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Abstract: Rainfall has a significant impact on surface runoff and erosion in a watershed, and there is a
lack of information about the features of rainfall regimes and how they affect runoff and soil erosion.
In the paper, based on 59 rainfall events from 2021 to 2022 in the lower Yellow River Culai Mountain
sub-watershed, various statistical analysis methods were used to preliminarily explore the rainfall
regime features and their influence on surface runoff and soil erosion. The results showed that the
rainfall in the watershed was divided into three regimes: Rainfall Regime I had the highest frequency
of occurrence, reaching 74.58%, and Rainfall Regime III was the main power source for surface runoff
and soil erosion. The paper filtered out three indicators (P, I, and I30) to analyze the degree of influence
of rainfall features on surface runoff and erosion, and the results show that precipitation is the main
influencing factor affecting the variation in surface runoff, and the maximum 30 min rainfall intensity
is the main factor impacting the variation in sediment yield. The results can provide a theoretical
basis for soil conservation, hydrological forecasting, and non-point source pollution management.

Keywords: rainfall regimes; the lower Yellow River basin; influence of runoff and soil erosion

1. Introduction

Rainfall is the key driver of watershed surface runoff and soil erosion [1–6], especially
erosive rainfall, which affects the separation of soil particles as well as sediment movement
and deposition [7,8]. Erosive rainfall can increase regional soil erosion, taking away nutrient-
rich topsoil and leading to a decrease in soil fertility [9–13]. Additionally, a significant
amount of soil nutrients are transported into water bodies via soil erosion [14], causing
water pollution and eutrophication. Therefore, soil erosion is also a source in the watershed
of non-point source pollution [15]. The study of rainfall regimes and their effects on surface
runoff and soil erosion has become a hot issue of concern in ecohydrology, and it is of
significant practical value for the prevention and control of soil erosion and non-point
source pollution.

Rainfall characteristics include precipitation, rainfall duration, rainfall intensity, maxi-
mum 30 min rainfall intensity, movement direction and movement speed, etc. [16]. Pre-
cipitation is the sum of all the time periods in the interval from the beginning to the end
of the precipitation for this rainfall event. Rainfall duration is the period of time from the
beginning to the end of a rainfall event. Rainfall intensity characterizes the precipitation
per unit time period and is calculated by dividing the total precipitation from a single
rainfall event by rainfall duration. Maximum 30 min rainfall intensity means during a
rainfall event, use the maximum value of the sum of precipitation in any 30 min time
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period divided by 0.5 h; the value obtained is the maximum 30 min rainfall intensity. The
movement direction is relative to stationary rainfall and means a rainfall center that moves
in a certain direction during the course of the rainfall process. The movement speed refers
to the speed at which the center of rainfall moves in a certain direction during the rainfall
process. Many academics have conducted extensive research on the influence of rainfall
characteristics on surface runoff and soil erosion [17–21]. The findings indicate that rainfall
intensity (I) and rainfall duration (D) are the two major factors influencing the creation of
watershed runoff and that high-intensity or long-duration rainfall will hasten the onset
of runoff generation and increase runoff [1,21], which in turn will lead to an increase in
sediment yield (S) and intensify soil erosion [22]; high-intensity rainfall can also cause
damage to slopes, leading to geologic hazards [23]. The rainfall erosion indicator (EI30)
defined by the Universal Soil Loss Equation is commonly used to calculate rainfall erosivity
for an individual rainfall event, which is equal to the product of the total kinetic energy
of a rainfall (E, MJ·h m−2) and maximum 30 min rainfall intensity (I30, mm·h−1) during
the rainfall. A study by Tu et al. [24] in Jiangxi province, China, found a power function
relationship between the rainfall erosion indicator (EI30) and precipitation (P) [24] and a
primary function relationship between the rainfall erosion indicator (EI30) and sediment
yield (S) [25]. Liu et al. [26] found that soil erosion intensity and rainfall duration (D)
were power functions on bare slopes and exponential functions on vegetated slopes in the
Qinghai–Tibet Plateau region of China. Deng et al. [27] conducted a simulated rainfall ex-
periment at the Agricultural Science Experiment Station of Zhejiang University; the results
showed that the runoff (W) and sediment yield (S) increase with the increase in rainfall
intensity (I) on different slopes, and the relationship can be expressed as a power function.

The aforementioned studies demonstrate that runoff and sediment yield are closely
related to substrate conditions (topography, vegetation, etc.) as well as rainfall character-
istics such as precipitation (P), rainfall duration (D), and rainfall intensity (I) [8]. Most of
the above studies focus on the influence of single rainfall characteristics on runoff and
sediment yield and lack of systematic evaluation [1], as runoff and sediment generation
may vary greatly depending on different rainfall regimes [28]. Wei et al. [29] used the
K-mean clustering method to classify 131 rainfall events in the Loess Plateau region of
China from 1986 to 1999 into 3 categories based on 3 indicators: precipitation (P), rainfall
duration (D), and maximum 30 min rainfall intensity (I30), and to analyze the effects of
different rainfall regimes on the runoff and sediment yield. The results show that Rainfall
Regime II, with high rain intensity, short duration, and high-frequency characteristics, is
most likely to produce runoff and sediment in the watershed. Fang et al. [30] conducted
the same study in the Three Gorges area of China and found that Rainfall Regime II (which
has the largest precipitation (P) and rainfall duration (D)) has the largest mean runoff
coefficient and mean sediment yield. Yan et al. [31], in the Molisol region of northeast
China, found that Rainfall Regime I (characterized by maximum precipitation (P) and
maximum 30 min rainfall intensity (I30)) had the highest soil loss rate. The results of
Peng and Wang [22], using the hierarchical clustering method for karst landscape areas in
Guizhou Province, China, are consistent with Yan et al. [31]; they both found that rainfall
regimes with high-intensity features caused the most surface runoff and soil erosion and
were the most destructive rainfall regimes in the region. In the Iguatú watershed in Ceará
State, Brazil, dos Santos et al. [32] used a hierarchical clustering method based on three
indicators: precipitation (P), rainfall duration (D), and maximum 30 min rainfall intensity
(I30), and it was found that the precipitation (P) and maximum 30 min rainfall intensity (I30)
of Rainfall Regime I in this basin were the largest, the rainfall duration (D) was the longest,
and its occurrence frequency was the smallest but most likely to cause runoff and sediment
yield, so this rainfall regime is most concerning. In summary, the rainfall characteristics of
different regions are different, and there are differences in the main rainfall characteristics
that cause the production of runoff and sediment, while the analysis methods of rainfall
regimes mostly adopt the K-mean clustering method or hierarchical clustering method
but lack the rationality test of rainfall regimes’ classification; moreover, the relationship
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between several rainfall characteristics, such as precipitation (P), rainfall duration (D),
rainfall intensity (I), maximum 30 min rainfall intensity (I30), and the response of runoff
and sediment yield, is unclear.

The northern soil and rocky mountain area is one of the first-grade zones of soil
and water conservation in China, and the 2021 China Soil and Water Conservation Bul-
letin shows [33] that the soil erosion area in the northern soil and rocky mountain area
is 160,000 square kilometers, accounting for 19.84% of its total land area, and the main
erosion type in this area is hydraulic erosion, accounting for 87.25% of the total soil erosion
area. Intense hydraulic erosion has caused serious soil nutrient loss in the area, resulting in
reduced crop yields and having a significant detrimental effect on environmental sustain-
ability. In the paper, a typical small watershed in the northern soil and rocky mountainous
areas, the Yellow River downstream Culai Mountain watershed, was selected as the study
area, which is located in Taian City, Shandong Province, China. The area is characterized
by high mountains and steep slopes, and the soil is mainly brown loam and brown soil,
with a loose texture and thin soil layer, with an annual rainfall of 690.6 mm; it is a warm
temperate continental monsoon climate zone, influenced by monsoons [34], with rainfall
concentrated in summer and often heavy, and is one of the rainstorm centers in Shandong
Province. The combination of soil and rainfall has led to very serious soil erosion in the
watershed, seriously affecting local agricultural and economic development.

At present, there are few studies on the influence of rainfall regimes on watershed
runoff and sediment yield in northern soil and rocky mountain areas, and the majority of
the current research focuses on the northwest Loess region [16,29,35], the northeast black
soil region [31], the southern red soil region, etc. [36]. Therefore, we aimed to clarify the
features of rainfall regimes in the typical small watershed of the northern soil and rocky
mountainous areas, the Culai Mountain watershed, and to explore the influence of each
rainfall characteristic indicator on runoff and sediment yield. In this paper, various cluster
analysis methods (K-means clustering method and hierarchical clustering method) are
used to classify the rainfall events in 2021–2022 in the Culai Mountain watershed, and
discriminant analysis and ANOVA are used to analyze the rationality of rainfall regime
classification. Using the multiple linear regression method and through path analysis, the
response relationship models of rainfall characteristic indicators (P, D, I, and I30) and runoff
and sediment yield are established to quantify the relationship between rainfall charac-
teristics indicators (P, D, I, and I30), and runoff and sediment yield are established using
multiple linear regression and path analysis in order to provide a theoretical foundation for
regional non-point source pollution control and soil and water conservation.

2. Materials and Methods
2.1. Study Area

The study area is located at the Culai Mountain Integrated Soil and Water Conser-
vation Observatory in Taian City, Shandong Province, China (117◦13′27”–117◦14′9” E,
36◦3′46”–36◦4′32” N; elevation 195.986–423.934 m; area 0.921 km2), which is located in
the Low Foothill Area of South Central Shandong Province, is part of to the Dawen River
basin, and the first-level basin is the Yellow River basin (Figure 1). The cumulative length
of the dry ditch in the basin is 1.26 km, with an average ratio of 0.14; the cumulative
length of main branch ditch is 4.09 km, with an average ratio of 0.18; and the average
gully density is 5.82 km/km2. A runoff observatory has been set up at the outlet of the
watershed. The annual runoff of the basin is 2.189 × 105 m3, and the annual sediment yield
is 9.582 × 104 kg.

The region has a warm temperate continental monsoon climate with an average annual
precipitation of 690.6 mm; the precipitation from June to September is 528.6 mm, accounting
for 76.5% of the annual precipitation. This region features 2494 annual sunshine hours
and an average annual temperature of 12.9 ◦C. The highest average temperature in the
region is 26.4 ◦C in July, the lowest average temperature is −2.6 ◦C in January, the highest
extreme temperature is 42.5 ◦C, the lowest extreme temperature is−22.6 ◦C, and the annual
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frost-free period is 190–210 days. The soil in the area is mainly brown soil and cinnamon
soil, and the vegetation types in the watershed are mainly red pine, acacia, sagebrush oak,
chestnut, and yellow wattle; the land use in the watershed is predominantly forest land,
followed by grassland.
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2.2. Rainfall Data Monitoring

The rainfall data were collected by siphon self-registering rain gauges in the observa-
tory. The instrument recording error is ±0.05 mm, the recording time is 1 min, and the raw
observation data include time and precipitation by time period.

Then, the rainfall events were divided. The interval between two rainfall events was
controlled to be 6 h, the time when the precipitation was zero was greater than or equal
to 6 h, then the subsequent rainfall was categorized as a second rainfall event [37,38]. A
total of 59 different rainfall events overall were identified over the study period, and the
precipitation (P, mm), rainfall duration (D, h), rainfall intensity (I, mm·h−1), and maximum
30 min rainfall intensity (I30, mm·h−1) were collated for each rainfall event. The definitions
of the four rainfall indicators are listed below:

Precipitation: The sum of the precipitation amounts for all time periods in the interval
from the beginning to the end of the rainfall event is taken as the precipitation amount for
this rainfall event (P).

Rainfall duration: Total duration of a rainfall event, from start to finish.
Rainfall intensity: This indicator characterizes the precipitation per unit time period

and is calculated by dividing the total precipitation from a single rainfall event by the
rainfall duration(D). The unit of this value is mm·h−1.

Maximum 30 min rainfall intensity: Means during a rainfall event, use the maximum
value of the sum of precipitation in any 30 min time period (P30, mm), divided by 0.5 h; the
value obtained is the maximum 30 min rainfall intensity (I30, mm·h−1).
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2.3. Runoff and Sediment Yield Data Monitoring

The study area has a runoff station at the outlet of the watershed, where HCJ1 self-
registering water level meter and automatic monitoring device for runoff and sediment
yield in small watersheds are installed, which are international advanced devices capable of
realizing automation and refinement of runoff and sediment yield data collection. The data
collected by the device are copied out through the interface, and the original data interval
is five minutes, including the time period runoff and sediment content. The formula for
calculating the runoff (W, m3) and the sediment yield (S, kg) for each rainfall event is
as follows:

W =
d

∑
n=1

Rn−1 + Rn

2
× tn (1)

where W denotes runoff by a rainfall (m3), Rn−1 is streamflow (m3/s) recorded by the
device at the beginning of the time period, Rn is streamflow (m3/s) recorded by the device
at the end of the time period, d is the number of periods of this rainfall, and tn is the
duration of the time period(s).

S =
d

∑
n=1

Ln−1 + Ln

2
× tn (2)

where S denotes sediment yield by a rainfall (kg); Ln−1 is loss of dry river sediment (kg/s)
recorded by the device at the beginning of the time period; Ln is loss of dry river sediment
(kg/s) recorded by the device at the end of the time period; and the other symbols, such as
d, tn, are consistent with Formula (1).

The runoff and sediment yield data were compared with the occurrence time of
59 rainfall events to finalize a total of 11 rainfall events with runoff and sediment production
during the study period; the occurrence time, precipitation, rainfall duration, rainfall
intensity, maximum 30 min rainfall intensity, and runoff and sediment yield for each of the
rainfall events with runoff and sediment production are shown in Table 1.

Table 1. Information on the 11 rainfalls with runoff and sediment production during the study period.

Serial
Number Start Time of Rainfall End Time of Rainfall P (mm) D (h) I (mm·h−1) I30 (mm·h−1) W (m3) S (kg)

16 2021/07/08 17:38 2021/07/08 21:09 17.50 3.52 4.97 20.20 34,675.90 12,800.00
17 2021/07/09 03:57 2021/07/09 10:28 17.50 6.50 2.69 30.00 25,468.81 9830.00
19 2021/07/12 19:59 2021/07/13 07:57 18.50 11.97 1.55 17.00 16,500.63 6470.00
25 2021/07/28 09:25 2021/07/29 08:45 155.00 23.33 6.64 26.00 60,525.33 25,900.00
34 2021/08/29 14:25 2021/08/31 21:38 97.50 55.22 1.77 61.00 52,463.56 25,890.00
36 2021/09/04 05:15 2021/09/05 16:48 47.50 35.56 1.34 11.00 23,129.28 9340.00
37 2021/09/18 10:58 2021/09/20 08:39 121.50 45.68 2.66 44.00 51,132.03 25,160.00
39 2021/09/25 21:41 2021/09/27 01:56 75.50 28.25 2.67 31.00 40,578.31 18,410.00
51 2022/06/26 13:23 2022/06/27 21:08 117.10 31.75 3.69 63.74 60,175.46 26,530.00
52 2022/07/05 12:01 2022/07/06 13:05 82.20 25.08 3.28 23.36 45,640.04 14,330.00
56 2022/07/28 04:05 2022/07/29 01:06 49.10 21.00 2.34 34.40 27,561.48 16,980.00

2.4. Statistical Analysis

The correlation between rainfall characteristic indicators and runoff and sediment
yield was explored in this study using Pearson correlation analysis, which identified the
rainfall characteristic indicators used in clustering. The number of clusters was determined
using the elbow rule, and the rainfall events were clustered using the K-means clustering
method and the systematic clustering method. The results were then tested using ANOVA
and Fisher discriminant analysis to confirm the findings, with primary, quadratic, power
functions, etc., fit curves to represent relationships between individual rainfall variables,
runoff, and sediment output. The multiple linear regression analysis method and the path
analysis method were used to analyze the comprehensive effect of rainfall characteristic
indicators on the runoff and sediment yield, quantify the degree of influence of each rainfall
characteristic indicator on the runoff and sediment yield, select the rainfall characteristic
indicators that have the most impact on the production of runoff and sediment, and carry
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out the construction of the rainfall characteristic indicators–runoff and sediment yield
response relationship model.

2.4.1. Principle of the Elbow Rule

The principle of the elbow rule is as follows [39]: if the sample is divided into most
number of categories, then the structure within each category is looser, and the aggregation
coefficient is smaller; the smaller the number of categories, then the tighter the structure
within each category, and the larger the aggregation coefficient.

The aggregation coefficient will significantly drop as the number of categories is
increased in the elbow rule approach when the number of categories is fewer than the ideal
number of clusters, while when the number of categories is equal to the optimal number of
clusters, the decrease in the aggregation coefficient will decrease abruptly, and thereafter
the decrease in the aggregation coefficient will gradually level off with the increase in the
number of categories. Therefore, the folding graph of aggregation coefficient is similar to
the shape of the elbow, and the number of categories corresponding to the elbow position
is the optimal number of clusters.

2.4.2. Path Analysis

Geneticist Sewall Wright proposed the through-path analysis in 1921 [40], and this
method has been continuously improved and refined to form a multivariate statistical
technique. The method steps are as follows:

1 r12 r13 . . . r1p
r21 1 r23 . . . r2p
r31 r32 1 . . . r3p
. . . . . . . . . . . . . . .
rp1 rp2 rp3 . . . 1




b1y
b2y
b3y
. . .
bpy

 =


r1y
r2y
r3y
. . .
rpy

 (3)

Assuming that there are p factors affecting the dependent variable Y: X1, X2, · · · , Xp,
riy is the simple correlation coefficient of the independent variable Xi on the dependent
variable Y. The path analysis aims to decompose the simple correlation coefficient riy into
the direct effect of Xi on Y and the indirect effect of Xi on the dependent variable Y through
Xj (other independent variables). In summary, the following formula holds:

rij = biy + ∑
j 6=i

rijbjy (4)

The direct path coefficient, indirect path coefficient, and simple correlation coefficient
can reflect the direct effect of the independent variable Xi on the dependent variable Y,
the indirect effect of the independent variable Xi on the dependent variable Y through
the other independent variables Xj, and the total effect among the many influencing fac-
tors on the dependent variable. However, there is inconsistency in the ranking of these
coefficients, making it difficult for users to make decision judgments. The decision coeffi-
cient in the path analysis provides a solution to this problem. Yuan et al.’s [41] proposal,
R2
(i) = b2

iy + 2 ∑
j 6=i

biyrijbjy, should be used to represent the decision coefficient of the inde-

pendent variable Xi on the dependent variable Y. The decision coefficient reflects both
the direct influence of the independent variable Xi on the dependent variable Y and the
indirect influence of the independent variable Xi on the dependent variable Y through
other independent variables, which can be used to reflect the size of the influence ability of
each variable on the dependent variable in a comprehensive manner and make decision
judgments accordingly.

For this paper, graphics were created using Origin 2018b program, and statistical
analysis was performed using SPSS 26.0.
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3. Results
3.1. Rainfall Status Statistics of the Study Area Watersheds from 2021 to 2022

According to the Taian Water Resources Bulletin (2010–2021), the average multi-year
precipitation in the Culai Mountain watershed is 690.6 mm. With 75% of the precipitation
falling between June and September in this area, the order of magnitude of precipitation is
July > August > June > September. The monthly precipitation and monthly average erosive
precipitation (total precipitation for rainfall events that produce runoff and sediment in
a watershed) in the Culai Mountain watershed from 2021 to 2022 are shown in Figure 2.
The precipitation in the area in 2021 was 769.5 mm, with precipitation concentrated in
July–September, and in 2022 was 673.5 mm, with precipitation concentrated in June–August.
The average annual precipitation in 2021 and 2022 in the Culai Mountain watershed was
basically the same as the multi-year average precipitation. In 2021, under the influence of
the sub-high pressure warm and humid airflow, from 28 August to 3 October, Taian City had
continuous average precipitation of nearly 380 mm, continuous precipitation caused by the
“autumn flood” phenomenon, resulting in October 2021 precipitation reaching the year’s
maximum. In June 2022, the most precipitation in history for the same period occurred
under the influence of an unusual atmospheric circulation, making June’s precipitation
in the basin far exceed the multi-year average precipitation for that month. The two
anomalous precipitation events did not change the intra-annual temporal distribution
of precipitation in the basin, which was still concentrated from June to September, but
significantly increased the proportion of June to September precipitation in the year. The
precipitation from June to September in 2021 and 2022 accounted for 90.25% and 87.72%
of the total precipitation, respectivel (the multi-year average was 75%), and the erosive
precipitation in 2021 and 2022 in the Culai Mountain watershed occurred from June to
September, indicating that the precipitation in 2021 and 2022 had a certain universality.
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Figure 2. Monthly precipitation and monthly average erosive precipitation map of the Culai Mountain
watershed for 2021–2022.

3.2. Clustering Analysis of Precipitation Events in Culai Mountain Watershed from 2021 to 2022
3.2.1. Precipitation–Runoff–Sediment Yield Correlation Analysis

In this paper, Pearson correlation analysis was conducted for six indicators: precip-
itation (P, mm), rainfall duration (D, h), rainfall intensity (I, mm·h−1), maximum 30 min
rainfall intensity (I30, mm·h−1), runoff (W, m3), and sediment yield (S, kg) for the 11 rainfall
events with runoff and sediment production occurring in 2021–2022. The results showed
that there was a significant positive correlation (p < 0.01) between P and W, S, and P was
significantly positively correlated with D at the p < 0.05 level; D was significantly positively
correlated with S at the p < 0.05 level; and I30 was significantly positive correlated with S at
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the p < 0.01 level and with W at the p < 0.05 level (Table 2). Three indicators, P, D, and I30,
were more closely related to W and S, while the correlation of I on W and S was slightly
lower compared to the other three indicators.

Table 2. Pearson correlation coefficient matrix of rainfall characteristic indicators, runoff, and sedi-
ment yield in Culai Mountain watershed.

P D I I30 W S

P 1
D 0.631 * 1
I 0.442 −0.324 1

I30 0.523 0.591 −0.039 1
W 0.910 ** 0.525 0.557 0.660 * 1
S 0.894 ** 0.647 * 0.386 0.786 ** 0.925 ** 1

Notes: ** indicates significant correlation at the 0.01 level; * indicates significant correlation at the 0.05 level.

Therefore, in this study, three indicators of P, D, and I30 were selected, and different
clustering methods were used to cluster the 59 rainfall events that occurred in the Culai
Mountain watershed from 2021 to 2022.

3.2.2. Clustering Analysis of Rainfall Events

1. Elbow rule

Both the systematic clustering approach and the K-means clustering method have a
drawback: the user needs to choose the number of clusters according to personal experience
or practical situations. Currently, there are two main types of methods to determine the
number of clusters, the elbow rule and the contour coefficient method. The contour
coefficient method has the disadvantage in that the optimal value is not always the optimal
number of classifications, and sometimes the elbow rule is needed to jointly determine the
number of classifications. Therefore, this study was conducted to determine the number of
classifications with the help of the elbow rule.

The elbow rule results are shown in Figure 3, where the inflection point of the image
is at three classifications. The degree of the sum of squares due to error (SSE) variation was
significantly reduced when the number of classifications increased again. Therefore, this
study proposes to analyze the 59 rainfall events in 2021–2022 into three categories.
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2. K-means clustering method

The number of classifications was chosen as 3. P, D, and I30 were used as classifica-
tion indicators and classified by K-means clustering, and Table 3 displays the results of
the classification.

Table 3. Results of K-means clustering method. The rainfall serial number is the order of the
occurrence of 59 rainfall events.

Rainfall Regime Rainfall Serial Number

I 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
26 27 28 29 30 31 32 33 35 38 40 41 42 43 44 45 46 49 54 58

II 36 39 47 48 50 52 53 55 56 57 59
III 25 34 37 51

3. Systematic clustering method

The inter-group connection method of the systematic clustering method was used, the
distance determination method was set to the squared Euclidean distance to classify the
rainfall events, and the spectrum map of the systematic clustering method was obtained
(Figure 4).
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The result of the elbow rule shows that three clusters are optimal; therefore, the rainfall
is classified at a distance of 2844. The 59 rainfall events were classified into three categories
(Figure 4), which are indicated by different colors in the figure. Rainfall Regime I has
the highest number of rainfall events, 21 (yellow part of the graph); followed by Rainfall
Regime II, with 11 (green part); and Rainfall Regime III, with the lowest number of events,
4 (blue part).

By comparing the results of the K-means clustering method and the systematic clus-
tering method, it was found that the two methods have the same classification results
for rainfall events, and thus the classification results can be mutually verified in terms
of methods.



Water 2023, 15, 2651 10 of 22

3.2.3. Reasonableness Analysis of Clustering Results

The 59 rainfall events in the Culai Mountain watershed from 2021 to 2022 were
classified into three categories using the clustering method. In order to investigate whether
the rainfall regime classification is reasonable, ANOVA and discriminant analysis were
used to test the reasonableness of the classification results. Before ANOVA was used, the
suitability of the data needs to be checked. The findings of testing the data’s normality using
the skewness coefficient and kurtosis coefficient methods are displayed in Table 4. The S
and K values of D for Rainfall Regime I were greater than 1.96 (p > 0.05), and the S value of
I30 was greater than 1.96 (p > 0.05). Accordingly, the D and I30 of Rainfall Regime I can be
judged as not obeying the normal distribution, while the rest of the indicators are in line
with the normal distribution (Table 4).

Table 4. Skewness coefficient (S) and kurtosis coefficient (K) for each rainfall regime indicator.

Rainfall Regime Rainfall Indicator Skewness Coefficient (S) Kurtosis Coefficient (K)

I
P 1.867 1.243
D 5.801 6.752
I30 3.734 1.307

II
P 1.852 0.202
D 0.149 1.338
I30 0.076 0.209

III
P 0.827 0.665
D 1.064 0.050
I30 0.802 0.506

The Levene test was used to test the variance chi-square condition. The results show that
the precipitation (F (2,56) = 11.867, p < 0.001) and rainfall duration (F (2,56) = 7.422, p = 0.001) of
the three rainfall regimes do not satisfy the variance chi-square condition, and the maximum
30 min rainfall intensity satisfies the variance chi-square (F (2,56) = 1.257, p = 0.293).

One of the assumptions of One-Way ANOVA is that the observations in each group
obey a normal distribution. For data that do not obey a normal distribution, the conven-
tional view is to use a nonparametric test (Kruskal–Wallis test) for analysis, but this method
assumes that different groups have the same distribution, and this assumption will lead
to less-than-accurate results when analyzing data that do not satisfy the chi-squared con-
dition. The One-Way ANOVA method is not particularly sensitive to deviations from the
assumption of normality, and McDonald [42] simulated various non-normal distributions,
with false positives always around 5% or less. Consequently, for data that do not exhibit
a normal distribution, McDonald recommends continuing using the One-Way ANOVA
method. When analyzing data with unequal variances, Welch’s ANOVA was used for the
test, and the results obtained when comparing two by two using the Games–Howell test
method will be more accurate than those obtained using the nonparametric test method.
However, it is important to note that if the ANOVA results do not have a P value well
below 0.05 and the data are extremely non-normal, then it is prudent to reject the original
hypothesis condition [42].

Therefore, Welch’s ANOVA and Games–Howell test were used to analyze the P and
D of each regime of rainfall; I30 obeyed both normal distribution and variance chi-square
condition, and One-Way ANOVA and Bonferroni method were used for analysis.

The results showed highly significant differences (p < 0.01) in P, D, and I30 (Table 5).
However, whether P, D, and I30 differ from each other under the three rainfall regimes
needs to be determined via post hoc comparison.
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Table 5. ANOVA results for different rainfall regimes P, D, and I30.

P D I30

Test method Welch’s ANOVA One-Way ANOVA
Statistical value 71.481 22.518 26.998

Significance <0.001 0.001 <0.001

The findings of the post hoc comparison are displayed in Figure 5. The histograms in
Figure 5 exhibit the average values of each rainfall feature for various rainfall regimes, and
the distinct lettering (a, b, and c) denotes statistically significant differences (p < 0.05) in
the data.
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Figure 5. Variability between P, D, and I30 (post hoc comparison results). Bars of the same color with
different letters (a, b, c) indicate that the regime of rainfall they represent is significantly different for
this indicator.

The results showed that the P and I30 of the three rain regimes were significantly
different from each other (p < 0.05). There was a significant difference (p < 0.05) in the D
between Rainfall Regime I, II, and Rainfall Regime III, but the difference in the rainfall
duration (D) between Rainfall Regime II and III was not significant (p > 0.05).

In conclusion, the ANOVA findings showed that the three rainfall regimes generally
differed significantly from one another.

In order to explore the rationality of rainfall regimes clustering in depth, the distribu-
tion of the typical discriminant function scatter in the center of mass of the group for the
three rainfall regimes was analyzed in the paper using discriminant analysis. The results
show that the typical discriminant function scatter distribution of Rainfall Regime II is
relatively concentrated, while Rainfall Regime I and Rainfall Regime III are more dispersed.
The scatter points of the discriminant functions of Rainfall Regime I, III, and Rainfall
Regime II were far apart with clear boundaries, and the scatter points of the discriminant
functions of Rainfall Regime I and II were close together but did not cross (Figure 6).

The reasonableness of the clustering results determined via ANOVA and Discriminant
Analysis shows that there are three rainfall regimes in the watershed, and each rainfall
characteristic indicator of different rainfall regimes has significant differences in general.
The three rainfall regimes are dispersed and evenly distributed around the center of
the mass, according to the results of the discriminant analysis, and the cluster analysis
also produced promising results. In conclusion, the classification results of the rainfall
events in the Culai Mountain watershed meet the statistical requirements and satisfy the
classification expectations.
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3.2.4. Analysis of the Rainfall Regime Features of the Culai Mountain Watershed

The 59 rainfall events in the Culai Mountain watershed from 2021 to 2022 were classi-
fied into three categories (Rainfall Regimes I, II, and III) (Table 6). There were 44 rainfall
events for Rainfall Regime I, of which 3 rainfall events caused runoff and sediment genera-
tion, accounting for 74.58%. There were 11 rainfall events for Rainfall Regime II, of which
4 rainfall events caused runoff and sediment generation, accounting for 18.64%; Rainfall
Regime III had 4 rainfall events, all of which triggered runoff and sediment generation,
accounting for 6.78%. The mean values of P, D, and I30 are Rainfall Regime III > Rainfall
Regime II > Rainfall Regime I, from largest to smallest. Therefore, the features of Rainfall
Regime I are small amounts of precipitation with a short duration and low intensity, the
features of Rainfall Regime II are medium amounts of precipitation with medium duration
and intensity, and the features of Rainfall Regime III are heavy precipitation with a long
duration and high intensity.

Table 6. Features of different rainfall regimes.

Rainfall
Regime

Rainfall Indicator The Frequency of Rainfall
Event with Runoff and
Sediment ProductionP (mm) D (h) I30 (mm·h−1)

I
Mean 7.386 4.475 11.165

44 3V25 2.000 0.500 3.188
V75 12.000 6.628 15.383

II
Mean 49.136 18.053 29.745

11 4V25 37.000 8.000 23.360
V75 60.600 26.000 35.000

III
Mean 122.775 43.233 48.685

4 4V25 102.400 31.435 30.500
V75 146.625 59.548 63.055

3.3. Investigation of the Relationship between Rainfall Indicators and the Response of Runoff and
Sediment Yield
3.3.1. Equation Fitting of Four Indicators to the Runoff and Sediment Yield

The influence of each rainfall characteristic indicator on the runoff (W) and sediment
yield (S) was investigated in this study in order to investigate the impact of each indicator
on the runoff and sediment yield. The results are displayed in Figure 7. The method to
determine the fitting curve of rainfall characteristic indicator and the runoff and sediment
yield is to fit the scatter with different functional relationships, and according to the
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coefficient of determination of each fitting line, the curve with the largest coefficient of
determination is selected as the fitting curve [43]. The fitted lines of P, I30, and W were a
linear function (Figure 7a,d); D was a quadratic square related to W (Figure 7b); I is related
to W as a power function (Figure 7c). In the fitting equation of each rainfall characteristic
indicator to S, P, D, I30, and S are all quadratic functions (Figure 7e,f,h); I is related to S as a
power function (Figure 7g).
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3.3.2. Multiple Linear Regression Analysis and Path Analysis

In order to investigate the response relationship between rainfall characteristic indica-
tors and the runoff and sediment yield, firstly, covariance statistics were conducted for four
rainfall characteristic indicators: precipitation (X1), rainfall duration (X2), rainfall intensity
(X3), and maximum 30 min rainfall intensity (X4).

The maximum value of VIF among the independent variables is 7.566, which is less
than 10, thus determining that there is no covariance among the independent variables [44].
The Durbin–Watson test of four rainfall characteristics, X1, X2, X3, and X4, on Y1 and Y2
showed test values of 2.255 and 2.461, respectively, indicating that the data satisfy the
independence condition. The residuals basically conformed to the normal distribution, and
the distribution was unordered random distribution, which satisfied the requirement of
variance chi-squared and met the requirement of regression analysis. Therefore, multiple
linear regression analysis was used to explore the relationship between the independent
variables X1, X2, X3, and X4 and the dependent variables Y1 and Y2. The results of multiple
linear regression were subjected to F-test, and the F-statistic values were 35.122 (p < 0.01)
and 50.951 (p < 0.01), which reached a highly significant level.
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Significant effects (p < 0.05) of X3 and X4 on Y1 and Y2 according to the significance
tests of the respective variables in the regression analysis; Based on the results of multiple
linear regression analysis, the effects of X1 and X2 on Y1 and Y2 were not statistically
significant (p > 0.05).

The R2 of linear regressions were 0.959 and 0.971, respectively, indicating that the four
rainfall characteristic indicators could better explain the variation of Y1 and Y2. The F-test
results for the multiple linear regression equations of rainfall characteristics indicators and
runoff and sediment yield all reached a highly significant level (p < 0.01), indicating that the
regression relationships were statistically significant and allowed for a multi-factor path
analysis. The results are shown in Table 7.

Table 7. Results of the multiple linear regression analysis of runoff and sediment yield in Culai
Mountain watershed.

Rainfall Indicator VIF
Runoff (Y1) Sediment Yield (Y2)

Regression
Coefficient

Standardized
Coefficients Significance (p) Regression

Coefficient
Standardized
Coefficients

Significance
(p)

Precipitation (X1) 7.566 97.557 0.298 0.238 42.713 0.268 0.208
Rainfall duration (X2) 6.921 301.554 0.309 0.205 156.681 0.330 0.119
Rainfall intensity (X3) 4.995 5253.313 0.539 0.027 1864.568 0.393 0.044

Maximum 30 min
rainfall intensity (X4) 1.633 308.865 0.343 0.018 204.732 0.467 0.002

Constant value −1378.781 −2207.69
R2 0.959 0.971

This paper uses the method of path analysis to further clarify the degree of influ-
ence of each rainfall indicator on the production of runoff and sediment in the Culai
Mountain watershed.

The path analysis results on the influence of each rainfall characteristic indicator on Y1
are shown in Table 8. The direct path coefficient of X1, X2, X3, and X4 on Y1 are all positive,
and the sum of the indirect path coefficient of each indicator is also positive, indicating that
the direct effects of the four indicators on Y1 are positive, and at the same time, the effects
of each indicator on the Y1 through other indicators are also positive. Given the decision
coefficients, it can be seen that the indicator with the greatest combined effect on Y1 is X1,
followed by X4, and again by X3, with the least being X2.

Table 8. Results of the path analysis of the influence of each rainfall characteristic indicator on the
runoff (Y1) in Culai Mountain watershed.

Rainfall
Indicator

Correlation
Coefficients

Direct Path
Coefficient

Indirect Path Coefficient Decision
CoefficientX1-Y1 X2-Y1 X3-Y1 X4-Y1 Total

X1 0.910 ** 0.298 0.094 −0.271 0.356 0.179 0.454
X2 0.525 0.309 0.194 0.198 0.403 0.795 0.229
X3 0.557 0.539 0.136 −0.048 −0.027 0.061 0.310
X4 0.660 * 0.343 0.161 0.088 0.024 0.273 0.335

Notes: ** indicates significant correlation at the 0.01 level; * indicates significant correlation at the 0.05 level.

The path analysis results on the influence of each rainfall characteristic indicator on Y2
are shown in Table 9. The direct path coefficient of X1, X2, X3, and X4 on Y2 are all positive,
indicating that the direct effects of the four indicators on Y2 are positive. X4 has the greatest
direct effect on Y2, followed by X3, with X2 in third place and X1 in last. Given the total
indirect path coefficient, it is clear that although X1 has the least direct effect on Y2, its
indirect effect on Y2 is the greatest. Meanwhile, it is noteworthy that the sum of the indirect
path coefficient of X3 on Y2 is −0.006, indicating that the effect of rainfall intensity X3 on Y2
through the remaining three indicators is weakly negative.
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Table 9. Results of the path analysis of the influence of each rainfall characteristic indicator on the
sediment yield (Y2) in Culai Mountain watershed.

Rainfall
Indicator

Correlation
Coefficients

Direct Path
Coefficient

Indirect Path Coefficient Decision
CoefficientX1-Y2 X2-Y2 X3-Y2 X4-Y2 Total

X1 0.894 ** 0.268 0.208 0.174 0.244 0.626 0.407
X2 0.647 * 0.330 0.169 −0.127 0.276 0.318 0.318
X3 0.386 0.393 0.119 −0.107 −0.018 −0.006 0.149
X4 0.786 ** 0.467 0.140 0.195 −0.015 0.320 0.516

Notes: ** indicates significant correlation at the 0.01 level; * indicates significant correlation at the 0.05 level.

In summary, the direct effects of all indicators on the production of runoff and sediment
are positive, and the direct path coefficient of X3 and X4 is in the top two positions of each
rainfall indicator, indicating that the direct effects of the two indicators on the runoff and
sediment yield are greater. The direct effects of X1 and X2 on runoff and sediment yield are
small, but the indirect path coefficients are generally large, and both are positive, indicating
that although the direct effects of X1 and X2 on runoff and sediment yield are small, they
still play an important role in runoff and sediment generation through other indicators.

The decision coefficient is a quantitative indicator reflecting the combined effect of
different independent variables on the dependent variable. The decision coefficients of
X1 on Y1 and Y2 are 0.454 (first place) and 0.407 (second place). The multiple regression
analysis results showed that X3 and X4 had significant effects on Y1 and Y2. Combining
the results of multiple regression analysis and path analysis, the main rainfall indicators
that affect the runoff and sediment generation in the Culai Mountain watershed are X1, X3,
and X4.

3.3.3. Construction of a Rainfall Characteristic Indicator–Runoff–Sediment Yield Fitting
Model in Culai Mountain Watershed

The results of multiple regression analysis and path analysis show that the main
rainfall characteristic indicators affecting the runoff and sediment generation in the Culai
Mountain watershed are precipitation (X1), rainfall intensity (X3), and maximum 30 min
rainfall intensity (X4). Using the above rainfall characteristic indicators, regression equa-
tions between precipitation, rainfall intensity, and maximum 30 min rainfall intensity and
runoff and sediment yield were established as follows:

Y1= 188.710X1+3089.353X3+334.621X4+5660.100
F = 40.294 (p < 0.001 ), R2= 0.945

(5)

Y2= 90.074X1+740.219X3+218.115X4+1449.567
F = 50.334 (p < 0.001 ), R2= 0.956

(6)

F = 40.292 and 50.334 were found for the two regression equations (p < 0.001), indicat-
ing that the established equations can reflect the changes in the dependent variable more
accurately. The R2 of the fitted equations were 0.945 and 0.956, respectively, indicating that
the multiple linear regression model can better reflect the influence of rainfall characteristic
indicators on the runoff and sediment generation in the Culai Mountain watershed.

4. Discussion
4.1. Study on the Characteristics of Rainfall Regime in Culai Mountain Watershed

The 59 rainfall events in the Culai Mountain watershed from 2021 to 2022 were
classified into 3 types using the K-mean clustering method and systematic clustering
method. Rainfall Regime I is a collection of low-precipitation events with a short rainfall
duration and low intensity (74.58% of the total rainfall events), Rainfall Regime II is a
collection of medium-precipitation events with medium rainfall duration and medium
intensity (18.64% of the total rainfall events), and Rainfall Regime III is a collection of
significant-precipitation events with a long rainfall duration and high intensity (6.78% of
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the total rainfall events) (Table 6). Given the frequency of the three regimes of rainfall in
the Culai Mountain watershed, it can be seen that the frequency of small rainfall events is
the largest, the frequency of large rainfall events is low, the process is long, and the total
precipitation is significant. These results are in general agreement with the rainfall regimes
clustering results of the Lower Dawen River Xiagang sub-watershed in the lower Yellow
River [45].

In the studies of other scholars, it has been found that there are also rainfall regimes
characterized by short-duration intense rainfall and long-duration weak rainfall in certain
areas. Zhao et al. [35] found that regime IV rainfall, which is characterized by higher
precipitation, shorter rainfall duration, and higher rainfall intensity, occurs with the lowest
frequency in the Caijiachuan watershed in Shanxi Province, China, but it causes the most
soil erosion. Peng et al. [22] also found this phenomenon in Guizhou Province, China. After
comparing the natural geographic environment and climatic conditions of the study area,
it was found that the above area is at a higher elevation compared to the Culai Mountain
watershed, which receives more sunshine and is subjected to higher temperatures after
being illuminated, thus accelerating the convective rise, and thus it is easier to form a
short-duration intense rainfall. Wei et al. [29] found that a low-intensity, long-duration
rainfall regime exists in the Anjiapo watershed in Gansu Province, which causes little runoff
and soil erosion compared to other regimes because of its low intensity. This region has
a low average annual precipitation of about 427 mm, and the warm and humid summer
climate is one of the reasons for this regime of rainfall.

According to the China Meteorological Administration’s criteria for the classification
of rainstorms, “Precipitation of 16 mm or more per hour, or 30 mm or more for 12 con-
secutive hours, or 50 mm or more for 24 consecutive hours” [46]. Rainfall Regime II in
this paper is medium rainfall, of which 7 rainfall events met the criteria for rainstorms;
all 4 rainfall events of Rainfall Regime III met the criteria for rainstorms; and a total of
11 rainstorm events occurred in the study area from 2021 to 2022. Yu et al. [47] studied
the spatial distribution of the average annual rainstorm frequency in China from 1984 to
2008, which decreased gradually from southeast to northwest in China, with the average
annual rainstorm frequency in the upper and middle Yellow River basins being less than
one, while the average annual rainstorm frequency in the lower Yellow River increased to
1–3. The average frequency of rainstorms in the Culai Mountain watershed in 2021–2022
reached 5.5 times, with a high frequency of rainstorms. As the watershed is dominated
by woodland and grassland, the vegetation cover is high, reaching more than 75%. High
summer temperatures lead to high evapotranspiration, a large amount of water vapor rises
in the lower layers and condenses into clouds when it meets, and as the temperature drops
rapidly with the height, the water particles of different phases in the clouds collide, merge,
and change phases with each other, forming larger particles; natural landing also occurs
under the action of gravity, and convective movement occurs for a long time, forming
rainstorms, which is the reason for their increased occurrence in this area in the summer.
The characteristics of rainfall regimes vary widely from place to region as a result of climate
and land surface conditions. The Culai Mountain watershed is located in the Low Foothill
Area of South Central Shandong Province; its climate type is a warm temperate continental
monsoon climate. The region is influenced by the East Asian monsoon in summer, which
brings abundant precipitation from the tropical ocean, while the winter wind mainly comes
from the cold northern part of the Asian and European continent around Siberia and Mon-
golia; its rainfall is characterized by rain and heat at the same time, with 75% of the annual
precipitation concentrated in the months of June to September. The region experiences
cold and dry winters with minimal rainfall [48]. The distribution pattern of rainfall in this
region is consistent with that of northern China [49].

4.2. The Effect of Rainfall Regime on the Production of Runoff and Sediment

There were 44 rainfall events for Rainfall Regime I in the Culai Mountain watershed
from 2021 to 2022, of which only 3 rainfall events caused the production of runoff and
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sediment. This phenomenon is inextricably linked to the role of vegetation; on the one
hand, the vegetation canopy can intercept rainfall and lessen the quantity of rain that lands
on the ground through leaves and other means [50,51], and on the other hand, vegetation’s
root systems have the ability to penetrate the ground and increase soil porosity, which
encourages infiltration and lessens runoff [36,52].

Along with increasing the topsoil’s ability to store water and reducing runoff genera-
tion, vegetation’s apoplastic material also helps to collect runoff [53]. A similar phenomenon
was found in the Loess Plateau, where rainfall with the highest frequency of small pre-
cipitation and small rainfall intensity occurred, and the effect of vegetation interception
resulted in less runoff and sediment yield in the watershed [35].

The percentages of cumulative precipitation, cumulative runoff, and cumulative
sediment yield of each rainfall regime in the Culai Mountain watershed from 2021 to 2022
are shown in Figure 8. The cumulative precipitation of Rainfall Regime II has the highest
proportion, but its cumulative runoff and cumulative sediment yield are between Rainfall
Regime I and III. This is mainly due to the fact that the number of rainfall events of Rainfall
Regime II is smaller than that of Rainfall Regime I but much greater than that of Rainfall
Regime III. The accumulated rainfall, accumulated runoff, and accumulated sediment yield
of Rainfall Regime II are larger than that of Rainfall Regime I, but Rainfall Regime II caused
only 4 rainfall events of runoff and sediment generation, and the runoff and sediment yield
were smaller than that of Rainfall Regime III. The order of magnitude of the ratio of rainfall
to runoff is Rainfall Regime I (1.369) > Rainfall Regime II (1.274) > Rainfall Regime III
(0.707), and the order of magnitude of the ratio to sediment yield is Rainfall Regime I (1.578)
> Rainfall Regime II (1.293) > Rainfall Regime III (0.670), indicating that Rainfall Regime III
has the strongest ability to produce runoff and sediment per unit of precipitation, followed
by Rainfall Regime II, and the weakest being Rainfall Regime I. Comprising 36.20% of
the precipitation, Rainfall Regime III produced 51.23% of the runoff with 54.00% of the
sediment yield, which is the main power source of runoff and sediment production in
the watershed.
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Figure 8. Proportions of cumulative precipitation, cumulative runoff, and cumulative sediment yield
under different rainfall regimes.

Rainfall Regime III features heavy precipitation with a long duration and high rain
intensity, and the maximum 30 min rainfall intensity (I30) is the largest, which tends to
make the soil form surface crusts and seals, reducing the infiltration of rainwater into the
soil and increasing surface runoff, which in turn increases the transport of sediment [54,55].
This result was also observed by dos Santos et al. [32] in the state of Ceará, Brazil, whose
study showed that the rainfall with the greatest precipitation, the longest rainfall duration,
and a greater maximum 30 min rainfall intensity occurred with the lowest frequency,
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but produced larger amounts of runoff and sediment, and that this regime of rainfall is
of concern.

According to the cumulative runoff and cumulative sediment yield of different rainfall
regimes (Figure 8), the cumulative runoff and cumulative sediment yield of Rainfall Regime
III are larger, which is because, with an increase in rainfall intensity, surface runoff causes a
higher rate of soil loss than raindrops directly hitting the soil surface. In other words, during
high-intensity rainfall, sediment production is the result of a combination of raindrop strikes
and surface runoff, and the contribution of the surface runoff to the total soil loss is higher
than that of raindrops [53]. The I30 of Rainfall Regime III is the largest. When Rainfall
Regime III occurs, it generates a larger amount of runoff, and the runoff affects the sediment
production process, thus generating a larger sediment yield.

On an annual scale, there were 11 rainfall events in 2021–2022 that were runoff-
producing and sediment-producing, of which 3 were Rainfall Regime I, 4 were Rainfall
Regime II, and 4 were Rainfall Regime III. Rainfall Regime II and III had the same number
of runoff and sediment yield events, and Rainfall Regime III had 4 fields in total, which was
the least frequent among the 3 regimes of rainfall, but all of its 4 rainfalls caused runoff and
sediment yield, and its runoff and sediment yield capacity per unit of precipitation was
the largest. Therefore, when Rainfall Regime III is forecast to occur in the Culai Mountain
watershed, the relevant departments should be prepared for emergency precautions to cut
down the adverse effects caused by flooding as well as soil erosion.

4.3. Response of Rainfall Characteristic Indicators to the Production of Runoff and Sediment

The results of the fitting curve from the single rainfall characteristic indicator to runoff
and sediment yield show that the runoff increased linearly with the precipitation and the
maximum 30 min rainfall intensity, that the relationship between the rainfall duration and
runoff is a quadratic function, that the runoff increases gradually with the increase in rainfall
duration, that the relationship between rainfall intensity and runoff is a power function,
and the runoff gradually converges to a fixed value with the increase in rainfall intensity
(Figure 7a–d). Therefore, the upper limit of maximum runoff is influenced by rainfall
intensity in the Culai Mountain watershed. Precipitation, rainfall duration, maximum
30 min rainfall intensity, and sediment yield are quadratic functions, and rainfall intensity
and sediment yield are power functions. The upward trend of sediment yield gradually
slows down as rainfall intensity rises. It can be seen that, similar to the runoff, there
is an upper limit to the sediment yield in the Culai Mountain watershed (Figure 7e–h).
According to the findings of similar studies, steep slopes’ sediment loads tend to increase
with increasing rainfall intensity before gradually declining [56]. The trend of sediment load
reduction has not yet been observed in the course of our analysis, but this does not prevent
us from concluding that there is an upper bound to the sediment yield. By analyzing the
correlation between each indicator and the runoff and sediment yield, respectively, the
time when the sediment yield reached the upper limit was significantly earlier than the
time when the runoff reached the upper limit.

Given the analysis of the fitted curves of single rainfall characteristic indicators for
runoff and sediment yield (Figure 7), there are some scattered points outside the fitted
curves, indicating that the process of runoff generation and soil loss is the result of the
combined action of multiple elements, which cannot be accurately predicted by a single
rainfall characteristic indicator [22,57]. Therefore, a comprehensive analysis of the effects
of multiple rainfall characteristic indicators on the production of runoff and sediment
is required.

In the analysis of the degree of influence of multiple rainfall characteristics indicators
on the production of runoff and sediment and the construction of the fitted model, the
decision coefficient of each indicator shows that the order of the magnitude of the combined
influence on the production of runoff is P > I30 > I > D, and the order of the magnitude of
the combined influence on the production of sediment is I30 > P > D > I. P was the main
influencing factor for the variation of runoff, and I30 was the main influencing factor for
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the variation in sediment yield; this result is generally consistent with the research results
in several regions of China [58].

In order to further explore the response relationship between rainfall characteristic
indicators and the runoff and sediment yield, three rainfall characteristic indicators (P,
I, and I30) were selected in this paper based on the analysis results of the influence of
the rainfall characteristic indicators on the runoff and sediment yield, and the response
relationship models of the runoff and sediment yield in the Culai Mountain watershed
with rainfall characteristic indicators were established, respectively. In a similar study,
Kou et al. [59] modeled the link between runoff and rainfall characteristic indicators via
P, D, and I30 in the Pearl River Basin of southern China’s red soil region. The response
relationship between the sediment yield modulus and rainfall characteristic indicators was
modeled by P, I, I30, and R (rainfall erosion force). The similarity with that paper is that
both selected P and I30 for the construction of the runoff and sediment yield model. The
difference is that in the construction of the runoff model, the influence of D on the runoff
was considered to be greater than that of I. This paper finds that the influence of I on the
runoff is greater, which is caused by the differences in climatic features between different
study areas.

5. Conclusions

The aim of this study is to investigate the features of rainfall regimes in the lower
Yellow River small watershed and their effects on the production of runoff and sediment.
Based on 59 rainfall events in the Culai Mountain watershed from 2021 to 2022, the rainfall
regime classification was carried out via the K-mean clustering method and systematic
clustering method, and the rainfall regime classification results were tested for validity
with the help of ANOVA and the discriminant analysis method. In order to further clarify
the degree of influence of rainfall characteristic indicators on the production of runoff
and sediment, multivariate linear analysis and path analysis were used to screen out
three rainfall characteristic indicators that have a greater influence on the production of
runoff and sediment in the watershed and to establish a model of the response relationship
between the production of runoff and sediment and rainfall characteristics in the watershed.
In total, the following results were obtained:

1. There are three regimes of rainfall in the Culai Mountain watershed. Rainfall Regime I
is small rainfall with a short duration and low intensity, Rainfall Regime II is medium
rainfall with medium duration and medium intensity, and Rainfall Regime III is heavy
rainfall with a long duration and high intensity. The frequency of Rainfall Regime
I is the highest, and the frequency of Rainfall Regime III is the lowest, but Rainfall
Regime III is the main power source for the runoff and sediment yield in the Culai
Mountain watershed.

2. Analysis of the influence of individual rainfall characteristic indicators on the runoff and
sediment yield, in which precipitation, rainfall intensity, and maximum 30 min rainfall
intensity have a bigger impact on runoff and sediment production in the watershed.

3. Multiple linear regression models were constructed for watershed runoff, sediment
yield and precipitation, rainfall intensity, and maximum 30 min rainfall intensity,
respectively, with R2 of 0.945 for the runoff equation and R2 of 0.956 for the sediment
yield equation. Analyzed from the perspective of rainfall regime characteristics,
precipitation was the main factor influencing the variation in the runoff, and the
maximum 30 min rainfall intensity was the main factor influencing the variation in
sediment yield.

The shortcomings of this study are that the comprehensive observation station for soil
and water conservation in the Culai Mountain watershed was established over a short time
and failed to collect multi-year data, but the annual average precipitation in 2021–2022
is close to the multi-year average precipitation, which is somewhat representative; the
research results can be considered to represent the multi-year rainfall condition of the
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watershed to a certain extent; and the study can provide reference for local hydrological
forecasting and soil and water conservation work.
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