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Abstract The diurnal variation of regional precipitation events (RPE) over the Middle and Lower Yangtze
River Basin (MLYRB) significantly affects human activities and serves as a key reference for weather
forecasting. Here, the diurnal variation of summer RPE over MLYRB under two monsoonal synoptic types and
their regulatory factors have been addressed. Results indicate that the morning peak of RPE is closely associated
with the southwesterly low-level jet (SLLJ) and western Pacific subtropical high (WPSH). Specifically, SLLJ
begins to accelerate at night driven by the ageostrophic wind, facilitating the development of the precipitation
system. Subsequently, the morning westward expansion of WPSH provides large-scale circulation forcing,
leading to the strongest lower-tropospheric convergence and mid-tropospheric ascending motion over MLYRB,
thereby generating the morning peak of RPE. Additionally, RPE are accompanied by significant frontogenesis,
and deformation frontogenesis plays a more significant role than divergence frontogenesis in regulating the
morning peak of RPE.

Plain Language Summary The diurnal variation of summer regional precipitation events (RPE)
over the Middle and Lower Yangtze River Basin (MLYRB) greatly affects human activities, lives, and property,
but the regulatory factors associated with diurnal variations of RPE remain unclear. This study demonstrates the
relevant mechanisms driving the diurnal variation of RPE over MLYRB in summer under two monsoonal
synoptic types. Results indicate that the morning peak of RPE over MLYRB is closely associated with the
southwesterly low-level jet (SLLJ) and western Pacific subtropical high (WPSH). At night, SLLJ accelerates
under the influence of ageostrophic wind, supporting the development of precipitation systems. As WPSH
extends westward in the morning, the strongest low-tropospheric convergence and mid-tropospheric ascending
motion occur over MLYRB, resulting in a distinct morning peak of RPE. Moreover, the deformation
frontogenesis plays a more significant role than divergence frontogenesis in regulating the diurnal variation of
RPE. Findings of this study may deepen our understanding of the mechanisms behind the morning peak of
precipitation over MLYRB, providing scientific references on the sub-daily scale for more accurate
precipitation forecasting.

1. Introduction

The diurnal variation of precipitation, as significant fundamental feature of precipitation, plays a crucial role in
the Earth system's water and energy cycles (Ali & Mishra, 2018; Ruane, 2010; Sui et al., 2025). The diurnal
variation of precipitation involves numerous complex physical mechanisms, such as topographical forcing,
multiscale weather system interactions and cloud microphysics processes, which jointly result in pronounced
regional differences (Gong et al., 2018; Minobe et al., 2020; Pan & Chen, 2019). Advances in station, satellite,
and multi-source fusion precipitation data have greatly improved our understanding of precipitation diurnal
variation on global scale, providing crucial reference for water resource management and weather forecasting
(Chen et al., 2012, 2024; Dai, 2024; Hayden & Liu, 2021). In most continental regions, the precipitation peaks in
the afternoon as solar heating during the daytime leads to atmospheric instability and increased convective ac-
tivity (Pan et al., 2021; Rickenbach et al., 2015; Yang & Smith, 2008), whereas over marine regions, the pre-
cipitation exhibits early morning peak due to mesoscale systems typically initiating around midnight and
maturing in the early morning (Nesbitt & Zipser, 2003; Qiao & Liang, 2016; Song et al., 2024).
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The diurnal variation of precipitation in the middle and lower Yangtze River basin (MLYRB) exhibits diverse
patterns, driven by East Asian summer monsoon, mountain-plain solenoid circulation, mesoscale convective
systems and urbanization (Li et al., 2024; Tang et al., 2022; Wang et al., 2014; Zhang & Sun, 2017). Regional
precipitation events (RPE), typically triggered by weather systems characterized by large spatial scales and long
duration (Yu et al., 2015), occur most frequently over MLYRB during June and July (the Meiyu rainy season) and
contribute significantly to the total summer precipitation (Guan et al., 2020; Wu et al., 2025). Some studies based
on case analyses have shown that the strengthened low-level wind is a key factor for the diurnal variation of
precipitation, bringing the most abundant moisture several hours ahead of the precipitation peak (Fu et al., 2019;
Xue et al., 2018; Zeng et al., 2019). Moreover, convective systems, as the primary contributors to rainfall over
MLYRB, are frequently embedded in stratiform clouds and exhibit morning peak (Liu et al., 2005; Yang
et al., 2020; Zhang et al., 2023, 2025). However, most studies have focused on analyzing the characteristics of
diurnal variation or investigating the mechanisms of precipitation event cases (Yu et al., 2007; Zeng et al., 2019;
Zhang & Sun, 2017), lacking a comprehensive understanding regarding the morning peak of precipitation over
MLYRB at the climatological scale.

Previous studies have revealed the driving factors of heavy precipitation over MLYRB, including large-scale
circulation anomalies and frontogenesis dynamics (Cao et al., 2019; Hu et al., 2021; Li & Lu, 2018; Xue
et al., 2025). The confrontation between cold and warm air frequently generates quasi-stationary frontal system
over MLYRB, providing favorable dynamic conditions for precipitation (Du et al., 2020; Li et al., 2023; Yang
et al., 2025; Zeng et al., 2023). Moreover, a strong positive correlation exists between frontogenesis and pre-
cipitation during the Meiyu period, and the effects of different frontogenesis terms on precipitation vary
significantly (Hou & Guan, 2013; Yang et al., 2015; Yuan et al., 2020). However, the effects of these mechanisms
on the diurnal variation of precipitation over MLYRB remain unclear.

Additionally, studies based on single-station precipitation events indicate that longer-duration precipitation
events are the primary factor contributing to the morning peak in precipitation (Liu et al., 2021; Yao et al., 2022).
However, single-station analysis without considering the spatiotemporal evolution of precipitation leads to
incomplete identification of precipitation processes and insufficient understanding of their physical mechanisms.
Wu et al. (2025) have identified spatiotemporally continuous RPE in MLYRB during summer over the past
decades. The composite analysis of precipitation and environmental fields during RPE can effectively eliminate
interference signals from non-precipitation and local precipitation periods, providing a new perspective for un-
derstanding the morning peak of precipitation. Wu et al. (2025) employed spectral clustering to classify the
dominant synoptic types triggering RPE into three types, including two monsoonal synoptic types and landfalling
tropical cyclone synoptic type. These findings indicated that RPE dominates the morning peak of total precipi-
tation in summer, but the mechanisms underlying their diurnal variations have not been explored. Therefore, this
study aims to explore the influence of atmospheric dynamic and thermodynamic factors on the diurnal variation of
RPE over MLYRB in summer and the underlying physical mechanisms. Findings of this study may deepen the
understanding of precipitation formation mechanisms on the sub-daily scale.

2. Data and Methods
2.1. Data

In the study, the hourly precipitation data from rainfall gauge station in the boreal summer from 1980 to 2022 over
MLYRB provided by the China Meteorological Administration is used to analyze the diurnal variation of RPE
(300 station positions shown in Figure 1). To investigate the diurnal variations of environmental conditions, the
fifth generation European Center for Medium-range Weather Forecasts atmospheric reanalysis (ERAS) hourly
dataset at different pressure levels with a horizontal resolution of 0.25° is employed (Hersbach et al., 2020). The
variables include geopotential height, specific humidity, temperature, vertical velocity, zonal wind (U) and
meridional wind (V). Corresponding to hourly precipitation data, ERAS data is converted from coordinated
universal time (UTC) to local solar time (LST, UTC + 8 hr).

2.2. Definition of Diurnal Variation of RPE

The identification of RPE and clustering of synoptic types in this study are based on Wu et al. (2025), with a brief
description provided in Text S1 of Supporting Information S1. The diurnal variations of precipitation amount
(PA), precipitation frequency (PF), and precipitation intensity (PI) for hourly regional precipitation are defined
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Figure 1. The spatial distribution of (a, b) PA (unit: mm/h) (c, d) PF (unit: %) and (e, f) PI (unit: mm/h) for the RPE under two
monsoonal synoptic types over MLYRB during the summers of 1980-2022. The normalized diurnal variation of climatic
mean PA, PF and PI in summers of 1980-2022 regionally averaged over MLYRB (g, h).
according to previous studies (Wu et al., 2018; Yu et al., 2014). The total hours for a specific hour of a day (00:00-
23:00 LST) in the 43 summers is 3,956 hr (92 days/summer X 43 summers). At the specific hour of a day the total
hours of RPE is denoted by /4, the number of stations with precipitation (hourly precipitation >0.1 mm) is N, and
the precipitation at the i station is p;,, (i =1,2,---,N,) atthe time ¢ (f = 1,2,..., h). The regional means of PA, PF,
and PI over the MLYRB at a specific hour of a day are calculated as follows:
t=h Zi:N,
= i=1 Dis
PA = t=1 i=l i, 1
300 % 3956 M
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It can be noted that PA is the product of PF and PI. The normalized diurnal variations of PA, PF, and PI are
calculated by subtracting the daily mean from the value at each hour of a day and then dividing by the daily mean
(Yuetal., 2007). The total precipitation hours and total precipitation at i station during RPE in the 43 summers are
denoted by £; and p;. The total hours in the 43 summers are i, = 94944 (24 hr X 92 days/summer X 43 summers).

The PA, PF, and PI for the i station during RPE are defined by ,fi, %, %, respectively.

2.3. Calculation of the Frontogenesis Function

The frontogenesis function is a physical quantity that quantifies the effects of atmospheric horizontal movement,
vertical movement, and diabatic heating changes on frontogenesis (Hu et al., 2022; Thomas & Schultz, 2019; Xue
et al., 2025). It can represent the change rate of the horizontal gradient of equivalent potential temperature 6, with
atmospheric mass point motion, effectively characterizing the structure and intensity of the front. Referring to
Miller's theory (Miller, 1948), the frontogenesis function is decomposed into four terms, and the equations are as
follows:

d
Fy= AV, = F1+ F2+ F3 + F4 4)

1
F1=—DIV,0,] 5)

2 2
a0, TAYEILA 90,
o ) () () - e[
a 2 |the|

2 00 4 00 20:) 00
dx dy 0y ) dp

|vh9(:| (7)

20, o (4o, +09ﬂ 9 (db,
dx ox\ dt dy ody\ dt

|Vh09|

F4 =

®)

Where F1, F2, F3, F4 represent the divergence term, deformation term, tilting term, and diabatic heating term,
respectively. D = 3—; + g—; denotes horizontal divergence in Equation 5, and E = g—z - ‘3—; and F = % + ‘3—;‘,
denote stretching and shear deformation in Equation 6.

3. Results
3.1. Characteristics of Diurnal Variation of RPE

During the summers from 1980 to 2022, RPE over MLYRB occurred under two monsoonal synoptic types
(Typel: 8605 hr; Type2: 8456 hr) and the landfalling tropical cyclone synoptic type (Wu et al., 2025). Figure 1
shows that the spatial distribution and diurnal variations of PA, PF and PI for RPE over MLYRB in summer under
Typel and Type2. The RPE under Typel and Type2 is concentrated over the southern and northern MLYRB
(PA > 0.07 mm/h), respectively, and PI and PF jointly determine the spatial distribution of PA (Figures 1a—1f).
The PA of RPE over the northern MLYRB under Type2 is comparable to that over the southern MLYRB under
Typel (Figures 1a and 1b), but the PF (PI) is lower (higher) under Type2 than under Typel (Figures 1c—1f). The
PA of RPE under Typel and Type?2 is relatively higher from 05:00 to 12:00 LST in a day (Figures 1g and 1h), and
the diurnal variations of PF and PI under Typel and Type2 also exhibit a pronounced morning peak, but the peak
of PF occurs 2 or 3 hours earlier than that of PI, as reported in previous studies (Chen et al., 2016; Jiang
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et al., 2017). In addition, RPE under the landfalling tropical cyclone synoptic type primarily occur in the eastern
MLYRB, and the diurnal variation shows late afternoon peak (Figure S1 in Supporting Information S1). Given the
RPE associated with two monsoonal synoptic types occurring significantly more frequently, accounting for over
90% of occurrences of RPE, we concentrate on discussing in detail the formation mechanisms of diurnal vari-
ations of RPE under two monsoonal synoptic types. It should be emphasized that RPE under Typel and Type2
contributes approximately 94% of the morning peak of total precipitation (Figure S2 in Supporting Informa-
tion S1), and thus the mechanism discussed in this study remains robust for explaining the morning peak of total
precipitation. Based on hourly (00:00-23:00 LST) composite analyses of environmental fields during RPE, the
subsequent sections focus on the key factors regulating the diurnal variation of precipitation intensity.

3.2. Factors Regulating the Morning Peak of RPE

The low-level wind field is closely related to the diurnal variation of precipitation (Du & Chen, 2018; Liu
et al., 2023), so we analyzed the spatial distribution and diurnal variation of wind at 850 hPa in Figure 2. Two
monsoonal synoptic types exhibit pronounced southwesterly low-level jet (SLLIJ; represented by the black box in
Figures 2a and 2b) extending from South China to MLYRB with maximum wind speed exceeding 9 m/s, but their
intensity and location differ significantly. The wind speed of SLLIJ is stronger under Type2 than under Typel,
bringing more abundant moisture and consequently resulting in higher PI (Figures le and 1f). The stronger SLLJ
under Type?2 is located to the northwest of that under Typel, pushing the precipitation belt farther northward
(Figures 1a and 1b). The diurnal variation phases of the zonal and meridional winds of the SLLJ are not syn-
chronized. Specifically, the zonal (meridional) wind starts to accelerate around 21:00 (18:00) LST and peaks at
approximately 06:00 (03:00) LST (Figures 2c and 2d), and the vertical profile of SLLJ exhibits pronounced
convex structure at 850 hPa from midnight to morning (Figure S3 in Supporting Information S1). The peaks of
zonal and meridional winds occur several hours earlier than the morning peak of RPE. Notably, the strong zonal
wind can persist until 09:00 LST before weakening significantly, which is closer to the morning peak of RPE. The
enhanced meridional wind at midnight transports abundant moisture northward to MLYRB and promotes the
development of moist convection (Fu et al., 2019). Moreover, the diurnal variation of SLLJ is dominated by its
ageostrophic component, especially during the nocturnal acceleration of wind speed (Figure S4 in Supporting
Information S1), which further demonstrates the critical role of ageostrophic wind induced by inertial oscillation
in the morning peak of precipitation (Blackadar, 1957). The zonal geostrophic wind exhibits two diurnal cycles
(Figures S4a and S4b in Supporting Information S1), which is closely related to the large-scale circulation forcing
according to geostrophic balance theory. Interestingly, the diurnal variation of zonal movement of western Pacific
subtropical high (WPSH) is found to be similar to that of the zonal geostrophic wind (Figure S5 in Supporting
Information S1), and the possible mechanisms are preliminarily discussed. The first eastward retreat of WPSH
(23:00-04:00 LST) is caused by the decrease in geopotential height due to atmospheric cooling at night (Figures
S6a—S6e in Supporting Information S1). The first westward extension of WPSH (05:00-10:00 LST) is driven by
downward solar radiation (Figures S5f—S5k in Supporting Information S1). When the land surface begins to heat
up, the warming of the lower atmosphere induces stratification instability, which weakens the subsidence on the
western side of WPSH and forces its second eastward retreat (11:00-16:00 LST). As atmospheric heat is trans-
ported vertically upward, warming in the middle troposphere causes second westward extension of WPSH
(17:00-22:00 LST, Figures S6r-S6w in Supporting Information S1). The westward extension of WPSH in the
morning increases the meridional pressure gradient on its northeastern side, thereby strengthening the zonal
geostrophic wind. It should be noted that the wind field from the ERAS exhibits discontinuities at 05:00 and 17:00
LST, attributable to the 12-hour assimilation window (09:00-21:00 and 21:00-09:00 UTC) employed by ERAS
(Hersbach et al., 2020). Multiple reanalysis data and observational data indicate that the ERAS reanalysis data can
accurately reproduce the true diurnal variations in wind (Cui et al., 2023; He et al., 2016; Xue et al., 2018), so the
data discontinuity does not affect the robustness of the conclusions.

Under Typel and Type2, there is significant horizontal wind shear associated with the cyclonic transition from
southwesterly to easterly wind over MLYRB (Figures 2a and 2b). Relative vorticity is used to quantify the in-
tensity of horizontal wind shear, which shows a distinct morning peak consistent with RPE (Figures 2e and 2f).
The enhanced southwesterly and northeasterly winds on the southern and northern sides of MLYRB in the
morning result in the strongest horizontal wind shear (Figure S7 in Supporting Information S1). In addition, the
diurnal variation of relative vorticity is predominantly controlled by the meridional gradient of the zonal wind.
Some studies on the impact of low-level jet on precipitation have mainly focused on the role of meridional wind
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Figure 2. The spatial distribution of the composite mean horizontal wind field (vector) and wind speed (shading, unit: m/s) at
850 hPa in summers of 1980-2022 during the RPE under Typel and Type2, respectively. The black box indicates the
southwesterly low-level jet associated with the synoptic type (a, b). The diurnal variations of regional mean zonal (U) and
meridional (V) winds in the black boxes of (a, b) during the RPE under Typel and Type2, respectively (c, d). The diurnal
variations of the relative vorticity at 850 hPa and its components regionally averaged over MLYRB (e, f). The daily means of
variables are indicated by the values in the lower left corner of the subplots (c—f).

(Dong et al., 2021; Zeng et al., 2022), whereas this study complements the understanding of the role of zonal wind
in regulating the morning peak of precipitation under specific synoptic types. Figure 3 shows the diurnal vari-
ations of vertical structure over MLYRB during RPE under the two monsoonal synoptic types. The convergence
tilts northward with height, with the centers of convergence at low level located at 29°N and 31°N under Typel
and Type2, respectively (Figure 3a-3f). There is a typical configuration over MLYRB characterized by
convergence in the low troposphere and divergence in the high troposphere, accompanied by strong ascending
motion in the middle troposphere (Figures 3a—3f). Coupled with the nocturnal acceleration of SLLJ and the
morning westward extension of WPSH, low-tropospheric convergence, mid-tropospheric ascending motion, and
vertically integrated moisture convergence all exhibit pronounced morning peaks (Figure 3 and Figure S8 in
Supporting Information S1). The vertical profile of divergence indicates that the precipitation system develops
vertically at night, reaches its strongest and deepest stage at around 10:00 LST, and then gradually weakens

WU ET AL.

6of 11

858017 SUOWILLIOD 8A11e.10 3o |dde auy Aq peuienob a1e aole O ‘8sn JO Sa|Nn 10} Al aUIIUO AB]IM UO (SUO N IPUOD-PUR-SWIBYW0D A8 |IM"AReq 1 U1 |UO//SANY) SUORIPUOD PUe sWie | 8us &8s *[9202/90/0€] Uo ArigiTauuo Ajim * Aisienun Buifuen - BuenH Buiuuy Aq 2T9€2T 199202/620T 0T/10p/wod A8 |mAreiq putjuo'sqndnbe//sdny wouy pspeojumod ‘€T ‘9202 ‘L008rY6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2026GL123617

18 LST

100

100 100
250 -f 260 260
! 400

550

400

550

Type 1
Pressure (hPa)

700 700

850 850

1000 1000
26N 28N 30N 32N 34N 36N 26N 28N 30N 32N 34N 36N 26N 28N 30N 32N 34N 36N

f
100

100

250 250 250

400 400

I
400 :

550 550 550

Type 2
Pressure (hPa)

700 700 700

850 850 850 :

!
1

1000 -t 1000 1000
26N 28N 30N 32N 34N 36N 26N 28N 30N 32N 34N 36N 26N 28N 30N 32N 34N 36N

[ I I ] T
4 6 8 107°s71

-8 -6 -4 -2 0 2

Type 1 h Type 2
-6 9 yp -0.30 -6 yp -0.30
—— Dstc—500 —— Dstc—s00

—— Ws00 —*— Wso00

r-0.25 F-0.25

r-0.20 r-0.20

F-0.15 r-0.15

wWsoo (Pa/s)
wWsoo (Pa/s)

Dstc—500 (1076 s71)
IS
1

Dstc — 500 (1076 571)
IS

r-0.10 r-0.10

mean: -4.03x107° s71 mean: -3.75x107% s 71

mean: -0.23 Pa/s mean: -0.21 Pa/s
-2 ++——1"——1"—T—1"—T——T——T— -0.05 -2 4+ -0.05

Figure 3. Pressure-latitude cross sections of the divergence (shading unit: 1076 s™"), and vertical velocity (black contour,

unit: Pa/s) averaged along 110-122°E at 02:00, 10:00 and 18:00 LST during the RPE under Typel and Type2 (a—f). The
diurnal variations of vertically mean divergence from surface to 500 hPa and vertical velocity at 500 hPa in the gray box
region under Typel (28.5-30.5°N) and Type2 (30-32°N) (g, h). Their daily means are shown in the lower left corner.

(Figures 3a—3f). Overall, the strongest horizontal wind shear, convergence and ascending motion mark the most
mature stage of the convective system, leading to the morning peak of precipitation.

RPE over the MLYRB in summer are often accompanied by pronounced frontogenesis, which arises from the
synergistic interaction of multi-scale synoptic systems, including WPSH, SLLIJ, and mesoscale vortices (Chen
et al., 2007; Du et al., 2014; Liu et al., 2023; Zhang et al., 2018). Under the two monsoonal synoptic types, the
warm and moist airflow on the northwestern flank of WPSH and mid-latitude dry and cold air converge
over MLYRB, forming a dense belt of equivalent potential temperature (frontal zone; horizontal gradient >3
K/100 km) at 850 hPa over the southern and northern MLYRB, respectively (Figure S9 in Supporting In-
formation S1). The frontogenesis function can effectively modulate precipitation variation over MLYRB
through combined dynamic and thermodynamic effects (Hou & Guan, 2013; Jiang et al., 2025). The diabatic
heating and tilting terms within the frontal zone collectively exhibit frontolysis with their diurnal variations
concentrated mainly in the afternoon (Figure S10 in Supporting Information S1). Following the method of Hu
et al. (2021), we further decompose the diabatic heating term into new diabatic heating term, moisture change
term, and lifting condensation temperature change term. It is found that the new diabatic heating term
dominates frontogenesis, while the moisture change term produces a stronger frontolysis magnitude (Figures
S11a-S11d in Supporting Information S1), resulting in frontolysis for the diabatic heating term (Figures S10a
and S10b in Supporting Information S1). Since the diurnal variations of these components are concentrated in
the afternoon, we suggest that the diabatic heating and tilting terms have relatively limited direct impacts on
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Figure 4. The spatial distribution of the composite mean divergence frontogenesis (a, b) and deformation frontogenesis (c, d)
(unit: 107'° K/m/s) at 850 hPa during the RPE under Typel and Type2. The diurnal variations of deformation frontogenesis
and divergence frontogenesis at 850 hPa in the red boxes of (a, b) under Typel and Type2. Their daily means are shown in the
lower left corner (e, f).
the morning peak of precipitation. The divergence frontogenesis and deformation frontogenesis largely
coincide with the frontal zone (Figures 4a—4d), and they are the primary contributors to frontogenesis in the
lower troposphere, as previously reported (Jin et al., 2023; Yang et al., 2015). However, the magnitude of
deformation frontogenesis is significantly greater than that of divergence frontogenesis, with maximum values
reaching up to 1.4 x 107° K/m/s. The diurnal variations of divergence frontogenesis and deformation front-
ogenesis exhibit unimodal structure, and the peaks occur at night and in the morning, respectively (Figures 4e
and 4f). In the morning, the SLLJ and WPSH force significant stretching and shearing deformations in the
low-level wind field, thereby driving the deformation frontogenesis to reach its peak. Both the magnitude and
WU ET AL. 8 of 11

95UB017 SUOLULLIOD dAIIE.D 3|cedl|dde 8Ly Ag peusenob afe SapNe O ‘8sn JO Sa|Nn1 10y AT au1iuO A3]1A UO (SUONIPUOD-PUB-SLULBIW0Y A8 | Aeig 1l juo//SANyY) SUONIPUOD pue sWe | 8U) 89S *[9202/90/0€] uo ArigiTaunuo Ajim * AiseAun Builuen - BuenH Buiuuy Ag £T9EZT 199202/620T 0T/10p/W0d A8 Akeiq i putjuo'sqndnBe//sdny wouy pspeojumod ‘€T ‘9202 ‘L008YY6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2026GL123617

Acknowledgments

This study is funded by the National
Natural Science Foundation of China
under Grants U2342207, the Open Project
Fund of China Meteorological
Administration Basin Heavy Rainfall Key
Laboratory (Grant. 2023BHR-Z01), and
the Jiangsu Collaborative Innovation
Center for Climate Change. We sincerely
thank the three anonymous reviewers for
their constructive and valuable comments
and suggestions.

diurnal variation phase indicate that deformation frontogenesis plays a more important role than divergence
frontogenesis in regulating the diurnal variation of RPE.

4. Conclusion and Discussion

In this study, we investigate the regulatory factors of the morning peak of RPE over MLYRB in the summers from
1980 to 2022. The PA, PF and PI of RPE over MLYRB associated with two monsoon synoptic types (Typel and
Type2) all exhibit pronounced morning peaks. The results indicate that both Typel and Type2 exhibit SLLJ, and
significant differences exist in their intensity and location, leading to distinct precipitation intensity and spatial
distribution. Both the zonal and meridional winds of SLLJ begin to accelerate at night and reach their peaks before
the morning peak of precipitation, but the meridional wind peaks (around 06:00 LST) approximately 3 hr later
than the zonal wind (around 03:00 LST). The ageostrophic wind dominates the diurnal variation of SLLJ,
particularly the nocturnal acceleration of ageostrophic wind promote the development of precipitation systems.
Moreover, the westward expansion of WPSH in the morning facilitates the development of the zonal geostrophic
wind, providing a large-scale synoptic forcing background for the morning peak of precipitation. The coupling
between SLLJ acceleration and WPSH westward extension produces the strongest low-level relative vorticity,
convergence, and mid-level ascending motion in the morning, indicating that the precipitation system develops to
its most mature stage. In addition, RPE are associated with pronounced frontogenesis over the southern and
northern MLYRB under Type 1 and Type 2, respectively. The deformation frontogenesis plays a dominant role in
regulating the morning peak of RPE, followed by divergence frontogenesis, whereas diabatic heating fronto-
genesis and tilting frontogenesis exert negligible influence on the morning peak.

Compared with previous studies, this study deepens our understanding of the crucial role of zonal winds in
regulating the morning peak of precipitation under specific synoptic patterns, and provides important supple-
mentary insights into the influence of frontogenesis on the diurnal variation of precipitation. The lag difference in
peak phase between precipitation frequency and precipitation intensity may be attributed to the asymmetric
evolution of precipitation processes and convective cloud systems (Yu et al., 2013; Yu & Li, 2016). As nocturnal
SLLJ accelerates, widespread stratiform precipitation and shallow convection develop first, expanding precipi-
tation coverage and increasing precipitation station count (PSC), which makes PF peak in advance (Figure S12 in
Supporting Information S1). Subsequently, the precipitation system develops vertically and evolves gradually
into deep convection, resulting in a slight shrinkage of the precipitation coverage and a corresponding decrease in
PSC, thereby enabling PI to reach its peak several hours after the peak of PF. In the future, higher-resolution data
and numerical models will be needed to further investigate the underlying physical mechanisms of precipitation
asymmetry.
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