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1  Introduction

Precipitation connects the atmosphere, land, and oceans 
across regional and global scales, playing a crucial role in 
energy exchange and climate regulation (Held and Soden 
2006; Oki and Kanae 2006; Rodell et al. 2018; Trenberth et 
al. 2007). The intensity, frequency, and duration of precipi-
tation events are largely affected by climate change (Han-
sen et al. 2012; Meehl et al. 2000; Trenberth et al. 2003; 
Xiao et al. 2016; Zhang et al. 2021). Important information 
on changes in precipitation frequency and intensity can 
be obtained by meticulously investigating the timing and 
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Abstract
Precipitation diurnal variation is crucial for understanding the precipitation processes and improving the forecast skill of 
precipitation. In this study, the detailed features of precipitation diurnal variation over the middle and lower Yangtze River 
Basin in summer and associated mechanisms have been systematically revealed based on the high-resolution observational 
and reanalysis data of 1980 to 2022. The results show that the precipitation diurnal variation exhibits a distinct bimodal 
feature, with a primary peak occurring at 16:00–18:00 Beijing time (BJT) and a secondary peak concentrated around 
07:00–09:00 BJT. Composite analysis of the three precipitation-day types (morning peak, afternoon peak, and dual-peak) 
reveals their fundamentally different environmental configurations: the morning type is dominated by nocturnal large-scale 
dynamic lifting that consumes pre-stored moisture; the afternoon type is governed by local thermal processes relying on 
daytime surface evaporation and energy storage; while the dual-peak type reflects the synergistic effect between dynamic 
forcing and thermal processes, with its morning peak driven by persistent dynamic convergence and its afternoon peak 
formed by thermal lifting that releases morning-accumulated energy. Spatially, cluster analysis identifies four characteristic 
patterns of precipitation diurnal variation: northwestern morning-dominant, mountainous afternoon-enhanced, transitional 
bimodal equilibrium, and southeastern coastal afternoon-dominant patterns. The differences among these patterns are 
primarily reflected in the afternoon peak precipitation (dominated by short- and medium-duration events). The spatial het-
erogeneity is primarily governed by thermally forced ascent: differential heating (mountain-plain and land-sea contrasts) 
generates upward motion, which is then intensified by topographic lifting, leading to strongly enhanced ascent and conse-
quently higher afternoon precipitation in mountainous and coastal hilly areas. Furthermore, the study documents a distinct 
southeastward propagation delay of morning precipitation peaks within the 110°E–119°E and 28°N–30°N range, expand-
ing understanding beyond the traditional paradigm of limited eastward propagation of morning precipitation. Sub-seasonal 
variation of the precipitation diurnal cycle shows a morning-to-afternoon transition, shifting from large-scale moisture 
transport dominance during the pre-Meiyu and Meiyu periods to thermal instability dominance in the post-Meiyu period.

Keywords  The middle and lower Yangtze River Basin · Diurnal variation of precipitation · Summer · Regional 
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duration of precipitation (Liu et al. 2024; Lu et al. 2017; 
Trenberth et al. 2003; Zhou et al. 2008). However, due to 
the limitations of model simulations in accurately capturing 
the diurnal variations of precipitation, such as discrepancies 
in peak times and precipitation during peak periods (Jiang 
et al. 2024; Jin et al. 2016; Li et al. 2023; Niu et al. 2020; 
Shi et al. 2024; Yu et al. 2014), it is necessary to analyze 
the precipitation data at sub-daily scale to comprehend bet-
ter the underlying physical mechanism related to the diurnal 
variation of precipitation and address these shortcomings.

Situated in a typical monsoon climate zone, the rainy sea-
son in the middle and lower Yangtze River Basin (MLYRB) 
is concentrated in the summer months. The summer precipi-
tation in this region is shaped by the complex interactions 
of the western Pacific subtropical high, the East Asian mon-
soon, typhoons, various weather systems, different surface 
types, and terrains, resulting in distinctive precipitation pat-
terns (Bao et al. 2011; Geng and Yamada 2007; Xuan et al. 
2018; Xue et al. 2018; Yuan et al. 2010; Zhang 2022; Zhao 
et al. 2016). Because of its highly developed economy and 
dense population, the MLYRB is especially susceptible to 
catastrophic precipitation events like droughts and floods, 
which pose significant risks to agriculture, transportation, 
and urban infrastructure (Hu et al. 2019; Tang et al. 2021). 
For instance, the unprecedented 2020 Meiyu, characterized 
by record-high cumulative precipitation and duration since 
1961, resulted in severe flooding (Zhou et al. 2021). Fur-
thermore, the MLYRB features a complex topography, pri-
marily composed of alluvial plains, interspersed with hills 
and mountains (Fig. 1b). The interplay of this topography 

with the monsoon climate amplifies the diurnal variance in 
precipitation. Given the region's socio-economic signifi-
cance, selecting the MLYRB as a study area is not only sci-
entifically important, but it also provides practical insights 
for disaster prevention, mitigation, and water resource 
management.

Numerous studies have demonstrated that summer pre-
cipitation in East Asia exhibits significant diurnal variation, 
with noteworthy regional and sub-seasonal differences. Spe-
cifically, the precipitation diurnal peaks around midnight 
in the eastern Tibetan Plateau and Sichuan Basin, reaches 
a morning peak in the middle Yangtze River, and follows 
double peaks with one in the early morning and the other 
in the afternoon over eastern China (Bao et al. 2011; Liu 
et al. 2021; Wu et al. 2018; Yin et al. 2009; Yu et al. 2014, 
2007a, b; Zhou et al. 2008; Zhu et al. 2018). Additionally, 
the sub-seasonal evolution of precipitation diurnal variation 
is closely linked to the migration of the East Asian mon-
soon rain belt (Bao et al. 2011; Geng and Yamada 2007; 
Yuan et al. 2010). The diurnal variation of long-duration 
precipitation over the regions east of the Tibetan Plateau is 
clearly marked by an eastward-delayed diurnal phase during 
the active monsoon season (Chen et al. 2012, 2010, 2009a; 
Huang and Wang 2017; Wu et al. 2018; Yuan et al. 2010; 
Zhu et al. 2023).

Furthermore, researchers suggest that the air thermal 
instability caused by solar radiation heating is the primary 
source of the afternoon precipitation diurnal peak. On the 
other hand, the strengthened transport of water vapor which 
is powered by both regional mountain-valley wind circula-
tions and nocturnal accelerated low-level winds is responsi-
ble for the night/early morning peak (Fu et al. 2019; Geng et 
al. 2009; He et al. 2016; Li et al. 2024; Singh and Nakamura 
2009; Xue et al. 2018; Yin et al. 2009; Yu et al. 2007b; Yuan 
et al. 2012b).

Despite significant progress in research on precipitation 
diurnal variations in the East Asian monsoon region, current 
studies still face two critical data limitations: First, tradi-
tional studies based on low-density station networks strug-
gle to capture the refined spatial heterogeneity of diurnal 
precipitation variations (Chen et al. 2009b); Second, alter-
native data sources (satellite remote sensing and reanalysis 
products) exhibit unavoidable systematic biases (Chen et al. 
2018, 2016; Hur et al. 2018; Li et al. 2018; Mao and Wu 
2012; Qian et al. 2015; Tang et al. 2020; Zhu et al. 2023). 
These manifest specifically as: (1) Satellite products usu-
ally misrepresent diurnal precipitation characteristics—fail-
ing to capture the morning peak in the Yangtze region while 
reversing the observed bimodal structure to an afternoon-
dominant pattern in the Huaihe Basin (Zhu et al. 2018), 
with particularly pronounced underestimation of morning 
precipitation and overestimation of afternoon precipitation Fig. 1  The spatial distribution of terrain in China (a) and the distribu-

tion of rain gauge stations and terrain in the MLYRB (b)
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during Meiyu season (Chen et al. 2016; Shen et al. 2010; 
Yuan et al. 2012a); (2) Reanalysis data typically underes-
timate the amplitude of diurnal precipitation variation but 
overestimate the daytime precipitation (Dai et al. 2011; Qin 
et al. 2021). These limitations highlight the necessity of 
employing high-density networks of direct observation for 
refined research.

Based on the hourly rain gauge data in the summers (June 
to August) of 1980 to 2022 from 300 stations which are 
densely and nearly evenly distributed across the MLYRB, 
this study will answer such questions as follows: What are 
the differences in environmental conditions among differ-
ent regional diurnal precipitation regimes? What fine-scale 
spatial heterogeneity does the diurnal variation of summer 
precipitation exhibit over the MLYRB, and what are the 
underlying causes? How does the dynamical competition 
between large-scale moisture transport and thermal forcing 
govern the sub-seasonal evolution of the dominant diurnal 
phase of precipitation? The findings of this study may con-
tribute to deepening the understanding of the diurnal varia-
tion characteristics of summer precipitation in the MLYRB 
and provide essential references for evaluating and improv-
ing numerical models, as well as enhancing the accuracy of 
refined precipitation forecasts.

2  Data and methods

2.1  Data

The China Meteorological Administration (CMA) provides 
hourly rain gauge precipitation data from 300 stations in 
the MLYRB region throughout the summer months (June 
to August) of 1980 to 2022 (Fig. 1). The missing data rate at 
each station is less than 3%, with missing precipitation val-
ues filled by interpolate the data from nearby stations (Zeng 
et al. 2023). Additional meteorological variables, includ-
ing specific humidity, precipitable water, evaporation, con-
vective available potential energy (CAPE), and zonal and 
meridional wind components are obtained from the ERA5 
reanalysis dataset with a spatial resolution of 0.25° and a 
temporal resolution of 1 h (Hersbach et al. 2020).

2.2  Methods

2.2.1  Definition of precipitation amount, frequency and 
intensity

Referring to Yu et al. (2007b) and Zhou et al. (2008), the 
metrics of precipitation amount (PA), frequency (PF), and 
intensity (PI) are introduced to characterize precipitation. If 
the precipitation in a given rain gauge station at a given hour 

is greater than or equal to 0.1 mm, then this hour is detected 
as a precipitation hour for this rain gauge station. The cli-
matic mean summer PA, PF, and PI during 1980–2022 at 
each station for each hour of a day are calculated as follows: 
for a given station, the PA (PF) at a given hour of a day 
is firstly calculated as the total rainfall (total precipitation 
hours multiplied by 100%) in the summers of 1980–2022 
at this hour divided by the total hours, which equal 92 h/
year × 43 years. Then we can get PI, which equals PA/PF at 
a given rain gauge station for each hour of the day. The units 
of PA and PI (PF) are mm/h (100%).

2.2.2  Single-station precipitation event

Precipitation events are extracted from the hourly rain gauge 
data, with the hours having precipitation amount ≥ 0.1 mm 
classified as precipitation hours (Wu et al. 2018). Consecu-
tive precipitation hours are grouped into a single precipita-
tion process, and a precipitation process occurring at a single 
station is defined as a precipitation event at that station.

The total number of hours from the start to the end of a 
precipitation event is known as its duration (Yu et al. 2007a). 
To compare the features of diurnal variation in precipitation 
events with different duration, following the method of Liu 
et al. (2021), the precipitation events are classified into three 
categories: short-duration events which last up to 3 h (≤ 3 h), 
medium-duration events which last 4–5 h, and long-duration 
events which last more than 6 h (> 6 h). In Sect. 3.1, when 
discussing the precipitation events of varying duration, 
the peak time of precipitation events refers to the moment 
when the maximum precipitation intensity occurs during 
each precipitation event. Additionally, for the calculation of 
PA, PF, and PI across different durations, we isolated the 
relevant precipitation events by filtering the complete time 
series based on duration-specific criteria, which effectively 
removes the influence of non-rainy hours.

2.2.3  Definition of regional rainy day

To investigate the environmental conditions associated with 
different diurnal regimes of precipitation over the MLYRB 
in summer, this study established a regional rainy day iden-
tification criterion following the methodology of Song 
and Wei (2021): a regional rainy day is detected when the 
regional mean precipitation over the MLYRB at least one 
hour exceeds 0.1 mm in a given day. Based on the diurnal 
peak of PA in the MLYRB, regional precipitation days are 
categorized into three categories using a relative threshold 
of 1.5, with morning hours defined as 00:00–11:00 BJT 
and afternoon hours as 12:00–23:00 BJT: (1) morning pre-
cipitation days (morning-to-afternoon peak ratio > 1.5), (2) 
afternoon precipitation days (afternoon-to-morning peak 
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D = 1
24

23∑
t=0

Dt� (3)

Dt represents the normalized PA (or PF, PI) at the tth hour of 
a day, D represents the daily mean of Dt, m = 1, 2, 3 cor-
respond to the harmonics with periods of 24h, 12h, and 8h, 
respectively, and R represents the residual term, capturing 
all harmonics with periods shorter than 8h.

3. Significance Testing: An F-test is conducted to exclude 
stations where none of the first three harmonics are statis-
tically significant at the 0.05 level, thereby ensuring the 
robustness of the harmonic analysis results.

4. Spectral Clustering Analysis: Spectral clustering anal-
ysis is performed on the harmonic series of PA. Based on 
the Calinski‐Harabasz score (Calinski and Harabasz 1974), 
we identified four typical patterns of the PA diurnal varia-
tion in summer over the MLYRB. Then, the PA is regionally 
averaged over the stations within the same pattern to derive 
the characteristics of PA diurnal variation for each typical 
pattern.

2.2.5  Moisture budget analysis

The moisture sources and budget processes governing the 
diurnal cycle of precipitation are diagnosed using the atmo-
spheric moisture budget equation, following the framework 
of Trenberth (1991). In this study, the equation is formulated 
to isolate precipitation as the key diagnostic variable:

P = E − ∂W/∂t − ∇ · −→
Q � (4)

Here, P  is the precipitation rate, E is the surface evapora-
tion rate, W  is the precipitable water (vertically integrated 
water vapor), defined as W = 1

g

´ P s

P t
qdp, and 

−→
Q  is the 

vertically integrated horizontal moisture flux, defined as 
−→
Q =

´ Ps

Pt
q
−→
V dp, where Ps denotes the surface pressure and 

Pt denotes the pressure at the top of the atmosphere. Given 
that atmospheric moisture is predominantly concentrated 
within the troposphere, the integration top Pt in this study is 
set to 100 hPa to ensure the capture of the vast majority of 
the moisture signal. The term −∂W/∂t represents the con-
tribution from the depletion of locally stored atmospheric 
moisture, meaning that a decline in precipitable water over 
time directly contributes to the rainfall amount.

The term −∇ · −→
Q   represents the moisture flux conver-

gence (MFC). To elucidate the underlying dynamics, this 
convergence term is decomposed into its dynamic and ther-
modynamic components:

−∇ · −→
Q = −∇ · (q−→

V ) = (−q∇ · −→
V ) + (−−→

V · ∇q)� (5)

ratio > 1.5), and (3) dual-peak precipitation days (peak ratio 
between 1/1.5 and 1.5). Sensitivity tests demonstrated that 
the key moisture, dynamic, and thermodynamic character-
istics of both precipitation types remain robust under differ-
ent time window selections. Therefore, a wide time window 
was adopted to include more sample days.

2.2.4  Spectral clustering analysis methods

Spectral clustering is a graph-based method used to parti-
tion a dataset into multiple clusters. The basic idea involves 
performing spectral decomposition on the similarity matrix 
of the data, which maps the data into a lower-dimensional 
space. Traditional clustering algorithms are then applied in 
this lower-dimensional space. Spectral clustering frequently 
performs better than traditional clustering techniques like 
K-means clustering, particularly when the number of clus-
ters is small (Ng et al. 2001; Shi and Malik 2000; von Lux-
burg 2007).

The spectral clustering analysis utilized in this study for 
the PA consists of four steps (Chen et al. 2010):

1. Normalization: First, the diurnal variation time series 
of the climatic mean PA for each station in the MLYRB are 
calculated at each hour of a day. To better reflect the diurnal 
variation trends of these precipitation indices, the series are 
normalized as follows:

Dt = Rt

1
24

∑23
t=0 Rt

� (1)

Dt represents the normalized PA at the tth hour of a day, 
and Rt denote the climatic mean of PA (or PF, PI) at the tth 
hour of a day.

2. Harmonic Analysis: The normalized diurnal variation 
time series of PA are subjected to harmonic analysis using 
the Fourier method. Given that the period of harmonics 
related to diurnal variation is always equal to or less than 
24  h, 24  h is selected as the fundamental period. Various 
periodic harmonics are decomposed, where m = 1 corre-
sponds to the 24-h harmonic (diurnal cycle), m = 2 cor-
responds to the 12-h harmonic (semi-diurnal cycle), and 
m = 3 corresponds to the 8-h harmonic. Prior research has 
demonstrated that the diurnal and semi-diurnal cycles are 
the main signals of diurnal variation in precipitation (Tucker 
1993; Watters and Battaglia 2019). Therefore, in this study, 
the first three harmonics (m = 1, 2, 3) are used to approxi-
mate the original time series, smoothing the series while 
retaining its original fluctuation characteristics:

Dt = D +
3∑

m=1

(
akcos mπt

24
+ bksin mπt

24

)
+ R� (2)
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timing (15:00–18:00 BJT), while long-duration precipita-
tion features nocturnal initiation (23:00–04:00 BJT) and 
stable morning peak timing (06:00–10:00 BJT). More-
over, although the start time of long-duration precipitation 
advances and the end time delays with increasing duration, 
its peak time remains consistently stable at 06:00–10:00 
BJT. These features confirm that short- and long-duration 
precipitation govern the distinct characteristics of the after-
noon and morning diurnal peaks, respectively.

The temporally differentiated mechanisms dominated by 
precipitation duration further determine the spatial distribu-
tion patterns of both regional precipitation and its diurnal 
variation. The PA values at most stations of the MLYRB 
during nighttime are below the daily mean (Fig. 3a, b, g, and 
h). During the early morning, although most stations exhibit 
positive PA anomalies, the northwestern Wushan region and 
southeastern coastal areas still show negative PA anomalies 
(Fig. 3c, d). Notably, in the afternoon, the PA increases sig-
nificantly in the southeastern MLYRB, particularly in the 
central mountainous areas and their surrounding regions, as 
well as in the southeastern coastal hilly areas (Fig. 3e, f).

Figure 4 displays the spatial distribution of the PA, PF, 
and PI for the total, short-, medium-, and long-duration pre-
cipitation over the MLYRB in summer. For the total pre-
cipitation, there are two primary centers of high PA: one 
is located in the Huangshan and Dabie Mountains region, 
and the other is situated in the southeastern coastal area 
(Fig. 4a). As shown in Fig. 4d, the overall distribution of 
PF for the total precipitation shows a gradual increase from 
northwest to southeast, with significantly higher PF in the 
southeast coastal hilly areas and the mountainous regions 

Thus, the moisture flux convergence term is separated into 

the wind convergence term (−q∇ · −→
V ) and the moisture 

advection term (−
−→
V · ∇q).

3  Results

3.1  Features of precipitation diurnal variation over 
the MLYRB in summer

Figure 2 reveals a distinct bimodal structure in the diurnal 
variation of summer precipitation over the MLYRB, char-
acterized by dual peaks occurring at 07:00–09:00 BJT and 
16:00–18:00 BJT. In terms of PF, two comparable peaks are 
observed around 07:00 BJT and 17:00 BJT (Fig. 2b). Mean-
while, PI exhibits slightly higher values during the after-
noon than in the morning (Fig. 2c), contributing to a more 
prominent afternoon peak in PA (Fig. 2a).

Analysis of precipitation types indicates that the morn-
ing PA peak is predominantly driven by long-duration pre-
cipitation, which also accounts for the maximum PF (6.7%) 
and high PI (3.3 mm/h) around 08:00 BJT. In contrast, the 
afternoon peak is dominated by short-duration precipitation, 
which achieves synchronized maxima in both PF (4.7%) 
and PI (2.4 mm/h) at 17:00 BJT, resulting in a notable syn-
ergistic enhancement effect.

The diurnal phase differences are further elucidated 
through precipitation timing characteristics. Short-duration 
precipitation exhibits distinct afternoon initiation and peak 

Fig. 2  Climatic mean diurnal 
variations of (a) PA, (b) PF, and (c) 
PI for total, short-, medium-, and 
long-duration precipitation; and 
normalized occurrence frequency 
of start time (d), peak time (e), and 
end time (f) for precipitation events 
with different durations regionally 
averaged over the MLYRB during 
summer from 1980 to 2022. All 
frequency values are normalized by 
the daily mean
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precipitation shows much higher PA, PF, and PI in almost 
the entire MLYRB (Fig. 4d, h, and i), leading to the spatial 
distribution of PA, PF, and PI of long-duration precipitation 
closely resembling that of total precipitation (Fig. 4a, e, i).

3.2  Environmental configurations of three regional 
diurnal precipitation regimes

We identified 666 morning precipitation days, 1042 after-
noon precipitation days, and 1,080 dual-peak precipitation 
days during the summers of 1980–2022 (Fig. 5a–d). In 
terms of spatial patterns, both morning-type and dual-peak 
precipitation exhibit concentrated precipitation maxima 

with relatively higher elevations compared to the other 
areas. From Fig. 4g, a relatively higher PI of total precipita-
tion is located in the plain and lake areas, particularly in the 
regions nestled between the Dabie, Huangshan, Mufu, and 
Jiuling Mountains, where the PI is stronger than 2.8 mm/h. 
This may be related to the eastward movement and intensifi-
cation of the mesoscale convective systems (MCSs), which 
originate from the second-step terrain (Yang et al. 2020).

Overall, the high PA in the southeast coastal hilly areas 
can be attributed to the high PF there, while the high PA 
in the Huangshan and Dabie Mountains is primarily due to 
both high PF and PI. Compared to the short- and medium-
duration precipitation (Fig. 4b, c, f, g, j, k), the long-duration 

Fig. 4  Spatial distribution of PA (a–d), PF (e–h), and PI (i–l) for the total, short-, medium-, and long-duration precipitation in the MLYRB during 
summer averaged over 1980–2022

 

Fig. 3  Spatial distribution of the PA anomalies (relative to the daily mean) at 3-h intervals over the MLYRB in summer averaged over 1980–2022
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kg) (Fig. 6g), with generally stable atmospheric stratifica-
tion. The vertical velocity field (Fig.  6g) shows exhibits 
consistent upward motion from 900 hPa to the tropopause 
during the morning precipitation peak, with the maximum 
ascent center located at 400–600 hPa, reaching a value of 
− 0.11 Pa/s. Notably, from afternoon onward, the mid-low 
layers gradually transition to subsidence, with complete 
subsidence below 600 hPa by 18:00 BJT. This configuration 
indicates the morning precipitation peak is mainly driven 
by nocturnally enhanced large-scale dynamic lifting mecha-
nisms (like the low-level jet) utilizing pre-stored moisture. 
During the daytime, as moisture flux conditions become 
divergent, convection is suppressed despite evaporation, 
resulting in a sharp decrease in precipitation.

In stark contrast, afternoon precipitation days exhibit 
“persistent convergence” and “storage-release” moisture 
patterns. Although MFC persists almost throughout the day, 
the intensity is weak, with a daily mean of only 0.09 mm/h 
(Fig. 6a), and moisture flux from the southwest is signifi-
cantly weaker than the climatic mean (Fig.  6e). The key 
feature of the local moisture change term is the consistently 
negative −∂W/∂t during 06:00–16:00 BJT, indicating 
continuous increase in local atmospheric moisture content, 
turning to weak consumption after 16:00 BJT (Fig.  6c), 
meaning converged moisture is not immediately consumed 
but largely stored, increasing atmospheric instability energy. 
Combined with the strongest surface evaporation among 
the three types (Fig.  6b), daytime thermal effects provide 
ample local moisture to the atmosphere. Regarding thermal 
conditions, CAPE shows significant diurnal variation, with 
afternoon peaks exceeding 1200  J/kg, accumulating suffi-
cient instability energy in the atmosphere (Fig. 6h). During 
the peak CAPE period, the vertical velocity field exhibits 
deep upward motion extending from the surface to 100 hPa. 
Although the intensity is relatively weak (maximum ascent 
of approximately -0.06  Pa/s), it still demonstrates struc-
tural characteristics of deep convection (Fig. 6h). Overall, 
thermal driving likely dominates this precipitation type 
formation, where weak dynamic convergence and strong 
evaporation jointly “recharge” the atmosphere. When after-
noon thermal instability peaks, stored moisture is rapidly 
released, generating sharp afternoon precipitation peaks.

Finally, dual-peak precipitation days exhibit “strong 
convergence” and “semi-diurnal cycle” configurations. The 
MFC term shows persistently strong convergence (Fig. 6a), 
with a daily mean intensity of 0.27  mm/h, and morning 
convergence intensity is significantly higher than after-
noon (Fig. 6a). The sustained strong MFC corresponds to 
the robust quasi-southwest-northeast large-scale dynamic 
system indicated in Fig. 6f, providing continuous moisture 
supply for precipitation. Their moisture content variation 
shows a clear semi-diurnal cycle: 07:00–14:00 BJT is the 

in the central mountainous region, with the morning-type 
shifted southward and the dual-peak type shifted northward 
(Fig. 5a, c). In contrast, afternoon-type precipitation shows 
a multi-center distribution pattern, mainly occurring in the 
southeastern hilly areas and the central-western mountain-
ous regions above 500 m elevation (Fig. 5b). Motivated by 
these distinct spatiotemporal characteristics, this study aims 
to elucidate the key environmental distinctions among the 
three precipitation categories by systematically diagnosing 
their moisture conditions, vertical motion, and instability 
energy.

For morning precipitation days, moisture conditions 
show typical “nocturnal convergence-daytime divergence” 
and “storage consumption” characteristics. The MFC term 

(−∇ · −→
Q ) exhibits convergence during nighttime to early 

morning (00:00–11:00 BJT), peaking around 06:00 BJT 
with an intensity of 0.26 mm/h, while turning to divergence 
during afternoon to nighttime (12:00–23:00 BJT), indi-
cating the large-scale dynamic lifting mechanism driving 
precipitation has strong diurnal variation, mainly active at 
night (Fig. 6a). Meanwhile, the local moisture change term 
(−∂W/∂t) remains positive almost throughout the day, 
indicating continuous consumption of total precipitable 
water, with the fastest consumption during early morn-
ing and evening hours (Fig.  6c). Peak consumption rates 
occur at 05:00 BJT and 18:00 BJT, reaching 0.28 mm/h and 
0.36 mm/h (Fig. 6c), respectively, indicating this precipita-
tion type mainly relies on consuming existing atmospheric 
moisture reserves rather than sustained strong convergence 
supply. In terms of thermal conditions, CAPE values remain 
at relatively low levels throughout the day (below 600  J/

Fig. 5  Spatial distributions of composite mean precipitation (a–c) and 
diurnal variations of precipitation (d) for morning, afternoon, and 
dual-peak precipitation days. All analyses are calculated exclusively 
from their respective precipitation day categories
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thermally enhanced peak on the dynamic background. 
Additionally, the surface evaporation term is the weakest 
(Fig.  6b), likely related to suppression of surface energy 
budgets by persistent rainy weather.

The diversity of diurnal precipitation variations over 
the MLYRB stems from different combinations of physical 
processes. Morning precipitation days are mainly regulated 
by diurnal variations of large-scale dynamic forcing, with 
moisture sources primarily consuming pre-stored reserves; 
afternoon precipitation days are dominated by local thermal 
processes, relying on daytime moisture accumulation and 
energy storage; the dual-peak type results from combined 
effects of strong persistent dynamic forcing and diurnal 

moisture accumulation phase (−∂W/∂t<0); 15:00–23:00 
BJT transitions to the consumption phase (−∂W/∂t>0), 
with peak consumption rate around 18:00 BJT. The verti-
cal velocity field maintains deep upward motion through-
out the day, especially in the afternoon, extending from the 
surface to above 100 hPa, with the maximum ascent center 
near 400 hPa, reaching − 0.13 Pa/s (Fig. 6i). The morning 
precipitation peak is directly driven by the strongly main-
tained dynamic convergence overnight, while the secondary 
afternoon peak, under the persistent dynamic convergence 
background, is promoted by diurnal solar radiation, further 
triggering convection through thermal lifting and releas-
ing morning-accumulated energy, thus superimposing a 

Fig.  6  Diurnal variations of regionally averaged (over the MLYRB) 
MFC (−∇ · −→

Q ) (a), evaporation (b), and precipitable water tendency 
(−∂W/∂t) (c) for different precipitation day types (units: mm/h). 
Anomalies of column-integrated (surface to 100  hPa) moisture flux 
(vectors, kg m−1 s−1) and its convergence (MFC, shading, mm/day) for 
morning (d), afternoon (e), and dual-peak (f) precipitation days. Diur-

nal variations of regionally averaged vertical velocity (shading, Pa/s) 
and CAPE (red line, J/kg) for morning (g), afternoon (h), and dual-
peak (i) precipitation days. All analyses are calculated exclusively 
from their respective precipitation day categories, and all anomalies 
represent deviations relative to the 1980–2022 climatic mean
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1 exhibits an earlier peak timing, and a higher peak value 
(Fig. 7p, q). As a typical representative of terrain-sensitive 
precipitation, Pattern 4 has a spatial distribution that closely 
matches the abrupt changes in elevation gradient.

The primary differences among the four precipitation 
patterns are predominantly manifested in their afternoon 
precipitation characteristics (Fig. 7o–q). Notably, the long-
duration precipitation in Pattern 3 exhibits unique proper-
ties, with its morning peak not only being less pronounced 
but even slightly lower than the afternoon peak (Fig. 7o). 
The relatively uniform distribution of CAPE across the 
study region (Fig. 8f) rules out the dominance of local ther-
mal instability; instead, the spatial differentiation patterns 
can be primarily attributed to secondary circulations driven 
by thermal contrasts such as mountain-plain and land-sea 
differential heating.

Specifically, the formation mechanism of Pattern 4 origi-
nates from mountain-plain thermal differences: daytime 
thermal contrast generates upward motion that superim-
poses with orographic forcing, manifesting as significantly 
enhanced afternoon ascent in the vertical velocity field 
(Fig. 8i), corresponding to an earlier intensification of MFC 
(Fig. 8a–c). In contrast, the distinctive features of Pattern 3 
are attributed to land-sea thermal contrast: warm, moist air 
from the ocean advances landward and encounters dynamic 
lifting by the southeastern hills, with both processes syner-
gistically forming strong convergent ascent (Fig. 8j). More 
detailed moisture budget decomposition reveals that MFC 
before the morning peak in this region primarily relies on 
the positive contribution from moisture advection (Fig. 8c), 
while the wind divergence term shows negative values 
(Fig. 8b). Conversely, the strong MFC preceding the after-
noon peak results from combined contributions of both 
wind divergence and moisture advection terms (Fig. 8b, c), 
with the former being dominant. This finding suggests that 
during morning hours, moisture convergence is driven more 
by advective transport in the humidity field rather than pure 
wind field convergence. It is important to emphasize that 
although both patterns ultimately manifest as dynamic lift-
ing, their initial driving mechanisms can be traced back to 
secondary circulations generated by thermal contrasts.

In the Pattern 1 region, the persistently convergent 
moisture flux (Fig. 8a–c) combined with moderate vertical 
motion throughout the day (Fig. 8g) shapes the distinctive 
bimodal structure. The Pattern 2 region exhibits a unique 
diurnal alternation in MFC characteristics (Fig. 8a–c). The 
transition to divergent conditions during 12:00–19:00 BJT 
in this region establishes a stable main morning precipita-
tion peak, supported by the vertical velocity structure shown 
in Fig.  8h, which displays a well-defined morning ascent 
maximum.

thermal forcing, where the morning peak mainly corre-
sponds to the convergence maximum, while the afternoon 
peak reflects thermal processes modulating the persistent 
dynamic background.

3.3  Identification of spatial patterns in diurnal 
variation and corresponding configuration 
conditions

Building upon long-term observational datasets and 
employing spectral clustering methodology, this investiga-
tion systematically characterizes the regional differentiation 
of diurnal precipitation patterns, with particular emphasis 
on elucidating the diurnal variability of total PA. Tradi-
tional large-scale regional studies (Liu et al. 2021; Wu et 
al. 2018) typically identified only two to three precipitation 
regimes across the MLYRB: predominantly featuring either 
balanced bimodal or afternoon-dominant bimodal patterns, 
our analysis reveals four distinct patterns of PA diurnal 
variation. These patterns exhibit a progressive northwest-
to-southeast transition (Fig. 7a, b), providing substantially 
refined spatial differentiation.

From Fig. 7a and b, the northwestern sector demonstrates 
a characteristic early-morning dominant regime (Pattern 
2), where PA peaks distinctly (> 0.27 mm/h) around 07:00 
BJT. Notably, this region exhibits a very prominent peak 
in PF during the early morning, while the diurnal variation 
in PI is relatively mild (Fig. 7h, l). This indicates that the 
morning peak in this region is primarily due to a higher 
frequency of precipitation events. The transitional zone 
between the northwestern and southeastern regions (Pattern 
1) exhibits a unique bimodal quasi-equilibrium structure, 
with comparable peaks in the early morning (~ 0.29 mm/h) 
and afternoon (~ 0.33 mm/h). PF and PI also exhibit similar 
diurnal characteristics. In the areas with abrupt topographic 
transitions (Pattern 4), particularly along the foothills of 
the Dabie, Huangshan, Mufu, and Jiuling Mountains, the 
afternoon PA peak intensifies markedly to 0.43 mm/h. The 
southeastern coastal region (Pattern 3) manifests the most 
pronounced diurnal amplitude, with PA reaching its maxi-
mum (~ 0.47 mm/h) in the afternoon. Unlike other regions, 
long-duration precipitation in this area does not exhibit a 
morning peak; instead, the afternoon peak is slightly higher 
than the morning peak (Fig. 7o).

It is particularly noteworthy that the transitional bimodal 
quasi-equilibrium (Pattern 1) and foothill afternoon 
enhanced (Pattern 4) PA diurnal variation patterns for the 
total precipitation exhibit independent differentiation in 
central regions, this feature has not been identified in previ-
ous studies. Further analysis indicates that the differences 
between Pattern 1 and Pattern 4 are mainly driven by after-
noon precipitation (medium- and short-duration). Pattern 
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unrecognized distinct southeastward propagation of PA 
morning peaks within the 110°E-119°E, 28°N-30°N region 
is identified in this study (Fig. 9a, d) building upon existing 
research (Bao et al. 2011; Wu et al. 2018). Specifically, the 
northwest-southeastward lag of morning peaks of PA for the 
total precipitation closely corresponds to the propagation 
characteristics of long-duration precipitation (Fig. 9d, h) 

The lagging characteristics of morning peaks from north-
west to southeast observed in Fig. 7b and o, combined with 
the northwest-southeast oriented zonal distribution of the 
four precipitation patterns identified in this study, collec-
tively suggest the potential existence of an organized diurnal 
propagation of precipitation in this region. Focusing on the 
propagation characteristics of PA diurnal peaks, a previously 

Fig. 7  Spatial distributions of summer PA patterns (a) and correspond-
ing diurnal cycles (b) in the MLYRB averaged over 1980–2022, with 
shadings indicating the standard deviation among stations within each 
cluster. All diurnal cycles are derived using Fourier harmonic analysis, 
with the first three harmonics explaining most of the total daily vari-

ance. Normalized diurnal cycles of PA (c–f), PF(g–j), and PI (k–n) for 
the four identified patterns, diurnal variations of PA for long-duration 
(o), medium-duration (p), and short-duration (q) precipitation across 
the four patterns
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et al. 2014). Based on the characteristics of our research 
data (Fig. 10d–f) and previous studies (Bao et al. 2011), the 
summer season is divided into three distinct periods: the 
pre-Meiyu phase (Pentads 31–33, June 1–15), the typical 
Meiyu period (Pentads 34–39, June 16-July 15), and the 
post-Meiyu phase (Pentads 40–48, July 16-August 31).

During the pre-Meiyu period, PA exhibits a character-
istic south-high-north-low distribution, with the maximum 
moisture convergence center located in the southern part 
(Fig.  10a). As the Meiyu period begins, the PA distribu-
tion transitions to a northwest-low-southeast-high pattern, 

influenced by large-scale weather systems (the westerly jet 
stream and WPSH), while the localized (non-propagating) 
nature of afternoon peaks is predominantly associated with 
short-duration precipitation (Fig. 9b, e) that shows stronger 
dependence on convective activity.

3.4  Sub-seasonal characteristics of diurnal 
precipitation variations

The diurnal variation of summer precipitation in eastern 
China exhibits pronounced sub-seasonal heterogeneity (Yu 

Fig. 9  Diurnal variations of PA 
for the total, short-, medium-, 
and long-duration precipitation 
in the MLYRB averaged over the 
summers of 1980–2022 regionally 
averaged along 28°N-33°N (a–c) 
and 110°E-122°E (d–f), respec-
tively. The red lines indicate the 
delay of the diurnal peak time for 
the PA in the early morning

 

Fig. 8  Moisture budget compo-
nents and atmospheric dynamic-
thermodynamic characteristics 
for the four patterns of summer 
precipitation diurnal variation in 
the MLYRB: Diurnal variations of 
MFC (−∇ · −→

Q ) (a), wind diver-
gence term (−q∇ · −→

V ) (b), mois-
ture advection term (−

−→
V · ∇q) 

(c), precipitable water tendency 
(−∂W/∂t) (d), evaporation (e), 
and CAPE (f); vertical velocity 
profiles with CAPE overlay (g–j)
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MLYRB is predominantly stratiform and most frequent in 
the early morning (Zhang et al. 2022, 2020), the accumu-
lation and release of local convective instability enhances 
atmospheric convection, making convective precipitation 
events more frequent or intense during the Meiyu period 
compared to the pre-Meiyu period, thereby forming the 
characteristic bimodal diurnal pattern.

In the post-Meiyu period (starting from the 40th pentad), 
long-duration precipitation still dominates PA contribution 
(Fig.  11b), but its contribution to precipitation hours rap-
idly decreases and is balanced by short-duration precipita-
tion (each around 38%) (Fig. 11a). By the 44th pentad, their 
contributions stabilize, showing comparable precipitation 
hours but significantly greater PA contribution from long-
duration precipitation. This evolutionary process reveals the 
dynamic interplay between stratiform and convective pre-
cipitation systems throughout the sub-seasonal progression, 
ultimately shaping the phased characteristics of summer 
precipitation diurnal variations.

The spatiotemporal evolution of precipitation character-
istics from the pre-Meiyu to post-Meiyu periods is governed 
by a dynamic balance among moisture transport, dynamic 
forcing, and thermodynamic instability. Quantitative mois-
ture budget analysis further reveals that both evaporation 
and the local precipitable water tendency term exhibit rela-
tively limited variability throughout the summer (Fig. 12d, 
e). Differences in moisture conditions among the three peri-
ods are primarily driven by MFC, which is mainly reflected 
in changes in the wind divergence term (Fig. 12a–c).

particularly forming a pronounced precipitation center in the 
central MLYRB (Fig. 10b). By the post-Meiyu period, PA 
shows a notable decrease across the entire region (Fig. 10c). 
Among the 3 periods, precipitation in the Meiyu period dem-
onstrates the most distinctive characteristics, with both PA 
and PF reaching their maxima (Fig. 10d, e) and exhibiting a 
stable bimodal diurnal pattern (Fig. 10g, h). Although both 
PI and PF in the pre-Meiyu period maintain similar bimodal 
structure, the intensities are relatively much weaker (Fig. 
10h, i). During the post-Meiyu period, PI increases mark-
edly (Fig. 10i) but PF decreases overall (Fig. 10h), resulting 
in a new bimodal structure with a primary afternoon peak 
and secondary morning peak (Fig.  10g). The consistently 
highest PA in the Meiyu period (Fig. 10d) originates from 
dual factors: PF maintains the highest values at each hour of 
the day (Fig. 10h), while PI demonstrates significant supe-
riority from nighttime to noon (Fig.  10i). In contrast, the 
post-Meiyu period is characterized by “low total amount but 
prominent afternoon peak” (Fig. 10g) due to persistently low 
PF (Fig. 10h) values despite strong afternoon PI (Fig. 10i).

To elucidate the sub-seasonal modulation of precipita-
tion diurnal variations by precipitation events with differ-
ent duration, Fig. 11 further shows that the contribution of 
long-duration precipitation to total precipitation hours (total 
PA) shows a slightly increasing change during the pre-
Meiyu period, exceeding 55% (70%) by the 30th pentad. 
Interestingly, during the Meiyu period, the contribution of 
long-duration precipitation steadily decreases, while that of 
the short-duration precipitation continues to rise. This tran-
sition demonstrates that although Meiyu precipitation in the 

Fig. 10  Spatial distributions of the 
climatic mean PA (mm/h) during 
the pre-Meiyu (a), Meiyu (b), and 
post-Meiyu (c) periods in sum-
mers of 1980–2022. Sub-seasonal 
evolution of diurnal variations for 
the regional mean PA (d), PF(e), 
and PI (f) in the MLYRB, and the 
diurnal variations of PA (g), PF (h), 
and PI (i) regionally averaged over 
the MLYRB during pre-Meiyu, 
Meiyu, and post-Meiyu periods
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4  Summary and discussion

This study comprehensively investigates the diurnal vari-
ation characteristics of summer precipitation over the 
MLYRB and associated mechanisms using high-resolution 
hourly rain gauge data and ERA5 reanalyses data dur-
ing1980 to 2022. The results reveal a distinct bimodal diur-
nal cycle in precipitation, with primary peaks occurring in 
the early morning (07:00–09:00 BJT) and late afternoon 
(16:00–18:00 BJT). The morning peak is predominantly 
driven by the long-duration precipitation events associated 
with enhanced nocturnal moisture transport and large-scale 
convergence, while the afternoon peak is mainly attributed 
to the short-duration precipitation triggered by solar heating 
and local thermal instability.

Through composite analysis of the three types of regional 
rainy day, this study reveals their fundamentally different 
environmental configurations. The morning-type precipita-
tion days exhibit typical “nocturnal convergence-daytime 
divergence” moisture conditions and “moisture consump-
tion” characteristics, primarily driven by nocturnal large-
scale dynamic lifting mechanisms that consume pre-stored 
moisture, while thermal conditions remain relatively stable. 
The afternoon-type precipitation days show “persistent 
weak convergence” and “moisture storage-release” fea-
tures, dominated by local thermal processes and relying on 
daytime surface evaporation and energy storage. The dual-
peak type precipitation days demonstrate more complex 

As the Meiyu period commences, the intensification of 
the southwesterly monsoon leads to a peak in both dynamic 
and moisture conditions. This is evidenced by the strongest 
MFC (Fig. 12a, h) and upward motion (Fig. 12k) among all 
periods. This powerful dynamic lifting, working in concert 
with abundant moisture, is the key driver for the highest PA 
and PF, forming a pronounced precipitation center in the 
central MLYRB and establishing a stable bimodal diurnal 
pattern. The morning peak is triggered by the maximum 
nocturnal MFC and large-scale upward motion, while the 
afternoon peak is supported by the diurnal development 
of thermodynamic instability alongside residual dynamic 
forcing.

In contrast, the post-Meiyu period is characterized by a 
fundamental shift in the governing mechanisms. The signifi-
cant weakening of southwesterly moisture transport leads 
to a marked decrease in MFC (Fig. 12a, i) and overall PF, 
resulting in a notable reduction of PA across the region. 
However, thermodynamic conditions become dominant, 
with CAPE reaching its maximum, particularly in the after-
noon (Fig. 12l). This strong instability drives intense after-
noon convection. Consequently, the precipitation regime 
transitions to a “low total amount but prominent afternoon 
peak” pattern, where high PI) cannot fully compensate for 
the low PF, yielding a new bimodal structure with a primary 
afternoon peak.

Fig.  11  Sub-seasonal variations in the contributions of precipitation 
events with different duration to the total precipitation in the MLYRB 
during the summers of 1980 to 2022, depicted by precipitation hours 

(a) and PA (b). The dashed lines (33th and 39th pentad) divide the 
three periods: the pre-Meiyu period, the Meiyu period, and the post-
Meiyu period
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bimodal equilibrium pattern, an early-morning dominant 
regime in the northwest, an afternoon-enhanced pattern 
along mountainous foothills, and a strong afternoon peak 
in the southeastern coastal region. The transitional bimodal 
equilibrium pattern (Pattern 1) is maintained through persis-
tent moisture convergence combined with moderate vertical 
ascending motion; the northwestern morning-dominant pat-
tern (Pattern 2) is controlled by large-scale dynamic pro-
cesses, with its daytime moisture divergence characteristics 

“strong convergence” and “semi-diurnal cycle” character-
istics, where the morning peak is directly driven by persis-
tent dynamic convergence, and the afternoon peak is formed 
through thermal lifting that releases energy accumulated 
in the morning under the persistent dynamic background, 
reflecting synergy between dynamic forcing and thermal 
processes.

Spatially, four distinct precipitation diurnal variation pat-
terns are identified through spectral clustering: a transitional 

Fig.  12  Moisture budget components and atmospheric dynamic-
thermodynamic characteristics for the three periods in the MLYRB: 
Diurnal variations of MFC (−∇ · −→

Q ) (a), wind divergence term 
(−q∇ · −→

V ) (b), moisture advection term (−
−→
V · ∇q) (c), precipita-

ble water tendency (−∂W/∂t) (d), evaporation (e), and CAPE (f); 

Column-integrated (surface to 100  hPa) moisture flux (vectors, kg 
m−1 s−1) and its convergence (MFC, shading, mm/day) for pre-Meiyu 
(d), Meiyu (e), and post-Meiyu (f) periods; vertical velocity profiles 
with CAPE overlay for pre-Meiyu (j), Meiyu (k), and post-Meiyu (l) 
periods
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China Meteorological Administration. The other hourly meteorologi-
cal data obtained from ECMWF Reanalysis v5 (ERA5) is available at ​
h​t​t​p​​s​:​/​​/​c​d​s​​.​c​​l​i​m​​a​t​e​.​​c​o​p​​e​r​n​​i​c​u​​s​.​e​​u​/​d​a​​t​a​​s​e​t​​s​/​r​e​​a​n​a​​l​y​s​​i​s​-​​e​r​a​​5​-​p​r​​e​s​​s​u​r​e​-​l​e​
v​e​l​s.
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favoring the stable development of main morning peaks; 
the southeastern coastal afternoon-enhanced pattern (Pat-
tern 3) is driven by land-sea thermal contrasts, where warm 
moist air from the ocean undergoes topographic lifting by 
southeastern hills to form strong convergent ascent; while 
the mountainous afternoon-enhanced pattern (Pattern 4) is 
triggered by mountain-plain thermal differences, with oro-
graphic lifting further amplifying afternoon vertical ascent. 
In addition, a southeastward delay in the early-morning 
precipitation peak is observed within the 110°E-119°E, 
28°N-30°N domain, extending previous findings on east-
ward propagation that were limited to areas west of 114°E 
(Bao et al. 2011; Wu et al. 2018).

The sub-seasonal analysis further highlights the dynamic 
evolution of precipitation diurnal cycles, transitioning from 
a morning-dominated regime during the pre-Meiyu and 
Meiyu periods to an afternoon-dominated regime in the post-
Meiyu period. This evolution is closely linked to the shifting 
balance between large-scale moisture transport and convec-
tive instability, with quantitative moisture budget analysis 
revealing that differences across periods mainly stem from 
variations in MFC, particularly the wind divergence term, 
rather than evaporation or local precipitable water changes. 
The Meiyu period exhibits optimal moisture conditions with 
the strongest MFC and robust upward motion, while the 
post-Meiyu period is characterized by weakened dynamic 
forcing but enhanced thermodynamic instability.

Despite in-depth analyses of the fine-scale characteristics 
of multi-year average summer precipitation diurnal varia-
tion, a comprehensive understanding of the causes of diur-
nal variability is still limited. Future research should employ 
higher-resolution data and numerical simulation methods to 
further explore the impacts of complex terrain, monsoon 
climate, and urban heat island effects on precipitation diur-
nal variation, aiming to elucidate the underlying physical 
mechanisms.
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