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A Diurnal-Cycle Perspective

GUIXING CHEN,*** YU DU,*P® AND ZHIPING WEN®

@ School of Atmospheric Sciences, Sun Yat-sen University, Zhuhai, China
® Key Laboratory of Tropical Atmosphere-Ocean System, Ministry of Education, Sun Yat-sen University, Zhuhai, China
¢ Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai, China
4 Department of Atmospheric and Oceanic Sciences, Fudan University, Shanghai, China
¢ Institute of Atmospheric Sciences, Fudan University, Shanghai, China

(Manuscript received 16 November 2020, in final form 16 February 2021)

ABSTRACT: This study revisits the long-term variabilities of the East Asian summer monsoon (EASM) in 1958-2017 through
examination of diurnal cycles. We group monsoon days into four dynamic quadrants (Q1 to Q4), with emphasis on the strong daily
southerlies coupled with a large (Q1) or small (Q4) diurnal amplitude over Southeast China. The occurrence day of Q1 increases in
June-July with the seasonal progress of the EASM. It is most pronounced in the 1960s to the 1970s and declines to the lowest in the
1980s to the 1990s, whereas the Q4 occurrence increases notably from the 1970s to the 1990s; both groups return to normal in recent
years. The interdecadal decrease (increase) of Q1 (Q4) occurrence corresponds well to the known weakening of EASM in the
twentieth century, and it also coincides with the rainfall anomalies over China shifting from a “north flooding and south drought” to a
“north drought and south flooding” mode. The rainfall under Q1 (Q4) can account for ~60% of the interannual variance of summer
rainfall in northern (southern) China. The contrasting effects of Q1 and Q4 on rainfall are due to their remarkably different regulation
on water vapor transport and convergence. The interannual/interdecadal variations of Q1 (Q4) occurrence determine the anomalous
water vapor transports to northern (southern) China, in association with the various expansion of the western Pacific subtropical high.
In particular, Q1 conditions can greatly intensify nighttime moisture convergence, which is responsible for the long-term variations of
rainfall in northern China. The results highlight that the diurnal cycles in monsoon flow act as a key regional process working with
large-scale circulation to regulate the spatial distributions and long-term variabilities of EASM rainfall.

KEYWORDS: Monsoons; Rainfall; Climate variability; Diurnal effects; Interannual variability; Interdecadal variability;
Seasonal cycle

1. Introduction to increase in northern China plains with strengthening south-
erlies (Zhu et al. 2011). The long-term variabilities of EASM
rainfall have been connected with the forcings such as the SSTA
in oceans, snow cover, and aerosols over continents (Nitta and
Yamada 1989; Zhang et al. 1996; Chang et al. 2000; Wu and Qian
2003; Ding et al. 2009; Duan et al. 2013; Song et al. 2014). For
instance, the EASM variation at an interannual time scale is
closely related to the Indian Ocean warming that often occurs
after El Nifio (Wu et al. 2009; Song and Zhou 2014a,b), whereas
its change at decadal time scale may be related to the PDO
(Zhou et al. 2013). The multiscale characteristics and processes
of the EASM are an important scientific issue for understanding
the regional climate and extreme weather.

Besides long-term variabilities, the winds and rainfall exhibit
pronounced subdaily variations over Asia as a response to the
diurnal cycle of solar radiation (e.g., Ohsawa et al. 2001; Wang
et al. 2004; Yu et al. 2007; Chen et al. 2009; Yuan et al. 2012;
Fujinami et al. 2017; Li et al. 2020a). Low-level southerlies tend
to maximize at midnight or predawn, and their diurnal ampli-
tude increases notably in the days when background monsoon
flow is strong (Chen et al. 2013; Chen 2020). Monsoon south-
erlies strengthen water vapor transports and convergence after
midnight, which is crucial for producing rainfall in the morning

) Denotes content that is immediately available upon publica- (Yamada et al. 2007; Chen et al. 2010; Xue et al. 2018; Pan and
tion as open access. Chen 2019; Zhang et al. 2019; Zhang et al. 2020). Nocturnal
e monsoon southerlies also interact with other regional forcings,
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A plentiful rainfall occurs over East Asia in the warm season
due to the activities of the East Asian summer monsoon
(EASM). Along with the seasonal progress of the EASM, the
summer rainband marches northward in a stepwise manner,
which is well known as the early-summer rainy season over
southern China in May-June, the mei-yu-baiu season over
central China and southern Japan from mid-June to mid-July,
and the rainy season over northern China, the Korean Peninsula,
and northern Japan in late July and August (e.g., Tao and Chen
1987; Chen et al. 2004; Ding and Chan 2005). At an interannual
time scale, strong monsoon southerlies usually lead to positive
rainfall anomalies in northern China, while weaker monsoon
southerlies produce more rainfall in southern China. At an in-
terdecadal time scale, the rainfall anomalies over China are
shifted from a “‘north flooding and south drought” pattern to a
“north drought and south flooding” pattern in the twentieth
century when the monsoon southerlies are weakening (Wu and
Chen 1998; Wang 2001; Gong and Ho 2002; Zhai et al. 2005;
Ding et al. 2008; Zhang 2015). In recent years, rainfall has begun

DOI: 10.1175/JCLI-D-20-0882.1

© 2021 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).
Unauthenticated | Downloaded 04/23/21 11:13 PM UTC


mailto:chenguixing@mail.sysu.edu.cn
mailto:chenguixing@mail.sysu.edu.cn
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

4404

with land breeze or due to friction contrast helps to produce
morning heavy rains at southern China coasts (X. Chen et al.
2017; Chen et al. 2018). The interactions of nocturnal monsoon
southerlies with the mei-yu front and mesoscale convective
vortices provide favorable conditions for generating persistent
extreme heavy rains in central China (Sun and Zhang 2012; G.
Chen et al. 2017; Zhang et al. 2018; Guan et al. 2020). Therefore,
the diurnally varying processes in monsoon flow are regarded as a
key factor regulating rainfall activities, which deserve studies to
shed light on the climate in EASM regions.

The diurnal cycles of winds and rainfall exhibit long-term
variations over East Asia, as regional forcings respond to the
changes in large-scale conditions. The long-duration rainfall
events with a morning peak related to MCSs exhibit an evident
seasonal change and become dominant in summer over eastern
China (Yu et al. 2007; Chen et al. 2010; Li et al. 2020b). These
morning-peak rainfall events are particularly active in central
China in the mei-yu period (Geng and Yamada 2007; Yuan et al.
2010, 2012), and they are shifted to northern China with the
northward extension of diurnally varying monsoon flow in July—
August (Chen et al. 2013, 2014). At the longer time scales, the
fraction of morning-hour rainfall decreases at northern China and
increases at central China in the twentieth century, which is
probably related to the weakening EASM (Yuan et al. 2013; Chen
et al. 2014). Previous studies had documented that the long-term
variations of EASM rainfall are attributed to the variations in
daily/monthly mean of monsoon southerlies. There is still some-
what of a knowledge gap regarding subdaily variability of the
EASM, particularly the mechanisms of diurnal cycles and their
relationships to long-term variabilities. Further studies are needed
to reveal the diurnal component of monsoon southerlies and its
combined effects with the other components at daily or longer
time scales on the regional climate over East Asia.

A recent study proposes a new method to estimate the in-
tensity of the monsoon diurnal cycles over Asia (Chen 2020).
Anomalies of the daily mean and diurnal amplitude in low-
level southerlies are jointly used to categorize summer days
into four dynamic groups. The four groups are distinguishable
from each other in terms of their related large-scale circula-
tions and moisture transports. In particular, strong daily
southerlies with a large diurnal cycle are found to act as a large-
scale air pump that strengthens monsoon meridional circula-
tion, transports moisture northward at night, and produces
more morning rainfall. Such monsoon days are significantly
different from the other monsoon days featuring strong daily
southerlies but with a small diurnal cycle. The accumulative
occurrence days of four groups in each summer also can be
used to present the long-term variations of monsoon activities
(Chen 2020). This method, taking both daily and diurnal
components into account, provides a new prospective for studying
the multiscale features of summer monsoon. Many previous
studies have noted that the interannual/interdecadal variations of
EASM rainfall are closely related to the moisture transports of
monsoon flow at daily or longer time scales, which are regulated
by the different modes of atmospheric circulations (e.g., Zhou and
Yu 2005; Wu et al. 2009; Sun and Wang 2015; Hu et al. 2019; Zhou
et al. 2020). To date, it is unclear how the monsoon southerlies
with different diurnal cycles have changed in the past 60 years and
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how much they contribute to the long-term variations of rainfall
patterns over East Asia through moisture transport.

In the present study, we examine the long-term variations of
monsoon southerlies with different diurnal cycles using rainfall
and atmospheric reanalysis data since 1958. The different
modes of summer monsoon flow are compared to illustrate
their influence on rainfall patterns and water vapor transports.
The aim is to clarify the physical processes that are responsible
for the long-term variabilities of EASM rainfall, for the first
time, from a perspective of the diurnal cycle of monsoon flow.
The rest of the article is presented as follows. Section 2 intro-
duces the data used in this study. Section 3 shows the long-term
series of the diurnal cycles of rainfall and low-level winds over
East Asia in the past 60 years. Section 4 presents the occur-
rence of the different modes of monsoon flow and their related
rainfall variabilities at seasonal, interannual, and interdecadal
time scales. The water vapor transports by monsoon south-
erlies with different diurnal cycles are examined in section 5.
Finally, conclusions and discussion are given in section 6.

2. Data used in this study

To describe atmospheric conditions, we use the Japanese 55-
yr global reanalysis (JRA-55), which is one of the longest series
of reanalysis data from 1958 to the present (Kobayashi et al.
2015). JRA-55 provides a pressure-level product of 6-hourly
assimilated atmospheric data at a grid spacing of 1.25°
longitude-latitude. It outperforms its predecessor in almost
all aspects thanks to the improved model processes and data
assimilation scheme. In particular, it has an excellent performance
for representing the diurnal cycles of winds, temperature, and
humidity over East Asia compared to the other mainstream re-
analysis data (Chen et al. 2014). It also faithfully captures the
spatial patterns and long-term variations of rainfall diurnal cycle,
suggesting a good representation of moisture-related processes at a
wide range of time scales. Meanwhile, we use a special version
called JRA-55C, which is identical to JRA-55 except that only the
conventional observation data are assimilated. Through compari-
son of JRA-55 and JRA-55C, we address whether the long-term
change of diurnal cycles is affected by the assimilation of satellite
data since the 1980s. We also use the recently released ERAS
hourly analysis (Hersbach et al. 2020) to examine whether the
derived diurnal cycles and long-term variations of the EASM are
dependent on reanalysis data or not. The diurnal cycle of any given
variables is estimated by removing the daily mean. Following Chen
(2020), the monsoon southerlies with different diurnal cycles are
defined and categorized into four groups in section 4a.

To describe precipitation activities, we use rainfall estimate
data from the Tropical Rainfall Measuring Mission (TRMM
3B42 v7). It provides 3-hourly rain rate at a grid spacing of 0.25°
longitude-latitude, which has been calibrated by rain gauge
monthly records (Huffman et al. 2007). TRMM is available
since 1998 and gives high-resolution rainfall both on land
and over ocean. It represents well the complex spatial patterns
and long-term variations of rainfall diurnal cycle over East
Asia, consistent with rain gauge observations (e.g., Zhou
et al. 2008; Chen et al. 2018). To describe the interannual
and interdecadal variations of rainfall, we also use the Asian
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FIG. 1. Seasonal change of rainfall, low-level meridional wind, and their diurnal variations over East Asia. (a) Daily
rainfall amount averaged in 1998-2017 in TRMM 3B42, (b) diurnal difference of rainfall between afternoon and
morning hours (shading in blue for prevalent morning rainfall), (c) daily mean meridional wind at 925 hPa in JRA-55,
and (d) diurnal deviation of 925-hPa meridional wind at 1800 UTC (0200 LST). The dashed lines and rectangles in
(a) and (b) denote the major rainy seasons over East Asia, southern China coasts, and South China Sea (SCS). The
arrows in (c) and (d) denote the subseasonal enhancement of southerly wind in both daily mean and diurnal am-

plitude over Southeast China.

Precipitation—Highly Resolved Observational Data Integration
toward Evaluation of Water Resources (APHRODITE). It
provides a long-term (from 1951 onward) daily gridded precip-
itation dataset for Asia based on a very dense network of rain
gauges (Yatagai et al. 2012). The high-quality version designed
for the Asian monsoon regions at a grid spacing of 0.25°
longitude-latitude is used in this study. It is highly consistent with
rain gauge observations in capturing the long-term trends of
rainfall amount over China (Han and Zhou 2012).

3. Long-term series of rainfall and winds over East Asia
in the past 60 years

a. Seasonal change of rainfall, southerly wind, and their
diurnal variations

Figures 1a and 1c show the latitudinal-seasonal distribution
of daily-mean rainfall and low-level southerlies over East Asia
and the South China Sea (SCS). In the central SCS at 10°~18°N,
rainfall intensifies after mid- to late May with enhanced

southerlies of monsoon onset. Rainfall is also substantial at the
coasts of southern China near ~22.5°N from mid-May to mid-
June because of convergent monsoon southwesterlies, and it
resumes in late July and August due to tropical disturbances.
Over the continent, the EASM rainband marches northward
with monsoon southwesterlies at mid- to late June (referred to
as mei-yu in Chinese, baiu in Japanese, or changma in Korean).
At late July and early August, the rainband reaches north of
35°N. Both rainfall and southerlies decline rapidly in
September over East Asia and retreat to the SCS where they
gradually weaken in October. So, we see a large seasonal
change in the daily rainfall and winds in the EASM regions
(e.g., Chen et al. 2004; Ding and Chan 2005).

Figures 1b and 1d show the corresponding seasonal change
of the diurnal variations in rainfall and low-level southerly
wind. The strong rainfalls in the central SCS, the coasts of
southern China, and the East Asian rainband mostly occur in
the morning (0000-1200 LST), while the rainfall over
Southeast China (SEC) is dominant in the afternoon (1200-
2400 LST) (Fig. 1b). Along with the progress of the EASM
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rainband since mid-June, the morning-peak rainfall marches
northward and the afternoon-peak rainfall extends on land of
SEC. Meanwhile, the diurnal deviation of southerly wind at
0200 LST becomes most pronounced at SEC in JJA (Fig. 1d).
The maximum diurnal amplitude of southerly wind exceeds
1ms~! at ~27°N, suggesting an enhanced diurnal cycle in the
warm season (Chen 2020). At subseasonal time scale, wind di-
urnal variation intensifies at mid-June and extends northward
since mid-July (arrows in Fig. 1d), which coincides with the
progress of background southerlies (arrows in Fig. 1¢). Nocturnal
southerly wind exhibits a large meridional gradient at the EASM
rainband with a prevalent morning peak, implying a regulation
on rainfall diurnal cycle (Figs. 1b,d). Therefore, the diurnal
variations of rainfall and low-level winds undergo a remarkable
seasonal change over East Asia, which can be regarded as a
key component of the EASM system (Chen et al. 2009, 2013;
Johnson 2011; Yuan et al. 2012; Chen 2020).

b. Interannual/interdecadal variations of the summer
rainfall and low-level winds

Figure 2a shows the interannual variation of JJA rainfall
over East Asia. Strong rainfall of more than 800 mm is ob-
served south of 25°N. Rainfall is also substantial in the mei-yu
rainband near 30°N, while it is relatively small north of 35°N.
Rainfall amount varies from year to year at all latitudes,
indicating a large interannual variability. Figure 2b further
shows the interannual and interdecadal variations of normal-
ized rainfall (i.e., the rainfall anomaly relative to JJA-mean
climatology). Positive rainfall anomalies mainly appear north
of 35°N during the 1960s and the 1970s, whereas they are
shifted southward to 28°-35°N in the 1980s. During 1993-2002,
the positive rainfall anomalies are displaced farther south to
SEC (south of 30°N) (Kwon et al. 2007). Rainfall patterns thus
undergo an interdecadal change from a “north flooding and
south drought” mode to a “‘north drought and south flooding™
mode at the end of the 1970s (e.g., Si et al. 2009; Ding et al.
2008). Figure 2b also shows that positive rainfall anomalies
recently tend to move northward to the Huang-Huai River
region (32°-36°N) during 2003-11 compared to 1979-2002, as
also in Zhu et al. (2011). These interdecadal variations in
summer rainband are connected with the major events of
flooding or drought over East Asia (Zhai et al. 2005; Ding et al.
2008; Chen and Zhai 2013).

Figure 2c shows the variations of low-level meridional wind
in past 60 years. The southerly wind is dominant and exhibits
large variations over SEC at 23°-29°N. It is strong in the 1960s
and early 1970s, with a JJA mean of 2.5ms™ ! extending to
~32°N. In the 1980s and early 1990s, the southerly wind be-
comes weak and the intensity of 2.5ms™! is mostly located
south of 30°N, implying an interdecadal weakening of summer
monsoon flow (Wang 2001; Ding et al. 2008, 2018). It is active
in southern China for some years from the early 1990s to the
early 2000s, while it is generally weak in northern China. The
southerly wind becomes above normal in most years during
2003-13. To facilitate further analysis, we denote the intensi-
ties of monsoon flow using the low-level meridional wind
averaged over SEC, as in previous studies (Zhang et al. 1996;
Wang and Fan 1999; Ding and Chan 2005; Chen 2020).
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FI1G. 2. Long-term variations of (a) summer rainfall in
APHRODITE, (b) normalized rainfall anomaly, (c) low-level
southerly wind in JRA-55, and (d) southerly wind diurnal ampli-
tude averaged over 108°-125°E. In (b), the dashed rectangles de-
note the decadal periods with positive rainfall anomalies.

Figure 3a further shows that the time series of daily southerlies
averaged in SEC undergoes a long-term weakening from the
1960s to the early 1990s and a strengthening in the recent two
decades. The weakening southerlies in the twentieth century
are accompanied by the southward shift of rainfall anomalies
(Fig. 2b), while the recent intensification corresponds to the
increasing rainfall in the Huang-Huai River region (Si et al.
2009; Zhu et al. 2011). Overall, the intensity of southerlies
over SEC is roughly proportional to the rainfall amount in
northern China at 32°-37°N, with a correlation coefficient of
0.23-0.3, exceeding the 90% confidence level. These features
suggest that the long-term variations of monsoon southerlies
play a key role in regulating the EASM rainband. Many
previous studies further decomposed monsoon circulation
into several principal patterns to clarify the physical pro-
cesses and external forcings that govern the long-term vari-
ability of rainfall (e.g., Zhou and Yu 2005; Ding et al. 2009;
Wu et al. 2009; Hu et al. 2019).

Figure 2d shows the variations of the diurnal amplitude of
southerly wind over East Asia in the past 60 years. The diurnal
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FI1G. 3. (a) Interannual variations of southerly monsoon in terms
of daily mean (black line) and diurnal amplitude (blue line) over
Southeast China (23°-29°N, 110°-125°E) derived from JRA-55.
The open circles denote the values of JRA-55C with conventional
observation data assimilated. The correlation coefficient of diurnal
amplitude between JRA-55 and JRA-55C is marked at the bottom
right. The dashed lines approximately denote the decadal trends.
(b) Daily southerly wind averaged at 0800 and 2000 LST over
Southeast China in ERAS5 and JRA-55. (c¢) Diurnal deviation of
southerly wind at 0200 LST minus the preceding 2000 LST. The
bold solid lines in (b) and (c) denote the decadal series with a
running mean of 11 years.

amplitude is relatively large in the 1960s and 1970s, whereas it
becomes small since the early 1980s. So, we can see an inter-
decadal weakening in the monsoon southerlies, for the first
time, in terms of their diurnal cycle. Figure 2d also shows that
wind diurnal amplitude has two maxima at 23°-29° and 31°-
33°N, with similar interannual and interdecadal variations. As
the maximum over SEC at 23°-29°N persists through JJA
(Fig. 1d), it can be used to denote the intensity of diurnal cycle
of monsoon southerlies. Figure 3a shows that the wind diurnal
amplitude has an average of ~0.9ms ™!, which is comparable
to ~40% of daily mean. The diurnal amplitude is above normal
in most years of 1958-81, whereas it is mainly below normal
during 1982-2002 and seems to return to a normal level in the
recent years after 2003. The large diurnal amplitude of south-
erlies in the 1960s to 1970s corresponds to the north-displaced
rainband, despite some decreases in daily southerlies in the
1970s. The interdecadal weakening of EASM southerlies since
the early 1980s is much more evident in the diurnal variation
than in the daily mean (Fig. 3a), which coincides with the
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southward displacement of the rainband (Fig. 2b). Overall, the
JJA-mean intensity of southerly diurnal variation is closely
related to the rainfall amount in northern China, with a cor-
relation coefficient of ~0.33, above the 95% confidence level.
Such a linkage indicates that the diurnal component of mon-
soon flow may also play a key role in the long-term variabilities
of EASM rainfall.

To clarify whether the long-term variations of southerlies in
JRA-55 are subject to the assimilation of observations partic-
ularly satellite data, we estimate the variations using JRA-55C
in which only the conventional data are assimilated. Figure 3a
shows that the difference of daily-mean southerlies between
JRA-55 and JRA-55C is almost negligible. The diurnal am-
plitude also has a little difference before 1997, whereas the
amplitude in JRA-55 becomes slightly smaller than that in
JRA-55C in the recent 20 years. Nevertheless, the time series
of two datasets are highly similar through the period of study.
Therefore, we consider that the long-term variation of diurnal
amplitude in JRA-55 is not affected much by the change in
observation data sources.

We also evaluate the low-level winds using the hourly
analysis data of ERAS. The southerly wind over SEC is
shown to have a sharp decrease between 1700 and 1800 LST
(0500 and 0600 UTC) (figure not shown), because ERAS5 uses
the 12-h windows of 4D-Var data assimilation. For a better
comparison between different reanalysis data, it is viable to
calculate the daily mean as an average at the synoptic hours
0800 LST (0000 UTC) and 2000 LST (1200 UTC) when the
rawinsonde data are assimilated, and to estimate the diurnal
deviation as an increase from 2000 LST to the following 0200
LST in the same assimilation window. Figures 3c and 3d show
that ERAS usually gives the daily mean and diurnal deviation
larger than JRA-55 except in a few abnormal years (1965, 1966,
and 1974). Apart from these issues, ERA5 has a good agree-
ment with JRA-55 in representing the long-term variations
of monsoon southerlies in terms of both daily and diurnal
components (Figs. 3c,d), with correlation coefficients above
the 99.9% confidence level. Considering this consistency, we
mainly present the results from JRA-55 in this study.

Figure 3a also shows that the interannual variation of
southerly diurnal amplitude is roughly correlated with the daily
wind speed, with a correlation coefficient of 0.35. The large
diurnal cycle of low-level winds seems to occur preferentially in
the strong monsoon flow (Chen et al. 2009, 2013; Shapiro et al.
2016; Xue et al. 2018). The wind diurnal amplitude is also af-
fected by the other regional factors such as the turbulent
mixing due to daytime heating in the ABL (Chen 2020). In the
following sections, we examine how the daily and diurnal
components of monsoon southerlies jointly regulate the long-
term variabilities of rainfall over East Asia.

4. The EASM diurnal cycle and its impacts on summer
rainfall

a. Categories of the EASM diurnal cycle

To clarify the processes that govern the EASM rainband, we
focus on the low-level meridional wind at its adjacent south.
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We select SEC (23°-29°N, 110°-125°E) as the key region where
the 925-hPa southerlies in terms of both daily mean and diurnal
amplitude are pronounced (Figs. 1-3) and strongly affect the
rainfall of EASM summer rainband (Figs. 5b,d in Chen 2020).
A strong (weak) background monsoon flow can be defined
when the daily mean southerly component over SEC at a given
day is above (below) the climate mean of 2.45ms~!. About
half of the summer days are categorized as strong monsoon
days and half as weak monsoon days, which is consistent with
previous studies. Both strong and weak monsoon days are
found to usually last for several days or even weeks, in an as-
sociation with intraseasonal/interannual variations, thereby
denoting the large-scale atmospheric conditions. The diurnal
variations of low-level winds over SEC are found to exhibit a
phase-locked clockwise rotation, with a maximum of southerly
component at 0200 LST (Chen et al. 2009; Chen et al. 2010).
The diurnal amplitude is mainly determined by the daytime
heating in PBL over landmass, thereby denoting the regional
forcings at shorter time scales (Chen 2020). A large (small)
diurnal cycle can be identified when the diurnal southerly de-
viation at 0200 LST of any given day is above (below) the cli-
mate deviation of 0.90ms ",

Based on the anomalies of daily mean and diurnal ampli-
tude described above, a total of 5520 summer days in past 60
years can be grouped into four quadrants (Q1-Q4; i.e., strong
or weak background monsoon flow with a large or small di-
urnal amplitude). As in the scatterplot of Fig. 7c in Chen
(2020), the quadrants to the right (Q1 and Q4) denote the
strong monsoon days with above-normal daily southerlies,
while those to the left (Q2 and Q3) denote the weak monsoon
days. The upper quadrants (Q1 and Q2) have a large diurnal
cycle of southerlies with an above-normal amplitude, while the
bottom ones (Q3 and Q4) have a small diurnal cycle. The
occurrence of Q1 days is about 1.5 times that of Q4 days (and
analogously for Q3 days vs Q2 days), as strong monsoon flows
are relatively favorable for the enhanced diurnal cycle (Chen
et al. 2009, 2013; Chen 2020). These four groups of diurnal
monsoon variability (DMV) represent the different properties
of monsoon flow and associated influence on rainfall, which
are statistically distinguishable from each other (Chen 2020).
Given the importance of strong monsoons and to keep the
interpretation concise, we pay more attention to the Q1 and
Q4 groups for clarifying the roles of different diurnal cycles
under strong monsoons in the long-term variations of East
Asian climate.

b. Seasonal, interannual, and interdecadal variations of the
EASM diurnal cycle

Figure 4a shows the monthly occurrence days of four DMV
groups averaged in 1958-2017. The occurrence of strong daily
southerlies (Q1 and Q4) is about 10 days in April and May,
whereas it increases remarkably to 17 days in June and to
22 days in July after the onset of SCS summer monsoon.
Among them, about 10 days in June and 15 days in July are
regarded as the strong southerlies with a large diurnal ampli-
tude (Q1), implying a pronounced monsoon flow at night. The
features correspond to the observed frequencies of nocturnal
low-level jets that increase considerably from April-May to
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FIG. 4. (a) Seasonal variation of the occurrence of four quadrants
of EASM diurnal cycles. (b) Interannual/interdecadal variations of
the occurrence days of strong monsoon southerlies with a large
(Q1) or small (Q4) diurnal cycle derived from JRA-55. (c),(d) As
in (b), but categorized using the daily mean averaged at 0800 and
2000 LST and the diurnal deviation at 0200 LST minus the pre-
ceding 2000 LST, with three abnormal years (1965, 1966, and 1974)
in ERAS5 removed. The bold solid lines in (b)—(d) denote the de-
cadal series with a running mean of 11 years.

June—July over SEC (Du and Chen 2019). In August, the oc-
currence of strong monsoons declines to 11 days, with 7 days of
Q1 group. The occurrence days of southerlies almost disappear
in September and October when the summer monsoon has
retreated. Therefore, the seasonal change of four DMV
groups, from the joint perspective of daily and diurnal com-
ponents, represents well the activities of monsoon flows over
East Asia (Figs. 1c.d).

Figure 4b shows the long-term variations of Q1 and Q4 oc-
currences during JJA in past 60 years. The Q1 (Q4) occurrence
has a climate mean of about 31 (19) days. The Q1 (Q4) oc-
currence has a minimum of 15 (4) days and a maximum of 50
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(32) days, showing large interannual variations. They also ex-
hibit an evident interdecadal variation as shown by the bold
lines. The Q1 occurrence is highest in the 1960s to the 1970s
with a decadal average of ~35 days, but it decreases signifi-
cantly in the 1980s to the 1990s to the lowest average of
~26 days. The shift from positive to negative anomalies occurs
approximately at the early 1980s. Such an interdecadal de-
crease of Q1 occurrence corresponds to the well-known
weakening of summer monsoon over East Asia in the twen-
tieth century. The Q1 occurrence increases in the first 10 years
of the twenty-first century, implying a recovery of EASM
diurnal cycle. As a comparison, the Q4 occurrence is the
lowest (~14 days) in the 1970s, increases notably in the 1980s,
becomes the highest (~24 days) in the 1990s, and returns
to normal in the recent years. This interdecadal change of
Q4 is nearly opposite to that of Q1, with a correlation coef-
ficient of —0.65. It has an amplitude of 9-10 days, which is
comparable to that of Q1. There is a dramatic shifting be-
tween the two types of EASM diurnal cycles in the past 60
years, although the change in the total of strong monsoon
days is relatively small. The difference between Q1 and Q4
is as large as ~20 days in the 1970s, declines to ~4 days in

the 1990s, and recently has returned to ~14 days. Therefore,
the strong monsoon southerlies with different diurnal cycles
are characterized by the remarkably different interdecadal
variations, which shed light on the long-term change of re-
gional climate. The long-term variations of Q1 and Q4 oc-
currences are also seen in ERAS, and are highly correlated
with those in JRA-55 (Figs. 4¢,d), and thus they are a robust
signal and not reanalysis dependent. The interdecadal change
in weak monsoons (Q2 and Q3) is not so evident (figure
not shown).

c¢. Rainfall patterns associated with the EASM diurnal cycle

We examine the spatial patterns of summer rainfall associ-
ated with monsoon flow and its diurnal variation through
comparison of different DMV groups. In a climatological
mean, the monsoon southwesterlies dominate the Bay of
Bengal, the Indochina Peninsula, and the South China Sea,
while the southeasterlies prevail over the tropical western
Pacific (Fig. 5a). These two flows are confluent over SEC and
turn northward, so that the moist southerlies produce abun-
dant rainfall over East Asia (e.g., Ding and Chan 2005). In the
days with the strong southerlies over SEC and an anticyclonic
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pattern over northwestern Pacific, the rainfall intensifies in the
subtropical areas of East Asia (Figs. 5b,d). In the days with the
suppressed southerlies over SEC particularly with a cyclonic
pattern in the northern SCS, rainfall instead remains in the
tropics and the coasts of SEC (Fig. 5¢).

Figures 5b and 5d also show that rainfall patterns over China
have an evident regional difference between Q1 and Q4 with
different diurnal amplitudes of southerlies, although the daily
mean southerlies have similar patterns and strength (~4.8ms ™).
In Q1 days with strong southerlies at a large diurnal cycle over
SEC, rainfall is most pronounced in northern China plains at
30°-35°N (Fig. 5b) and mainly occurs in morning hours. In
Q4 days with strong southerlies but at a small diurnal cycle, the
rainfall is mostly confined south of 30°N (Fig. 5d). The rainfall in
Q4 mostly occurs in daytime, so that the associated cloudy
condition may lead to a small diurnal cycle of low-level winds
(Chen 2020). Therefore, the strong monsoon flows coupling
with a large (small) diurnal cycle correspond well to the rainfall
in the northern (southern) regions of East Asia. These distinct
differences among the DMV groups highlight that not only can
the background monsoon flow strongly affect the overall pat-
terns of summer rainfall, but also its diurnal component is closely
related to the regional features.

In the climate-mean perspective, as the occurrences of four
DMV groups undergo different monthly variations, their asso-
ciated rainfall patterns somewhat correspond to the shifting of
rainy seasons over East Asia. The Q4 group occurs in the early
summer when rainfall is mainly located in SEC (Figs. 4a and 5d).
The Q1 occurrence increases considerably from June to July
when the EASM rainband shows a northward progress to cen-
tral and northern China (Figs. 4a and 5b). In contrast, the Q3
occurrence increases from August to October when the landfall
of tropical cyclones tends to produce rainfall at coastal areas
(Figs. 4a and 5c¢). The shifting of four DMV groups thus seems to
play a role in the subseasonal progress of rainfall patterns (Fig. 1;
Yuan et al. 2010), which deserves further analysis in the future.
In this study, we focus on the accumulative days of Q1 and Q4
occurrences in JJA, which denote an overall intensity of two
major modes of the EASM in each year. As they vary largely in
years and even decades (Fig. 4b), their contribution to the long-
term variations of regional climate can be estimated.

d. Interannual/interdecadal variations of rainfall associated
with EASM diurnal cycle

To clarify the role of DMV in the long-term variations of
rainfall, we decompose the rainfall amount of each summer into
the parts associated with four DMV groups. Figure 6a shows
that the rainfall related to Q1 is pronounced north of 30°N in
most of the years, while it is relatively weak near 25°N. The Q1-
related rainfall is also strong at 35°-40°N from the 1960s to
1970s, whereas it is mainly confined to 30°-35°N in 1979-91 and
2003-11, suggesting a large change at interdecadal time scale.
The rainfall at 30°-35°N also exhibits an evident interannual
variation, with the maxima in 1969, 1980, 1991, 2003, 2005, and
2007. The Q1-related high rainfall in these years corresponds to
the large anomalies of summer total rainfall (cf. Figs. 6a and 2b).
Overall, the rainfall amount related to Q1 group (~34% of
summer days) accounts for ~50% of the summer total rainfall
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FIG. 6. Long-term variations of summer rainfall amount averaged
in 108°-125°E under Q1-Q4. The dashed rectangles denote the de-
cadal periods with positive anomalies of rainfall derived in Fig. 2b.

(Fig. 7a) and ~60% of the interannual variance at 30°-35°N
(Fig. 7b). It also explains a large fraction (40%-50%) of the
summer rainfall and its interannual variance at 35°—41°N.
Figure 6d shows that the rainfall under Q4 condition mainly
appears south of 31°N in the past 60 years. The Q4-related
rainfall over SEC is small from the 1960s to 1980s and it be-
comes most pronounced during 1993-2002 with a maximum in
1998. Such an interdecadal trend coincides with the increasing
occurrences of severe flooding over SEC since the mid-1990s
(e.g., Kajikawa and Wang 2012; Choi et al. 2017). Overall, the
rainfall amount related to Q4 occurrence (~20% summer
days) contributes ~30% of the summer total rainfall at 27°-
31°N (Fig. 7a). More strikingly, it explains a large fraction
(50%-60%) of the interannual variance of summer rainfall
over there (Fig. 7b). Therefore, the strong monsoon southerlies
coupling with a small diurnal cycle are related to the atmo-
spheric conditions that produce a southward-displaced rain-
band and determine the variability of summer rainfall over
SEC. Previous studies have shown that the monsoon south-
erlies at daily or longer time scales play a key role in regulating
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the summer rainfall over East Asia (e.g., Ding and Chan 2005).
Our study further highlights that the strong southerlies with
different diurnal amplitudes (Q1 vs Q4) have a remarkably
different influence on the spatial distributions and long-term
variabilities of summer rainfall over China.

As a comparison, the rainfall under weak southerlies (Q2
and Q3) is mainly located south of 25°N (Figs. 6b,c). In par-
ticular, the Q3 group (weak monsoons with a small diurnal
cycle), which resembles the synoptic patterns with tropical
cyclones (Fig. 5¢), tends to produce rainfall with evident in-
terannual variation at the SEC coasts (Figs. 6¢c and 7). The Q2
group (weak monsoons but with a large diurnal cycle) has the
lowest occurrence, and it produces the smallest fraction of
summer rainfall (Figs. 6b and 7a). Nevertheless, the Q2 group
explains the second largest interannual variance of rainfall at
36°-41°N (Fig. 7b). It suggests that, even under weak mon-
soons, the enhanced diurnal variation of low-level winds in
SEC is still related to the rainfall in northern China.

We further examine how much the DMV groups contribute
to the spatial patterns of rainfall at interannual and inter-
decadal time scales. Figure 8 shows the rainfall patterns re-
gressed onto the interannual and interdecadal series of Q1
and Q4 days in Fig. 4b. Given an interdecadal increase of
Q1 days, the rainfall is a positive anomaly in northern China
and the Indochina Peninsula, while it shows a negative
anomaly in central China, northeast China, the southern area
of the Korean Peninsula, and southwest Japan (Fig. 8a). The
magnitude of rainfall anomaly is 10 mm day ! or more, which
exceeds the climate-mean daily rainfall in the most areas.
This rainfall pattern mainly occurs from the 1960s to 1970s
when the decadal Q1 occurrence is above normal. The pat-
tern is shifted to an opposite phase from the 1980s to 1990s
when the decadal Q1 occurrence is below normal. Figure 8b
shows that the interdecadal series of Q4 days is associated
with an enhanced rainfall in SEC and a suppressed rainfall in
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northern China. The increased occurrence of the monsoon
southerlies with a small diurnal cycle from the 1980s to 1990s
thus leads to the southward displacement of rainfall. The
rainfall pattern over East Asia under Q4 is analogous to that
under Q1 but with an opposite sign (Figs. 8a,b). The inter-
decadal change of rainfall induced by the decreased Q1 and
increased Q4 in the twentieth century is highly consistent with
the well-known rainfall pattern over China shifting from a
“north flooding and south drought” mode to a ‘‘south
flooding and north drought” mode (e.g., Wang 2001; Ding
et al. 2008, 2018; Zhang 2015).

At an interannual time scale, the Q1 condition features a
positive (negative) anomaly of rainfall north (south) of 30°N
(see Fig. 8c). It suggests that the strong nocturnal speed-up of
monsoon southerlies over SEC is conducive to rainfall in the
adjacent northern areas (northern China, the Korean
Peninsula, and Japan). The large diurnal amplitude of south-
erlies usually forms under a relatively warm condition with
suppressed rainfall over SEC and Indochina Peninsula (Chen
2020). Figure 8d shows that the interannual Q4 occurrence
tends to produce strong rainfall in central China near 30°N.
The positive rainfall anomaly under Q4 is also widespread in
SEC and the Indochina Peninsula, in contrast to the negative
anomaly over there under Q1 (cf. Figs. 8c,d). Overall, the
differences between Q1 and Q4 in Figs. 8a—d suggest that the
long-term variations of monsoon southerlies with different
diurnal cycles play a key role in regulating the regional patterns
of rainfall anomalies over East Asia. Scatterplots in Figs. 8e
and 8f further confirm that the years with active Q1 occurrence
are mainly related to the summer rainband displaced to
northern China (generally regarded as strong monsoon years),
while those years with active Q4 correspond with the rainband
being displaced to central China.

5. Atmospheric water vapor transports associated with
the EASM diurnal cycle

a. Long-term variations of water vapor transports under
four DMV conditions

It is well recognized that the monsoon flow plays an es-
sential role in the northward transports of water vapor in the
EASM regions. Previous studies have investigated the at-
mospheric water vapor transports associated with the typical
patterns of anomalous summer rainfall in China (e.g., Zhou
and Yu 2005; Zhu et al. 2011; Sun and Wang 2015; Hu et al.
2019). In this section, we further examine the detailed pat-
terns of water vapor transports and their long-term variability
due to the different modes of EASM diurnal cycles, so that
the formation of anomalous rainfall patterns can be further
clarified.

Figure 9 shows the spatial patterns of water vapor fluxes and
their convergence in summer. Climatologically, the water vapor
fluxes in the tropical regions feature monsoon southwesterlies,
with convergence at windward coasts/mountains (Fig. 9a). The
moisture fluxes turn northward over East Asia at the west flank
of the western Pacific subtropical high and induce moisture
convergence at midlatitudes. In the days of strong monsoon
southerlies (Q1 and Q4), water vapor fluxes are strengthened
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significantly over East Asia, at a magnitude about 3 times that of
the JJA-mean fluxes (Figs. 9b,d). The strongest northward fluxes
of more than 200kgm ™' s ™! are established at SEC, where is the
main entrance of water vapor to the EASM regions. What is
surprising is the regional difference over China between the Q1
and Q4 groups. Under Q1, water vapor fluxes are maximized in
central China and East China Sea (i.e., to the adjacent area north
of SEC) (Fig. 9b). Moisture flux convergence is most evident in
northern China plains at 30°40°N. As a comparison, the maxi-
mum water vapor fluxes under Q4 are well established over SEC

(Fig. 9d). Accordingly, moisture flux convergence is displaced
southward to SEC, with the local maxima at the coastal areas
(~23°N) and the northern boundary of SEC (~29°N). Moisture
flux convergence is relatively weak in the northern China plains
under Q4, in a robust contrast to that under Q1. In the days of
weak southerlies over SEC, the water vapor transport/
convergence is mainly confined to the tropical oceans, while it
is suppressed at the midlatitudes of East Asia (Fig. 9c). These
differences among the DMV groups in Fig. 9 correspond well to
those of the rainfall patterns in Fig. 5.
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Figures 10 and 11 show the long-term variations of the
northward moisture fluxes and the fraction by the DMV
groups. The JJA-mean northward fluxes are large over SEC
and South China Sea, and they are relatively small in the
northern areas (Fig. 10a). The northward fluxes exhibit large
interannual and interdecadal variations. The fluxes north of
30°N are relatively strong from the 1960s to 1970s and weak in
1980s, whereas they revive during 1994-96 and 2003-13. The
northward fluxes south of 30°N are strong in the 1960s, the
1990s, and during 2003-13. The long-term change of water
vapor fluxes is closely related to that of the southerly intensity
(Figs. 2c and 3). Figure 10b shows that the water vapor fluxes
due to Q1 undergo variations highly similar to the total value,
with a correlation coefficient of about 0.68 at 27°-35°N. The
Ql-related fluxes contribute to the largest proportion (up to
60%) of total northward fluxes (Fig. 11a) and interannual
variance (Fig. 11b). Figure 10d shows that the water vapor
fluxes due to Q4 mainly contribute to the transports in the
southern regions, and they become most pronounced in the
1990s. The Q4-related fluxes explain the second largest pro-
portion of northward fluxes and interannual variance (Fig. 11).
We also note that the Q4-related moisture fluxes and their

meridional gradient are usually located south compared to the
Ql-related ones (Figs. 10b,d). Overall, the monsoon south-
erlies with a small diurnal cycle (Q4) mainly deliver moisture
to SEC, while those with a large diurnal cycle (Q1) can extend
farther to the northern China plains. Such differences in the
long-term variations of moisture fluxes between Q1 and Q4
groups correspond well to those of rainfall (Figs. 10a,d and
6a,d). It suggests that the monsoon southerlies with different
diurnal cycles play a vital role in modulating the interannual
and interdecadal variations of water vapor fluxes, thereby reg-
ulating the summer rainfall over East Asia. Water vapor trans-
ports on land are much smaller under weak southerlies (Figs. 10c
and 11a), although the Q3-related moisture fluxes may explain
some variance at the coasts of SEC near 24°N (Fig. 11b).

To further clarify the influence of EASM diurnal cycles,
we estimate the patterns of water vapor fluxes/convergence
regressed onto the interdecadal and interannual series of the
DMV occurrence days shown in Fig. 4b. Figure 12a shows that,
according to the interdecadal variation of Q1 days, the water
vapor fluxes exhibit an anticyclonic pattern in the East China
Sea with convergence in northern China. It suggests that an
enhanced subtropical high helps to produce more rainfall in
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FIG. 10. Long-term variations of northward water vapor trans-
ports averaged in 108°-125°E (a) for the JJA mean and for the
fractions under (b) Q1, (c) Q3, and (d) Q4.

northern China by increasing the northward moisture fluxes.
Another anticyclonic pattern of water vapor fluxes occurs in
the Philippine Sea, with flux convergence in the northern SCS.
Moisture convergence is suppressed over SEC instead.
Figure 12b shows that, according to the interdecadal variation
of Q4 days, the anticyclonic pattern of water vapor fluxes is
established in the northwestern Pacific and northern SCS.
Moisture flux convergence occurs in SEC, the East China Sea,
and western Japan. In general, the anomalies of moisture
convergence (divergence) are closely related to the enhanced
(suppressed) southwesterly fluxes at the northern (southern)
flank of the anticyclonic pattern. The spatial patterns of
moisture flux convergence in Figs. 12a and 12b are well collo-
cated with the rainfall anomalies over China in Figs. 8a and 8b.
With the decrease (increase) of Q1 (Q4) occurrence days
in the twentieth century, we expect a southward displacement
of moisture flux convergence from northern China to SEC.
Such a long-term trend of EASM diurnal cycles corresponds
to the interdecadal change of rainfall anomalies in Fig. 2b.
Overall, the water vapor fluxes and convergence by mon-
soon southerlies at interdecadal time scale produce the
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south—north dipole patterns of rainfall anomalies in China,
which is similar to the second mode in Zhou and Yu (2005).
The results of the present study further highlight that the
moisture convergence in the northern (southern) areas of
China is strongly regulated by the monsoon southerlies with a
large (small) diurnal cycle.

At the interannual time scale, the Q1 occurrence days are
closely associated with an anticyclonic pattern of water vapor
fluxes in the SCS and western Pacific (Fig. 12¢). Moisture flux
divergence is dominant over there and extends to SEC, while
the anomaly of flux convergence is pronounced at the north
edge of the anticyclonic pattern. It helps to produce rainfall at
the areas at 30°-40°N (northern China, the Korean Peninsula,
and Japan). Figure 12d shows that the interannual variation of
Q4 occurrence days also features an anticyclonic pattern of
water vapor fluxes in the SCS and western Pacific. The anti-
cyclonic pattern under Q4, however, is oriented in a west—east
direction rather than a meridional extension under Q1 (cf.
Figs. 12¢,d). Moisture flux divergence is mainly confined to a
zonal band at 15°-22°N (the Philippine Sea and northern SCS),
while flux convergence is well established at SEC, farther south
than that under Q1. The pattern is analogous to the well-known
anomalous anticyclone over the western Pacific related to EASM
at the interannual time scale (Wu et al. 2009; Song and Zhou
2014a,b). Moisture convergence also occurs over Bangladesh and
the southeast peripheries of Tibetan Plateau, where westerly
water vapor fluxes are prevalent. It is thought that the eastward-
moving rainfall systems and increased cloudiness from these up-
stream areas to SEC may reduce daytime heating and thereby
diurnal wind cycle in Q4 (Chen 2020).

Overall, the regression patterns of water vapor transports
onto the strong monsoon southerlies (both Q1 and Q4) suggest
that the anticyclonic anomalies from the SCS and western
Pacific play a crucial role in regulating the interannual varia-
tions of moisture budget in the EASM regions (Figs. 12¢,d).
They seem to be closely associated with the various westward
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FIG. 12. Spatial patterns of water vapor transports and convergence regressed to the interdecadal and interannual
variations of the occurrence days of Q1 and Q4 shown in Fig. 4b. The anomalous anticyclone is marked by “A” and

the dashed lines.

expansions of the western Pacific subtropical high. Similar
patterns of water vapor fluxes are also shown to explain the first
mode of rainfall anomalies, which exhibits large interannual
variations over China (e.g., Zhou and Yu 2005; Hu et al. 2019).
In this study, by taking the diurnal component into account, we
further divide the strong monsoon southerlies into two differ-
ent modes that explain well the detailed locations of moisture
convergence in a good relation to the rainfall anomalies be-
tween southern and northern China. The differences of mois-
ture transport/convergence between Q1 and Q4 also suggest
that the large diurnal cycle when coupled with monsoon
southerlies over SEC acts as an extra regional force pushing the
summer rainband northward.

b. Impacts on the diurnally varying moisture transports

Figure 13 shows the diurnally varying water vapor fluxes
and convergence associated with the EASM diurnal cycles.
Under Q1, the southerly fluxes over SEC are estimated as
~200kgm~'s™! in the afternoon (Fig. 13a) and increase to
~250kgm ™ 's~!in the morning (Fig. 13b). Two local maxima
are seen over the East China Sea and the eastern periphery of
the Yun-gui Plateau, where nocturnal low-level jets prefer to
occur (Du et al. 2014; Du and Chen 2019). Accordingly, the
moisture flux convergence is greatly enhanced in the morning

at 30°-40°N in the northern China plains and at the western
coasts of the Korean Peninsula and Japan (Fig. 13b). The
ageostrophic wind component in monsoon southerlies is
thought to enhance the net moisture fluxes in the morning
(Chen et al. 2009; G. Chen et al. 2017; Xue et al. 2018), thereby
leading to a remarkable increase of morning rainfall (Shin et al.
2019; Chen 2020). Monsoon southerlies thus act to inject more
energy into the East Asian rainband after midnight through
transportation of water vapor from low latitudes. In contrast,
under Q4, water vapor fluxes over SEC are less changed from
afternoon to morning because of a small diurnal cycle of
monsoon southerlies (Figs. 13¢c,d). The convergence of water
vapor flux on land of SEC (at ~28°N) is even marginally large
in the afternoon. The diurnal range of flux convergence is also
small at the western coasts of the Korean Peninsula and Japan.
These differences between Q1 and Q4 thus suggest that the
strong monsoon southerlies with different diurnal cycles play
an important role in regulating the regional moisture budget at
subdaily time scale.

We further examine the long-term variations of moisture flux
convergence. Figure 14a show that moisture flux convergence in
the morning has pronounced long-term variations at 30°-40°N.
Strong convergence is seen at 35°~40°N from the 1960s to 1970s
and is displaced south to 30°-35°N in the 1980s. It is farther
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shifted to the south of 30°N in the 1990s; it is also strong at
37°-40°N in some years. Strong convergence returns to the
latitudes near 35°N in 2003-13. Such interdecadal changes of
moisture convergence in the morning are highly consistent
with those of rainfall anomalies (cf. Figs. 14a and 2b). In
contrast, the variations of moisture convergence in the after-
noon have a much smaller amplitude (not shown). Therefore,
the water vapor transports and convergence in the morning
are mainly responsible for the long-term variations of EASM
rainfall.

Figure 14b shows that a large portion of morning-hour
moisture convergence can be attributed to the Q1 condition.
In particular, there is a high similarity in Figs. 14a and 14b for
the interannual/interdecadal variations north of 30°N. Strong
monsoon southerlies with a large diurnal cycle are thus crucial
for regulating the long-term variabilities of moisture conver-
gence over East Asia. In contrast, the Q4-related moisture
convergence in the morning (also in the afternoon) is some-
what strong in the mid-1990s south of 30°N (Fig. 14d), but it has
no obvious variations north of 30°N. As for the weak south-
erlies under Q3, the variations of moisture convergence mainly
occur at coasts south of 25°N. Previous studies noted that

the morning proportion of rainfall undergoes a long-term
increase (decrease) in the southern (northern) areas of China in
the twentieth century (Yuan et al. 2013; Chen et al. 2014). In the
present study, we can attribute such a long-term trend of rainfall
to an increase of Q4 and a decrease of Q1. Meanwhile, a recent
recovery of Q1 occurrence in 2003-13 seems to result in a
moderate increase of rainfall in northern China (Ding et al.
2009; Zhu et al. 2011). Overall, the strong monsoon southerlies
with a large diurnal cycle play a key role in regulating the water
vapor transports and convergence in a close association with the
long-term change of summer rainfall.

6. Conclusions and discussion

The seasonal and interannual/interdecadal variations of
EASM system has received much attention. This paper revisits
these long-term variabilities by linking them to the diurnal
cycles of monsoon southerlies that denote key regional forc-
ings. We decompose monsoon southerlies into four different
dynamic groups by taking both daily and diurnal components
into account. We examine the long-term variations of the four
DMV groups and clarify their impacts on rainfall variations
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rectangles in (a) denote the decadal periods with positive anoma-
lies of rainfall derived in Fig. 2b.

and water vapor transports. The major findings are summa-
rized as below.

1) Diurnal variations of low-level southerlies with a nocturnal
maximum become pronounced in summer. The number of
occurrences of days of strong monsoon southerlies with a
large diurnal cycle (Q1) increases notably from June to
July, in relation to the northward march of EASM. The Q1
occurrence averaged in JJA is about 35 days from the 1960s
to 1970s, whereas it decreases to a minimum of about
26 days from the 1980s to 1990s. The interdecadal shift
occurs in the early 1980s. As a comparison, the occurrence
of strong monsoon southerlies with a small diurnal cycle
(Q4) is as low as ~14 days in the 1970s and increases
to ~24 days in the 1990s. This interdecadal decrease
(increase) of Q1 (Q4) occurrence days corresponds well to
the long-term weakening of the EASM in the twentieth
century. The Q1 and Q4 occurrences turn back to normal
in 2003-12, indicating a moderate recovery of the EASM
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intensity. These long-term variations of diurnal cycles
in monsoon southerlies can be regarded as a key feature of
the EASM system.

2) Strong monsoon southerlies help to increase the rainfall
in the subtropical areas of East Asia. However, the
spatial patterns of induced rainfall anomalies over
China are shown to be remarkably different under Q1
and Q4 given different diurnal amplitudes in the strong
monsoons. In Q1 days, the southerlies with a large
diurnal cycle produce anomalously strong rainfall in
northern China (north of 30°N). In Q4 days, however,
the monsoon rainfall is mostly confined at SEC (south of
30°N). The Q1 (Q4)-related rainfall can account for
~60% of the interannual variance of summer rainfall in
the north (south) areas of China. The interdecadal de-
crease (increase) of Q1 (Q4) in the last 40 years of the
twentieth century is associated with the shift of rainfall
anomalies from the “‘north flooding and south drought”’
mode to the ‘‘north drought and south flooding’’ mode.
The increasing Q1 occurrence in the recent years turns to
enhance rainfall in northern China.

3) The strong monsoon southerlies over East Asia are gener-
ally associated with the large-scale anticyclonic patterns of
water vapor transport anomalies over the western Pacific.
Under Q4, the northward water vapor transports and con-
vergence mainly tend to maximize at SEC. Under Ql,
however, the maximum of water vapor transports (con-
vergence) is mainly established at central (northern) China,
while the moisture flux divergence is more extensive over
the western Pacific, SCS, and southern China. These dif-
ferences between Q1 and Q4 are closely related to the
different expansion patterns of the western Pacific sub-
tropical high. Under Q1, the northward transports of water
vapor over SEC increase by ~20% in the morning com-
pared to those in the afternoon. The induced convergence
can contribute to a major proportion of the interannual
variations of moisture convergence in northern China,
thereby linking to the interannual variations of summer
rainfall over there. The interdecadal variations of morning-
hour moisture convergence (largely due to Q1) also corre-
spond well to those of rainfall anomalies. The monsoon
southerlies with a large diurnal cycles thus play a key role in
regulating the regional water budget at both subdaily and
longer time scales.

Previous studies have connected the long-term variabilities of
EASM rainfall to the thermal forcings such as the snow cover
over the Asian continent and SSTA in the tropical oceans (e.g.,
Chang et al. 2000; Gong and Ho 2002; Ding et al. 2009; Duan
et al. 2013). However, it is still unclear why the diurnal cycles of
summer monsoon exhibit long-term variations. A possible cause
is the land heating over the Asian continent and its contrast to
adjacent oceans (Song et al. 2014; Huang and Chen 2015; Huang
etal.2019). As shown in Fig. 15a, the long-term variations of Q1
occurrence are positively (negatively) related to the low-level
temperature on East Asian land (the adjacent ocean). Similar
patterns but at opposite phases are seen for the variations of
Q4 occurrence (see Fig. 15b). This suggests that the long-term
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variations of EASM diurnal cycle are closely associated with the
land-sea thermal contrast, in which Q1 (Q4) is favored by the
enhanced (suppressed) heated land relative to the adjacent
ocean. These correlation patterns with air temperature (see
Figs. 15a,b) correspond well to those with SST (see Figs. 15¢,d),
in which Q1 (Q4) has a negative (positive) correlation with SST
near East Asia. As adjacent oceans undergo the warming ob-
served in the last century, the reduced land-sea thermal contrast
may explain, at least in part, the long-term decrease (increase) of
Q1 (Q4) occurrence. Q1 and Q4 are also closely correlated with
SST far in the Indian Ocean, equatorial central-eastern Pacific,
and northern Pacific (see Figs. 15c,d). This implies a potential
influence of ENSO and PDO on EASM, which deserves further
study (Wu et al. 2009; Zhou et al. 2013; Song and Zhou 2014a,b).
The changes in aerosols and land use due to anthropogenic ac-
tivity are also thought to affect surface heat budget (e.g., Lau
et al. 2006; Li et al. 2016). The aerosol-induced cooling over
continental East Asia may reduce the land-sea thermal contrast
and affect monsoon circulation (Song et al. 2014). We expect
that the small diurnal cycle of low-level winds in recent decades
(Figs. 2d and 3) may remain in the near future because of the
suppressed mixing in daytime PBL under the relatively polluted
air conditions. Therefore, estimating the change of monsoon
rainfall in future climate requires climate models with a proper

treatment of diurnal cycles relating to aerosol radiative effects
and/or air-sea-land interaction.

Based on the evidence presented in this study, we reveal the
subdaily variability of the EASM and its close relationship to
the variabilities at longer time scales. Another issue deserving
future work is the upscaling feedback effects of the diurnal
cycles to the large-scale circulations. Early studies have noted
that the daytime heating of high terrain such as the Tibetan
Plateau helps to drive the upslope winds and afternoon deep
convection, which plays a key role in establishing the mon-
soonal circulation over Asia (Yeh et al. 1979; Kuo and Qian
1981; Krishnamurti and Kishtawal 2000; Wu et al. 2012, 2015).
Our study suggests that the diurnal cycle of monsoon south-
erlies with a midnight maximum of wind speed, as a delayed
response to landmass heating (Blackadar 1957; Chen 2020), is
another key feature of the EASM system. Enhanced monsoon
southerlies at night may provide favorable conditions for the
formation of moist organized convection and mesoscale con-
vective vortices that may in turn modulate synoptic-scale at-
mospheric conditions during long-lasting heavy rainfall events
(G. Chen et al. 2017; Zhang et al. 2018; Xue et al. 2018; Zeng
et al. 2019). Further studies of the diurnal cycles under differ-
ent large-scale circulations help to improve our understanding
of the regional climate change and extreme weather.
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