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Abstract: Investigating the effects of natural rainfall on the soil moisture for sloping farmland is
extremely important for comprehending a variety of hydrological processes. Rainfall regimes can
elicit different responses to soil moisture at the depth of soil layers, and the responses may differ
depending on the landscape position of the sloping farmland. This paper utilized the surface runoff
natural rainfall and soil moisture measured on sloping farmland with conventional tillage and
contour tillage in the red soil area of China to investigate the influence of natural rainfall events on
soil moisture content and to evaluate if the response results were consistent across the four rainfall
regimes. Natural rainfall events were classified into different four regimes in line with rainfall
duration, rainfall amount, and the maximum 30 min rainfall intensity (I30) by the k-means clustering
method, including advanced, intermediate, uniform and delayed regimes. The result showed that
the advanced regime was the predominant one in the study area, which represented 45.9% of the
total rainfall events. The rainfall regimes influenced the surface runoff coefficient and runoff depth
on sloping farmland for conventional and contour tillage, with the uniform regime generating the
highest runoff coefficient (5.20% and 5.82%) and runoff depth (2.00% and 2.05%), respectively. For
the conventional tillage, soil moisture at a depth of 0–20 cm increased appreciably when the rainfall
amount was larger than 20 mm and larger than 30 mm for the advanced regime. For the contour
tillage, soil moisture in 20–40 cm layer increased for the advanced regime when the rainfall amount
was larger than 15 mm and 30 mm, while the values were modified with rainfall duration and the
antecedent dry day (ADD). A longer rainfall duration had a more obvious effect on soil moisture
increasing in deep soil. At a depth of 20 cm, the ADD showed an appreciably positive correlation
with the increment in soil moisture, which means that a brief ADD produces a compounding effect
for a natural rainfall event. The present results underline the complexity of the effect of the rainfall
events on soil moisture under two tillage measures for different rainfall regimes and suggest that
the advanced regime significantly affects the distinction of soil moisture and the contour tillage can
effectively reduce soil water loss and enhance water storage on the sloping farmland with red soil,
presenting a theoretical basis for local soil and water conservation research and sloping farmland
conservation tillage management.

Keywords: soil moisture; rainfall regime; red soil; natural rainfall; sloping farmland; tillage measure

1. Introduction

Water quantity held in an unsaturated soil zone is generally known as soil mois-
ture [1,2], which is essential to eco-hydrological processes, with a strong effect on ecosys-
tem development, plant growth, runoff response and precipitation distribution between
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evapotranspiration and deep infiltration [3–7]. As a link between the edaphic zone and
the atmosphere, soil moisture has important interactions with the climate system and has
a significant influence on the evapotranspiration and soil erosion of sloping tillage, so
an understanding of soil moisture dynamics is essential to comprehending changes in
hydrothermal conditions and horizontal fluxes of moisture (e.g., runoff for tillage) [4,8–10].

Soil moisture usually presents complex spatial and temporal variations due to the influ-
ence of several factors, such as climate, soil heterogeneity, tillage management practices and
rainfall regime [7,11–14]. In Southern China, where the red soil area is widely distributed
and rainfall is usually intense, concentrated and unevenly distributed over the seasons, it is
estimated that the existing cultivated land area is 40.26 km2, where sloping tillage is a vastly
important arable land source [15,16]. Xin et al. [17] explore the characteristics of the spatial
and temporal distribution of the soil moisture of small slopes with red soil, and it was
shown that soil moisture was closely connected to rainfall and rainfall frequency in terms of
temporal characteristics. The significant variation in environmental elements across diverse
scales led to the temporal and spatial changes in soil moisture [18,19]. Consequently, given
the combined impacts of these variables, it is imperative to carry out further research on
the influence of soil moisture and to understand the response of soil moisture on natural
rainfall, which is a crucial part in the hydrologic cycle process.

Numerous methods have been employed for analyzing soil moisture, including sam-
pling and oven-drying methods, time domain reflectometry [20], capacitance measure-
ments [21], neutron probes [22] and ground-penetrating radar [23]. Ground-penetrating
radar (GPR) and time domain reflectometry (TDR) have been useful in measuring small-
scale processes or for simulations [24–28]. For a more comprehensive knowledge and
accurate model predictions, the soil moisture findings from simulated or isolated rainfall
events are crucial, while natural rainfall and field surveys provide data that are closer to
reality over a long period of time. Seasonally distinct rainfall regimes in different climates
and the dissimilarities of the hydrological response of vertical soil layers in diverse soils
result in significant differences in their soil moisture, such as the red soil region [29–31],
purple soil region [26,32], Loess plateau area [33,34] and montane grey soil [35]. In conclu-
sion, long-term field observations of water storage in different soil layers of sloping tillage
have been comparatively rare in the region of red soil; thus further data are essential for
soil moisture and natural rainfall, as well as water management.

On a small cultivation scale, the spatial and temporal alterations in soil moisture
heavily rely on rainfall characteristics and regimes for sloping tillage is a paramount water
source for crop production [14,36]. Modifying rainfall regimes will influence soil moisture
variations, which could have an impact on terrestrial ecosystems by influencing crop
growth [4,37]. The depth of response to rainfall increases with increasing rainfall, and
the soil moisture content response to single rainfall events decreases with the soil depth
increasing. By and large, low rainfall can effectually replenish surface soil moisture, while
a higher rainfall increases soil moisture and permits water infiltration into deep soil and
also has a significant impact on soil water storage [4,38–40]. Nevertheless, understanding
the reaction of soil moisture to rainfall events entails not just observing a direct change in
state but it is a dynamic process, which is influenced by rainfall, rainfall duration, rainfall
intensity, the antecedent dry day, and the antecedent cumulative rainfall [41–43]. Some
studies have considered different rainfall regimes and found that the rainfall process with
moderate rainfall intensity, long duration and heavy rainfall entails a full replenishing
process for soil moisture, and the soil moisture content is stable for a long time, while a
short-term rainstorm has a small compensation effect on soil water deficit [4,44]. All in
all, recent research has focused on how rainfall intensity affects soil moisture [45–47], but
few research has been studied on the reaction of the soil moisture of different layers to the
characteristics of the rainfall process.

A single-field natural rainfall is an extremely dynamic and complicated process. Rain-
fall is not uniformly distributed throughout space and time, which means that the same loca-
tion may have different rainfall intensities and rainfall distributions at different times [48,49].
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In previous field studies, the recorded rainfall events were merely categorized into several
regimes based solely on rainfall intensity, duration intensity and duration [50,51]. Further-
more, because of a paucity of long-term information on rainfall processes, it is challenging
to extend findings from earlier studies using simulated rainfall to natural rainfall settings,
so the rainfall regimes are often designed to be uniform regimes. However, in an artificial
rainfall experiment, compared with the constant change in instantaneous rainfall inten-
sity during rainfall, the runoff coefficient and peak discharge increased significantly [52].
Studying natural rainfall is required to investigate the connection between rainfall regimes
and soil moisture.

To develop the original Huff curve, Huff [53] employed the 12-year data of 49 rain
gauges, and Huff curves are dimensionless cumulative hyetographs associated with a
predetermined probability of occurrence. According to the Huff curve, the rainfall calendar
is divided into four time periods, and the rainfall type is referred to as the rainfall type
according to one of the four time periods of the rainfall calendar in which the peak rainfall
intensity occurs [53]. Azli and Rao [54] showed that there is little variation in the Huff
curve across Malaysia and that the majority of the rainfall is concentrated in the second
quarter during one rainfall process. Aquino et al. [55] found that an advanced pattern
dominated among these three regimes (advanced, delayed and intermediate) in Brazil.
The distribution of different rainfall regimes varies in different regions. In fact, there may
remain one or two common rainfall regimes for some areas. In the south of Africa, for
example, about 84% of the highest intensity of rainfall occurs in first half of the rainfall
duration [56]. In China, prevalent rainfall regimes are advanced, which account for 43% of
all rainfall events [57]. To acquire greater knowledge of the hydrological processes caused
by natural rainfall, investigating the influence of different rainfall regimes on soil moisture
is necessary.

Comprehending the temporal–spatial changeability of the soil moisture is crucial for
both scientific and practical application, as well as for improved water management [58–60].
However, it is important to consider the responses of soil moisture to different rainfall
regimes with the sloping tillage in Southern China. For the present study, two tillage
managements were used in the runoff plot of red soil: conventional tillage and contour
tillage. Moreover, 148 rainfall occurrences from in situ field observations were chosen, and
the rainfall was categorized into four regimes using the Huff curve. This following were
the main objectives of this study: (a) to investigate whether rainfall regimes influence the
surface runoff and soil moisture of sloping tillage under natural rainfall conditions, (b) to
explore the responses of the temporal and vertical distribution of the soil moisture to four
rainfall regimes, and (c) to explore the role of contour tillage regarding the effect of soil
moisture during different rainfall regimes.

2. Materials and Methods
2.1. Study Site

This study on the observation experiment of the sampling field’s outer diameter
flow plot was arranged in the Jiangxi Ecological Park of Soil and Water Conservation
(29◦16′ N–29◦17′ N, 115◦42′ E–115◦43′ E) in the Yangou watershed, a portion of the Poyang
Lake watershed in Jiangxi province, China (Figure 1). There is subtropical monsoon
environment with a mean annual rainfall of 1469 mm, and the average temperature of
16.7 ◦C dominates this field. According to the weather station in De’an, the local multi-year
average annual evaporation is 1162.5 mm and the four months with the highest continuous
evaporation (601.0 mm) are June to September, which accounts for more than half of the
annual evaporation. The rainy season is between April and September, when over 70%
of the yearly rainfall falls and between 1700 and 2100 h of sunlight are experienced on
average. The region experiences frost-free days from 245 to 260 days. The red clay soil
that was primarily created by the weathering of the Quaternary sediment is the main type
of soil in the watershed. A subtropical evergreen broadleaved forest makes up the zonal
vegetation. The soil in the research region was about 100 cm deep, with a composition of
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roughly sand (15.32%), silt (68.28%) and clay (16.40%) [30,61]. The soil depth of the Ah
layer and Bs layer were 25–30 cm and 30–60 cm. Due to the high erosion intensity, the Ah
layer is characterized by a loose structure and high precipitation, and the Ah layer had been
completely removed in numerous areas due to soil erosion. The study area is a shallow
hilly terrain, with a slope of 5◦ to 25◦ and a height of 30 m to 90 m a.s.l., in which sloping
farmland is very common and has been mostly planted with peanut and rape because the
growth of these crops is more suitable for the local climate and soil conditions.
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Province, China; (b) a map of Jiangxi Province; and (c) a map of the study area situated on the other
side of the water system.

2.2. Plot and Experimental Design

At the study watershed, four in situ runoff plots were built in 2018, each with a slope
of 12 degrees, width of 1 m, and horizontal length of 2 m (Figure 2). In order to avoid the
hydrological disturbances from adjacent plots and other surrounding land, cement walls
were constructed around each plot. Each of the plots was cultivated along the slope and
was randomly arranged. The peanut variety was pure autumn variety 1016 and we placed
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3 peanuts in each hole, which were planted with a spacing of 15 cm × 30 cm in the runoff
plots. The basic fertilizer—50 kg/mu of organic calcium magnesium phosphate manure
and 25 kg/mu of compound manure—was administered at the time of sowing (N:P:K
is 15:15:15); the topdressing was 5 kg mu−1 urea and 2.5 kg mu−1 chlorine potassium.
There were two treatments for the four runoff plots, conventional and contour tillage, and
two duplicates were set for each treatment. For the contour tillage, there were three ridges
that measured 70 cm in width and 30 cm in height across the contour line, and there was a
horizontal furrow between each ridge that was 30 cm in width and depth. The experiment
adopted a peanut–rapeseed rotation, and the land was plowed according to local planting
habits. Rape was planted at the beginning of October, and peanuts were planted at the
beginning of May. Peanut and rape harvests took place in April and September of each year,
respectively. The cultivated practices and cropping system were used in accordance with
the characteristic agricultural managements in red soil regions. In this study, the plots were
sprayed with herbicides to remove weeds every two months, which allowed for testing the
generation of runoff and soil loss with these management practices.
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plot schematic diagram and (D) the surface runoff collection system.
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A runoff collection trench and two runoff storage containers were put at the bottom of
the plots to collect runoff and sediment from red soil under different tillage management
(Figure 2). A runoff collection system was designed for each plot in order to collect all the
runoff. Two runoff collection containers with a volume of 2 m3 were set up, and we also
placed a water level ruler in each container in order to note the amount of runoff after rainfall.
Also, two runoff collection containers were connected to the ditch through plastic pipes.

2.3. Measurement of Soil Moisture

For the present study, a TDR200 time domain reflectance observation system (Camp-
bell, Santa Clara, CA, USA) was used to measure soil moisture. The time domain reflection
(TDR) method calculates the volumetric soil water content by measuring a single-valued
polynomial connection between soil moisture and the soil dielectric constant. And, to
monitor soil moisture in the runoff plots, fixed-point observations were made in two soil
layers at 0–20 and 20–40 cm of the sloping plot. Two test points were selected for each
plot, and moisture sensor probes (CS630) were buried at the depth of 20 and 40 cm from
the slope surface at each test point. Both test points were located at the midline of the
runoff plot, one at 0.5 m from the top of the slope and the other at 0.5 m on the bottom
of the slope. The instrument collected data every 20 min and downloaded soil moisture
content data from the data collector every 15 days. The observation period was from May
2019–November 2020, which included two peanut seasons and one rape season.

2.4. In Situ Observation

The sediment generated and the surface runoff of runoff plots were gathered and
transported to the corresponding runoff storage container. The amount of runoff was
determined by multiplying the water level by the bottom area of the storage container,
and runoff depth was computed by dividing the runoff with the area of the runoff plot.
Following the completion of each measurement of the amount of rainfall, the sediment
particles in the ditch and the bottom of the container were flushed by the clear liquid
that was left in the runoff-collecting container, and then a plastic pipe was used to move
the cleaned sediment particles to the runoff-collecting container. In order to evaluate the
concentration of sediment, runoff samples that were mixed with sediment were collected
in plastic bottles within each runoff-collecting container and brought to a laboratory where
they were dried to the same weight in an oven at 105 ◦C. During each rainfall, the sediment
concentration and runoff volume were multiplied to determine the quantity of the soil.
All runoff-collecting containers were thoroughly rinsed clean with clean water when
each runoff sampling was finished, and they were then used to gather samples for the
subsequent rainfall occurrence. Evaporation data were extrapolated from the average
monthly evapotranspiration at the study site, and evaporation during the sub-rainfall
period was obtained by multiplying the rainfall duration and the evaporation rate. On
account of the lag in soil moisture response to rainfall, when there were more than six
hours between rainfall episodes, and an erosive rainfall event was regarded as independent.
Precipitation in the study area was obtained 50 m away from the runoff plots using an
automated weather station. It recorded important aspects of rainfall, such as rainfall
duration, rainfall intensity, I30 and daily rainfall amount.

The samples of soil in different layers from the runoff plots were collected with a
cutting knife when the peanuts and rape were harvested to determine soil porosity and
soil bulk density. Table 1 shows the difference between the soil porosity of conventional
and contour tillage, illustrating that the conservation tillage measures have a positive effect
on improving soil structure. It can be observed that contour tillage increased the total
porosity, capillary porosity and non-capillary porosity of 0–20 cm layers of soil relative to
conventional tillage.
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Table 1. Soil porosity in the runoff plot for two tillage measures.

Tillage Measures Soil Bulk Density Total Porosity Capillary Porosity Non-Capillary Porosity

Conventional
0–20 cm 50.80 ± 3.45 1.28 ± 0.07 37.97 ± 1.86 12.83 ± 1.96
20–40 cm 45.08 ± 3.43 1.44 ± 0.07 35.83 ± 2.21 9.25 ± 1.23

Contour
0–20 cm 52.81 ± 4.70 1.22 ± 0.10 38.11 ± 1.58 14.70 ± 2.30
20–40 cm 44.61 ± 3.12 1.44 ± 0.06 36.38 ± 1.99 8.22 ± 2.47

2.5. Determination of Rainfall Regimes and Rainfall Duration Curves

The time course rainfall regime of precipitation refers to distribution of the rainfall
over time during rainfall, reflecting a process of rainfall occurring, developing and ending.
Knowledge of the time distribution for rainfall has paramount significance in studying
soil erosion, soil moisture distribution and the variation in various types of rainfall [53].
Dividing the data by the quartile in which the most of the rainfall occurred, and relating the
percentage of rainfall to the percentage of the total rainfall time, from this, the rainfall events
were classified to four regimes (advanced, delayed, intermediate and uniform regimes)
based on the highest concentration of rainfall. By establishing a relationship between the
percentage of storm rainfall and the percentage of total rainfall time, as well as classifying
the data based on the quartile of highest rainfall, four regimes were identified based on the
time period when the rainfall was most concentrated: advanced, delayed, intermediate,
and uniform regimes.

The data derived from the automatic weather station were used to develop time
distribution relationships regarding rainfall, then these relationships were presented in a
probabilistic form to deliver quantitative data about inter-rainfall variability. According
to the theory of the Huff curve combined with the characteristics of the intra-rainfall
temporal regime over China, erosive rainfall events were divided into four patterns using
the following steps:

(1) The cumulative rainfall amount and duration and total rainfall amount and dura-
tion for each rainfall were obtained.

(2) We divided the cumulative duration of rainfall with the total rainfall duration
as the abscissa and then divided the cumulative amount of rainfall with total amount of
rainfall as the ordinate to obtain dimensions of the rainfall process and the cumulative
rainfall curve.

(3) Three equal-time periods were created from the dimensionless duration, and for
ease of application, we defined a classification point that was not originally an integer as
0.4 and 0.6 and then calculated the cumulative amount of rainfall of each period.

(4) We divided all rainfall events into four different regimes according to the location of
maximum rainfall accumulation: (a) rainfall with a rainfall concentration at 0~0.4 of rainfall
duration was defined as the advance regime, (b) rainfall with a rainfall concentration
at 0.4~0.6 of rainfall duration was defined as the intermediate regime, (c) rainfall with
a rainfall concentration at 0.6~1 of rainfall duration was defined as the delayed regime
and (d) rainfall that was evenly distributed throughout the duration of rainfall with no
noticeable peaks was defined as the intermediate regime (Figure 3). Notably, the slope
of the advanced type of rainfall changed from steep to moderate at about 0.4 cumulative
rainfall duration, and the slope of the delayed type of rainfall changed from slow to steep at
about 0.6 cumulative rainfall duration, while the type intermediate rainfall had the steepest
slope between these two points. However, the cumulative rainfall of the uniform type of
rainfall showed a linear feature with the cumulative rainfall duration (Figure 3), which
indicated that the rainfall intensity of the uniform type of rainfall was basically unchanged
during the rainfall duration.
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Figure 3. The cumulative dimensionless curves of rainfall and fitted lines for rainfall regimes with
(a) the advanced, (b) intermediate, (c) delayed and (d) uniform regimes. The thin line is the cumulative
dimensionless curve of the rainfall and the thick lines are the fitted lines for rainfall regimes.

2.6. Statistical Analysis

In this study, the runoff coefficient of sloping farmland was evaluated using the
runoff data with the in situ observations. The runoff coefficient (ROC) was determined by
Equation (1):

ROC =
RD
PD

× 100% (1)

We used three statistical techniques, the variation coefficient (CV), the standard devi-
ation (SD) and the relative variation (δij) between different soil moisture measurements,
which reflected the active degree of soil water movement in each soil layer [60,62]. The
larger the standard deviation and variation coefficient for soil moisture, the more frequent
the alternation between soil moisture and atmospheric water in this layer. The temporal
standard deviation for soil moisture can be provided by Equation (2):

SD(Wi) =

√√√√ 1
N − 1

N

∑
j=1

(
Wij−Wi) (2)

where Wij is the content of soil moisture (cm3 cm−3) with position i in time j, and N is the
amount of the sample points, Wi being the temporal mean of soil moisture content in all
positions in time j, and it can be expressed by Equation (3):

Wi =
1
N

N

∑
i=1

Wij (3)
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Then, the CV of the soil moisture can be obtained by Equation (4):

CV =
SD(Wi)

Wi
× 100% (4)

The differences in rainfall characteristics and soil moisture were quantified according
to the analysis of variance (ANOVA). The means were separated at a 5% probability
level using Duncan’s tests. Pearson correlation analysis was employed to analyze the
relationship between the soil moisture content and rainfall characteristics. On the basis of
normal distribution tests and data conversions, the standard deviation and mean value
were calculated. Statistical analyses of all data were carried out with the Windows-based
SPSS software version 20.0, and Origin 9.0 software was used to complete the drawing of
all graphics.

Figure 4 shows the basic research ideas, methods and result analysis of this research.
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3. Results
3.1. Rainfall Regimes

The 148 rainfall events during 2019 to 2020 were separated into four groups by the
k-means clustering method according to the rainfall amount and duration. The rainfall
event characteristics for each rainfall regime are presented in Table 2. Accordingly, the
advanced rainfall regime accounted for 45.9% of all rainfall events, which meant that it
was the dominant rainfall regime in the study area. The intermediate regime accounted for
21.6%, while the occurrences of the delayed and uniform patterns were all the lowest among
the four rainfall regimes (16.2%). Among the four rainfall regimes, the intermediate rainfall
had the longest duration (900 min) and the greatest depth (22.19 mm), and it also had
the highest intensity (13.00 mm h−1). The characteristics of the advanced regime rainfall
were a short duration, moderate intensity and moderate depth. The rainfall events of the
delayed regime that had moderate depth, moderate intensity and the shortest duration
(740 min). The uniform pattern had a high duration but the lowest depth (13.33 mm) and
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intensity (3.54 mm). From what has been discussed above, it may reasonably be found that
the intermediate rainfall events had high intensity and depth and a long duration.

Table 2. The statistical characteristics of four rainfall regimes.

Rainfall Regimes Parameter Frequency Mean Std. Dev Median Min Max

Advanced
Rainfall amount (mm)

68
16.82 23.27 7.95 0.60 109.10

Rainfall duration (min) 784.72 957.09 482.00 30.00 7065.00
I30 (mm h−1) 9.72 14.05 4.10 0.60 74.00

Intermediate
Rainfall amount (mm)

32
22.19 17.89 16.45 0.90 70.30

Rainfall duration (min) 900.00 720.58 750.00 45.00 2630.00
I30 (mm h−1) 13.00 11.49 7.80 1.20 44.60

Delayed
Rainfall amount (mm)

24
15.17 17.18 12.80 0.60 84.50

Rainfall duration (min) 740.00 574.08 680.00 110.00 2235.00
I30 (mm h−1) 9.88 9.59 7.10 0.80 38.60

Uniform
Rainfall amount (mm)

24
13.33 28.10 3.70 0.30 117.10

Rainfall duration (min) 874.24 1435.81 350.00 30.00 6310.00
I30 (mm h−1) 3.54 5.34 1.40 0.20 21.20

Figure 5 displays the percentage distribution of the rainfall regimes of different dura-
tion and intensity groups. According to the findings of the simple statistical analysis, there
were 41, 36, 34, 50 rainfall events in each duration group and 68, 38, 20, 34 rainfall events in
each intensity group, which were up to 4, 4~8, 8~16 and more than 16 h (mm h −1), respec-
tively. For each duration group, the percentages of the advanced regime were the highest
and decreased with increasing durations, while the proportion of the other three rainfall
regimes in each duration group was basically the same and did not exceed 30%. However,
in the longer duration group, the proportion of the intermediate regime was smaller and the
proportion of the delayed regime tended to increase with increasing durations (Figure 5).
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Figure 5. Proportion distributions of rainfall regimes for various duration and I30 groups: (A) is
duration group, up to 4, 4–8, 8–16 and more than 16 h, (B) is I30 group, up to 4, 4–8, 8–16 and more
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3.2. Runoff Depth and Coefficient with Different Tillage Measures and Four Rainfall Regimes

The runoff depth of the two tillage managements are depicted in Figure 6. The runoff
depth increased with the rainfall amount, and conventional tillage showed a higher runoff
depth than contour tillage. The runoff depth was larger than 7.5 mm when the rainfall
amount was over 35 mm for the conventional tillage. For the contour tillage, the runoff
depth was basically around 5 mm or even smaller when the rainfall amount was larger
than 20 mm and was around 2.5 mm when the rainfall amount was smaller than 20 mm
(Figure 6). The water loss for sloping farmland with conservation tillage management
(contour tillage) were lower compared to the conventional tillage. It appears from the
results that contour tillage was useful in controlling the runoff of sloping farmland.



Water 2024, 16, 1331 11 of 26

Water 2024, 16, x FOR PEER REVIEW  13  of  30 
 

 

3.2. Runoff Depth and Coefficient with Different Tillage Measures and Four Rainfall Regimes 

The runoff depth of the two tillage managements are depicted in Figure 6. The runoff 

depth increased with the rainfall amount, and conventional tillage showed a higher runoff 

depth  than contour  tillage. The runoff depth was larger than 7.5 mm when  the rainfall 

amount was over 35 mm for the conventional tillage. For the contour tillage, the runoff 

depth was basically around 5 mm or even smaller when the rainfall amount was larger 

than 20 mm and was around 2.5 mm when the rainfall amount was smaller than 20 mm 

(Figure 6). The water  loss  for  sloping  farmland with  conservation  tillage management 

(contour tillage) were lower compared to the conventional tillage. It appears from the re-

sults that contour tillage was useful in controlling the runoff of sloping farmland. 

As discussed previously,  rainfall with different  rainfall durations,  intensities  and 

depths created different influences on the surface runoff of the sloping farmland. Figure 

7 illustrates the surface runoff features for the tillage managements with diverse rainfall 

regimes. From Figure 7, it is shown that the uniform rainfall had the highest runoff coef-

ficient amount on contour tillage (5.21%) and conventional tillage (5.82%), while the low-

est runoff coefficient for contour tillage (4.18%) and conventional tillage (4.51%) occurred 

with the advanced rainfall. The runoff depth on contour tillage decreased with the order 

of uniform  >  advanced  >  intermediate  > delayed  rainfall,  and  conventional  tillage de-

creased with the order of advanced > uniform > intermediate > delayed rainfall. 

   

Figure 6. The runoff depth of surface for two tillage measures. 

0

10

20

30

40

50

60

70

80

90

1000

5

10

15

20

25

1 6 11 16 21 26 31 36

R
a

in
fa

ll 
a

m
o

u
nt

 (
m

m
)

R
un

o
ff 

d
ep

th
 (

m
m

)

Rainfall events

conventional tillage

contour tillage

rainfall amount

Figure 6. The runoff depth of surface for two tillage measures.

As discussed previously, rainfall with different rainfall durations, intensities and
depths created different influences on the surface runoff of the sloping farmland. Figure 7
illustrates the surface runoff features for the tillage managements with diverse rainfall
regimes. From Figure 7, it is shown that the uniform rainfall had the highest runoff coeffi-
cient amount on contour tillage (5.21%) and conventional tillage (5.82%), while the lowest
runoff coefficient for contour tillage (4.18%) and conventional tillage (4.51%) occurred with
the advanced rainfall. The runoff depth on contour tillage decreased with the order of
uniform > advanced > intermediate > delayed rainfall, and conventional tillage decreased
with the order of advanced > uniform > intermediate > delayed rainfall.
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3.3. Processes of the Soil Moisture Varied for Four Rainfall Regimes

Table 3 provides an overview of the fluctuation in soil moisture at various depths
for the observation period for the conventional tillage and contour tillage. During this
period, the mean daily rainfall during was 242.4 mm (CV = 22%), and the precipitation
was mainly concentrated in June to August when the rainfall had a larger rainfall amount
(ranging from 149.60 to 393.40 mm) and highest I30 (ranging from 7.34 to 28.20 mm h−1).
In contrast, the rainfall in October to December had the smallest I30 (ranging from 1.30
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to 1.87 mm h−1) and a smaller rainfall amount (ranging from 11.6 to 30.6 mm). For the
conventional tillage, the mean (±SD) soil moisture values during the observation period
were 22.73 ± 6.13% at 20 cm and 28.14 ± 5.41% at 40 cm, and the smallest value of soil
moisture was mainly concentrated in September, October and November 2019 (ranging
from 16.09% to 17.65% at 20 cm and from 21.71% to 22.46% at 40 cm). For the contour tillage,
the mean (±SD) soil moisture values during the observation period were 27.59 ± 5.32% at
20 cm and 32.19 ± 4.82% at 40 cm, and the mean value of the soil moisture ranged from
16.09% to 17.65% at 20 cm and from 21.71% to 22.46% at 40 cm in September to November
2019. It is observed from Table 3 that soil moisture at a deeper soil layer (40 cm) was
relatively more stable than it was at the 20 cm soil layer during the investigation period,
with the CV of the soil moisture being 19.226% (conventional tillage) and 15.460% (contour
tillage) at 40 cm, which was evidently smaller than that of the 20 cm layer (CV was 26.957%
in the conventional tillage and was 19.905% in the contour tillage).

Table 3. Monthly average soil moisture during the study period across two tillage measures.

Month/
Year

Rainfall
(mm)

Total
Duration

(min)

I30
(mm h−1) Conventional Tillage Contour Tillage

20 cm (%) 40 cm (%) 20 cm (%) 40 cm (%)

05/2019 90.40 6255.00 7.72 35.94 ± 0.95 a 37.19 ± 0.79 a 35.45 ± 0.97 a 37.70 ± 0.66 a
06/2019 151.10 7480.00 7.34 35.67 ± 1.54 a 37.33 ± 0.78 a 35.39 ± 1.36 a 37.79 ± 0.83 a
07/2019 278.10 4455.00 16.83 30.74 ± 4.54 b 36.12 ± 2.55 b 32.79 ± 3.25 b 36.98 ± 1.95 b
08/2019 48.90 240.00 28.20 20.56 ± 2.27 i 25.76 ± 1.69 i 23.93 ± 1.90 i 28.16 ± 1.46 g
09/2019 7.90 1020.00 4.00 16.92 ± 0.48 j 22.08 ± 0.34 j 20.26 ± 0.60 k 25.09 ± 0.38 j
10/2019 11.60 1910.00 1.80 16.09 ± 0.44 l 21.71 ± 0.40 k 19.13 ± 0.60 l 24.31 ± 0.49 j
11/2019 27.20 3190.00 1.30 17.65 ± 1.66 l 22.46 ± 0.84 k 19.57 ± 0.79 l 24.70 ± 0.66 j
12/2019 30.60 4875.00 1.87 19.31 ± 0.93 j 23.56 ± 1.23 j 21.69 ± 1.52 j 25.51 ± 0.29 i
01/2020 198.30 12,205.00 4.63 24.57 ± 4.16 d 32.41 ± 5.84 f 30.85 ± 4.48 d 33.27 ± 4.95 d
02/2020 101.70 6320.00 2.20 24.56 ± 2.82 c 33.39 ± 4.23 c 32.14 ± 1.94 c 36.39 ± 1.23 c
03/2020 182.90 7180.00 6.11 23.84 ± 3.31 c 29.04 ± 4.91 d 31.84 ± 2.79 c 35.72 ± 2.02 e
04/2020 89.30 3605.00 8.83 21.98 ± 3.20 e 28.55 ± 4.65 e 29.42 ± 3.98 e 33.76 ± 2.53 ef
05/2020 180.00 5160.00 9.29 18.72 ± 2.52 g 28.19 ± 1.83 g 27.31 ± 1.03 g 32.56 ± 0.56 f
06/2020 238.40 7630.00 8.70 18.82 ± 2.13 f 22.12 ± 5.54 d 28.33 ± 2.66 f 35.64 ± 1.58 j
07/2020 393.40 9144.00 18.91 21.37 ± 3.18 e 24.63 ± 5.36 d 28.96 ± 3.73 e 35.60 ± 2.11 h
08/2020 149.60 3282.00 22.07 17.00 ± 4.86 h 25.68 ± 4.09 h 24.49 ± 3.90 h 31.88 ± 2.66 g

Mean (%) 22.73 ± 6.13 28.14 ± 5.41 27.59 ± 5.32 32.19 ± 4.82
CV (%) 26.957 19.226 19.905 15.460

Note(s): data are mean ± standard deviation in the table. Different letters designate the significant variances at
p < 0.05 among different months.

Soil moisture changes in sloping farmland varied during different rainfalls, and the
change curves of the soil moisture for altered soil content showed different trends. In
order to minimize seasonal differences in the soil moisture response to rainfall and the
influence of slope crop cover and root systems on the analysis of the results, the rainfall
events selected mainly occurred in March–April 2020. In addition, it can be found that the
runoff and evaporation of different sized rainfall events as a proportion of the total rainfall
varied between the four rainfall regimes (Figure 8). The runoff of the advanced rainfall
was significantly lower than that of the other rainfall regimes, which was basically under
5 mm. For the uniform rainfall, a larger portion of rainfall is lost as runoff, especially in the
conventional tillage during medium rainfall, which accounts for 52% of the total rainfall.
Evaporation during rainfall accounts for a relatively small portion of rainfall (less than
10%) and thus has little effect on rainfall replenishing soil moisture.
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Figure 8. Evaporation and runoff depth of four rainfall regimes in low rainfall (rainfall amount:
4.3 to 6.5 mm), medium rainfall (rainfall amount: 13.9 to 16.9 mm), higher rainfall (rainfall amount:
27.4 to 31 mm) for two tillage measures. The analyzed rainfall occurring in March–April 2020. Tillage
measures include conventional tillage and contour tillage.

Tables 4 and 5 and Figure 9 show that soil moisture of dissimilar farmland manage-
ments responded differently to the different rainfall regimes at the different depths (20 cm
and 40 cm) during the monitored period. In order to better explore how soil moisture
content responded to natural rainfall situations at the experimental site and considering
the influence of rainfall magnitude to the soil moisture transport, soil moisture changes in
sloping farmland under the high, medium and low precipitation are discussed in Figure 9.
By and large, compared to the soil layer of 20 cm, and the 40 cm layer displayed high
values for soil moisture throughout the experimental period for the two different tillage
managements. In the case of the low rainfall (4.3 mm–6.5 mm), there was no obvious
pattern in the modification of the soil moisture in each layer, and the response to the rainfall
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process curve was not clear (Figure 9A). Comparing Figure 9A–C, it was obvious that the
soil moisture content response to different rainfall regimes was more significant with the
increase in rainfall precipitation, and it can also be seen that the biggest variations in the
value of soil moisture content occurred at the 20 cm soil layer. It is worth noting that for
the different tillage managements, the soil moisture of conventional tillage showed more
significant changes during the rainfall process.

For the different rainfall regimes with the highest precipitation, the soil moisture
change curve showed different trends (Figure 9C). For the advanced rainfall, the 20 cm and
40 cm layers of conventional tillage displayed big fluctuations in soil moisture throughout
the rainfall, with a significant increase in the early period of rainfall, while the two soil
layers of the contour tillage presented little temporal variations in soil moisture. The result
(Figure 9) also showed that the soil moisture of the conventional tillage increased during
periods of concentrated precipitation for the intermediate and delayed rainfall. For the
uniform rainfall, it not only had the most little variations in soil moisture after each rainfall
event nut also presented lower fluctuations in soil moisture during rainfall.
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Figure 9. Cont.
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Figure 9. Cont.
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Figure 9. Variation in the soil moisture content during single rainfall event of two tillage measures
for four rainfall regimes in low rainfall (A), medium rainfall (B), high rainfall (C): (A) is low rainfall,
rainfall amount ranges from 4.3 to 6.5 mm, (B) is medium rainfall, rainfall amount ranges from 13.9
to 16.9 mm, (C) is high rainfall, rainfall amount ranges from 27.4 to 31 mm. The analyzed rainfall
occurring in March–April 2020. Tillage measures include conventional tillage and contour tillage.
Rainfall regimes include advanced, intermediate, delayed and uniform.

Tables 4 and 5 display the changes in soil moisture of sloping farmland before and after
the different regimes of rainfall under the two tillage managements. It is apparent that soil
moisture for the sloping farmland regarding both tillage managements did not change after
the rainfall with light rainfall, which meant that it is a more efficient reasonable analysis
idea to not consider the effect of rainfall intensity on the value of soil moisture before and
after the rainfall. Considering the rainfall with medium precipitation, compared with the
value of soil moisture before the rainfall at the layer of 20 cm, the value of soil moisture
during the rain in conventional tillage under the advanced regime and the intermediate
regime increased by 23.80% and 11.54%, respectively, while the soil moisture content after
the rain with the delayed regime and the uniform regime increased by 20.11% and 11.56%,
respectively (Table 4). When the precipitation was high, the soil moisture at the 40 cm layer
increased slightly after rainfall regarding the advanced regime and the intermediate regime
compared to the value before rainfall, which indicated that heavy rainfall was beginning to
have an effect on soil moisture at deep layers. These results demonstrated that the influence
of rainfall on changing the soil moisture content exhibited hysteresis and the degree of
hysteresis was significantly different under the four rainfall regimes, in which the lag of
the increase in the soil moisture content was more obvious under the delayed and uniform
rainfall (Table 4). Comparing Tables 4 and 5, it can be found that the soil moisture of sloping
farmland with contour tillage displayed a higher value and smaller fluctuation at the 40 cm
soil layer during all rainfall events. For the contour tillage after rainfall with medium
precipitation, the value added of the soil moisture content at the 20 cm layer decreased in
following order: advanced rainfall (31.66%) > delayed rainfall (11.45%) > uniform rainfall
(4.55%) > intermediate rainfall (3.75%). However, the soil moisture content at the 40 cm
layer exhibited a small increase under the four different regimes. It can be observed from
Table 4 that for the contour tillage after rainfall with high precipitation, the value added of
the soil moisture at the 20 cm layer decreased in following order: advanced rainfall (18.19%)
> intermediate rainfall (11.68%) > delayed rainfall (7.25%) > uniform rainfall (2.68%). The
soil moisture in the contour tillage did not undergo a significant increase even under heavy
rainfall. In general, among the four different rainfall regimes, the advanced rainfall and
intermediate rainfall caused a more pronounced increase in the soil moisture at the 20 cm
layer that occurred in the two different types of sloping farmland.
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Table 4. The value of the soil moisture of three stages (before, in and after the rain) of conventional
tillage for four rainfall regimes in different rainfall amount.

Rainfall
Amount (mm)

Rainfall
Regime

Before the Rain 1 In the Rain 1 After the Rain 1

20 cm (%) 40 cm (%) 20 cm (%) 40 cm (%) 20 cm (%) 40 cm (%)

6.5 Advanced 21.86 ± 2.98 25.49 ± 5.48 21.90 ± 2.44 23.33 ± 4.70 22.68 ± 1.83 26.64 ± 4.31
5.4 Intermediate 34.68 ± 0.24 36.66 ± 0.26 34.84 ± 0.18 36.85 ± 0.14 34.87 ± 0.19 36.87 ± 0.18
6.2 Delayed 25.09 ± 0.39 27.43 ± 0.26 24.46 ± 0.20 27.48 ± 0.12 24.36 ± 0.54 27.38 ± 0.32
4.3 Uniform 37.82 ± 0.78 38.42 ± 0.56 38.11 ± 0.22 38.37 ± 0.13 38.55 ± 0.28 38.62 ± 0.17

16.7 Advanced 20.59 ± 3.40 25.18 ± 3.01 25.49 ± 2.68 25.52 ± 3.82 22.32 ± 7.58 19.66 ± 8.39
16.5 Intermediate 25.13 ± 1.21 31.17 ± 4.18 28.03 ± 1.75 32.64 ± 4.14 26.71 ± 1.06 28.34 ± 5.27
17.8 Delayed 22.78 ± 1.72 26.23 ± 4.39 22.00 ± 0.38 26.80 ± 2.62 27.36 ± 1.49 31.79 ± 3.82
13.9 Uniform 20.24 ± 1.15 30.72 ± 5.00 20.47 ± 0.46 34.02 ± 0.17 22.58 ± 1.06 29.04 ± 4.79

31.0 Advanced 18.46 ± 1.41 28.25 ± 3.09 29.06 ± 4.57 28.20 ± 4.22 27.62 ± 1.68 30.85 ± 4.47
27.7 Intermediate 23.44 ± 0.64 34.42 ± 2.91 29.06 ± 1.7 36.7 ± 1.68 27.96 ± 1.33 36.02 ± 2.41
27.4 Delayed 25.18 ± 1.12 33.40 ± 3.29 25.78 ± 1.90 33.15 ± 2.63 27.78 ± 0.80 31.26 ± 4.40
30.0 Uniform 25.88 ± 1.14 27.20 ± 4.38 27.56 ± 2.37 24.95 ± 4.63 26.13 ± 0.43 26.16 ± 4.09

Note(s): data are ‘mean ± standard deviation’ in the table. 1 Soil moisture content ‘before the rain’ is the soil
moisture content one hour before the rainfall, ‘in the rain’ is mean value of the soil moisture for the entire duration
of single rainfall event, ‘after the rain’ is mean value of soil moisture one hour after the rainfall.

Table 5. The value of the soil moisture of three stages (before, in and after the rain) of contour tillage
for four rainfall regimes in different rainfall amounts.

Rainfall
Amount (mm)

Rainfall
Regime

Before the Rain 1 In the Rain 1 After the Rain 1

20 cm (%) 40 cm (%) 20 cm (%) 40 cm (%) 20 cm (%) 40 cm (%)

6.5 Advanced 30.36 ± 2.44 33.99 ± 1.87 30.06 ± 2.47 33.95 ± 1.42 30.24 ± 2.44 33.73 ± 3.09
5.4 Intermediate 34.29 ± 0.24 37.13 ± 0.22 34.32 ± 0.08 37.26 ± 0.10 34.41 ± 0.16 37.22 ± 0.13
6.2 Delayed 27.43 ± 0.38 28.36 ± 0.20 26.72 ± 0.18 28.49 ± 0.15 26.40 ± 0.41 28.35 ± 0.26
4.3 Uniform 37.41 ± 0.57 38.87 ± 0.58 37.67 ± 0.22 38.94 ± 0.17 38.01 ± 0.23 39.19 ± 0.25

16.7 Advanced 27.13 ± 0.79 30.99 ± 0.34 28.96 ± 1.48 31.51 ± 0.27 35.72 ± 0.91 35.95 ± 0.85
16.5 Intermediate 33.08 ± 0.45 36.92 ± 0.39 34.55 ± 1.23 37.60 ± 0.68 34.32 ± 0.41 37.87 ± 0.25
17.8 Delayed 30.68 ± 0.82 33.79 ± 1.89 31.15 ± 0.27 34.73 ± 0.12 34.19 ± 0.38 36.11 ± 0.21
13.9 Uniform 29.01 ± 0.19 34.46 ± 0.25 29.51 ± 0.59 34.61 ± 0.24 30.33 ± 0.21 34.49 ± 0.19

31.0 Advanced 27.11 ± 2.10 32.51 ± 1.30 29.55 ± 1.90 33.25 ± 0.83 32.04 ± 1.48 34.13 ± 0.56
27.7 Intermediate 30.81 ± 0.27 35.68 ± 0.26 34.28 ± 1.35 36.62 ± 0.63 34.41 ± 0.56 37.56 ± 0.19
27.4 Delayed 32.68 ± 0.23 36.79 ± 0.25 33.02 ± 0.98 36.74 ± 0.14 35.05 ± 0.28 38.28 ± 0.28
30.0 Uniform 33.99 ± 0.17 37.67 ± 0.11 35.16 ± 0.99 38.02 ± 0.56 34.90 ± 0.25 38.29 ± 0.20

Note(s): data are ‘mean ± standard deviation’ in the table. 1 Soil moisture content ‘before the rain’ is the soil
moisture content one hour before the rainfall, ‘in the rain’ is mean value of the soil moisture for the entire duration
of single rainfall event, ‘after the rain’ is mean value of soil moisture one hour after the rainfall.

3.4. Response of the Increment in Soil Moisture for Different Rainfall Regimes

Figure 10 presents the soil moisture’s increment for the two tillage managements and
the rainfall factors (amount, duration and I30) of the four rainfall regimes. It shows that at
the 20 cm layer, soil moisture increased when the rainfall amount was larger than 20 mm
for both the conventional and contour tillage under advanced, intermediate and delayed
rainfall, while the values changed in reaction to variations in the antecedent dry day (ADD).
For the uniform regime, the increment in the soil moisture was notably smaller than for
the other rainfall regimes, especially for the contour tillage. For the advanced rainfall, soil
moisture content at the 20 cm depth layer of the conventional tillage increased appreciably
(by more than 5%) when the rainfall was higher than 20 mm (Figure 10). For the delayed
rainfall, soil moisture at the 20 cm layer in the conventional tillage increased considerably
following the two successive rainfall events of a large rainfall amount of short dry interval.
At the 40 cm layer of the conventional tillage, soil moisture increased when the rainfall
amount was larger than 35 mm or when the rainfall duration lasted longer than 700 min



Water 2024, 16, 1331 18 of 26

or when the two successive rainfall events had a short dry interval which lasted no more
than one day. In the contour tillage, the increment in the soil moisture at the 40 cm depth
layer was less than 3%, while the soil moisture value at the 20 cm layer under advanced and
intermediate rainfall only increased notably once the rainfall amount was larger than 40 mm
or increased when the rainfall duration lasted longer than 700 mm under delayed rainfall.
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Figure 10. Rainfall amount, rainfall duration and the maximum 30 min rainfall intensity (I30) of
four rainfall regimes. The antecedent dry day and the increment in soil moisture of two tillage
measures for four rainfall regimes. Two tillage measures include conventional tillage and contour
tillage. Rainfall regimes include (A) advanced, (B) intermediate, (C) delayed and (D) uniform.

Table 6 shows the Pearson correlation coefficient between rainfall eigenvalues and
the increment in the soil moisture content for different rainfall regimes. Comparing two
different soil layers, the increment in soil moisture at the 20 cm depth showed a considerable
correlation with the parameters of rainfall listed in Table 6, while there was no notable
link at the 40 cm layer. For the advanced rainfall, the increment in soil moisture had an
appreciably positive association with the rainfall amount at the 20 cm layer for all tillage
methods (r was 0.568 under the conventional tillage and 0.590 under the contour tillage,
p < 0.01), and I30 also had significantly a positive correlation between the soil moisture
contents at the 20 cm layer for all tillage methods (p < 0.05). For the uniform rainfall, the
increment in soil moisture had a strong positive correlation between the rainfall duration at
the 20 cm layer for all tillage methods (r was 0.850 under the conventional tillage and 0.854
under the contour tillage, p < 0.01). In the contour tillage, the increment in soil moisture was
significantly correlated with the ADD only for the contour tillage under the advanced and
delayed rainfalls (r was 0.482 under the advanced rainfall and −0.666 under the delayed
rainfall, p < 0.05). Moreover, the rainfall amount had a noticeably positive correlation with
the increment in soil moisture in the 40 cm layer for the contour tillage under the advanced
and intermediate rainfalls.

Table 6. Statistical analysis for the increment in the soil moisture with ADD, I30, rainfall amount
and duration.

Rainfall Regime Parameter Conventional Tillage Contour Tillage

20 cm 40 cm 20 cm 40 cm

Advanced

ADD (days) 0.367 0.039 0.482 * −0.043
I30 (mm h−1) 0.581 * 0.101 0.536 * −0.036
Rainfall amount (mm) 0.568 ** 0.121 0.590 ** 0.420 *
Rainfall duration (min) −0.050 0.043 −0.111 0.292

Intermediate

ADD (days) −0.288 −0.424 −0.118 −0.079
I30 (mm h−1) 0.435 0.022 0.525 0.419
Rainfall amount (mm) 0.657 * 0.352 0.741 ** 0.736 **
Rainfall duration (min) 0.436 0.401 0.448 0.511

Delayed

ADD (days) −0.551 −0.217 −0.666 * −0.213
I30 (mm h−1) −0.020 0.375 0.190 0.250
Rainfall amount (mm) 0.628 0.300 0.430 0.202
Rainfall duration (min) 0.625 0.194 0.430 0.192

Uniform

ADD (days) 0.355 0.418 0.307 0.110
I30 (mm h−1) 0.367 −0.351 0.558 0.419
Rainfall amount (mm) 0.628 −0.119 0.765 * 0.597
Rainfall duration (min) 0.850 ** 0.063 0.854 ** 0.567

Note(s): asterisks present the significance levels of the correlation (* for p < 0.05, ** for p < 0.01, respectively) based
on LSD (the least significant difference) method.
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4. Discussion

Normally, soil moisture feeds the atmospheric cycle through evapotranspiration from
the land surface and has a significant impact on the formation, conversion, consumption
and circulation of water resources [4,63]. Many elements have an impact on soil moisture
characteristics, including climate, terrain, precipitation and the soil structure, and have
strong regional differences. The soil moisture of red soil sloping farmland in Southern
China is mainly derived from natural rainfall, which dominates through variations in the
rainfall amount, intensity and rainfall regimes [64–66]. The characteristics of the rainfall
events, including the duration, number and peak intensity, are directly related to “minimum
inter-event time” (MIT). Therefore, the quantity of the rainfall events determined from
the rain gauge data may change depending on the MIT criterion for individual rainfall
events [67]. MIT is a threshold for the duration of rain-free periods during the rainfall
period and is utilized to characterize rainfall events, and approaches to identifying MIT for
single rainfall events include constant time methods, empirical modeling methods, and
statistical methods [68,69]. MIT values can range widely, e.g., from 15 min to 24 h, which
commonly occur due to the difference in the available dataset’s resolution. Wischmeier [70]
and Huff [53] used six hours to divide the previous and successive rainfall events for
analyzing rainfall characteristics and their impact on hydrology. Tu et al. [69] found that
four hours is the most suitable time for MIT criterion to divide rainfall events for soil
erosion experiments. At present, the commonly used MIT values in China are 2 h [71] and
6 h [72], which are the empirical values with subjective selection, of which the 6 h value
is frequently utilized in hydrology and soil erosion-related research [57]. For the present
study, the correlations of the soil moisture and rainfall amount for the four rainfall regimes
were investigated, and therefore, six MIT values was used.

The temporal changes in soil moisture have a strong influence on soil moisture replen-
ishment (precipitation). The distribution of rainfall is characterized by seasonality, which
results in the seasonality of the monthly soil moisture content [60,73,74]. The seasonality of
the fluctuations in soil moisture content observed in the two layers (0–20 cm and 20–40 cm)
demonstrated that the moisture variation was more close to the soil surface, especially for
the conventional tillage (Table 3). This result clarifies how rainfall characteristics, evapo-
transpiration and tillage managements affect this variable, and these are strongly associated
with larger variations across the different seasons at layers near the surface. On the contrary,
soil moisture fluctuated gently and seasonally in the deeper layer (20–40 cm). Note that
for the sloping farmland with contour tillage, the soil moisture value in all layers was
significantly higher than that with the conventional tillage, demonstrating a greater water
retention capacity. For the conventional tillage, with furrow planting to prevent crops from
being washed away on steeper slopes, a dense layer was created near the surface of the
red soil due to farming activities, giving rise to the pooling of rainfall, which increased the
runoff amount [75]. As a result, a significant amount of soil water was lost during and after
rainfall due to the crop and soil structure in conventional tillage being affected by runoff
(Figure 6; Table 3). Regarding the contour tillage, it changed the microtopography of the
slope surface and divided the slope surface into a number of small ditches for water storage
due to its special way of laying out in the direction of ridges. This conservation tillage mea-
sure prevented the pooling of rainfall by intercepting it in blocks and reduced the intensity
of the scouring of the slope by raindrops and runoff, which increased the infiltration time of
slope soil and contributed to the increase in soil moisture in the soil layer [76]. In addition,
the 0–20 cm layer’s soil porosity of the contour tillage was significantly greater than that
of the conventional tillage (Table 1). The water in the capillary pores could be held in the
soil for long time, and the non-capillary pores could accommodate precipitation faster
and infiltrate in time to contain water, which could reflect the strength of the soil’s ability
to infiltrate and retain water. Therefore, the contour tillage improved soil structure and
enhanced soil permeability and infiltration by increasing soil porosity in the surface layer
of sloping farmland. Consequently, for the sloping farmland with conventional tillage, the
average soil moisture values were low and had more variations at the shallower soil layer.
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Soil moisture at different depths with the two tillage methods displays a complicated
response process and also is affected by rainfall characteristics [44,77], rainfall regimes [78],
and the antecedent dry day [4,79]. Rainfall during the growing period may appreciably
influence water infiltration and shallow-soil water replenishment [80,81]. Regarding the
conventional tillage, it is difficult for low rainfall to directly replenish soil moisture, while
high rainfall (>30 mm) has an effect on soil moisture accumulation in the shallow layer
(Figure 9; Table 4). The previous research have found that a low rainfall events will only
result in soil infiltration in surface soil layer that infiltration depth under the low rainfall
amount does not exceed 20 cm [64,82]. The main reason for this may be that soil moisture
evapotranspiration is greater in the red soil area of south China, where rain and heat
transpire in the same season, and most of the moisture in low rainfall events is quickly
returned to the atmospheric cycle through plant transpiration and soil evaporation. In
addition, it was found that under the contour tillage, a smaller rainfall amount (>15 mm)
could increase the depth of soil water infiltration and the soil water storage in the 40 cm
layer (Table 5). These findings indicated that soil moisture under the contour tillage
displayed a stronger reaction to low rainfall events, specifically at a deeper depth. This
is due to the fact that the contour tillage reduces slope runoff losses and increases the
rainfall infiltration time by altering microtopography, and it enhances soil permeability and
infiltration by increasing the soil porosity of sloping farmland. Comparable conclusions
were also presented by Dembele et al. [76], who mentioned that the use of a contour ridge
is an comprehensive approach that improves water balance and increases soil moisture by
20–30%. Overall, the soil water content dynamics of red soil slope farmland is consistent
with rainfall changes, and a higher rainfall amount significantly increased soil moisture
and the water infiltration depth.

It is necessary to point out that even if soil infiltration occurs during heavier rain-
fall conditions, rainfall could not be effective in replenishing soil moisture due to the
high resistance to infiltration, and the water moves under a limited kinetic energy in red
soils [74,83,84], which means that a single rainfall characteristic is not sufficient to capture
the influence of natural rainfall events on changes in the soil moisture content. The reaction
metrics of the soil moisture to rainfall of the same amount but with different rainfall regimes
was used in this study (Figure 9; Tables 5 and 6). For example, the majority of soil moisture
increases was caused by the advanced regime. This result was attributed to the fact that
the advanced regime accounted for the largest percentage of rainfall regimes for the red
soil area of South China, with a larger average I30, and the rainfall loss caused by runoff
and evaporation under the advanced rainfall was significantly less than that of the other
rainfall regimes (Figure 8). By contrast, the uniform regime supplied the least effective soil
moisture increment because of the smallest number of rainfall and the smallest average
rainfall amount and I30 (Table 2), and also, part of the rainfall was lost as slope runoff
without replenishing soil moisture, which was also observed by Wang et al. [57]. Moreover,
the uniform regime had constant intensity and a lengthy duration, which could potentially
result in rainfall not having sufficient kinetic energy to form infiltration channels in the
soil layer, resulting in a lower infiltration rate of soil and more runoff (Figure 7) compared
to the other regimes. Analogous conclusions were also proposed by Liu et al. [30], who
indicated that rainfall regimes with the lowest intensity and longest duration lead to the
highest runoff coefficient of the surface on slopes in the red soil region.

In the present study, the surface runoff coefficient and runoff depth for delayed regime
were higher than those for the other regimes (Figure 7).Nevertheless, Dunkerley [52]
presented a different result, that the delayed regime produced the largest runoff amount
and ratio compared to the other rainfall regimes. This disparity is especially significant
when considering the various land use types and how they affect the favored flows and
water flow pathways [83,85]. Furthermore, the delayed regime generated soil infiltration
in the soil layer at the 20–40 cm depth, especially for the rainfall with a long duration,
which induced the efficient response of soil moisture’s increment at the 20–40 cm depth
(Tables 5 and 6; Figure 10). A possible reason for this result is that the peak rainfall intensity
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of the delayed regime occurs in the later stages of the rainfall process, where infiltration
channels are formed in the early rainfall stages, increasing the depth of infiltration, and
a longer rainfall duration can provide enough time for deep soil infiltration. It is worth
noting that the ADD affects the influence of the rainfall events on soil moisture. There are
significant connections between the time of the ADD and soil moisture’s increment in the
0–20 cm layer for the advanced and delayed regimes (Figure 10). These results showed
that different soil moisture response measures for distinct rainfall regimes showed varying
sensitivity to rainfall parameters. High rainfall with a small ADD can have a stacking
impression, which means that accumulative rainfall can significantly increase the soil moisture,
even in deeper soil layers [30]. Generally, interactions between rainfall event differences
due to the rainfall regime and the soil hydrodynamics may lead to the complications and
irregularities in the rainfall regime’s effects. Consequently, future studies could be centered
with the response of tillage management or soil type to rainfall in order to improve the
knowledge of the association between rainfall regimes and soil moisture dynamics.

5. Conclusions

The intention of this study was to explore the mechanisms of the soil moisture response
processes to the rainfall on sloping farmland in the red soil area of South China with
experimental analysis under various tillage measures and rainfall regimes. There were four
rainfall regimes that were categorized by the k-means clustering method from 148 rainfall
events, according to I30, rainfall amount and duration. For each rainfall regime, including
the advanced, intermediate, uniform and delayed regime, an analysis correlating soil
moisture with rainfall characteristics was conducted to explore the effect of rainfall regimes
on soil moisture. The advanced regime was the most prevalent rainfall regime for the
research area and also had the largest proportion of high-intensity rainfall events (more
than 16 mm h−1). The intermediate regime had the highest rainfall intensity, duration and
amount and low runoff depth. By contract, the uniform regime had a low rainfall amount
and intensity but the highest runoff depth and coefficient.

The relationship between the soil moisture and the rainfall features for the two tillage
measures was influenced by the rainfall regime. For the conventional tillage, soil moisture at
a depth of 0–20 cm increased significantly during the middle or late hours of a single rainfall
event for the advanced regime when the rainfall amount was larger than 20 mm, while
this variation occurred at the end of or after a single rainfall event for the advanced regime
when the rainfall amount was higher than 30 mm. For the contour tillage, soil moisture at
the 20 and 40 cm layers was increased for the advanced regime when the rainfall amount
was higher than 15 mm and 30 mm, while these values changed with rainfall duration
and the ADD. Generally, the rainfall amount, duration and ADD obviously impacted on
the alternative increments in soil moisture and showed different correlations under the
four rainfall regimes. For the advanced and delayed regime, the long duration rainfall
(>700 min) led to a notable increase in soil moisture and it appreciably had a positive
link between the ADD and the increment in soil moisture at the 20 cm layer caused by
low rainfall events (<15 mm) with a short ADD, suggesting that a short ADD produced
a cumulative effect for rainfall. By comparison, the soil moisture content of the sloping
farmland with the contour tillage was substantially higher than that of the conventional
tillage, and the contour tillage provided a better water storage capacity by intercepting
runoff and increasing the rainfall infiltration time.

The findings of the present study emphasize the intricacy of the soil moisture response
to rainfall with different rainfall classification methods and the importance of contour tillage
as a kind of conservation tillage for soil water storage, and we present a reference for the
mechanistic research of soil moisture responses to rainfall and conservation tillage research
in sloping farmland in the red soil region in South China. However, the results of studying a
single region are not necessarily generalizable due to the characteristics of natural rainfall in
different regions being complex and variable, and one type of conservation tillage research
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is incomplete. Consequently, future research could gather more data of the rainfall events
from other areas and consider different conservation tillage measures.
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