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Abstract: The daytime and nighttime precipitation proportions of daily total precipitation (especially
extreme daily precipitation) are important indicators that help to understand the process of precipita-
tion formation, which in turn helps to evaluate and improve models and reanalysis precipitation data.
In this study, we used the Huai River Basin (HRB) as a case to explore the daytime and nighttime
precipitation proportions of daily total precipitation based on 135 meteorological stations during
1961–2018. The total, daytime, and nighttime precipitation showed zonal distributions with high and
low values in the southern and northern parts of the basin, respectively. The nighttime precipitation
was slightly greater than the daytime precipitation. With the increase in precipitation intensity, the
seasonal cycles of the total, daytime, and nighttime precipitation were more distinct, and precipitation
mainly occurred in summer. The annual range of precipitation differences between daytime and
nighttime in wet seasons showed a downward trend in 1961–2003 followed by an upward trend in
2003–2018. This reversal of annual range of precipitation around 2003 may be related to the changes in
annual range of convective precipitation differences between daytime and nighttime in wet seasons.
The decrease of light precipitation mainly depended on the decrease of nighttime precipitation.
The contributions of nighttime precipitation events to torrential precipitation events were greater
than those of daytime precipitation. The days of extreme precipitation events accounted for a very
low proportion of total precipitation days, but their precipitation amount accounted for relatively
high proportions of total precipitation amount. Annual extreme precipitation amount showed a
slightly upward trend, which was caused by the increased nighttime precipitation. Under extreme
precipitation conditions, large proportions of daytime precipitation were mainly concentrated in the
southeastern parts of the HRB, whereas large proportions of nighttime precipitation were mainly con-
centrated in the northwestern parts of the basin. The concurrent daytime and nighttime precipitation
showed slightly increasing trends, especially in the southeastern part of the basin. With the increase
in daytime and nighttime precipitation, the risk of concurrent precipitation extremes in the southern
part of the basin increased (shorter return period means higher risk).

Keywords: daytime and nighttime precipitation; precipitation extremes; copula; Huai River Basin

1. Introduction

Currently, the global temperature rises at a high rate, but the linear trend of long-term
precipitation may be weak and generally shows obvious fluctuation characteristics [1,2].
The diurnal variation of precipitation is accompanied by the thermal and dynamic daily cy-
cle processes of water and energy fluxes [3–5], which may affect the long-term precipitation
fluctuations. The exploration of the diurnal cycle characteristics of precipitation not only
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helps to understand physical processes of precipitation, but it also allows the optimiza-
tion of weather/climate models to improve the accuracy of precipitation forecasts [6–9].
Generally, precipitation peaks mainly exist in the afternoon and nighttime. The afternoon
convective precipitation is usually caused by the instability of the low-level atmosphere
and water vapor convergence due to solar heating [3,10,11]. Nocturnal precipitation is
usually due to radiative cooling at night, which causes the condensation of substantial
amount of water vapor [3,4,12]. There are different characteristics and mechanisms of
diurnal precipitation cycles in different regions. For instance, the nighttime precipita-
tion peaks in the middle and lower reaches of the Yangtze River may be caused by the
Meiyu front, or they may be related to the propagation of the precipitation systems caused
by the mid-latitude westerly flow [13–15]. The precipitation peaks in the Sichuan basin
and the eastern margin of the Tibetan Plateau during nighttime are mainly affected by
topographical features [4,12,16].

The diurnal variation of precipitation may be affected by the duration of multiple
intermittent precipitation events in a day [4,17]. In accordance with their lengths, precipi-
tation events can be divided into short (≤3 h) and long (≥6 h) durations. The former are
usually caused by local convective precipitation (usually occurs in the afternoon), and the
latter are usually related to large-scale precipitation (usually occurs in the evening to early
morning) [10,13,14,17]. Large-scale precipitation refers to the steady, sustained rain or snow
associated with large-scale forced ascent or detrainment, and convective precipitation refers
to the intermittent burst of liquid or solid precipitation, associated with local convective air
circulation [18]. Precipitation that lasts for several hours may be potentially destructive,
such as flash floods [19]. Therefore, the characteristics of precipitation on the sub-daily
timescale (daytime and nighttime) are receiving attention. The previous studies [3,7,20] on
the seasonal, annual, and even extreme daytime and nighttime precipitation were generally
determined using individual daytime or nighttime precipitation, which may ignore the
complete day event scale.

The enhancement of the annual precipitation difference (range) between wet and dry
seasons may intensify extreme conditions (more floods or droughts) [21]. Therefore, it
is necessary to investigate characteristics of the differences between daytime and night-
time precipitation during wet and dry seasons. Analyzing the characteristics of daytime
and nighttime precipitation at different intensity levels aids in developing an in-depth
understanding of the diurnal precipitation cycle. Previous studies mainly explored the
characteristics of different intensities of precipitation using hourly or sub-daily precipi-
tation data [3,7,19,22]. However, it is also important to use indicators of complete daily
precipitation intensity to explore the proportional characteristics of the daytime and night-
time precipitation. The proportions of daytime and nighttime precipitation under different
daily total precipitation intensities aid in our understanding of the precipitation diurnal
cycle and related mechanisms.

Precipitation extremes have significant impacts on the ecosystems, socio-economies,
and human health, as illustrated by the storm events that occurred on 20 July 2021 in
Henan and 20 July 2016 in Beijing, China [23–25]. There have been some studies on hourly
extreme precipitation [19,26], but the proportions of daytime and nighttime precipitation
during extreme precipitation events using complete-day data have not yet been explored.
The destructive power of extreme precipitation events caused by consecutive precipitation
(several days) is generally greater than that of a single hour or daily extreme precipitation.
For example, the 2020 super long Meiyu season in the Yangtze and Huai River basins in
China [27], and the heavy precipitation in the Sichuan Basin in China during 10–18 August
2020 [28]. The investigation of daytime and nighttime precipitation proportions during
consecutive extreme precipitation events may be helpful to increase our understanding of
the consecutive extreme precipitation processes and further improve extreme precipitation
predictions.

The return level and return period of extreme precipitation provide critical information
for decision-making and risk assessment [29,30]. Typically, risk assessments are based on
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one natural indicator under a univariate framework, such as extreme heat based on high
percentile thresholds for the maximum temperature [31]. The univariate estimates of return
periods may be less accurate in assessing concurrent events, leading to underestimations of
the risks of extreme conditions [32]. The combination of different proportions of daytime
and nighttime precipitation with the same total daily extreme precipitation may lead to dif-
ferent risk degrees of extreme precipitation events, which is a signal that cannot be detected
by the total daily precipitation. In fact, traditional risk assessment based on daily extreme
precipitation may not accurately represent concurrent daytime and nighttime precipitation
extremes and could lead to the underestimation of the risks of precipitation extremes.
Therefore, it is necessary to evaluate the risks of concurrent precipitation extremes under
different combinations of daytime and nighttime precipitation based on multidimensional
joint distribution function method.

We used the Huai River Basin (HRB) as a case study to investigate the proportional
characteristics of daytime and nighttime precipitation from daily precipitation. The ob-
jectives of this study were as follows: (1) explore the spatio-temporal characteristics of
annual daytime and nighttime precipitation; (2) investigate annual range of precipitation
difference between daytime and nighttime in wet/dry seasons; (3) elucidate the daytime
and nighttime precipitation proportions at different intensity levels of daily precipitation
events; (4) determine the daytime and nighttime precipitation proportions using daily ex-
treme precipitation indices; and (5) characterize risks of concurrent daytime and nighttime
precipitation extremes using a multivariate copula method. The findings presented here
may enrich our knowledge of the diurnal cycles of precipitation and provide valuable
insights into the ecological and social consequences caused by daytime and nighttime
precipitation extremes that can be used by decision-makers responsible for determining
mitigation strategies.

2. Materials and Methods
2.1. Study Area

The HRB lies between the middle and lower reaches of the Yangtze River and the
middle and lower reaches of the Yellow River. The HRB covers an approximate area
of 270,000 km2 in the eastern parts of China (approximately 112–121◦ E, 31–36◦ N) and
belongs to a climate transitional zone between the humid and semi-humid monsoon regions
(Figure 1). The elevation of most parts of HRB is less than 100 m above sea level (a.s.l),
especially the vast plain in the eastern parts of the basin. Since the HRB is dominated
by plains, precipitation and temperature mainly show zonal distribution characteristics.
Annual mean precipitation decreases from about 1200 mm in the southern parts of the basin
to about 700 mm in the northern parts of the basin [33]. The annual mean temperature
ranges from about 11 ◦C in the northern parts of the basin to about 16 ◦C in the southern
parts of the basin [34]. In the summer, the HRB is controlled by the Meiyu front and
subtropical high systems that make it prone to flood and drought events [35]. The HRB
is an important commodity grain base in China due to the characteristics of climate and
topography [36]. The contributions of daytime and nighttime precipitation to extreme
precipitation play important roles in the growth of crops in the HRB.

2.2. Data

Daytime (08:00−20:00 BT), nighttime (20:00−08:00 BT), and total (daily, 20:00−20:00 BT)
precipitation for 1961−2018 were derived from the China Meteorological Administration
(http://data.cma.cn/ (accessed on 1 June 2022)). The dataset underwent quality control and
homogeneity testing before its release. The station was excluded if its daytime, nighttime, or
total precipitation data were missing for more than 31 days (≥0.15% missing data) during
1961−2018. Missing values (<0.15% missing data) for the station was interpolated using the
average value of 10 neighboring stations on the same timestep. Finally, 135 meteorological
stations (Figure 1) spanning 1961−2018 across the HRB were selected for this study.

http://data.cma.cn/


Atmosphere 2022, 13, 1287 4 of 29

 

2 

 
Figure 1. Location of Huai River Basin and its 135 meteorological stations.

ERA5 is the new fifth-generation reanalysis dataset released by the European Centre
for Medium Range Weather Forecasts (ECMWF) [37] that contains a large number of
hydrometeorological variables with high spatiotemporal resolution. It has been widely
applied in hydrometeorological investigations and evaluations worldwide [1,38–40]. The
ERA5 variables including total, large-scale, and convective precipitation (a spatial resolution
of 0.25◦ and hourly temporal resolution) from 1961 to 2018 were used in this study. We
integrated the ERA5 dataset into daytime (08:00−20:00 BT) and nighttime (20:00−08:00 BT)
sequences. We extracted the ERA5 grid nearest to the location of the observed station (i.e.,
grid point closest to the station) for data comparisons and analyses.

2.3. Definitions of Wet and Dry Seasons

We defined the dry and wet seasons as follows [21]: we first calculated the 3-month
running averages (precipitation) for each station from 1961 to 2018, and then we defined
the maximum value of the 3-month running average value in each year as the wet season
and the minimum value as the dry season. Thus, the wet and dry seasons vary with the
year and location (station). We calculated the difference between daytime and nighttime
precipitation during the wet/dry seasons to obtain annual range of precipitation.

2.4. Different Grades of Precipitation Intensity

A precipitation event is generally defined as a precipitation amount (p) of no less than
0.1 mm/day [41–43]. The China Meteorological Administration generally provided four grades
of daily precipitation intensity (http://www.cma.gov.cn/2011xzt/2012zhuant/20120928_1_1
_1_1/2010052703/201212/t20121212_195616.html (accessed on 1 June 2022)) as follows: light
(0.1 ≤ p < 10 mm/day), moderate (10 ≤ p < 25 mm/day), heavy (25 ≤ p < 50 mm/day), and
torrential (≥50 mm/day). This study applied the total daily timescale to define the grades of
precipitation intensity and then explored the characteristics of daytime and nighttime precipi-

http://www.cma.gov.cn/2011xzt/2012zhuant/20120928_1_1_1_1/2010052703/201212/t20121212_195616.html
http://www.cma.gov.cn/2011xzt/2012zhuant/20120928_1_1_1_1/2010052703/201212/t20121212_195616.html
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tation at different grades. Thus, we were able to investigate the distribution characteristics of
daytime and nighttime precipitation when the total daily precipitation reaches a certain grade.

2.5. Precipitation Extremes

Annual maximum consecutive 5-day precipitation amount (RX5day) is an important
extreme precipitation index, and a large RX5day value can induce a flood disaster. Let
RRkj be the precipitation amount for the 5-day interval ending k, period j. The maximum
consecutive 5-day values for period j are:

RX5day = max
(

RRkj

)
(1)

This study used the daily total precipitation to calculate the RX5day at each station
from 1961 to 2018, and then we investigated the daytime and nighttime proportions. Let
RRwj be the daily precipitation amount on a wet day w (≥0.1 mm) in period j and let RR90
be the 90th percentile of precipitation on wet days in the 1961−2018 period. If n represents
the number of wet days in the period, then:

TR90p =
n

∑
w=1

RRwj where RRwj > RR90 (2)

TR90p represents the annual total precipitation when total daily precipitation >90th
percentile of the local all wet days during 1961−2018. We separately explored the day-
time and nighttime precipitation proportions under TR90p conditions. DR90p and NR90p
represent daytime and nighttime precipitation greater than 90th percentiles of the local
daytime and nighttime wet days during 1961−2018, respectively (similar to Equation (2)).
Concurrent extreme daytime and nighttime precipitation (CEDNP) was defined in this
study as simultaneously meeting the conditions (the same day) of daytime and night-
time precipitation greater than the 90th percentiles of their respective local daytime and
nighttime wet days during 1961−2018. We investigated the proportions of daytime and
nighttime precipitation under CEDNP conditions.

2.6. Copula Method

Copulas are joint distribution functions that can construct the dependence structure
of two or more time-independent variables regardless of their original marginal distri-
butions [44–47]. We applied the copula method to explore return periods of the CEDNP
based on the different combinations of daytime and nighttime precipitation in the HRB.
The marginal distributions of daytime (X) and nighttime (Y) precipitation under CEDNP
events were first established. We used some continuous marginal distribution functions to
select a suitable model that optimally fit the variables X and Y. These marginal distribu-
tion functions included: Beta, Birnbaum–Saunders, Exponential, Extreme value, Gamma,
Generalized extreme value, Generalized Pareto, Inverse Gaussian, Logistic, Log-logistic,
Lognormal, Nakagami, Normal, Rayleigh, Rician, t location-scale, and Weibull distri-
butions [46]. The optimal marginal function was selected via the Bayesian Information
Criterion (BIC), and the parameters of the marginal distributions were calculated via the
Maximum Likelihood Method (MLE) to minimize the distances between their model and
empirical probabilities [45,46,48].

Assuming two variables X and Y with cumulative distribution functions FX and FY,
respectively, a two-dimensional copula (C) can establish their joint distribution as follows:

F(x, y) = C(FX(x), FY(y)) = C(u, v) (3)

where FX(x) and FY(y) denote the cumulative distribution functions for the daytime and
nighttime precipitation under CEDNP events. This study applied four commonly-used
copula functions (Gaussian, Clayton, Frank, and Gumbel) in the field of hydrometeo-
rology [47,49,50] to analyze the joint probability distributions of daytime and nighttime
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precipitation under CEDNP events. The optimal copulas were selected based on the BIC,
Akaike information criterion (AIC), and MLE [45,46].

If both the variables of a CEDNP simultaneously exceed the given threshold (X ≥ x
and Y ≥ y), then this CEDNP forms the “and (∩)” joint occurrence probability [49,51]. We
applied the “and (∩)” joint return period approach to investigate the risks of CEDNP events
with daytime (X) and nighttime (Y) precipitation amount exceeding the given thresholds (x
and y, respectively). The joint return period was calculated as follows:

T(X ≥ x ∩ Y ≥ y) =
EL

1− FX(x)− FY(y) + C(FX(x), FY(y))
(4)

where T(X ≥ x ∩ Y ≥ y) represents the return period (years). EL represents the average
inter-arrival time of CEDNP events.

3. Results
3.1. Spatiotemporal Characteristics of Annual and Seasonal Precipitation

In the observed data, the basin-averaged annual means (1961−2018) of the total,
daytime, and nighttime precipitation were 858.44, 417.69, and 440.75 mm, respectively
(Figure 2). The ERA5 simulated precipitation was relatively high, especially during the
daytime. The simulation effect of ERA5 precipitation under the condition of observed
wet days (≥0.1 mm/day, ERA5CON) was better than that of ERA5, with correlation co-
efficients (r) as high as 0.88, 0.84, and 0.90 on the total, daytime, and nighttime scales,
respectively. ERA5CON can reasonably reflect the characteristic that nighttime precip-
itation is slightly more than daytime precipitation. Total precipitation showed a slight
upward trend (2.84 mm/decade), mainly due to the contribution of nighttime precipitation
(3.26 mm/decade). ERA5 and ERA5CON were insufficient in simulating the long-term pre-
cipitation trend. In general, ERA5CON can reflect precipitation fluctuation characteristics
and average state characteristics more reasonably than ERA5.

Exploring the long-term changing behavior of total precipitation in relation to large-
scale and convective precipitation is helpful to understand the mechanism of precipitation
variation. As shown in Figure 3, large-scale precipitation was approximately 15%, 18%,
and 13% more than convective precipitation on the total, daytime, and nighttime scales, re-
spectively. The annual variations in large-scale and convective precipitation were relatively
consistent, but the amplitudes of large-scale precipitation were relatively large. On the total
daily scale, the decline rate of convective precipitation was greater than that of large-scale
precipitation, and this may be caused by the relatively large decreasing trends of convective
precipitation during daytime (−6.73 mm/decade) and nighttime (−5.14 mm/decade).

The climatological pattern of total precipitation presented a zonal distribution, with
more (>1100 mm) in the southern parts of the basin and less (<700 mm) in the northern
parts of the basin (Figure 4a). The distribution of total precipitation days was similar to
the precipitation amount, with high values (>120 days) in the southern parts of the basin
and low values (<80 days) in the northern parts of the basin (Figure 4b). The multiyear
averages of daytime precipitation amount (Figure 4c) and days (Figure 4d) were similar to
those of the total precipitation, with a north–south gradient. The spatial characteristics of
nighttime precipitation (Figure 4e,f) were also similar to those of total precipitation.
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averaged over the HRB from 1961 to 2018 in the observed, ERA5, and ERA5 under the condition of
observed wet days (≥0.1 mm/day, ERA5CON), respectively. The r denotes the correlation coefficient
with the observed value.
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Figure 4. Spatial amount and days of (a,b) total daily, (c,d) daytime, and (e,f) nighttime precipitation
in the HRB from 1961 to 2018.

As shown in Figure 5, the seasonal cycle characteristics of total, daytime, and nighttime
precipitation were basically similar. The precipitation in the first half of the year showed an
increasing trend, and it showed a decreasing trend after reaching its peak in July. Generally,
a month with more precipitation has a larger standard deviation of precipitation (the mean
increase with the standard deviation) [5]. The large standard deviation of precipitation in
summer (June−August) indicates that the wide variability of precipitation may cause flood
and drought events [33]. The seasonal characteristics of precipitation days were similar to
the precipitation amount, but their curve shapes were flatter than those of precipitation
amount (i.e., the kurtosis coefficient was relatively small), and the standard deviation
appeared larger in the months with fewer precipitation days.
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Figure 5. Climatology of monthly mean (a,b) total daily, (c,d) daytime, and (e,f) nighttime precipita-
tion amount and days over the HRB from 1961 to 2018. Error bars (red line) represent ±1 standard
deviation of the mean precipitation in each month.

As shown in Figure 6a, the nighttime precipitation was 2.14 mm/month greater than
the daytime precipitation during wet seasons. We applied a piecewise linear regression
method [52] to quantify potential turning points in the annual range series of precipitation
during wet/dry seasons. The annual range of precipitation difference between daytime
and nighttime during the wet season from 1961 to 2003 showed a significant downward
trend and then a reversal (upward) trend from 2003 to 2018. The recent increasing rate
of 12.52 mm/month/decade was approximately threefold greater than the decreasing
rate before the turning point in 2003. The correlation coefficient between the annual
daytime-nighttime precipitation range in the wet season and its large-scale precipitation
was 0.25 (Figure 6b), and the correlation coefficient with the annual range of daytime-
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nighttime convective precipitation reached as high as 0.64 (Figure 6c), indicating that the
changes of daytime-nighttime precipitation are mainly controlled by the range of convective
precipitation in wet seasons. The annual ranges of precipitation difference between daytime
and nighttime in the dry seasons did not show any obvious trend characteristic (Figure 6d),
and they were slightly more affected by the large-scale precipitation (r = 0.83, Figure 6e)
than convective precipitation (r = 0.65, Figure 6f).
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Figure 6. (a) Annual ranges of precipitation differences between daytime and nighttime during the
wet seasons, (b) Annual ranges of large-scale precipitation (ERA5CON) differences between daytime
and nighttime under wet season conditions using observed precipitation. (c) Annual ranges of
convective precipitation (ERA5CON) differences between daytime and nighttime under wet season
conditions using observed precipitation. (d−f) The same as (a–c), but for the dry seasons. The r
denotes the correlation coefficient with the observed value (annual range).



Atmosphere 2022, 13, 1287 12 of 29

3.2. Characteristics of Precipitation at Different Grades

As shown in Figure 7a, the average amount and days of light precipitation were
178.9 mm and 73 days, respectively. Both the light precipitation amount and days showed
decreasing trends from 1961 to 2018. The average daytime precipitation (Figure 7b) at
the light grade was 87.3 mm, which was slightly less than the nighttime precipitation
(Figure 7c), but the decreasing trend of the daytime precipitation days (−0.8 days/decade)
was obviously less than that of the nighttime precipitation days (−3.3 days/decade). The
intensity of the light precipitation weakened more obviously during the nighttime than
during the daytime owing to the significant increase in the difference between daytime
and nighttime precipitation days (Figure 7d). Although the annual moderate precipitation
was 53.3 mm more than the light precipitation, the number of moderate precipitation days
was obviously less than the number of light precipitation days (Figure 7e). The moderate
precipitation amount and days both showed slight upward trends, which were caused by
the slight upward trends of the amount and days in both daytime (Figure 7f) and nighttime
(Figure 7g) precipitation. In contrast with light precipitation events, the precipitation
amount and days during daytime at the moderate grade were slightly more than those
during the nighttime, and their differences showed slight upward trends (Figure 7h).
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Figure 7. Time series (1961−2018) of the total, daytime, nighttime, and their difference (daytime
minus nighttime) in terms of precipitation amount and days at different grades of intensity. The rows
represent changes at different grades of precipitation intensity (light, moderate, heavy, and torrential),
and the columns represent changes at different timescales (total, daytime, nighttime, and daytime
minus nighttime).
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The average of heavy precipitation was similar to that of moderate precipitation,
but there were approximately half the number of heavy precipitation days compared
with moderate precipitation days (Figure 7i). Total (days), daytime (days, Figure 7j),
and nighttime precipitation (days, Figure 7k) at the heavy grade did not show obvious
linear trend characteristics. Although the amount and days of daytime and nighttime
precipitation at the heavy grade were basically similar, their differences showed slight
downward trends, indicating that the contributions of nighttime precipitation to the total
heavy precipitation was slightly greater (Figure 7l). As shown in Figure 7m, although the
annual average torrential and moderate precipitation were basically similar, there were
only 2.9 torrential precipitation days, which was 20% the number of moderate precipitation
days. Both the amount and days of torrential precipitation showed slight upward trends,
which were mainly caused by slight upward trends in daytime (Figure 7n) and nighttime
(Figure 7o) precipitation events. As shown in Figure 7p, the average nighttime precipitation
was 24.3 mm more than the daytime precipitation, but daytime and nighttime precipitation
days were basically the same, which indicated that the precipitation intensity during
the nighttime was greater than during the daytime at the torrential grade. The amount
and days of the difference between daytime and nighttime precipitation at the torrential
grade showed slight downward trends, indicating that the contributions of nighttime
precipitation to the total torrential precipitation showed increasing trends.

The amount (Figure 8a) and days (Figure 8b) of light precipitation increased slightly
in March to May compared with June. For the light grade, the daytime precipitation
obviously exceeded the nighttime precipitation during July and August, but the number of
daytime precipitation days did not significantly exceed the nighttime precipitation days.
This indicated that the daytime precipitation intensity at the light grade during July and
August was stronger than in the nighttime. As shown in Figure 8c, the seasonal cycles of
the differences between daytime and nighttime precipitation (amount and days) at the light
grade were relatively consistent. In August, the daytime precipitation amount and days at
the light grade were higher than those in the nighttime. The seasonal cycles of moderate
precipitation amount (Figure 8d) and days (Figure 8e) showed upward trends from January
to July, and then showed downward trends after peaking in July. At the moderate grade in
summer (June−August), the daytime precipitation amount and days exceeded those of the
nighttime precipitation (Figure 8f). This indicated that moderate precipitation was more
likely to occur in the daytime in the HRB during summer. The seasonal distributions of
heavy precipitation were similar to those of moderate precipitation (Figure 8g–i), with the
daytime precipitation amount and days increasing slightly compared with the nighttime
precipitation during July and August. The kurtosis coefficients of the seasonal curves of
torrential precipitation (Figure 8j,k) were obviously higher than those of mild, moderate,
and heavy precipitation. This implied that torrential precipitation had more obvious
seasonal characteristics (mainly occurring in summer). The differences between daytime
and nighttime precipitation days at the torrential grade were very small, but the intensity
of the daytime precipitation was less than that of the nighttime precipitation (negative
values for the difference between daytime and nighttime precipitation amount), especially
in summer (Figure 8l).

3.3. Proportions of Sub-Daily Precipitation under Extreme Precipitation Conditions

As shown in Figure 9, RX5day mainly occurred during June−September (90%), es-
pecially in July and August (64%). RX5day was most likely to occur in July (the largest
proportion) in the HRB. The multiyear average value of RX5day was 151.5 mm, accounting
for 17.8% of the annual total precipitation (Figure 10a). Neither RX5day nor its proportion
of annual total precipitation presented a significant upward or downward trend. The
daytime precipitation and the proportion under RX5day were 68.6 mm and 45.8%, respec-
tively, with slight decreasing trends (Figure 10b). As shown in Figure 10c, the nighttime
precipitation and the proportion under RX5day were 14.3 mm and 8.4% more than the
daytime precipitation, respectively, with slight increasing trends.
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Figure 8. Seasonal cycles in the amount, days, and their difference (daytime minus nighttime) for
total, daytime, and nighttime precipitation at different grades of intensity. The rows represent changes
at different grades of precipitation intensity (light, moderate, heavy, and torrential), and the columns
represent changes in different precipitation indices (precipitation amount, precipitation days, and
daytime minus nighttime).
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Figure 10. (a) Annual variations in RX5day precipitation and its proportion to the annual total
precipitation. The amount and proportions of (b) daytime and (c) nighttime precipitation under
RX5day conditions.

The multiyear averages of RX5day ranged from 130 to 175 mm (Figure 11a), and the
values in the southwestern and southeastern parts (>160 mm) of the basin were greater
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than those of other parts, indicating that the flood risks were higher in these two regions.
RX5day showed the mixture of upward and downward trends in the HRB, and it failed
generally to pass the p < 0.05 significance level. The ranges of daytime (Figure 11b)
and nighttime (Figure 11c) precipitation under RX5day conditions were 55−85 mm and
75−90 mm, respectively, and both showed high values in the southwestern parts of the
basin. Under RX5day conditions, the daytime precipitation presented a downward trend
(four stations pass the p < 0.05 significance level), whereas the nighttime precipitation
presented an upward trend (six stations pass the p < 0.05 significance level).
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trends at the p < 0.05 significance level.

The RX5day proportion of the total annual precipitation decreased from >19% in the
northern parts of the basin to <15% in the southern parts (Figure 11d). The proportion of
daytime precipitation under RX5day conditions decreased from >48% in the southeast to
<42% in the northwest (Figure 11e). The spatial proportion of nighttime precipitation under
RX5day conditions was opposite to that of daytime (Figure 11f). In order to explore the
variations in RX5day in terms of climatology, we divided the study period into two equal
periods (1961–1989 and 1990–2018). The average of RX5day in the latter period (1990–2018)
was overall greater than that in the earlier period (Figure 11g), especially in the central parts
of the basin (>15 mm). For daytime precipitation under RX5day conditions, the positive
values for the differences between 1990–2018 and 1961–1989 were mainly concentrated in
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the central and southern parts of the basin (Figure 11h). As shown in Figure 11i, the areas
with positive values for the differences in nighttime precipitation were larger than those
for the daytime.

As shown in Figure 12, although the TR90p days only accounted for approximately
1/10 of the total precipitation days (all wet days), TR90p reached 1/2 of the total precipita-
tion amount. Annual amount and days of TR90p showed slight upward trends. NR90p
not only had larger annual averages (amount and days) than those of DR90p, but it also
had greater increasing rates than those of DR90p, which indicated that more extreme
precipitation was prone to occur during the nighttime.
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We analyzed the proportions of daytime and nighttime precipitation (amount and
days) under TR90p conditions. As shown in Figure 13, TR90p produced 216.7 mm during
the daytime and 241.2 mm during the nighttime, indicating that there was 5.4% more
TR90p during the nighttime than during the daytime. Although the daytime and nighttime
precipitation under TR90p conditions did not show significant upward or downward trends,
their proportions showed significant downward trends during the daytime and significant
upward trends during the nighttime from 1961 to 2018. We found that the proportions of
daytime and nighttime precipitation under TR90p conditions underwent a turning point in
1999. The increasing rate in the proportion of daytime precipitation during 1999–2018 was
approximately twice the decreasing rate during 1961–1999, whereas the decreasing rate
in the proportion of nighttime precipitation during 1999–2018 was approximately twice
the increasing rate during 1961–1999. These indicated that the proportion of TR90p during
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the daytime was increasing, whereas the proportion during the nighttime was decreasing
after 1999. In total, 88.2% of TR90p conditions occurred during the daytime and 84.2%
occurred during the nighttime. The increasing rate in the proportion during the daytime
was greater than the proportion during the nighttime from 1995 to 2018, which indicated
that when TR90p occurs, the intensity of nighttime precipitation was stronger than that of
daytime. This implied that the intensity of precipitation during the nighttime was greater
than during the daytime when TR90p occurred.
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Figure 13. (a) Daytime precipitation under TR90p conditions and its proportion of TR90p. (b) Number
of precipitation days under TR90p conditions and the proportion of TR90p. (c) Nighttime precipitation
under TR90p conditions and its proportion of TR90p. (d) Number of precipitation nights under TR90p
conditions and the proportion of TR90p.

The climatology of TR90p in the HRB ranged from >600 mm in the south to <400 mm
in the north (Figure 14a). The TR90p in the latter period (1990–2018) was greater than that
in the earlier period (1961–1989) in most areas of the basin (Figure 14b), especially in the
central and southeastern parts of the basin (>50 mm). The spatial pattern of TR90p days
was similar to that of the TR90p amount (Figure 14c), but their trends differed significantly.
The spatial patterns of the difference of TR90p days between 1990–2018 and 1961–1989 were
similar to those of the TR90p amount (Figure 14d), and the larger values were distributed
in the central and southeastern parts of the basin (>0.6 days). The proportion of TR90p
during the daytime was slightly higher in the south than in the northwest, and the stations
reporting significant downward trends were concentrated in the northeast parts of the
basin (Figure 14e). The average proportion of TR90p during the nighttime showed the
opposite spatial pattern as during the daytime (Figure 14f), decreasing from >54% in
the northern parts of the basin to <50% in the southern parts of the basin. The stations
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reporting significant increasing trends in the proportion of TR90p during the nighttime
were mainly concentrated in the northeastern parts of the basin. The proportions of daytime
precipitation days under TR90p days were 83–91% (Figure 14g, high values in the southern
parts of the basin), and the proportions of precipitation nights under TR90p days were
83–87% (Figure 14h, low values in the central parts of the basin). The proportion of daytime
precipitation to TR90p showed significant downward trends in the eastern parts of the
basin during 1961–1999 (Figure 14i), whereas the proportion of nighttime precipitation
to TR90p showed significant upward trends (Figure 14j). The proportions of daytime
precipitation days to TR90p days showed significant downward trends at only four stations
during 1961–1995 (Figure 14k), whereas the proportions of precipitation nights to TR90p
days showed significant upward trends at six stations (Figure 14l). The proportions of
daytime precipitation to TR90p at 11 stations showed significant upward trends during
1999–2018 (Figure 14m), and the proportion of nighttime precipitation to TR90p at these
11 stations showed significant downward trends (Figure 14n). The proportions of daytime
precipitation days to TR90p days at 10 stations showed significant upward trends during
1995–2018 (Figure 14o), whereas the proportions of precipitation nights to TR90p days
showed significant increasing trends at only four stations (Figure 14p). 

2 

 

Figure 14. (a) Climatology and trend characteristics of TR90p during 1961–2018 and (b) the mean
difference in TR90p between 1990–2018 and 1961–1989. (c) Climatology and trend characteristics of
TR90p days during 1961–2018, (d) the mean difference in TR90p between 1990–2018 and 1961–1989.
(e,f) Spatial proportions of the daytime and nighttime precipitation to TR90p, and (g,h) spatial
proportions of the numbers of daytime and nighttime precipitation events to TR90p. (i,j) Spatial
proportion trends of daytime and nighttime precipitation to TR90p during 1961–1999, and (k,l) spatial
proportions of the numbers of daytime and nighttime precipitation events to TR90p during 1961–1995.
(m,n) Spatial proportion trends of the daytime and nighttime precipitation to TR90p during 1999–2018,
and (o,p) spatial proportions of the numbers of daytime and nighttime precipitation events to
TR90p during 1995–2018. Upward and downward triangles denote increase and decrease trends,
respectively; solid triangles represent linear trends at the p < 0.05 significance level.

The average of CEDNP was 94.3 mm, which accounted for 20% of TR90p (Figure 15a).
Both CEDNP and its proportion to TR90p showed upward trends during 1961–2018. As
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shown in Figure 15b, there was an average of 1.2 CEDNP days, accounting for 12% of the
TR90p days. Both CEDNP days and its proportion to TR90p days showed increasing trends.
Both daytime (Figure 15c) and nighttime (Figure 15d) precipitation and their proportions to
CEDNP showed upward trends, and the trends during the nighttime were slightly greater
than during the daytime.
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Figure 15. Annual variations in (a) CEDNP amount and its proportion to TR90p, (b) CEDNP days
and its proportion to TR90p days, (c) daytime precipitation amount to CEDNP and its proportion to
TR90p, and (d) nighttime precipitation to CEDNP and its proportion to TR90p.

The average CEDNP decreased from >150 mm in the southwestern parts of the basin
to <50 mm in the northeastern parts of the basin (Figure 16a). There were significant
increasing rates of >10 mm/decade at four stations. The proportion of CEDNP to TR90p
decreased from >24% in the southwest to <12% in the northeast (Figure 16b), indicating
that under extreme conditions of total daily precipitation, CEDNP was more likely to occur
in the southwestern parts of the basin. The average value of CEDNP during 1990–2018 was
overall greater than that during 1961–1989 (Figure 16c), especially in the southeastern parts
of the basin (>20 mm). As shown in Figure 16d, the spatial pattern of the average CEDNP
days was similar to that of CEDNP amount. CEDNP days showed significant increasing
trends at eight stations, which had greater amount of CEDNP. The spatial proportion of
CEDNP days to TR90p days was similar to that of CEDNP amount, decreasing from >15%
in the southwest to <8% in the northeast (Figure 16e). The spatial pattern of the difference
of CEDNP days between 1990–2018 and 1961–1989 was similar to that of CEDNP amount,
but the positive value area was smaller than that of CEDNP amount (Figure 16f).
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Figure 16. Spatial patterns of (a) mean CEDNP amount and trend (1961–2018), (b) the proportion
of CEDNP amount to TR90p, and (c) the average difference of CEDNP amount between 1990–2018
and 1961–1989. (d–f) The same as (a–c), but for the CEDNP days. The spatial characteristics of
(g) average daytime precipitation amount and trend under CEDNP, (h) the proportion of daytime
precipitation amount to CEDNP under TR90p conditions, and (i) the average difference of daytime
precipitation under CEDNP conditions between 1990–2018 and 1961–1989. (j–l) the same as (g–i),
but for nighttime precipitation to CEDNP. Upward and downward triangles denote increase and
decrease trends, respectively; solid triangles represent linear trends at the p < 0.05 significance level.

The average daytime precipitation under CEDNP condition showed a decrease from
>80 mm in the southwest to <40 mm in the northeast, with five stations showing signif-
icant upward trends (Figure 16g). The proportion of daytime precipitation to CEDNP
decreased from >12% in the southwest to <6% in the northeast (Figure 16h). The spatial
pattern of the difference in daytime precipitation between 1990–2018 and 1961–1989 under
CEDNP conditions revealed large values in the central and southeastern parts of the basin
(Figure 16i). The spatial characteristics of the amount, trend, proportion, and difference
(1990–2018 minus 1961–1989) of the nighttime precipitation to CEDNP were similar to those
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of daytime precipitation, but the areas having large values were greater than that of the
daytime precipitation (Figure 16j–l).

The average proportion of TR90p during spring was 16.6%, and it was >20% in the
southern part of the basin (Figure 17a). The average proportion of TR90p during summer
reached as high as 63.5%, with the northeastern part of the basin reaching >70% (Figure 17b).
The average proportion of TR90p during autumn was 18.5% (Figure 17c), with high values
(>20%) in the northwestern part of the basin. The proportion of TR90p during winter was
only 1.4% (Figure 17d). The spatial–seasonal patterns of the proportions of DR90p were
similar to those of TR90p (Figure 17e–h). The proportion difference between DR90p and
TR90p during autumn was the greatest (2.3%) among the four seasons. The spatial–seasonal
proportions of NR90p were similar to those of DR90p; the proportion in summer was 5.1%
lower than that of DR90p, and the proportion in autumn was 3.6% higher than that of
DR90p (Figure 17i–l). The spatial–seasonal proportions of CEDNP were similar to those of
NR90p; the proportion in spring was 5.5% lower than that of NR90p, and the proportion in
summer was 7.9% higher than that of NR90p (Figure 17m–p).
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Figure 17. The proportions of (a–d) TR90p, (e–h) DR90p, (i–l) NR90p, and (m–p) CEDNP dur-
ing spring (March–May), summer (June–August), autumn (September–November), and winter
(December–February) compared with the whole year.

3.4. The Return Periods of CEDNP Events

Generalized Pareto fitting of daytime (Figure 18a) and nighttime (Figure 18b) pre-
cipitation under CEDNP conditions accounted for 98.5% and 96.3% of the total stations,
respectively. The optimal marginal distribution function of the two variables (daytime and
nighttime precipitation under CEDNP) were used to construct the joint distributions via
the copula methods. As shown in Figure 18c, 11.9%, 21.5%, 22.2%, and 44.4% of the total
stations conformed to Gaussian, Clayton, Frank, and Gumbel copulas.
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Figure 18. The selection of appropriate marginal distributions for (a) daytime and (b) nighttime
precipitation under CEDNP conditions, and (c) their copulas.

We selected stations in different regions of the HRB to analyze the return periods of different
combinations of daytime and nighttime precipitation under CEDNP conditions. These stations
are located in the western (Xuchang in Henan Province), northern (Jining in Shandong Province),
eastern (Lianshui in Jiangsu Province), and southern (Dingyuan in Anhui Province) areas of
the HRB. As shown in Figure 19, the concurrent return periods for the daytime and nighttime
precipitation of CEDNP events ranged from 5 to 100 years (contour lines). A CEDNP event in the
upper right (lower left) corner in the contour lines of Figure 19 (each subplot) corresponded to
the extreme (mild) conditions and had a longer (shorter) return period. Different combinations
of daytime and nighttime precipitation under CEDNP conditions can produce the same return
period at a given station. For example, at Xuchang station (Figure 19a), there were three
CEDNP events in the 50-year return period isoline having different combinations of daytime
and nighttime precipitation, namely X = 50.9 mm ∩ Y = 59.4 mm, X = 37.4 mm ∩ Y = 72.1 mm,
and X = 26.7 mm ∩ Y = 83 mm have the same return period of 50 years (using X and Y as
CEDNP daytime and nighttime precipitation, respectively). The same combination of daytime
and nighttime precipitation has different return periods in different regions, which is shown in
detail in Figure 20.

We divided the combinations of daytime and nighttime precipitation under CEDNP
conditions into four grades to explore the characteristics of the return period with different
CEDNP combinations. The four grades were G1 (X = 20 mm ∩ Y = 20 mm), G2 (X = 40 mm
∩ Y = 40 mm), G3 (X = 60 mm ∩ Y = 60 mm), and G4 (X = 80 mm ∩ Y = 80 mm). Under
G1 conditions (Figure 20a), the range of the return periods was 1–2 years, and the return
periods were shorter in the southern parts of the basin, indicating high risks of CEDNP
events in this region. G2 (Figure 20b) was similar to G1 in spatial patterns, but the return
period values increased (5–15 years). Under G3 conditions (Figure 20c), the risks of CEDNP
events in the southwestern parts of the basin were relatively high (<20 years; a shorter
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return period denotes a higher risk), whereas the return periods of the northwestern parts
of the basin were relatively long (>80 years) under the same precipitation combination.
As shown in Figure 20d, the return periods in most areas of the basin exceeded 100 years
under G4 conditions.
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(b) Jining, (c) Dingyuan, and (d) Lianshui are located in the western, northern, southern, and eastern
parts of the HRB, respectively.
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4. Discussion and Conclusions

Although there have been some studies of diurnal precipitation cycles on hourly
scale [4,6,11,16,17], the proportions of daytime and nighttime precipitation (especially the
proportions to extreme precipitation events) to the whole day play important roles in
understanding the characteristics of the diurnal cycles of precipitation and water resources.
This study explored the proportions of daytime and nighttime precipitation to daily total
precipitation using data from 135 meteorological observation stations in the HRB.

ERA5 can reasonably capture the multi-year averages and variations of precipitation,
but the long-term trend is insufficient, which was similar to the results of a previous
study [53]. ERA5CON is better than ERA5 in capturing the precipitation characteristics,
because ERA5 simulates more light precipitation days, especially during the daytime. This
makes the average daytime precipitation in the HRB simulated by ERA5 more than that of
nighttime precipitation, which is contrary to the observational data. The similar results have
been proved by a previous study [3]. The nighttime precipitation in the HRB was slightly
greater than the daytime precipitation. The peak of precipitation intensity in the afternoon
(i.e., daytime) was stronger than that in the early morning (i.e., nighttime) in Shandong
Province (the northern parts of HRB), but the precipitation amount in the afternoon was
less than that in the early morning [6]. Generally, long-duration precipitation tends to
occur around early morning, and short-duration precipitation tends to occur around
afternoon [14,17,54], which results in a greater amount of precipitation during nighttime
than during daytime. High precipitation amount in the HRB occur in the early morning
and evening based on the hourly 0.1◦ × 0.1◦ gridded precipitation dataset assimilated by
30,000 automatic meteorological stations in China during the summer of 2008−2016 [4].
Both the daytime and nighttime precipitation showed zonal distributions in the HRB, and
the values in the southern parts of the basin were greater than those in the northern parts of
the basin. This is because most of the HRB is flat and close to the sea; consequently, water
vapor is generally imported by southerly summer monsoon winds and the total amount
of water vapor continues to decrease during the process of transmission to the north [54].
Daytime and nighttime precipitation amount in the HRB were mainly concentrated in
summer, which was similar to the findings of previous studies [4,6,16,54].

Wet seasons become wetter and dry seasons become drier on global averages, but this
phenomenon may vary in different regions [21], especially for the range of precipitation
difference between daytime and nighttime. The difference between daytime and nighttime
precipitation in wet seasons showed a reversal of the upward trend after 2003 in the HRB.
This was mainly due to the annual range of convective precipitation difference between
daytime and nighttime during wet seasons. The linear trend in the differences between
daytime and nighttime precipitation in dry seasons was not obvious, which was mainly
attributable to the annual range of the large-scale precipitation difference between daytime
and nighttime in the dry seasons.

The decreasing trends in light precipitation events (days) were mainly due to the signif-
icant decreasing trends in nighttime precipitation events in the HRB. The decreasing trends
in light precipitation events with a low intensity are more obvious than light precipitation
events with a high intensity [33]. Consequently, we can infer that the decreasing trends of
nighttime precipitation events may be more obvious under conditions in which daily total
light precipitation events have low. The slight upward trends of the moderate precipitation
events were attributed to the slight upward trends of both daytime and nighttime precipi-
tation events in the HRB, whereas the daytime precipitation during heavy precipitation
events had a slight downward trend and the nighttime precipitation event had a slight
upward trend. The contribution of nighttime precipitation events to torrential precipitation
events was greater than that of daytime precipitation events in the HRB. As daily precipita-
tion intensity increased, the seasonal cycles of total, day, and night precipitation were more
obvious in the HRB. Some scholars have made similar conclusions in China [3,20]. Convec-
tive precipitation was prone to occur in the summer afternoon rather than in nighttime,
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except for torrential precipitation in the HRB, resulting in greater precipitation in daytime
during summer. Similar results have appeared in previous studies [10,54].

Both RX5day and TR90p are important indicators of extreme precipitation. RX5day
accounts for approximately one-fifth of the annual total precipitation in the HRB. The TR90p
days only accounted for approximately 10% of the annual total precipitation days, but the
amount accounted for 50% of the annual total amount. RX5day and TR90p were more likely
to occur in summer and were mainly affected by the Meiyu front and typhoons during
this period [22,26]. Annual RX5day and TR90p amount showed slight upward trends,
which were mainly caused by the increased nighttime precipitation. Similar results have
been reported that the summer morning (afternoon) precipitation increased (decreased)
in the area between the Yangtze and Yellow rivers [10]. Under RX5day conditions, the
daytime precipitation showed downward trends, whereas the nighttime precipitation
showed upward trends. Considering TR90p as the denominator, the proportion of daytime
precipitation showed an upward turning trend during 1999−2018, whereas the proportion
of nighttime precipitation showed a downward turning trend during this period. The
proportion of RX5days to the total annual precipitation increased as the latitude increased
in the HRB. Under both RX5day and TR90p conditions, large proportions of daytime
precipitation were mainly concentrated in the southeastern parts of the HRB, whereas large
proportions of nighttime precipitation were mainly concentrated in the northwestern parts
of the basin. The values of RX5day and TR90p in 1990−2018 were larger in most parts of
the HRB than in 1961−1989, indicating that extreme precipitation events increased in most
parts of the basin.

In contrast with RX5day and TR90p, the increasing trends of CEDNP were caused
by the increasing trends of both daytime and nighttime precipitation in the HRB. CEDNP
showed that the value in the southwestern parts of the basin was greater than the value in
the northeastern parts. The ratio of CEDNP (including daytime and nighttime precipitation
under CEDNP conditions) to TR90p was large in the southwestern parts of the basin. This
indicated that CEDNP events were prone to occur in the southwestern parts of the basin,
which leads to high flood risks. The values of CEDNP in the central and southeastern parts
of the HRB during 1990−2018 were higher than in 1961−1989. This was due to the increase
in daytime and nighttime precipitation under CEDNP conditions, which led to increased
risks of concurrent precipitation events in these regions.

The optimal distribution function for daytime and nighttime precipitation under
CEDNP conditions in the HRB was basically the Generalized Pareto. Clayton, Frank, and
Gumbel copulas accounted for approximately 90% of total stations in the HRB. These copula
functions are also often used in the assessment of extreme precipitation risks [50,55,56].
For the same stations in the HRB, the return period of CEDNP event formed by the
combination of different daytime and nighttime extreme precipitation may be the same.
Similarly, for the same CEDNP, the return period of the CEDNP may differ owing to the
different daytime and nighttime precipitation. If a univariate extreme precipitation is used
to calculate the return period, then the risk of compound extreme precipitation may be
underestimated. Based on the actual daytime and nighttime precipitation characteristics of
the HRB, we used four combination (the case “∩”) levels to evaluate the risks of concurrent
extreme events under different combinations of daytime and nighttime precipitation. With
the increase in daytime and nighttime precipitation, the risk of CEDNP in the southern
part of the basin increased (shorter return period means higher risk), especially in the
southwestern parts of the basin. The southern parts of the HRB generally have high
economic and population density levels [57], and concurrent extremes markedly influence
local economies and human health. The findings of this study provide a workable basis to
make the government and local communities aware of the destructive impacts of concurrent
precipitation extremes.
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