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Precipitation and incoming water are the key contributing factors to local
flooding events, and analyzing the intra-annual distribution and change
characteristics of precipitation and incoming water will be beneficial to the
understanding of flooding contributing factors in this region. In this paper, the
characteristics of intra-annual distribution of precipitation and incoming water
and the synchronization of their changes in the lower reaches of the Yangtze
River Basin (LYRB) from 1980 to 2020 are studied using the concentration degree
and concentration period as quantitative indicators. The results are as follows: 1)
the maximum precipitation occurs earlier in the year, while maximum incoming
water occurs with little variation in timing but significant variation in total volume;
2) the concentration degree of both precipitation and incoming water show
a slowly decreasing trend. The concentration period of precipitation is slightly
advanced, and that of incoming water is significantly delayed; 3) the occurrence
time and concentration period of the incoming water peak during 2010-2020
lagged behind that of precipitation, which played a role in suppressing the
occurrence of floods in the LYRB. This study can provide a scientific basis for
the future supply and demand of water resources in the LYRB for safe use.

the lower reaches of the Yangtze river basin, concentration degree, concentration
period, synchronization analysis, intra-annual distribution

1 Introduction

Global climate change is a growing concern for society (Armstrong McKay et al., 2022;
Yuan et al., 2023). In recent years, the climate of the Yangtze River basin in China has
been warming significantly, with the temperature rising by 0.2°C/10a (Lu et al., 2022). At
the same time, precipitation in the lower reaches of the Yangtze River Basin (LYRB) has
increased significantly, and most of the areas have experienced the trend of ‘warming
and humidification’ with higher temperatures and increased precipitation (Wei et al., 2022;
Zhu C. et al,, 2023). This will inevitably cause different degrees of spatial and temporal
redistribution of water resources and intra-annual allocation changes (Yang H.etal,
2023; Yang P. et al., 2023).
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As the most crucial climatic element in the study of climate
change and water cycle process (Guoetal, 2020; Wang et al.,
2021), changes in precipitation elements have profound impacts
on the formation of water resources (Wu et al., 2022), hydrological
movement patterns (Chai et al., 2020), the stability of agriculture
(Tian et al., 2022) and ecosystem (Bi et al., 2023) at different stages of
urbanization development. The increase in precipitation will bring
about changes in the intra-annual distribution of rainfall, which
will inevitably lead to changes in runoff as a source of precipitation
recharge (Jiang et al.,, 2015; Alemu and Bawoke, 2019; Kim and
Kim, 2020; Zhangetal.,, 2021). Meanwhile, local precipitation
and incoming water are the key causative factors affecting the
local flooding events (Oppel and Fischer, 2020; Wang et al., 2022;
Zhu Y. et al,, 2023). Analyzing the characteristics of intra-annual
distribution and changes in precipitation and incoming water will
be beneficial to the understanding of the flood-causing factors
in the region (Zhangetal., 2020; Renetal, 2021), contribute
to the rational development, utilization and allocation of water
resources (Gong et al., 2020; Ndione et al., 2020; Li C. et al., 2021),
and provide a scientific basis for the safe use of future water supply
and demand (Jo et al., 2021; Bashevkin and Mahardja, 2022).

The LYRB is the core area of the Yangtze River Economic Belt,
a major strategic region related to the overall development of the
country. It is one of the regions in China with the most rapid
economic and social development, the densest population and the
highest rate of urbanization, and at the same time one of the regions
in China that are most frequently affected by floods. Some studies
have been done on the intra-annual changes of precipitation and
incoming water in the LYRB (Duan etal,, 2016; Li Y. et al., 2021;
Qian et al., 2022; Sun et al., 2023), for example, Li Y. etal. (2021)
found in their study of the precipitation changes in the Yangtze
River Basin from 1961 to 2014 that the intra-annual precipitation
is mainly concentrated in the summer months and the maximum
amount of precipitation is received in June; Qian et al. (2022) found
that during the period of 1961-2020, as a result of the increase
of precipitation the incoming water in the LYRB also showed
an increasing trend. Duan et al. (2016) analyzed the intra-annual
distribution characteristics of the incoming water in the LYRB and
the results showed that the intra-annual variations of the incoming
water in the LYRB were large, and the distribution was uneven,
mainly focusing on the months of June-October. This provides a
basis for the study of the relationship between precipitation, runoff
and water resources in the LYRB. However, the existing studies are
basically conducted separately for precipitation or runoff, and there
is a lack of research on the synchronization of the intra-annual
changes of the two (Luetal, 2022; Yangetal, 2022; Wuetal,
2023; Yinetal, 2023). Therefore, it is important to study the
synchronization of the intra-annual distributional characteristics of
precipitation and incoming water in the LYRB, and to explore the
response of precipitation and incoming water to changes in flooding
vulnerability in the LYRB.

The concentration degree and concentration period are
popularly used to calculate the uneven distribution of variables,
which are most used in the field of precipitation, i.e., precipitation
concentration degree (PCD) and precipitation concentration
period (PCP) (Amiri and Gocié¢, 2021; Darand and Pazhoh,
2022; Liuetal, 2022; Mengetal, 2023; Ashrafietal., 2024).
With the advancement of research, they have also been used on

Frontiers in Earth Science

02

10.3389/feart.2024.1415276

other variables, such as Zhao etal. (2021) applied concentration
degree and concentration period to temperature, and explored the
uneven distribution of temperature through the two indicators
of temperature concentration and temperature concentration
period. Zhouetal. (2022) also used concentration degree and
concentration period metrics in their analysis of the intra-annual
distribution of wind speeds. In present study, it is further extended
to the field of incoming water, i.e., incoming water concentration
degree (ICD) and incoming water concentration period (ICP).

In this study, the LYRB is taken as the study area, and the PCD,
PCP, ICD and ICP are used as quantitative indicators to investigate
the characteristics of intra-annual distribution of precipitation and
incoming water in the LYRB and the synchronization of their
changes. The study will contribute to the rational use of water
resources and flood disaster defense in the LYRB, and provide a
scientific basis for the safe use of water resources supply and flood
disaster response in the future.

2 Materials and methods
2.1 Study area

The study area is the LYRB (29.6°-32.8°N, 115.5°-122.0°E),
which is located in the east of China, with a total area of about
117,800 km?, and is the core of the Yangtze River Economic Belt,
including the provinces and cities of Jiangsu, Zhejiang, Anhui
and Shanghai. The climate type of the study area is subtropical
monsoon climate, and the region is mainly influenced by East Asian
summer winds in summer and East Asian winter winds in winter
(Guo et al., 2024).

The elevation of the LYRB is within the range of -67-1685 m.
The Datong hydrographic station is the last main stream
runoft control station in the LYRB, and the interval incoming
flow of the main stream of the Yangtze River accounts for
only about 2-3% (Bianetal, 2021) of the flow at the Datong
hydrographic station, so the flow characteristics of the Datong
hydrographic station basically represent the overall incoming water
characteristics of the river section of the LYRB. The distribution of
geographic information, meteorological stations and the location
of the Datong hydrographic station in the LYRB is shown
in Figure 1.

2.2 Data

In this study, 88 meteorological stations with complete day-
by-day precipitation data series from 1980 to 2020 in the LYRB,
as compiled by the China Meteorological Administration, are
collected. We obtained raster precipitation data with 0.1°x0.1°
resolution for the LYRB, spatially interpolated the precipitation
data from 88 meteorological stations by the inverse distance-
weighted interpolation method, and obtained the surface-averaged
precipitation data for the whole LYRB by raster averaging,
so as to analyze the characteristics of precipitation changes
in the region.

For the upstream incoming water, the daily flow data from 1980
to 2020 at Datong hydrographic station in the LYRB were selected.
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2.3 Methodology

(1) Concentration degree and period

Concentration degree and concentration period are used as the
concentration index in this study. PCD and ICD defined based on
the vector expression of the temporal distribution of precipitation
and incoming water during the year, which can effectively describe
the non-uniformity of the distribution of precipitation and incoming
water over the study period and is widely used. PCP and ICP are
also used to determine the interannual variability of precipitation
and inflow concentration dates.

Concentration degree and concentration period, the calculation
method of this indicator is defined based on the vector principle,
which is capable of describing the non-uniform distribution pattern
of precipitation and incoming water during the time period, and
reflecting the concentration degree and concentration time of the
intra-annual distribution of precipitation and incoming water by
using the process of precipitation and incoming water (Zhao et al.,
2021). It is considered that the value of the variable of each
segment under the total amount is a vector, including changes in
magnitude and direction, which is expressed as a 360° circle by the
inverse tangent function (Amiri and Goci¢, 2021; Du et al., 2022;
Ashrafi et al., 2024). CP and CP are calculated in Eqs 1, 2.

n 2 n 2
1 .
CD:E (Zrin sm9j> +<Zr,j><cos(9j> (1)
1 =1 j=1
n
;r,j X sin 6
CP = arctan J;— (2)
Z"ij X COS Gj
j=1

Where: CD and CP represent concentration degree and
concentration period, respectively. n is the total number of days
in year i, j is the number of days in year i, r;; is the precipitation
or incoming water on day j of year i at a certain station. R; is the
precipitation or incoming water on year i at a certain station [-m, 7]
is divided equally by the number of days in year i, and 6, is the
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corresponding azimuth angle on day j. The value of CD is between
0 and 1. The closer the value is to 1, the more concentrated the
annual precipitation or incoming water is on a certain day of the
year; conversely, the closer the value is to 0, the more uniform the
distribution of precipitation or incoming water is. In this study, the
CP is converted into daily ordinal numbers, which is useful for visual
analysis of the PCD and ICP.

(2) Mann-Kendall test

In time series trend analysis, Mann-Kendall test (M-K) is a
non-parametric test recommended by the World Meteorological
Organization and has been widely used, initially proposed by Mann
and Kendall (Mann, 1945; Kendall, 1948; Zhang et al., 2022). The
M-K test does not require the samples to comply with a certain
distribution, and is not subject to the interference of a small number
of outliers, and is suitable for hydrological, meteorological and
other non-normally distributed data (Jiang et al., 2022; Wan et al.,
2023). Many scholars have continued to apply the M-K test to
analyze the trend and significance of precipitation, runoff, water
level, sedimentation, temperature, water quality and other elements
of the time series (Huetal, 2023; Wan et al., 2023; Wang et al.,
2023). Therefore, this study used the M-K trend test to analyze the
trends of PCD, PCP, ICD and ICP.

Its test statistic variable z is an increasing trend when it is greater
than 0, and a decreasing trend when z is less than 0. If |z] > z,,, it
indicates that there is a significant change in the time series data at
the confidence level «, where « is generally taken as 0.05, and the
corresponding z,,, is 1.96 (Zhang et al., 2022).

(3) Standardized processing

In the synchronization analysis of precipitation and incoming
water, it is necessary to eliminate the effect of unit and magnitude
differences between precipitation and incoming water because
they have different units. Therefore, standardized curves were
used to compare the intra-annual distribution of precipitation and
incoming water and the characteristics of their synchronization. The
standardized curve z is calculated by Eq. 3.
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Characteristics of monthly precipitation in the LYRB, 1980-2020.
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Where X; is the monthly precipitation or incoming water, X is
the average monthly precipitation or incoming water over the years,
and o is the standard deviation of the average monthly precipitation
or incoming water over the years.

3 Results

3.1 Changes in intra-annual distribution of
precipitation

Figure 2 shows the characteristics of the intra-annual (monthly)
distribution of precipitation in the LYRB from 1980 to 2020 for
the multi-year average and four chronological averages. In terms of
the multi-year average precipitation, the intra-annual distribution
shows a ‘single-peak’ curve, and the annual precipitation is mainly
concentrated in the May-August, with the precipitation in these
4 months accounting for about 54% of the annual precipitation.
The amount of precipitation starts to increase from January and
reaches the maximum in June, accounting for 16.9% of the annual
precipitation, and then starts to decrease to the minimum in
December, accounting for only 3% of the annual precipitation.
The intra-annual distribution of precipitation by decade shows that
intra-annual precipitation is also concentrated in May-August for
all decades, with a small weighting of precipitation from October to
February. Maximum precipitation occurs in June during the 1990s,
2000s, and 2010-2020, which shows a consistent pattern with the
multi-year average, while maximum precipitation occurs in July
during the 1980s. summer precipitation varied considerably among
the decades, with the 2000s decade showing significantly smaller
summer precipitation compared to all other time periods, while
the 2010-2020 period showed significantly larger precipitation.
Meanwhile, the 1980s and 2010-2020 period show a “single-peak”
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pattern like the multi-year average, while the 1990s and 2000s show
a “double-peak” pattern.

Figure 3 shows the interannual variation of PCD and PCP in
the LYRB. From the 1980-2020 time series changes, the PCD has
a large interannual variation, with a maximum value of 0.58 (2011)
and a minimum value of 0.19 (2000), the extreme difference reaches
0.39, which is equivalent to 2/3 of the maximum annual PCD. and
the PCD has a slow decreasing trend with a linear tendency rate
of 0.01/10a (Figure 3A). In terms of the PCP, the maximum value
is 196° (1981) and the minimum value is 148° (1992), with a time
difference of about 48 days between the two occurrences. From the
trend of the PCP from 1980 to 2020, the interannual variation is
relatively smooth, but the fluctuation changes are large and show
a weak upward trend with a linear tendency rate of 0.25°/10a
(Figure 2B).

3.2 Changes in intra-annual distribution of
incoming water

Figure 4 shows the intra-annual (monthly) distribution
characteristics of incoming water in the LYRB from 1980 to 2020,
from which it can be found that the intra-annual distribution
characteristics of incoming water in the 1980-2020 multi-year
average and the four epochs at the Datong station show an obvious
“single-peak type” (Figure 4). In terms of the multi-year average
incoming water, the annual incoming water is mainly concentrated
in the months of June-September, which accounts for about 50.8%
of the annual incoming water, and the incoming water in May and
October also accounts for a relatively large proportion, accounting
for 9.2% and 8.8% of the annual incoming water, respectively.
The incoming water starts to increase in January and reaches
its maximum in July, where it accounts for 15.0% of the annual
incoming water, and then starts to decrease until December, while
its incoming water is relatively stable. From the point of view of

the annual distribution of incoming water in each decade, the
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FIGURE 4
Characteristics of monthly incoming water in the LYRB, 1980-2020.

annual incoming water in each decade is also mainly concentrated
in June-September, and the incoming water from October to May
of the following year also occupies a certain proportion. This shows
a similar pattern to the multi-year average incoming water. In
the 2000s, the summer incoming water was significantly smaller
compared to all other periods, while in the 1990s, the summer
incoming water was significantly larger and the annual incoming
water was significantly larger. This indicates that the total amount
of incoming water has varied considerably since the different eras,
and this instability will make it more difficult to develop and utilize
water resources in the LYRB.

The ICD and ICP of the incoming water in the LYRB from
1980 to 2020 are shown in Figure 5. From the change of the ICD
(Figure 5A), it can be seen that its maximum value is 0.44 (1999),
while the minimum value is 0.23 (2001), and the extreme difference
between the two amounts to 0.11. Meanwhile, the ICD shows a slow
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decreasing trend with a linear tendency rate of 0.01/10a. In terms
of ICP (Figure 5B), the maximum value of ICP was 228° (2000),
while the minimum value was 174° (2006), with a difference of
about 54 days. The interannual trend of ICP showed a significant
decreasing trend of 5.3°/10a, and the decreasing trend passed the
95% significance test.

3.3 Synchronization analysis

Figure 6 gives the change curves of PCD, ICD and their PCP, ICP
in the LYRB in 1980-2020 after standardization. From Figure 6A,
it can be seen that the interannual changes of PCD and ICD
during 1980-2002 and 2015-2020 have a good synchronization.
The fluctuations and ups and downs of the two correspond well,
and the synchronization rate of whether the peaks and valleys
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Normalized curve of PCD, ICD and their PCP, ICP in the LYRB.

of the two correspond to each other during this period can be
up to 65%. To some extent, the intra-annual PCD and ICD are
basically synchronized during this period, while the inter-annual
changes of PCD and ICD are less synchronized during the period
2003-2014. From Figure 6B, it can be seen that the synchronization
between PCP and ICP is poor during 1980-1988, and there is a
good synchronization between PCP and ICP during 1989-2020. The
fluctuations of the two during the period 1989-2020 corresponded
well, and the peaks and valleys of the two corresponded to a
synchronization rate of up to 75%. Meanwhile, it is also found
that the ICP lags behind the PCP between 2010 and 2020, and the
“staggered peaks” of precipitation and incoming water also play a
certain role in suppressing the occurrence of floods in the LYRB.
The standardized intra-annual distribution characteristics of
precipitation and incoming water in the LYRB for different time
periods are shown in Figure 7. From the figure, it can be seen that
the changes of precipitation and runoft during the same period
in different eras are relatively synchronized, especially the 1980s
and 2010-2020 periods, during which the intra-annual distribution
characteristics of precipitation and incoming water are roughly
similar, showing strong synchronization. Among them, the peaks
of both occurred in July in 1980s, while the peaks of incoming
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water occur at a time lagging behind the peaks of precipitation in
1990s, 2000s and 2010-2020 periods. This shows that the effects
of climate change and subsurface and other comprehensive factors
make the intra-annual distribution of precipitation and incoming
water uncertain, but the peak incoming water occurs with a lag
behind peak precipitation, which plays a certain role in inhibiting
the occurrence of floods.

In the previous paragraph, we learned that the peak incoming
water occurs with a lag behind the peak precipitation. In order to
further determine the lag time therein, we used box plots to analyze
the number of days in which the peak incoming water occurs with a
lag behind the peak precipitation between different eras as shown
in Figure 8. We found that the peaks of incoming water lagged
behind the peaks of precipitation in most of the years from 1980
to 2020, and the lag days of six of these years had outliers that we
excluded from the study. In the four time periods, the mean and
median values of the number of lagged days are positive, indicating
that the peak of water inflow lags behind the peak of precipitation
in most of the years in each time period. The average lagged days
in 1980s, 1990s, 2000s and 2010-2020 are 11.6, 22.1, 44.5 and 8.9
days, respectively. The number of lag days between 2010 and 2020 is
the shortest, significantly shorter than 2000 s. The shorter lag days
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will result in the peak of rainfall and the peak of incoming water
occurring at a similar time, and the convergence of the two peaks
is not conducive to the timely and effective drainage of the lower
reaches of the Yangtze River, which may increase the probability of
flooding events.

4 Discussion

Precipitation and upstream incoming water in the region are
important causes of local flooding events, and the results of intra-
annual distribution of precipitation and upstream incoming water
influence the generation and process of flooding (Madsen et al.,
2014; Huetal, 2018; Oppel and Fischer, 2020; Tabari, 2020;
Fengetal, 2021; Xu et al,, 2022). In this study, it was found that
precipitation in the LYRB is concentrated in the summer months,
with the peak occurring mainly in June, except for the 1980s when
the peak occurred in July, which is consistent with the pattern found
in the study of precipitation in the LYRB by Li Y. etal. (2021). In
terms of incoming water, flows from Datong Hydrographic Station
are used as the incoming water for the LYRB. The intra-annual
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distribution of incoming water in the LYRB is relatively similar
in different decades from 1980 to 2020, with all incoming water
reaching its maximum in July. Duan et al. (2016) found the same
pattern during his study. They analyzed the runoff data from the
Datong hydrographic station during the period 1949-2014 and
found that during the time periods 1949-1998, 1999-2014 and
2008-2014, the incoming water was all concentrated in July.

In this study, both PCD and ICD were found to be decreasing,
which may be due to the influence of the monsoon circulation
(Zhao etal., 2021). Huangetal. (2018) found that PCD in the
middle and lower reaches of the Yangtze River Basin tends to
be negatively correlated with the intensity of the monsoon, and
a decrease in PCD indicates a more uniform distribution of
precipitation each year. Since the incoming water in the LYRB
is closely related to the precipitation in the middle reaches, the
decrease of PCD in the middle reaches of the Yangtze River Basin
will also cause the decrease of ICD in the LYRB. Precipitation
and incoming water not only affect flooding, but also have a
very important impact on sediment behavior (Pignalosa etal,
2022; Mostafazadeh et al.,, 2023), agriculture (Ghaderpour etal.,
2023; Pueyo-Ros et al., 2024), and hydropower (Jin etal., 2023),
etc. Decreases in PCD and ICD can bring benefits: slowing down
the process of soil erosion in the river channels (Hamududu and
Killingtveit, 2012); securing the supply of water for irrigation in
agriculture (Sun etal., 2010); and allowing the individual power
generation reservoirs to increase the reservoir level and thus obtain
greater benefit of power generation (Boehlert et al., 2016).

When a precipitation event occurs in the upstream area, surface
flow or groundwater flow in the upstream area begins to gradually
increase to a peak and is transported downstream (i.e., the peak of
incoming water in the LYRB). In this paper, we have identified two
lags in the period 2010-2020, one is that the period of concentration
of incoming water lags behind the period of concentration of
precipitation, and the other is that the peak of incoming water occurs
at a time lagging behind the peak of precipitation. This period also
exhibits phenomena that may be influenced by a number of factors,
such as the form of precipitation (persistent rainfall, heavy rainfall,
etc.), the infiltration capacity of the soil, and the topography of
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the landscape (Currier et al., 2017; Cheah et al., 2019; Chin, 2019;
Zhao et al., 2019; Liao and Barros, 2023; Zhao et al., 2023; Yatagai
and Saruta, 2024). Due to this situation mentioned above, the
incoming water from the upstream is not immediately transformed
into floods in the LYRB. This delayed effect may allow more time
for the LYRB to take flood prevention and response measures, thus
playing a certain inhibitory role and alleviating the impact of floods
on the LYRB.

5 Conclusion

Taking the lower reaches of the Yangtze River Basin as the study
area, this study uses the concentration degree and concentration
period as quantitative indicators to explore the synchronous changes
in the intra-annual distribution characteristics of precipitation and
incoming water, which is of great significance to the research in the
area of flood causality change response in the lower reaches of the
Yangtze River. The following conclusions are drawn.

(1) The intra-annual distribution of precipitation and incoming
water in different eras each has significant differences. The
precipitation and incoming water in the summer of 2000s are
significantly smaller, while the precipitation in the summer of
2000-2010 and the incoming water in the summer of 1990s are
significantly larger. The time of occurrence of the maximum
precipitation in the period of 1990-2020 is earlier compared
with that of 1980s, and the annual incoming water distribution
is smoother within the year, but the change in total incoming
water varies greatly between years.

Both PCD and ICD has had a slow downward trend over
the past 41 years, and the interannual changes of the two
are well synchronized between the 1980-2002 and 2015-2020
periods. There is a weak upward trend in PCP and a significant

2

downward trend in ICP, but the synchronization between the

two is high.
(3) The changes in precipitation and incoming water during the
same period in different eras are relatively synchronized,
especially in the 1980s and 2010-2020 periods, both
precipitation and incoming water intra-annual distribution
characteristics are roughly similar. During the period
1990-2020, the peak of incoming water lags behind the peak
of precipitation, and it is also found that the concentration
period of incoming water lags behind the concentration period
of precipitation during the period 2010-2020, which also plays
a certain inhibitory effect on the occurrence of floods.

This study points out some characteristics of the hydrological
processes in the upper reaches of the Yangtze River during the period
from 2010 to 2020, especially in relation to the time relationship
between precipitation and incoming water and flood formation.
This delayed phenomenon is of great significance for hydrological
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