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Abstract

Located in the eastern edge of the Sichuan Basin (SCB) in the southwest China, Chongqing is a mountainous region with
typical complex topographic features. Using the hourly rainfall observation data of high-density 1686 meteorological sta-
tions in Chongqing during warm season from 2009 to 2016, we investigated the diurnal characteristics of precipitation
affected by complex topography. The complex mountainous terrain has a significant impact on diurnal variations and distinct
regional features of rainfall amount, frequency, and intensity. The stations located in the higher complex mountainous areas
have greater rainfall amount, frequency, and intensity than those in the lower surrounding areas. In addition, the detailed
characteristics of the rainfall amount and frequency in the four study regions further show that the rainfall amount and fre-
quency significantly increase with the rise of elevation, especially in the area that terrain height sharply increases along the
mountain extending direction. The diurnal variation of the rainfall amount is characterized by a bimodal structure with a
dominant early-morning peak occurring at approximately 0700 LST (23 UTC) and a weaker secondary late-afternoon peak
at approximately 1600 LST (08 UTC), while the rainfall frequency has a single early-morning peak. The terrain height has
a significant impact on the proportions of the early-morning rainfall. With the elevation increasing in the four study regions,
the proportions of rainfall amount (frequency) that occurs during early-morning period decrease.

1 Introduction

The complex topography plays a significant role in the
inhomogeneous spatial and temporal distributions of rain-
fall patterns, and most previous researches have shown that
the mechanisms of the orographic influences are complex
(Smith 1979; Jiang and Smith 2003; Colle 2004; Smith and
Barstad 2004; Roe 2005; Rotunno and Houze 2007; Kir-
shbaum 2011; Houze 2012; Couto et al. 2016; DeHart and
Houze 2017; Purnell and Kirshbaum 2018; Kang et al. 2019).
Many features of mountainous topography, including eleva-
tion, relief amplitude, slope, and aspect, can initiate, enhance,
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and modify rainfall and further influence diurnal and spa-
tial variations of rainfall (Weisse and Bois 2001; Burbank
et al. 2003; Lee et al. 2010; Chen et al. 2013; White and Paul
2015; Kirshbaum et al. 2018; Sarmadi et al. 2019). Among
the orographic and morphological characteristics, elevation
differences perform a considerable important function in the
spatial variation of climatic rainfall in mountainous regions
(Basist et al. 1994; Goovaerts 2000; Johansson and Chen
2003; Sokol and BliZiidk 2009; Silverman et al. 2013).

The topography in China has complex and various with
diverse mountain ranges and plateaus; therefore, the influ-
ence of terrain on precipitation is more complex (Tao 1980;
Peng et al. 1995; Liao et al. 2007; Yu et al. 2014). Due to
the forcing effects of spatial scale and height differences of
complex topography, the spatiotemporal characteristics of
precipitation demonstrate fairly obvious regional differences
(Wang et al. 2013; Li et al. 2017, 2019, 2020a, b; Yu et al.
2018). The influences on rainfall in the high Tibetan Plateau
(TP) region are not only closely related to the spatiotemporal
distributions of rainfall in the local and the surrounding areas
(Liu et al. 2009; Xu and Zipser 2011; Jin et al. 2013; Guo
etal. 2014, 2016; Cuo and Zhang 2017; Li 2017; Chen et al.
2018), but also to diurnal variations of rainfall in the faraway
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«Fig. 1 a the geographical location of Chongging (yellow lines).The
red line shows the Yangtze River. The distributions of 1868 rain
gauge stations (b: colored dots).The red boxes represent four study
areas. Gray shadings indicate topography (unit: m).The numbers
of station (c: left y-axis) as a function of terrain height (c: x-axis,
the 1600 m scale of x-axis indicates the numbers of stations above
1600 m) (c¢) and the proportions of different terrain height (c: right
y-axis). Boxplot of stations terrain height of the four study regions
(d); box shows lower and upper quartiles. Black lines inside boxes
represent medians. Blue dots are for average terrain elevation. Mini-
mum and maximum values are shown by whiskers. NW, SW, SE
and NE indicate the northwestern study area, the southwestern study
area. The southeastern study area, and the northeastern study area
respectively, and the same meaning is shown in the following figure

east in China (Bao et al. 2011; Zhang et al. 2014a, b; Wang
et al. 2018). However, regional topography only force local
circulations that affect the local features of diurnal variation
(Barros and Lang 2003; Chen et al. 2013; Li et al. 2017).
Yuan et al. (2014) found the spatiotemporal features of rain-
fall events were highly correlated with elevation heights over
North China and the topography influenced the diurnal varied
surface or low-level temperature, moisture, and wind fields.
The locally enhanced convergence in the Dabie Mountains
provides the strongest thermal and dynamic forcing lifting
that initiates the earliest convective cells, which leads to con-
densation and formation of the morning precipitation peak
(Wang et al. 2016; Fu et al. 2019). Li et al. (2019) revealed
the influences of the gauge elevations on the diurnal varia-
tion of rainfall, and the proportion of the rainfall frequency
occurring during the early-morning period decreases with
increasing elevations over the Qilian Mountains. Gan et al.
(2019) proposed that typical small-scale Mount Tai exhibits
great differences in precipitation characteristics with a large
enhancement effect on rainfall, which was different from the
surrounding areas. When precipitation of Mount Tai is sig-
nificantly enhanced, the corresponding wind field tends to be
dominated by stronger southwesterly. These studies show that
the isolated mountainous topography plays a crucial role in
spatial and temporal variation of precipitation. However, the
details about the spatial variation of precipitation over com-
plex topography are not consistent, especially for the possible
links between mountainous features and precipitation over
different areas of complex topography.

In recent years, with the appearance of multi-year con-
tinuous hourly rainfall data, an increasing number of studies
have focused on the diurnal cycles of the rainfall character-
istics in many regions around the world (Leahy and Kiely
2011; Deshpande et al. 2012; Hitchens et al. 2013; Steven-
son and Schumacher 2014; Iwasaki 2012 2015). Similar
researches on diurnal variations of precipitation based on
hourly rainfall data have also made great progress over main-
land China (Yu et al. 2007a, b, 2014; Chen et al. 2015; Liang
and Ding 2017; Li et al. 2017). Using a long-term dataset
comprising measurements made at more than 2420 stations

over SCB, Zheng et al. (2016) found that the SCB expe-
rienced higher rainfall accumulations and a higher occur-
rence of short-duration heavy rainfall events compared with
other sub-regions of China. Based on the same datasets, Luo
et al. (2016) reported that extreme hourly rainfall over SCB
peaks in July. Furthermore, based on daily precipitation data
from 524 observation stations, Zhang et al. (2019a) revealed
that, on the regional scale, some differences existed in the
changes of autumn rainfall between the eastern and the west-
ern parts of West China. In addition, based on hourly rainfall
data of 468 rain gauge stations, Chen et al. (2021) studied
spatial and temporal characteristics of abrupt heavy rainfall
events (AHRE) over southwest China, and the occurrence
frequency of these AHRE exhibited large spatial variability
among different regions. Nevertheless, the previous studies
used observations at the limited automatic meteorological
stations and lacked precipitation data with a higher spatial
resolution; their results show some regional differences on
precipitation diurnal variations over China. Due to the sparse
gauge networks and the large spatial and temporal variations
of rainfall, obtaining accurate finding has been challenging
for scientists especially in complex terrain.

Located close to the eastern edge of SCB in the south-
west China (Fig. 1a), Chongging (105° 11'~110° 11" E, 28°
10"~32° 13’ N) is a mountainous region in the middle and
upper reaches of the Yangtze River and has a humid sub-
tropical monsoon climate zone affected by the TP signifi-
cantly. Chongqing, known as “mountain city”, has special
geographical conditions with relatively flat terrain in the
Sichuan Basin and mountains along the edge of the basin.
Recently, considerable studies have been conducted to reveal
the effects of orography on diurnal variation of nocturnal
precipitation peak time over SCB (Zhang et al. 2014a; Chen
et al. 2017; Xue et al. 2018). In addition, the movement
of precipitation over the SCB and the adjacent regions is
closely tied to multiple regional-scale mountain-plain sole-
noids because of the great contrast in terrain heights between
the SCB and surrounding mountain ranges (Qian et al.
2015). Zhang et al. (2019b) demonstrated that prominent
diurnal inertial oscillations of south-southwesterly low-level
jet into the southeast side of the SCB played an important
role in modulating the diurnal variation of precipitation over
the SCB. Li et al. (2020a, b) found there is a prominent
northeastward time delay of precipitation peak over the
SCB, and the diurnal variation of 850 hPa wind has strong
easterly wind deviations in the early evening, which favors
for an initiation of precipitation by orographic lift of air.
However, few studies have reported on the rainfall diurnal
cycle in Chongqing, especially achievement between rainfall
and terrain. Using the hourly precipitation data observed at
34 gauge stations in Chongqing, Chen et al. (2019) revealed
the spatial and temporal characteristics of the precipitation.
By selecting 16 representative stations in two types of terrain
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for analysis, the results showed that the amplitude of diurnal
precipitation at the stations in higher terrain was smaller.
The studies yielded somewhat significant results in this area.
Nevertheless, derived from rare stations, studies cannot be
conducted to analyze the detailed characteristics of rainfall
over the complex topography in Chongqing. Hence, more
thorough researches need to be carried out on the diurnal
variation of precipitation based on hourly precipitation
observed from automatic meteorological stations and high-
density regional meteorological stations.

In this study, based on high-density and quality-controlled
hourly rain gauge data, detailed spatiotemporal characteris-
tics of rainfall amount, frequency, intensity, and durations
in the different topographic areas over Chongqing are inves-
tigated. In addition, the relationships between the diurnal
characteristics and the complex topography will also be
revealed. The structure of this paper is organized as follows.
Section 2 describes study region, the datasets and analysis
methods. Section 3 shows the detailed spatial-temporal dis-
tributions features of rainfall, the detailed characteristics of
diurnal evolution, and the relations between early-morning
rainfall and the elevation. Finally, conclusion and discussion
is given in Section 4.

2 Study region, data, and methods
2.1 Description of the study area

Chongqing has one of the most typical complex topographic
features located in an inland area, which is the transitional
region between the second and third topographical steps of
China (Fig. 1a). The west Chongqing goes deep into the
SCB at low elevation, while the east Chongqing gradually
rises eastward with high terrain spreading on the Wu Moun-
tain (WM) and reaches the middle of the Yangtze River. The
south Chongqing is adjacent to the Dalou Mountains (DLM)
and the Wuling Mountains (WLM), and the north Chong-
qing lays back the Daba Mountains (DBM).The topography
inclines from the west toward the Yangtze River valley and
can be divided into the following categories: plains, hills,
mid-height mountains, and tablelands. The mountains, hills,
tablelands, and plains account for 75.9%, 17.0%, 3.57%,
and 2.39%, respectively, of the total land area (Chongqing
Bureau of Geology and Minerals Exploration (CBGM)
2002).

Figure 1c shows numbers of station at different terrain
heights. Initially, the numbers rapidly increase from 100
to 250 m with maximum value reaching between 200 and
500 m (62.6% of all stations) and then gradually reduce
from 500 to 1600 m. The proportions of stations below 500
and below 1000 m to total stations are 64.7% and 93.0%,
respectively.

@ Springer

Because of the complex terrain, in order to illustrate the
detailed features of rainfall and to facilitate further obtain-
ing links between mountainous features and rainfall over
different areas in Chongqing, we select four typical areas
by considering the topographical features, as shown by red
boxes in Fig. 1b. The northwestern study area (NW) denotes
the complex topography of mixed basin and hills, and the
southwestern study area (SW) is the mountainous terrain in
southwest Chongqing adjacent to the northern DLM. The
southeastern study area (SE) represents mountainous ter-
rain in southeast Chongqing, and the northeastern study area
(NE) is mountainous terrain in northeast in which the DBM
lays. The numbers of stations in NW, SW, SE, and NE are
149, 145, 111, and 141 stations, respectively. The statistics
of station heights in every area are shown in Fig. 1d. The
average elevation gradually increases from 359.7 m in the
NW to 693.8 m in the NE. Meanwhile, the lower quartile,
median, and upper quartile values of terrain height also
increase, ranging from 261, 312.3, and 416 m, respectively,
in the NW, to 394, 683.9, and 881 m in the NE, respectively.
In addition, for each area in Fig. 1d, the minimum height is
relatively consistent, and the maximum is relatively high,
which is above 1000 m in the SW (1350 m), SE (1267 m),
and NE (1723 m), respectively. This altitude difference is
mainly due to the difference in the variation of the underly-
ing surface on complex terrain, especially in the SW and NE.

2.2 Station data and data processing

The hourly rain gauge observations data were obtained from
the National Meteorological Information Centre (NMIC) of
the China Meteorological Administration, which includes
a total of 1686 surface automatic weather stations (Fig. 1b)
and covers the entire warm season (May—September) from
2016 to 2020 in Chongqing. This dataset has undergone
a series of strict quality control, including extreme value
check, internal consistency check, and a time consistency
check (CMA 2003). The information of this data set can
be obtained from http://www.cma.gov.cn/2011gxfw/2011q
sjgx/. To minimize the impact of missing values on the
analysis, for the hourly precipitation data, the missing data
must be less than 1% of the total records for 5 years series,
and every station has more than 17, 370 h without missing
or suspicious values. Although the reconstruction is neces-
sary for guaranteeing the completeness of the dataset and for
raising the statistical confidence, we find that there is little
difference between the analysis results through a comparison
of the reconstructed and unreconstructed data.

2.3 Methods

In this study, following the previous studies (Dai et al.
1999; Liang et al. 2004; Yu et al. 2007a, b; Zhou et al.
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2008), the definitions of the four rainfall features in this
study are depicted as follows.

(1) Rainfall amount: cumulative amount with measurable
rainfall (rainfall rate >0.1 mm h™") divided by the num-
ber of non-missing hours during the study period.

Rainfall amount = P, /N,

P, is the accumulated rainfall amount with measur-
able rainfall during the study period; N,,, is the number
of hours with no missing rainfall records.

(2) Rainfall frequency: cumulative total hours with measur-
able rainfall (rainfall rate >0.1 mm h™") divided by the
number of non-missing hours during the study period.

Rainfall frequency = N, /N,

m

N, is the number of hours with measurable rainfall.
(3) Rainfall intensity: cumulative rainfall divided by the
number of rainy hours during the study period.

Rainfall intensity = P, /N,

(4) Rainfall event: According to the definition of previous
precipitation events, we define rainfall a single rainfall
event by their durations without any intermittence or at
most 1-h intermittence. When a rainfall event begins and
its intermittence lasts for 2 h, we deem that the rainfall
after the intermittence belongs to a new rainfall event. The
starting time of a rainfall event is defined as the time no
rainfall in the previous 2 or more than 2 h before measur-
able rainfall event (>0.1 mm/h) occurs. The ending of a
rainfall event is defined as the time there is no rainfall in
the next two or more than 2 h after measurable rainfall
event (>0.1 mm/h) occurs. The numbers of rainfall events
are defined as the accumulated numbers of the total rain-
fall events during the whole warm season precipitation
period. The duration time (rainfall amount) is defined as
the hours (accumulated rainfall amount) from the starting
time to the ending time during a rainfall event, during
which the intermittence is less than 1 h. The most frequent
starting time of rainfall events is considered as the time
when rainfall events occur most frequently, and the most
frequent peaking and ending time are similarly defined.

For each type of rainfall events, let R, (h) represent the
amount of hourly rainfall at time h. The normalized diur-
nal variation of precipitation, D,(h), is calculated by:

R, (h)
—

D,(h) = -1

The R, (h) is resulted from an average of the rainfall
events with a specific duration. Since warm season rainfall
is the main flood season and accounts for more than 85% of
the annual rainfall in Chongqing (Liu et al. 2012), this study
focuses on warm season.

3 Results

3.1 Spatial characteristics of warm season rainfall
in Chongqing

The spatial distributions of warm season rainfall amount,
frequency, and intensity in Chongqing are shown in Fig. 2,
which have distinct differences for stations with different
gauge elevations. As illustrated in Fig. 2a, the spatial distri-
butions of the rainfall amount are apparently inhomogene-
ous. The average rainfall amount at elevations below 500 m,
between 500 and 1000 m, and above 1000 m is 0.21 mm/h,
0.23 mm/h, and 0.25 mm/h, respectively. Large rainfall
amount value, i.e., those above 0.21 mm/h, occur in the
northern sections of DLM, the southern sections of DBM,
the southern sections of WLM, and mountainous areas in the
southeast Chongqing. On the contrary, small value stations
of rainfall amount are located in most of the central and the
western regions, and the eastern and southern sections of the
northeast Chongqing. It should not be ignored that scattered
stations of large rainfall amount values locate in Huarong
Mountain in the NW.

The distribution patterns of frequency (Fig. 2b) are con-
sistent with the rainfall amount. The average rainfall fre-
quency of below 500 m, between 500 and 1000 m, and above
1000 m is 0.13, 0.14, and 0.17, respectively. The ratios of
stations rainfall amount exceeding 0.21 mm/h (89%) and fre-
quencies exceeding 0.13 (94%) above 1000 m are approxi-
mately twice more than those below 500 m (44%, 46%). The
ratios are 72% and 79% between 500 and 1000 m. In other
words, it is clear that the rainfall amount and frequency over
mountainous areas are much higher than that in surrounding
low elevation areas.

The distribution of intensity (Fig. 2¢) is slightly differ-
ent from the previous two with the intensity below 500 m,
between 500 and 1000 m, and above 1000 m are 1.62,
1.63, and 1.55 mm/h, respectively. The proportions of
intensity exceeding 1.55 mm/h are 63%, 64%, and 45%,
respectively. Large values appear in the northern sections
DLM, the southern sections of DBM, mountainous areas
in southeast, and hilly areas in NW. It can still be found
that stations with large rainfall intensity value scatter in
Huarong Mountain. Compared with rainfall amount and
frequency large values, the distributions of large rainfall
intensity values are not entirely coincident, which do
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Fig. 2 Different in warm season rainfall (a) amount (colored dots; mm/h), (b) frequency (colored dots), and (¢) intensity (colored dots; mm/h)

during 2016—2020. Grey shadings indicate the terrain elevation

not occur at the tops of DBM and WLM but in the two
slope regions. The large rainfall intensity values extend
southward to the south of mountainous terrain, especially
in the south DBM and the south WLM, which indicates
that the terrain has a significant impact on the character-
istics of precipitation. The heavy rainfall is more likely to
occur in the south of the piedmont, namely the windward
slope zone with the terrain interacting with the southerly
wind, rather than the tops (Houze 2012). The same results
are found by Chen et al. (2019) in this area. The spatial
correlation coefficient between the rainfall amount and

@ Springer

frequency (intensity) in regions, where rainfall amount
exceeds 0.23 mm/h and height ranging between 500 and
1000 m, is 0.73 and 0.65, respectively. These coefficients
indicate that most stations with large rainfall amount also
have high rainfall frequency.

In summary, the spatial distributions of rainfall amount,
frequency, and intensity have obvious regional character-
istics. It is notable that the distributions of large rainfall
amount, frequency, and intensity values are located in the
complex mountainous terrain areas, especially in the four
study regions we have selected.
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The peak time of the rainfall factors reflects the main
characteristic of diurnal variation. To describe the phase
of the peak time in the diurnal variation more clearly,
we divided the 24 h of a day into four time periods:
night(2100-0100 LST), early morning (0200—1000 LST),
noon (1100-1300 LST), and afternoon (1400-2000 LST).
Figure 3 shows spatial distributions of the hourly peak over
24 h for the warm season rainfall amount, frequency, and
intensity. The prevailing early-morning peaks (0200-1000
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LST) of rainfall amount appear over the west, the middle,
the most of southeast, and the parts of northeast regions
in Chongqing. The ratio of early-morning peaks accounts
for up to 81.9% of all stations. The late-afternoon peaks
(1400-2000 LST) mainly appear over DBM ranges and
WLM ranges, and the proportion of all stations is 11.8%.
In addition, the peak hours of rainfall in the western region
(west of 107°E) occur obviously earlier than those in the
eastern region (east of 108°E), which has been found that the
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Fig. 3 Diurnal peaks of warm season rainfall (a) amount, (b) frequency, and (c) intensity during 2016—2020
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eastward delay of diurnal phases downstream of the central
eastern China (Yu et al. 2007b).

Similar to the rainfall amount, the early-morning peaks
have played dominant role for the rainfall frequency. A total
of 88.1% of the stations have early-morning peaks, which
distribute over the major region. The rare late-afternoon
peaks (8.6%) scatter in DBM ranges and WLM ranges. Also,
it is notable that the eastward delayed diurnal phases occur
mainly in the peak hours of rainfall frequency from the west
to the east.

Compared with the patterns of rainfall amount and rain-
fall frequency, the patterns of the rainfall intensity are appar-
ently inhomogeneous. 47.0% of the total stations have early-
morning peaks, which mostly distribute over the west region
and southeast region.

Overall, the above results demonstrate the dominance
of early-morning peaks in determining the distinct diurnal
features of warm season rainfall and the characteristics of
nocturnal rainfall with eastward phase transition. In accord-
ance with the diurnal peaks showing that the nighttime rain
is evident in the SCB (Yu et al. 2007a; Bao et al. 2011; Qian
et al. 2015; Zhang et al. 2019b; Li et al. 2020a, b), the same
prominent nocturnal feature is found in the SW and NW, yet
the diurnal peaks are not always consistent with the SE and
NE. The west Chongqing with low terrain height is located
in the eastern SCB, but the east Chongqing with high alti-
tude complex terrain reaches the edge of SCB. We further
analyze the detail characteristics of the four study regions
in the following chapter.

3.2 The diurnal variation of precipitation
in different areas

The general spatial features of the hourly warm season
rainfall in Chongqing have been acknowledged. To rec-
ognize the diurnal variations in the warm season rainfall,
Fig. 4 shows the standardized diurnal curves of the warm
season rainfall amount, frequency, and intensity over the
four study regions.

Specifically, it can be seen that the diurnal variations
of rainfall amount have bimodal structure with a dominant
early-morning peak at approximately 0700 LST (23 UTC)
and a weaker secondary late-afternoon peak at approxi-
mately 1600 LST (08 UTC) (Fig. 4a). The proportions of
early-morning rainfall amount account for 57.5%, 55.0%,
48.0%, and 44.2% of the total rainfall in the SW, NW,
SE, and NE (Fig. 5a), respectively, and the percentages
for late-afternoon rainfall are 19.7%, 21.4%, 23.7%, and
29.8% (Fig. 5b), respectively. Similar to the diurnal vari-
ation in the SCB showing that the nocturnal rainfall is
evident (Qian et al. 2015; Zhang et al. 2019b), the differ-
ence is that the rainfall amount has bimodal peaks with
the maximum peak values of the dominant early-morning
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in the SW, NW, SE, and NE, and the values are 0.396,
0.404, 0.388, and 0.362, respectively, higher than that
of the late afternoon, which are 0.183, 0.204, 0.251, and
0.307, respectively.

Being different from bimodal diurnal peaks of rainfall
amount, there is single peak of the rainfall frequency at
around 0700 LST (23 UTC) in the early-morning in the
SW, NW, and SE, which accounts for 50.3%, 48.1%, and
43.4% of the total rainfall, respectively (Fig. 5b), but there
are bimodal peaks that are the same as rainfall amount in the
NE. The maximum peak values of the rainfall frequency in
the SW, NW, SE, and NE are 0.197, 0.212, 0.191, and 0.167,
respectively.

Compared with the rainfall amount and frequency, the
diurnal variation of the rainfall intensity is not very evident.
There is bimodal peak in the SW, which is different from the
multi-peaks structure in the NW, SE, and NE with the peak
values located at around 0600 LST (22 UTC) in the early
morning. The detailed diurnal variation of rainfall intensity
in every region is inhomogeneous.

For every region, the diurnal variations of rainfall
amount can be attributed to those of both the rainfall fre-
quency and rainfall intensity. The dominant early-morning
peak mainly comes from the rainfall frequency, and the
weaker secondary late-afternoon peak mainly is generated
due to the rainfall intensity. Especially for the NE, such
kind of rainfall is likely to occur as local convective pre-
cipitation. As noted by Liao et al. (2007), due to the diur-
nal variation of solar heating, the lower atmosphere tends
to reach an unstable state in the afternoon so that a little
disturbance can trigger local convective rainfall. Yu et al.
(2013) also indicated that this occurs due to the asymmetry
of precipitation processes and the evolution of convective
clouds. Our findings differ from previous studies obtained
from the hourly national automatic weather stations (Chen
et al. 2019), which do not include more regional automatic
weather stations.

In conclusion, it should be noted that the maximum peak
time periods are relatively consistent with diurnal variation
of rainfall amount, intensity, and frequency with generally
reaching their maxima in the early morning. In addition, the
detailed diurnal rainfall cycles of rainfall amount and inten-
sity are the same in the SW and NW, and that is generally
consistent with the SE and NE.

From the above analysis, the dominant early-morning
peak is evident. Some researchers found an increasing
amount of precipitation with altitude increasing in the
mountain (Giorgi et al. 1997; Liu et al. 2011; Guo et al.
2016). To quantitatively assess the relationship between the
early-morning rainfall and the gauge elevation over the four
study regions, we study the correlation between the propor-
tion of rainfall amount (frequency) in the early morning to
the total daily rainfall amount (frequency) and the gauge
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elevation (Fig. 6). The linear fittings show that the pro-
portion of the rainfall amount (frequency) occurring dur-
ing the early-morning period is negatively correlated with
the elevation in four regions. The linear correlation coef-
ficients (R) are —0.934 (—0.934), —0.880 (0.886), — 0.902
(—0.906), and —0.814 (—0.814), respectively, which pass
the significance test at the 99% confidence level, and corre-
spond to the proportions of early-morning rainfall amount

(frequency) to the total rainfall at the higher elevations to
be smaller than that at the lower elevations. This suggests
that the altitude effect of the early-morning rainfall fre-
quency is significant. The main characteristics of diurnal
variation of early-morning rainfall obviously diminish as
elevation increases, and this phenomenon indicates that
more rainfall in the higher mountainous regions occurs in
other periods.
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Fig.5 The proportions of rainfall (a) amount and (b) frequency in the early-morning (blue bars; %) and late-afternoon (red bars; %) period to

their daily rainfall for the four regions

3.3 The detailed characteristics of early-morning
rainfall in four regions

The previous results demonstrate the dominance of early-
morning rainfall in determining the distinct diurnal fea-
tures of warm season rainfall. To reveal detailed spatial
distribution of rainfall features in the four study regions
during early morning, the regions with the most obvious
signals were selected, and every region is divided to 4 sub-
regions with considering the combination of mountains
extending direction and the terrain height variation from
the lower to the higher elevation. The mountains stretch
from southwest to northeast in the NW, simultaneously,
the heights gradually increase. The altitude of mountains
gradually increases from west to east in the SW. The
mountains present south-north-oriented extending with
the terrain height gradually increasing in the SE. The alti-
tude of mountains increases form south to north in the NE.

The spatial patterns of rainfall amount (Fig. 7) during
early morning are considerably similar to that of the warm
season rainfall amount (Fig. 2). It is notable that the rain-
fall amount approximately increases as the terrain height
increases in the four study regions. In every study region,
the relatively small value stations of rainfall amount are
located in the first sub-region, and the large value stations
mainly concentrate in the fourth sub-region. In the NW
and the SE, the rainfall amount gradually increases along
the direction of mountains, especially in the south side
of mountains. In the SW and the NE, the rainfall amount
gradually increases from the foot to the top of mountains.
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For more detailed investigation of the rainfall variations
in the four study regions, Fig. 8 presents variations of the
rainfall amount for four sub-regions in every study region at
the different elevation. Along the mountains from southwest
to northeast, the average elevations of the sub-regions sta-
tions increase from 346.1 to 536.4 m in the NW (Fig. 8a),
but there is a slight decrease in sub-region 2. Meanwhile,
the mean, median, upper quartile, and maximum values of
rainfall amount in 4 sub-regions also increase, ranging from
0.315, 0.313, 329, and 0.363 mm/h, in the first sub-region,
to 0.378, 0.380, 0.397, and 0.470 mm/h, respectively, in the
fourth sub-region. In the SW (Fig. 8b), the average terrain
heights gradually increase from 405.5 to 666.5 m, and the
mean (0.344 mm/h) and median (0.345 mm/h) values in
westernmost sub-region increase to 0.383 and 0.376 mm/h
in the easternmost sub-region. In addition, we should notice
that the mean and median values in the second sub-region
are slightly smaller than those in the first sub-region, which
are influenced by the stations in the low altitude terrain, but
the slightly different variation does not affect the overall
change with terrain height. The mean, median, and mini-
mum values of rainfall amount in the southernmost region
are 0.316, 0.319, and 0.266 mm/h, respectively, whereas
those in the northernmost region reach 0.427, 0.436,
and 0.378 mm/h, respectively, in the SE. For the rainfall
amount, practically all statistics increase along the mountain
extending in the SE (Fig. 8c). Simultaneously, the average
elevations of the sub-regions stations gradually increase
from 431.7 to 719.9 m. Figure 6d also presents the obvi-
ous feature that is the rainfall amount consistent variations
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with elevation increasing. The mean rainfall amount in the
southernmost region is only 0.247 mm/h, whereas that in the
northernmost region reaches 0.398 mm/h.

Boxplot of stations rainfall amount in the four study
regions mostly shows the characteristics of consistent vari-
ations as the terrain heights increase. The results show that
terrain elevation plays an important role in affecting the
regional distribution of rainfall amount. The NW denotes
the complex topography of mixed basin and hills, and the
SW represents the mountainous terrain in southwest Chong-
qing adjacent to the northern DLM. The underlying surface
is mainly hilly, and the average elevations of the sub-regions
stations are relatively low in the sub-regions 1 and 2 of the
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NW and the SW, so the rainfall amount of these stations are
relatively lower. The underlying surface is mainly mountain-
ous terrain, and the average elevations of the sub-regions sta-
tions are relatively high in the sub-regions 3 and 4, therefore,
resulted in the rainfall amount values are relatively high.
The underlying surface is mainly mountainous terrain, and
the average elevations of the sub-regions stations increase
sharply from the sub-region 2 to 3 in the SE, so the rainfall
amount increases sharply. Compared with the others three
study areas, the average elevations gradually increase from
the sub-region 1 to 4 in the SE, and the increase gradient
is relatively consistent, so the rainfall amount gradually
increases.
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Similar to rainfall amount, the rainfall frequency
also shows different spatial variations in the four study
regions (Fig. 9). The rainfall frequency also gradually
increases as the terrain height increases. The small value
stations of rainfall amount are located in the first sub-
region, and the large stations are concentrated in the
fourth sub-region. The rainfall frequency has a clearer
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increase along the extending direction of mountains in
the NW and the SE, and those also have a similar increas-
ing trend with the terrain height gradually increasing
from the low inlands to the high hills of mountains in
the SW and the NE. The values at the top of mountains
are also bigger than those at the foot at same longitudes
or latitudes.



Diurnal variations of rainfall affected by complex topography based on high-density observation... 1385
(a) (b)
0.480
H 600 H
! 0.450 + | 200
0.440 ! i ;
4 ?
T 1 00 0.420 /:
1 / 5 /
0.400 b g il 600
] /’ J
0.360 H o 0-390 T T/
) T n 7 400 T ' »
i i ; 0.360 - i L B L e
0.320 E("ﬁ SR | -] . i
T ? -:L 300 0.330 - _l|_— s ! 400
] | L |
0.280 ! |
| . NW 0.300 i SW
T T T T T
1 2 3 4 1 2 3 4
(c) (d)
0.480 - . L goo 990 T
! ! i 900
! ] 0.45 -
0.440 T G = - Wi
: %ﬁ,a 4 5 1}' y 800
| } 0'4 -
0.400 L , } P )
H / | - 600 * 700
- 7 + % 0.35 i
0.360 ' 7 1 H 600
| f 1
. / T7 500 0.30 - :
I/’ | I
0.320 ~ § : 500
i swo 925° 1
0.280 i SE NE 400
] : 0.20 - = i
1 2 3 4 1 2 3 4

Fig.8 Boxplot of rainfall amount (units: mm/h) during early morn-
ing of (a) NW, (b) SW, (c¢) SE, (d) NE regions; box shows lower and
upper quartiles. Black lines inside boxes represent medians. Blue dots
are for data averages. Minimum and maximum values are shown by

The detailed rainfall frequency changes correspond-
ingly with the topographic elevation, as shown in Fig. 10.
In the southwest-northeast direction in the NW (Fig. 10a),
the rainfall exhibits consistent variations with elevation,
in terms of rainfall amount and frequency. The mean
rainfall frequency is 0.174 in the first sub-region; how-
ever, it reaches 0.191 in the fourth sub-region. In the SW
(Fig. 10b), from west to east along the mountains, the
mean terrain heights are 405.5, 418.9, and 453.9 m, respec-
tively, increasing at interval of approximately 50 m, but
the elevations increase to 666.5 m in 4 sub-region, more
than 200 m higher than those in 1-3 sub-regions. Due to
the terrain heights variation, the mean and median stay
relatively consistent in 1-3 sub-regions (0.187, 0.188), but

whiskers. Red line represents mean elevation (units: m) of all sta-
tions. Labels 1, 2, 3, and 4 at bottom x-axis represent four sub-regions
in the four study regions. The left y-axis label means rainfall amount
scales and the right y-axis label indicates the elevation scales

that obviously increases in the fourth sub-region (0.207,
0.203). The mean (0.169) and median (0.173) values in
southernmost sub-region increase 0.210 and 0.210 com-
pared with those in northernmost sub-region in the SE
(Fig. 10c). Meanwhile, it should be noted that the mean
and median values are slightly smaller in the second sub-
region than those in the first sub-region, but the slight
difference does not affect the overall variation tendency.
There is an increase in the rainfall frequency concurrent
with the increasing elevations over 1-4 sub-regions in the
NE. The mean, median, upper quartile, and maximum val-
ues increase, ranging from 0.134, 0.135, 0.139, and 0.151,
respectively, in the first sub-region to 0.183, 0.178, 0.193,
and 0.260, respectively, in the fourth sub-region.
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Fig.9 The same as Fig. 7, but for rainfall frequency

Boxplots of rainfall frequency of stations in the four study
regions mostly show the consistent variations with rainfall
amount. The rainfall frequency values of stations are relatively
low in the sub-region 1 and 2 of NW and SW, but high in the
sub-region 3 and 4. The rainfall frequency values increase sharply
from the sub-region 2 to 3 in the SE. The rainfall frequency val-
ues gradually increase from the sub-region 1 to 4 in the SE.

From the above discussion of the spatial variations of the
rainfall over four focus regions, the results show that the rainfall
amount and frequency at higher elevations are larger than those
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at lower elevations, and the rainfall amount and frequency sig-
nificantly increases as the terrain height sharply increase, which
indicates that mountainous terrain has a remarkable enhancing
effect on precipitation in the four study regions.

3.4 The diurnal variation of rainfall events
in different areas

To explore the relationships between rainfall occurring time
and the duration hours of the rainfall events, the rainfall
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Fig. 10 The same as Fig. 8, but for rainfall frequency

amount and frequency decomposed by duration and diurnal
phase for the four study regions are analyzed, which are
normalized by the daily mean of each duration time. In the
NW (Fig. 11a), rainfall events with duration hours of less
than 6 h reach their peaks at roughly 0400 LST in the early
morning. Rainfall events lasting more than 6 h tend to peak
between 0200 and 0400 LST. However, it can be seen clearly
that the amount and frequency of rainfall events that last
longer than 6 h is higher than that of lasting less than 6 h,
and this kind of rainfall occurs mostly in the early morning.
In the SW (Fig. 11b), rainfall event with duration less than
6 h reaches its peak at roughly 2000 LST in the afternoon,
and a less pronounced second peak is observed at 0400 LST
in the early morning. Rainfall events lasting more than 6 h
tend to peak between 0200 and 0400 LST. Similar results
are found in the SE (Fig. 11c), though rainfall with lasting
less than 6 h reaches its peak at roughly 0000 LST in the

midnight. In the NE (Fig. 11d), rainfall events lasting less
and more than 6 h mainly occur in the nighttime.

From the above analysis, short-duration rainfall events
(1-6 h) tend to start between afternoon and night, while
long-duration rainfall events (> 6 h) tend to start in the night.
Nocturnal rainfall events tend to begin simultaneously while
long-duration rainfall ends later, showing that long-duration
rainfall events make a larger contribution to total rainfall
amount. The duration is closely related to the physical mech-
anisms of precipitation.

Yu et al. (2007a) revealed that the diurnal cycle of long-
duration precipitation exhibits an early-morning maximum
while short-duration precipitation an afternoon to evening
maximum. The late-afternoon maximum can be explained
by surface solar heating, which results in maximum low-
level atmospheric instability and thus moist convection in
the afternoon (Chen et al. 2019). The nocturnal maximum
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Fig. 11 Diurnal cycle of rainfall events of rainfall amount (shaded) and frequency (contours) with change of different duration in (a) NW, (a)
SW, (a) SE, and (¢) NE. The rainfall amount and frequency is normalized by the daily mean for each duration time

may result from the diurnal variation of local circulation
forced by the complex terrain.

Similar to Fig. 5, the proportions of two main periods
for rainfall events with different durations are shown for the
four regions (Fig. 12). When the duration is between 1 and
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3 h, the rainfall frequency proportion (25.6%) in the early-
morning period is greater than that (17.1%) in the late-after-
noon period in the NW (Fig. 12a), but the rainfall amount
proportion (4.5%) in the early morning is slightly smaller
than that (5.8%) in the late afternoon. The rainfall frequency
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Fig. 12 The proportions of rainfall amount (black rectangle; %) and
frequency (bar; %) events during different durations to their daily
rainfall events in the (a) NW, (a) SW, (a) SE, and (¢) NE. The blue

proportion of durations of 4-6 h (10.6%), 7-9 h (5.2%),
10-12 h (2.6%), and more than or equal to 13 h (3.1%) in
the early-morning period are roughly triple as much as that
in the late-afternoon period, which are 3.2%, 1.0%, 0.6%,
and 1.9%, respectively. The rainfall amount proportion of
durations of 4-6 h (9.9%), 7-9 h (9.4%), 10-12 h (7.2%),
and more than or equal to 13 h (16.6%) in the early-morn-
ing period are roughly twice as much as that in the late-
afternoon period, which are 4.3%, 1.4%, 1.2%, and 8.9%,
respectively.

Similar results are shown in the following three regions.
For proportions of rainfall events, more than 35% short-dura-
tion rainfall (1-6 h) events happen during the early-morn-
ing period. When the duration is above 7 h, the frequency

(b)

10% 207

10% 20%

bars represent the proportion values of the early-morning period, and
the red bars indicate the late-afternoon period

proportion is slightly greater than 10%, accounting for 33.2%
of the total rainfall.

Although the diurnal large value zones of rainfall events
in the four regions appear in the early morning, the detailed
diurnal rainfall cycles are different. We will further analyze
the peak time characteristics of rainfall events with different
duration in the following passages.

The peak of long persistent precipitation is usually in
the morning, which accounts for more than 60% of precipi-
tation in central and eastern China, while short persistent
precipitation mainly appears in the afternoon (Yu et al.
2007a). The occurrence of the rainfall maximum is impor-
tant for rainfall events (Yu et al. 2013). To quantitatively
assess the relationship between the gauge elevation and the
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early-morning maximum rainfall, Fig. 13 shows the relation-
ships of the gauge elevation and the proportion of rainfall
maximum frequency during the early-morning period to
the total daily rainfall frequency trend magnitude. There are
obviously negative correlations between the magnitude of
proportion trends and the elevation in four regions. The lin-
ear correlation coefficients (R) are —0.932,—0.878,—0.914,
and — 0.803 above the 99% confidence level, respectively. It
means that the proportions of early-morning rainfall maxi-
mum frequency to the total rainfall at the higher elevations
are smaller than that of the lower elevations. This suggests
that the altitude effect on the early-morning rainfall maxi-
mum frequency is significant. The early-morning rainfall
maximum trend significantly diminishes with elevation,
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which indicates that higher mountainous areas experience
more other raining periods than that at lower elevations.

4 Conclusions and discussion

Based on the hourly rain gauge data of high-density stations
in Chongqing during the warm season (May to September)
from 2016 to 2020, the overall features and regional differ-
ences in the diurnal variations of rainfall affected by com-
plex terrain are identified, and the detailed influences of the
gauge elevations on the diurnal variations of rainfall are also
investigated. The main conclusions can be summarized as
follows.
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Fig. 13 The same as Fig. 6, but for the proportion of early-morning rainfall maximum frequency (blue) and amount (red) to their daily rainfall

events in (a) NW, (b) SW, (c) SE, (d) NE regions
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(1) The spatial features of rainfall amount, frequency, and
intensity have obvious regional characteristics under
the influence of complex terrain in Chongqing. The sta-
tions with larger rainfall amount, frequency, and inten-
sity values are located in the higher complex mountain-
ous terrain areas. The detailed characteristics of the
four study regions show that the rainfall amount and
frequency at higher elevations are larger than those
at lower elevations, and they significantly increase,
especially in the direction that terrain height sharply
increases along mountains extending.

(2) The diurnal characteristics of rainfall amount, fre-
quency, and intensity have obvious regional character-
istics. The maximum peak time periods are relatively
consistent in reaching their maxima in the early-morn-
ing. The early-morning peaks play a dominant role for
the rainfall frequency and amount, which account for
81.9% and 88.1% of all stations, respectively. The pat-
terns of the rainfall intensity are apparently inhomoge-
neous. The rainfall amount has bimodal structure with
a dominant early-morning peak at approximately 0700
LST (23 UTC) and a weaker secondary late-afternoon
peak at approximately 1600 LST (08 UTC). There is
a single peak diurnal characteristic of the rainfall fre-
quency in the SW, NW, and SE, while bimodal peak in
the NE.

(3) The gauge elevation has a significant impact on the
diurnal variations of the early-morning rainfall. As
elevation decreases, the proportion of rainfall amount
(frequency) that occurs during early-morning periods
increase in the four study regions. In other words, the
early-morning peak dominates in low elevations areas,
while the high mountainous areas experience more
other raining periods than that at lower elevations. The
same pattern is found in the proportions of early-morn-
ing rainfall maximum frequency to the total rainfall
events.

(4) Different duration hours of rainfall events have distinct
diurnal variation and phase features. Short-duration
rainfall tends to start between afternoon and night,
while long-duration rainfall tends to start in the night.
Nocturnal rainfall events tend to begin simultaneously,
while long-duration rainfall ends later. Consequently,
long-duration rainfall events make a greater contribu-
tion to total rainfall amount.

In this study, our results indicate that the diurnal variation
of rainfall in Chongqing is significantly affected by topog-
raphy and demonstrates the dominance of early-morning
rainfall in determining the distinct diurnal features of warm
season rainfall. Prevailing nocturnal precipitation over the
eastern Tibetan Plateau and its eastern periphery was dis-
cussed previously (Bai et al. 2008; Chen et al. 2009; Huang

et al. 2010; Guo et al. 2016), but the underlying mechanisms
remain unclear. Jin et al. (2013) suggested that the early
night precipitation peak over the western SCB was largely
caused by strong ascending motion over the TP and its east-
ern lee side, while multiple coexisting factors contributed to
the late night peak of precipitation over the central and east-
ern SCB. The mountain-plain solenoid circulation, driven by
the inhomogeneous diabatic heating associated with topo-
graphic forcing, contributes to the nocturnal precipitation
over the SCB (Zhang et al. 2014b; Qian et al. 2015). In the
early evening, anomalous easterly flow moves toward the
TP and causes low-level convergence over the western SCB,
resulting in nocturnal precipitation over the SCB (Sun and
Zhang 2012; Chen et al. 2017; Zhang et al. 2019a). Promi-
nent diurnal inertial oscillations of south-southwesterly low-
level jet into the southeast side of the SCB play an important
role in modulating the diurnal variation of precipitation over
the SCB (Zhang et al. 2019b). Qian et al. (2015) found that
the precipitation over the SCB propagates northeastward in
the early night and decays. As mentioned before, the west
Chongging goes into the SCB, in which the diurnal varia-
tion of rainfall is the same as in the SCB, while the eastern
and middle Chongqing are located in the mountainous area
surrounding the basin and gradually rise eastward with high
terrain spreading on the WM. Chen et al. (2019) investigated
the interval of precipitation associated with the diurnal dis-
tribution of lightning and revealed that the enhancement of
precipitation in the mountainous area was mainly caused by
the short-time strong rainfall resulting from the convection.
However, these studies are limited by the use of only station
observations, due to the limited data length, the inhomoge-
neous spatial distribution of the stations, and scarce records
of rainfall in mountainous area, which cannot fully reveal
the interactions between the local topography and mesoscale
processes in the generation of heavy rainfall.

It is noteworthy that there are obvious regional charac-
teristics in the diurnal variations of rainfall. The study could
be helpful in further understanding the precipitation char-
acteristics in Chongqing and in researches on precipitation
over complex terrain in the southwest China. The diurnal
rainfall cycles of rainfall amount and intensity are the same
in the SW and NW, and they are generally consistent with
those in the SE and NE. The SW and NW are located in the
west Chongqing and go deep into the SCB at low eleva-
tion. The east Chongqing gradually rises with high terrain,
in which the SE and NE are located. The elevation is an
obvious different topographical factor. The rainfall amount
and frequency significantly increase as the terrain height
sharply increases, especially in the NE. The direction of oro-
graphic slope is north—south orientation where the windward
slope zone interacts with the south wind. The detailed rain-
fall characteristics are also different in the sub-regions over
the four study regions. These differences in the sub-regions
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imply that apart from the elevation, some other topography-
related factors, such as orographic slope and orientation,
should also be considered when investigating the influence
of topography on the diurnal variations of rainfall. Due to
the few stations sparsely distributed mountainous areas, it
is difficult to obtain detailed circulation characteristics and
truly understand physical processes behind these differ-
ences in complex terrain area. Therefore, further studies are
needed to validate the results by using other high-resolution
data, including the high-resolution satellite data, and high-
resolution numerical experiments that should be designed
and carried out in future works.
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