Climate Dynamics (2024) 62:2041-2056
https://doi.org/10.1007/500382-023-07009-w

ORIGINAL ARTICLE q

Check for
updates

Diurnal variations of summer rainfall response to large-scale
circulations and low-level winds over the Sichuan Basin

Juan Li'® . Haoming Chen'2 . Xingwen Jiang®* - Puxi Li'*?

Received: 19 June 2023 / Accepted: 24 October 2023 / Published online: 23 November 2023
© The Author(s) 2023

Abstract

The evident nocturnal peak dominates the summer rainfall over the Sichuan Basin (SCB), which is closely related to the
nocturnal intensification of low-level winds. Based on 21-year IMERG rainfall product and reanalysis data during summer-
time (June—August) from 2000 to 2020, the low-level winds are classified into four groups, with strong or weak daily mean
wind accompanied by a large or small diurnal amplitude, to clarify their influences on rainfall over the SCB. The results
show that under strong daily mean wind conditions, the westward extension of the Western Pacific Subtropical High (WPSH)
determines the southwesterly monsoon airflow to be tuned to the southerly over the eastern Yunnan-Guizhou Plateau, which
provides abundant warm and moist air resources for rainfall within the basin through the southeastern side of the SCB. Strong
mean winds, coupled with a large diurnal amplitude due to the acceleration of easterly, strengthen the moisture convergence
at night, and contribute to the rainfall increasing remarkable over the SCB with a peak at midnight. Meanwhile, there is an
apparent anomalous low-level warming over the SCB, creating more unstable atmospheric conditions. In addition, the weak
upward motion associated with the afternoon heating over the eastern slope of the Tibetan Plateau (TP) enhances the easterly
and facilitates the development of upward motion over the western SCB in the early night, which is responsible for the larger
diurnal amplitude of rainfall. On the contrary, rainfall is suppressed and the diurnal amplitude of rainfall is gentle under
the condition of weak daily wind with small diurnal amplitude, due to the weak moisture transport and cooling planetary
boundary layer related to the deepened midlatitude trough, as well as more active convection over the eastern slope of TP
during the day. The results imply that atmospheric conditions associated with diurnal variation of low-level winds should be
considered as a key component in regulating the rainfall and moisture budget over the SCB, the strength of low-level winds
in the early evening may provide a predictive signal for the development of nocturnal rainfall over the SCB.
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1 Introduction

The Sichuan Basin (SCB) in southwest China is located on
041 Haoming Chen the east of the Tibetan Plateau (TP), with the Daba and Wu

chenhm@cma.gov.cn Mountains to the northeast, and the Yunnan-Guizhou Pla-
teau (YGP) to the south (Fig. 1). Influenced by this unique
topography, the SCB region suffers from frequent occur-
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Fig.1 The terrain height over the SCB and its surrounding areas
(unit: m). The black contour is for the 1500 m elevation, and the gray
dots indicate the focused areas with large rainfall over the SCB

TP to the SCB, that is, the diurnal peak of rainfall occurs in
the early evening over the eastern TP, whereas it occurs at
midnight or early morning over the SCB (Yu et al. 2007a;
Bao et al. 2011; Jin et al. 2013). Within the SCB, the diur-
nal variation of rainfall exhibits evident regional features.
Rainfall tends to initiate over the southwestern SCB in the
early evening and propagate eastward to cover the entire
SCB by the early morning (Qian et al. 2015; Li et al. 2021).
Summer rainfall over the SCB is mainly the result of the
large-scale circulations (such as the Western Pacific Sub-
tropical High (WPSH), the Asian summer monsoon, and
troughs in the westerlies) (Ueno et al. 2011; Luo et al. 2020)
and the weather systems influenced by the TP (such as the
mesoscale Southwest China Vortex, the topography forces
the uplift of water vapor) (Xu et al. 2010; Feng et al. 2016;
Fu et al. 2019).

Focusing on the diurnal variations of rainfall over the
SCB, numerous studies have been carried out to explore the
physical mechanisms in controlling the nocturnal rainfall
over the SCB from various perspectives. The general view
is that the upward branch associated with thermally driven
mountain-plain solenoids due to differential heating and
cooling between elevated plateaus and basins contributes to
the nocturnal rainfall over the SCB (Bao et al. 2011; Jin et al.
2013; Qian et al. 2015). Some studies pointed out the pos-
sible role of long wave radiative cooling at the cloud top in
enhancing nocturnal rainfall over the SCB (Yu et al. 2007b;
Chen et al. 2010). Li et al. (2008) found that the afternoon
cloud cover in southwest China leads to unfavorable con-
ditions for afternoon rainfall. Other researchers suggested
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that the nocturnal rainfall over the SCB may be related to
the eastward propagation of convective systems originat-
ing over the TP (Hu et al. 2016; Li et al. 2017; Curio et al.
2019). Moreover, convective instability is usually generated
in the eastern part of the SCB where the warm moist inflow
from south is enhanced at night, it is more supportive to the
growth of rainfall episodes in the eastern regions (Chen et al.
2014). Recently, the nocturnal low-level jet (LLJ) related
moisture advection is suggested to be more important than
the mountain-plain solenoids processes regarding the mois-
ture convergence for nocturnal rainfall over the SCB, the
moisture convergence and divergence caused by low-level
winds play a more crucial role in modulating the diurnal
variation of rainfall over the SCB (Zhang et al. 2019; Li
et al. 2021).

It is well realized that the diurnal cycle of low-level
winds, in particular the nocturnal acceleration of LLlJs,
induces low-level convergence at their terminus and results
in the diurnal cycle of moisture transport and further regu-
lates rainfall. The enhanced LLJs at night has been observed
in many regions worldwide. The inertial oscillation theory
associated with the diurnal change in the effect of surface
friction on the planetary boundary layer (PBL) (Blackadar
1957) and the terrain thermal forcing theory caused by the
diurnal change of the horizontal pressure gradient force due
to differential heating and cooling of sloping terrain (Holton
1967) are often combined to explain the diurnal variation
of winds, although the Blackadar inertial oscillation theory
may have a larger contribution (Shapiro et al. 2016; Xue
et al. 2018). The enhanced nocturnal low-level winds also
produce the nocturnal rainfall over many regions of China
(Yu et al. 2009; Chen et al. 2010). The nocturnal low-level
southwesterlies strengthen the moisture transport and gen-
erate convective instability by the low-level convergence at
the Mei-Yu front, contributing to the development of heavy
rainfall in the pre-dawn hours (Zeng et al. 2019; Cui et al.
2023). In addition, the LLJs are well-correlated with local
valley wind circulations under stable boundary layer con-
ditions at night, facilitating the nocturnal rainfall over the
plains or windward slopes (Sun and Zhang 2012; Pan and
Chen 2019; Wang et al. 2023).

In summer, the sensible heated TP acts as a large air
pump, driving the large nocturnal acceleration of the mon-
soon flow, which converges at the windward slopes with
anomalous upward motions (Chen 2020). The prominent
thermal vertical circulations occur between the eastern TP
and the adjacent SCB and YGP. Moreover, the low-level
winds show an obvious diurnal change over the SCB, with
the easterly nocturnal LLJ dominating the southeastern SCB
and the eastern YGP (Zhang et al. 2019; Li et al. 2021).
The low-level easterly winds blowing towards the eastern
slope of the TP could force ascent by blocking the easterly
winds and providing moisture transport, which favor of the
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initiation and development of nocturnal convective systems.
The contrast in cloud radiative forcing between the elevated
plateau and downstream plain also plays a key role in con-
necting the atmospheric circulations and rainfall systems
by influencing the thermal forcing and moisture processes
(Stephens 2005; Zeng et al. 2019; Wu and Chen 2021).
The diurnal variation of low-level winds as the key factor
regulating the diurnal variation of rainfall over the SCB, is
affected by thermodynamic/dynamic forcing in the boundary
layer and the topography of the TP. Furthermore, the diurnal
variation of low-level winds also shows a strong dependence
on the mean flows, and varies seasonally with the progress
of monsoon circulations. Thus, both the large-scale daily
winds and the regional forcing can greatly modulate the
regional nocturnal rainfall. Chen (2020), Chen et al. (2021)
considered the daily mean flows and diurnal amplitude of
the southerly wind over the Asian monsoon region and stud-
ied the associated atmospheric circulation, rainfall systems
and water vapor budget, as well as the diurnal changes on
intraseasonal and interannual scales. However, it is not clear
how this diurnal change of winds coupled with mean flows
at night affects the diurnal cycle of rainfall over the SCB.
In this study, the low-level winds over the southeastern
SCB have been classified into four groups based on the daily
mean winds and their diurnal amplitude. The comparison of
different circulation conditions and associated rainfall and
atmospheric processes may help us to better understand the
importance of multi-scale circulation for nocturnal rainfall
and provide a promising way to improve the simulation of
rainfall over the SCB. The rest of this paper is organized as
follows. Section 2 introduces the dataset and methods used
in this study. Section 3 describes the climatological relation-
ship between diurnal cycle of rainfall and winds over the
SCB. The spatio-temporal evolution of rainfall in response
to different atmospheric circulations is shown in Sect. 4.
Section 5 examines the detail atmospheric processes govern-
ing rainfall associated with different circulation conditions.
Finally, conclusions and a discussion are given in Sect. 6.

2 Dataset and methods

a. Dataset used in this study

In this study, the Integrated Multi-satellitE Retrievals
(IMERG) for Global Precipitation Measurement (GPM)
rainfall product with a spatial resolution of 0.1°x0.1° and
a time interval of 30 min is used to analyze the characteris-
tics of rainfall systems. The GPM mission is the successor
of Tropical Rainfall Measuring Mission (TRMM), mark-
ing a transition from the TRMM era to the GPM era. The
GPM Core Observatory carries a dual-frequency precipi-
tation radar (DPR) and a conical-scanning multi-channel

GPM Microwave Imager (GMI), which largely improves the
measurement of precipitation (Hou et al., 2014). IMERG
is derived from multiple measurements of GPM, including
passive microwave, infrared, and radar data. IMERG pro-
vides three products, including the early, late and final runs
(Huffman et al. 2015). The IMERG final run is calibrated by
the monthly Global Precipitation Climatology Centre pre-
cipitation gauge analysis (Huffman et al. 2014). The Level-3
IMERG final run product is available since June 2000, and
the data in the summer from 2000 to 2020 are analyzed in
our study.

The IMERG rainfall product presents well in reproducing
regional variations of daily rainfall and the spatial pattern of
diurnal cycle of rainfall in mainland China, which resembles
rain gauge measurements, it also shows more satisfactory
agreement at the daily and hourly time scales for the months
of June—September (Tang et al. 2016; Asong et al. 2017).
Moreover, the comprehensive analysis on the connections
between spatial variations in errors of IMERG rainfall and
geographical features in Sichuan Province of China sug-
gested that the increased digital elevation model plays a
positive role in reducing the hit bias in the lower regions
(< 1.5 km) (Li et al. 20224, b). Previous studies highlight
a potential applicability of IMERG Final Run as a reliable
source of precipitation estimates in diverse water resources
and hydrometeorological applications.

The latest hourly ERAS reanalysis data with a horizon-
tal resolution of 0.25° % 0.25°, conducted by the European
Centre for Medium-Range Weather Forecasts and developed
through the Copernicus Climate Change Service, is used to
represent the atmospheric conditions in this study (Hersbach
et al. 2019). The dataset has been shown to faithfully capture
the diurnal variations of winds and other variables, and is
widely used to represent the circulation conditions over the
TP and surrounding areas (Hu et al. 2020; Sun et al. 2021).

All datasets used in this study cover June—August from
2000 to 2020. As the diurnal cycle of low-level atmos-
pheric general circulation is usually regulated by boundary
layer heating during the day (Xue et al. 2018; Chen 2020),
the diurnal cycle is estimated from 13:00 LST to follow-
ing 12:00 LST. The diurnal deviations of all variables are
obtained by subtracting the daily mean, and the anomalies
are the difference from the 21-year climatological mean.

b. Methods

In this study, to clarify the processes that govern the
rainfall over the SCB, the daily mean wind speed and the
diurnal deviation wind at 20:00 LST of 850 hPa over the
southeastern SCB are used to represent the intensities of
the daily mean wind and its diurnal amplitude, respectively.
Our previous study suggested that the diurnal deviation of
easterly wind at 20:00 LST plays an important role in the
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initiation of rainfall over the SCB (Li et al. 2021), the inten-
sity of easterly deviation wind may contribute greatly to the
nocturnal rainfall over the SCB. To get a more optimal selec-
tion of wind variables and domains, the regression patterns
of rainfall and horizontal wind at 850 hPa regressed onto the
standardized daily rainfall at the western SCB (the region
as gray dots in Fig. 1) are shown in Fig. S2. Positive rainfall
anomalies are observed over the SCB, with the maximum
value reaching more than 14 mm day™~' at the western SCB
(Fig. S2a). Accordingly, the cyclonic circulation over the
SCB is associated with the southwesterly monsoon flow to
the south, and turns to southerlies or southeasterlies enter-
ing the SCB through its southeastern boundary. Over the
southeastern SCB, the zonal wind component at 850 hPa
has a maximum positive correlation with the rainfall over the
SCB, indicating that the changes of zonal wind are tied to
the rainfall. Furthermore, the regression patterns of rainfall
diurnal difference and diurnal deviation wind suggest that
the nocturnal rainfall over the SCB is also tied to the easterly
deviation wind at early evening (Fig. S2b). Therefore, such
a selection of low-level wind at both daily and diurnal time
scales can well measure their effect on rainfall over the SCB.
At the daily time scale, a strong (weak) background wind is
defined when the daily mean wind speed over the southeast-
ern SCB at a given day is above (below) the climate mean
(5.33m s7h during the summer from 2000 to 2020, named
D(+) and D(-) days, respectively. At the diurnal time scale,
the A(+) days denote the days with large diurnal amplitudes
when the diurnal easterly deviation at 20:00 LST on a given
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Fig.2 Scatterplots of the diurnal deviation of zonal wind at 20:00
LST with daily-mean wind speed (a) and with the diurnal deviation
of meridional wind at 02:00 LST (b) over the southeastern SCB (out-
lined in Fig. 3). The anomalies are the difference from the climato-
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day is above the climate mean deviation (- 1.39 m s™!). The
remaining days are considered as the days with small diurnal
amplitudes, named A(-) days.

Based on this definition, a total of 1932 summer days
can be grouped into four categories. The strong daily mean
wind days with large diurnal amplitudes are designated D(+)
A(+), while those with small diurnal amplitudes are D(+)
A(-). Similarly, the weak daily mean wind days with large
diurnal amplitudes are designated D(-)A(+), while those
with small diurnal amplitudes are D(-)A(-). Figure 2 shows
the scatterplots of the diurnal deviation of zonal wind at
20:00 LST with daily-mean wind speed and with the diurnal
deviation of meridional wind at 02:00 LST over the south-
eastern SCB. As a result, the diurnal zonal deviation wind
at 20 LST is correlated with the daily mean wind speed,
with a correlation coefficient of — 0.41 over the southeastern
SCB (Fig. 2a). The occurrence of D(+)A(+) days is more
than twice that of D(+)A(-) days, and the occurrence of
D(-)A(-) days is about 1.7 times that of D(—)A(+) days.
This indicates that the large (small) diurnal variations of
low-level wind tend to occur in the strong (weak) mean wind
condition (Shapiro et al. 2016; Chen 2020). Furthermore,
the zonal easterly component at early evening exhibits a
well correlation with the meridional southerly component
at midnight, which coincides with the diurnal peak of rain-
fall over the SCB, with a correlation coefficient of — 0.65
(Fig. 2b), implying that the diurnal southerly deviation wind
governed by the inertial oscillation also should be consid-
ered as an important role controlling the nocturnal rainfall
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over the SCB. The same method has been used to study
the East Asian summer monsoon rainfall (Chen 2020; Liu
et al. 2022). It is worth noting that the southeastern SCB,
which we focus on in this study, is a region with large diur-
nal amplitude compared to the eastern China (figure not
shown). Thus, the comparison among these four groups is
helpful to understand the influence of different couplings
of the multi-scale atmospheric circulation and their diurnal
variations on rainfall over the SCB.

In this study, the diurnal amplitude of rainfall is calcu-
lated as:

where A is the diurnal amplitude of rainfall, P,,,, is the maxi-
mum of hourly rainfall in one day, and P is the daily mean
rainfall (Yuan et al. 2013).

3 Climatology of the diurnal cycles
of rainfall and low-level winds
over the SCB

a. Spatial distributions of rainfall and associated low-level
winds

Figure 3 shows the spatial distributions of the normalized
amplitude of diurnal variations of rainfall and the daily mean
850-hPa winds, as well as the zonal deviation winds at 20:00
LST over the SCB and surrounding areas during the sum-
mer. Within the SCB, the spatial distributions of the normal-
ized amplitude of diurnal variations of rainfall are similar to
that of climatological rainfall (Fig. S1), the rainfall exhibit
large amplitude over the eastern TP and southwestern SCB,
with the maximum hourly rainfall exceed 1.2 times of the
daily mean rainfall. From the daily mean 850-hPa winds, we
can see that there is a strong southeasterly flow into the SCB
from the southeastern side of the SCB, which clearly brings
warm and moist air from the lower latitudes of the ocean
into the basin, and also creates anomalous convergence that
favors rainfall. Moreover, the diurnal deviation of zonal wind
shows a large diurnal amplitude over the southeastern SCB
(purple contours in Fig. 3), indicating that significant diurnal
variations of low-level winds play an important role in regu-
lating diurnal variations of summer rainfall over the SCB,
which is the focus of this study.

Figure 4 shows the averaged diurnal cycles of the summer
rainfall and low-level winds over the SCB, every 3-h start-
ing at 14:00 LST. From noon to afternoon, the rainfall first
develops over the eastern slope of the TP, with considerable
rainfall observed at 17:00-20:00 LST. At these hours, the
rainfall is suppressed over the SCB, with the central part
of the SCB largely free of rainfall. The terrain-dependent

35N

Fig.3 Spatial distributions of diurnal amplitude (normalized by the
daily mean) of rainfall (shading) and daily mean 850-hPa winds (vec-
tors, unit: m s_]), as well as the diurnal deviation of the zonal wind
at 20:00 LST (removing the daily mean, purple contours for less than
— 1.5 m s7!) during the summer from 2000 to 2020. The black con-
tours indicate the terrain height at 500 m intervals, and the red box
marks the southeastern SCB region

features reveal a strong influence of thermal contrast due to
daytime heating (Yuan et al. 2012; Chen 2020). In the early
night (20:00 LST), rainfall has started along the southwest-
ern SCB, mostly along the steep terrain from the eastern TP
to the SCB. The rainfall then develops and extends to the
northeast, covering the entire basin at 02:00 LST. The spatial
distributions of rainfall at night resemble well the daily mean
patterns (figure not shown), suggesting that the night rain
systems contribute greatly to the total rainfall amount. After
midnight and through the early morning hours, the rainfall
weakens and retreats to the northeastern half of the SCB.
In addition, the prevalent nocturnal rainfall area over the
western SCB is also prone to frequent heavy rainfall events
at night (Zhao 2015; Xia et al. 2021).

In terms of the 850-hPa winds (the red vectors in Fig. 4),
in general, basically cyclonic circulation is evident through-
out the day over the SCB. The cyclonic convergence gets
strong at 20:00 LST, and peaks at midnight. Consequently,
the stronger southerly flow brings more moisture into the
SCB, and the heaviest rainfall is found near this time over
the basin. Given the daily mean winds, the diurnal devia-
tion of 850-hPa winds is obtained by subtracting the daily
mean value (the black vectors in Fig. 4). It is noticeable
that the deviation of 850-hPa wind exhibits a clockwise
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Fig.4 Diurnal deviation of summer rainfall (shading, unit: mm h™h), original 850-hPa winds (red vectors, unit: m s™!) and their deviation (black
vectors, unit: m s~') derived by subtracting the daily mean from 2000-2020. The black contours indicate the terrain height at 500 m intervals

diurnal rotation, changing from easterlies in the early even-
ing (Fig. 4c) to mostly southerlies in the midnight (Fig. 4d,
e), which contributes to the diurnal peak of rainfall, and then
to westerlies (Fig. 4f, g) in the early morning and northerlies
in the early afternoon (Fig. 4a, b). Such clockwise rotation
of deviation wind vectors largely attributed to the diurnal
inertial oscillation of boundary layer friction as explained
by the Blackadar (1957). In the early evening, the prevailing
easterly deviation winds flow into the basin from the south-
eastern side of the SCB, and is convergent over the eastern
slope of the TP that contributing to the initiation of rainfall
over the southwestern SCB (Fig. 4c). While the westerlies
and the northerlies pull the most air out of the SCB, and
result in divergence that suppressing rainfall during the day.
This indicates that the low-level winds and their diurnal
changes over the southeastern SCB play an important role
in modulating the rainfall within the SCB.

We further examine the relationship between the diur-
nal changes of 850-hPa winds over the southeastern SCB
and the diurnal rainfall over the focused region (shown as
gray dots in Fig. 1). Figure 5a shows that the diurnal wind
speed peaks at 23:00 LST, which is about 3 h before rain-
fall peak at 02:00 LST. Meanwhile, the diurnal deviation
of zonal wind increases in the afternoon, and is strongest

@ Springer

at 20:00 LST, corresponding to the initiation of rainfall.
The deviation of zonal wind gradually decreases and
changes to the westerly wind at 01:00 LST. Such distur-
bance flows enhance nocturnal rainfall at 02:00 LST and
suppress rainfall during the day. In order to investigate the
influence of low-level winds on the diurnal variations of
rainfall over the SCB, we analyze the vertical structure of
winds over the southeastern side of the basin (Fig. 5b, c).
It can be seen that both the daily mean (Fig. 5b) and diur-
nal deviation winds (Fig. 5c) have a prominent LLJ with
the maximum wind speed at about 850 hPa. In the early
afternoon at 14:00 LST, the zonal wind is weaker, which
is probably due to the intense vertical mixing within the
boundary layer according to Blackadar theory (Blackadar
1957). The boundary layer jet can enhance the most impor-
tant moisture supply for rainfall within the SCB, and the
diurnal variations of the easterly LLJ play the more impor-
tant role in controlling the diurnal cycles and especially
the maximum of rainfall shortly after midnight over the
SCB. This indicates that the atmospheric conditions asso-
ciated with the low-level winds should be considered as a
key factor affecting rainfall over the SCB, which inspires
a detailed analysis below.
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Fig.5 a Diurnal variation of mean wind speed and zonal deviation
wind (removing the daily mean) at 850 hPa over the southeastern
SCB (outlined in Fig. 2) and the diurnal variation of rainfall over the
focused region of the SCB (gray dots depicted in Fig. 1). b Vertical

b. Diurnal cycle of low-level winds under four different
circulation conditions

To give a more direct view of the diurnal variation of
the deviation winds, the diurnal variations of 850-hPa zonal
deviation winds and the hodograph of the mean deviation
wind vectors over the southeastern SCB under four different
circulation conditions are shown in Fig. 6. Similar to the
climatological mean state, the zonal deviation winds of the
four conditions all show a distinct diurnal variation (Fig. 6a),
with the easterly deviation winds get strongest at 20:00 LST
and the westerly deviation winds get strongest in early morn-
ing. The diurnal variation of zonal deviation winds is also
most pronounced in the presence of strong mean wind (D(+)
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deviation wind averaged over the southeastern SCB during the sum-
mer from 2000 to 2020

A(+)). From the hodograph (Fig. 6b), we can see that the
deviation wind vectors show clockwise rotation except for
the days in D(-)A(-), a behavior that is again consistent with
the Blackadar boundary layer inertial oscillation theory for
boundary layer LLJ. In the early night (about 20:00 LST) to
midnight, the deviation winds blow directed into the basin,
such strong disturbance winds provide most moisture trans-
ported into the basin as well as produce boundary layer flow
convergence when the moist air encounters the eastern slope
of TP. On the contrary, during the day, the wind vectors are
directed out of the SCB across its southeastern side, creating
low-level flow divergence that responsible for rainfall mini-
mum during the day. As a result, stronger diurnal easterly
deviation winds contribute to the larger nocturnal rainfall
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Fig.6 Diurnal variations of mean zonal deviation winds (removing the daily mean, a) and hodograph of hourly deviation winds starting at 08:00
LST (as depicted by the pentagram, b at 850 hPa over the southeastern SCB under four different circulation conditions

@ Springer



2048

J.Lietal.

566days

(€) DOA)_

100E 105E 110E 115E  100E 105E 110E 115E

Fig.7 Spatial distributions of daily mean rainfall amount (a—d, unit:
mm day~!) and rainfall frequency (e-h, unit: %) under four circula-
tion conditions during the summer from 2000-2020 derived from

over the SCB, and even with weak mean wind, the nocturnal
rainfall amount with large diurnal variation is also compa-
rable with the days in D(+)A(-) (Fig. 8). Meanwhile, the
diurnal deviation of southerly wind at midnight also exhibits
stronger diurnal variations under large diurnal amplitude of
zonal deviation wind conditions, which is consistent with
the large diurnal amplitude of rainfall over the SCB. These
indicate that such flow changes modulate the diurnal cycles
of rainfall over the SCB, with the large diurnal amplitude of
easterly enhancing the rainfall over the western SCB.

4 Spatiotemporal evolutions of diurnal
rainfall in response to different low-level
winds

The above analyses imply that the daily mean cyclonic circu-
lation and the diurnal deviation of low-level easterly over the
southeastern SCB are closely tied to the nocturnal rainfall
over the SCB. The spatial patterns of composite daily mean
rainfall and rainfall frequency under four circulation condi-
tions are shown in Fig. 7. In general, more abundant rainfall
tends to occur over the SCB and surrounding areas under
a strong mean wind condition (Fig. 7a, b). By comparing
Fig. 7a, b, it is also evident that the spatial distributions of
rainfall have a regional difference over the SCB under the
strong mean wind with different diurnal amplitudes. The
heavy rain band is concentrated along the western edge of
the basin by southwest-northeast orientation on days with
the strong mean wind at a large diurnal amplitude (Fig. 7a),
which accounts for more than 50% of the summer rainfall
within the basin (figure not shown). On the other hand,
rainfall is relatively scattered on days with small diurnal
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Fig.8 Diurnal variations of hourly rainfall averaged over the western
SCB (as gray dots in Fig. 7a) obtained from IMERG during the sum-
mer from 2000 to 2020

amplitude (Fig. 7b), and the rainfall frequency is lower over
the SCB (Fig. 7f). As for the weak mean wind (Fig. 7c, d),
the rainfall is mostly confined to the south of the basin,
and less rainfall is observed over the SCB. In addition, the
rainfall remains a slight increase in D(-)A(+) compared to
D(-)A(-) over the western SCB, indicating the influence of
diurnal easterlies on regional rainfall.

Figure 8 shows the diurnal variations of rainfall aver-
aged over the western SCB under four different atmos-
pheric conditions. In general, the diurnal variations of
rainfall under four conditions are similar to that of climate
mean state, showing obvious nocturnal rainfall peaking at
01:00-02:00 LST. It is evident that the diurnal variation of
rainfall is most pronounced on D(+)A(+) days, which have
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strong mean wind coupled with large diurnal amplitude.
In addition, the rainfall of large diurnal amplitude with
suppressed mean wind also shows more pronounced diur-
nal amplitude compared to that under conditions of weak
diurnal variation. Notably, the rainfall in afternoon hours
under D(+)A(+) conditions is weaker than that under D(+)
A(-), implying that the associated cloudy condition in the
daytime may lead to a small diurnal variation of low-level
winds (Chen 2020), which will be discussed in Sect. 5.

The different features of rainfall among four circula-
tion conditions suggest that not only the mean wind can
affect the large-scale spatial distribution and intensity of
rainfall, but also its diurnal cycle strongly modulates the
regional features, highlighting the importance of diurnal
variations of low-level winds in the regional climate over
the SCB. Since the rainfall mainly occurs under the con-
dition of strong mean wind, we further work on the D(+)
A(+) and D(+)A(-) conditions to understand the roles of
different diurnal variations under the strong mean wind
over the SCB.

5 Atmospheric processes governing rainfall
associated with different low-level winds

a. Large-scale atmospheric circulations

We first examine the daily mean low-level winds and their
diurnal variations under four different conditions. Figure 9
shows the daily mean 850-hPa winds and relative vorticity,
as well as the diurnal amplitude of the 850-hPa zonal wind at
20:00 LST. With strong daily mean wind (Fig. 9a, b), south-
erly winds prevail over the southeastern SCB and the eastern
YGP. The cyclonic circulation over the SCB is associated
with the southwesterly monsoon flow to the south, which
provides the major moisture supply from the Bay of Bengal
and the Indian Ocean, and is tuned to southerly or south-
easterly entering the SCB through its southeastern bound-
ary. Thus, considerable rainfall occurs within the SCB, with
much more rainfall being displaced to the western SCB at
a large diurnal easterly wind over the southeastern SCB
(Fig. 7a). Meanwhile, the larger relative vorticity is favorable
for larger rainfall over the SCB (Fig. 9a). With weak daily
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Fig.9 Composites of daily mean 850-hPa winds (vectors, unit: m
s™1) and relative vorticity (shading, unit: 10 s™1), as well as the diur-
nal deviation (removing the daily mean) of the zonal wind at 20:00

LST (blue contours for less than — 1.5 m s~') under four different
atmospheric conditions. The gray shading denotes the terrain height
above 1500 m
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mean wind (Fig. 9c, d), southwesterly monsoon flow over
the eastern YGP has a weaker southerly component, and the
more warm and moist air is transported to the South China,
which contributes to the rainfall there (Fig. 7c, d). On the
contrary, the rainfall is suppressed over the SCB on weak
mean wind days, and litter rainfall occurs over the western
SCB with a large diurnal variation (Fig. 9c¢).

Figure 10 further examines the large-scale atmospheric
conditions at 500 hPa as well as the low-level thermal con-
ditions. With strong mean wind (Fig. 10a, b), the WPSH
intensifies and extends westward, reaching the coast of South
China, with an anomalous high growing over the eastern
China. With weak mean wind (Fig. 10c, d), the WPSH is
confined to the 135°E. The location of the WPSH determines
the reversal of southwesterly monsoon airflow to southerly
over the eastern YGP, which provides abundant warm and
moist air resources for rainfall over the SCB on strong mean
wind days. When the daily mean wind experiences a large
diurnal variation, the westward extension of the WPSH pro-
duces anomalous low-level warming over the SCB (Fig. 10a,
¢), which favors the enhancement of the diurnal amplitude
of wind. While a negative low-level temperature anomaly
is observed on days with small diurnal amplitude by the
deepening midlatitude westerly trough (Fig. 10b, d), the

) DHA()

anomalous cooling suppresses the diurnal variations of
wind. The low-level thermal condition is thus an important
factor influencing the diurnal amplitude of low-level winds.
Such warm low-level conditions and apparent ambient winds
are conducive to a high occurrence of large diurnal cycles
(Fig. 10a) accompanied by active rainfall over the SCB.
In addition, the strong southerly transports the relatively
warmer air mass from the southeastern edge of the YGP
to the SCB during the day, and the accumulation of this
anomalous low-level warm air mass can easily cause the
atmosphere to become more unstable at night, contributing
to the nocturnal peak of rainfall. These different large-scale
conditions correspond to the different regional thermal forc-
ing, which further regulates the diurnal variations of rainfall
in terms of regional differences and magnitude.

b. Water vapor transport

To investigate the role of the circulations in driving water
vapor transport over the SCB, Fig. 11 shows the daily mean
water vapor flux and its divergence, as well as the precipita-
ble water anomaly for the four conditions. With strong mean
wind (Fig. 11a, b), the daily mean water vapor flux is obvi-
ously larger than that of weak mean wind. The differences
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Fig. 10 Composite of 850-hPa anomalous temperature (difference
from the 21-year climatological mean, shading, unit: K), 500-hPa
geopotential height (black contours, unit: dagpm) and its anomaly
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(difference from the 21-year climatological mean, blue contours, unit:
dagpm) under four different circulation conditions
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Fig. 11 Composites of daily mean vertical column-integrated

moisture flux (integrated from surface to 300 hPa, vectors, unit: kg
m~' s7!) and its divergence (shading, unit: 10 kg m™2 s7!), the

are mainly caused by the spatial patterns of atmospheric
circulation related to the WPSH. The large moisture flux
on days with strong mean winds originates from the Bay of
Bengal and the Indian Ocean at low latitudes, and the south-
westerly moisture transport tunes to the southerly transport
over the eastern YGP, where it brings a large amount of
warm moist air into the SCB regulated by the westward
extension of the WPSH. On days with strong mean wind and
a large diurnal amplitude (Fig. 11a), the moisture transport
exhibits a cyclonic convergence within the SCB, with the
center of moisture flux convergence is located at the western
SCB where a distinct wet tongue is observed in terms of the
precipitable water anomaly. In comparison, the daily mean
moisture flux is much smaller and the moisture from low
latitudes southwesterly monsoon is transported to eastern
China along the western edge of the WPSH when the south-
eastern SCB experiences a weak mean wind (Fig. 11c, d).
There is an almost negative anomaly of precipitable water
throughout the basin, suggesting that the water vapor trans-
port is strongly associated with the evolution of large-scale
WPSH.

90E

1
130E  140E

anomaly (difference from the 21-year climatological mean) of precip-
itable water (contours, unit: kg m~2) under four different circulation
conditions. The black thin contour is for the 1500 m elevation

Figure 12 further examines the diurnal variations of
column-integrated moisture flux convergence and pre-
cipitable water averaged over the large rainfall region (as
gray dots in Fig. 1) of the SCB. In general, the column-
integrated moisture flux convergence and precipitable water
are larger on days of strong mean wind than those of weak
mean wind. Given the large diurnal amplitude (Fig. 12a),
the moisture flux convergence increases notably from early
night (19:00 LST) to midnight (00:00 LST) and peaks at
21:00 LST (~-28 x 107 kg m~2 s71), which is~4 h earlier
than the peak of nocturnal rainfall (Fig. 8). Accordingly, the
abundant precipitable water persists during the night hours,
with a relatively high daily mean value. Comparing the D(+)
A(-) and D(-)A(+) scenarios (Fig. 12b, c), the daily mean
moisture flux convergence of D(+)A(-) is greater than that
of D(-)A(+), but moisture flux convergence in the days of
D(-)A(+) undergoes a more pronounced diurnal cycle, with
enhanced nocturnal moisture flux convergence peaking at
21:00 LST, corresponding to the large diurnal cycle of pre-
cipitable water. In contrast, the nocturnal increase of mois-
ture flux convergence and precipitable water is less evident
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Fig. 12 Diurnal variations of the averaged column-integrated mois- as gray dots depicted in Fig. 1 under four different circulation condi-
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over the SCB due to a small diurnal cycle of easterly devia-  jets associated with boundary layer inertial oscillations can
tion winds (Fig. 12b, d, f and h). Therefore, the diurnal east- enhance the moisture transport and low- level convergence,
erly deviation winds are expected to increase the moisture ~ and contribute most to the formation of nocturnal rainfall
flux to the SCB in the early night, resulting in a midnight  over East Asia or basins (Zhang et al. 2019; Chen 2020).

peak in rainfall. c. Vertical motion and atmospheric instability

Overall, the strong mean winds coupled with large diurnal Focus on the role of strong mean wind with different diur-
variations can significantly affect the water vapor transport ~ nal amplitude in rainfall over the SCB, Fig. 13 shows the
over the SCB, and it becomes more efficient at night in regu-  diurnal variations of deviation zonal circulation and verti-

lating the regional moisture budget on a sub-daily time scale. ~ cal motion, as well as the vertical structure of anomalous
Previous studies have also revealed that nocturnal low-level ~ equivalent potential temperature averaged between 28°N and
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@ Springer



Diurnal variations of summer rainfall response to large-scale circulations and low-level... 2053

32°N under D(+)A(+) and D(+)A(-) circulation conditions.
As is generally assumed, thermally driven diurnal variations
of vertical solenoidal circulations due to the differential dia-
batic heating and cooling of elevated terrain greatly contrib-
ute to the diurnal cycle of rainfall over the eastern TP and
the SCB. At 14:00 LST (Fig. 13a, e), the TP is a heat source
and the strong upward branch over the eastern slope of the
TP produces a favor environment for the convective rain-
fall in the afternoon, while the prevailing downward motion
suppresses rainfall over the SCB. At 20:00 LST in the early
evening (Fig. 13b, f), the eastern TP and the western SCB
are dominated by upslope winds, which is favorable for rain-
fall. Meanwhile, the low-level easterly deviation winds over
the eastern SCB converge with the downslope winds over the
eastern TP, reinforcing the upward motions over the western
SCB. At 02:00 LST (Fig. 13c, g), the thermodynamic condi-
tion is almost completely reversed from the daytime. The TP
becomes colder than the SCB, with downslope winds devel-
oping on its eastern slope and upward motion controlling the
central and eastern SCB. In the early morning (Fig. 13d, h),
the downward motion is found in almost the SCB and the
whole eastern TP, together with the development of cooling
before sunrise.

Comparing the diurnal variations of vertical structures of
regional zonal circulation between large and small diurnal
amplitude days, we can see that the vertical circulation has
similar diurnal variations, but there are significant differ-
ences in magnitude. In the days of D(4+)A(+), the daytime
heating is crucial for driving upward motion over the east-
ern TP, and intense downward motion is exiting over the
whole SCB (Fig. 13a). As for the days with smaller diurnal
amplitude (Fig. 13e), the upward motion is stronger over
the eastern slope of the TP, which is conducive to the con-
vective activity during the day, while a weaker downward
motion is observed over the SCB. In the early evening, the
upward branch extends from the eastern TP to the west-
ern SCB, and the upward motion on days with large diurnal
amplitude (Fig. 13b) is obviously stronger than that with
small diurnal amplitude (Fig. 13f). Meanwhile, the noctur-
nal easterly deviation wind is evident below 700 hPa with
an elevated higher equivalent potential temperature under
a large diurnal amplitude condition, the warm moist flow
carried by easterly deviation wind acts to intensify upward
motion. The vertical circulation reverses at midnight, with
more intense upward motion appears at the lower to mid-
dle troposphere over the SCB on days with large diurnal
amplitude (Fig. 13c). It’s worth noting that the increase of
lower-tropospheric equivalent potential temperature relies
heavily on the diurnal cycle of low-level winds, with the
evident negative anomaly of the difference in equivalent
potential temperature between 500 and 850 hPa and higher
CAPE is observed over the SCB, and get strongest in the
earning evening under large diurnal amplitude of low-level

winds condition (Fig. S3a—d), which produces convective
instability and thereby favors the nocturnal rainfall over the
SCB. In contrast, the positive anomaly of the difference in
equivalent potential temperature between 500 and 850 hPa
and lower CAPE is distinct over the SCB throughout the
day on days with small diurnal variations of low-level winds
(Fig. S3m—p), which slows down the speed-up of low-level
winds at night and suppresses nocturnal rainfall.

It is well recognized that daytime heating in PBL with
elevated terrain can induce the diurnal changes of vertical
motion, and thus characterize the regional forcing on shorter
time scales. With large diurnal amplitude (Fig. 13a), the
upward motion over the eastern slope of the TP is weak at
14:00 LST and corresponds to a relatively cloudless weather,
which correlates with strong diabatic heating in PBL dur-
ing the day. This corresponds to anomalous warming condi-
tion at low-level (Fig. 10a) and suppressed daytime rainfall
(Fig. 8). Thus, such intense sensible heating in the daytime
drives the diurnal circulation and contributes to the noctur-
nal acceleration of easterly, resulting in the enhancement of
upward motion (Fig. 13b). On the contrary, stronger upward
motion is observed over the eastern slope of the TP when
low-level wind with a small diurnal amplitude (Fig. 13e),
which benefits to the convective activity and weakens the
sensible heating during the day. This feature corresponds to
the large rainfall in the daytime (Fig. 8) and anomalous cool-
ing PBL (Fig. 10b) over the SCB. Therefore, it slows down
the nocturnal easterly and corresponds to a weak upward
motion over the SCB. These differences suggest that the noc-
turnal acceleration of easterly caused by slope heating can
strongly regulate the diurnal variations of upward motion
over the eastern slope of the TP and the SCB.

6 Conclusions and discussion

In this study, the 21-year climatology data has been carried
out to study the role of low-level winds on diurnal varia-
tions of rainfall over the SCB. Consistent with previous stud-
ies, the LLJ caused by boundary layer inertial oscillations
plays an important role in controlling the diurnal cycles of
rainfall during the summertime in the SCB east of the TP.
The intensity of the low-level wind and its diurnal variation
have an important influence on the regional characteristics
of rainfall over the SCB. We further classify the low-level
winds into four categories (strong or weak daily mean wind
coupled with large or small diurnal amplitude) to investigate
the atmospheric processes governing the rainfall over the
SCB. Specific findings of this study are summarized below.

(1) More abundant rainfall is observed under strong mean

wind condition, but the spatial distributions of rainfall
have an evident regional discrepancy over the SCB,
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which is regulated by the diurnal amplitudes of easterly.
The strong mean wind with a large diurnal amplitude
produces the more intense rainfall over the western
SCB, corresponding to a large diurnal amplitude of
rainfall peaking at midnight. On the other hand, rain-
fall is relatively weak and scattered on days with small
diurnal amplitude. As for the weak mean wind condi-
tion, the rainfall is mostly confined to the south of the
basin, and less rainfall is observed over the SCB. More-
over, a small diurnal amplitude of rainfall is observed
when the daily mean wind experiences a small diurnal
amplitude.

(2) The strength of the mean wind is closely related to
the location of the WPSH. With a strong mean wind
condition, the westward extension of the strengthen-
ing WPSH makes the low latitude southwesterly mon-
soon flow tunes to the southerly over the eastern YGP
and transports the warm and moist air to the SCB. The
southwesterlies has a weaker southerly component
over the eastern YGP and the more warm and moist air
is transported to the South China under a weak mean
wind condition. The warmer PBL contributes greatly
to the enhancement of the diurnal variation of the low-
level winds, while anomalous cooling related to the
deepened midlatitude trough suppresses the diurnal
variations of wind. The acceleration of nocturnal east-
erly associated with the extended WPSH and warmer
PBL results in considerable rainfall amount with pro-
nounced diurnal variation within the basin.

(3) The strong mean wind, coupled with the evident noc-
turnal acceleration of low-level winds, can enhance
the moisture transport and its convergence across the
southeastern side of the SCB. Meanwhile, there is an
intense positive anomaly of precipitable water, which
contributes the formation of nocturnal rainfall over the
SCB. The diurnal moisture flux convergence with a
large diurnal amplitude of low-level winds increases
notably from early night to midnight and peaks at about
21:00 LST. In contrast, the water vapor convergence
weakens under a small diurnal amplitude of low-level
winds or weak mean wind conditions.

(4) The nocturnal acceleration of low-level easterly wind
caused by slope heating is crucial for driving upward
motion over the eastern TP and SCB. With a large diur-
nal amplitude of low-level winds, the daytime upward
motion over the eastern slope of the TP is weak com-
pared to that with a small diurnal amplitude. It corre-
sponds to a relatively cloudless weather during the day.
Meanwhile, strong downward motion is observed over
the SCB, suppressing the daytime rainfall. In the early
night, the intense daytime heating drives the vertical
circulation and contributes to the nocturnal accelera-
tion of easterly, resulting in the enhancement of upward
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motion over the western SCB that favors the nighttime
rainfall, but the upward motion is weak with a small
diurnal amplitude of winds.

In this study, the associated cloudiness is thought to
induce a relatively cold PBL and thereby a small diurnal
amplitude of low-level winds. The diurnal variations of
cloud regimes over the eastern TP and its relationship to
the convective activities over the SCB should be consid-
ered as a key issue to reveal the possible connections of
cloud and precipitation. Some studies reveal a strong cou-
pling of clouds, radiation, winds, and rainfall over the East
Asian monsoon regions and the coastal South China (Li
et al. 2022a, b; Wu et al. 2023). Further studies are needed
to focus on the physical processes involved in diurnal vari-
ation of cloud and precipitation processes over the eastern
TP and their impact on rainfall over the SCB. This work
will contribute to a better understanding of multiscale
characteristics of rainfall from the perspective of cloud
processes, and provide a framework for understanding the
linkage from atmospheric conditions to clouds and further
rainfall.
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