ﬁ water m\py

Article

The Thresholds of Sediment-Generating Rainfall
from Hillslope to Watershed Scales in the Loess
Plateau, China

Yue Liang "?>, Juying Jiao 1"**, Weiqin Dang # and Wei Cao *

1 State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Institute of Soil and Water

Conservation, Academy of Sciences and Ministry of Water Resources, 26 Xinong Road, Yangling,
Xianyang 712100, China; 1y8868130@163.com

University of Chinese Academy of Sciences, Beijing 100049, China

Institute of Soil and Water Conservation, Northwest A & F University, 26 Xinong Road, Yangling,
Xianyang 712100, China

Suide Station for Soil and Water Conservation Research, Management Committee of Yellow River Water
Conservancy, Yulin 719000, China; dangwq@163.com (W.D.); hhcaowei@126.com (W.C.)
Correspondence: jyjiao@ms.iswc.ac.cn

Received: 17 September 2019; Accepted: 11 November 2019; Published: 14 November 2019 ﬁge(f;tfgsr

Abstract: Obtaining practical thresholds for erosive rainfall plays a crucial role in calculating rainfall
erosivity and predicting water erosion. Nevertheless, the study of thresholds on subwatershed and
watershed scales remains scarce. Given this, we presented the critical rainfall that generated the
outflows of subwatersheds and watersheds as the threshold of sediment-generating rainfall. On the
basis of the observation of twelve nested topographical units at the Peijiamaogou watershed in the
Loess Plateau of China, we fitted regression relationships between rainfall indexes (rainfall amount,
maximum 30-min intensity, maximum 60-min intensity, rainfall amount multiply maximum 30-min
intensity, and rainfall amount multiply maximum 60-min intensity) and the proportion of cumulative
sediment yield to the total sediment yield. We determined the thresholds of sediment-generating
rainfall and explored the variabilities of thresholds across different spatial scales. Moreover, the
covering area proportion (CAP) with rainfall indexes higher than the thresholds was also employed as
thresholds at the subwatershed and watershed scales. The thresholds of CAP for P and I35 were 50.5%
and 47.6% at the subwatershed scale, while 31.0% and 30.3% at the watershed scale. The thresholds
of P and I3 at the subwatershed scale were higher than those of hillslope scale, while the threshold
of I3y at the watershed scale was smaller compared to the other scales. In general, I3y was viewed
as the best threshold among single rainfall indexes across different spatial scales, while P was not
recommended as a practical threshold. This study can improve the prediction accuracy of water
erosion across different spatial scales and develop the spatial scale effect of sediment yield in the loess
hilly areas.
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1. Introduction

Soil erosion has been a widely recognized eco-environmental problem worldwide [1]. It not only
results in land degradation by reducing soil fertility and soil organic carbon content [2—4], but also
leads to off-site siltation of reservoirs or lakes and water eutrophication downstream [5,6]. Rainfall
is acknowledged as the primary driving factor of soil erosion, and its potential ability to trigger soil
erosion is known as rainfall erosivity [7,8]. However, not all rainfall events bring on soil erosion [8-10].
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The critical rainfall value that distinguishes the erosive and non-erosive rainfall is known as the
threshold of erosive rainfall [8,11,12].

The calculation of rainfall erosivity is challenging, and thus rainfall events that do not cause
erosion should be neglected to effectively save processing time [8,11,12]. Hence, it is of vital importance
to determine the thresholds of erosive rainfall in calculating rainfall erosivity and predicting soil erosion.
As a consequence, the thresholds, as well as the characteristics of erosive rainfall, have been studied
widely by previous researchers [8,11-14]. Wischmeier et al. [12] proposed 12.7 mm as the threshold of
erosion rainfall amount. This threshold value has been employed in the Universal Soil Loss Equation
(USLE), Revised Universal Soil Loss Equation (RUSLE), and other researches for calculating rainfall
erosivity worldwide [15,16]. It has been proven that the thresholds of erosive rainfall could be affected
by land use types, agrotype, and topography. Xia et al. [11] found that the thresholds of erosive rainfall
under vegetation were higher than those of bareland and farmland. The underlying surface with soil
and water conservation measures was also demonstrated to effectively raise the thresholds of erosive
rainfall [13]. Additionally, the thresholds of erosive rainfall decrease dramatically with increasing
gradient [17].

As has been documented, the thresholds of erosive rainfall based on the data of runoff plots should
probably not be extrapolated directly to the watershed scale [8,11] because of the spatial scale effect of
erosion processes and sediment production [18-25]. The erosive rainfall events which cause soil erosion
at the hillslopes do not always lead to outflows of subwatersheds or watersheds. As a consequence, we
call the rainfall events which result in outflows of subwatersheds or watersheds sediment-generating
rainfall. The practical threshold to distinguish whether a rainfall event belongs to rainfall event which
generated sediment is referred to as the threshold of sediment-generating rainfall. The thresholds
include rainfall amount, rainfall intensities, rainfall durations, and their combination indexes.

Obtaining thresholds of sediment-generating rainfall across different spatial scales plays a crucial
role in calculating rainfall erosivity and forecasting soil erosion and sediment yield from hillslope
to watershed scales. Xie et al. [8] compared the thresholds of hillslopes (0.09-1.72 hm?) and a small
agro-watershed (18 hm?), indicating that thresholds of sediment-generating rainfall for amount and
average intensity in the hillslopes are 1.6 and 1.5 times higher than those of the larger watershed,
respectively. Liang et al. [26] determined the thresholds of sediment-generating rainfall for 20
watersheds in the Loess Plateau and demonstrated that the thresholds of amount ranged from 7.5 to
33.5 mm due to different underlying surface conditions and area size. However, integrated research on
determining the thresholds of sediment-generating rainfall across different spatial scales remains scarce.

Peijiamaogou watershed is a typical agro-watershed on the hilly and gully region of the Loess
Plateau, where the rainfall and sediment in different spatial scales have been measured for several
decades and mass data of rainfall and sediment were collected. In this study, we analyzed the data
of rainfall characteristics and specific sediment yield of twelve instrumented nested landscape units
from 1990 to 2010, including eight runoff plots with area from 38.8 to 1024 m?, three subwatersheds
(0.069 to 0.45 km?), and Peijiamaogou watershed (39.3 km?). The present study has three specific
objectives: (1) To obtain the thresholds of sediment-generating rainfall from hillslope to watershed
scale; (2) to evaluate the thresholds of sediment-generating rainfall and determine the best rainfall
indexes regarding different spatial scales; (3) to reveal the variance of thresholds across spatial scales.
This study could provide a reference for calculating rainfall erosivity and improving the prediction
accuracy of sediment yield across different spatial scales, additionally, having theoretical significance
in developing the spatial scale effect theory of sediment yield in the loess hilly areas.

2. Materials and Methods

2.1. Study Area

Peijiamaogou watershed (110°17-110°23" E, 37°28’-37°33" N), a typical unmanaged watershed, is
located in the hilly and gully region of the Loess Plateau. The watershed covers a drainage area of
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39.3 km? with channel gradient of 1.22%. The main channel length is about 11 km with gully density
of 2.69 km km~2, and elevations ranging from 789 to 1122 m. The area of inter-gully and gully land
account for 49.1% and 50.9% of the total area in the watershed, respectively [27,28]. The region of
the watershed is mainly composed of some farmland, natural slopes, bareland, steep cliffs, villages,
roads, and ditch beds. The vegetation in this watershed is sparse and mostly distributed on the fallow
slopes. The soil of the original landscape exhibits a fine-silty texture with 32.1%, 60.5%, and 7.5%
of sand, silt, and clay contents, respectively [29]. There are sporadic soil and water conservation
measures in the Peijiamaogou watershed [30]. There were almost no check dams or reservoirs in the
watershed. Annual average precipitation was 307.7 mm from 1986 to 2010; moreover, about 73% of the
precipitation was concentrated between June and September. The annual runoff volume varied from
0.12 x 10° to 6.0 x 10® m3 between 1986 to 2010, with an average value of 1.01 x 10° m>. The annual
sediment yield varied from 7.63 to 2.58 X 10* t km~2 with significant inter-annual variability from 1986
to 2008 [31]. There are many subwatersheds dissected by dense channel networks in the watershed.
Generally, the subwatersheds are without base-flow discharges and typically smaller than 1 km? in
size, while the area of watersheds are typically higher than 1 km? [32].

2.2. Data Source

Measurements of rainfall characteristics (amount, duration, and intensity), total runoff, suspended
sediment concentration, and sediment yield in twelve geomorphic units were managed by the
stream-gauging staff of the Yellow River Conservancy Commission (YRCC) since 1986 according to
the national standards [31]. The data of rainfall and sediment for the Peijiamaogou watershed, the
Qiaogou subwatershed (a branch of the Peijiamaogou watershed), and No. 1 branch, No. 2 branch,
eight embedded runoff plots in the Qiaogou subwatershed from 1990 to 2010 were selected to obtain
the thresholds of sediment-generating rainfall (Tables 1 and 2). The runoff of the subwatersheds and
the watershed were recorded by flumes, which were constructed at the outlets of the watershed and
the subwatersheds, while the runoff of field runoff plots were measured by the water tanks. Suspended
sediment concentration was measured from the runoff samples, and specific sediment yield equalled
the runoff volume multiplied by respective suspended sediment concentration.

Table 1. Characteristics of the instrumented plots [31].

Geomorphic No. of Rainfall  No. of Runoff Specific Sediment

2 o
Plot No. Unit A (m?) L (m) 5C) Events Events Yield (t km~2)
1 The upper 388 19.4 18.0 701 48 4149 + 69.3
hillslope 1
2 The upper 97.0 19.4 18.0 701 49 664.9 +132.9
hillslope 2
3 The upper 194 19.4 18.0 701 50 586.7 + 118.5
hillslope 3
4 The lower 181 18.1 23.9 701 50 751.5 + 160.7
hillslope
5 Hillslope 456 456 22.0 701 50 667.5 = 132.8
6 Whole slope 2492 98.9 323 701 52 1961.2 = 430.0
7 Gully-slope 1 1584 55.6 39.0 701 45 651.6 + 152.7
8 Gully-slope 2 1024 53.0 40.1 701 4 1215.0 + 367.8

L represents the plot length, S represents the mean slope, A represents the area; data of the average specific sediment
yield are given as means =+ standard error of means.

There are six precipitation stations in the Qiaogou subwatershed and seven primary precipitation
stations in the Peijiamaogou watershed. All runoff plots share one precipitation station in the Qiaogou
subwatershed (Figure 1). The rainfall data were recorded continuously using self-recording rain gauges.
If the interval was less than 6 h between two consecutive rainy periods, then the two periods were
regarded as one rainfall event [12,33]. For every precipitation station, data of rainfall amount, duration,
and maximum intensities for every rainfall event were extracted and calculated. The characteristics of
the instrumented runoff plots and gauging stations are listed in Table 1, Table 2 and Figure 1.
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Table 2. Characteristics of the gauging stations [31].

. Gauging Control Channel No. of Rainfall No. of Runoff Aver’age Spe.uﬁc
Location Scale Station Area Length Events Events Sediment Yield
(km?) (m) (tkm~2)
No. 1 0.069 869 701 59 1233.4 +237.2
. branch
Qiaogou  Subwatershed No. 2
: 0.093 805 701 60 1563.1 + 464.7
branch
Qiaogou 0.45 1400 701 64 1196.9 + 395.8
Peijiamao Watershed Peijiamaogou  39.3 11,000 706 72 2201.1 £79.6
110°18'F 110°20°F 110°22'F -
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Figure 1. Location of the study area (The Loess Plateau (a), the Peijiamaogou watershed (b), the
Qiaogou subwatershed (c), field runoff plots in the Qiaogou subwatershed (d)). Note: The numbers are
the same to those in Table 1.

Conventionally, the term “soil erosion” is applied to hillslopes, and the term “sediment yield” is
used for a watershed or river system. For convenience, we used specific sediment yield (SSY, t-km~2)
to represent both cases hereafter. It should be noted that the SSY data refer to suspended load only.

2.3. Statistical Analysis

2.3.1. The Calculation of Thresholds for Sediment-Generating Rainfall

Among rainfall maximum intensities, the maximum 30-min intensity (I39) and maximum 60-min
intensity (Igo) are well correlated with soil loss [34] and are often implemented to calculate rainfall
erosivity [7,11,35]. Hence, we choose rainfall amount (P, mm), maximum 30-min intensity (I3g, mm
min~!), maximum 60-min intensity (Io, mm min~!), and their recombination indexes (rainfall amount
multiply maximum 30-min intensity (PI3y, mm? min~'), rainfall amount multiply maximum 60-min
intensity (Plg, mm? min~!)) to calculate the thresholds of sediment-generating rainfall. In the Qiaogou
subwatershed and the Peijiamaogou watershed, the rainfall indexes used the mean values of the
subwatershed and the watershed, which were calculated with the Theisen polygon method [36].

The calculation of the thresholds of sediment-generating rainfall was accomplished as follows [8,14]:
(1) All the runoff events were arranged in descending order of rainfall amount, along with associated
SSY of a plot or watershed. (2) Sum the cumulative SSY in descending order of rainfall amount, as well
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as calculating the cumulative percentage of SSY to overall SSY of all runoff events. (3) A regression
equation of rainfall amount and associated cumulative percentage of SSY was obtained by selecting
the maximal R? of the regression equation. (4) Given a cumulative percentage of SSY, a threshold of
sediment-generating rainfall was determined [8]. In this study, the cumulative percentage value that
we applied was 95%, because 5% of the total soil loss can be allowable in the Loess Plateau [14]. Rainfall
events with rainfall amount above the threshold were considered as sediment-generating rainfall [8].
The same process was used to obtain thresholds of the other rainfall indexes (I39, Io, Pl3o, Plgp)-

2.3.2. Thresholds of Rainfall Covering Area Proportion (CAP)

In the watersheds, the thresholds were calculated by mean values of rainfall indexes under
each rainfall event, which could not fully represent the detailed rainfall characteristics in the whole
watershed. Thus, we presented the thresholds of covering area proportion (CAP) as the thresholds
of sediment-generating rainfall at the subwatershed and watershed scales. CAP means the ratio of
the covering area, in which the values of rainfall indexes at the event time scale are higher than their
respective values of thresholds for the whole watershed, to the watershed area. It is advisable to apply
the thresholds of CAP for watersheds because of the high rainfall spatial heterogeneity at the event
time scale in the Loess Plateau [34,37]. Detailed procedures for determining the thresholds are as
follows: (1) Calculate the CAP for each rainfall event using the “Theisen polygon method”: Divide the
watershed into several units consisting of one precipitation station by the “Theisen polygon method”,
then the rainfall indexes of each precipitation station are used to represent those of respective units;
the CAP is the area proportion of units with the rainfall indexes higher than the thresholds of the
watershed. (2) Determine the thresholds of CAP using the method for calculating the other thresholds
of rainfall indexes mentioned above.

2.3.3. Thresholds Under Different Rainfall Types

Because of the significant discrepancies in soil erosion under different rainfall types, we used the
rainfall concentration index (CI) to classify rainfall events [34,38]. CI is defined as:

CI = Pgo/P (1)

where CI represents the concentration index of a rainfall event (%), Py is the maximum 60-min rainfall
amount of a given rainfall event (mm), and P is the total rainfall amount of the rainfall event (mm).

The rainfall types were classified depending on the CI. When CI > 80%, the rainfall events were
determined as rainfall type A, while 20% < CI < 80%, the rainfall events were determined as rainfall
type B, and the rainfall events with CI < 20% were determined as rainfall type C.

In the Peijiamaogou watershed, the runoff events of type A and B occurred 23 and 44 times during
the experimental period, respectively. However, there were only five rainfall events of type C which
generated sediment in the study period. This number is too small to calculate the thresholds and thus,
the thresholds were determined based on rainfall events under rainfall types A and B.

2.3.4. The Evaluation of Thresholds

To evaluate the rationality for thresholds of sediment-generating rainfall, we presented the mixing
index (MI) [8]. A better threshold can be obtained with smaller MI.
The mixing index was defined as follow:

MI = Nup + Nan

N x 100% ()

where MI = mixing index, representing the rate of the number of events that were “misclassified” in the
rainfall events which generated sediment or not to the number of total rainfall events; Ny, = number of
rainfall events which did not generate sediment with characteristics higher than the thresholds; Ny, =
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number of rainfall events which generated sediment with characteristics smaller than the thresholds
generating sediment; and N; = total number of rainfall events.

In addition, Nyp/N¢ implies the proportion of rainfall events which did not generate sediment in
calculation of rainfall erosivity; Ngn/N; represents the rate of sediment generating events which were
missed in the calculation of rainfall erosivity to all rainfall events.

3. Results

3.1. Thresholds of Sediment-Generating Rainfall

The P for thresholds of sediment-generating rainfall on the hillslope runoff plots were essentially
constant, with an average value of 14.0 mm (Table 3). The P for thresholds of two gully slopes were 15.5
and 15.2 mm, respectively. Additionally, the thresholds of No. 1 branch, No. 2 branch, the Qiaogou
subwatershed and the Peijiamaogou watershed were higher than those of hillslopes. The average
thresholds of maximum rainfall intensities and the recombination indexes for the subwatersheds were
higher than those for runoff plots on hillslopes (Table 3). However, the thresholds of I3y and I4 for the
Peijiamaogou watershed were smaller than those for other spatial scales.

The thresholds of maximum rainfall intensities had an improved effectiveness for separating
sediment-generating rainfall compared to the thresholds of rainfall amount and recombination indexes.
The MlIs using the thresholds of P were 11.8 to 14.1%, which were far higher compared to the thresholds
of maximum rainfall intensities and recombination indexes. Among all spatial scales, Nyp/N; were
much higher than those of Ng,/N¢. The rates of Nyp to Nt for runoff plots were higher compared to
the subwatersheds and the watershed, whereas the Ng,/N; of runoff plots were smaller than those
of the subwatersheds and the watershed. The values of MI and Nyp/N; for thresholds of maximum
rainfall intensities were much smaller compared to the thresholds of rainfall amount and recombination
indexes (Figure 2). Hence, the thresholds of I3y were recommended to employ in different spatial scales
with an average MI of 4.2% (Figure 2).

Table 3. Thresholds of sediment-generating rainfall across different spatial scales.

Spatial

Scale Geomorphic Unit P I30/(mm-min—1) Igo/(mm-min-1)  PlIzp/(mm?min-1) Plgy/(mm?-min-1)
The upper
hillslope 1 13.8 0.23 0.18 4.11 3.19
The upper
hillslope 2 14.1 0.24 0.18 4.29 3.35
Plot scale The upper 141 0.23 0.19 417 3.26
hillslope 3
The lower 139 024 0.20 450 356
hillslope
Hillslope 14.1 0.22 0.19 4.00 3.29
Gully-slope 1 14.2 0.26 0.20 4.06 3.32
Gully-slope 2 15.2 0.26 0.21 4.51 3.49
Whole slope 14.0 0.23 0.19 3.39 2.83
Plot average 14.2 0.24 0.19 4.13 3.29
No. 1 branch 143 0.25 0.19 4.13 3.14
Subwatershed No. 2 branch 153 0.29 0.23 5.92 4.02
scale Qiaogou 15.6 0.27 0.21 5.06 3.62
Subwatershed 15.1 027 021 5.04 359
average
Watershed Peijfiamaogou 15.9 0.20 0.16 435 3.49

scale
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Figure 2. The mixing indexes and R? of regression equation for thresholds (P, I3y, I¢, Pl3g, Plgp) across
different spatial scales.

In sum, 0.24, 0.27, and 0.20 mm min~! of I3y were supposed to the thresholds for the hillslope,
subwatershed, and watershed scales, respectively.

3.2. Thresholds of Covering Area Proportion (CAP)

To analyze the thresholds of CAP, we decided to obtain the CAP of P I3y and Pl to determine
the thresholds in the Qiaogou subwatershed and the Peijjiamaogou watershed. Table 4 indicates
that the thresholds of CAP had a greater applicability in the Qiaogou and Peijiamogou watersheds
than other thresholds with smaller MlIs. For instance, the MlIs of CAP thresholds for I3 were 3.4
and 4.4%, respectively, and these values were smaller than MIs of thresholds for I3 in Qiaogou
(4.4%) and Peijiamogou (6.7%) (Table 4, Figure 2). Accordingly, the CAP could represent thresholds
of sediment-generating rainfall in the subwatershed and the watershed scales. Among all rainfall
indexes of CAP, I3y exhibited the least Mls in the subwatershed and the watershed, followed by the
PI3j, whereas P showed much larger Mls compared to I3y and Pl (Table 4). Generally, the applied
I3 threshold of CAP exceeding 0.27 mm min~! would be 48% at the subwatershed scale and those
exceeding 0.20 mm min~! would be 30% at the watershed scale, respectively.

Table 4. Thresholds of covering area proportion (CAP) and their evaluations in the subwatershed and
the watershed (%).

Precipitation Station Index CAP/(%) l\ll;‘lp 1% NT'T‘/% MI/%
P>15.6 mm 50.5 8.1 24 10.6
Qiaogou Io > 0.27 mm-min~? 47.6 1.0 24 3.4
PI3p > 5.14 mm?2-min~! 47.4 2.1 3.0 5.1
P>159 mm 31.0 7.8 2.7 10.5
Peijiamaogou Ip > 0.20 mm-min~? 30.3 2.1 2.3 44

Pl3y > 4.35 mm?-min~? 26.2 3.5 24 5.9




Water 2019, 11, 2392 8 of 14

3.3. Thresholds of Sediment-Generating Rainfall under Different Rainfall Types

There were considerable differences in the thresholds under two rainfall types (Table 5). The
thresholds of P under rainfall type B for different spatial scales were higher than those of rainfall type
A (Table 5). The variation of thresholds among different spatial scales was inconsistent under different
rainfall types. The results obviously demonstrate that all of the thresholds in the subwatersheds and
the watershed were higher than those of runoff plots under rainfall type A. As for rainfall type B, the
thresholds in the subwatersheds and the watershed were smaller than those of runoff plots except for
thresholds of I3y in the Qiaogou subwatershed. Additionally, thresholds of I3y under rainfall type B
were higher than those under rainfall type A in runoff plots, but smaller in the subwatersheds and
the watershed.

Table 5. The thresholds of sediment-generating rainfall under rainfall types A and B.

Spatial Scale Site A B
P/mm Ip/(mm:min=1)  PlI3p/(mm?-min-1) P/mm I3p/(mm-min-1)  Plzp/(mm?min-1)
The upper hillslope 1 9.3 0.24 2.30 245 0.28 6.85
The upper hillslope 2 9.3 0.24 242 25.7 0.27 7.48
The upper hillslope 3 9.3 0.21 2.25 249 0.26 6.98
The lower hillslope 9.5 0.24 244 27.5 0.26 7.73
Plot scale Hillslope 10.1 0.23 2.75 251 0.28 7.26
Gully-slope 1 9.0 0.23 2.39 27.2 0.27 6.47
Gully-slope 2 8.8 0.23 218 27.8 0.27 891
Whole slope 10.2 0.23 2.36 27.4 0.23 5.80
Plot average 9.4 0.23 2.39 26.3 0.27 7.19
No. 1 branch 135 0.33 5.35 20.2 0.18 4.28
Subwatershed No. 2 branch 15.8 0.40 6.09 229 0.20 473
scale Qiaogou 12.6 0.32 4.21 21.6 0.25 5.19
Subwatershed
14.0 0.35 522 21.6 0.21 4.73
average

Watershed Peijiamaogou 121 0.25 2.79 214 0.20 546

scale

Among the thresholds of different rainfall indexes, the MIs of the thresholds for I3y were less
compared to those of P and PI3 (Figure 3). Thus, it was better to employ the I3y as thresholds of
sediment-generating rainfall under rainfall types A and B. In general, we recommend using I3y values
of 0.23,0.35, and 0.25 mm min~! (Table 5) as thresholds at the hillslope, subwatershed, and watershed
scales under rainfall type A, and I3 values of 0.27, 0.21, and 0.20 mm min~! as thresholds at the
hillslope, subwatershed, and watershed scales under rainfall type B.

Generally, thresholds of CAP exceeding rainfall thresholds for P, I3y, and Pl3j of the Qiaogou
subwatershed were higher than those of the Peijiamaogou watershed. Thresholds of CAP for P and
PI3p under rainfall type B were higher than those under rainfall type A. While for I3, the thresholds of
those under rainfall type B were smaller than those under rainfall type A (Table 6). For rainfall type A,
CAPs of I3y are recommended for use as the thresholds of sediment-generating rainfall with smaller
average Mls (3.3%). As for rainfall type B, the CAPs for Pl had better effectiveness compared to other
rainfall indexes.

In general, we concluded that the CAP exceeding rainfall thresholds for I3y and PI3p should be
employed as thresholds of CAP at the subwatershed and watershed scales under rainfall types A and
B, respectively. In practice, thresholds of CAP regarding I3y would be 68.3% and 16.4%, respectively, at
the subwatershed and watershed scales under rainfall type A, and that regarding PI3y would be 54.9%
and 31.9%, respectively, at the subwatershed and watershed scales under rainfall type B, respectively
(Table 6).



Water 2019, 11, 2392 9of 14

91 i, e, NP
8
9
< 69 =
2 s
= 4
Z 5] N ]
14
0
61 6
5 5
< a4 < 4
z &
g 3 [ g3
<
z z
l I-&MMM
0 0=
11 11
104 10
94 94
-~ 84 _ 84
] S M
z z
26 - £ 6
] 5] -i 5
=3
2 4] £ 44
z Z
- 34 = 34
2 24
14 1
0 0=+

e Q. & 2>\ 2 oS
vV A \~ RAAF aof \d{" a9 \\‘\ \(\(\‘\ 2 oo “3' AR QAT \~‘\"' \‘\* ‘«“ \(,(“ \\\" po®
N \“\\ \\‘\\ o \\\\ \“\ R \\\\‘ W L RN ‘\\\\\ W ‘\“\ W PR S PR DA
o o e\ Y ‘\«\ \v‘*\\h\
AT e e O AT T [
Geomorphic unit Geomorphic unit
(a) (b)

Figure 3. The evaluation for thresholds of sediment-generating rainfall under rainfall type A (a) and

B (b).

Table 6. Thresholds of cover area proportion (CAP) and their evaluations in the Qiaogou and
Peijiamaogou watersheds under rainfall types A and B.

Precipitation Station Rainfall Type Index CAP/(%) NT":’ 1% NT‘?‘/% MI/%

P>12.6 mm 20.0 1.9 53 7.2
I3p > 0.34 mm-min~! 68.3 0.8 23 3.0

A Pl3y > 4.01
o ég.miﬁ-l 27.8 0.8 4.6 53

Qiaogou

P>21.6mm 83.0 46 0.8 5.4
Ig > 0.25 mm-min~! 41.2 1.9 3.3 5.2

B Ply > 5.19
. rflolmiﬁ—l 54.9 2.4 2.7 5.2
P>121mm 9.6 1.6 3.2 4.8
I3g > 0.25 mm-min ™! 46.4 1.6 2.0 3.6

A Pl > 2.79
o Ifloz.mn}*l 29.3 2.0 2.8 48

Peijiamaogou

P >21.4 mm 67.3 4.0 29 6.9
I30 > 0.20 mm-min~! 32.4 2.7 3.4 6.1

B PI30 >5.46
e min-l 31.9 2.7 2.7 53

4. Discussion

4.1. The Thresholds of Sediment-Generating Rainfall Under Different Rainfall Types

We divided rainfall events which generated sediment into three rainfall types based on rainfall
concentration index and determined thresholds under rainfall types A and B [34]. The rainfall type A,
with high intensity and short duration, occurred from severe convective weather and was considered
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to cause most of the erosive rainfall events and a large proportion of runoff and soil erosion [38,39].
The high rainfall intensity resulted in forming a surface crust and sealing which accelerated surface
flow [38], reducing infiltration rate and generating surface flow rapidly [40-43]. Moreover, sediment
transport capacity of overland flow increased with the rising of rainfall intensity [44]. The time to
runoff of high-intensity rainfalls also declined compared to low-intensity rainfalls under simulation
experiments [45]. Accordingly, the events of rainfall type A with less rainfall amount could generate
runoff because of the higher rainfall intensity compared to rainfall type B. In turn, rainfall with weak
rainfall intensity and long duration led to improved infiltration and induced less erosive rainfall
events [38,39,44]. Therefore, thresholds of P for rainfall type B were higher than those of rainfall type
A under different spatial scales.

Wang and Jiao [34] demonstrated that the spatial heterogeneity of rainfall amount under type
A was higher compared to that under rainfall type B in watersheds. In most circumstances, the area
of rainfall center of rainfall events under rainfall type A was only several square kilometers [34].
Consequently, the maximum value of P of a rainfall event under rainfall type A at the subwatershed
and watershed scales would be higher than that of a rainfall event with the same mean rainfall amount
under rainfall type B. Moreover, the thresholds of P (14.3-15.3 mm) of the subwatersheds (No. 1
and 2 branches) were smaller than those of the Peijiamaogou watershed (15.9 mm) and the Qiaogou
subwatershed (15.6 mm) (Table 3). In a rainfall event under rainfall type A, rainfall amount of partial
region in the watershed would be higher than the amount thresholds at the subwatershed or watershed
scales, while the rainfall amount of other regions was not. In the partial region, the rainfall amount
was much higher than the inner subwatersheds (for instance, No. 1 and 2 branches) and runoff would
be probably generated rapidly and transport the sediment to the outlets of the subwatershed and the
watershed. Furthermore, there was a large area of sloping cropland, bareland, villages, and roads,
which were susceptible to soil erosion in the Peijiamogou watershed [8,30]. It was more likely to cause
runoff and sediment in the Peijiamaogou watershed under rainfall type A when the erosion-prone area
was covered with higher rainfall intensity. Hence, the thresholds of CAP for P under rainfall type A
were more smaller than those under rainfall type B (Table 6). The results can provide reference for
water erosion prediction at the subwatershed and watershed scales.

4.2. The Thresholds of Sediment-Generating Rainfall across Different Spatial Scales

The scale-dependency of the soil erosion and sediment transportation in the Loess Plateau region
has been demonstrated by previous studies [24,25,40,46]. Within subwatersheds, sediment generated
from the hillslope may deposit at the sediment sinks at the foot of hillslopes or store in valley bottoms
and channel [5,47,48]. Consequently, in the subwatershed, more runoff which was produced by rainfall
events with higher rainfall intensity was needed to transport the sediment produced from the hillslope
to the outlets of the subwatersheds. Hence, I3y thresholds increased as the spatial scale transformed
the hillslope into the subwatershed (Table 3).

The previously described laws were not suitable for the spatial scale of the watershed. Liu et al. [49]
found that the rainfall characteristics in the watersheds with an area larger than 5 km? were characterized
by high spatial heterogeneity and positively correlated with the area of the watersheds [34]. As an
example, the mean I3 of a rainfall event in the Peijlamaogou watershed happened in July 2006, was
only 0.21 mm min~!, yet two rainfall stations in the Peijiamaogou watershed showed I3y of 0.70
and 0.72 mm min~!. In some rainfall events with lower mean rainfall intensities, part of the area
of the watersheds may be covered by high rainfall intensity far higher than the thresholds of the
subwatersheds. Consequently, that part of the area may serve as sediment source area in the runoff
events. Rainfall with high intensity caused runoff in sediment source areas, and the runoff generated by
intense rainfall was high enough to transport the sediment produced from the subwatersheds or stored
in channel to the outlets of the outer watersheds [47]. Namely, the sediment sinks in events with small
rainfall intensity may be transformed to sediment sources in these circumstances. Additionally, the
watersheds would generate sediment more easily if the areas covered by high rainfall intensity were
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close to outlets of watersheds. Thus, the I3y threshold of the watershed (Peijiamaogou) was not only
smaller than those of the subwatersheds, but also relatively small as opposed to those of runoff plots
(Table 3). This also implies that the spatial heterogeneity of rainfall characteristics in larger watersheds
should be taken into consideration in studies of runoff and sediment generation of watersheds in the
Loess Plateau region [27].

4.3. The Index Selection for Thresholds of Sediment-Generating Rainfall

Generally, the I3y should be recommended as rainfall index for the thresholds of
sediment-generating rainfall to effectively reduce the considerable work of calculating the rainfall
erosivity from hillslope to watershed scales in the loess hilly areas. Among rainfall indexes for the
thresholds of sediment-generating rainfall, the I3y had the least Mls of thresholds, including the
thresholds across different spatial scales and the CAP (Figure 2, Table 3). This finding proves the result
reported by Xie et al. [8] at the hillslope and subwatershed scales. Besides, the other maximum rainfall
intensities and recombination indexes can be supplementary thresholds. However, the P was not
recommended as the rainfall index for the thresholds of sediment-generating rainfall. Thresholds of P
exhibited highest MIs among all rainfall indexes, with average values of 13.1% (Figure 2). Additionally,
the Nyp/N¢ of P also showed higher than those of other rainfall indexes and the values of Ny,/Nt were
much higher than that of Ng,/Nt. These results indicate that taking the rainfall amount as thresholds
of sediment-generating rainfall would underestimate the values of threshold sediment-generating
rainfall and lead to superfluous work of calculating rainfall erosivity (Figure 2). This phenomenon
also indicates that rainfall events with higher rainfall amount and smaller maximum 30-min intensity
may not cause sediment across different spatial scales, and I is a suitable factor predicting the soil
loss [34,35].

In watersheds, the mean rainfall indexes (P, I3y, Plsy) were difficult to represent the rainfall
characteristics explicitly and roundly under a rainfall event [34,49,50]. Accordingly, thresholds
of mean rainfall indexes also led to an under-representation of the spatial distribution of critical
sediment-generating rainfall in larger watersheds. Thus, the thresholds of CAP (covering area
proportion) that we proposed can be used at both subwatershed and watershed scales. For instance,
thresholds of CAP for P in the Qiaogou subwatershed and the Peijiamaogou watershed were 50.5%
and 31.0%, respectively. These thresholds meant that the percent of area with rainfall amount higher
than their mean thresholds (15.6 mm in Qiaogou and 15.9 mm in Peijiamaogou) to the total area of the
subwatershed and the watershed were 50.5% and 31.0%, respectively. The thresholds for CAP could
distinguish effectively the rainfall events which generated sediment or not in the subwatersheds and
the watersheds well, because the MIs of thresholds for CAP were smaller (Figure 2, Table 4).

Other factors, such as rainfall during the early stage and underlying conditions (land use types,
agrotype, and topography), could impact the thresholds of sediment-generating rainfall [11,13,17]. As
has been documented, the soil moisture content before the rainfall has an influence on the runoff and
soil loss [51-53]. Hence, antecedent rainfall could also be considered in the process of soil erosion and
the obtainment of the thresholds for sediment-generating rainfall. However, the effects of other factors
have not been included in this study because of insufficient data of antecedent rainfall and underlying
conditions. Also, the current study obtained the thresholds of sediment-generating rainfall across
different spatial scales, while the temporal scales of rainfall thresholds have not been studied in our
research. In sum, the role of other factors and temporal scales on the thresholds should be studied
further in future researches.

5. Conclusions

In the present study, thresholds of sediment-generating rainfall across different spatial scales
under different rainfall types were determined based on observations of rainfall and sediment data of
twelve instrumented nested landscape units from 1990 to 2010. I30 was deemed to be most suitable
amonyg all thresholds of rainfall indexes because of the smaller MIs, whereas P was not recommended
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as thresholds of sediment-generating rainfall due to higher MIs. In addition, thresholds of CAP for P
and I30 were 50.5% and 47.6% at the subwatershed scale, and 31.0% and 30.3% at the watershed scale,
respectively. In general, all thresholds (P, I30, 160 and PI30, PI60) of the subwatershed scale were nearly
higher than those of hillslope scale. Regarding the watershed scale, the threshold of 130 was smaller in
contrast with the other scales. The thresholds of sediment-generating rainfall were inconsistent under
different rainfall types. The thresholds of 130 under rainfall type B were much higher than those under
rainfall type A at the hillslope scale and smaller than those under rainfall type A at the subwatershed
and watershed scales.

The results of thresholds for sediment-generating rainfall across different spatial scales cannot
only be applied to the Loess Plateau, but also be extrapolated to other loess hilly areas with similar
climatic conditions, soil characteristics, and geomorphologic landscapes worldwide. This study can
provide a reference for calculating rainfall erosivity and predicting soil erosion and sediment yield
across different spatial scales, as well as sideways verification of the theory of spatial scale effect of soil
erosion and sediment yield.
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