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Abstract: The Hai River Basin (HRB) serves as a vital center for the population, economy and politics
in northern China. Natural hazards, particularly floods, pose significant risks to the region, often
attributed to extreme precipitation events. Changes in precipitation seasonalitycc play a pivotal role
in influencing precipitation extreme events. Therefore, this study presents a comprehensive analysis
of precipitation seasonality and its impact on precipitation extremes in HRB. By implementing a
novel relative entropy method, we calculated the precipitation seasonality indicators using daily
precipitation observations from 1960 to 2018 in HRB. We found a significant decreasing trend in
precipitation seasonality (—0.03 decade™!, p = 0.04), accompanied by an earlier onset date (4.0 days
decade™!, p = 0.01) and longer duration (4.3 days decade™!, p = 0.03) of the wet season. Notably,
these trends are notably concentrated in the Beijing-Tianjin administrative regions. Additionally, a
lower precipitation seasonality value indicated a more evenly distributed precipitation throughout
the year, resulting in reduced occurrences of precipitation extremes. Consistently, we observed
two precipitation extremes, extreme wet day precipitation R99T and maximum 1-day precipitation
RX1Day, which exhibited significant decreasing trends at the rate of —0.5 mm decade™! (p = 0.02) and
—1.4 mm decade ™! (p = 0.05), respectively. Furthermore, we detected significant positive correlations
of 0.31 (p = 0.02) and 0.35 (p = 0.01) between precipitation seasonality and precipitation extremes (R95T
and R99T), suggesting that a more evenly distributed precipitation across seasons corresponds to
fewer precipitation extremes over the past sixty years. Metropolitan areas, in particular, experienced a
noteworthy reduction in precipitation seasonality and a decreased frequency of precipitation extreme
events. The findings of this study shed new light on the intricate relationship between precipitation
seasonality and extreme events, further helping policy making develop effective risk regulations for
agriculture, floods, and urban waterlogging, ensuring sustainable development within the HRB.

Keywords: gauge observations; precipitation seasonality; precipitation extreme events; Hai River Basin

1. Introduction

Global warming is primarily caused by human activities, particularly fossil fuels
burning in production systems [1-4]. The intensification of extreme precipitation is a
well-known consequence of global warming [5-11]. It has been estimated that the global
surface temperature will rise by 1.4-5.8 degrees at the end of the 21st century, resulting
in an increase in both the frequency and intensity of extreme precipitation [12-15]. The
Intergovernmental Panel on Climate Change (IPCC, 2021) [16] has reported that extreme
precipitation events have been increasing since 1951 in many mid-latitude regions, despite
a decreasing trend observed in total annual precipitation [16]. Additionally, the area
experiencing more frequent and intense extreme precipitation in the middle and high
latitudes of the northern hemisphere is expanding [17]. Given the potential for increased
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flooding risks, it is crucial to pay careful attention to the intensification of precipitation, as it
can have devastating consequences for both human societies and the environment [18-20].

Numerous studies have illustrated that changes in extreme precipitation are likely
to be greater than those in mean precipitation under a warmer climate [21]. There is also
heterogeneity in the trends of increasing frequency and intensity of extreme precipitation
events under climate warming [6,11,22]. For example, recent research conducted in China
found that the total amount of precipitation at annual and seasonal scales has increased,
accompanied by an increase in the intensity and frequency of extreme precipitation from
1960 to 2018, except in the northern region of China [23,24]. These findings are consistent
with previous results that reported an increase in the extreme precipitation in western and
southern China, while a decreasing trend was observed in northern China [25-27]. The
precipitation extreme events, defined as the tail of the distribution, are influenced by both
a shift in the mean and a change in variability [28,29]. Several studies reported that the
increase in variability is similar in magnitude to the increase in mean precipitation, even
larger in some cases [30-32].

Under a warmer climate, not only the frequency and intensity of extreme precipita-
tion events were affected, but also precipitation patterns, such as a delayed phase in the
seasonal cycle of precipitation [33-36], a redistribution of rainfall from early to late in the
monsoon season [37], and changes in precipitation seasonality [24,38]. In monsoon regions,
a shortened wet season coupled with increased rainfall may significantly increase the
frequency and intensity of precipitation events. The decrease in precipitation seasonality
can be mainly attributed to a lower concentration of rainfall during the wet season, reduced
annual rainfall, and an earlier onset of the wet season.

Precipitation seasonality, a complex concept that consists of many components, includ-
ing magnitude, timing, and duration of the wet season [39,40], is particularly suitable for
analyzing seasonality in regions with uneven distribution of annual rainfall [41,42]. For
example, the regions with a strengthened seasonality are expected to experience higher
precipitation magnitude, which will occur on the very rainy-day events referred to as
extreme precipitation events. Hence, the spatial and temporal pattern of precipitation sea-
sonality and its impact on the extent of extreme precipitation provides a new perspective
for analyzing the potential driving forces of precipitation extreme events.

The Hai River Basin (HRB), the largest river in North China, sustains the highest
population density with the lowest per capita water resource availability in China [43]. In
this study, we aimed to conduct a comprehensive analysis of the spatial-temporal pattern
of precipitation characteristics in HRB, such as magnitude and timing, duration of the
wet season, and the pattern of precipitation seasonality and precipitation extremes and
their links. Understanding these patterns is of importance for comprehending the changes
in runoff patterns, and effectively managing the flood risk within the basin. Using daily
precipitation data from gauge stations in the Hai River Basin from 1960 to 2018, our study
employed seasonality indicators of precipitation, associated with the characteristics of
precipitation extreme indices, to describe their patterns and long-term tendencies and the
connections between the precipitation seasonality and precipitation extremes.

2. Data and Methods
2.1. Study Area

The Hai River Basin (HRB) is one of the major river basins in China, covering an area
of about 318,200 square kilometers. It is located in northern China and includes parts of
several provinces and municipalities, including Hebei, Beijing, Tianjin, Shanxi, and Inner
Mongolia. The population in HRB is over 124 million.

The hydrology of the HRB is characterized by a temperate monsoon climate, with
distinct wet and dry seasons. Surface water resources in the Hai River Basin are primarily
derived from precipitation and runoff. The basin is fed by various tributaries, such as the
Luan River, the Ziya River, and the Wei River. These tributaries converge with the main
stem of the Hai River, forming a complex network of rivers and streams.
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2.2. Data

The ground-based daily precipitation data are obtained from the China National Sta-
tions Fundamental Elements Datasets V3.0 (http://data.cma.cn, accessed on 30 September
2021) that covered ~2400 rain gauge stations from 1960 to 2018. Rigorous quality control,
including spatiotemporal consistency checks, extreme value checks, and corrections of
suspected erroneous values, has been applied to the datasets [44] and is regarded as the
latest meteorological dataset with good quality and integrity and applied to many stud-
ies [45-47]. The 143 precipitation stations are evenly distributed in the Hai River Basin, as
shown in Figure 1.
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Figure 1. The distribution of meteorological gauge stations in the Hai River Basin. The inset map
indicates the location of the Hai River Basin in China (yellow). The daily precipitation anomaly is
calculated by subtracting mean daily precipitation from daily precipitation records.

2.3. Methods
2.3.1. Characterization of Precipitation Seasonality

To characterize the precipitation seasonality regime for the river basin, the following
basic features were considered: onset date and cessation date of the wet season, duration of
the wet season, the total amount of precipitation, and intensity in the wet season.

As illustrated in Figure 2, the climatological daily precipitation and the cumulative
precipitation anomaly from 1960 to 2014 were calculated. The onset and cessation of the
wet season were defined by the minimum and maximum value of cumulative precipitation
anomaly. The total precipitation amount and the intensity during the wet season at each
station were obtained as:

cessation

Ttotal k = 2 Tik
i=onset
Ik _ Ttotal k

D
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where 7,4 i is the total precipitation during the wet season, Iy The intensity of precipitation
in the wet season was calculated by 7y, ¢ divided by the wet season duration D. The wet
season duration is the period between the onset and cessation dates.
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Figure 2. The schematic illustration of the definition including onset date, cessation date, and
duration of the wet season in HRB. The daily precipitation anomaly is calculated by subtracting mean
daily precipitation from daily precipitation records.

2.3.2. Seasonality Index

The seasonality index (SI) is an indicator to describe the extent of rainfall concentration
during the wet season. A high SI represents a higher degree of seasonal variation in
precipitation and a low SI indicates a relatively even distribution pattern of rainfall in a
year. The calculation of SI in each year is followed by Feng et al. [41]:

12

k
Sl = Z Pk log, Pm
m=1 qm
_ Tk
Pm k e

where SIj is the seasonality index, 7, \ is the monthly precipitation in each year k, p,, ; is
the proportion of monthly precipitation accounting for annual precipitation 7 and g, is
the value of 1/12 representing uniformly distributed precipitation across 12 months.

The theory of SI provides a quantitative concentration of precipitation and has
been applied widely for studies on global and local seasonality characterizers and
changes [24,27,38-40].

2.3.3. Extreme Precipitation Indices

The annual precipitation extremes are calculated based on the daily time series of
precipitation from 1960 to 2018. Six indices, including annual maximum 1-day and 5-day
precipitation, extreme wet day precipitation, and the number of heavy precipitation days
have been considered to evaluate the precipitation extreme events, based on Expert Team
on Climate Change Detection and Indices (ETCCDI) (http:/ /etccdi.pacificclimate.org/list_
27_indices.shtml, accessed on 14 March 2023). The definitions of those indices are listed:
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L. Rx1Day, (mm), annual maximum 1-day precipitation, calculated by
R x 1Day; = max(RR;)

where RR;; is the daily precipitation amount on the day i in the year of j.
2. Rx5Day; (mm), annual maximum 5-day precipitation, calculated by

R x 5Day]- = max (RRk]-)

where RRy; is the precipitation amount for 5-day interval ending k in the year of j.

3. R10mm (day), the number of heavy precipitation days, calculated by an annual count
of days when daily precipitation is more than 10 mm.

4. R25mm (day), the number of very heavy precipitation days, calculated by the annual
count of days when daily precipitation is more than 25 mm.

5. R95T (mm), very wet daily precipitation, calculated by annual total precipitation
when RR > 95th:

W
R95T = ) ° RRy; where RRy;j > RRyn95

w=1

where RRy; is the daily precipitation amount on a wet day w (RR > 0.1mm) in the
year j and RRy,95 is the 95th percentile of precipitation on wet days in the year
1960-2018. W represents the number of wet days in the year j.

6. R99T (mm), extreme wet daily precipitation, calculated by annual total precipitation
when RR > 95th:

W
R99T = ) RRy;j where RRyj > RRyn99

w=1

where RRy; is the daily precipitation amount on a wet day w (RR > 0.1mm) in the
year j and RRy,99 is the 99th percentile of precipitation on wet days in the year
1960-2018. W represents the number of wet days in the year ;.

2.3.4. Trends Analysis

The long-term trend of variables (precipitation seasonality indices and extreme events)
was detected by a common nonparametric method, the Mann-Kendall trend test, combined
with Sen’s slope. The two methods are usually applied together and have been widely
applied to many climate-analysis studies [48-51]. The Pearson correlation coefficient was
employed for the connection between precipitation extremes and the seasonality index to
study the interannual variability of precipitation annual time series.

3. Results
3.1. The Spatial-Temporal Pattern of Precipitation Seasonality Components

The spatial patterns of precipitation seasonality components have been shown in
Figure 3, including the start and cessation dates and the length of the wet season, the
magnitude of annual and wet season precipitation, and the seasonality index. A different
pattern of wet season onset (cessation) dates and duration happened between the east
and west parts of HRB (Figure 3a—c). Notably, the wet season started in May and ended
in October in the western basin, while it started in June and ended in September in the
eastern basin. Generally, the onset dates of the wet season were gradually delayed but
earlier cessation dates of the wet season from the west to the east. Accordingly, an obvious
temporal difference in duration was illustrated in Figure 3¢ that the duration was below
110 days in the eastern basin, and over 130 days in the western basin. From Figure 3d e,
we found the peak precipitation during the wet season happened in the northern basin,
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approximately 85 mm, while the minimum precipitation was found in the southern basin
with a value of 60 mm. In contrast, the intensity of precipitation during the wet season in
the eastern basin was at least 1.5 times higher than in the western basin.

(a) Onset date of wet season (b) Cessation date of wet season (c) Duration of wet season
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Figure 3. The spatial distribution of multiyear mean precipitation seasonality components at gauge
stations from 1960 to 2018: (a) onset date of the wet season, (b) cessation date of the wet season,
(c) duration of the wet season, (d) the ratio of wet season precipitation to annual precipitation,
(e) intensity of wet season precipitation and (f) seasonality index.

Similarly, the seasonality index exhibited a spatial pattern similar to the intensity of
precipitation during the wet season that an increasing magnitude of the seasonality index
and intensity from west to east was shown with the higher value prominently concentrated
in the metropolises of Beijing and Tianjin. However, compared to the precipitation intensity
in the wet season, the seasonality index showed a smooth transition from the western to
eastern zones. The Beijing administrative region exhibited the highest seasonality index in
the basin, approximately 0.9-1. Stations with high seasonality index had a shorter duration
of the wet season, as the pattern of the seasonality index was highly consistent with the
time and duration of the wet season. Furthermore, the stations with the highest seasonality
index did not correspondingly manifest the highest amount of wet season precipitation
season, as shown in Figure 3d—f. This pattern highlighted the heterogeneity characterizing
precipitation distribution over a year, particularly within metropolis domains.

3.2. The Interannual Variability and Long-Term Trends in Precipitation Seasonality Components

The spatial pattern of the precipitation seasonality components trends over the past
59 years is illustrated in Figure 4. A significant decreasing trend in the onset dates of the wet
season was observed at the basin-wide scale, with an average decrease of —0.2 day yr~!.
Notably, the earliest trends were observed within the Beijing administrative region at a
significant rate of —0.4 day yr~!. The stations with the opposite trends in cessation dates
were distributed in the southern and northern parts of the basin (Figure 4b): delayed
cessation dates in the northern basin, particularly in the Beijing administrational region
(0.3 day yr’l), and conversely the decreasing trends in the southmost basin (a significant
0.4 day yr—!). Consequently, the duration of the wet season exhibited an increasing ten-
dency of greater than 0.43 day yr~! from 1960 to 2018 (Figure 4c), and the stations within
the Beijing administration region showed notably larger trends in the length of the wet
season, approximately a significant 1 day yr~!.
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Figure 4. Long-term trends of precipitation seasonality components at gauge stations from 1960
to 2018: (a) onset date of the wet season; (b) cessation date of the wet season; (c) duration of the
wet season; (d) the total amount of precipitation during the wet season; (e) the annual amount of
precipitation; (f) seasonality index. The blue circles represent the increasing trends and the red circles
represent the increasing trends. The black dots filled in blue or red circles represent the significance
at a confidence level of 95%.

As shown in Figure 4d,e, a similar spatial pattern of long-term trends was found in wet
season precipitation and annual precipitation, both of them showing no significant changes.
However, an obvious decrease was mainly concentrated in the Beijing and Tianjin regions.
At the basin-wide scale, the stations exhibited a decreasing tendency in seasonality, with
the significant trends particularly concentrated in the Beijing and Tianjin administrational
regions, with a significant rate of —0.002 yr—!.

Figure 5 indicated the interannual variations and trends of annual precipitation season-
ality components at a basin-wide scale from 1960 to 2018. The variability of precipitation
during the wet season showed consistency with the fluctuations in annual precipitation
(Figure 5a,e): a slight decrease during the period of 1976-1980, followed by an increase from
1997 to 2018. Both annual precipitation and wet season precipitation exhibited slight in-
significant decrease trends, with a rate of —0.32 mm yr~! and —0.54 mm yr~!, respectively.
In terms of the onset date and the duration of the wet season, the heightened interannual
variability during the period of 19812018 was exhibited compared to 1960-1980. As shown
in Figure 5b,d, the onset date showed a significantly decreasing trend (—0.40 day yr~!)
during the period of 1960-2018, whereas the cessation date displayed no obvious changes,
resulting in a slightly longer trend of the wet season duration (0.43 day yr~!). Hence, we
inferred a longer wet season with a slightly decreasing trend of annual precipitation over
the past 59 years. This deduction was also verified by the variability and the trend of
the seasonality index: the tendency of the seasonality index was a significant —0.003 per
year. The spatial pattern of seasonality index trends, combined with the duration of the
wet season, indicated that even precipitation distribution happened over the year across
HRB when the wet season was prolonged, especially significantly concentrating within
metropolis regions.
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Figure 5. The interannual variability of six precipitation seasonality indices and their trends at a
basin-wide scale from 1960 to 2018 in HRB: (a) annual precipitation; (b) onset date of the wet season;
(c) cessation date of the wet season; (d) the duration of the wet season; (e) the precipitation amount
during the wet season; (f) seasonality index. The black dot line represents the annual time series
of precipitation seasonality indices and the thick red line represents the 5-year moving average of
each index.

3.3. The Interannual Variability and Long-Term Trends of Precipitation Extremes

Over the period of 1960-2018, we assessed the long-term trends of precipitation
extremes, including RX1Day, RX5Day, R95T, R99T, R10mm, and R25mm across each station
within the HRB, as shown in Figure 6. Notably, the trends of RX1Day, RX5day, R95T,
and R9IT at the basin-wide scale showed similar spatial patterns, albeit with varying
magnitudes. These extreme indices exhibited obvious decreasing trends in the Beijing
and Tianjin administration regions, approximately at a rate of —0.3 mm yr—! (RX1Day),
—0.5 mm yr~! (RX5Day), —0.75 mm yr—! (R95T), and —0.4 mm yr~! (R99T), respectively.
In contrast, the stations with increasing trends in these extremes indices were much fewer,
mostly distributed along the edge of the basin.

Compared to other precipitation extremes indices, the number of stations with sig-
nificant trends of R1I0mm and R25mm was relatively small, as shown in Figure 6e,f. In
particular, R10mm showed an increasing trend near the Beijing administration region,
while 12 stations showed a decreasing trend located in the easternmost part of the basin.
Compared with R10mm, only 10 stations showed decreasing trends in R25mm, with 5 of
them located close to Beijing at a rate of —0.01 day yr~!. Notably, the R1I0mm and R25mm
demonstrated the opposite tendencies in the Beijing administration region that the heavy
precipitation days increased while the extreme heavy precipitation days decreased from
1960 to 2018.

Figure 7 illustrated the temporal pattern of precipitation extremes, including RX1Day,
RX5Day, R95T, R99T, R10mm, and R25mm from 1960 to 2018. From Figure 7a,d, RX1Day
and R99T exhibited significant decreasing trends, with the values of —0.14 day yr~!
(p = 0.05) and —0.05 day yr—! (p = 0.02), respectively. RX1Day had a small fluctuation
from 1960 to 2011, followed by a sharp increase in 2012. The highest value for RX1Day,
reaching 90 mm, was found in 2016. In contrast, R99T exhibited substantial variability
from 1960 to 1975, with a maximum value of 210 mm in 1963. RX5Day and R95T had no
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significant tendencies over the past 59 years, but with large fluctuations especially found
in the time series of R95T. Compared to RX1Day, RX5Day, R95T, and R99T, R10mm and
R25mm present severe fluctuations throughout the study period, especially R25mm. The
R25mm indicated the number of extremely heavy precipitation days during a year, and
presented obviously periodic fluctuations with a significant decreasing trend of 0.02 day
yr~! (Figure 7f). In summary, our findings indicated a significant reduction in the number
of days with precipitation exceeding 25 mm in the HRB during the period of 1960-2018,
with a notable decrease in extremely heavy precipitation days.
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Figure 6. Long-term trends of extreme precipitation indices at gauge stations from 1960 to 2018:
(a) RX1Day; (b) RX5Day; (c) R95T; (d) R99T; (e) R10mm; (f) R25mm. The blue circles represent the
increasing trends and the red circles represent the decreasing trends. The black dots filled in blue or
red circles represent the significance at a confidence level of 95%.

a) RX1Da b) RX5Da
120 (a) Y 200 (b) y
100
slope =-0.21(p=0.17
50 slope =-0.14(p=0.05) 150 P p=0.17)
é 60 émo
40
50
20
0 T T T T T T r 0 T T T T T T T
1960 1969 1978 1987 1996 2005 2014 1960 1969 1978 1987 1996 2005 2014
Year Year
(c) RO5ST (d) R99T
400 300
250
slope =-0.85(p=0.08
300 P (p=0.08) 200 slope =-0.05(p=0.02)
E 200 g 150
100
100
50
0 T T T T 0-
1960 1969 1978 1987 1996 2005 2014 1960 1969 1978 1987 1996 2005 2014
Year Year
- (e) R10mm o (f)R25mm
251 slope =-0.02(p=0.38)
6
" 20 0 slope =0.00(p=0.19)
>
o15 o4
Oqg [a)
2ﬁ
5
0 T T 5 ™ T v T 1] T T - T T v »
1960 1969 1978 1987 1996 2005 2014 1960 1969 1978 1987 1996 2005 2014
Year Year

Figure 7. The interannual variability and trends of extreme precipitation indices from 1960 to 2018
in HRB: (a) RX1Day; (b) RX5Day; (c) R95T; (d) R99T; (e) R10mm; (f) R25mm. The black dot line
represents the annual time series of precipitation seasonality indices and the thick red line represents
the 5-year moving average of each index.
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3.4. The Connection between Precipitation Extremes and Precipitation Seasonality

Figures 8 and 9 illustrated a comprehensive analysis of the correlations between precip-
itation seasonality and extremes at both the basin-wide scale and gauge stations. As shown
in Figure 8a—d, the RX1Day, RX5Day, R95T, and R99T represent similar correlation patterns
with precipitation seasonality indices: the stations with stronger positive correlations were
concentrated in the southwestern part of the HRB, reaching the highest correlation value
(0.3) in the southmost part of the HRB. These similar patterns were consistent with the
long-term trends of four precipitation extreme indices. However, the strongest connections
appeared in the southern part, not in the Beijing or Tianjin administration region where the
significant decreasing trends were illustrated.

To further investigate the connection between precipitation seasonality and precip-
itation extreme indices, the correlation at each gauge station was calculated in Figure 9.
RX5Day illustrated the highest correlation with the seasonality index with an R-value of
0.50 (p = 0.00). Additionally, R95T and R99T were correlated with the seasonality index with
R-values of 0.31 (p = 0.02) and 0.35 (p = 0.01), respectively. This pattern illustrated that the
precipitation extremes were heavily dependent on the precipitation seasonality. The high
consistency between the 5-day maximum precipitation and the annual seasonality index
highlighted the dependence of the interannual variability in the 5-day maximum precipita-
tion on the precipitation seasonality. Hence, we concluded that the reduced precipitation
seasonality corresponded closely to the decreasing precipitation extremes characterized by
the maximum 5-day precipitation and extreme wet-day precipitation events.

As shown in Figure 8ef, the significant connections between precipitation seasonality
and R10mm and R25mm were detected, particularly with R25mm, even only among a small
number of stations (Figure 6e,f). These connections were demonstrated by the significant
positive correlation coefficient, predominantly distributed in the center of the HRB. Hence,
the extreme precipitation events within a year were highly dependent on the precipitation
seasonality. These connections were further demonstrated in Figure 9e,f by a significantly
positive relationship among gauge stations with R-values of 0.27 (p = 0.04) and 0.38 (p = 0.00).
These connections have been also revealed in Figure 6e,f; a decrease in seasonality index
slightly induced a lower frequency of R10mm and R25mm. The fluctuations observed in
R10 and R25mm were notably dependent on the precipitation seasonality dynamics.

(a) RX1Day 0.3 (b) RX5Day 0.3 (c) RO5T 0.3
0.2
0.1
0.0
-0.1
-0.2
-0.3
(d) R99T 0.3 (e) R10mm 0.3 (f) R25mm 0.3
0.2 0.2
0.1 0.1
0.0 0.0
-0.1 -0.1
-0.2 -0.2
-0.3 —-0.3

Figure 8. Correlation coefficient of precipitation seasonality indices and extreme precipitation indices
in HRB. (a) RX1Day; (b) RX5Day; (c) R95T; (d) R99T; (e) R10mm; (f) R25mm.The blue circles represent
the positive correlation and the red circles represent the negative correlation.
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Figure 9. Scatter plot of precipitation seasonality indices and extreme precipitation indices in
Hai River basin. The x-axis is the seasonality indices, and y is the extreme precipitation indices:
(a) RX1Day; (b) RX5Day; (c) R95T; (d) R99T; (e) R10mm; (f) R25mm.

4. Discussion and Conclusions

Based on the precipitation records from 143 gauge stations in HRB from 1960 to 2018,
our study presents a comprehensive study of the climatology, interannual variability, and
long-term trends of precipitation seasonality characteristics, including annual magnitude,
timing, and duration of wet season, and precipitation seasonality index. We also investi-
gated the possible correlation between precipitation seasonality and precipitation extremes.

Our finding demonstrated a gradual west-to-east delay in the onset dates of the wet
season, while the cessation dates of the wet season gradually shifted earlier. Moreover, the
duration of the wet season was found to be below 110 days in the eastern basin and over
130 days in the western basin. At the basin-wide scale, a significant trend was observed of
an earlier onset date of the wet season (—0.2 day yr~!), along with a significant increase
in the duration of the wet season (0.43 day yr~!), accompanied by a slight decrease in
annual precipitation during the period of 1960-2018. However, this trend has shown
inconsistency with the projected wet season changes over East Asia, an earlier onset and a
later cessation of the annual wet season under future climate change [34,36]. The patterns
of wet season in the HRB were further supported by the variations and trends in the
seasonality index, which exhibited a smooth transition from the western to eastern zones,
with a significant decreasing trend (—0.003 yr—!) at the basin-wide scale. Although previous
studies have reported moderate and extremely high variabilities in wet seasons [30], the
seasonal components of even precipitation extreme events were influenced by the climate
variability that showed strong regional variations [32,52,53]. Notably, stations within
the Beijing administrative region showed the highest seasonality index with significant
decreasing trends. These changes in seasonality index combined with the wet season
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duration illustrated that a more evenly precipitation distribution happened over a year in
the HRB, especially concentrated in the regions of Metropolises.

Furthermore, our study found that four extreme indices, RX1Day, RX5day, R95T,
and R99T, illustrated a similar spatial pattern of long-term trends but varying magni-
tude. The stations with significant trends in R10mm and R25mm were notably fewer
compared to the other four indices. RX1day and R99T revealed significant decreases at
rates of —0.14 day yr—! (p = 0.05) and —0.05 day yr~! (p = 0.02), respectively. R25mm and
R10mm showed no obvious trends over the past 59 years. These findings indicated a
significant decrease in the frequency of maximum daily precipitation extreme precipitation
events and the number of extremely heavy precipitation days within the HRB from 1960
to 2018. Notably, for the Beijing and Tianjin administration regions, significant decreas-
ing trends were observed in RX1Day (—0.30 mm yr—!, RX5Day (—0.50 mm yr~!), RO5T
(—0.75 mm yr~!), and R99T (—0.40 mm yr~!), respectively, but increasing trends of R10mm.
This phenomenon implied that the heavy precipitation days increased but the extreme
heavy precipitation days decreased in the regions of Beijing and Tianjin Area.

Regarding the relationship between precipitation extremes and seasonality, our find-
ings illustrated that RX5Day had the highest correlation with the seasonality index, with an
R-value of 0.50 (p = 0.00). The R95T and R99T were correlated with the seasonality index
with R-values of 0.31 (p = 0.02) and 0.35 (p = 0.01), respectively. R25mm also showed a strong
correlation with the seasonality index, with an R-value of R = 0.38 (p = 0.00). These patterns
suggest that the reduced precipitation seasonality in the HRB was highly influenced by a
decrease in maximum 5-day precipitation and extreme wet day precipitation.

In our study, we present a comprehensive spatial-temporal analysis of precipita-
tion seasonality indicators and provide an additional perspective that the precipitation
seasonality might partially explain the decreasing trends of precipitation extremes. The
precipitation seasonality indicators have been widely used to assess seasonality in many re-
gions where annual rainfall was unevenly distributed and had a unimodal seasonal rainfall
distribution [24,41,42,54]. Our study revealed significant correlations between precipitation
seasonality and precipitation extremes, supporting the notion that rainfall seasonality is
related to the extent of precipitation extremes. This finding was consistent with the previous
studies. For instance, Deng et al. [54] observed that the rainfall seasonality decreased in
Northeast China from 1961 to 2012, mainly attributed to changes in magnitude and the
timing of the arrival of the wet season. Mao et al. [24] found the reduction in precipitation
seasonality happened in nine major river basins in China from 1960 to 2018, accompanied
by an extended duration of the wet season. Tan et al. [15] illustrated a significant decreasing
trend in the precipitation seasonality index among five well-known precipitation datasets in
eastern China. As defined, the precipitation seasonality index represents the extent of rain-
fall concentration during the wet season. Therefore, a reduced seasonality index indicated a
more even distribution of precipitation over a year, suggesting a higher occurrence of small
and moderate precipitation events and fewer heavy precipitation events during the wet
season to form an even distribution of precipitation. This more even distribution reduced
the possibility of the heaviest precipitation and precipitation extremes. The significant
correlation between precipitation seasonality and precipitation extremes further supports
this connection.

Consistently, the significantly decreased frequency of maximum daily precipitation
extreme precipitation events and the number of extremely heavy precipitation days were
found in HRB between 1960 and 2018. This trend aligned with the overall weakened East
Asian monsoon, which led to a reduction in annual rainfall in most parts of China [55,56].
Shao [57] also found that extreme precipitation frequency exhibited a distinctive decreasing
trend in the Beijing-Tianjin-Tangshan region from 1950 to 2010. The extreme precipitation
frequency and intensity exhibit decreasing trends in North China [58], which was consistent
with the results from Xiao et al. [59] and Gu et al. [60].

The precipitation seasonality and precipitation extremes throughout the year were
intricately regulated by the variability patterns of precipitation, which were notably in-
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fluenced by prevailing large-scale atmospheric circulations [53,59,61]. Notably, the East
Asian Summer Monsoon (EASM) exerted a significant impact on the variability and pattern
of precipitation in East China, which brought in increasing rainfall in May and led to
decreasing rainfall in June [62], resulting in the early arrival of the wet season in the most
of China [54]. The EASM’s impact extended to a pronounced impact on the monsoon rain
belt, fundamentally governing the major rainy season and the rainfall distribution in the
wet season of eastern China. The heavy precipitation events are especially closely related
to the movement of EASM [21]; Zhang et al. [63] also found a negative correlation between
annual precipitation in north plain China and the East Asian Summer Monsoon Index
(EASMI). Further, the western Pacific subtropical high (WPSH) was an important compo-
nent of the EASM system, closely linked to the summer monsoon precipitation pattern in
eastern China [64]. The westward expansion of the WPSH contributed to the increasing
precipitation in the southeastern part and decreasing precipitation in the northeastern
part [21,56,65].

Nevertheless, the EASM was also modulated by large-scale circulation patterns, such
as El Nifio-Southern Oscillation (ENSO), the North Atlantic Oscillation (NAQO), the Pacific
Decadal Oscillation (PDO), and the Indian Ocean Dipole (IOD). The ENSO significantly
influenced interannual fluctuations and spatial patterns of precipitation seasonality in
China, with a close relationship to summer precipitation anomalies [24,66]. In El Nino
years, the annual precipitation has a significant increasing trend with an earlier start of
the wet season. Total column water vapor in eastern China was higher and moisture
convergence appeared in most months, which led to a more even water vapor distribution
and a lower precipitation seasonality [24]. The PDO is also an important factor correlated to
precipitation, particularly for monsoon regions. The linkage between the warm PDO phase
and less summer precipitation in the central part of north China was observed [21,56,67].
Deng et al. [54] found an association between the increase in PDO from 1960 to 2015 and
the increased frequency of extreme precipitation in East China. Gu et al. [60] revealed
that northeastern China was significantly dominated by northerly winds from dry land
during positive NAO, resulting in less water vapor and hence impeding the occurrence
of heavy precipitation. The regional responses of annual extreme precipitation intensity
and frequency to the large-scale climate indices are different and complex, simultaneously
shaped by multiple climate indices at different time phases.

Overall, our study presents a comprehensive analysis of the climatology and the inter-
annual variability of precipitation seasonality patterns and their links to the precipitation
extremes within the HRB. This research is important for insight into flood and drought
control, effective water management, and regional sustainable development. This analysis
is of importance, especially to provide a guide for the risk evaluation of urban waterlogging
due to extreme precipitation for the metropolis in the basin region, as it has attracted more
and more attention in big cities. For future study, the short-duration, like sub-daily extreme
event analysis based on a higher-temporal-resolution (like hourly) precipitation dataset
is certainly needed, to provide better guidance for updating and improving regulation
to handle the short and intense precipitation events. Furthermore, the characteristic and
relationship between precipitation seasonality and precipitation extremes at sub-daily
or hourly time scale should be explored in future work, especially under urbanization
processes of typical urban areas, considering the urban waterlogging risk increased caused
by heavy rainfall and posing a significant challenge for mega cities in China.
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