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ABSTRACT: The principal modes of the diurnal cycle of rainfall (DCR) over South China during the presummer rainy
season are examined using 23-yr satellite observations and reanalysis data. Three distinctly different DCR modes are iden-
tified via empirical orthogonal function analysis, that is, the early-afternoon precipitation (EAP) mode, the late-afternoon
precipitation (LAP) mode, and the morning precipitation (MP) mode. Under the EAP mode, the rainfall starts to increase
from midnight and reaches its peak in the early afternoon. The nocturnal to morning rainfall generally concentrates on the
northeastern Pearl River delta (PRD) and along the coastline. The coastal rainfall is initiated from the convergence zone
induced by the strong onshore wind and is further enhanced via the establishment of a land breeze in the early morning.
The northeastern PRD center is mainly attributed to the windward mechanical lifting associated with the strong low-level
wind. The afternoon rainfall is pronounced over inland areas and exhibits significantly regional diversity. The eastern in-
land rainfall develops from the early-morning rainfall over the northeastern PRD, whereas the eastward-propagating rain
belts associated with frontal activities are responsible for the formation of western inland rainfall. The LAP mode features
a late-afternoon peak, which is triggered and developed locally with favorable thermal-dynamic conditions over western
inland South China. The MP mode exhibits a single early-morning peak. Nocturnal to morning rainfall is prominent on the
northeastern PRD and near-offshore region. The near-offshore rainfall is basically induced by the convergence between
the onshore wind and land breeze in the early morning, which further propagates far offshore in the morning due to effects
of gravity waves.
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1. Introduction South China, located at the north of the South China Sea
(SCS) and southeast of the Yunnan Guizhou Plateau (YGP)
(Fig. 1a), is one of the rainfall centers over East Asia. Yu et al.
(2007b) investigated the DCR during the summer over South
China using hourly rain gauge data, suggesting a single after-
noon peak of the local rainfall. Based on the high-resolution
gauge-satellite merged data, Jiang et al. (2017) further re-
vealed double peak features of the DCR over South China,
with a major peak in the afternoon and a secondary early-
morning peak. Using fine-scale rain gauge data and satellite
data, Chen et al. (2018) examined the DCR over South China
and found that the morning rainfall is pronounced near the
coast and windward mountains, while the afternoon rainfall
dominants over the land. The features of rainfall over South
China are distinctly different between in the morning and
afternoon, in terms of rainfall duration, frequency, intensity and

P Supplemental information related to this paper is available  propagation. The long-duration rainfall events tend to reach the
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The diurnal cycle of rainfall (DCR) is an important aspect of
the global climate system and has been extensively studied for
several decades (Wallace 1975; Yang and Slingo 2001; Dai 2001;
Wang et al. 2011). The DCR exhibits pronounced regional and
seasonal variations owing to the variety of the thermal and dy-
namic process and inhomogeneous surface types (Dai et al.
1999; Kikuchi and Wang 2008; Li et al. 2008; Yuan et al. 2012).
Understanding the spatiotemporal features of the DCR and the
underlying physical mechanisms is not only important to predict
the regional rainfall, but it is also necessary to further enhance
the capability of disaster prevention and reduction (Dai and
Trenberth 2004; Li et al. 2018; Cai et al. 2021; Zhang et al. 2022).

maximum in the early morning, while short-duration events

0284.s1. peak in the late afternoon (Yu et al. 2007a). The morning rainfall
features larger intensity but smaller frequency compared with
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FIG. 1. (a) Topographic (m) map of South China. South

JOURNAL OF CLIMATE

VOLUME 36

(b) Diurnal Cycle of Rainfall

e
I3
S

0.40

0.30

0.20
00

rT1r 171 1r1rrrrrrrrrrrrTrTTTT
03 06 09 12 15 18 21

Diurnal variation (LST)

China is defined in this study as the region within the red

box (21.5°-26°N, 111°~117°E). (b) Diurnal cycle of mean hourly rainfall (mm h™') over South China during the pre-

summer rainy s€ason.

nocturnal to morning rainfall near the coast exhibits an offshore
propagating mode, whereas the inland afternoon rainfall is
quasi-stationary (Chen et al. 2015; Jiang et al. 2017; Bai et al.
2020).

The DCR associated mechanisms have been widely pro-
posed for South China. The low-level monsoonal wind, with
its peak at late night or in the early morning, strongly domi-
nates the spatial and diurnal patterns of rainfall (Chen et al.
2009, 2013; Bai et al. 2021). Such a diurnal monsoon variabil-
ity exhibits seasonal, interannual and interdecadal variations,
and acts as a key regional process regulating the rainfall over
East Asia (Chen et al. 2021). On the synoptic scale, the low-
level jet (LLJ) is important for the horizontal distribution and
diurnal variation of rainfall over South China by transporting
warm-moist air with a convergence at their termini (Stensrud
1996; Du and Chen 2019b). In particular, LLJs over South
China and the adjacent area can be classified into two types:
boundary layer jets (BLJs) occurring below the level of 1 km;
and synoptic-weather-related LLJs, which are observed at lev-
els of 1-4 km (Du et al. 2014). Both the BLJs and synoptic-
weather-related LLJs show pronounced diurnal variations
and play crucial roles in regulating the nocturnal to morning
rainfall (Jiang et al. 2017; Du and Chen 2019a). Dong et al.
(2021) further revealed the important impacts of BLJs over
the northern SCS and Beibu Gulf on the afternoon rainfall
over South China. In addition, the controlling role of the
land-sea breeze in the DCR over the South China coastal re-
gion has been widely discussed (Chen et al. 2015, 2016; Su
et al. 2021). The near offshore rainfall over South China has
been revealed to be closely related to the convergence of the
onshore monsoonal wind and the land breeze, while the day-
time inland-penetrating precipitation is mainly produced by
the intrusion of sea-breeze fronts (Chen et al. 2016, 2017). Be-
sides, the effect of gravity waves is also one of the key factors
responsible for the offshore propagation modes near the
South China coast (Aves and Johnson 2008; Du and Rotunno
2018; Bai et al. 2020).
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Such multiscale factors modulating rainfall over South
China have been demonstrated conspicuously from May to
June, which is often referred to as the presummer rainy sea-
son (Huang 1986). The presummer rainy season is the major
rainy season over South China, whose rainfall amount ac-
counts for 40%-50% of the local annual rainfall (Huang 1986;
Ding 1992). In addition, the presummer rainfall over South
China appears to be characterized by extensive complexities
of the DCR (Chen et al. 2015; Jiang et al. 2017; Wang et al.
2021; Dong et al. 2021), which have not yet been comprehen-
sively revealed. Therefore, it is necessary to make further
classifications and to investigate their spatiotemporal variabil-
ities jointly with the controlling mechanisms. The purposes of
this study are to identify the principal modes of the DCR over
South China during the presummer rainy season and to exam-
ine the underlying mechanisms controlling the DCR under
different modes.

The next section introduces the datasets and methodology
employed in the present study. Section 3 identifies principal
modes of the DCR over South China and presents the rainfall
characteristics under different modes. The possible mecha-
nisms modulating the DCR associated with the principal
modes are analyzed in section 4. A summary and discussion
are given in the final section.

2. Data and methodology

The Climate Prediction Center morphing technique
(CMORPH) global precipitation dataset (Joyce et al. 2004) is
used as observations with the spatial and temporal resolutions
of 8 km and 30 min, respectively. The half-hourly CMORPH
data are processed to hourly records in this study. Previous lit-
eratures have illustrated its considerable capability of reflect-
ing the DCR characteristics over South China (Chen et al.
2018; Du and Rotunno 2018). The latest European Centre for
Medium-Range Weather Forecasts (ECMWF) reanalysis
ERAS (Hersbach et al. 2020) with 0.25° X 0.25° grids at 1 h in-
tervals is used to diagnose the atmospheric conditions. The
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FIG. 2. (a),(b) The diurnal patterns of the first two EOF modes. (c),(d) Time series of the principal components PC1
and PC2.

analyses conducted in this study are performed for the pre-
summer rainy season (May—June) from 1998 to 2020.

In this study, the empirical orthogonal function (EOF)
analysis is employed to obtain the principal modes of the
DCR over South China during the presummer rainy season.
The EOF method is always a powerful tool to detect the variable
spatiotemporal characteristics, which has been demonstrated to
work well to identify the prominent diurnal harmonics
modes in satellite data and models (Kikuchi and Wang
2008; Wang et al. 2011). The EOF analysis is performed to-
ward the normalized (by the daily mean) diurnal rainfall da-
taset averaged over South China (the red box in Fig. 1a)
with a metric size of 24 [from 0000 to 2300 local standard
time (LST)] X 1403 (23-yr presummer days). Results are
shown in the following section.

3. The principal modes of diurnal cycle of rainfall

According to the DCR over South China during the pre-
summer rainy season (Fig. 1b), rainfall exhibits a double peak
feature, that is, a major afternoon peak (~1600 LST) and a
secondary morning peak (~0600 LST). The precipitation is
lowest at around midnight. Such features have been widely
validated in previous literatures (Jiang et al. 2017; Chen et al.
2018; Dong et al. 2021). Figures 2a and 2b present the first
two leading EOF modes of the DCR, which account for
67.45% and 18.09% of the total variance, respectively. The
EOF3 accounts for less than 10% of the total variance and
would not be further discussed in this study. The EOF1 exhib-
its a double-peak feature, with a major peak at 1400 LST and
a secondary peak at around 0900 LST. The precipitation
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increases from nocturnal to early afternoon, while decreases
after 1400 LST (Fig. 2a). Thus, the EOF1 mode is hereafter
named the early-afternoon precipitation (EAP) mode. The
positive EOF?2 signal represents a single early-morning peak
(~0300 LST) with a minimum around 1800 LST, exhibiting
pronounced morning rainfall and negligible afternoon rainfall.
Hence, this mode is referred to as the morning precipitation
(MP) mode. On the contrary, the negative EOF2 signal shows
an afternoon peak at 1800 LST and will be called the late-
afternoon precipitation (LAP) mode.

To distinguish the different DCR modes in more detail, the
days with a significant DCR under the above three modes are
further identified. Days with PC1 magnitudes of greater than
one standard deviation are selected as the EAP days (Fig. 2c).
Similarly, days with positive and negative PC2 magnitudes
greater than one standard deviation are identified as the MP
and LAP days, respectively (Fig. 2d). It is worth noting that
the duplicate days will be classified as the EAP (MP and
LAP) days when the PC1 (positive and negative PC2) exhibits
the highest amplitude among the above three PC patterns.
Based on the above criteria, a total of 173 EAP days, 126 LAP
days, and 85 MP days are selected and no overlapping days exist
among the identified modes. The spatial patterns of composite
hourly rainfall during the EAP, LAP, and MP days are shown
in Fig. 3. The following results are noted:

(i) For the EAP days, rainfall initializes at around midnight
over the northeastern Pearl River delta (PRD) and
along the coast (Fig. 3a) and further strengthens in the
early morning (Figs. 3b-d). The coastal rainfall propa-
gates offshore in the morning, with a speed of around
6 m s~ ! (Fig. 4a). Besides, the rainfall along the coastline
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exhibits evident inhomogeneity and shows stronger inten-
sity over regions with coastal topography, which is consis-
tent with the results of Chen et al. (2016). In the afternoon,
the rainfall is dominant on the inland area (Figs. 3e-g).
Taking 113°E as the boundary, afternoon rainfall over
western and eastern inland South China exhibits signifi-
cantly different features (Fig. 5a). The eastern inland rain-
fall develops from moist convection that is initiated in the
early-morning hours after sunrise over the northeastern
PRD. It peaks in the early afternoon (~1400 LST), with a
wider range compared with that in the morning, and dissi-
pates in the late afternoon (Figs. 3c—g). The eastern inland
rainfall is quasi-stationary, while the western inland rainfall
is closely related to the southeastward propagation of rain-
bands initiated and developed from the windward side of
the YGP (Figs. 3a-h and 5a), which migrate to South

(a) EAP

(b) LAP

China near noon. After the movement of previously weak-
ened rainfall belts, the western inland rainfall develops in
the afternoon (Fig. 5a). The western inland rainfall peaks
around 1600 LST and further migrates to central inland
South China in the late afternoon (Figs. 3e—g and Sa). The
inland rainfall gradually disappears after sunset (Fig. 3h).

During the AP days, little rainfall can be found from
midnight to morning over South China (Figs. 3i-1). Rainfall
initiates near noon over central and western inland South
China and intensifies in the afternoon (Figs. 3m-o0), with
little offshore or inland propagation (Fig. 4b). The eastern
inland rainfall is much weaker compared with that during
the EAP days (Fig. 3). Rainfall peaks in the late afternoon
over central and western inland South China, which is dif-
fer from the spatiotemporal pattern of afternoon rainfall
during the EAP days. In addition, the speed of eastward

(c) MP
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FIG. 4. Time-latitude Hovmoller diagrams of the normalized hourly rainfall deviation (mm h™') estimated as the mean precipitation
rate at each hour minus the mean precipitation rate throughout the day, normalized by the standard deviation of hourly precipitation aver-
aged from 111° to 117°E during the (a) EAP, (b) LAP, and (c) MP days. The gray solid lines represent the coastline.
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China.

propagation signal during the LAP days is much lower
than that during the EAP days owing to much weaker
magnitude of rainfall along the windward side of the YGP
(Fig. 3) and could not enter South China during the after-
noon (Fig. 5b). Based on the above analysis, the underlying
mechanisms controlling the afternoon rainfall vary between
the EAP and LAP modes, which will be further discussed
in the next section.

During the MP days, rainfall initiates in the northeastern
PRD and along the coast around midnight, similar to that
during the EAP days (Fig. 3q). However, after the initia-
tion stage, the features of rainfall become widely different.
Rainfall over the northeastern PRD weakens after sunrise
(Figs. 3g-t) and is much less pronounced compared with
that during the EAP days. On the other hand, the in-
tensity of offshore rainfall is stronger than that during the
EAP days, which is more concentrated along the coast-
line (Figs. 3b—d). The coastal rainfall propagates off-
shore in the morning (Figs. 3s and 4b). After 0900 LST,
the offshore rainfall becomes suppressed and continues
propagating offshore (Fig. 3t). The coastal rainfall cen-
ter is completely migrating into the northern SCS near
midday (Fig. 3u) and gradually dissipates in the far off-
shore during the afternoon (Figs. 3u-w). The offshore
propagation speed of rainfall is greater than 10 m s~!
and is much faster than that during the EAP days (Fig. 4).
The afternoon inland rainfall is negligible during the MP
days (Figs. 3u-w). In addition, rainfall belts also emerge
on the windward side of YGP around midnight (Fig. 3q),
which, however, maintain and finally dissipate in situ in
the early morning (Fig. 5c).

(iif)

In summary, three principle DCR modes over South China
during the presummer rainy season are obtained by the EOF
analysis: one early-afternoon rainfall mode (EAP), which
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features a double peaks, with a major peak at 1400 LST and a
secondary peak at 0900 LST; one late-afternoon and one
morning rainfall mode (LAP and MP), with a single peak in the
late afternoon (~1800 LST) and early morning (~0300 LST),
respectively. The underlying physical mechanisms controlling
DCR associated with the above three modes follow in detail.

4. Mechanisms controlling the diurnal cycle of rainfall
a. The nocturnal-morning rainfall

As shown in section 3, significant nocturnal to morning
rainfall occurs during both of the EAP and MP days which,
however, exhibits considerably different features. During the
EAP days, rainfall over the northeastern PRD is more pro-
nounced, and the coastal rainfall is centered along the coast-
line. During the MP days, the offshore rainfall is stronger and
the offshore propagating speed of rainfall is much faster than
that during the EAP days (Figs. 3 and 4). These different phe-
nomena can be attributed to the variety of the controlling
mechanisms.

The large-scale conditions during the three DCR modes
are illustrated in Fig. 6. At 500 hPa, westerly flows are prevail-
ing over South China. A trough axis is located at the west of
South China during the EAP days (Fig. 6a), which favors the
intrusion of colder air. Such a trough is absent during the
LAP and MP days (Figs. 6b.c), allowing less cold air to north-
ern Guangxi with lower precipitation over the windward side
of the YGP (Fig. 3). South China is controlled by the low-
level southwesterly wind among all the three DCR modes,
with the strongest ambient wind during the EAP days and the
weakest during the MP days.

During the EAP days, associated with the most intense
low-level southwesterly monsoonal wind, the nocturnal BLJs
induced by inertial oscillations are pronounced over the
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northern SCS in the early morning (Fig. 7a), which play im-  the coastline under the high ambient wind conditions (Chen et al.
portant roles in modulating the DCR over South China due 2014, 2017). The 2-hourly evolution of the perturbation wind
to the enhanced moisture transport and the associated dy- from 0000 to 0600 LST is displayed in Fig. 8. The daily mean
namic process (Xue et al. 2018; Du and Chen 2019b; Dong  wind has been subtracted to reveal the diurnal signal of coastal
et al. 2021). The BLJ associated windward mechanical lift-  circulations more clearly. At 0000 LST, the coastal South China is
ing is essential for the formation of nocturnal to morning dominated by the onshore perturbation wind in the low
rainfall over the northeastern PRD (Rao et al. 2019). Mean- level (Fig. 8a), which is a combined signal of the residual
while, the differential surface friction across the coastline is sea breeze and the nocturnal enhanced low-level wind
believed to be the key factor for the initiation of rainfall along in response to the inertial oscillation (Blackadar 1957
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The gray solid lines indicate the coastline.

Chen et al. 2009, 2017; Xue et al. 2018). Strong onshore
wind induces the convergence zone along the coastline be-
cause of the differential surface friction between land and
ocean and facilitates the initiation of the coastal rainfall.
The land breeze begins to establish after 0000 LST, but the
onshore wind is still pronounced over the coastal region
(Figs. 8b,c). The land-breeze circulations further strengthen
and encounter with onshore monsoonal flow alone the coastline

in the early morning, which enhanced the coastal rainfall
(Fig. 8d). The land breeze exhibits little offshore extension in
the morning during the EAP days, which is suppressed by the
high background monsoonal wind (Figs. 6a and 7a; Chen et al.
2017). Therefore, the coastal rainfall center maintains along
the coastline until noon. With the retreating of the land breeze
and the establishment of the sea breeze, the coastal rainfall
center vanishes in the afternoon (Figs. 3e-h).
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For the MP days, however, the low-level monsoonal wind is
weaker (Figs. 6 and 7). The BLJs over the northern SCS are
absent. Therefore, rainfall over the northeastern PRD, which
is highly influenced by the intensity of low-level ambient wind
(Rao et al. 2019), is weaker than that during the EAP days
(Fig. 3). The coastal rainfall center emerges along the coast-
line after 0200 LST, associated with the establishment of the
land breeze (Figs. 3g—s and 8j). The convergence line between
the land breeze and onshore monsoon wind favors the formation
of coastal center in the early morning (Figs. 8i-k). The intensity
of the land breeze during the MP days is stronger than that dur-
ing the EAP days (Fig. 8) due to the larger land-sea thermal
contrast (Figs. 7a,c). Such a strong land breeze enhances the
coastal lifting and induces more intense coastal early-morning
rainfall than that during the EAP days (Figs. 3 and 8). The
coastal center further migrates to near offshore at 0600 LST ow-
ing to the offshore expansion of the land breeze (Figs. 3s and 8l).
The offshore expansion of the land breeze under the MP mode
is more pronounced than that under the EAP mode because of
the relatively weak ambient monsoonal wind (Figs. 6 and 7;
Chen et al. 2017).

Furthermore, as mentioned in section 3, both coastal rain-
fall during the EAP and MP days propagates offshore in the
morning, but with different propagating speed (Fig. 4). Previ-
ous studies documented that the offshore propagation of rain-
fall is largely affected by the gravity wave (Mapes et al. 2003;
Aves and Johnson 2008; Du and Rotunno 2018; Bai et al.
2020). The offshore propagation speed during the MP days is
much higher than that during the EAP days (Fig. 4). Such a
difference could be related to the intensity of background
wind. The background wind changes the pattern of the gravity
waves and further affects the propagation speed owing to the
effects of Doppler shift (Qian et al. 2009; Du and Rotunno
2018). The onshore ambient wind is much stronger during the
EAP days (Fig. 6), inducing the lower offshore propagation
speed compared with that during the MP days. To further ver-
ify the effects of background wind on the offshore propaga-
tion of rainfall, we have classified the presummer days into
weak-wind days (lowest 30% of low-level wind speeds),
strong-wind days (highest 30% of low-level wind speeds), and
moderate-wind days (all other wind events) according to the
averaged daily mean low-level (from the surface to 850 hPa)
wind speed over South China and northern SCS (18°-26°N,
111°-117°E). During the strong-wind days, the offshore prop-
agation speed of rainfall is similar to that during the EAP
days. However, the offshore propagation speed is higher with
the weaker ambient wind and the offshore propagation speed
during the weak-wind days is comparable to that during the MP
days (Figs. S1 and S2 in the online supplemental material).
The above analysis further validates the important role of
the intensity of the background wind in the offshore propa-
gation of rainfall. The mesoscale features of gravity wave
and its impacts on the DCR during the different DCR modes
will be further examined via high-resolution models in the
future.

With respect to the LAP days, the land-breeze circulation
is also pronounced, whereas the coastal rainfall is relatively
weak (Figs. 3i-p and 8e-h). Such a weak coastal rainfall could
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result from the unfavorable moisture convergence condi-
tions in the early morning (Fig. S3b). Thus, the offshore
propagation signal is negligible (Fig. 4b). It is worth noting
that the mountain—plain solenoid (MPS) produced by the
coastal terrain can combine with the land breeze and en-
hance the offshore propagation of rainfall (Chen et al.
2016). However, in this study it is currently not sufficient to
identify the effects of the MPS and land breeze on DCR
separately due to the coarse resolution, which needs to be
further examined based on high-resolution model output in
the future.

In summary, nocturnal to morning rainfall centers along
the coastline during the EAP days, while the offshore rainfall
is stronger during the MP days. Convergence zone induced by
the strong onshore wind due to the differential surface friction
between land and ocean is responsible for the initiation of
coastal rainfall during the EAP days. This convergence zone
would be enhanced by land breeze encountering with ambient
onshore wind and produces stronger rainfall along the coast-
line in the early morning. The formation of coastal rainfall is
closely related to the establishment of the land breeze during
the MP days, which is stronger than that during the EAP
days. The offshore expansions of land breeze, which are
weak during the EAP days, favor the development of off-
shore rainfall during the MP days. In addition, the offshore
propagation speed varies between the EAP and MP modes,
with the MP faster, due to the different intensity of back-
ground wind.

b. The afternoon rainfall

The convective instability of atmospheric conditions is an
important factor impacting the afternoon rainfall over South
China (Luo et al. 2013; Chen et al. 2014) and can be deter-
mined by the convective available potential energy (CAPE;
Chen et al. 2014; Du et al. 2022). The intensity of afternoon
CAPE is different among the three DCR modes, showing the
highest values during the LAP days and the lowest ones dur-
ing the MP days (Figs. 9d—f). Such difference can also be
found from midnight to morning (Figs. 9a—c), but the magni-
tude is much weaker compared to the afternoon. Due to the
release of unstable energy in the morning and the increased
cloud cover (Wang et al. 2021), the CAPE over South China
exhibits little enhancement in the afternoon during the
EAP and MP days. The different magnitude of CAPE is
closely related to the different surface temperature among
the three DCR modes. Higher temperature tends to con-
tain more water vapor (not shown) and facilitates more
unstable conditions which are easier to trigger rainfall
(Figs. 7d-f).

In addition, the dynamic lifting conditions are another im-
portant factor to modulate the afternoon rainfall (Jiang et al.
2017; Chen et al. 2018). The favorable lifting conditions are
necessary to overcome the convective inhibition for the growth
of convection. The perturbation vertical motion and vorticity
with respect to their daily means are illustrated in Fig. 10.
During the EAP days, South China is generally controlled
by the rising motion from the morning to late afternoon
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FIG. 9. Horizontal distributions of CAPE (J kg~ ') averages (top) from 0000 to 0800 LST and (bottom) 1200 to 2000 LST during the
(a),(d) EAP, (b),(e) LAP, and (c),(f) MP days.

(Figs. 10a—d). The rising motion maximums around 114°N
in the morning (Fig. 10b), coinciding well with the rainfall
maximum around the northeastern PRD (Figs. 3c,d). The
upward vertical velocity reaches the peak in the early
afternoon, showing more intense motions over the eastern
inland South China. However, the upward motion is
weaker in the late afternoon and the motion maximum
migrates to the western inland South China (Fig. 10d).
During the LAP days, South China is dominated by the up-
ward motion in the afternoon, which is more pronounced
over western South China in the late afternoon (Figs. 10e-h).
It is noteworthy that for the MP days, the upward motion
peaks near 114°E in the morning, but maximums around
117°E in the afternoon (Figs. 10i-1). Such an upward motion
maximum coincides well with the rainfall center over north-
eastern PRD in the early morning, which gradually weakens
and moves eastward from morning to afternoon (Figs. 3s—v
and Sc).

The thermal-dynamic conditions during both of the EAP
and LAP days are favorable for the initiation and develop-
ment of afternoon rainfall (Figs. 9 and 10). However, as dis-
cussed in section 3, the spatiotemporal distributions and
underlying mechanisms are different. The vorticity field ex-
hibits two afternoon maximums over South China during the
EAP days, coincides with the two rainfall centers as the west-
ern part peaked in the late afternoon and eastern part peaked
in the early afternoon, respectively (Figs. 10c,d). The eastern
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inland rainfall develops from moist convection initiated in the
early morning after sunrise and reaches maximums in the
early afternoon (Figs. 3a—f and 5a). The eastern inland rainfall
is dissipated after 1400 LST due to the weakened moisture
supply (Fig. S3a) and consuming of unstable energy (Fig. 9d).
The western inland rainfall is affected by the eastward propa-
gation of rainfall belts originated from the windward side of
the YGP around midnight, which is associated with the local
instability conditions (Figs. 9 and 10). Such rainfall belts
strengthen in the early morning due to the nocturnal en-
hanced low-level wind and start to weaken shortly after sun-
rise (Figs. 3a-d). The eastward-propagating rainfall enters
into South China and reaches the weakest at around noon
(Figs. 3e and 5a). While the eastward-propagating rainfall
weakens, it appears to facilitate the subsequent formation of
rainfall over western South China in the early afternoon
(Figs. 3f and 5a), which are initiated along cold outflow
boundaries as they occur from the previously weakened rain-
fall belts (Jiang et al. 2017). These are also demonstrated by
analyses on diurnal variations of vorticity. The western posi-
tive vorticity zone originates from the windward side of the
YGP near midnight (Figs. 10a and 11a). After the initiation
stage, such a high positive vorticity zone propagates east-
ward, following the midtropospheric mean flow, and enters
South China near noon, being consistent with the eastward
propagation signal of rainfall (Fig. 5a). The diurnal cycles of
vorticity fields further validate the eastward-propagating rainfall
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shows the averaged terrain elevations.

episodes associated with frontal activities, as mentioned in
previous studies (Jiang et al. 2017; Dong et al. 2021).

During the LAP days, the eastern inland rainfall is negligible
from morning to afternoon due to the unfavorable thermal-
dynamic conditions and the lack of moisture supply. The speed
of eastward propagation of rainfall is much lower during the
LAP days compared with that during the EAP days, and it could
not enter South China in the afternoon (Figs. 5b and 11b).
Therefore, the western and central inland rainfall initiates
locally (Fig. 3b), with little influenced by the eastward prop-
agation of rainfall, and could be mainly influenced by the
local convective instability and dynamic lifting conditions
(Figs. 9 and 10). In addition, there is little afternoon rainfall
during the MP days because of the unfavorable environment
conditions (Figs. 9f and 10e-h) and the quasi-stationarity of
rainfall initiated at the windward side of the YGP (Figs. 5c
and 11c¢).

In general, the afternoon rainfall during the EAP days is
mainly affected by the local instability and dynamic lifting
conditions, eastward propagation of rainfall from windward
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side of the YGP and local moist convection initiated in the
early morning. Yet the local instability and dynamic lifting
conditions are the major factors controlling the afternoon
rainfall during the LAP days.

5. Summary and discussion

In this study, the principal modes of DCR over South China
during the presummer rainy season are investigated using the
23-yr satellite observations and reanalysis data. Three dis-
tinctly different DCR modes are identified based on the EOF
analysis, that is, the early-afternoon precipitation (EAP)
mode, the late-afternoon precipitation (LAP) mode, and the
morning precipitation (MP) mode. The main findings are
summarized below, which are also displayed in the schematics
(Fig. 12):

1) For the EAP (Figs. 12a,b) mode, rainfall exhibits two di-
urnal peaks, with a major early-afternoon peak and a sec-
ondary morning peak. Rainfall starts to increase around
midnight, reaches its peak at 1400 LST, and afterward
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FIG. 11. Time-longitude Hovméller diagrams of the normalized hourly 850-hPa vorticity deviation (s 1) estimated as the vorticity at
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26°N during the (a) EAP, (b) LAP, and (c) MP days. The gray solid lines indicate the western boundary of South China.

decreases to the minimum at midnight. The nocturnal to
morning rainfall centers at the northeastern PRD and
along the coastline. The coastal rainfall is initiated by the
convergence line around midnight, which is caused by dif-
ferent friction between land and ocean under the high am-
bient wind conditions. The development of the land breeze
further enhances the coastal rainfall in the early morning.
Coastal rainfall propagates offshore in the morning with a
relatively low speed. The morning precipitation centered
over the northeastern PRD could be attributed to the BLJ-
induced windward-side mechanical lifting. The afternoon
rainfall dominates the inland area, which could be divided
into eastern and western parts due to the different diurnal
variations. The eastern inland rainfall develops from moist
convection initiated in the early morning over northeastern
PRD and reaches maximum in the early afternoon with the
favorable thermal-dynamic and moisture conditions. On
the other hand, the southeastward propagation of rainfall
and associated frontal activities are responsible for the for-
mation of western inland afternoon rainfall, which peaks in
the late afternoon.

The LAP (Figs. 12¢,d) mode features a late-afternoon peak
(~1800 LST) and shows its minimum in the early morning.
Afternoon rainfall under this mode is pronounced over the
western part of inland South China. The thermal instability
and dynamic lifting conditions jointly favor the formation of
afternoon rainfall. The eastward-propagating rainfall shows
little impact on the afternoon rainfall, which is different
from that under the EAP mode. It is because the eastward
propagation of rainfall is much slower and could not enter
South China in the afternoon. In addition, the nocturnal to
morning rainfall is less pronounced owing to the unfavorable
environment conditions.

The MP (Figs. 12¢,f) mode exhibits a single peak in the early
morning (~0300 LST) and disappears in the afternoon. The
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nocturnal to morning precipitation centers are located at the
northeastern PRD and near-offshore region. Rainfall over
the northeastern PRD is less pronounced than that under the
EAP mode due to the weaker low-level monsoonal wind.
The near offshore rainfall is induced by the convergence be-
tween the low-level onshore wind and the land breeze, which
exhibits pronounced offshore expansions in the early morn-
ing. It migrates to far offshore in the morning, with a faster
speed than that under the EAP mode due to the weaker
ambient wind. In the afternoon, the thermal-dynamic
conditions are unfavorable for the rainfall formation.

It should be noted that the EOF1 mode exhibits a major
and secondary peak around 0900 and 1400 LST, respectively.
Such a diurnal feature is different with the DCR during the
presummer days (Fig. 1b), which exhibits double peaks fea-
ture, with the major peak at 1600 LST. During the EAP days,
the low-level southwesterly winds are strongest among the
above three modes, with the pronounced boundary layer jet
located over northern SCS (Figs. 6 and 7). As shown in previ-
ous studies (Rao et al. 2019), the strong-wind conditions are
favorable for the formation of the early-afternoon rainfall
peak over South China. Moreover, the near-noon rainfall
minimum vanishes during the strong-wind conditions, because
the strong low-level wind transports abundant warm-moist
air into South China, which could cover the near-noon rainfall
minimum (Fig. S3a). Rainfall increases from midnight to early
afternoon during the EAP days. After 0300 LST, the rainfall
decreases corresponding to the weakened moisture transpor-
tation (Fig. S3a) and the consuming of unstable energy (Fig. 9).
Therefore, the formation of early-afternoon rainfall during the
EAP days is related to the high ambient winds and the associ-
ated abundant moisture transportation.

To further verify such features, we divide the presummer
days into strong-, moderate-, and weak-wind days (details are
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FIG. 12. Schematic diagrams of the joint impacts of topography, LLIJs, land breeze, gravity wave, cold outflow, and warm moist airmass
on DCR over South China under the (a),(b) EAP, (c),(d) LAP, and (e),(f) MP modes. The text “R1” indicates the eastward-propagating
rainfall in (a) and rainfall effected by the eastward-propagating rainbands in (b). The text “R2” refers to the eastern part of rainfall over
inland South China, which initiates at northeastern PRD in the morning in (a) and further develops in the early afternoon in (b). The text

“R3” denotes the offshore propagating rainfall in (e) and (f).

shown in section 4a). Fig. S4 illustrates the DCR during the
strong-wind, moderate-wind and weak-wind days, respec-
tively. During the strong-wind days, the DCR is similar to
that during the EAP days (Figs. S3a and S4a) because such
two periods both exhibit intense low-level wind. Rainfall
shows a major peak in the early afternoon during the strong-
wind days. During the moderate- and weak-wind days, rainfall
exhibits a late-afternoon peak, with a near-noon decreasing
(at around 1000 LST) more obvious than that during the
strong-wind days (Fig. S4). Rainfall during the strong-wind
days accounts for the majority of rainfall during the pre-
summer days, especially over the northeastern PRD and
coastal area (Fig. S5a). Therefore, the DCR during the EAP
days is considered as the major pattern in presummer. In ad-
dition, LLJs are pronounced during the presummer rainy sea-
son and are important for the initiation and development of
presummer rainfall (Chen et al. 2014; Du and Chen 2019a,b;
Zhang and Meng 2019; Rao et al. 2019; Dong et al. 2021). The
EOF1 mode well captures the features of LLJs and is there-
fore demonstrated reliable.

Previous studies have usually examined the DCR over
South China under different synoptic forcings (Chen et al.
2017, Wang et al. 2021; Dong et al. 2021). On that basis, this
study provides a new perspective in objectively classifying the
DCR episodes. Furthermore, some new knowledges are

Brought to you by MAX-PLANCK-INSTITUTE FOR METEOROLOGY | Unauthenticated | Downloaded 04/24/23 08:59 AM UTC

added to the study of DCR over South China. In particular,
the afternoon rainfall over South China exhibits significantly
regional diversity, with a variety of controlling mechanisms.
Such a spatial discrepancy has seldom been mentioned in pre-
vious literature. In addition, this study confirms the eastward-
propagating rainfall episodes and associated frontal activities,
which has been proposed as a hypothesis in previous studies
(Jiang et al. 2017; Dong et al. 2021). On the other hand, the
DCR over South China and its associated thermodynamics
are examined using a relatively coarse dataset. Further studies
will be performed using high-resolution models to gain addi-
tional insights into the underlying mesoscale processes, such
as the land and sea breeze, mountain—plain solenoid, low-
level jets, gravity waves, and the effects of topography. More-
over, the long-term variations of DCR under the three DCR
modes also deserve further investigation.
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