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ABSTRACT

Based on hourly rain gauge data during May–September of 2016–20, we analyze the spatiotemporal distributions of
total rainfall (TR) and short-duration heavy rainfall (SDHR; hourly rainfall ≥ 20 mm) and their diurnal variations over the
middle reaches of the Yangtze River basin. For all three types of terrain (i.e., mountain, foothill, and plain), the amount of
TR and SDHR both maximize in June/July,  and the contribution of SDHR to TR (CST) peaks in August (amount:  23%;
frequency: 1.74%). Foothill rainfall is characterized by a high TR amount and a high CST (in amount); mountain rainfall is
characterized  by  a  high  TR  frequency  but  a  small  CST  (in  amount);  and  plain  rainfall  shows  a  low  TR  amount  and
frequency, but a high CST (in amount). Overall, stations with high TR (amount and frequency) are mainly located over the
mountains  and  in  the  foothills,  while  those  with  high  SDHR  (amount  and  frequency)  are  mainly  concentrated  in  the
foothills and plains close to mountainous areas. For all three types of terrain, the diurnal variations of both TR and SDHR
exhibit a double peak (weak early morning and strong late afternoon) and a phase shift from the early-morning peak to the
late-afternoon peak from May to August. Around the late-afternoon peak, the amount of TR and SDHR in the foothills is
larger  than  over  the  mountains  and  plains.  The  TR  intensity  in  the  foothills  increases  significantly  from  midnight  to
afternoon, suggesting that thermal instability may play an important role in this process.
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Article Highlights:

•   The  spatiotemporal  distributions  of  rainfall  over  the  mountains,  in  the  foothills,  and  over  the  plains  are  significantly
different.
•   The diurnal  variations in amount and frequency of both TR and SDHR exhibit  a  double peak (early morning and late
afternoon).
•  From May to August, the diurnal variations of rainfall over the mountains, in the foothills, and over the plains all show a
significant phase shift from the early-morning to late-afternoon peak.

 

 
  

1.    Introduction

The Yangtze River basin (YRB) is the largest economic
belt in China, famous for its developed industry, agriculture,
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and  high  population  density.  The  YRB is  characterized  by
complex  terrain,  including  plateaus,  mountains,  transition
zones, and plains, from west to east. In recent years, heavy
rainfall  has  occurred  frequently  (Zhao  et al.,  2012; Zhang
et al.,  2014a; Ding et al.,  2021)  and induced an increase in
severe  flooding  over  the  YRB  (Chen  et al.,  2014; Guan
et al.,  2017; Ali  et al.,  2019),  posing  a  great  threat  to  the
safety of people’s lives and property (Gong et al., 2021). Pre-
vious studies have found that the spatial and temporal variabil-
ity  of  the  total  rainfall  (TR)  over  the  YRB  is  remarkable
(Zhang et al., 2013). A significant increasing trend of rainfall
events has been observed in the middle-to-lower reaches of
the  YRB  since  1960  (Fu  et al.,  2013; Wu  et al.,  2016; Hu
et al., 2021). The rainfall intensity gradually increases from
the upper to the lower YRB (Chen et al., 2014; Guan et al.,
2017). In the middle-to-lower reaches of the YRB, moderate
and  extreme  rainfall  events  contribute  to  most  of  the  local
rainfall amount (Qian et al., 2007; Hu et al., 2021).

Short-duration  heavy  rainfall  (SDHR;  hourly  rainfall
≥ 20 mm) refers to a kind of severe convective weather that
frequently causes substantial loss of life and property damage
(Zheng et al., 2017). SDHR occurs directly from mesoscale
and microscale systems with a short lifetime, and rapid varia-
tions  in  atmospheric  elements  (Tian et al.,  2015).  In  recent
years,  the  frequency  of  severe  convective  weather  has
increased over contiguous China, and the spatiotemporal pat-
terns  of  SDHR  have  also  changed  significantly  over  the
YRB  (Zheng  et al.,  2017; Yu  and  Zheng,  2020).  Mean-
while, hourly rain gauge data with high spatiotemporal resolu-
tion have been used to examine the characteristics of SDHR
events in more detail (Chen et al., 2013b; Yu and Li, 2016;
Tian  et al.,  2017).  Due  to  the  continuous  improvement  in
high-resolution rain gauge data, studies can focus on the distri-
bution of SDHR events in different subregions of the YRB,
such as  the  provinces  of  Hubei,  Hunan,  and Jiangxi  (Zhou
et al.,  2018; Lei  et al.,  2020; Liu  et al.,  2020; Yao  et al.,
2020). Tang  et al. (2022)  found  that  topographic  effects
caused an increase in the frequency and amount of SDHR in
mountainous areas over the YRB in the summer of 2020, espe-
cially for high rainfall rates around the Dabie Mountains.

Some statistical and case studies of rainfall have exam-
ined the diurnal variation driven by solar radiation. Influenced
by the forcing of the complex topography and the underlying
surface,  the  summer  precipitation  over  contiguous  China
shows  remarkable  diurnal  variations  with  considerable
regional  characteristics.  In  different  regions,  the  diurnal
peak of  rainfall  can occur  around late  afternoon,  midnight,
early morning, or both late afternoon and early morning (Yu
et al., 2007c; He and Zhang, 2010; Chen et al., 2012, 2019;
Zhuo  et al.,  2014; Yu  and  Li,  2016; Li  et al.,  2017, 2022;
Mu et al.,  2021; Xia et al.,  2021). The diurnal variations of
rainfall  over  the  YRB  also  show  a  spatial  diversity  due  to
the influence of synoptic circulations and local topography.
Specifically, the diurnal phase is delayed eastward along the
YRB, with a  midnight  maximum appearing over  the upper
basin,  an  early-morning  peak  over  the  middle  basin,  and  a

late-afternoon peak over the lower basin (Yu et al., 2007c).
This west-to-east lagging phenomenon was proven to be inex-
tricably related to the contribution of persistent precipitation
(Chen  et al.,  2010).  According  to  the  previous  studies  (Yu
et al., 2007b; Chen et al., 2010), the hourly rainfall of long-
duration rainfall  events tends to peak in the early morning,
while that of short-duration rainfall events usually peaks in
the late afternoon. The late-afternoon peak of short-duration
rainfall  events  is  probably  related  to  the  diurnal  cycle  of
local solar heating, which can significantly affect low-level
atmospheric instability, while the mechanisms of the early-
morning precipitation are more complex. In addition, the diur-
nal variation of rainfall over the YRB in non-typical mei-yu
years appears as a bimodal structure with peaks in the early
morning  and  afternoon,  while  that  in  normal  mei-yu  years
exhibits a single morning peak (Zhang et al., 2020).

As  mentioned  above,  previous  studies  have  already
gained an understanding of the general characteristics of rain-
fall  over  the  YRB.  However,  most  were  mainly  based  on
the mean precipitation (averaged over the entire study area).
It is noteworthy that orographic factors greatly influence the
spatial  variability  of  rainfall  over  complex  topographies
(e.g., areas near mountains) by initiating and enhancing rain-
fall  (Basist  et al.,  1994; Goovaerts,  2000; Al-Ahmadi  and
Al-Ahmadi,  2013; Zhang et al.,  2017; Yu et al.,  2018; Sar-
madi  et al.,  2019).  Previous  studies  have  revealed  that  the
mean  and  maximum  rainfall  of  station  observations
increase, reach a maximum, and then decrease as the elevation
becomes higher (Fo, 1992; Bookhagen and Burbank, 2006;
Nikolopoulos  et al.,  2015; Salerno et al.,  2015; Zhou et al.,
2019). When the climate is very wet, the occurrence height
of the maximum rainfall over the windward slope will occur
in the foothills (Fo, 1992), where a notable enhancement of
rainfall  can be observed (Frei and Schär,  1998). Therefore,
the orographic effects of foothills and mountains on rainfall
play a profound role in the final distribution of rainfall over
land  (Houze,  2012).  In  the  YRB,  the  relationship  between
the  rainfall  and  the  local  topography has  been  investigated
using  numerical  simulations  and  other  methods  (Feng  and
Zhang, 2007; Shi et al., 2012). In addition, the mesoscale fea-
tures  of  the  topography  over  the  Tibetan  Plateau  also  play
an  important  role  in  generating  mesoscale  disturbances,
which propagate eastward to enhance convection and precipi-
tation over the YRB (Shi et al., 2008). These studies demon-
strate that the complex terrain over the YRB also has signifi-
cant influences on the regional rainfall distribution. In conclu-
sion, a thorough understanding of the spatiotemporal rainfall
characteristics over the different terrain features of the YRB
is necessary to understand how the terrain impacts the rainfall
distribution over the YRB.

The present paper is dedicated to exploring in detail the
spatiotemporal rainfall characteristics over different underly-
ing features in the middle reaches of the YRB. Hourly rain
gauge data are used to analyze the spatiotemporal characteris-
tics of TR and SDHR during the warm season (May–Septem-
ber) from 2016 to 2020. The main differences between TR
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and SDHR are also discussed.
The remainder of this paper is organized as follows: Sec-

tion  2  introduces  the  data  and  methods.  Section  3  presents
the statistical results of TR and SDHR, including their spatial
distributions,  annual and monthly variations,  as well  as the
evolution of  their  diurnal  variations.  Finally,  a  summary is
given in section 4.
 

2.    Data and methods

In this study, we define the middle reaches of the YRB
as the region within 25.5°–36.0°N and 108°–119°E (Fig. 1).
The underlying surface of this region is complex, due to the
dense distribution of  cities,  rivers  and lakes,  as  well  as  the
unique terrain with low elevation in the central part but high
elevation in the eastern and western parts (Fig. 1). The moun-
tains located in the western part are the second-step terrain
over  the  YRB,  which  has  an  elevation  greater  than  700  m
(Yang et al., 2020). Hourly rain gauge data during the warm
season (May–September) from 2016 to 2020 were obtained
from the National Climate Center of the China Meteorological
Administration.  There  are  a  total  of  2596  assessment  rain
gauge  stations  over  the  middle  reaches  of  the  YRB.  To
reduce  the  influence  of  missing  values  on  the  statistical
results,  stations  were  selected  using  the  following  criteria.
For a given station, a month with at least one rainfall record
was  treated  as  an  effective  month,  and  a  year  with  more
than three effective months was treated as an effective year.
Based  on  the  above  procedures,  a  total  of  2529  stations
(Fig.  2a),  including  664  national  stations  (Fig.  2b),  were
selected.  Then,  the  observational  data  from  these  stations
were subjected to quality control by applying a spatiotemporal

consistency check (Ren et al., 2010), which consists of a cli-
matological and regional limit value test (Step 1), a time con-
sistency test (Step 2), and a spatial consistency test (Step 3).
The three steps can eliminate possible false rainfall records,
including  abnormally  high  values  (Step  1),  continuously
unchanged values (Step 2), and abnormal high values of a sta-
tion compared with its nearby stations (Step 3). In the analysis
that follows, TR represents all hourly rainfall events, while
SDHR only includes events with hourly rainfall no less than
20.0 mm. Rainfall frequency for a period of time is defined
as the accumulated number of hours with a rainfall amount
of no less than 0.1 mm. Rainfall intensity is obtained by divid-
ing the rainfall amount by the rainfall frequency.

To analyze  the  impacts  of  terrain  on  rainfall,  previous
studies have used different criteria to classify stations into dif-
ferent categories. Some of them distinguished between moun-
tains and plains with a threshold of 500 m (Yang and Sun,
2018; Ma et al.,  2021). Other studies defined areas with an
elevation  below  100  m  as  plains,  areas  with  an  elevation
above  400  m  as  mountains,  and  areas  with  an  elevation
between 100 and 400 m as foothills (Wang et al., 2020; Yu
et al.,  2021).  To obtain a  reasonable  classification criterion
in the present study area, station numbers (Fig. 3) and spatial
distribution  (Fig.  2)  from  two  sets  of  criteria  (Criteria  1:
0–100 m defines “plain”, 100–400 m defines “foothill”, and
more  than  400 m defines “mountain”;  Criteria  2:  0–100 m
defines “plain”,  100–500  m  defines “foothill”,  and  more
than 500 m defines “mountain”) are compared.  The results
obtained by Criteria 2 show that the percentage of mountain
stations to foothill or plain stations is only about 50%. How-
ever, this ratio increases up to 70% when Criteria 1 is used.
The spatial distribution related to the different stations from
the two sets of criteria are similar (Fig. 2). Therefore, Criteria
1 is used to classify the stations into mountain, foothill, and
plain  stations  in  the  present  study.  Thus,  the  limitation  on
the  statistical  results  due  to  the  uneven  sample  sizes  could
be reduced as much as possible, and at the same time the topo-
graphic  characteristics  of  the  middle  reaches  of  the  YRB
could be reasonably manifested. The spatial distributions of
these classified stations are shown in Figs. 2a and b. Mountain
stations, plain stations, and foothill stations are mainly con-
centrated in the western, northeastern, and southern parts of
the study area, respectively. 

3.    Results
 

3.1.    General characteristics

Figure  4 shows  the  annual  and  monthly  variations  of
TR and SDHR based on the averaged results of all stations
over the middle reaches of the YRB during the warm season
(May–September) from 2016 to 2020. The annual variations
of both TR and SDHR show a consistent pattern in terms of
the amount and frequency (Figs. 4a, c, e and g), with a low
rainfall amount (frequency) occurring in 2018 and 2019 and
the  highest  rainfall  amount  (frequency)  occurring  in  2020.
The  peak  values  are  related  to  the  frequent  occurrence  of
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Fig.  1. Topographic  map  (shading;  units:  m)  of  the  middle
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long-duration  heavy  rainfall  events  over  the  YRB  during
June–August  in  2020  (Ding  et al.,  2021; Fang  et al.,  2021;
Wang  et al.,  2021; Tang  et al.,  2022).  The  annual  rainfall-
amount contribution of SDHR to TR (CST) falls within the
range of 16% to 18% (Fig. 4a). However, when considering
the  occurrence  frequency,  it  is  noteworthy  that  the  annual
CST remains at about 1% (Fig. 4e), indicating the low fre-

quency of SDHR. To further analyze the contribution of the
different grades of SDHR, SDHR is divided into four parts
according  to  the  hourly  rainfall  intensity  (20–30  mm  h−1,
30–40 mm h−1, 40–50 mm h−1, and above 50 mm h−1). It is
found  that  the  four  grades  of  rainfall  account  for  about
51%–55%  (64%–67%),  25%  (21%),  12%  (8%),  and  10%
(5%)  of  the  total  SDHR  in  terms  of  amount  (frequency),

 

108°E 110°E 112°E 114°E 116°E 118°E
25.5°N

27.5°N

29.5°N

31.5°N

33.5°N

35.5°N

108°E 110°E 112°E 114°E 116°E 118°E
25.5°N

27.5°N

29.5°N

31.5°N

33.5°N

35.5°N

(a)
 2529 stations

z<100m 100m<=z<400m z>=400m

108°E 110°E 112°E 114°E 116°E 118°E
25.5°N

27.5°N

29.5°N

31.5°N

33.5°N

35.5°N

108°E 110°E 112°E 114°E 116°E 118°E
25.5°N

27.5°N

29.5°N

31.5°N

33.5°N

35.5°N

(b)
 664 stations

108°E 110°E 112°E 114°E 116°E 118°E
25.5°N

27.5°N

29.5°N

31.5°N

33.5°N

35.5°N

0 500 1000 1500 2000 2500

108°E 110°E 112°E 114°E 116°E 118°E
25.5°N

27.5°N

29.5°N

31.5°N

33.5°N

35.5°N

(c)
 2529 stations

z<100m 100m<=z<500m z>=500m

108°E 110°E 112°E 114°E 116°E 118°E
25.5°N

27.5°N

29.5°N

31.5°N

33.5°N

35.5°N

0 500 1000 1500 2000 2500

108°E 110°E 112°E 114°E 116°E 118°E
25.5°N

27.5°N

29.5°N

31.5°N

33.5°N

35.5°N

(d)
 664 stations

 

Fig. 2. Locations of rivers (blue lines) and meteorological stations: (a) assessment stations for Criteria 1; (b) national
stations for Criteria 1; (c) assessment stations for Criteria 2; (d) national stations for Criteria 2. The red dots denote
mountain  stations  with  elevations  higher  than  400  m  (Criteria  1)  or  500  m  (Criteria  2).  The  orange  dots  denote
foothill  stations with elevations between 100 m and 400 m (Criteria 1) or 100 m and 500 m (Criteria 2). The light
blue dots denote plain stations with elevations lower than 100 m. The black lines denote provincial boundaries. Gray
shading indicates the elevation (units: m).
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respectively (Figs. 4c and g).
It is well-known that rainfall in eastern China is closely

related to the migration of the East Asian summer monsoon
(EASM)  in  the  warm  season  (Tao,  1987; Ding  and  Chan,
2005; Ding and Wang, 2008). With the onset and northward
advancement of the EASM, the rainband moves from South
China  to  North  China  from  May  to  August.  Generally,  a
quasi-stationary rainband (mei-yu front) is located over the
YRB from mid-June  to  mid-July  (Tao,  1987; Ding,  1992).
The  monthly  variations  of  TR  and  SDHR  over  the  middle
reaches of the YRB therefore increase first and decline after-
wards during May to August in both amount and frequency
(Figs.  4b, d, f and h).  The  difference  between  TR  and
SDHR primarily lies in the peak month, with the former in
June (Figs. 4b and f) but the latter in July (Figs. 4d and h).
The  July  peak  of  SDHR  is  possibly  associated  with  the

stronger thermal effects in July compared to June. These ther-
mal effects primarily control the local mesoscale weather sys-
tems that cause local precipitation (Houze, 1993; Guo et al.,
2017). The monthly CST (in frequency) remains within the
range of 0.32%–1.74% (Fig. 4f), while the monthly CST (in
amount)  increases  from 13% to  23% from May  to  August
and then decreases to 7% in September (Fig. 4b). Compared
with  the  annual  variation  of  the  CST  (in  amount)  with  a
range of 16%–18% (Fig. 4a), its monthly variation is more
significant during the warm season. The contribution of the
four grades of SDHR to total SDHR also varies widely from
May  to  September  (Figs.  4d and h).  The  four  grades  of
hourly SDHR intensity account for 49%–60% (62%–71%),
23%–26% (20%–23%), 10%–13% (6%–9%), and 6%–12%
(3%–6%)  of  the  total  SDHR  in  terms  of  amount
(frequency),  respectively.  In  addition,  the  annual  and
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Fig.  3. Numbers  of  mountain,  foothill,  and  plain  stations  corresponding  to  (a,  c)  assessment  stations  and  (b,  d)  national
stations, based on (a, b) Criteria 1 and (c, d) Criteria 2. Criteria 1 defines areas with elevations lower than 100 m as plains,
between 100–400 m as foothills, and higher than 400 m as mountains. Criteria 2 is slightly different from Criteria 1 in the
threshold distinguishing mountains from foothills, which is substituted as 500 m.
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Fig.  4. The (a,  c,  e,  g)  annual  and (b,  d,  f,  h)  monthly variations  of  the  (a,  b)  TR amount,  (c,  d)  SHDR amount,  (e,  f)  TR
frequency, and (g, h) SHDR frequency, based on the averaged results of all 2529 stations over the middle reaches of the YRB
during  the  warm  season  (May–September)  from  2016  to  2020.  In  the  histogram,  gray,  green,  orange,  and  red  shading
indicates hourly precipitation of 0–20 mm, 20–30 mm, 30–40 mm, 40–50 mm, and above 50 mm, respectively. The number
in each shaded part indicates its proportion.
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monthly  variations  of  the  SDHR  amount  (Figs.  4c and d)
show similar patterns to those of SDHR frequency (Figs. 4g
and h).

In general, precipitation can be divided into convective
and stratiform precipitation according to their cloud proper-
ties  (Houze,  1993).  Convective  precipitation  usually  corre-
sponds to severe upward motion and unstable stratification,
while stratiform precipitation usually occurs in relatively sta-
ble  stratification  (Tao  et al.,  1993; Houze,  1997).  Previous
studies have pointed out that it  is impossible to completely
distinguish convective precipitation from stratiform precipita-
tion simply by setting a threshold of  precipitation intensity
(Wallace, 1975; Steiner et al., 1995). However, hourly precipi-
tation of less than 2.5 mm can generally represent stratiform
precipitation (Wallace, 1975; Fu and Liu, 2003). Hourly pre-
cipitation of between 5 mm and 10 mm can belong to either
stratiform precipitation or convective precipitation, or a mix-
ture  of  both  (Steiner  et al.,  1995; Fu  and  Liu,  2003; Chen
et al., 2013a). Hourly precipitation up to 20 mm and above
can only  be  caused by convective  clouds  (Davis,  2001; Fu
and  Liu,  2003; Zhang  and  Zhai,  2011; Chen  et al.,  2013a;
Zheng et al., 2019). Therefore, according to the definition of
SDHR, the statistical  results  related to SDHR in this  study
can reasonably represent the changes of convective precipita-
tion and its contribution to total precipitation. Consequently,
the results in Fig. 4 further indicate that the annual contribu-
tion  of  convective  precipitation  to  total  precipitation  could
reach at least 16% in terms of amount during the warm season
over the middle reaches of the YRB, and the monthly contri-
bution increases from May to August with a peak of at least
23% in August. The annual or monthly contribution of con-
vective  precipitation  frequency  to  total  precipitation  fre-
quency is below 2%. 

3.2.    Spatiotemporal  characteristics  related  to  different
terrain features

The topography of the middle reaches of the YRB is char-
acterized by high elevation in the east and west, but low eleva-
tion  in  the  central  part  (Fig.  1).  Such  topographic  features
are usually an important factor affecting the distribution of
local  rainfall,  especially  heavy  rainfall  (Yao  et al.,  2020;
Chen et al., 2022; Tang et al., 2022). In order to investigate
the  temporal  and  spatial  distribution  characteristics  of  TR,
SDHR, and CST, in both amount and frequency, over the dif-
ferent terrain features of the middle reaches of the YRB, the
rainfall  characteristics  over  the  mountains,  in  the  foothills,
and  over  the  plains  are  analyzed  based  on  the  hourly  data
from mountain, foothill, and plain stations. 

3.2.1.    Spatial distribution

Figure  5 shows  the  spatial  distribution  of  TR,  SHDR,
and  CST  over  the  middle  reaches  of  the  YRB  during  the
warm  seasons  of  2016–20.  The  areas  with  a  high  TR
amount are mainly located where the mountain and foothill
stations are, near the mountainous area (Fig. 5a), which are
referred  to  as  the  western  Hubei  Mountains,  the  western
Hunan  Mountains,  the  Mufu  Mountains,  the  Dabie  Moun-

tains,  the  Huangshan  Mountains,  and  the  Wuyi  Mountains
(Fig. 1). The spatial distribution of TR frequency is consistent
with  that  of  TR  amount  (Fig.  5d),  except  for  a  high-value
area (marked with red triangles) in the western Hubei Moun-
tains, which indicates the frequent occurrence of weak rainfall
in this region as shown in Fig. 5g. The intensity of TR in the
study area shows a pattern of low intensity in the west (most
areas are mountains) and relatively high intensity in the east
(most areas are foothills and plains). The spatial distribution
of SDHR has some different characteristics compared with
TR. The areas with a high SDHR amount are concentrated
in the foothills and over the plains near the above-mentioned
mountainous areas (Fig. 5b). These regions are also character-
ized  by  high  CST  in  terms  of  amount  (Fig.  5c).  However,
for  the  plain  stations  located  in  the  northern  part  of  Anhui
Province, the eastern part of Henan Province, and the central
part  of  Hubei  Province,  the  CST  in  terms  of  amount  can
reach more than 30%. The SDHR frequency and its contribu-
tion to the TR frequency have similar spatial characteristics
to the SDHR amount and its CST (Figs. 5e and f). The inten-
sity of SDHR in the northern part of the study area is higher
than that in the southern part (Fig. 5h). The monthly spatial
distribution  of  SDHR frequency displays  northward  move-
ment of the heavy rainbands from May to August  (Fig.  6).
In  June  and  July,  when  heavy  precipitation  occurs  fre-
quently,  the  high-value  areas  (SDHR  frequency  more  than
15) are mainly distributed where the foothill and plain stations
are,  near  the  mountainous  areas  in  Hubei,  Hunan,  and
Jiangxi provinces. The SDHR amount has a similar monthly
spatial pattern (figure not shown). In short, the spatial charac-
teristics of TR and SDHR suggest that the topography over
the middle reaches of  the YRB has a remarkable influence
on the spatial distribution of the local precipitation. 

3.2.2.    Annual and monthly variation

Figure 7 shows the annual variation of the TR amount
(frequency) based on the respective averaged results of moun-
tain, foothill, and plain stations. In terms of the 5-year aver-
aged results, the TR amount is highest in the foothills and low-
est  over the plains,  while the TR frequency is  highest  over
the  mountains  and  lowest  over  the  plains  (Figs.  7a and b).
According  to  the  annual  variations  of  SDHR  amount  (fre-
quency), the differences between the foothill rainfall and the
plain rainfall are not significant, but both are larger than the
mountain  rainfall  (Figs.  7c and d).  For  the  CST,  both  in
amount  and  frequency,  the  plains  are  characterized  by  the
highest contribution, while the mountains are characterized
by the lowest contribution (Figs. 7e and f). From the perspec-
tive  of  the  average  rainfall  intensity  of  the  five  years,  it  is
found that both TR and SDHR show high intensity over the
plains  and  low  intensity  over  the  mountains  (Figs.  7g and
h). There are some differences in the distributions of moun-
tain,  foothill,  and  plain  rainfall  over  the  middle  reaches  of
the  YRB during  the  warm seasons  of  2016–20.  The  plains
are characterized by low TR frequency as well as high inten-
sity  and  CST.  The  foothills  are  characterized  by  high  TR
amount  and  high  CST.  The  mountains  have  high  TR  fre-
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quency and low CST, indicating that the rainfall intensity is
weaker over the mountains. Frei and Schär (1998) revealed
that  there  is  a  notable  enhancement  of  precipitation  in  the
foothills  along  the  Alps.  The  results  of  the  present  study
also  show that  the  foothills  over  the  middle  reaches  of  the
YRB have the highest TR amount, indicating that the enhance-
ment of precipitation by mountains is mainly located in the
foothills.

The monthly variations of  rainfall  over  the mountains,
in the foothills, and over the plains also show notable differ-
ences  (Fig.  8).  In  May  and  June,  the  TR  amount  in  the
foothills  is  much  larger  than  that  over  the  mountains  and
plains  (Fig.  8a).  In  July,  the  TR amount  over  the  plains  is
highest, followed by that in the foothills and over the moun-
tains.  In  August,  the  TR amount  over  the  plains  is  slightly

higher than that  over the mountains and in the foothills.  In
September, the differences among the TR amounts over the
mountains,  in  the  foothills,  and  over  the  plains  increase,
with the highest (lowest) rainfall amount over the mountains
(plains). From May to September, the TR frequency is highest
over  the  mountains,  then  in  the  foothills,  and  lowest  over
the  plains  (Fig.  8b).  The  monthly  variations  of  the  SDHR
amount  and  frequency  are  consistent  (Figs.  8c and d).  In
May and June, the foothills have the highest SDHR amount
(frequency),  while  in  July  and  August  the  plains  have  the
highest  SDHR  amount  (frequency).  In  September,  the
SDHR amount (frequency) in the foothills and over the moun-
tains  is  slightly  higher  than  that  over  the  plains.  The  CST,
both in amount and frequency (Figs. 8e and f), keeps increas-
ing from May to August, and decreases sharply in Septem-
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Fig. 5. Spatial distribution of the annual average (a) TR amount, (b) SHDR amount, (c) contribution rate of SHDR amount to TR
amount, (d) TR frequency, (e) SHDR frequency, (f) contribution rate of SHDR frequency to TR frequency, (g) TR intensity, and
(h)  SHDR  intensity,  over  the  middle  reaches  of  the  YRB  during  the  warm  season  (May–September)  from  2016  to  2020.
Triangles,  circles,  and  crosses  indicate  mountain,  foothill,  and  plain  stations,  respectively.  The  colors  of  symbols  in  (a)  and
(b)  denote  the  rainfall  amount  (units:  mm).  The  colors  of  symbols  in  (d)  and (e)  denote  the  rainfall  frequency (units:  h).  The
colors of symbols in (c) and (f) are denote ratios (%). The colors of symbols in (g) and (h) denote the intensity of hourly rainfall
(units: mm h−1).
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ber,  with  the  highest  in  the  foothills,  then  over  the  plains,
and the lowest over the mountains. The intensity of TR and
SDHR  (except  the  SDHR  intensity  over  the  mountains)
shows  a  single-peak  pattern  (TR  intensity  in  July,  and
SDHR intensity in August) in the monthly variation. The high-
est intensity of TR and SDHR from June to August is over
the plains, while the lowest is over the mountains (Figs. 8g
and h).

It is noticeable that the TR amount and SDHR amount
(frequency)  in  the  foothills  are  highest  in  May  and  June,
while those over the plains are highest in July and August.
This may be mainly due to the changes in the main synoptic
circulations  from May to  August,  implying that  the  effects
of topography on the rainfall distribution are significantly dif-
ferent under the different synoptic circulations in the study
area.  The  weather  systems  in  May  and  June  are  likely  to
increase the precipitation in the foothills, while those in July
and  August  tend  to  increase  the  precipitation  over  the
plains.  Synoptic  systems  related  to  heavy  rainfall  over  the
YRB include the mei-yu front with a subtropical frontal struc-
ture (Ding, 1994; Luo et al., 2014; Ng et al., 2021), southwest-
erly  low-level  jets  that  are  embedded  within  monsoon  air-
flows  (Chen  et al.,  2005),  low-pressure  systems  or
mesoscale  vortices  moving  along  the  mei-yu  front  (Zhang
et al., 2018), midlevel troughs (Liu et al., 2008), and the west-
ern  Pacific  subtropical  high  (Ding,  1994; Ding  and  Chan,
2005).  These  synoptic  systems  provide  different  favorable
dynamic  and  thermodynamic  conditions  for  the  formation

of  heavy  rainfall  during  the  mei-yu  season  (Chen  and  Yu,
1988; Luo et al., 2020). Under the impact of these favorable
dynamic and thermal conditions, local topography can con-
tribute to the initiation of deep convection and modulate the
rainfall  location  and  intensity  (Liu  et al.,  2008).  During
July–August,  the  high  rainfall  amount  over  the  plains  may
be produced by eastward-propagating mesoscale convective
systems  (MCSs)  from  second-step  terrain  (Yang  et al.,
2020), which are long in duration and produce severe rain-
fall. The enhancement of foothill rainfall in May and June is
caused by the rainfall events associated with different moun-
tains (i.e., the Dabie Mountains, second-step terrain). There-
fore, the mechanism for the enhancement is complicated. It
is closely related to the size and orientation of mountains, as
well as the direction and intensity of airflow, which are impor-
tant factors influencing the formation of rainfall near moun-
tainous  areas  (Roe,  2005; Rotunno  and  Houze,  2007;
Houze, 2012). These factors can cause the forced rising of air-
flow  on  the  windward  slope  and  the  diversion  of  airflow
around  the  mountain  barrier  (Yu  et al.,  2007a; Cheng  and
Yu, 2019).
 

3.2.3.    Diurnal variation of the whole warm season

Figure 9 shows the diurnal variations of rainfall amount
and  frequency  based  on  the  mean  states  of  mountain,
foothill,  and  plain  stations  over  the  middle  reaches  of  the
YRB during the study period. The diurnal variations of TR
amount (frequency) over the mountains, in the foothills, and
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Fig.  6. Monthly  spatial  distribution  of  the  accumulated  SHDR  frequency  over  the  middle  reaches  of  the  YRB  in  (a)  May,
(b) June, (c) July, (d) August, and (e) September. Triangles, circles, and crosses indicate mountain, foothill, and plain stations,
respectively. The colors of symbols denote the rainfall frequency (units: h). Stations with SDHR frequency less than 6 h are not
displayed.
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over  the  plains  show  two  peaks  (Figs.  9a and b):  one
appears  in  the  late  afternoon  [around  1600  BJT  (Beijing
Time), BJT=UTC+8], and the other appears in the early morn-

ing  (around  0800  BJT).  This  is  consistent  with  previous
results on the diurnal variation of precipitation over the mid-
dle reaches of the YRB (Yuan et al., 2010; Sun and Zhang,

 

2016 2017 2018 2019 2020

Year

400

600

800

1000

A
m

o
u

n
t 

(m
m

)

(a) TR amount

2016 2017 2018 2019 2020

Year

50

100

150

A
m

o
u

n
t 

(m
m

)

(c) SDHR amount

2016 2017 2018 2019 2020

Year

10

15

20

25

P
e

rc
e

n
ta

g
e

 (
%

)

(e) CST (in amount)

2016 2017 2018 2019 2020

Year

200

300

400

500

600

F
re

q
u

e
n

c
y
 (

h
)

(b) TR frequency

2016 2017 2018 2019 2020

Year

2

3

4

5

6

F
re

q
u

e
n

c
y
 (

h
)

(d) SDHR frequency

2016 2017 2018 2019 2020

Year

0.5

1

1.5

P
e

rc
e

n
ta

g
e

 (
%

)

(f) CST (in frequency)

2016 2017 2018 2019 2020

Year

1.4

1.6

1.8

2

2.2

In
te

n
s
it
y
 (

m
m

·h
-1
)

(g) TR intensity

2016 2017 2018 2019 2020

Year

28

29

30

31

In
te

n
s
it
y
 (

m
m

·h
-1
)

(h) SDHR intensity

Plain Foothill Mountain 

Fig. 7. Annual variation of (a) TR amount, (b) TR frequency, (c) SHDR amount, (d) SDHR frequency, (e) contribution rate
of SDHR amount to TR amount, (f) contribution rate of SHDR frequency to TR frequency, (g) TR intensity, and (h) SDHR
intensity,  over the middle reaches of the YRB during the warm season (May–September) from 2016 to 2020. The rainfall
amount and frequency of each year is an accumulation from May to September. The dotted line denotes the mean value of
five years.
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2012; Yu et al., 2014; Zhang et al., 2014b; Yu and Li, 2016;
Tang  et al.,  2022).  However,  the  dominant  peaks  for  the
amount  and frequency of  rainfall  appear  at  different  times:
the former appears in the late afternoon and the latter in the
early morning. Moreover, during the daytime, it  is obvious
that the TR amount in the foothills is the highest, followed

by that over the mountains and plains, while this feature is
not obvious at nighttime (Fig. 9a). The TR frequency of the
three areas shows consistent characteristics of being highest
over  the  mountains,  then  in  the  foothills,  and  lowest  over
the plains, during the whole day (Fig. 9b).

The diurnal variations of SDHR amount and frequency
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Fig.  8. As in Fig.  7 but  for  monthly variation.  The rainfall  amount and frequency of each month is  an accumulation from
2016 to 2020. The dotted line denotes the mean value of five months.
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present a dominant peak in the late afternoon and a second
dominant  peak  in  the  early  morning  (Figs.  9c and d).  The
SDHR  amount  (frequency)  in  the  foothills  is  higher  than

that  over  the  plains  in  the  afternoon,  while  it  is  slightly
lower than that over the plains during most of the time from
night to early morning,  and the SDHR amount (frequency)
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Fig. 9. Mean diurnal variation of (a) TR amount, (b) TR frequency, (c) SHDR amount, (d) SDHR frequency, (e) contribution
rate  of  SDHR amount  to  TR amount,  (f)  contribution rate  of  SHDR frequency to TR frequency,  (g)  TR intensity,  and (h)
SDHR intensity, over the middle reaches of the YRB during the warm season (May–September) from 2016 to 2020.
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over the mountains is lowest during the whole day (Figs. 9c
and d). The diurnal variation of CST (both in amount and fre-
quency)  over  the  mountains,  in  the  foothills,  and  over  the
plains shows a single peak (around 1600 BJT) in the late after-
noon, with the highest one appearing over the plains, followed
by the foothills and then the mountains (Figs. 9e and f).

Further  analysis  shows  that  the  intensity  of  TR  in  the
three  areas  reaches  its  peak  in  the  afternoon  (around  1600
BJT).  The  highest  (lowest)  TR  intensity  is  over  the  plains
(mountains),  which  indicates  that  the  average  precipitation
in  the  mountains  is  weaker  than  that  in  the  foothills  and
over  the  plains.  In  addition,  the  difference  in  TR  intensity
between  the  plains  and  the  foothills  gradually  decreases
from  night  to  afternoon  (Fig.  9g).  This  indicates  that  the
foothills are significantly more affected by the atmospheric
environment  in  the  afternoon  compared  to  the  plains,  thus
resulting  in  a  greater  increase  in  the  TR  intensity.  The
SDHR  intensity  is  lowest  at  noon,  and  then  it  gradually
reaches  a  peak during the  afternoon to  evening.  In  the  late
afternoon (1500–1900 BJT), the differences in SDHR inten-
sity among the mountains, foothills, and plains are obvious,
with  the  highest  SDHR intensity  appearing  over  the  plains
(Fig. 9h).

In general, both the TR amount (frequency) and SDHR
amount  (frequency)  present  an  early-morning  peak  and  a
late-afternoon peak at plain, foothill, and mountain stations
(Figs. 9a–d). The dominant peak of TR amount and SDHR
amount (frequency) occurs in the late afternoon (Figs. 9a, c
and d), while the main peak of TR frequency occurs in the
early morning (Fig. 9b). At different times of the day, there
are  significant  differences  among  the  plain,  foothill,  and
mountain rainfall. During the daytime, the TR amount is high-
est  (lowest)  in  the  foothills  (over  the  plains),  which  is  not
obvious at nighttime (Fig. 9a). A significant increase in TR
intensity from night to afternoon is observed in the foothills,
which is more obvious than that over the plains (Fig. 9g). In
the morning, the plains have the highest SDHR amount (fre-
quency),  which  is  slightly  higher  than  that  in  the  foothills.
In  contrast,  in  the  afternoon,  the  foothills  have  the  highest
SDHR amount (frequency) (Figs. 9c and d). These features
indicate that rainfall is more likely to form in the foothills in
the afternoon under the strong thermal instability caused by
solar  heating,  especially  for  SDHR.  The  intensification  of
TR in the foothills is also stronger in the afternoon. Overall,
compared to the plains and mountains, the afternoon rainfall
in the foothills of the middle reaches of the YRB shows the
following characteristics: (1) TR is characterized by the high-
est  rainfall  amount,  lower  frequency,  and  higher  intensity
(slightly  lower  than  that  over  the  plains),  and  a  significant
intensification  of  the  afternoon  precipitation;  (2)  SDHR  is
characterized  by  both  the  highest  rainfall  amount  and  fre-
quency, but medium intensity (significantly lower than that
over the plains, but higher than that over the mountains).

The  formation  mechanisms  of  the  afternoon  rainfall
peak are complicated. Some previous studies (Pielke, 1984;
Yang and Smith, 2006) have highlighted the crucial influence

of  land  surface  heating.  Diurnally  modulated  land  surface
heating  has  two  major  effects  on  the  atmosphere,  both  of
which  can  lead  to  the  diurnal  variation  of  rainfall:  (i)  the
static destabilization of the atmosphere both in the planetary
boundary  layer  and  in  the  free  troposphere  (referred  to  as
the  land  surface  heating–static  destabilization  mechanism);
(ii)  the formation of regional mesoscale circulations driven
by differential surface heating—that is, by horizontal varia-
tions in land surface heating. In addition, the distribution of
rainfall  near  the  mountains  is  complex,  and  it  is  related  to
both climatic conditions and regional circulations influenced
by topography and elevation (Jiang, 1988; Fo, 1992). As the
airflow rises along the mountain range, on the one hand, the
original water content of the cloud is continuously reduced
due to the formation/maintenance of rainfall (its precipitation
on the mountain slope decreases with increasing elevation).
On the other hand, the rising velocity generated by the topo-
graphic uplift transports moisture in the air below the cloud
base (or condensation level)  to the clouds,  which increases
the water content in the clouds and then increases the rainfall
on  the  mountain  slopes.  Therefore,  the  combined  effect  of
the abovementioned two factors affects precipitation at differ-
ent elevations. When the latter exceeds the former, the rainfall
increases with elevation; otherwise, it decreases (Fo, 1992).
Overall,  the formation of the afternoon rainfall—especially
in the foothills—is a complex process influenced by various
mechanisms. 

3.2.4.    Evolution of the diurnal variation during the warm
season

According  to  the  mean  state  from  May  to  September,
the diurnal variations of TR amount (frequency) and SDHR
amount  (frequency)  exhibit  a  double-peak  pattern.  In  con-
trast,  the  diurnal  variation  of  SDHR  to  TR,  as  well  as  the
intensities  of  TR and  SDHR,  present  a  single-peak  pattern
(Fig. 9). It should be noted that the diurnal variations of rain-
fall are likely to be different in each month. To further illus-
trate the evolutionary characteristics of the diurnal variations
of  rainfall  from  May  to  September,  the  hourly  rain  gauge
data  are  processed  as  follows:  (i)  The  diurnal  variations
from  1  May  to  30  September  are  divided  into  groups  by
every 10 or 11 consecutive days. The mean diurnal variations
of each group are calculated and further normalized to repre-
sent their diurnal phases. Thus, a total of 15 data groups are
obtained, corresponding to the evolution of the diurnal varia-
tions of rainfall from May to September. (ii) The diurnal varia-
tions  from  May  to  September  are  calculated  month  by
month without normalization, so that the differences of rain-
fall over the mountains, in the foothills, and over the plains
can  be  compared.  A total  of  five  data  series  are  ultimately
obtained, which we use to show the main diurnal features of
rainfall in each month. Based on the above results, we find
that three patterns—early-morning peak (EMP), early-morn-
ing  and  late-afternoon  peak  (EMLAP),  and  late-afternoon
peak (LAP)—dominate the diurnal phases of rainfall in differ-
ent periods from May to September.

From  May  to  August,  the  diurnal  variation  of  TR
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amount  has  a  phase  transition  for  EMP  (0501–0520,
denoted  in  MMDD),  EMLAP  (0521–0720),  and  LAP
(0721–0831)  over  the  mountains  and  in  the  foothills
(Figs.  10a2 and a3),  and  for  EMLAP  (0501–0520),  EMP
(0521–0620), EMLAP (0621–0720), and LAP (0721–0831)
over the plains (Fig. 10a1). During this period, the difference
in  TR  amount  among  the  mountains,  foothills,  and  plains
decreases, and the diurnal variations over the mountains, in
the  foothills,  and  over  the  plains  gradually  become similar
(Figs.  10a4–a7).  In  September,  the diurnal  variations in  all
areas  switch  to  the  EMLAP (0901–0930)  pattern,  with  the
dominant  peak  appearing  in  the  early  morning  (Figs.
10a1–a3). The differences in TR amount among the moun-
tains,  foothills,  and  plains  turn  to  be  more  evident  (Fig.
10a8). The TR frequency shows a similar pattern to the TR
amount in the evolution of the diurnal variation throughout
the study period (Fig. 10b).

The  evolution  of  the  diurnal  variation  of  TR  intensity
shows  some  differences  (Fig.  10c).  From  May  to  August,
the change of the diurnal phase is a gradual transition process
from EMP to  LAP over  the  mountains  and  in  the  foothills
(Figs.  10c2–c3),  while  a  more  complex  process  appears
over the plains (Fig. 10c1). During this period, the TR inten-
sity  in  the  foothills  is  higher  than  that  over  the  mountains
throughout the whole day,  while that  over the plains keeps
increasing to a maximum in August. This enhances the diff-
erences  among  the  mountains,  foothills,  and  plains
(Figs.  10c4–c7).  In  September,  the  diurnal  phases  over  the
mountains, in the foothills, and over the plains are very differ-
ent from each other. The peak hours over the mountains and
in  the  foothills  are  mainly  concentrated  in  the  period  from
morning to  late  afternoon (Figs.  10c2 and c3),  while  those
over  the  plains  are  more  complicated,  with  the  afternoon
peak  almost  disappearing  during  mid-to-late  September
(Fig. 10c1).

Compared with the TR amount (frequency), the SDHR
amount  (frequency)  shows  a  similar  transition  process  of
the diurnal phase during May to August, albeit with a more
sporadic  distribution  (Figs.  11a1–a3, b1–b3).  The  SDHR
intensity has no obvious peak during its phase transition pro-
cess from May to September (Figs. 11c1–c3). The differences
among the mountains, foothills, and plains are also not evident
(Figs.  11c4–c8).  The  diurnal  variations  of  CST  vary  from
May  to  September  (Fig.  12):  from  May  to  August,  high
CST in terms of amount is mainly distributed in the period
from afternoon to night (Figs. 12a1–a3), while high CST in
terms of frequency is firstly mainly distributed in the period
from  afternoon  to  night  from  May  to  late  July,  and  then
turns to be mainly concentrated in the afternoon in August
(Figs. 12b1–b3).

Furthermore, it should be noted that the SDHR amount
(frequency)  and  its  contribution  to  the  TR  amount  (fre-
quency) consistently show the following evolutionary charac-
teristics: from May to August, the differences in the diurnal
variations  among  the  mountains,  foothills,  and  plains  keep
increasing; the diurnal variations in the foothills  are higher

than  those  over  the  mountains  throughout  the  whole  day;
and  the  diurnal  variations  over  the  plains  (blue  lines  in
Figs. 11a4–a7, b4–b7and Figs. 12a4–a7, b4–b7) keep increas-
ing  to  be  the  highest  among  the  three  areas  in  August
(Figs. 11a4–a7, b4–b7; Figs. 12a4–a7, b4–b7). As mentioned
above, TR also shows changes from May to August in the dif-
ferences  among  the  mountains,  foothills,  and  plains,  with
the  difference  in  TR  amount  (frequency)  continuing  to
decrease, while the difference in TR intensity continuing to
increase (Figs. 10a4–a7, b4–b7, c4–c7). These results reveal
that the rainfall differences among the mountains, foothills,
and plains change gradually from May to August, probably
indicating that the response of rainfall to orographic forcing
also varies as the effects of different large-scale circulations
change.

In  summary,  the  evolution  of  the  diurnal  variations  of
TR  and  SDHR  (amount,  frequency  and  intensity)  over  the
mountains, in the foothills, and over the plains is very compli-
cated  and  diverse  during  the  warm  season.  Nevertheless,
there  is  a  notable  phase transition from EMP to LAP from
May to August, which is closely related to the advance and
retreat of the rainbands associated with the EASM circulation
(Chen  et al.,  2009; Yuan  et al.,  2010). Chen  et al. (2009)
found  that  early-morning  precipitation  in  southeastern
China plays a dominant role in May and June, while afternoon
precipitation is stronger in summer. Yuan et al. (2010) also
revealed  that  precipitation  in  central-eastern  China  during
the active monsoon period shows notable EMPs that exhibit
banded  spatial  distributions  and  move  with  the  main  rain-
bands,  while  precipitation  during  the  intermittent  period  is
mainly concentrated in the period from late afternoon to mid-
night over this region. The EMP is closely related with the
dynamical forcing from synoptic systems (i.e., mei-yu front,
low-level  jets,  and  their  interaction  with  terrain)  (Sun  and
Zhang, 2012; Chen et al., 2017), while the LAP is primarily
caused  by  short-duration  rainfall  events  controlled  by  the
local  thermal  convection  (Zhou  and  Wang,  2006; Li  et al.,
2008). Over the Dabie Mountains, one mechanism for the for-
mation  of  an  EMP  is  the  interaction  between  the  uplifting
effect  of  the  Dabie  Mountains  and  a  nocturnal  boundary
layer low-level jet (Fu et al., 2019). In general, the results of
the present study show that, with the advance and retreat of
the monsoon rainbands, the diurnal variation of rainfall during
the  warm  season  over  the  middle  reaches  of  the  YRB
exhibits  complicated  evolutionary  characteristics  under  the
influence of complex topographic distributions.
 

4.    Summary

Based on hourly rain gauge observational data during a
period of five warm seasons (2016–20), the spatiotemporal
distributions  of  rainfall  over  three  types  of  terrain  (moun-
tain,  foothill,  and  plain)  in  the  middle  reaches  of  the  YRB
are  analyzed in  terms of  TR amount  (frequency and inten-
sity),  SDHR  amount  (frequency  and  intensity),  and  the
CST. The main findings can be summarized as follows:
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Fig.  10. Evolution  of  the  diurnal  variation  of  (a)  TR  amount,  (b)  TR  frequency,  and  (c)  TR  intensity,  over  the  middle
reaches of  the YRB during the warm season (May–September)  from 2016 to 2020.  Panels  (a1–a3),  (b1–b3),  and (c1–c3)
show the evolution of mean normalized diurnal variation at mountain, foothill, and plain stations per 10 or 11 days. Panels
(a4–a8), (b4–b8), and (c4–c8) show the mean diurnal variation of each month from May to September. The units in (a4–a8)
are mm. The units in (b4–b8) are h. The units in (c4–c8) are mm h−1.
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(1) The TR amount (frequency) and SDHR amount (fre-
quency)  show  similar  annual  variations  but  different
monthly variations, with the peak month of the TR amount

(frequency)  appearing  in  June  and  the  peak  month  of  the
SDHR  amount  (frequency)  appearing  in  July.  The  CST  in
terms  of  amount  varies  slightly  per  year  (16%–18%),  with
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Fig. 11. As in Fig. 10 but for the (a) SDHR amount, (b) SDHR frequency, and (c) SDHR intensity.
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the  maximum  of  23%  appearing  in  August,  whereas  the
CST in terms of frequency per year is low (≤ 2%).

(2) The TR amount (frequency) and SDHR amount (fre-
quency) show notable differences among mountain, foothill,
and  plain  areas.  The  areas  with  a  high  TR  are  mainly
located over the mountains and in the foothills over the middle
reaches  of  the  YRB,  while  those  associated  with  a  high
SDHR are mainly concentrated at the foothill and plain sta-
tions close to the mountains. The mean rainfall of the warm
season in the foothills is characterized by a high TR amount
and high CST;  rainfall  over  the  mountains  is  characterized
by a high TR frequency as  well  as  low CST and intensity;
and  rainfall  over  the  plains  shows  a  low  TR  amount  (fre-
quency) as well as a high CST and intensity.

(3)  The  diurnal  variations  of  TR  and  SDHR  show
diverse characteristics in mountain, foothill, and plain areas
during  the  warm  season.  They  exhibit  a  double-peak  pat-
tern,  with  one  weak  peak  appearing  in  the  early  morning

and  the  other  strong  peak  appearing  in  the  late  afternoon.
Overall, the rainfall in the foothills shows the strongest after-
noon diurnal peak, with the following characteristics: TR is
characterized  by  the  highest  rainfall  amount,  lower  fre-
quency, and a significant intensification of the afternoon rain-
fall intensity; SDHR is characterized by both the highest rain-
fall  amount  and  frequency,  but  medium  intensity.  These
results  suggest  that  atmospheric  thermal  instability  due  to
solar heating plays an important role in the late-afternoon rain-
fall intensification in the foothills, which is more likely to pro-
duce SDHR.

(4) The diurnal variations of TR and SDHR are accompa-
nied  by  notable  phase  transitions  from an  EMP (mainly  in
May) to a LAP (mainly in August). The diurnal characteristics
of rainfall over the mountains, in the foothills, and over the
plains are also different from May to August. The difference
between  the  diurnal  characteristics  of  TR  amount  (fre-
quency) over the mountains or in the foothills and that over
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Fig. 12. As in Fig. 10 but for the (a) contribution of SDHR amount to TR amount, and (b) contribution of SDHR frequency
to TR frequency.
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the  plains  gradually  becomes  less  noticeable  from  May  to
August.  The  SDHR  amount  (frequency)  over  the  plains
rises to be the highest among the three types of terrain. The
phase  transition  of  diurnal  variation  is  possibly  related  to
the migration of monsoon rainbands affected by monsoon cir-
culations  (Chen  et al.,  2009; Yuan  et al.,  2010),  and  the
responses of precipitation to topographic forcing vary as the
synoptic circulations change.

As SDHR is usually considered as convective precipita-
tion (Davis, 2001; Fu and Liu, 2003; Zhang and Zhai, 2011;
Chen et al., 2013a; Zheng et al., 2019), the results on SDHR
in this study can to some extent reflect the distribution charac-
teristics of convective precipitation over the middle reaches
of the YRB during the warm season. Overall, the contribution
of  convective  precipitation  to  total  precipitation  is  above
16%  during  the  warm  season,  with  a  maximum  of  23%
appearing  in  August.  Moreover,  it  tends  to  form  in  the
foothills in the afternoon and contributes more to the total pre-
cipitation in the foothills and over the plains than that over
the mountains.

In  addition,  stations  in  this  study  were  divided  into
three  groups  (mountain,  foothill,  and  plain)  according  to
their elevation, and the spatiotemporal variations of precipita-
tion were then analyzed according to the averaged results of
each type of station. It is found that SDHR is weak over the
mountains. Although most of the mountain stations are con-
centrated  in  the  western  part  of  the  study  area  (Fig.  1),
SDHR was  rarely  observed  at  the  mountain  stations  in  the
northwestern  part  during  the  study  period  (Fig.  5).  This  is
the  main  reason  why  the  averaged  SDHR  amount  (fre-
quency)  within  mountain  areas  is  lower  than  that  within
plain  areas  and  in  the  foothills  (Figs.  7c and  d).  However,
the SDHR amount (frequency) at some mountain stations in
the southern part of the study area is not low (Fig. 5). Consid-
ering  the  interspersed  spatial  distribution  of  mountain,
foothill,  and  plain  stations  over  the  middle  reaches  of  the
YRB,  some  plain  stations  with  heavy  rainfall  are  located
close to the mountains (Figs. 5 and 6), which to some extent
also increases the SDHR over the plains.

In conclusion, the spatiotemporal distribution characteris-
tics of  the rainfall  over the middle reaches of the YRB are
complicated and diverse. The main reasons for this include
the effects of the migration of the EASM, varied synoptic cir-
culations,  complex  underlying  surfaces  (e.g.,  various  types
of topography, dense urban clusters, etc.), and other funda-
mental factors governing rainfall distribution over hills and
mountains (Yuan et al.,  2010; Luo et al.,  2020; Tang et al.,
2022). The microphysics of particle growth, the response of
a fluid flow to a terrain barrier, and the thermodynamics of
moist air, also act as key factors for controlling the rainfall
pattern over different types of terrain (Houze, 2012). Thus,
further studies focused on rainfall events associated with dif-
ferent  mountains  (i.e.,  Dabie  Mountains,  second-step  ter-
rain)  in  the  study  area,  are  required  to  investigate  how the
topography (windward slopes, leeward slopes, the diversion
of airflow) has an impact on the initiation, intensity, and diur-

nal variation of rainfall processes under different atmospheric
circulations.

Acknowledgements.     The routine surface observational  data
used  in  this  study  were  provided  by  the  National  Meteorological
Center, China Meteorological Administration. This research was sup-
ported  by  the  National  Natural  Science  Foundation  of  China
(Grant  Nos.  U2142202,  41975056,  42230612,  and  41975058),
Youth Innovation Promotion Association, Chinese Academy of Sci-
ences, and the National Key Scientific and Technological Infrastruc-
ture project “Earth System Numerical Simulation Facility” (Earth-
Lab).

REFERENCES 

 Al-Ahmadi, K., and S. Al-Ahmadi, 2013: Rainfall-altitude relation-
ship  in  Saudi  Arabia. Advances  in  Meteorology, 2013,
363029, https://doi.org/10.1155/2013/363029.

 Ali,  R.,  A.  Kuriqi,  S.  Abubaker,  and  O.  Kisi,  2019:  Long-term
trends  and  seasonality  detection  of  the  observed  flow  in
Yangtze river using mann-kendall and sen's innovative trend
method. Water, 11(9),  1855, https://doi.org/10.3390/w110
91855.

 Basist, A., G. D. Bell, and V. Meentemeyer, 1994: Statistical rela-
tionships  between  topography  and  precipitation  patterns. J.
Climate, 7(9),  1305−1315, https://doi.org/10.1175/1520-
0442(1994)007<1305:SRBTAP>2.0.CO;2.

 Bookhagen,  B.,  and  D.  W.  Burbank,  2006:  Topography,  relief,
and  TRMM-derived  rainfall  variations  along  the  Himalaya.
Geophys. Res. Lett., 33(8), L08405, https://doi.org/10.1029/
2006gl026037.

 Chen,  G.  T.  J.,  and  C.  C.  Yu,  1988:  Study  of  low-level  jet  and
extremely  heavy  rainfall  over  northern  Taiwan  in  the  Mei-
Yu  season. Mon.  Wea.  Rev., 116(4),  884−891, https://doi.
org/10.1175/1520-0493(1988)116<0884:SOLLJA&line-
break/>gt;2.0.CO;2.

 Chen, G. T.-J., C.-C. Wang, and D. T.-W. Lin, 2005: Characteristics
of  low-level  jets  over  northern  Taiwan  in  Mei-Yu  season
and their relationship to heavy rain events. Mon. Wea. Rev.,
133(1), 20−43, https://doi.org/10.1175/MWR-2813.1.

 Chen, G. X., W. M. Sha, and T. Iwasaki, 2009: Diurnal variation
of precipitation over southeastern China: Spatial distribution
and its seasonality. J. Geophys. Res.: Atmos., 114, D13103,
https://doi.org/10.1029/2008jd011103.

 Chen, G. X., W. M. Sha, T. Iwasaki, and Z. P. Wen, 2017: Diurnal
cycle of a heavy rainfall corridor over east Asia. Mon. Wea.
Rev., 145, 3365−3389, https://doi.org/10.1175/MWR-D-16-
0423.1.

 Chen, H. M., W. H. Yuan, J. Li, and R. C. Yu, 2012: A possible
cause for different diurnal variations of warm season rainfall
as shown in station observations and TRMM 3B42 data over
the  southeastern  Tibetan  plateau. Adv.  Atmos.  Sci., 29(1),
193−200, https://doi.org/10.1007/s00376-011-0218-1.

 Chen, H. M., R. C. Yu, J. Li, W. H. Yuan, and T. J. Zhou, 2010:
Why  nocturnal  long-duration  rainfall  presents  an  eastward-
delayed diurnal phase of rainfall down the Yangtze river val-
ley. J.  Climate, 23(4),  905−917, https://doi.org/10.1175/
2009jcli3187.1.

 Chen, J., Y. G. Zheng, X. L. Zhang, and P. J. Zhu, 2013a: Distribu-
tion  and  diurnal  variation  of  warm-season  short-duration
heavy rainfall in relation to the MCSs in China. Acta Meteoro-

932 SPATIOTEMPORAL CHARACTERISTICS OF RAINFALL VOLUME 41

 

  

https://doi.org/10.1155/2013/363029
https://doi.org/https://doi.org/10.3390/w11091855
https://doi.org/https://doi.org/10.3390/w11091855
https://doi.org/https://doi.org/10.1175/1520-0442(1994)007<1305:SRBTAP>2.0.CO;2
https://doi.org/https://doi.org/10.1175/1520-0442(1994)007<1305:SRBTAP>2.0.CO;2
https://doi.org/https://doi.org/10.1175/1520-0442(1994)007<1305:SRBTAP>2.0.CO;2
https://doi.org/https://doi.org/10.1029/2006gl026037
https://doi.org/https://doi.org/10.1029/2006gl026037
https://doi.org/https://doi.org/10.1175/1520-0493(1988)116<0884:SOLLJA>2.0.CO;2
https://doi.org/https://doi.org/10.1175/1520-0493(1988)116<0884:SOLLJA>2.0.CO;2
https://doi.org/https://doi.org/10.1175/1520-0493(1988)116<0884:SOLLJA>2.0.CO;2
https://doi.org/https://doi.org/10.1175/1520-0493(1988)116<0884:SOLLJA>2.0.CO;2
https://doi.org/https://doi.org/10.1175/1520-0493(1988)116<0884:SOLLJA>2.0.CO;2
https://doi.org/https://doi.org/10.1175/1520-0493(1988)116<0884:SOLLJA>2.0.CO;2
https://doi.org/https://doi.org/10.1175/MWR-2813.1
https://doi.org/https://doi.org/10.1175/MWR-2813.1
https://doi.org/https://doi.org/10.1175/MWR-2813.1
https://doi.org/10.1029/2008jd011103
https://doi.org/10.1175/MWR-D-16-0423.1
https://doi.org/10.1175/MWR-D-16-0423.1
https://doi.org/10.1175/MWR-D-16-0423.1
https://doi.org/10.1175/MWR-D-16-0423.1
https://doi.org/10.1175/MWR-D-16-0423.1
https://doi.org/10.1175/MWR-D-16-0423.1
https://doi.org/10.1175/MWR-D-16-0423.1
https://doi.org/https://doi.org/10.1007/s00376-011-0218-1
https://doi.org/https://doi.org/10.1007/s00376-011-0218-1
https://doi.org/https://doi.org/10.1007/s00376-011-0218-1
https://doi.org/https://doi.org/10.1007/s00376-011-0218-1
https://doi.org/https://doi.org/10.1007/s00376-011-0218-1
https://doi.org/https://doi.org/10.1007/s00376-011-0218-1
https://doi.org/https://doi.org/10.1007/s00376-011-0218-1
https://doi.org/https://doi.org/10.1175/2009jcli3187.1
https://doi.org/https://doi.org/10.1175/2009jcli3187.1


logica  Sinica, 27(6),  868−888, https://doi.org/10.1007/s13
351-013-0605-x.

 Chen, J., Y. G. Zheng, X. L. Zhang, and P. J. Zhu, 2013b: Analysis
of  the  climatological  distribution  and  diurnal  variations  of
the short-duration heavy rain and its relation with diurnal vari-
ations  of  the  MCSs  over  China  during  the  warm  season.
Acta Meteorologica Sinica, 71, 367−382, https://doi.org/10.
11676/qxxb2013.035.

 Chen, S. Y., Y. Yan, G. Liu, D. X. Fang, Z. Wu, J. He, and J. P.
Tang,  2019:  Spatiotemporal  characteristics  of  precipitation
diurnal  variations  in  Chongqing  with  complex  terrain.
Theor.  Appl.  Climatol., 137(1−2),  1217−1231,
https://doi.org/10.1007/s00704-018-2662-7.

 Chen, W., P. T. Liu, Z. F. Xu, Y. C. Xu, and H. P. Yang, 2022: Spa-
tio-temporal  characteristics  of  frequency  of  heavy  rainfall
events in Hubei Province and analysis of topographic relation-
ship  based  on  GWR. Journal  of  Tropical  Meteorology, 38,
216−226, https://doi.org/10.16032/j.issn.1004-4965.2022.
020.

 Chen, Y. D., Q. Zhang, M. Z. Xiao, V. P. Singh, Y. Leung, and
L.  G.  Jiang,  2014:  Precipitation  extremes  in  the  Yangtze
river basin, China: Regional frequency and spatial-temporal
patterns. Theor.  Appl.  Climatol., 116(3−4),  447−461,
https://doi.org/10.1007/s00704-013-0964-3.

 Cheng, L.-W., and C.-K. Yu, 2019: Investigation of orographic pre-
cipitation over an isolated, three-dimensional complex topog-
raphy  with  a  dense  gauge  network,  radar  observations,  and
upslope  model. J.  Atmos.  Sci., 76(11),  3387−3409,
https://doi.org/10.1175/JAS-D-19-0005.1.

 Davis,  R.  S.,  2001:  Flash  flood  forecast  and  detection  methods.
Severe  Convective  Storms,  C.  A.  Doswell,  Ed.,  American
Meteorological  Society,  481−525, https://doi.org/10.1007/
978-1-935704-06-5_12.

 Ding,  Y.  H.,  1992:  Summer  monsoon  rainfalls  in  China. J.
Meteor.  Soc.  Japan, 70(1B),  373−396, https://doi.org/10.
2151/jmsj1965.70.1B_373.

 Ding,  Y.  H.,  1994: Monsoons  over  China.  Springer, https://doi.
org/10.1007/978-94-015-8302-2.

 Ding, Y. H., and J. C. L. Chan, 2005: The East Asian summer mon-
soon:  An  overview. Meteorol.  Atmos.  Phys., 89(1−4),
117−142, https://doi.org/10.1007/s00703-005-0125-z.

 Ding, Y. H., and Z. Y. Wang, 2008: A study of rainy seasons in
China. Meteorol.  Atmos.  Phys., 100(1−4),  121−138,
https://doi.org/10.1007/s00703-008-0299-2.

 Ding, Y. H., Y. Y. Liu, and Z. Z. Hu, 2021: The record-breaking
Mei-yu  in  2020 and  associated  atmospheric  circulation  and
tropical  SST  anomalies. Adv.  Atmos.  Sci., 38(12),
1980−1993, https://doi.org/10.1007/s00376-021-0361-2.

 Fang, C. X., Y. Liu, Q. F. Cai, and H. M. Song, 2021: Why does
extreme rainfall occur in central China during the summer of
2020  after  a  weak  El  Niño?. Adv.  Atmos.  Sci., 38(12),
2067−2081, https://doi.org/10.1007/s00376-021-1009-y.

 Feng, L.,  and Y. C. Zhang, 2007: Impacts of the thermal effects
of sub-grid orography on the heavy rainfall events along the
Yangtze  river  valley  in  1991. Adv.  Atmos.  Sci., 24(5),
881−892, https://doi.org/10.1007/s00376-007-0881-4.

 Fo, B. P., 1992: The effects of topography and elevation on precipi-
tation. Acta  Geographica  Sinica, 47, 302−314, https://doi.
org/10.11821/xb199204002.

 Frei,  C.,  and  C.  Schär,  1998:  A precipitation  climatology  of  the
Alps from high-resolution rain-gauge observations. Interna-
tional  Journal  of  Climatology, 18(8),  873−900, https://doi.

org/10.1002/(SICI)1097-0088(19980630)18:8<873::AID-
JOC255>3.0.CO;2-9.

 Fu,  G.  B.,  J.  J.  Yu,  X.  B.  Yu,  R.  L.  Ouyang,  Y.  C.  Zhang,  P.
Wang, W. B. Liu, and L. L. Min, 2013: Temporal variation
of extreme rainfall events in China, 1961−2009. J. Hydrol.,
487, 48−59, https://doi.org/10.1016/j.jhydrol.2013.02.021.

 Fu,  P.  L.,  K.  F.  Zhu,  K.  Zhao,  B.  W.  Zhou,  and M.  Xue,  2019:
Role  of  the  nocturnal  low-level  jet  in  the  formation  of  the
morning precipitation peak over the Dabie Mountains. Adv.
Atmos.  Sci., 36(1),  15−28, https://doi.org/10.1007/s00376-
018-8095-5.

 Fu, Y. F., and G. S. Liu, 2003: Precipitation characteristics in mid-
latitude  East  Asia  as  observed  by  TRMM  PR  and  TMI. J.
Meteor.  Soc.  Japan, 81(6),  1353−1369, https://doi.org/10.
2151/jmsj.81.1353.

 Gong, Y., T. Jiang, B. D. Su, J. L. Huang, Z. W. Kundzewicz, C.
Jing, and H. M. Sun, 2021: Synchronous characteristics of pre-
cipitation  extremes  in  the  Yangtze  and  Murray-Darling
River  basins  and the  role  of  ENSO. J.  Meteor.  Res., 35(2),
282−294, https://doi.org/10.1007/s13351-021-0098-y.

 Goovaerts,  P.,  2000:  Geostatistical  approaches  for  incorporating
elevation into the spatial interpolation of rainfall. J. Hydrol.,
228(1−2), 113−129, https://doi.org/10.1016/S0022-1694(00)
00144-X.

 Guan,  Y.  H.,  F.  L.  Zheng,  X.  C.  Zhang,  and  B.  Wang,  2017:
Trends and variability of daily precipitation and extremes dur-
ing  1960−2012  in  the  Yangtze  river  basin,  China. Interna-
tional  Journal  of  Climatology, 37(3),  1282−1298,
https://doi.org/10.1002/joc.4776.

 Guo, J. P., and Coauthors, 2017: Declining frequency of summer-
time local-scale precipitation over eastern China from 1970
to  2010  and  its  potential  link  to  aerosols. Geophys.  Res.
Lett., 44(11),  5700−5708, https://doi.org/10.1002/2017GL
073533.

 He, H. Z., and F. Q. Zhang, 2010: Diurnal variations of warm-sea-
son  precipitation  over  northern  China. Mon.  Wea.  Rev.,
138(4),  1017−1025, https://doi.org/10.1175/2010mwr3
356.1.

 Houze, R. A., 1993: Cloud Dynamics. Academic Press, 573 pp.
 Houze, R. A., 1997: Stratiform precipitation in regions of convec-

tion:  A  meteorological  paradox? Bull.  Amer.  Meteor.  Soc.,
78(10),  2179−2196,  https://doi.org/Doi10.1175/1520-
0477(1997)078<2179:Spiroc>2.0.Co;2.

 Houze,  R.  A., 2012: Orographic  effects  on  precipitating  clouds.
Rev.  Geophys., 50, RG1001, https://doi.org/10.1029/
2011rg000365.

 Hu, M. L.,  M. Y. Dong, X. Y. Tian,  L.  X. Wang, and Y. Jiang,
2021:  Trends  in  different  grades  of  precipitation  over  the
Yangtze river basin from 1960 to 2017. Atmosphere, 12(3),
413, https://doi.org/10.3390/atmos12030413.

 Jiang,  Z.  X.,  1988:  A  discussion  on  the  mathematical  model  of
mountain precipitation with vertical distribution. Geographi-
cal Research, 7, 73−78. (in Chinese with English abstract)

 Lei, J., G. Tian, and C. Li, 2020: Analysis of severe rainfall charac-
teristics  in  Hubei  Province  from  2008  to  2017. Journal  of
Chengdu  University  of  Information  Technology, 35,
341−346, https://doi.org/10.16836/j.cnki.jcuit.2020.03.015.

 Li, J.,  R. C. Yu, and T. J. Zhou, 2008: Seasonal variation of the
diurnal cycle of rainfall in southern contiguous China. J. Cli-
mate, 21(22),  6036−6043, https://doi.org/10.1175/2008JCLI
2188.1.

 Li, J., T. R. Chen, and N. N. Li, 2017: Diurnal variation of summer

MAY 2024 WEI ET AL. 933

 

  

https://doi.org/https://doi.org/10.1007/s13351-013-0605-x
https://doi.org/https://doi.org/10.1007/s13351-013-0605-x
https://doi.org/https://doi.org/10.1007/s13351-013-0605-x
https://doi.org/https://doi.org/10.1007/s13351-013-0605-x
https://doi.org/https://doi.org/10.1007/s13351-013-0605-x
https://doi.org/https://doi.org/10.1007/s13351-013-0605-x
https://doi.org/https://doi.org/10.1007/s13351-013-0605-x
https://doi.org/https://doi.org/10.1007/s13351-013-0605-x
https://doi.org/10.11676/qxxb2013.035
https://doi.org/10.11676/qxxb2013.035
https://doi.org/https://doi.org/10.1007/s00704-018-2662-7
https://doi.org/https://doi.org/10.1007/s00704-018-2662-7
https://doi.org/https://doi.org/10.1007/s00704-018-2662-7
https://doi.org/https://doi.org/10.1007/s00704-018-2662-7
https://doi.org/https://doi.org/10.1007/s00704-018-2662-7
https://doi.org/https://doi.org/10.1007/s00704-018-2662-7
https://doi.org/https://doi.org/10.1007/s00704-018-2662-7
https://doi.org/10.16032/j.issn.1004-4965.2022.020
https://doi.org/10.16032/j.issn.1004-4965.2022.020
https://doi.org/10.16032/j.issn.1004-4965.2022.020
https://doi.org/10.16032/j.issn.1004-4965.2022.020
https://doi.org/https://doi.org/10.1007/s00704-013-0964-3
https://doi.org/https://doi.org/10.1007/s00704-013-0964-3
https://doi.org/https://doi.org/10.1007/s00704-013-0964-3
https://doi.org/https://doi.org/10.1007/s00704-013-0964-3
https://doi.org/https://doi.org/10.1007/s00704-013-0964-3
https://doi.org/https://doi.org/10.1007/s00704-013-0964-3
https://doi.org/https://doi.org/10.1007/s00704-013-0964-3
https://doi.org/https://doi.org/10.1175/JAS-D-19-0005.1
https://doi.org/https://doi.org/10.1175/JAS-D-19-0005.1
https://doi.org/https://doi.org/10.1175/JAS-D-19-0005.1
https://doi.org/https://doi.org/10.1175/JAS-D-19-0005.1
https://doi.org/https://doi.org/10.1175/JAS-D-19-0005.1
https://doi.org/https://doi.org/10.1175/JAS-D-19-0005.1
https://doi.org/https://doi.org/10.1175/JAS-D-19-0005.1
https://doi.org/https://doi.org/10.1007/978-1-935704-06-5_12
https://doi.org/https://doi.org/10.1007/978-1-935704-06-5_12
https://doi.org/https://doi.org/10.1007/978-1-935704-06-5_12
https://doi.org/https://doi.org/10.1007/978-1-935704-06-5_12
https://doi.org/https://doi.org/10.1007/978-1-935704-06-5_12
https://doi.org/https://doi.org/10.1007/978-1-935704-06-5_12
https://doi.org/https://doi.org/10.1007/978-1-935704-06-5_12
https://doi.org/https://doi.org/10.1007/978-1-935704-06-5_12
https://doi.org/https://doi.org/10.1007/978-1-935704-06-5_12
https://doi.org/https://doi.org/10.1007/978-1-935704-06-5_12
https://doi.org/https://doi.org/10.2151/jmsj1965.70.1B_373
https://doi.org/https://doi.org/10.2151/jmsj1965.70.1B_373
https://doi.org/https://doi.org/10.1007/978-94-015-8302-2
https://doi.org/https://doi.org/10.1007/978-94-015-8302-2
https://doi.org/https://doi.org/10.1007/978-94-015-8302-2
https://doi.org/https://doi.org/10.1007/978-94-015-8302-2
https://doi.org/https://doi.org/10.1007/978-94-015-8302-2
https://doi.org/https://doi.org/10.1007/978-94-015-8302-2
https://doi.org/https://doi.org/10.1007/978-94-015-8302-2
https://doi.org/https://doi.org/10.1007/978-94-015-8302-2
https://doi.org/https://doi.org/10.1007/978-94-015-8302-2
https://doi.org/https://doi.org/10.1007/978-94-015-8302-2
https://doi.org/https://doi.org/10.1007/s00703-005-0125-z
https://doi.org/https://doi.org/10.1007/s00703-005-0125-z
https://doi.org/https://doi.org/10.1007/s00703-005-0125-z
https://doi.org/https://doi.org/10.1007/s00703-005-0125-z
https://doi.org/https://doi.org/10.1007/s00703-005-0125-z
https://doi.org/https://doi.org/10.1007/s00703-005-0125-z
https://doi.org/https://doi.org/10.1007/s00703-005-0125-z
https://doi.org/https://doi.org/10.1007/s00703-008-0299-2
https://doi.org/https://doi.org/10.1007/s00703-008-0299-2
https://doi.org/https://doi.org/10.1007/s00703-008-0299-2
https://doi.org/https://doi.org/10.1007/s00703-008-0299-2
https://doi.org/https://doi.org/10.1007/s00703-008-0299-2
https://doi.org/https://doi.org/10.1007/s00703-008-0299-2
https://doi.org/https://doi.org/10.1007/s00703-008-0299-2
https://doi.org/https://doi.org/10.1007/s00376-021-0361-2
https://doi.org/https://doi.org/10.1007/s00376-021-0361-2
https://doi.org/https://doi.org/10.1007/s00376-021-0361-2
https://doi.org/https://doi.org/10.1007/s00376-021-0361-2
https://doi.org/https://doi.org/10.1007/s00376-021-0361-2
https://doi.org/https://doi.org/10.1007/s00376-021-0361-2
https://doi.org/https://doi.org/10.1007/s00376-021-0361-2
https://doi.org/https://doi.org/10.1007/s00376-021-1009-y
https://doi.org/https://doi.org/10.1007/s00376-021-1009-y
https://doi.org/https://doi.org/10.1007/s00376-021-1009-y
https://doi.org/https://doi.org/10.1007/s00376-021-1009-y
https://doi.org/https://doi.org/10.1007/s00376-021-1009-y
https://doi.org/https://doi.org/10.1007/s00376-021-1009-y
https://doi.org/https://doi.org/10.1007/s00376-021-1009-y
https://doi.org/https://doi.org/10.1007/s00376-007-0881-4
https://doi.org/https://doi.org/10.1007/s00376-007-0881-4
https://doi.org/https://doi.org/10.1007/s00376-007-0881-4
https://doi.org/https://doi.org/10.1007/s00376-007-0881-4
https://doi.org/https://doi.org/10.1007/s00376-007-0881-4
https://doi.org/https://doi.org/10.1007/s00376-007-0881-4
https://doi.org/https://doi.org/10.1007/s00376-007-0881-4
https://doi.org/10.11821/xb199204002
https://doi.org/10.11821/xb199204002
https://doi.org/https://doi.org/10.1002/(SICI)1097-0088(19980630)18:8<873::AID-JOC255>3.0.CO;2-9
https://doi.org/https://doi.org/10.1002/(SICI)1097-0088(19980630)18:8<873::AID-JOC255>3.0.CO;2-9
https://doi.org/https://doi.org/10.1002/(SICI)1097-0088(19980630)18:8<873::AID-JOC255>3.0.CO;2-9
https://doi.org/https://doi.org/10.1002/(SICI)1097-0088(19980630)18:8<873::AID-JOC255>3.0.CO;2-9
https://doi.org/https://doi.org/10.1002/(SICI)1097-0088(19980630)18:8<873::AID-JOC255>3.0.CO;2-9
https://doi.org/https://doi.org/10.1002/(SICI)1097-0088(19980630)18:8<873::AID-JOC255>3.0.CO;2-9
https://doi.org/https://doi.org/10.1002/(SICI)1097-0088(19980630)18:8<873::AID-JOC255>3.0.CO;2-9
https://doi.org/https://doi.org/10.1002/(SICI)1097-0088(19980630)18:8<873::AID-JOC255>3.0.CO;2-9
https://doi.org/https://doi.org/10.1016/j.jhydrol.2013.02.021
https://doi.org/https://doi.org/10.1007/s00376-018-8095-5
https://doi.org/https://doi.org/10.1007/s00376-018-8095-5
https://doi.org/https://doi.org/10.1007/s00376-018-8095-5
https://doi.org/https://doi.org/10.1007/s00376-018-8095-5
https://doi.org/https://doi.org/10.1007/s00376-018-8095-5
https://doi.org/https://doi.org/10.1007/s00376-018-8095-5
https://doi.org/https://doi.org/10.1007/s00376-018-8095-5
https://doi.org/https://doi.org/10.2151/jmsj.81.1353
https://doi.org/https://doi.org/10.2151/jmsj.81.1353
https://doi.org/https://doi.org/10.1007/s13351-021-0098-y
https://doi.org/https://doi.org/10.1007/s13351-021-0098-y
https://doi.org/https://doi.org/10.1007/s13351-021-0098-y
https://doi.org/https://doi.org/10.1007/s13351-021-0098-y
https://doi.org/https://doi.org/10.1007/s13351-021-0098-y
https://doi.org/https://doi.org/10.1007/s13351-021-0098-y
https://doi.org/https://doi.org/10.1007/s13351-021-0098-y
https://doi.org/https://doi.org/10.1016/S0022-1694(00)00144-X
https://doi.org/https://doi.org/10.1016/S0022-1694(00)00144-X
https://doi.org/https://doi.org/10.1016/S0022-1694(00)00144-X
https://doi.org/https://doi.org/10.1016/S0022-1694(00)00144-X
https://doi.org/https://doi.org/10.1016/S0022-1694(00)00144-X
https://doi.org/https://doi.org/10.1016/S0022-1694(00)00144-X
https://doi.org/https://doi.org/10.1002/joc.4776
https://doi.org/https://doi.org/10.1002/2017GL073533
https://doi.org/https://doi.org/10.1002/2017GL073533
https://doi.org/https://doi.org/10.1175/2010mwr3356.1
https://doi.org/https://doi.org/10.1175/2010mwr3356.1
https://doi.org/10.1175/1520-0477(1997)078<2179:Spiroc>2.0.Co;2
https://doi.org/10.1175/1520-0477(1997)078<2179:Spiroc>2.0.Co;2
https://doi.org/10.1175/1520-0477(1997)078<2179:Spiroc>2.0.Co;2
https://doi.org/10.1029/2011rg000365
https://doi.org/10.1029/2011rg000365
https://doi.org/https://doi.org/10.3390/atmos12030413
https://doi.org/10.16836/j.cnki.jcuit.2020.03.015
https://doi.org/https://doi.org/10.1175/2008JCLI2188.1
https://doi.org/https://doi.org/10.1175/2008JCLI2188.1


precipitation  across  the  central  Tian  Shan  Mountains. J.
Appl.  Meteorol.  Climatol., 56(6),  1537−1550, https://doi.
org/10.1175/Jamc-D-16-0265.1.

 Li,  Q.,  Y.  G.  Zheng,  G.  B.  Zhou,  Y.  Zhu,  C.  Liu,  and  Y.  Liu,
2022: Diurnal variations of rainfall affected by complex topog-
raphy based on high-density observation in Chongqing over
southwest  China. Theor.  Appl.  Climatol., 148(3−4),
1373−1394, https://doi.org/10.1007/s00704-021-03918-0.

 Liu, H. B., D.-L. Zhang, and B. Wang, 2008: Daily to submonthly
weather  and  climate  characteristics  of  the  summer  1998
extreme  rainfall  over  the  Yangtze  river  basin. J.  Geophys.
Res.:  Atmos., 113(D22),  D22101, https://doi.org/10.1029/
2008JD010072.

 Liu, P. T., M. Liu, W. Shen, L. Q. Yao, and S. D. Fang, 2020: Spa-
tio-temporal  distribution  characteristics  of  annual  extreme
hourly rainfall over central China. Torrential Rain and Disas-
ters, 39, 508−515, https://doi.org/10.3969/j.issn.1004-9045.
2020.05.009.

 Luo, Y. L., Y. Gong, and D.-L. Zhang, 2014: Initiation and organi-
zational modes of an extreme-rain-producing mesoscale con-
vective  system  along  a  Mei-Yu  front  in  East  China. Mon.
Wea. Rev., 142(1),  203−221, https://doi.org/10.1175/MWR-
D-13-00111.1.

 Luo, Y. L., and Coauthors, 2020: Science and prediction of heavy
rainfall over China: Research progress since the reform and
opening-up of new China. J. Meteor. Res., 34(3),  427−459,
https://doi.org/10.1007/s13351-020-0006-x.

 Ma, R. Y., J. H. Sun, and X. L. Yang, 2021: An eight-year climatol-
ogy  of  the  warm-season  severe  thunderstorm environments
over  North  China. Atmospheric  Research, 254, 105519,
https://doi.org/10.1016/j.atmosres.2021.105519.

 Mu, X. Y., and Coauthors, 2021: Characteristics of the precipitation
diurnal  variation  and  underlying  mechanisms  over  Jiangsu,
eastern China,  during warm season. Frontiers in Earth Sci-
ence, 9, 703071, https://doi.org/10.3389/feart.2021.703071.

 Ng, C. P.,  Q. H. Zhang, and W. H. Li, 2021: Changes in hourly
extreme precipitation over eastern China from 1970 to 2019
dominated  by  synoptic-scale  precipitation. Geophys.  Res.
Lett., 48(5),  e2020GL090620, https://doi.org/10.1029/2020
GL090620.

 Nikolopoulos, E. I., M. Borga, J. D. Creutin, and F. Marra, 2015:
Estimation  of  debris  flow  triggering  rainfall:  Influence  of
rain gauge density and interpolation methods. Geomorphol-
ogy, 243, 40−50, https://doi.org/10.1016/j.geomorph.2015.
04.028.

 Pielke,  R.  A.,  1984: Mesoscale  Meteorological  Modeling.  Aca-
demic Press.

 Qian,  W.  H.,  J.  L.  Fu,  and  Z.  W.  Yan,  2007:  Decrease  of  light
rain events in summer associated with a warming environment
in  China  during  1961−2005. Geophys.  Res.  Lett., 34(11),
L11705, https://doi.org/10.1029/2007gl029631.

 Ren, Z. H., and Coauthors, 2010: Quality control procedures for
hourly precipitation data from automatic weather stations in
China. Meteorological  Monthly, 36,  123−132.  (in  Chinese
with English abstract)

 Roe,  G.  H.,  2005:  Orographic  precipitation. Annual  Review  of
Earth  and  Planetary  Sciences, 33(1),  645−671,
https://doi.org/10.1146/annurev.earth.33.092203.122541.

 Rotunno, R., and R. A. Houze, 2007: Lessons on orographic precip-
itation from the mesoscale alpine programme. Quart. J. Roy.
Meteor.  Soc., 133(625),  811−830, https://doi.org/10.1002/
qj.67.

 Salerno, F., and Coauthors, 2015: Weak precipitation, warm win-
ters and springs impact glaciers of south slopes of Mt. Everest
(central  Himalaya)  in  the  last  2  decades  (1994−2013). The
Cryosphere, 9(3),  1229−1247, https://doi.org/10.5194/tc-9-
1229-2015.

 Sarmadi, F., Y. Huang, G. Thompson, S. T. Siems, and M. J. Man-
ton, 2019: Simulations  of  orographic  precipitation  in  the
snowy  mountains  of  southeastern  Australia. Atmospheric
Research, 219, 183−199, https://doi.org/10.1016/j.atmosres.
2019.01.002.

 Shi, L., Y. Y. Ding, and Y. J. He, 2012: Estimation for geographic
and orographic influence on the area rainfall  distribution in
Yangtze river basin. Preprints, 2012 IEEE Fifth Int. Conf. on
Advanced  Computational  Intelligence,  Nanjing,  China,
IEEE,  772−775, https://doi.org/10.1109/ICACI.2012.64
63272.

 Shi, X. Y., Y. Q. Wang, and X. D. Xu, 2008: Effect of mesoscale
topography over the Tibetan Plateau on summer precipitation
in  China:  A  regional  model  study. Geophys.  Res.  Lett.,
35(19), L19707, https://doi.org/10.1029/2008GL034740.

 Steiner, M., R. A. Houze, and S. E. Yuter, 1995: Climatological
characterization  of  three-dimensional  storm  structure  from
operational  radar  and  rain  gauge  data. J.  Appl.  Meteorol.,
34(9),  1978−2007, https://doi.org/10.1175/1520-0450(1995)
034<1978:ccotds>2.0.co;2.

 Sun,  J.  H.,  and  F.  Q.  Zhang,  2012:  Impacts  of  mountain-plains
solenoid on diurnal variations of rainfalls along the Mei-Yu
front  over  the  East  China  plains. Mon.  Wea.  Rev., 140(2),
379−397, https://doi.org/10.1175/Mwr-D-11-00041.1.

 Tang, Y. L., G. R. Xu, and R. Wan, 2022: Temporal and spatial dis-
tribution  characteristics  of  short-duration  heavy  rainfall  in
the  Yangtze  river  basin  during  the  main  flood  season  of
2020. Transactions  of  Atmospheric  Sciences, 45, 212−224,
https://doi.org/10.13878/j.cnki.dqkxxb.20211124002.

 Tao, S. Y., 1987: A review of recent research on the East Asian
summer monsoon in  China. Monsoon Meteorology,  Oxford
University Press, 60−92.

 Tao,  W. K.,  S.  Lang,  J.  Simpson,  and R.  Adler,  1993:  Retrieval
algorithms for  estimating the vertical  profiles  of  latent  heat
release:  Their  applications  for  TRMM. J.  Meteor.  Soc.
Japan, 71(6),  685−700, https://doi.org/10.2151/jmsj1965.
71.6_685.

 Tian, F. Y., Y. G. Zheng, T. Zhang, X. L. Zhang, D. Y. Mao, J.
H.  Sun,  and  S.  X.  Zhao,  2015:  Statistical  characteristics  of
environmental  parameters  for  warm  season  short-duration
heavy  rainfall  over  central  and  eastern  China. J.  Meteor.
Res., 29(3),  370−384, https://doi.org/10.1007/s13351-014-
4119-y.

 Tian,  F.  Y.,  Y.  G.  Zheng,  T.  Zhang,  Y.  C.  Cao,  and  J.  Sheng,
2017: Characteristics of environmental parameters for multi-
intensity short-duration heavy rainfalls over East China. Tor-
rential  Rain and Disasters, 36, 518−526, https://doi.org/10.
3969/j.issn.1004-9045.2017.06.004.

 Wallace, J. M., 1975: Diurnal variations in precipitation and thun-
derstorm  frequency  over  the  conterminous  United  States.
Mon.  Wea.  Rev., 103(5),  406−419, https://doi.org/10.1175/
1520-0493(1975)103<0406:dvipat>2.0.co;2.

 Wang, D. F., and Coauthors, 2020: Spatial and temporal distribu-
tion  of  lightning  activity  and  contribution  of  thunderstorms
with  different  lightning-producing  capabilities  in  Beijing
metropolitan  region. Chinese  Journal  of  Atmospheric  Sci-
ences, 44, 225−238, https://doi.org/10.3878/j.issn.1006-

934 SPATIOTEMPORAL CHARACTERISTICS OF RAINFALL VOLUME 41

 

  

https://doi.org/https://doi.org/10.1175/Jamc-D-16-0265.1
https://doi.org/https://doi.org/10.1175/Jamc-D-16-0265.1
https://doi.org/https://doi.org/10.1175/Jamc-D-16-0265.1
https://doi.org/https://doi.org/10.1175/Jamc-D-16-0265.1
https://doi.org/https://doi.org/10.1175/Jamc-D-16-0265.1
https://doi.org/https://doi.org/10.1175/Jamc-D-16-0265.1
https://doi.org/https://doi.org/10.1175/Jamc-D-16-0265.1
https://doi.org/https://doi.org/10.1175/Jamc-D-16-0265.1
https://doi.org/https://doi.org/10.1007/s00704-021-03918-0
https://doi.org/https://doi.org/10.1007/s00704-021-03918-0
https://doi.org/https://doi.org/10.1007/s00704-021-03918-0
https://doi.org/https://doi.org/10.1007/s00704-021-03918-0
https://doi.org/https://doi.org/10.1007/s00704-021-03918-0
https://doi.org/https://doi.org/10.1007/s00704-021-03918-0
https://doi.org/https://doi.org/10.1007/s00704-021-03918-0
https://doi.org/https://doi.org/10.1029/2008JD010072
https://doi.org/https://doi.org/10.1029/2008JD010072
https://doi.org/10.3969/j.issn.1004-9045.2020.05.009
https://doi.org/10.3969/j.issn.1004-9045.2020.05.009
https://doi.org/10.3969/j.issn.1004-9045.2020.05.009
https://doi.org/10.3969/j.issn.1004-9045.2020.05.009
https://doi.org/https://doi.org/10.1175/MWR-D-13-00111.1
https://doi.org/https://doi.org/10.1175/MWR-D-13-00111.1
https://doi.org/https://doi.org/10.1175/MWR-D-13-00111.1
https://doi.org/https://doi.org/10.1175/MWR-D-13-00111.1
https://doi.org/https://doi.org/10.1175/MWR-D-13-00111.1
https://doi.org/https://doi.org/10.1175/MWR-D-13-00111.1
https://doi.org/https://doi.org/10.1175/MWR-D-13-00111.1
https://doi.org/https://doi.org/10.1007/s13351-020-0006-x
https://doi.org/https://doi.org/10.1007/s13351-020-0006-x
https://doi.org/https://doi.org/10.1007/s13351-020-0006-x
https://doi.org/https://doi.org/10.1007/s13351-020-0006-x
https://doi.org/https://doi.org/10.1007/s13351-020-0006-x
https://doi.org/https://doi.org/10.1007/s13351-020-0006-x
https://doi.org/https://doi.org/10.1007/s13351-020-0006-x
https://doi.org/10.1016/j.atmosres.2021.105519
https://doi.org/10.3389/feart.2021.703071
https://doi.org/https://doi.org/10.1029/2020GL090620
https://doi.org/https://doi.org/10.1029/2020GL090620
https://doi.org/10.1016/j.geomorph.2015.04.028
https://doi.org/10.1016/j.geomorph.2015.04.028
https://doi.org/https://doi.org/10.1029/2007gl029631
https://doi.org/https://doi.org/10.1146/annurev.earth.33.092203.122541
https://doi.org/https://doi.org/10.1002/qj.67
https://doi.org/https://doi.org/10.1002/qj.67
https://doi.org/https://doi.org/10.5194/tc-9-1229-2015
https://doi.org/https://doi.org/10.5194/tc-9-1229-2015
https://doi.org/https://doi.org/10.5194/tc-9-1229-2015
https://doi.org/https://doi.org/10.5194/tc-9-1229-2015
https://doi.org/https://doi.org/10.5194/tc-9-1229-2015
https://doi.org/https://doi.org/10.5194/tc-9-1229-2015
https://doi.org/https://doi.org/10.5194/tc-9-1229-2015
https://doi.org/10.1016/j.atmosres.2019.01.002
https://doi.org/10.1016/j.atmosres.2019.01.002
https://doi.org/https://doi.org/10.1109/ICACI.2012.6463272
https://doi.org/https://doi.org/10.1109/ICACI.2012.6463272
https://doi.org/https://doi.org/10.1029/2008GL034740
https://doi.org/https://doi.org/10.1175/1520-0450(1995)034<1978:ccotds>2.0.co;2
https://doi.org/https://doi.org/10.1175/1520-0450(1995)034<1978:ccotds>2.0.co;2
https://doi.org/https://doi.org/10.1175/1520-0450(1995)034<1978:ccotds>2.0.co;2
https://doi.org/https://doi.org/10.1175/1520-0450(1995)034<1978:ccotds>2.0.co;2
https://doi.org/https://doi.org/10.1175/Mwr-D-11-00041.1
https://doi.org/https://doi.org/10.1175/Mwr-D-11-00041.1
https://doi.org/https://doi.org/10.1175/Mwr-D-11-00041.1
https://doi.org/https://doi.org/10.1175/Mwr-D-11-00041.1
https://doi.org/https://doi.org/10.1175/Mwr-D-11-00041.1
https://doi.org/https://doi.org/10.1175/Mwr-D-11-00041.1
https://doi.org/https://doi.org/10.1175/Mwr-D-11-00041.1
https://doi.org/10.13878/j.cnki.dqkxxb.20211124002
https://doi.org/https://doi.org/10.2151/jmsj1965.71.6_685
https://doi.org/https://doi.org/10.2151/jmsj1965.71.6_685
https://doi.org/https://doi.org/10.1007/s13351-014-4119-y
https://doi.org/https://doi.org/10.1007/s13351-014-4119-y
https://doi.org/https://doi.org/10.1007/s13351-014-4119-y
https://doi.org/https://doi.org/10.1007/s13351-014-4119-y
https://doi.org/https://doi.org/10.1007/s13351-014-4119-y
https://doi.org/https://doi.org/10.1007/s13351-014-4119-y
https://doi.org/https://doi.org/10.1007/s13351-014-4119-y
https://doi.org/10.3969/j.issn.1004-9045.2017.06.004
https://doi.org/10.3969/j.issn.1004-9045.2017.06.004
https://doi.org/10.3969/j.issn.1004-9045.2017.06.004
https://doi.org/10.3969/j.issn.1004-9045.2017.06.004
https://doi.org/https://doi.org/10.1175/1520-0493(1975)103<0406:dvipat>2.0.co;2
https://doi.org/https://doi.org/10.1175/1520-0493(1975)103<0406:dvipat>2.0.co;2
https://doi.org/https://doi.org/10.1175/1520-0493(1975)103<0406:dvipat>2.0.co;2
https://doi.org/https://doi.org/10.1175/1520-0493(1975)103<0406:dvipat>2.0.co;2
https://doi.org/10.3878/j.issn.1006-9895.1904.19128
https://doi.org/10.3878/j.issn.1006-9895.1904.19128


9895.1904.19128.
 Wang, H. J., J. H. Sun, S. M. Fu, and Y. C. Zhang, 2021: Typical

circulation patterns and associated mechanisms for persistent
heavy rainfall events over Yangtze-huaihe river valley during
1981−2020. Adv.  Atmos.  Sci., 38(12),  2167−2182,
https://doi.org/10.1007/s00376-021-1194-8.

 Wu,  Y.  J.,  S.  Y.  Wu,  J.  H.  Wen,  M.  Xu,  and  J.  G.  Tan,  2016:
Changing  characteristics  of  precipitation  in  China  during
1960−2012. International  Journal  of  Climatology, 36(3),
1387−1402, https://doi.org/10.1002/joc.4432.

 Xia, R. D., Y. L. Luo, D. L. Zhang, M. X. Li, X. H. Bao, and J. S.
Sun,  2021:  On  the  diurnal  cycle  of  heavy  rainfall  over  the
Sichuan basin during 10−18 August 2020. Adv. Atmos. Sci.,
38(12),  2183−2200, https://doi.org/10.1007/s00376-021-
1118-7.

 Yang, R. Y., Y. C. Zhang, J. H. Sun, and J. Li, 2020: The compari-
son of statistical  features and synoptic circulations between
the eastward-propagating and quasi-stationary MCSs during
the warm season around the second-step terrain along the mid-
dle  reaches  of  the  Yangtze  river. Science  China  Earth  Sci-
ences, 63(8),  1209−1222, https://doi.org/10.1007/s11430-
018-9385-3.

 Yang, S., and E. A. Smith, 2006: Mechanisms for diurnal variability
of global tropical rainfall observed from TRMM. J. Climate,
19(20), 5190−5226, https://doi.org/10.1175/Jcli3883.1.

 Yang, X. L., and J. H. Sun, 2018: Organizational modes of severe
wind-producing convective systems over North China. Adv.
Atmos. Sci., 35(5), 540−549, https://doi.org/10.1007/s00376-
017-7114-2.

 Yao, R., J. Tang, X. L. Wang, X. F. Ou, Q. H. Wang, and W. W.
He, 2020: Temporal-spatial distribution of short-time heavy
rainfall in hunan and statistical analysis of related environmen-
tal  parameters. Journal  of  Catastrophology, 35, 116−121,
https://doi.org/10.3969/j.issn.1000-811X.2020.02.022.

 Yu, C. K., D. P. Jorgensen, and F. Roux, 2007a: Multiple precipita-
tion  mechanisms  over  mountains  observed  by  airborne
Doppler  radar  during  MAP IOP5. Mon.  Wea.  Rev., 135(3),
955−984, https://doi.org/10.1175/MWR3318.1.

 Yu, H., L. Wang, R. Yang, M. L. Yang, and R. Gao, 2018: Temporal
and spatial variation of precipitation in the Hengduan Moun-
tains region in China and its relationship with elevation and
latitude. Atmospheric  Research, 213, 1−16, https://doi.org/
10.1016/j.atmosres.2018.05.025.

 Yu, R., X. L. Zhang, M. Y. Du, H. D. Ma, H. F. Yuan, and C. L.
Zhu, 2021: Analysis  of  characteristics  of  cloud-to-ground
lightning activity of thunderstorms over different topography
in  central  China. Journal  of  Tropical  Meteorology, 37,
329−340, https://doi.org/10.16032/j.issn.1004-4965.2021.
031.

 Yu,  R.  C.,  and  J.  Li, 2016: Regional  characteristics  of  diurnal
peak  phases  of  precipitation  over  contiguous  China. Acta
Meteorologica  Sinica, 74, 18−30, https://doi.org/10.11676/
qxxb2016.011.

 Yu, R. C., J. Li, H. M. Chen, and W. H. Yuan, 2014: Progress in
studies of the precipitation diurnal variation over contiguous
China. J.  Meteor.  Res., 28(5),  877−902, https://doi.org/
10.1007/s13351-014-3272-7.

 Yu,  R.  C.,  Y.  P.  Xu,  T.  J.  Zhou,  and  J.  Li,  2007b:  Relation
between rainfall  duration and diurnal  variation in the warm
season  precipitation  over  central  eastern  China. Geophys.
Res.  Lett., 34(13),  L13703, https://doi.org/10.1029/2007
gl030315.

 Yu,  R.  C.,  T.  J.  Zhou,  A.  Y.  Xiong,  Y.  J.  Zhu,  and  J.  M.  Li,
2007c: Diurnal variations of summer precipitation over con-
tiguous  China. Geophys.  Res.  Lett., 34(1),  L01704,
https://doi.org/10.1029/2006gl028129.

 Yu, X. D., and Y. G. Zheng, 2020: Advances in severe convective
weather research and operational service in China. Acta Meteo-
rologica  Sinica, 78, 391−418, https://doi.org/10.11676/
qxxb2020.035.

 Yuan, W. H., R. C. Yu, H. M. Chen, J. A. Li, and M. H. Zhang,
2010: Subseasonal characteristics of diurnal variation in sum-
mer monsoon rainfall over central eastern China. J. Climate,
23(24), 6684−6695, https://doi.org/10.1175/2010jcli3805.1.

 Zhang, A. Q., Y. L. Chen, S. N. Zhou, C. G. Cui, R. Wan, and Y.
F.  Fu,  2020:  Diurnal  variation  of  Meiyu  rainfall  in  the
Yangtze  plain  during  atypical  Meiyu  years. J.  Geophys.
Res.:  Atmos., 125(1),  e2019JD031742, https://doi.org/10.
1029/2019JD031742.

 Zhang, H., and P. M. Zhai, 2011: Temporal and spatial characteris-
tics of extreme hourly precipitation over eastern China in the
warm  season. Adv.  Atmos.  Sci., 28(5),  1177−1183,
https://doi.org/10.1007/s00376-011-0020-0.

 Zhang,  Q.,  J.  F.  Li,  V.  P.  Singh,  and  C.  Y.  Xu,  2013:  Copula-
based  spatio-temporal  patterns  of  precipitation  extremes  in
China. International  Journal  of  Climatology, 33(5),
1140−1152, https://doi.org/10.1002/joc.3499.

 Zhang, Q., J. T. Peng, C. Y. Xu, and V. P. Singh, 2014a: Spatiotem-
poral  variations  of  precipitation  regimes  across  Yangtze
river  basin,  China. Theor.  Appl.  Climatol., 115(3−4),
703−712, https://doi.org/10.1007/s00704-013-0916-y.

 Zhang,  W.,  A.  N.  Huang,  Y.  Zhou,  B.  Yang,  D.  X.  Fang,  L.  J.
Zhang, and Y. Wu, 2017: Diurnal cycle of precipitation over
fujian province during the pre-summer rainy season in south-
ern  China. Theor.  Appl.  Climatol., 130(3−4),  993−1006,
https://doi.org/10.1007/s00704-016-1927-2.

 Zhang, Y. C., J. H. Sun, and S. M. Fu, 2014b: Impacts of diurnal
variation of mountain-plain solenoid circulations on precipita-
tion and vortices east of the Tibetan Plateau during the mei-
yu  season. Adv.  Atmos.  Sci., 31(1),  139−153,
https://doi.org/10.1007/s00376-013-2052-0.

 Zhang, Y. C., F. Q. Zhang, C. A. Davis, and J. H. Sun, 2018: Diurnal
evolution  and  structure  of  long-lived  mesoscale  convective
vortices along the Mei-Yu front over the East China plains.
J.  Atmos.  Sci., 75(3),  1005−1025, https://doi.org/10.1175/
JAS-D-17-0197.1.

 Zhao, G. J., X. M. Mu, G. Hörmann, N. Fohrer, M. Xiong, B. D.
Su, and X. C. Li, 2012: Spatial patterns and temporal variabil-
ity of dryness/wetness in the Yangtze river basin, China. Qua-
ternary  International, 282, 5−13, https://doi.org/10.1016/j.
quaint.2011.10.020.

 Zheng,  Y.  G.,  Z.  Y.  Tao,  and  X.  D.  Yu, 2017: Some  essential
issues of severe convective weather forecasting. Meteorologi-
cal  Monthly, 43, 641−652, https://doi.org/10.7519/j.issn.
1000-0526.2017.06.001.

 Zheng, Y. G., Y. D. Gong, J. Chen, and F. Y. Tian, 2019: Warm-
season diurnal variations of total, stratiform, convective, and
extreme hourly precipitation over central and eastern China.
Adv.  Atmos.  Sci., 36(2),  143−159, https://doi.org/10.1007/
s00376-018-7307-3.

 Zhou, F., L. F. Huang, and X. Xiao, 2018: The spatial-temporal dis-
tribution characteristics of local short-time heavy rainfall in
Jiangxi  province. Meteorology  and  Disaster  Reduction
Research, 41, 176−182, https://doi.org/10.12013/qxyjzyj

MAY 2024 WEI ET AL. 935

 

  

https://doi.org/10.3878/j.issn.1006-9895.1904.19128
https://doi.org/https://doi.org/10.1007/s00376-021-1194-8
https://doi.org/https://doi.org/10.1007/s00376-021-1194-8
https://doi.org/https://doi.org/10.1007/s00376-021-1194-8
https://doi.org/https://doi.org/10.1007/s00376-021-1194-8
https://doi.org/https://doi.org/10.1007/s00376-021-1194-8
https://doi.org/https://doi.org/10.1007/s00376-021-1194-8
https://doi.org/https://doi.org/10.1007/s00376-021-1194-8
https://doi.org/https://doi.org/10.1002/joc.4432
https://doi.org/https://doi.org/10.1007/s00376-021-1118-7
https://doi.org/https://doi.org/10.1007/s00376-021-1118-7
https://doi.org/https://doi.org/10.1007/s00376-021-1118-7
https://doi.org/https://doi.org/10.1007/s00376-021-1118-7
https://doi.org/https://doi.org/10.1007/s00376-021-1118-7
https://doi.org/https://doi.org/10.1007/s00376-021-1118-7
https://doi.org/https://doi.org/10.1007/s00376-021-1118-7
https://doi.org/https://doi.org/10.1007/s11430-018-9385-3
https://doi.org/https://doi.org/10.1007/s11430-018-9385-3
https://doi.org/https://doi.org/10.1007/s11430-018-9385-3
https://doi.org/https://doi.org/10.1007/s11430-018-9385-3
https://doi.org/https://doi.org/10.1007/s11430-018-9385-3
https://doi.org/https://doi.org/10.1007/s11430-018-9385-3
https://doi.org/https://doi.org/10.1007/s11430-018-9385-3
https://doi.org/https://doi.org/10.1175/Jcli3883.1
https://doi.org/https://doi.org/10.1007/s00376-017-7114-2
https://doi.org/https://doi.org/10.1007/s00376-017-7114-2
https://doi.org/https://doi.org/10.1007/s00376-017-7114-2
https://doi.org/https://doi.org/10.1007/s00376-017-7114-2
https://doi.org/https://doi.org/10.1007/s00376-017-7114-2
https://doi.org/https://doi.org/10.1007/s00376-017-7114-2
https://doi.org/https://doi.org/10.1007/s00376-017-7114-2
https://doi.org/10.3969/j.issn.1000-811X.2020.02.022
https://doi.org/10.3969/j.issn.1000-811X.2020.02.022
https://doi.org/10.3969/j.issn.1000-811X.2020.02.022
https://doi.org/https://doi.org/10.1175/MWR3318.1
https://doi.org/10.1016/j.atmosres.2018.05.025
https://doi.org/10.1016/j.atmosres.2018.05.025
https://doi.org/10.16032/j.issn.1004-4965.2021.031
https://doi.org/10.16032/j.issn.1004-4965.2021.031
https://doi.org/10.16032/j.issn.1004-4965.2021.031
https://doi.org/10.16032/j.issn.1004-4965.2021.031
https://doi.org/10.11676/qxxb2016.011
https://doi.org/10.11676/qxxb2016.011
https://doi.org/https://doi.org/10.1007/s13351-014-3272-7
https://doi.org/https://doi.org/10.1007/s13351-014-3272-7
https://doi.org/https://doi.org/10.1007/s13351-014-3272-7
https://doi.org/https://doi.org/10.1007/s13351-014-3272-7
https://doi.org/https://doi.org/10.1007/s13351-014-3272-7
https://doi.org/https://doi.org/10.1007/s13351-014-3272-7
https://doi.org/https://doi.org/10.1007/s13351-014-3272-7
https://doi.org/https://doi.org/10.1007/s13351-014-3272-7
https://doi.org/https://doi.org/10.1029/2007gl030315
https://doi.org/https://doi.org/10.1029/2007gl030315
https://doi.org/https://doi.org/10.1029/2006gl028129
https://doi.org/10.11676/qxxb2020.035
https://doi.org/10.11676/qxxb2020.035
https://doi.org/https://doi.org/10.1175/2010jcli3805.1
https://doi.org/https://doi.org/10.1029/2019JD031742
https://doi.org/https://doi.org/10.1029/2019JD031742
https://doi.org/https://doi.org/10.1007/s00376-011-0020-0
https://doi.org/https://doi.org/10.1007/s00376-011-0020-0
https://doi.org/https://doi.org/10.1007/s00376-011-0020-0
https://doi.org/https://doi.org/10.1007/s00376-011-0020-0
https://doi.org/https://doi.org/10.1007/s00376-011-0020-0
https://doi.org/https://doi.org/10.1007/s00376-011-0020-0
https://doi.org/https://doi.org/10.1007/s00376-011-0020-0
https://doi.org/https://doi.org/10.1002/joc.3499
https://doi.org/https://doi.org/10.1007/s00704-013-0916-y
https://doi.org/https://doi.org/10.1007/s00704-013-0916-y
https://doi.org/https://doi.org/10.1007/s00704-013-0916-y
https://doi.org/https://doi.org/10.1007/s00704-013-0916-y
https://doi.org/https://doi.org/10.1007/s00704-013-0916-y
https://doi.org/https://doi.org/10.1007/s00704-013-0916-y
https://doi.org/https://doi.org/10.1007/s00704-013-0916-y
https://doi.org/https://doi.org/10.1007/s00704-016-1927-2
https://doi.org/https://doi.org/10.1007/s00704-016-1927-2
https://doi.org/https://doi.org/10.1007/s00704-016-1927-2
https://doi.org/https://doi.org/10.1007/s00704-016-1927-2
https://doi.org/https://doi.org/10.1007/s00704-016-1927-2
https://doi.org/https://doi.org/10.1007/s00704-016-1927-2
https://doi.org/https://doi.org/10.1007/s00704-016-1927-2
https://doi.org/https://doi.org/10.1007/s00376-013-2052-0
https://doi.org/https://doi.org/10.1007/s00376-013-2052-0
https://doi.org/https://doi.org/10.1007/s00376-013-2052-0
https://doi.org/https://doi.org/10.1007/s00376-013-2052-0
https://doi.org/https://doi.org/10.1007/s00376-013-2052-0
https://doi.org/https://doi.org/10.1007/s00376-013-2052-0
https://doi.org/https://doi.org/10.1007/s00376-013-2052-0
https://doi.org/https://doi.org/10.1175/JAS-D-17-0197.1
https://doi.org/https://doi.org/10.1175/JAS-D-17-0197.1
https://doi.org/https://doi.org/10.1175/JAS-D-17-0197.1
https://doi.org/https://doi.org/10.1175/JAS-D-17-0197.1
https://doi.org/https://doi.org/10.1175/JAS-D-17-0197.1
https://doi.org/https://doi.org/10.1175/JAS-D-17-0197.1
https://doi.org/https://doi.org/10.1175/JAS-D-17-0197.1
https://doi.org/https://doi.org/10.1175/JAS-D-17-0197.1
https://doi.org/10.1016/j.quaint.2011.10.020
https://doi.org/10.1016/j.quaint.2011.10.020
https://doi.org/10.7519/j.issn.1000-0526.2017.06.001
https://doi.org/10.7519/j.issn.1000-0526.2017.06.001
https://doi.org/10.7519/j.issn.1000-0526.2017.06.001
https://doi.org/10.7519/j.issn.1000-0526.2017.06.001
https://doi.org/https://doi.org/10.1007/s00376-018-7307-3
https://doi.org/https://doi.org/10.1007/s00376-018-7307-3
https://doi.org/https://doi.org/10.1007/s00376-018-7307-3
https://doi.org/https://doi.org/10.1007/s00376-018-7307-3
https://doi.org/https://doi.org/10.1007/s00376-018-7307-3
https://doi.org/https://doi.org/10.1007/s00376-018-7307-3
https://doi.org/https://doi.org/10.1007/s00376-018-7307-3
https://doi.org/https://doi.org/10.1007/s00376-018-7307-3
https://doi.org/10.12013/qxyjzyj2018-025


2018-025.
 Zhou, L., and Y. Q. Wang, 2006: Tropical rainfall measuring mis-

sion  observation  and  regional  model  study  of  precipitation
diurnal cycle in the New Guinean region. J. Geophys. Res.:
Atmos., 111, D17104, https://doi.org/10.1029/2006JD00
7243.

 Zhou, Q. X., L. Kang, X. W. Jiang, and Y. Liu, 2019: Relationship

between heavy rainfall and altitude in mountainous areas of
Sichuan basin. Meteorological Monthly, 45, 811−819, https:/
/doi.org/10.7519/j.issn.1000-0526.2019.06.007.

 Zhuo, H., P. Zhao, and T. J. Zhou, 2014: Diurnal cycle of summer
rainfall in Shandong of eastern China. International Journal
of  Climatology, 34(3),  742−750, https://doi.org/10.1002/
joc.3718.

936 SPATIOTEMPORAL CHARACTERISTICS OF RAINFALL VOLUME 41

 

  

https://doi.org/10.12013/qxyjzyj2018-025
https://doi.org/10.12013/qxyjzyj2018-025
https://doi.org/10.12013/qxyjzyj2018-025
https://doi.org/10.1029/2006JD007243
https://doi.org/10.1029/2006JD007243
https://doi.org/10.7519/j.issn.1000-0526.2019.06.007
https://doi.org/10.7519/j.issn.1000-0526.2019.06.007
https://doi.org/10.7519/j.issn.1000-0526.2019.06.007
https://doi.org/10.7519/j.issn.1000-0526.2019.06.007
https://doi.org/https://doi.org/10.1002/joc.3718
https://doi.org/https://doi.org/10.1002/joc.3718

	1 Introduction
	2 Data and methods
	3 Results
	3.1 General characteristics
	3.2 Spatiotemporal characteristics related to different terrain features
	3.2.1 Spatial distribution
	3.2.2 Annual and monthly variation
	3.2.3 Diurnal variation of the whole warm season
	3.2.4 Evolution of the diurnal variation during the warm season


	4 Summary
	References

