2) during the 2021 Meiyu period.

Frontiers in Earth Science frontiersin.org06

Huo et al. 10.3389/feart.2022.1063372

174

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1063372


2010; Huo et al., 2015; Jin and Huo, 2018; Li et al., 2022). To

elucidate whether the precipitation anomaly and atypical pattern

of Meiyu rain in 2021 are associated with the tropical Atlantic

SST anomaly, we also analyzed the tropical Atlantic SST anomaly

and the related circulation anomaly in the 2021 Meiyu season

(Figure 5).

During the 2021 Meiyu period, the SST anomaly in the tropical

Atlantic [5°S–5°N, 20°W–10°E] was positive with the amplitude

exceeding 1°C in most areas (Figure 5A). Such warm SST in the

tropical Atlantic led to anomalous convergence in the lower

troposphere (Figure 5A), and resulted in upward movement

through Ekman pumping and anomalous divergence in the

upper troposphere over this region (Figure 5B). The above

circulation anomaly caused the anomalous convergence in the

upper troposphere and anomalous downdraft over the eastern

Mediterranean (Figure 5B), accompanied by the anomalous

divergence at low levels (Figure 5A), which is similar to the

monsoon-desert-like teleconnection (Rodwell and Hoskins, 1996).

The quasi-stationary wave trains propagating downstream along the

mid-latitudes were stimulated by the positive vorticity anomaly

(Figure 5C) and the RWS term (Figure is not shown) in the

upper troposphere over the eastern Mediterranean, which may

be correlated to the “Silk Road pattern” (Lu et al., 2002;

Enomoto et al., 2003; Guan and Yamagata, 2003; Ding and

Wang, 2005). Note that the wave trains accumulated energy over

the South of the Yangtze River (Figure 5C), which enhanced the

energy disturbance in the upper troposphere, thus reinforced the

geopotential height anomaly over this area (Figure 2C). These results

imply that there was an equivalent barotropic feature in the

anomalous anticyclone over eastern China, and the intensified

geopotential height in upper troposphere was conducive to

uplifting the low-level geopotential height and enhancing

anticyclonic circulation anomaly (Figure 2A). Therefore, the

WPSH significantly extended westward (Figure 2B) comparing to

its climate mean location, which was beneficial to the positive

precipitation anomaly and the atypical rain belt orientation

during the 2021 Meiyu period.

4 Conclusion and discussion

This study analyzed the abnormally high total precipitation

over YHRV during the 2021 Meiyu period, and the causes of the

unusual Northwest–Southeast oriented Meiyu rain belt by

utilizing NCEP/NCAR daily reanalysis, CPC daily

precipitation and COBE monthly SST data from 1979 to 2021.

The conclusion are summarized as follows:

(1) The 2021 Meiyu period lasted from 10 June to 11 July, a total

of 31 days. The precipitation in YHRV was above abnormal

with the regional average total precipitation of 477.3 mm.

The precipitation anomaly reached 188.0 mm, which was

approximately 1.7 standard deviation. In 2021, there were

two precipitation centers in YHRV, which were located at the

junction of Anhui Province and Henan Province and the

junction of Jiangsu Province, Anhui Province, and Jiangxi

Province, respectively. Different from the zonal distribution

of typical Meiyu precipitation anomaly, the Meiyu rain belt

in 2021 was oriented from Northwest to Southeast.

(2) During the 2021 Meiyu period, the intensity of WPSH was

weaker and extended further westward, causing a low-level

cyclonic anomaly in the northwestern Pacific and an

anomalous anticyclone in eastern China. In the east of

Hainan Island, a positive vorticity anomaly was located in the

lower troposphere, which stimulated the quasi-stationary wave

trains propagating from this area to the northwestern Pacific

through eastern China. The energy disturbance in eastern China

and the northwestern Pacific generated low-level anticyclonic

and cyclonic circulation anomalies in the above two areas,

respectively. To some extent, the ZA, MA, and β terms

contributed to the vorticity anomaly in the above two regions,

but the contribution of the RWS term was the most prominent.

(3) The westward extension of WPSH was also associated with

anomalous warming in the tropical Atlantic. During the

2021 Meiyu period, the positive SST anomaly in the tropical

Atlantic led to anomalous convergence in the lower troposphere

and anomalous divergence in the upper troposphere. The

convergence anomaly in the upper troposphere over the

eastern Mediterranean was caused by the monsoon-desert

mechanism, which excited the quasi-stationary wave trains

propagating downward along the mid-latitudes. Thus, the

geopotential height in eastern China was intensified, which

was favorable for the westward extension of WPSH.

(4) The WPSH weakened and extended further westward in the

2021 Meiyu season, which caused the anomalous easterly

winds prevailed over the coastal areas of eastern China and

southwesterly winds prevailed from Guangxi to the middle

and lower reaches of the Yangtze River. And the airflows

converged in YHRV. Similar transport and convergence

anomalies existed in water vapor anomalies. The above-

mentioned local circulation anomalies were jointly

conducive to the positive anomaly of total precipitation in

YHRV and the atypical spatial distribution of the Meiyu rain

belt in 2021.

In addition to the weaker intensity and westward extension of

WPSH during the 2021 Meiyu period, did the WPSH show

similar characteristics in other years? If so, was the precipitation

anomaly and its pattern in YHRV similar to those in the

2021 Meiyu period? The tropical Atlantic SST anomaly can

stimulate the wave trains propagating downstream along the

mid-latitudes in the Mediterranean through a monsoon-desert-

like teleconnection, and thus affect the downstream climate

anomaly. To further verify this mechanism, we plan to

conduct several sets of sensitivity experiments related to the

tropical Atlantic SST anomaly by using the atmospheric general
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circulation model in future studies. What are responsible for the

weaker but westward extension of the WPSH in 2021? It is also

worthy of further study.
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Observed extreme sea levels are caused by a combination of extreme astronomical
tide and extreme storm surge, or by an extreme value in one of these variables and a
moderate value in the other. We analyzed measurements from the Norwegian tide
gauge network together with storm track data to assess cases of extreme sea level
and storm surges. At most stations the highest storm surges only coincided with
moderate astronomical tides and vice versa. Simultaneously the extreme storm
surges often only coincided with moderate storm intensities. This opens for the
possibility of flooding events, where extreme tides and storm surges co-occur, and
which could exceed existing sea level records and national building standards. This
study also raises the possibility to assess extreme sea level return values as a three-
variable system, treating separately the astronomical tide, storm location and storm
intensity, instead of the one- or two-variable approach currently used.

KEYWORDS

sea level, storm surge, tide gauge, flooding, compound extreme event

1 Introduction

Because of the potential for flooding of highly urbanized coastal areas with both dense,
expensive infrastructure and high population density, storm-surges (StSs) are considered an
economic and safety hazard (Munich RE, 2019). This risk is projected to increase dramatically
due to future sea-level rise and socio-economic developments (Hallegatte et al., 2013). For
necessary climate adaptation planning by decision makers, an in-depth knowledge of the
mechanisms steering the heights of StSs is thus relevant. This study assesses the interplay
between astronomical tides (ATs) and StSs based on local sea level (SL) measurements from tide
gauges (TGs) along the Norwegian coastline, together with storm track data over the North
Atlantic region.

Typically, extreme water levels are estimated in terms of return levels. Return levels are the
water levels that will be exceeded with a specific very low probability in a given year,
approximately corresponding the occurrence of the event once in a set number of years.
100 years return event, for instance, would be a water level occurring in a single year with the
probability corresponding to it occurring once in 100 years. These are calculated with different
methods applying extreme value statistics (Haigh et al., 2010). So-called direct methods use
extreme value analysis of SL observations of between a few decades to 100 years length in order
to calculate the return levels (e.g., Simpson et al., 2017). In Norway, a slightly unusual direct
method, the average conditional exceedance rate (ACER) statistical method (Næss and Gaidai,
2009) is found to be the most suitable for estimating extreme sea level return periods (Haug,
2012; Skjong et al., 2013). The method has also been successfully adopted for calculating sea
level allowances together with projections of future sea level rise (Simpson et al., 2015; 2017).

The problem with direct approaches is that the interaction between ATs and StSs is not
considered in the calculation of the return levels. In the comparatively short measurement
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records extreme SL measurements could be biased by the fact that StSs
may have occurred during comparatively low ATs, while
combinations of high ATs and StSs are possible over longer time
spans. The so-called indirect methods are specifically designed to
mitigate this shortcoming by using separate statistics for ATs and StSs
and considering the overlap of both phenomena. It is thus argued that
shorter SL records can be used for a more precise estimation of return
values since all so far occurred StS heights are considered and ATs can
be predicted through harmonic functions (Haigh et al., 2010). In
Norway, as in many countries around the world, return levels based on
direct measurements are the basis of the national building standards,
regulating at what height infrastructure can be built.

Recent studies using TG observations have focused on the
relevance of the so-called “near misses” (Dangendorf et al., 2016;
Haigh et al., 2016). These are situations where an extreme StS
coincides with an AT that is below the highest astronomical tide,
i.e. the elevation of the highest predicted astronomical tide expected to
occur at a specific tide station based on any combination of
astronomical conditions. While the occurrence of a moderate AT
in combination with an extreme StS can lead to record-breaking sea
levels, the co-occurrence with the highest astronomical tide could have
made the flooding far more devastating. This can also lead to a
significant shift in the expected return levels, highlighting the
instability of SL extreme value statistics (Dangendorf et al., 2016).
Moreover, dynamical modeling based studies also showed (potential)
effects of various constellations of storms and tidal phases on historical
(Horsburgh et al., 2021) and on future water level extreme events
(Grabemann I., et al., 2020). In this work, with a special focus on the
Norwegian coastline, we address the question of whether or not there
is a need to assess the components that give rise to extreme sea level
events independently? We also address the question of how storm
tracks and the passage of storms shape the observed extreme sea level
events?

Because of their limitations, statistical techniques can be
conveniently complemented by deterministic approaches.
Deterministic approaches are designed to identify the drivers of
extreme sea-level events in coastal areas (Ganske et al., 2018), and
they are useful from a coastal adaptation perspective because they
quantify the impact of possible, though highly unlikely, extreme sea-
level events in coastal areas (Ganske et al., 2018; Wei et al., 2019;
Horsburgh et al., 2021). A notable example is presented in Horsburgh
et al., (2021). They showed that variations in the intensity and position
of storm Xavier, which hit northern Europe in December 2013, could
have led the sea level to exceed the observed values by up to 1.5 m at
some locations.

In this paper, we adopt a deterministic approach by focusing on
the overlap between ATs and StSs for the generation of SL extremes. In
addition, we attempt to understand the relevance of single storms on
the extremes caused. Our findings suggest that the two-parameter
system treated with the indirect measurements may still underestimate
the maximum possible combination of ATs and StSs. The StS itself is
dependent both on the location and the strength of the passing storm
systems. Thus, it may be useful to treat the two-parameter system of
ATs and StSs rather as a three-parameter system of ATs, storm
location, and strength.

The manuscript is structured as follows: Section 2 describes the
data and methods, while the results are presented in Section 3. Section 4
presents the discussion and conclusions, setting the results into the
perspective of the existing literature.

2 Data and methods

2.1 Tide gauge measurements

For the analysis of the SL height along the Norwegian coast we
used data from 21 of the 23 permanent Norwegian TGs operated by
the Norwegian Mapping Authority (http://api.sehavniva.no/
tideapi_no.html). We use the entire available record for each of
the TGs with a 10 min measurement interval (Figure 1). This
dataset contains observed SLs and the predicted ATs. Two
permanent TGs are not included in this study: Oslo (too short
high-frequency data record) and Mausund (large gap in the
record). For each TG we detrended the SL and AT by removing
the respective linear trend of the entire record length. The
maximum difference between the original and the processed SL
was small (6.2 cm at Narvik and below 4.3 cm elsewhere). The
maximum difference for AT was less than 1 cm at any station. In
Norway the mean SL rise has so far been much smaller than for
other countries, largely due to the glacial isostatic adjustment after
the melting of the Fennoscandinavian ice sheet. For some of the
stations the mean SL trend is negative, while the maximum was
around 1 mm/yr for the 1960–2010 period (Richter et al., 2012). We
detrended AT (no mean trend since calculated from harmonic
analysis) in order to make it fully comparable to the SL. The AT
could be in a different phase at the beginning and end of the
datasets, creating a small apparent trend in both datasets.

2.2 Skew surges

Apart from land motion, the observed SL consists of three
contributions: mean sea-level, astronomical tide, and weather
effects (e.g. Haigh et al., 2016). To quantify the weather effect
on the SL we use the frequently applied concept of skew surges
(SkS) (e.g. de Vries et al., 1995). The SkS is the difference between
the maximum observed SL and the maximum predicted AT during
each tidal cycle irrespective of their temporal offset. The concept of
SkS is commonly preferred over that of non-tidal residual, which is
the difference between the observed SL and the predicted AT each
instant in time, because it helps better assess the impact of storms
in coastal areas. Coastal dwellers are indeed concerned by the
residual relative to the maximum in sea level that would be
experienced in the absence of a meteorological forcing (e.g.,
Horsburgh et al., 2010; Pugh and Woodworth, 2014) a high
non-tidal residual would have a little flooding effect if the
corresponding observed SL exceeded the maximum high tide by
only a few centimeters.

The mean SL is influenced by two factors, the mean SL over a
longer averaging period, e.g. monthly means, and of a possible long-
term trend (see Section 2.1). For simplicity we will not discuss
separately the longer-term trend, as it can have multiple causes,
such as long-term ocean variability or changes in the inflow into
ocean basins from large-scale weather modes (e.g., Richter et al., 2009,
2012). These possible contributions are thus part of the diagnosed SkS
heights.

In our analysis of the TG data we reduced the 10 min datasets to
full tidal cycles (approximately 12 h). We used the full 10-min dataset
for the identification of the SkS values. For this we first identified the
AT cycles searching for all n ATmaxima at points in time {T1, . . . , Tn}
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for each dataset. To be identified as a maximum a peak’s prominence
must be at least 5 cm. We calculated the SkSs for each tidal cycle
defined as lasting from time (T k-1+Tk)/2 until (Tk+1+Tk)/2, with k∈{2,
. . . , n-1}. Tidal cycles are therefore not defined as equally spaced
12 hourly time intervals but as the time intervals between tidal
minima. The remaining analysis is done on this dataset with
reduced frequency. Each time step is now defined at the maximum
of the respective tidal cycle. For the identification of extreme cases of
SLs and SkSs we used a 99.9th percentile threshold, high enough to
give a manageable number of cases. Finally, we applied a criterion that
any two distinct extremes must be separated by at least four tidal
cycles (≈48 h).

2.3 Storm tracks

For the analysis of the effect of cyclones on the SL, we used the
storm track dataset described in Chen et al., (2016) for the period
between 1979 and 2013. This dataset is based on the relative vorticity
at 850 hPa in the ERA-Interim reanalysis (Dee et al., 2011). A storm
track here refers to the path of a single storm described by the
location of the storm center points and its intensity described by the
850 hPa relative vorticity at the storm’s center point with a 6 hourly
temporal resolution using the TRACK algorithm developed by
Hodges (1999). To be more comparable to the higher temporal
resolution TG dataset, we increased the temporal resolution of the
identified storm tracks to 1.5 h using linear interpolation of the 6-h
latitude-longitude positions. This was necessary since the storm
center points should be related to specific SL extremes in the
approximately 12 hourly dataset (reduced from 10 min data as
described in Section 2.2 above). The storm centers and SL
extremes would have been mismatched if the storm track dataset
were used in its original 6 hourly format.

3 Results

3.1 Interplay between the different
components creating high sea levels and
skew surges

We would like to better understand the relative contribution of
SkS and AT to the generation of SL extremes along the Norwegian
coast. Figure 1 marks the cases exceeding the 99.9th percentile of the
SLs and SkSs. A clustering appears to exist for some cases affecting the
entire Norwegian coast with both extremes in SL and SkS. However,
closer inspection revealed that these were often cases that occurred
within a few weeks of each other and not at the same time. Only the
case during January 1993 affected the entire Norwegian coast with
extreme SL. Only the TGs south of Heimsjø were affected by an
extreme SkS simultaneously, and no single case exists where all TGs
were affected by extreme SkSs simultaneously. Investigating the
January 1993 case revealed, at the Bergen TG for example, that the
AT exceeded the 97.0 percentile of all AT maxima and reached 87.6%
of the highest astronomical tide, while the SkS exceeded the
99.9 percentile but only reached 68.9% of the highest observed SkS.
In short, a rare and high AT coincided with a very rare but only
moderately high SkS at the Bergen TG. Further north the storm’s
relative influence weakened compared to other StSs at the respective
TGs. One possible explanation of this is the propagation of the storm
along the entire Norwegian coast, causing extreme SLs together with
the very high AT. Other cases only affected parts of the TG network,
suggesting that the storms’ influences in those cases were more
confined to only parts of the Norwegian coast.

Different combinations of AT and SkSs are assessed in more detail
in Figure 2. In this figure, we have isolated the 99.9th percentile of SL
events (left column for each TG, black), and the 99.9th percentile of
extreme SkS events (right column for each TG, red). Each event is

FIGURE 1
Overview over the 21 permanent tide gauges. Left: Data availability for each TG in grey. Cases of extreme sea level and extreme skew surge are marked
with red and blue dots, respectively. Right: Location of the TGs along the Norwegian coastline (from EEA, 2018).
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shown with its SL (black), AT (blue), and SkS (red), thus any single SL
event is shown with AT and SkS which sum up to produce that SL.
Along the coast the extreme SLs follow high ATs. One exception is in
the area near the amphidromic point in Southern Norway (Gjevik,
2009; Simpson et al., 2015), where there are hardly any tides, as seen in
the last five stations on the right side of Figure 2. Northward from
Stavanger, ATs and extreme SLs generally increase, with a slight
reversal between Narvik and Harstad (across the Lofoten islands)
only to increase again further northward. A division into
approximately the same regions is also seen for SkSs, which are
strong in the southeast, increasing in the west (after a slight
decrease), and rather similar levels among the stations north of
Narvik and the Lofoten archipelago. The distinct change in the
tidal regime across the Lofoten islands is caused by the local
bathymetry and described in more detail in Moe et al., [ 2002].

For all TGs with maximum ATs as high as or higher than the
maximum SkSs, less than half of the extreme SkSs coincide with
extreme SLs, indicating that most of the extreme SL came from the AT.
ATs and SkSs only overlapped in magnitude consistently for the
stations in Southern Norway (c.f. Kristiansund to Bergen). As an
example, the maximum AT Narvik is the highest of all TGs and so is
the maximum observed sea level. During cases with extreme SL, the
AT reached a maximum of 175 cm (highest blue point, left column).
The maximum AT in the entire dataset reached 180 cm (where the
highest astronomical tide is 180 cm). Simultaneously, the maximum
SkS was 122 cm (highest red point, right column) but the highest SkS
during any of the cases of extreme SL was 111 cm (highest red point,
left column), which is more than 10 cm lower than the highest SkS. In
fact, the case with the highest SkS had a maximum AT of only 81 cm,
leading the SL to be only 203 cm or 64 cm lower than the highest SL.

FIGURE 2
Upper panel: Observed SL maxima (black), SkS maxima (red) and AT maxima (blue) during each tidal cycle. Left and right columns for each TG show the
99.9th percentile of the SL maxima and SkSs, respectively. Numbers after the station names state the number of cases, where the 99.9th percentile is
exceeded for both SkSs and the observed SL during a period ± 48 h from each other/the total number of cases, where the 99.9th percentile is exceeded for
SkSs only. Blue lines mark the mean (solid) and maximum observed (dashed) AT for each TG. Black lines mark the maximum combination of AT and SkS
irrespective of temporal overlap. Lower panel: Storm intensities of the nearest center point for the same cases as above. The cases with the highest observed
SL (left column) and SkS (right column) are marked in red. The black lines mark the mean (solid), mean + 1 standard deviation (dashed), and maximum (dotted)
storm track intensity within 500 km from each TG.
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This illustrates the situation that is found at most of the stations, that
the cases with the highest SkSs typically coincided with moderately
high ATs, while the cases with the highest SLs only coincided with

moderately high SkSs. The numbers after the TG names in Figure 2
reinforce this conclusion by showing howmany of the cases of extreme
SL occurred with extreme SkSs. For example, at the first station at

FIGURE 3
Storm tracks for the 99.9th percentile SkS for each TG. Blue rings mark the nearest storm center point at the time of each SkS maximum (occurred ± 6 h
of the maximum AT). Red rings mark the center points for the highest SkSs in the dataset. Storm track colors indicate their intensity. The location of TGs is
marked with a grey star. The numbers next to the station name give the number of SkSs with storm center points closer than 500 km/1,000 km/all cases.
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Vardø, 19 cases were identified as having SL at the 99.9th percentile,
but only 5 of these events had SkSs which were also at the 99.9th
percentile, meaning 14 extreme SL cases occurred without an extreme
in SkS.

Often, this mismatch between AT and SkS is considered expected
due to the inverse relationship between the water depth and the SkS
height for shallow shelves. However, under these assumptions a
consistent time-lag should exist between the maxima of AT and
SL, and along the Norwegian coast, no such time-lag exists (see
Supplementary Material). It is therefore plausible for any AT to
occur with any SkS, as was shown by Williams et al., (2016) for
the UK coast, thus opening the possibility for far more extreme SL
events to occur given the right combination of AT and SkS.

Assuming the highest observed SkS at Narvik would have
coincided with the highest astronomical tide, this would have led
to a sea level of 320 cm or 53 cm higher than the maximum observed
SL (Figure 2, black solid line). A similar picture is visible for most TGs
with the highest astronomical tide as high as or higher than the
maximum observed SkSs. Thus, the solid black lines for each TG in
Figure 2 indicate the SL that would have been reached if the highest
SkS had occurred with the highest astronomical tide, and their height
above the highest black mark for each TG indicates how much more
the extreme SL could have been if the two had co-occurred. This is
based purely on the observations of the past 30–35 years. Exceptions
are Andenes, Harstad, Tromsø and Vardø, where the maximum SL
nearly reached the maximum possible combination of ATs and SkSs.
A different picture is also visible for the stations in Southern Norway,
e.g., Stavanger onwards. Here AT is very low and thus, the
combination with the highest SkSs and the highest astronomical
tides is not far above the maximum observed SL.

So far, we only treated the maximum possible SL as a system
with two factors, AT and SkS. However, the SkS itself is influenced
by numerous effects, primarily the effect of storm systems near the
TG. Storms exert a direct effect on the sea level through both the
inverse barometric effect and the wind forcing, and upon meeting
the coastline as a barrier for the water they form storm surges.
Other factors that we neglect in this work include for example
waves from storm systems far away from TGs (e.g. Benoit
Cushman-Roisin & Beckers, 2011; Dangendorf et al., 2016).
Based on the inverse barometric effect, a storm’s impact on the
SkSs can be described by the strength of a storm system and the
location of the storm itself. The lower panel of Figure 2 shows the
strength of the storms that were closest to each TG during extreme
SLs or SkSs. Intensity does not seem to vary much along the
coastline, but there is a clear difference north and south of
Trondheim/Rørvik with slightly higher maxima occurring near
the TGs in the southern half of the Norwegian coast. Extreme
(exceeding the 99.9th percentile) SLs or SkSs rarely coincided with
the maximum nearby observed storm intensity and in many cases
even coincided with storms of below average intensity. Even the
single cases with the highest SL or SkS did not coincide with
particularly high storm intensities.

Again, using Narvik as an example, the storm with the highest
intensity near to Narvik in the entire dataset had an intensity that is
around 42% stronger than the nearest storm during the case with the
highest SkS. While the effect of the storm intensity on SkS may not
be linear, it is safe to say that a such strong increase in intensity may
lead to a stronger SkS assuming all other factors (e.g., location)
unchanged.

3.2 Storm track locations

Figure 3 shows the storm tracks during extreme SkSs. From this,
TGs may be separated into two categories, all TGs north of and
including Trondheim and those south of and including Heimsjø. The
storm tracks temporally coinciding with extreme SkSs at the northern
Norwegian TGs mostly pass northeastward through the North
Atlantic Ocean at some distance along the Norwegian coast.
Eventually they ‘glance’ the coast, impacting the respective TGs
before the storms pass on into the Barents Sea. The storm tracks
coinciding with extreme SkSs at the southern Norwegian TGs more
often cross Norway at the latitude of the respective TGs. One
exception to this is the northernmost TG, at Vardø. Storms
connected to extreme SkSs there must intersect Norway since
Vardø is sheltered from the North Atlantic and thus the typical
storm tracks by Northern Norway.

For most TGs, the nearest storm track centers temporally
coinciding with extreme SkSs are less than 500–1,000 km away
from each TG. The centers for the northern TGs are either located
to the north or west of the stations in accordance with a storm
traveling along the Norwegian coastline, meaning these storms are
mostly glancing the coast at the respective stations. For the southern
Norwegian TGs, the center points are often distributed around the
stations or directly atop of them. Most of the storm tracks show weak
to moderate intensities, consistent with the analysis of the intensity of
the center points closest to the observed extreme SkSs in Figure 2.

The center point positions during the highest SkSs for each TG are
marked with red circles in Figure 3. They are mostly located close to
the TGs, suggesting that both the barometric effect and the wind
forcing played a role for the height of the related StSs. For Heimsjø no
storm track could be found, since the highest SkS occurred later than
the extent of the storm track record. For Narvik the closest center
point during the highest SkS was located over Svalbard. This storm
likely did not directly trigger an extreme SL at Narvik due to the large
distance of its center from the TG. We do not know why this SkS
reached such a high level. Possibly a cyclone or a polar low could have
been missed by the TRACK algorithm or SkS could have been caused
purely by other phenomena.

4 Discussion and conclusion

The proposed independence of StSs from ATs motivating our
study is in agreement with the study by Williams et al., (2016). They
propose such independence for most of the TGs along the U.K. coast.
This would enable a simple convolution of the return frequencies for
extreme StSs and extreme ATs for assessment of the return frequencies
for plausible extreme SL events outside of the SL statistics observed.
Furthermore, the TGs at Andenes, Harstad, Tromsø and Vardø
confirm this hypothesis, since very high ATs coincided with very
high StSs.

As an example of what this implies, at the Bergen TG the same
distribution of SkS events but a re-sampling of the single incidences
leads to a maximum possible SL extreme of 182 cm (Figure 2,
horizontal solid black line in Bergen column). Such a SL exceeds
the currently highest observed SL in Bergen that occurred on
27 February 1990 by 32 cm. Furthermore, under the
RCP8.5 scenario future mean SL rise around Bergen is projected to
be 53 cm by 2,100 (Norwegian Mapping and Cadastre Authority,
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2019; Simpson et al., 2015), on top of which our possible maximum SL
extreme event would reach 235 cm, which is 15 cm above the
Norwegian national building code standard for critical
infrastructure of 220 cm (National Office of Building Technology
and Administration, 2019). It should be restated that the possible
extreme event of 182 cmwould only be produced by the coincidence of
the highest astronomical tide and the largest SkS seen in the last
35 years. Such an event may be rarer than the 1000 year return
frequency that the national building code level for Bergen is
defined at. The probabilities of such an event occurring could be
assessed for Bergen and for each tide gauge in Norway individually
using joint probabilities, though this is not covered here and will be the
focus of future work.

Similar approaches for the definition of extreme floods due to
coinciding high ATs and SkSs have been adapted to the U.K. (Haigh
et al., 2010; Tawn, 1992), and referred to as indirect methods for the
inference of return values. An important part of the correct statistical
treatment is a reduction of the likelihood of the highest possible
overlaps due to mismatches in the occurrences of extreme ATs (mostly
around the solstice points) and extreme SkSs (mostly in winter).
Without performing a thorough examination of the return periods
for Norway by different methods (which is beyond the scope of this
paper), we can instead highlight specific situations during the 30 year
database that would have exceeded the 1000 year return level for
Bergen. This return level was calculated using direct extreme value
statistics to be 148 cm (Simpson et al., 2015). The highest ever
observed SL in Bergen was 150 cm on 27 February 1990. The SkS
and AT the time of this event were 77.0 cm and 73.0 cm, respectively.
During the last 30 year record this AT was exceeded 154, 111, and
66 times during December, January and February or on average
around 5, 4, and 2 times per month during the last 30 year record,
and the SkS level was exceeded once during each December, January
and February. This suggests that an overlap of ATs and SkSs exceeding
the current estimate of the 1000 year return level for Bergen is very
possible and that we already here can identify so-called “near misses”
(Dangendorf et al., 2016; Haigh et al., 2016).

Such near misses are of course much more likely considering the
rather short datasets available for the analysis of extreme sea level
events. Due to the desire to use high frequency - high quality
automated measurements for this work, the length of the available
dataset is severely limited. Simultaneously, the datasets on which the
Norwegian building code is based are not much longer. The return
levels for the Norwegian TGs in Simpson et al., (2015) were calculated
from record lengths typically less than 79 years and maximum
100 years, equal or less than 10% of the target 1000-year return
period. A repetition of the analysis presented in this publication
with datasets spanning up to 100 years would be desirable, if
suitable data were available. A longer dataset would allow the
conclusions on the coincidence between ATs and SkSs to be tested
since it should show a wider variety of possible combinations Ats and
SkSs. However, the possibility for such super-flooding may be better
assessed using paleo reconstructions which have far longer records.
Some historic records might exist of extreme events for the last several
hundred years, for example from the Hanseatic activity in Bergen.
Possible weaknesses in the return-level calculations based on an only
100 years-long data series was highlighted during a StS event on
11 February 2020, where the maximum SL of 149 cm was reached
in Bergen. The 1000 years return level has thus been exceeded twice in
30 years. Even though much of this increase in occurrences can be

attributed to long term SL rise, it does suggest that indirect methods
may be more desirable.

There is a need to mention the large spatial variability of possible
exceedances of return levels and national building code thresholds. The
strongest recorded SkS for Oscarsborg nearby Oslo (123 cm, record
length of 29 years) together with the projected mean SL rise in the
RCP8.5 scenario (28 cm) and highest AT in the record (28 cm) would be
186 cm, 47 cm below the national building code threshold of 233 cm
relative to the mean sea level from 1996 to 2014. The national building
code threshold would not be exceeded, even using the 95% confidence
interval for the mean sea level rise of 61 cm. The relevance of the
coincidence between AT and SkS is strongly reduced since the Oslo area
shows one of the strongest isostatic adjustments and the AT amplitude is
low due to its proximity to the amphidromic point.

It is clear that future studies are needed to uncover what
independence between AT and SkS means for extreme SL events
along the Norwegian coastline. The role of storms and their paths
and strength is also important to discuss. There appears to be a
separation of storm tracks, as seen by two typical main paths of single
storms relative to the Norwegian coastline, affecting extreme SkSs at
stations north of Trondheim and south of Heimsjø. This can be linked to
the analysis of Chafik et al., (2017) despite a focus on different time scales.
They found monthly mean extreme SL (detrended, seasonalized and the
inverse barometric effect removed) in Bergen to coincide with a mean sea
level pressure pattern with a maximum over central Germany and a
minimum southwest of Iceland. For SL extremes in Tromsø the
maximum was located over Denmark and the minimum over
Southeast Greenland. This resulted in monthly mean winds crossing
Norway over Bergen or propagating further along the Norwegian coast,
similar to the storm tracks in our analysis. The observed ‘glancing’ of the
Norwegian coast at the location of the TGs is therefore a result of the
shape of the Norwegian coastline with a meridional orientation in
Southern Norway and a more zonal orientation in Northern Norway.
A northward or southward shift in the pressure pattern causes the isolines
either to follow the Norwegian coast or cross it, respectively. Chafik et al.,
(2017) attributed the extreme monthly mean SLs in Bergen to a positive
North Atlantic Oscillation (NAO) modulated by a positive East Atlantic
Pattern and neutral Scandinavian Pattern. The extreme monthly mean
SLs at Tromsø they attributed also to a positive NAO, modulated by a
light positive East Atlantic Pattern and a negative Scandinavian Pattern.
The positive NAO is consistent with the typical mean storm track
location over Norway, compared to the more southern mean storm
tracks for a negative NAO phase (Bader et al., 2011; Trigo, 2006).

In order to better understand extreme sea-level events in a region
with such a complex geometry such as the Norwegian coast, it is
important to make the connection between SL events and the specific
properties of extratropical cyclones rather than connecting them with
storm tracks or large scale pressure patterns. We know from the
literature that storm intensity, location, size, and speed of propagation
can greatly affect the risk and impact of flooding in coastal areas (e.g.,
Jelenianski, 1972; Azam et al., 2004; Benavente et al., 2006; Haigh et al.,
2016; Wei et al., 2019). However, to the authors’ knowledge, the
combination of different storms’ properties along the coast of Norway
has not been addressed by the literature. For example, the intensity of
storms is associated with the strength of wind stress over the ocean and
could be related to anomalously high sea-level events. However, the
intensities of storms have to be considered in relationship with their
paths. The path followed by a storm affects the wind pattern in coastal
areas and, therefore, can determine whether water piles up or not
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along certain portions of the coast (Andrée et al., 2022). A future study
could followDangendorf et al. (2016) and propose an analysis of storm
surges that takes into consideration ATs, storms’ location, and the
storms’ strengths. Or, it could exploit other deterministic approaches,
such as those in Ganske et al. (2018) and Horsburgh et al. (2021), for
example, using a high-resolution numerical model to reproduce the
impact of a storm from the past, and understand how it changes as
some of the cyclone’s characteristics are modified.
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This paper investigated the characteristics of Madden-Julian Oscillation (MJO) in
three super El Niño events (i.e., 1982/83, 1997/98 and 2015/16 El Niño events) based
on reanalysis data. MJOwith apparent eastward propagation can be observed during
the developing stages of these three super El Niño events. EnhancedMJO zonal wind
was observed over the western Pacific, especially in 1997/98 and 2015/16 El Niño
events, which is mainly attributed to the effects of tropical background circulation
and extratropical anomalous circulation. During the mature stages of 1982/83 and
1997/98 El Niño events, MJO with noticeable eastward propagation cannot be
observed, and the MJO zonal wind amplitude at 850 hPa was weakened
(enhanced) over the Indian Ocean and western Pacific (central and eastern
Pacific). However, MJO zonal wind amplitude over the central and eastern Pacific
was enhanced and the prominent eastward propagation was also found in the
mature stage of 2015/16 El Niño. The eastward propagation of MJO was also
observed during the decaying stages of the three super El Niño events, but its
intensity was weaker compared with the developing and mature stages. The
abnormal activity of MJO during the mature and decaying stages may be closely
related to the characteristics in circulation andmoisture anomalies caused by El Niño
and the seasonal cycle of circulation and moisture. In addition, this study found that
the RMM index and MJO zonal wind amplitude may lead to contradictory results in
identifying the characteristics of MJO activity, especially during the developing and
decaying stages.

KEYWORDS

Madden-Julian Oscillation (MJO), super El Niño, comparative study, extratropical
anomalous circulation, RMM index

1 Introduction

Madden-Julian Oscillation (MJO) is the most important component of tropical
atmospheric intraseasonal oscillation (Madden and Julian, 1971; Madden and Julian, 1972),
and is also the bridge between weather and climate, which means that MJO plays a critical role
in the anomalous weather and climate in many regions (Zhang, 2013; Li et al., 2014; Li et al.,
2020). El Niño–Southern Oscillation (ENSO), as the strongest signal of large-scale sea-air
interaction, shows significant variability on interannual timescales in the tropical ocean and
atmosphere. ENSO and MJO are two of the vital systems in the tropic. Although the time scales
of ENSO and MJO are very different, they are closely related. The MJO plays an important role
in the initiation and termination of ENSO (Lau and Chan, 1988; Takayabu et al., 1999; Bergman
et al., 2001; Miyakawa et al., 2017). On the one hand, the strengthened MJO could induce a
stronger stochastic forcing like westerly wind burst, which trigger the El Niño (Lau and Chan
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1988; Bergman et al., 2001). On the other hand, the robust MJO
activities and its eastward propagation in May 1998 strengthened the
easterly anomalies over the eastern Pacific, which caused the abrupt
decaying of El Niño (Takayabu et al., 1999; Miyakawa et al., 2017). The
MJO activity could be modulated by the ENSO (Lau and Chan, 1986;
Moon et al., 2011; Lee et al., 2019; Wei and Ren, 2019). The El Niño
might reduce the frequency of the MJO via the air–sea interactions
(Lau and Chan, 1986). Wei and Ren (2019) indicated that ENSO can
regulate the propagation of MJO. The equatorially symmetric
eastward propagation of MJO is fast from the Indian Ocean to the
equatorial western Pacific during El Niño, whereas the MJO during La
Niña is very slow via the southern Maritime Continent. In addition,
the teleconnection from the MJO could be modulated by the ENSO
(Moon et al., 2011; Lee et al., 2019).

Accompany the evolution of El Niño, anomalous MJO activity
can be observed in many regions (Li and Zhou, 1994; Hendon et al.,
2007; Chen et al., 2015; Chen et al., 2016). MJO activity is enhanced
over the western Pacific before the occurrence of El Niño, while it is
weakened rapidly after El Niño (Li and Zhou, 1994; Li and Li, 1995).
During the developing stages of El Niño, anomalous MJO activity
will lead to westerly wind bursts in the western Pacific (Vecchi and
Harrison, 2000; Hendon et al., 2007), causing sinking Kelvin wave in
the ocean (Kessler et al., 1995; Seo and Xue, 2005), thus affecting the
sea surface temperature in the equatorial Pacific and providing
advantageous environment for the developing stages of El Niño
(Zhang and Gottschalck, 2002; McPhaden et al., 2006). The
combination of the atmospheric barotropic instable mode mainly
excited by El Niño and the MJO circulation results in the MJO
tending to a barotropic structure in the vertical direction during El
Niño (Li and Li, 1995; Li and Smith, 1995; Chen et al., 2015). During
the El Niño event, due to the increase of moisture and moist static
energy over the central and eastern Pacific, MJO zonal winds in the
lower tropospheric are enhanced over the central Pacific while it
weakened over the western Pacific. Meanwhile, the location of the
maximum growth rate of MJO moves eastward and the eastward
propagation speed of the MJO slow down (Fink and Speth, 1997;
Tam and Lau, 2005). In addition, the convective activity strengthens
in the central and eastern Pacific during El Niño, changing the
position of atmospheric adiabatic heating, so that the eastward
propagation of the MJO is not obvious, and some regions have
westward propagation, especially in the Pacific (Li, 1995; Li and
Smith, 1995; Chen et al., 2015).

In recent years, many researchers have paid more attention to the
relationship between the MJO and two types of El Niño, especially the
relationship between the MJO and the central Pacific El Niño (Feng
et al., 2015; Yuan et al., 2015). In the eastern Pacific El Niño, the MJO
activity over the western Pacific are enhanced during spring and
summer, while they are significantly weakened during the four to
5 months the after eastern Pacific El Niño matures (Gushchina and
Dewitte, 2012; Chen et al., 2016). However, the enhancement of the
MJO in the central Pacific El Niño mainly occur in the mature and
decaying stages of El Niño (Gushchina and Dewitte, 2012; Chen et al.,
2016). During the central Pacific El Niño, the anomalous circulation
and moisture over the maritime continent and western Pacific are
conductive to the increase of moist static energy and the conversion
from barotropic and baroclinic energy from the low-frequency
background field to MJO scale, thus strengthening the MJO activity
in these regions (Hsu et al., 2018; Wang et al., 2018). The horizontal
and vertical moisture advection over the central Pacific is stronger
during the central Pacific El Niño compared with during the eastern
Pacific El Niño, resulting in the stronger intensity and the furtherer
eastward propagation of the MJO during the central Pacific El Niño
(Chen et al., 2016). Dasgupta et al. (2021) indicated that the first and
second MJO frequency pattern is most prominent during the negative
central Pacific and positive eastern Pacific ENSO phases, respectively,
which is caused by the horizontal convergence of mean background
moisture through intraseasonal winds during the two types of ENSO
phases.

This study selected three El Niño events (1982/83, 1997/98 and 2015/
16 El Niño) with the strongest SST anomalies in recent decades, which are
usually called super El Niño (Chen et al., 2016; Yuan et al., 2016; Mu and
Ren, 2017; Abellán et al., 2018). The evolution characteristics of SST
during the super El Niño and their effects on global weather and climate
are significantly distinct comparedwith those during the ordinary El Niño
(Li and Min, 2016; Bi et al., 2017; Liu et al., 2018; Qian and Guan, 2018).
Affected by the 2015/16 El Niño event the precipitation significantly
increased in the southern China during the autumn and winter in 2015,
especially in the SouthChina inwinter, with the precipitation reaching the
strongest value in history record (Yuan et al., 2016; Zhai et al., 2016). At
the same time, there are many similarities and differences between the
three super El Niño events (Shao and Zhou, 2016; Paek et al., 2017; Rao
and Ren, 2017; Abellán et al., 2018). The center of positive SST anomaly
during the 2015/16 El Niño was apparently westward compared with the
previous two El Niño (Ren et al., 2017), which is the mixed characteristics
of the central Pacific El Niño and eastern Pacific El Niño (Paek et al.,
2017). The intraseasonal zonal westerly in the 2015/16 El Niño was
weaker than that in the 1997/98 El Niño, which lead to weaker
intraseasonal SST (Lyu et al., 2018). The thermocline feedback in the
2015/16 El Niño was weaker than the other two super El Niño, while the
advection feedback was significantly enhanced (Zheng et al., 2019).

The super El Niño events have gradually received more attention
due to the characteristics in the evolution and their enormous
influence on the global weather and climate, which bring the new
challenges to our research and forecasting. MJO and ENSO are the two
systems with the most significant variation in the tropical atmosphere
and ocean, and their interaction has always been a hot topic. The MJO
activity appear significantly abnormal along with the evolution of El
Niño. So what are the characteristics of MJO activity during super El
Niño? What are the differences in MJO activities between the three
super El Niño? In view of these problem, this paper will attempt to
compare and analyze the abnormal characteristics of MJO from the

FIGURE 1
Evolution of monthly Niño 3.4 index during the three super El Niño
events. The −1, 0 and 1 represent super El Niño event previous, onset and
next year, respectively.
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developing, mature and decaying stages of the super El Nino events,
and explore the relationship between MJO and super ENSO, so as to
provide important support for the prediction of MJO. The paper is
organized as follows. Section 2 describes the data and analysis
techniques. The evolution characteristics of MJO and possible
causes of anomalous MJO activity are presented in section 3 and
section 4, respectively. We present concluding remarks with
discussions in section 5.

2 Materials and methods

Daily mean atmospheric data at a horizontal resolution of 1.5 ×
1.5, including horizontal winds and specific humidity, were from the
European Center for Medium-Range Weather Forecasts Interim Re-
Analysis (ERA-Interim; Dee et al., 2011). SST data were obtained from
the National Oceanic and Atmospheric Administration (NOAA) for
both temporal resolutions of daily (Optimum Interpolation SST V2;
Reynolds et al., 2007) and monthly (Extended Reconstructed SST V5
(Huang et al., 2017), at a horizontal resolution of .25 × .25 and 2.0 ×
2.0, respectively. Furthermore, daily real-time multivariate MJO
indexes (RMM; Wheeler and Hendon, 2004) were obtained from
the Australian Bureau of Meteorology, which is the multivariate
combined EOF of 850 h Pa zonal wind, 200 h Pa zonal wind and
outgoing longwave radiation. RMM can reflect the real-time variation
of intensity and position for the MJO. The record length of all data
compiled in this study is 39 years from 1 January 1979 to
31 December 2017.

Anomalies were obtained by removing the seasonal cycle and
linear trend. The MJO signal was obtained by the Lanczos band-pass
filter with 201 days of smoothing (Duchon, 1979). The time-space

spectrum analysis is used to analyze the distribution of vibration
energy with wave number and frequency (Hayashi, 1982). The
evolution of the three super El Niño was represented by the Niño
3.4 index (SST anomaly average over the 5°S-5°N,170°-120°W).
Figure 1 shows the evolution of the Niño 3.4 index during the
three super El Niño. The maximum of Niño 3.4 index is higher
than 2.0°C in super El Niño, while there are prominent differences in
the evolution of Niño 3.4 index among the three events. According to
the evolution of Niño 3.4 index, the super El Niño events can be
divided into three stages: developing stages (from February to
September) that is a stable growth period before Niño 3.4 index
reaches 2.0°C, mature stages (from October to February of the
following year) that is a period when Niño 3.4 index remains
around 2.0°C, and decaying stages (from March of the following
year to July) that is a period when Niño 3.4 index is below 2.0°C
and turn into a negative value. The Niño 3.4 index turn from a negative
anomaly to a positive anomaly except for the 2015/16 El Niño, which
is mainly attributed to the warming events of the Pacific in 2014 (Zhai
et al., 2016; Chen et al., 2017). In the decaying stages, the evolution of
the Niño 3.4 index in the three super El Niño shows a similar pattern.
However, the Niño 3.4 indices during developing stages are distinct,
and it is prominent that the intensity of the Niño 3.4 index for the
1982/83 El Niño is significantly weaker compared with those for the
other two El Niño events.

3 Activity and evolution of MJO

Figure 2 exhibits the evolution of MJO zonal wind at 850 hPa
averaged over the 10°S-10°N, RMM index and Niño 3.4 index during
the three super El Niño. It is evident that there are significant

FIGURE 2
Evolution of MJO zonal wind at 850 hPa averaged over 10°S-10°N (colors shading, m s−1), RMM index (black lines, RMM index exceeding 1.2 are marked
with orange), and Niño 3.4 index (red lines) during three super El Niño events. The 0 and 1 represent super El Niño event onset and next year, respectively.
(A–C) represent 1982/83,1997/98 and 2015/16, respectively.
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discrepancies in the characteristics of MJO activity during the different
stages in the three super El Niño.

3.1 Developing stage

In the developing stage, especially from February to July, the
enhanced MJO significantly propagated eastward from the Indian
Ocean to the Pacific during the three super El Niño (Figure 2).
However, there were prominent differences in intensity, speed and
distance of propagation. The spatiotemporal spectrum analysis
(Figure 3) illustrated that the strongest power spectrum of eastward
propagation occurs in the developing stages of 1997/98 El Niño with the
main periods of 45 days and 90 days. During the 2015/16 El Niño, the
power spectrum of eastward propagation was relatively weak with a
major period of 40 days and 60 days. During the 1982/83 El Niño, the
power spectrum of eastward propagation was the weakest with a main
period of about 40 days. The eastward propagation of the MJO was

primarily dominated by zonal 1 wave, and the eastward propagation of
zonal 2 wave was also strong during the 1997/98 El Niño. In addition,
eastward propagation of strong high-frequency waves with a period of
about 25 days occurred during the developing stage, especially for 1997/
98 El Niño.

The evolution of RMM index (Figure 2) illustrated that the strongest
RMM index appeared in March 2015, and this robust MJO activity
directly promoted the development of 2015/16 El Niño (Chen et al.,
2017; Hong et al., 2017). The average value of RMM index is about 1.2 in
winter. Thus, the strong MJO event is defined, when the RMM index is
equal or greater than 1.2. The strong MJO event occurred with the
longest duration in the developing stages of the 1997/1998 El Niño,
while the relatively weak RMM index in the developing stages of the
1982/83 El Niño. Figure 4 depicts the evolution characteristics of MJO
phase and intensity. Two strong MJO events occurred in the 1997/
98 and 2015/16 El Niño events. Furthermore, the abnormal enhanced
MJO activity primarily appeared in phase 5–8. However, the
strengthened MJO activity mainly appeared in phase 1–3 during the

FIGURE 3
Time-space spectra of zonal wind at 850 hPa averaged over 10°S-10°N for 1982/83 (left), 1997/98 (middle), and 2015/16 (right) super El Niño during
developing stages (A–C), mature stages (D–F), and decaying stages (G–I).
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developing stages of the 1982/83 El Niño.Many studies have shown that
eastward propagation of the MJO zonal westerly during the 1997/98 El
Niño and 2015/16 El Niño directly leads to the variation of ocean
thermocline, thus promoting the development of El Niño (McPhaden,
1999; L’Heureux et al., 2017). As shown in Figure 2, two prominent
eastward propagation of MJO zonal westerly appeared during the
developing stages of the 1982/83 El Niño, and the MJO activity over
the western Pacific were strengthened to a certain extent. However, the
role of the MJO in the development of this El Niño event had not been
deeply examined due to the lack of data. At the same time, weak MJO
activities were detected during the developing stages of three super El
Niño, particularly in the 1982/83 ElNiño. The composite RMM index of

each phase during the developing stages of three super El Niño showed
that, on average, MJO activities in each phase weakened during the
developing stages of the 1982/83 El Niño while enhanced in each phase
during the 1997/98 El Niño, especially phase 1 and phase5-8. However,
the MJO activities weakened in phase4-6 of the 2015/16 El Niño while
strengthened in the other phases.

Some studies (Li and Li, 1995; Chen et al., 2015) suggest that MJO
activities are significantly enhanced during the developing stages of the
1982/83 El Niño, whereas the composite RMM index shows that MJO
activities are weakened during the developing stages of the 1982/83 El
Niño, which may be related to the method used. Figure 6 exhibits the
MJO zonal wind amplitude anomalies during the three super El Niño

FIGURE 4
RMM index for 1982/83 (left), 1997/98 (middle), and 2015/16 (right) super El Niño during developing stages (A–C), mature stages (D–F), and decaying
stages (G–I).
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events. The MJO zonal wind amplitude refers to the 3-month sliding
standard deviation ofMJO zonal wind at 850 hPa (Chen et al., 2016). It
was clear that MJO zonal wind amplitude in the developing stages of
the three El Niño events were strengthened, but there were also
obvious differences. The positive MJO amplitude anomalies were
the weakest and primarily concentrated in the western Pacific
during the developing stages of the 1982/83 El Niño. The MJO
over the Indian Ocean near 90°E was also enhanced from April to
July. For the 1997/98 El Niño, the MJO amplitude anomalies were the
strongest, and they are significantly strengthened throughout the
Indian Ocean and Pacific in the spring and early summer. The
abnormal intensity of MJO amplitude in the 2015/16 El Niño was
between the previous El Niño events, and the enhanced MJO
amplitude mainly occurred in the Pacific, while there were negative
MJO amplitude anomalies in the Indian Ocean. These results indicate
that there are certain differences between the anomalous MJO zonal
amplitude and anomalous RMM index. The discrepancies may be
attributed to the differences in the analysis methods and emphases that
evaluate the MJO intensity, which leads to contradictory results in
different studies.

3.2 Mature stages

During the mature stages of the 2015/16 El Niño, the robust
MJO was detected along with significant eastward propagation

over the Indian Ocean and Pacific. In contrast, the MJO activities
were weakened during the other two super El Niño, and their
eastward propagation were not prominent, and even westward
propagation existed in some regions (Figure 2). The
spatiotemporal spectral analysis as shown in Figure 3
illustrated that the power spectrum of eastward propagation in
the intraseasonal scale was the strongest during the mature stages
of the 2015/16 El Niño, with a central period of about 75 days,
whereas they were significantly weakened during the 1982/83 El
Niño and 1997/98 El Niño, especially in the 1997/98 El Niño. The
intraseasonal wave of eastward propagation was primarily zonal
wave 1, while the zonal wave 2 was also robust during the 2015/
16 El Niño. The prominently enhanced eastward propagation of
zonal wave 2 of more than 90 days appeared in the mature stages of
the 1982/83 El Niño, which may be caused by the conversion of the
MJO energy to low-frequency energy of more than 90 days (Li and
Zhou, 1994; Li and Li, 1995). In addition, the power spectrum of
westward propagation at the intraseasonal and low-frequency
(>90 days) scales were also significantly enhanced during the
1982/83 and 1997/98 El Niño events.

MJO intensity weakened during the mature stages compared
with that during the developing stages, especially in the 1997/98 El
Niño (Figure 4), which is consistent with previous studies that the
MJO activity is enhanced during the developing stages of El Niño,
while weakened during the mature stages (Li and Zhou, 1994; Li
and Li, 1995). During the mature stages of the 1982/83 El Niño,
RMM indexes of some days were stronger than the climate mean.
The prominent MJO activity were not observed during the mature
stages of the 1997/98 El Niño. However, two significant eastward
propagation appeared in the 2015/16 El Niño, and the enhanced
MJO activities were primarily located in phase 5–8. The composite
RMM index of different phase (Figure 5) showed that MJO
activities were weakened during the mature stages of the 1982/
83 and 1997/98 El Niño events, especially at phase 4–8. However,
the MJO activities were enhanced except for phase 3 during the
mature stages of the 2015/16 El Niño, especially in phase 4-5 and
phase 7-8. It was clear that the RMM index was incapable of
capturing the phenomenon that the MJO activity was weakened
over the western Pacific and enhanced in the central and eastern
Pacific during the mature phase of El Niño. However, this
phenomenon could be reflected by the MJO amplitude
(Figure 6). During the early mature stages of the 1982/83 and
1997/98 El Niño events, negative MJO amplitude anomalies mainly
occurred in the Indian Ocean and western Pacific. With the
evolution of time, the negative anomaly gradually expanded
eastward, then extended to the central Pacific in the late mature
stages and continued to the decaying stages (Figures 6A, B). The
enhanced MJO amplitude primarily occurred in the central Pacific
during the 1982/83 El Niño before December, while they were
mainly appeared in the eastern Pacific after December
(Figure 6A). In the 1997/98 El Niño, the MJO amplitude
strengthened over the central and eastern Pacific before
December, while prominent anomalies were not detected
anymore over the central and eastern Pacific after December
(Figure 6B). During the mature stages of the 2015/16 El Niño,
negative MJO amplitude anomalies in the Indian Ocean and
western Pacific were not obvious, but positive anomalies were
significantly enhanced over the central and eastern Pacific,
especially after November (Figure 6C).

FIGURE 5
Composite RMM index at different MJO phases during the (A)
developing stages, (B) mature stages, and (C) decaying stages for the
three super El Niño events.
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3.3 Decaying stages

The eastward propagation of the MJO could be observed during
the decaying stages of the three super El Niño, but their intensity,
duration and propagation distance were significantly weakened
compared with those in the developing and mature stages
(Figure 2). The spatiotemporal spectral analysis in Figure 3 also
showed that power spectrum of intraseasonal eastward propagation
during the decaying stages of the 1997/98 and 2015/16 El Niño events
were relatively stronger than those during the 1982/83 El Niño. The
central periods of the eastward propagation for the MJO were mainly
40 days and 75 days during the decaying stages of 1997/98 El Niño,
and it was primarily 40 days for the 2015/16 El Niño. However, there is
no center of intraseasonal eastward propagation during the 1982/83 El
Niño. The strong wave of eastward and westward propagation of lager
than 90 days appeared in the decaying stages of the 1982/83 and 1997/
98 El Niño events, which may be induced by the conversion of the
MJO energy to low-frequency energy of above 90 days (Li and Zhou,
1994; Li and Li, 1995). At the same time, the high-frequency wave
activities of the eastward propagation were prominent at 20–30 days
during the decaying stages of the 1997/98 El Niño. In addition, the
eastward propagation center of zonal wave 2 was detected during the
decaying stages of the 1982/83 El Niño.

The evolution and composite results of the RMM index during
decaying stages of three super El Niño illustrated that the MJO
activity in the decaying stages is significantly weaker than that in the
developing and mature stages. The MJO intensity in the decaying

stages was the weakest, especially for the 1982/83 and 1997/98 El
Niño events (Figure 2; Figure 4; Figure 5). The RMM indexes of
phase 4–8 during the decaying stages of the 1997/98 and 2015/16 El
Niño changed from positive anomaly in the mature stages to negative
anomalies, particularly in phase 6–8 (Figure 5C). The strong MJO
activity led to the increase in the average RMM index of phase 4-5 in
May 1998. The two robust MJO activities in June and July 2016 also
enhanced the average RMM index of phase 1-2 during the decaying
stages of the 2015/16 El Niño. Many studies had indicated that the
robust MJO activity in May 1998 triggered the easterly anomalies,
resulting in the termination of El Niño. After the MJO event, the
Niño 3.4 index rapidly decayed from positive anomaly to negative
anomaly (Takayabu et al., 1999; Miyakawa et al., 2017). Figure 2
showed that during the decaying stages of three super El Niño, when
Niño 3.4 index turned from positive to negative, the MJO easterly
existed in the eastern Pacific, which demonstrated that the MJO
easterlies may accelerate the extinction of strong El Niño.
Meanwhile, the MJO westerlies in April 1998 and June
2016 existed in the eastern Pacific, while the decaying rate of the
Niño 3.4 index was prominently reduced. The anomalous MJO zonal
wind amplitudes in the Indian Ocean and Pacific were weakened in
the decaying stages, especially in the 1982/83 and 1997/98 El Niño,
while they were enhanced in the central and eastern Pacific,
particularly in the 2015/16 (Figure 6). The MJO zonal wind
amplitudes strengthened over the eastern Pacific, which may lead
to the stronger 2015/16 El Niño. These results indicate that the MJO
plays a critical role in the decaying stages of El Niño while it is

FIGURE 6
Anomalous MJO amplitude of zonal wind at 850 hPa averaged over 10°S—10°N during the three super El Niño events (m s−1). The 0 and 1 represent super
El Niño event onset and next year, respectively. (A–C) represent 1982/83,1997/98 and 2015/16, respectively.
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necessary to further study the interaction between the MJO and the
decaying stages of El Niño.

4 Possible cause of anomalous MJO
activity

Figure 2 showed that the zonal westerlies of several MJO events
were enhanced around 150°E during the early developing stages of
three super El Niño, and the maximum center of MJO zonal wind
occurred also around 150°E. Chen et al. (2017) indicated that the
enhanced MJO zonal westerlies near 150°E are largely affected by the
extratropical atmosphere. For the several MJO events during the
developing stage of three super El Niño, our study discovered that
the enhanced MJO zonal wind near 150°E is induced by extratropical
circulation. Figure 7 shows the MJO circulation at 850 hPa and MJO
OLR during the developing stage of the three super El Niño. The
results clearly demonstrated that the MJO active near 150°E was
closely related to the long-lasting extratropical circulations that
reach the equator, which strengthened the activities of MJO zonal
wind and OLR. The extratropical circulations originated from the
northeastern Pacific (Figures 7A, C–E) as well as Siberia (Figures 7B,
F). At the same time, due to the change of background field circulation
(low-frequency circulation of more than 90 days) during the

developing stages of El Niño, the MJO zonal westerly wind activity
will strengthen around 150°E. From the anomalous 850 hPa zonal
wind and specific humidity, it was clear that zonal westerly anomalies
were appear in the western Pacific during the developing stages, and
the strongest in the 1997/98 El Niño. The zonal winds of climate states
over the central and eastern Pacific are robust easterlies and gradually
weaken to the west. Thus, the anomalous westerly over the western
Pacific amplify the zonal gradient of background zonal wind. Hsu et al.
(2018) indicate that the conversion of low-frequency kinetic energy of
more than 90 days to MJO kinetic energy is proportionate to the zonal
gradient of background zonal wind (-u′2z�uzx, “ˊ” and “−” are MJO scale
and background wind). Therefore, the occurrence of background
westerly anomaly over the western Pacific may lead to reinforcing
the barotropic energy conversion from the low-frequency background
field to the MJO scale, resulting in enhancing the activities of MJO
zonal westerly.

In the mature stages of El Niño, the easterly anomaly from the
Indian Ocean to the western Pacific Ocean, and the abnormal
subsidence movement and negative moisture anomaly in the
maritime continent and the western Pacific Ocean are not
conducive to the MJO activities in these areas (Chen et al.,
2016). The circulation and moisture anomaly in the western
Pacific were relatively weak during the 2015/16 El Niño, so the
weakening degree of MJO is relatively weak (Figure 8).

FIGURE 7
MJOwind at 850 hPa (vectors, m s−1) andMJOOLR (colors, W m−2) during the developing stages of the three super El Niño events. The 0 and 1 represent
super El Niño event onset and next year, respectively. (A–C) represent 1982/83, 1997/98 and 2015/16, respectively.

Frontiers in Earth Science frontiersin.org08

Li et al. 10.3389/feart.2022.1021953

194

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1021953


Meanwhile, positive moisture anomaly and anomalous ascending
motion appeared in the central and eastern Pacific during the
mature stages of El Niño, which provide a favorable background
field for the MJO activity, resulting in a stronger MJO amplitude
over the central and eastern Pacific (Figure 6). It is noteworthy
that the zonal westerly and positive moisture anomaly over the
central and eastern Pacific was significantly westward during the
mature stages of the 2015/16 El Niño, comparing with the other
two El Niño events, which is consistent with the location of
positive anomaly of MJO zonal wind amplitude to the west as
shown in Figure 6. The circulation and moisture anomalies from
the Indian Ocean to the western Pacific impeded the propagation
of MJO during the mature stages of 1982/83 and 1997/1998 El
Niño events, which caused the discontinuous eastward
propagation. The 2015/16 El Niño showed some characteristics
similar to the central Pacific El Niño (Paek et al., 2017). Although
a certain easterly anomaly appeared over the western Pacific, the
moisture was not prominent and positive moisture anomalies
appeared in the later. Furthermore, the center of positive
moisture anomaly over the central and eastern Pacific was
westward. Consequently, the combination of anomalous
moisture background and MJO circulation strengthens the
moisture convergence in the lower troposphere on the eastern
side of MJO convection (-u′z�qzx), which promotes the activity and
eastward propagation of MJO over the central and eastern Pacific
(Chen et al., 2016).

In the decaying stages, the easterly anomaly and negative moisture
anomaly over the western Pacific and maritime continent were also not
conductive to the MJO activity in these areas. As the zonal westerly and
positive moisture anomaly over the central and eastern Pacific rapidly
weakened, resulting in weakening their strengthened role on the MJO.

At the same time, the MJO activity weaken seasonally, due to the
seasonal change of the background field (Dong et al., 2004). Therefore,
the combination of anomalous circulation and moisture induced by El
Niño with the seasonal variation of background field greatly weakened
the MJO activity, which led to make the decaying stages the weakest
period of MJO activity. However, the related physical process and
mechanism of the abnormal MJO activity during the decaying stages
of El Niño still need to be further researched.

5 Conclusion and discussion

The relationship between MJO and El Niño has always been a hot
topic. Based on the reanalysis data, this paper deeply compared and
analyzed the characteristics of MJO intensity and propagation during
the developing, mature, and decaying stages of three super El Niño.
Furthermore, this study identified the essential processes that induce
abnormal MJO activities. The main conclusions are as follows:

There were three MJO events with obvious eastward propagation
during the developing stages of the three super ElNiño. The RMM index
illustrated that MJO intensity decreased (or increased) in all phase
during the developing stages of the 1982/83 (1997/98) El Niño event.
The MJO activities weakened in phase 4–6 during the developing stages
of the 2015/16 El Niño while significantly strengthened in other phases.
In addition, the MJO zonal wind amplitude over the western Pacific
strengthened during the developing stages of three super El Niño,
especially during the 1997/98 El Niño.

The eastward propagation of MJO were not prominent during the
mature stages of the 1982/83 and 1997/98 El Niño events, and there
were even westward propagation. On the contrary, the prominent
eastward propagation of MJO still appeared in the 2015/16 El Niño.

FIGURE 8
Anomalous zonal wind (contours, negative values are represented by dashedwith the interval of 1 m s−1 and bold lines represent zero isolines) and specify
humidity (colors, g kg−1) at 850 hPa averaged over 10°S—10°N during the three super El Niño events. The 0 and 1 represent super El Niño event onset and next
year, respectively. (A–C) represent 1982/83, 1997/98 and 2015/16, respectively.
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The RMM index showed that MJO intensities in all phase obviously
decreased during the mature stages of the 1982/83 and 1997/98 El Niño
events, while prominently increased in phase 4–8 during the 2015/16 El
Niño. The MJO zonal wind amplitude weakened over the Indian Ocean
and western Pacific during the mature stages of the 1982/83 and 1997/
98 El Niño, while slightly strengthened over the central and eastern
Pacific. However, MJO zonal wind prominently strengthened over the
central and eastern Pacific during the mature stages of 2015/16 El Niño.

Although the eastward propagation of the MJO appeared during
the decaying stages of three super El Niño, the intensity were weaker
compared with the developing and mature stages, and decaying stages
was the weakest stages of MJO activity. The RMM index indicated that
the MJO primarily decreased in phase 1–3 and phase 6–8, while the
MJO zonal wind amplitude mainly decreased over the Indian Ocean
and western Pacific.

This study found that the activity and evolution characteristics of
the MJO were mainly dominated by the low-frequency atmospheric
circulation and anomalous moisture induced by El Niño, and they also
were regulated by the extratropical circulation. In addition, the
anomalous MJO activities played an obvious role in the developing
and decaying stages of El Niño. This study also quantified the abnormal
characteristics of MJO activities by the RMM index andMJO amplitude
during the super El Niño, and there were contradictory results from the
twomethod. Thus, we should paymore attention to they in the scientific
research and practice applications to avoid misunderstanding the MJO
characteristics. At present, many studies have focused on the interaction
between MJO and El Niño during the developing and mature stages of
El Niño. However, it is still necessary to further study the interaction
between theMJO and ElNiño during the decaying stages of El Niño and
the corresponding cooperative effect on climate.
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