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The Yellow River is one of the rivers with the largest amount of sediment in the world. The
amount of incoming sediment has an important impact on water resources management,
sediment regulation schemes, and the construction of water conservancy projects. The
Loess Plateau is the main source of sediment in the Yellow River Basin. Floods caused by
extreme precipitation are the primary driving forces of soil erosion in the Loess Plateau. In
this study, we constructed the extreme precipitation scenarios based on historical extreme
precipitation records in the main sediment-yielding area in the middle reaches of the Yellow
River. The amount of sediment yield under current land surface conditions was estimated
according to the relationship between extreme precipitation and sediment yield
observations in the historical period. The results showed that the extreme rainfall
scenario of the study area reaches to 159.9 mm, corresponding to a recurrence period
of 460 years. The corresponding annual sediment yield under the current land surface
condition was range from 0.821 billion tons to 1.899 billion tons, and the median annual
sediment yield is 1.355 billion tons, of which more than 91.9% of sediment yields come
from the Hekouzhen to Longmen sectionand the Jinghe River basin. Therefore, even
though the vegetation of the Loess Plateau has been greatly improved, and a large number
of terraces and check dams have been built, the flood control and key project operation of
the Yellow River still need to be prepared to deal with the large amount of sediment
transport.
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INTRODUCTION

Global warming increases the water holding capacity of the atmosphere, which is expected to
increase the probability of extreme precipitation at the regional scale (Meehl et al., 2000; IPCC, 2012).
Extreme climate events have received increasingly attentions in hydro-meteorological research since
they are the driving forces behind many natural disasters, such as floods and landslides (Alexander
et al., 2006; Du et al., 2013). Extreme precipitation also plays a key role in soil erosion processes (Frich
et al., 2002; Trenberth, 2011; Fischer et al., 2012). The amount of soil erosion caused by a rainstorm
can account for 60% or even more than 90% of the total annual erosion (Wang et al., 2016; Comino
et al., 2017).

Many studies have investigated the effects of extreme precipitation on sediment yields worldwide.
Buendia et al. (2015) found that when extreme rainfall changed in the Mediterranean region, river
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sediment discharge significantly decreased or increased. Zhong
et al. (2017) found that there was a significant correlation between
the river sediment discharge and extreme precipitation indicators
in the Songhua River basin, China. Keo et al. (2018) analyzed the
change in rainfall erosivity over the past 50 years in the Loess
Plateau and found that extreme rainfall was the main factor
affecting soil erosion. By combining climate models with
hydrological models, Garbrecht et al. (2014) indicated that the
amount of sediment discharge in different basins in the United
States would increase by 127–157% compared with the period of
1970–1999 due to the increase in extreme precipitation events.
Kao and Milliman (2008) found that the sediment discharge
during the transit of Typhoon Dandelion was twice the average
annual sediment discharge. Moreover, many studies have found
that even if the total precipitation is constant, the increase in
rainfall intensity will cause an increase in soil erosion (Nearing
et al., 2005; Garbrecht et al., 2014).

The Yellow River is one of the rivers with the highest sediment
content in the world. About 90% of the sediment comes from the
Loess Plateau in the middle reaches of the YRB (Wang et al.,
2007). The average annual sediment discharge at the Shanxian
section of the YRB was 1.6 billion tons during the period
1919–1959, and the maximum sediment discharge was 3.91
billion tons in 1933. However, the sediment discharge of the
YRB has gradually decreased since 1980. The average annual
sediment discharge from 2000 to 2018 was only 250 million tons,
of which the maximum was 620 million tons in 2003. The
prediction of the sediment discharge is essential in the YRB,
which directly affects the water resources management and
planning, the allocation of sediment resources, and the
application of water conservancy projects. Therefore, the
causes of the changes in sediment yields have been the focus
of previous studies on the YRB since the 1990s (Liu et al., 2014a;
Shi andWang, 2015; Xin et al., 2015; Dang et al., 2018; Zhao et al.,
2018). Many studies have been carried out on the causes of
sediment reduction, changes in precipitation and their effects on
sediment discharge, and changes in extreme precipitation in the
YRB (Miao et al., 2011; Wang et al., 2016; Gao et al., 2017; Gao
and Wang, 2017; Zhang et al., 2018; Dang et al., 2019).

In terms of the impact of extreme precipitation on the
sediment discharge of the YRB, some scholars have carried out
comparative analyses of some small watersheds in the middle
reaches of the YRB. Ran et al. (2015) analyzed the effects of soil
and water conservation measures on the sediment discharge of
the Jialu River Basin during an extraordinary rainstorm in 2012.
Cheng et al. (2016) revealed the impact of changes in
precipitation of different intensities on sediment discharge in
the Yanhe River Basin and found that with the increase in
precipitation intensity, the impact of precipitation on sediment
discharge gradually increased. Jiao et al. (2017) analyzed the
effects of vegetation changes on sediment yield during heavy
rainstorms in the Yanhe River Basin in 2013. Chen et al. (2018)
performed a comparative analysis of the changes in sediment
discharge and the causes of two heavy rainstorms in the Yanhe
River Basin in 1977 and 2013. These studies have analyzed the
impact of heavy rainfall on the sediment discharge in a typical
year in a tributary in the middle reaches of the YRB, and there are

still few studies on the prediction of the possible sediment yield of
the YRB under large-scale extreme precipitation in the Loess
Plateau. However, the average annual sediment yield and the
maximum sediment yield in the case of extreme rainstorms are
both important basic data influencing the decisions about major
issues in the management of the YRB, among which the
maximum sediment yield is more important for the
arrangement and application of major water conservancy
projects.

In the context of substantial vegetation improvement and
large-scale construction of soil and water conservation projects
in the Loess Plateau (Liu et al., 2014a; Fu et al., 2017), the
maximum sediment yield of the YRB in the event of extreme
rainfall in the future has received increasing concerns. Floods
caused by extreme precipitation is the key driving force for soil
erosion and sediment yield. In this study, the main sediment-
yielding area in the middle reaches of the YRB was taken as the
study area, and extreme precipitation scenarios were constructed
based on the analysis of historical extreme precipitation.
According to recent sediment yield indicators and the
relationship between precipitation and sediment yield, the
corresponding sediment yield under the current surface
conditions in the study area was analyzed.

MATERIAL AND METHODS

Study Area
The sediment in the YRB mainly comes from the Loess Plateau in
the middle reaches. Considering that the sediment from the
Fenhe River Basin has been stable at extremely low levels in
the past 40 years, it is not included in the study area. Therefore,
the study area in this article includes four subregions, namely, the
HLR, the area above Liujiahe in the Beiluo River Basin (BLR), the
area above Jingcun in the Jinghe River Basin (JHR), and the area
above Tuoshi in theWeihe River Basin (WHR), also known as the
main sediment yield region of the YRB (Figure 1).

The upper reaches of the Wuding River Basin and the upper
reaches of the Tuwei River Basin in the HLR are mostly covered
by sand, and the erosion modulus in most areas is relatively small.
Moreover, 55% of the medium and large reservoirs and 1/3 of the
small reservoirs in the HLR are concentrated, and there is very
little sediment moving downstream, therefore, it is not included
in the study area of this paper. The study area is 163,500 km2,
mainly in the loess hilly and gully area of the Loess Plateau, with
some feldspathic sandstone area. According to the measured data
from 1934–1959, the average annual sediment discharge in the
study area is 1.495 billion tons, accounting for 86.9% of the total
sediment discharge in the region above Tongguan station in
the YRB.

Data
Precipitation Data
The precipitation data from the 436 precipitation stations from
1966 to 2018 were from the hydrological yearbook and
Hydrological Bureau of Yellow River Conservancy
Commission (Figure 1). The annual precipitation with daily
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rainfall greater than 10, 25, 50, and 100 mm for each station was
calculated, represented by P10, P25, P50 and P100, respectively, and
in units of mm. The surface average precipitation of each
watershed or subregion was interpolated by the Thiessen
polygon method.

Based on historical extreme precipitation records in the main
sediment-yielding area in the middle reaches of the Yellow River,
three extreme precipitation scenarios were constructed in
this study.

Scenario A
Most of the rainfall in the Loess Plateau does not produce runoff
and sediment (Tang, 2004; Wang et al., 2019), and the measured
data show that the main factor that determines the annual
sediment load of the YRB is several heavy storms or
extraordinarily heavy storms, most of which have rainfall of
more than 50 mm (Wang et al., 2019). According to the
statistics of annual P50 and the corresponding sediment yield
of typical tributaries in the middle reaches of the YRB, although
the proportion of P50 in annual rainfall is only 2.3–7.8%, the
corresponding sediment yield accounts for 44% of the annual
sediment yield, of which the proportion of the HLR reached
50.5% (Liu et al., 2016).

The analysis of the changes in P50 and P100 in the study area
from 1966 to 2018 showed that except in 2011 and 2015, the

heavy rainfall in the other seven years since 2010 was significantly
higher and was the most abundant period since 1966, as shown in
Figure 2. During this period, P50 was 43.5% more than its
multiyear average value, and P100 was 93.7% higher. It is
assumed that the years with the heaviest rainstorms in each
tributary since 2010 are all relocated to one year, indicating that
all tributaries have experienced the heaviest rainstorm measured
from 2010 to 2018 in the same year, but not simultaneously. This
extreme precipitation scenario is called scenario A.

For scenario A, the covered areas of maximum daily rainfall
≥50 mm and maximum daily rainfall ≥100 mm are 153,900 and
45,500 km2, respectively (Figure 3A), and the regional average
rainfall of P50 and P100 is 142.3 and 39.1 mm, respectively. As
shown in Figure 3, this value is much larger than that of any other
year from 1966 to 2018. The area with P50 reaching three times of
the average annual P50 from 1966 to 2018 accounts for
approximately 70% of the study area.

Scenario B
The rainstorm in August 1933 was the most famous rainstorm in
the Loess Plateau. The measured sediment discharge at Shanxian
station in that year was 3.91 billion tons, which was the largest
since 1919. The rainstorm formed the largest flood peak
(22,000 m3/s) at Shanxian station in the main stream of the
Yellow River since 1919, the second largest flood peak at

FIGURE 1 | Sketch map of the study area: I. HLR (excluding the sandy area in the upper reaches of theWuding River Basin and Tuwei River Basin); II. BLR; III. JHR;
and IV. WHR.
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Zhangjiashan station in the Jinghe River, Longmen station in the
Yellow River and Xianyang station in theWeihe River since 1919.
The maximum 12 days flood volume at the Shaanxi section was
9.07 billion m3, which was ranked as the largest flood in the YRB
since 1919 (Yellow River Conservancy Commission, 2008).
Therefore, the flood in 1933 was recognized as a rare
hydrological event in the YRB (Liu, 2016), and the flood
control department of the Yellow River Conservancy
Commission always took it as a key flood prevention object
(Yellow River Conservancy Commission, 2008).

Based on the rainstorm analysis results in 1933 (Zheng, 1981;
Shi and Yi, 1984), the P50 and P100 in 1933 in the study area were
calculated by using the relationship between rainfall and
sediment discharge in 1956–1975, known as scenario B. The
results showed that the regional average rainfall of P50 and P100 in
the study area in 1933 was 122.2 and 76.4 mm, respectively.
Among them, the P50 of the HLR, WHR, JHR and BLR in 1933
were 90.8, 111.3, 188.8, and 180.4 mm, respectively. Figure 5
shows the estimated ranges of P50 and P100 during the entire flood
season of 1933, with a total rainfall of 23.88 billion m3. The
coverage area of maximum daily rainfall ≥50 mm is 122,000 km2

(Figure 3B), which is less than that of scenario A. However, the
range of maximum daily rainfall ≥100 mm is 69,500 km2, which
is 1.5 times that of scenario A.

Scenario C
It can be seen from Figure 3A and Figure 3B that the rainstorm
center of scenario A is mainly located in the HLR, and P50 and
P100 are larger than that of scenario B (Table 2). The rainstorm
center of scenario B is mainly located in the BLR, JHR andWHR,
and the P50 and P100 in these three regions are larger than those of
scenario A (Table 1). Therefore, when designing the extreme
precipitation scenario, both the rainstorm amount and the
distribution of the storm center were considered, and
scenarios A and B were combined. That is, the rainfall data of
scenario A were used in the HLR, while the rainfall data of
scenario B were used in other areas to construct a new extreme
rainfall scenario, scenario C. The proportion of rainfall coverage
area of the maximum daily rainfall ≥50 mm and maximum daily
rainfall ≥100 mm for scenario C in the study area was 92.7 and
56.2%, respectively (Figure 3C). Table 2 shows that the regional
average rainfall of P50 and P100 in the study area is 159.9 and
83.7 mm, respectively, and both P50 and P100 in the study area and
each subregion were the largest in scenario C.

Sediment Data
The sediment discharge data from 1966 to 2018 were from the
hydrological yearbook and Hydrological Bureau of Yellow River
Conservancy Commission. The locations of the hydrological
stations are shown in Figure 1. The sediment yield capacity of
the basin is expressed by the sediment yield index (Si), which
refers to the sediment yield per unit area per unit of rainfall in the
erosion-prone area of the basin, in units of t/(km2 mm). The
rainfall index P25, which is more sensitive to the sediment yield in
the basin, was used to calculate Si.

Si � Ws

Ae
× 1
P25

(1)

where Si is the sediment yield index, t/(km2 mm); Ws is the
annual sediment yield of the basin, 10^ 4 t;Ae is the area of erosion-
prone area of the basin, km2; and P25 is the rainfall index, mm.

Vegetation Data
Vegetation coverage of forest and grassland (referred to as forest
and grassland coverage) refers to the proportion of the projected
area of leaves and stems of forest and grassland (Als) to the area of
forest and grassland in erosion-prone areas (Av), represented by
Vc (%), and can be calculated as follows.

VC � Als/Av (2)

On a large spatial scale, the normalized difference vegetation
index (NDVI) extracted from remote sensing images can be used
to calculate Vc (Carlson and Ripley, 1997) as follows:

VC � (NDVI − NDVIsoil)/(NDVIveg − NDVIsoil)
NDVI � (NIR − R)/(NIR + R) (3)

whereNDVIsoil is theNDVI value of the bare soil or no vegetation
coverage area; NDVIveg is the NDVI value of the fully vegetated
areas; NIR is the near infrared band; and R is the red light band.
The NDVI values used in each year are the maximum for that
year. The NDVI data of the HLR from 2000 to 2018 were obtained
from MODIS satellite remote sensing images with a spatial
resolution of 250 m.

Vc can reflect the vegetation coverage in forest and grassland
itself but cannot reflect the projected degree of vegetation to the
erosion-prone area of the whole basin. Therefore, the concept of
forest and grassland vegetation coverage in the erosion-prone
area is introduced, and it refers to the proportion of Als in the
erosion-prone area of the basin (Ae), which is expressed asVe (%)
and referred to as the effective forest and grassland coverage. The
calculation formula is as follows:

FIGURE 2 | Changes in P50 and P100 in the study area from 1966
to 2018.
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Ve � Als

Ae
� Als

Av
× Av

Ae
� Vc × Av

Ae
(4)

The erosion-prone areas and the forest and grassland areas in the
study area in 2010 were obtained based on the satellite remote
sensing images of HJ CCD with a spatial resolution of 30m (Liu
et al., 2014a; Liu et al., 2018).

Terraces Data
The construction of terraces is also an important human activity
that affects sediment yield. The terrace area in the study area in
2012 and 2017 was obtained from China Resources No. 3 satellite
remote sensing data with a spatial resolution of 2.1 m. The images
are mainly from January to May and partly from October to
December to minimize the impact of dense vegetation on the

identification of terraces. The terrace area of each tributary before
2012 was obtained from the statistics of counties. To scientifically
describe the scale of terraces in different regions, the concept of
effective terrace coverage (Te) is introduced, and it refers to the
proportion of terrace area to the erosion-prone area in the basin,
in units of %. Then, the effective coverage of forest, grassland and
terraces (Vet , %) is the sum of Ve and Tc.

Methods
Precipitation Frequency Distributions
To describe the characteristics of the precipitation series and the
probability of extreme precipitation, it is necessary to identify the
optimal fitting statistical models. Three commonly used statistical
models, i.e., generalized extreme value distribution, generalized
Pareto distribution (GP) and Pearson type III distribution (PE3),

FIGURE 3 | The covered area of rainstorms for (A) scenario A, (B) scenario B and (C) scenario C in the study area.
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were used in this study to fit the precipitation series. The
cumulative distribution functions of the selected models are
shown in Table 2.

The L-moments method proposed by Hosking is a convenient
and robust method for parameter estimation (Hosking, 1990;
Hosking, 1997; Hosking and Wallis, 1997; She et al., 2013; Chen
et al., 2014), and it was used to estimate the parameters of the
three selected models in this study. The optimal distribution was
selected by three goodness-of-fit methods: the Kolmogorov-
Smirnov (K-S) test method, Akaike Information Criterion
(AIC) and OLS (Akaike, 1974).

The test statistic of the K-S method can be calculated as

Dn � max
1≤ i≤ n

[ i
n
− F0(x(i)), F0(x(i)) − i − 1

n
] (5)

where x(i) is the empirical frequency, F0(x(i)) is the function of the
cumulative distribution, and n is the sample size. IfDn is smaller than
the critical value Dα(n) at the significance level α, a particular
distribution is considered a significantly fit model to the
precipitation data. The probability distribution that corresponds
to the minimum value of Dn represents the optimal distribution
in presenting the distribution of precipitation series.

The OLS and AIC can be calculated as follows:

OLS �













1
n
∑n
i�1

(pei − pi)2√
(6)

AIC � n log(RSS/n) + 2m (7)

where Pei is the empirical frequency, Pi is the theoretical
frequency, RSS is the residual sum of squares, and m is the
number of parameters. The distribution with the minimum
values of OLS or AIC was selected. If the results given by
these three goodness-of-fit methods were different, the best-fit
model was selected by the result of the K-S test.

The return period values can be obtained from the best-fitted
distribution.

Prediction of Sediment Yield
Rainfall and land surface conditions are the key factors
influencing sediment yield, among which vegetation, soil
and terrain are the main land surface factors. The terrain
and soil are relatively stable for a region, but the vegetation in
the study area has changed significantly in recent years (Feng
et al., 2016). To analyze the relationship between vegetation
change and sediment yield in the study area, and ensure that
the sediment yield change is only the result of vegetation
change, the selected sample watershed should have few
terraced fields, preferably have no check dams or reservoirs,
or alternatively, the sediment volume of check dams and

FIGURE 4 | The relationships between Si and Vet in the loess hilly area (A) and feldspathic sandstone area (B).

TABLE 1 | Precipitation in different scenarios in the study area.

Scenarios Precipitation index Precipitation (mm)

HLR BLR JHR WHR Study area

Scenario A P50 158.6 121.7 158.6 86.9 142.3
P100 60.4 27.1 28.2 14.0 39.1

Scenario B P50 90.8 180.4 188.8 111.3 122.2
P100 47.6 121.4 145.0 58.7 76.4

Scenario C P50 158.6 180.4 188.8 111.3 159.9
P100 60.4 121.4 145.0 58.7 83.7

TABLE 2 | The cumulative distribution functions (CDF) and precipitation amount
under the return period of T years of GEV, GP and PE3 distributions.

Distribution CDF Precipitation amount
under

the return period
of T years

GEV F(x) � exp{ − [1 − (k(x − ξ))/α]1/k}
k ≠0

XT � ξ̂ + α̂

k̂
(1 − (− ln(1 − 1/T))̂k)

GP

F(x) � 1 − e−y

y � −ln[1 − k(x − ξ)/α]/k, k ≠0
y � (x − ξ)/α, k � 0

XT � ξ̂ + α̂

k̂
(1 − (1/T)̂k)

PE3 F(x) � αk

Γ(k) ∫∞
x
(x − ξ)k−1e−(x−ξ)αdx XT � F−1(F(XT ))

α, ξ and k are the scale, location and shape parameters, respectively.
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reservoirs can be accurately obtained, and there are no alluvial
channels in the sample watershed. Based on these principles,
77 and 40 pairs of data were selected in the loess hilly area and
feldspathic sandstone area to analyze the relationships
between Si and Ve. By calculating Si and Ve in different
sample watersheds with Eqs 1, 4, respectively, the
relationship between Si and Ve was established on the
watershed scale. When calculating the sediment yield in a
basin by using the sediment yield index, the effective coverage
of terraces (Te) was equally included in Ve (Liu et al., 2014b;
Liu et al., 2014c), and Ve was changed to Vet . The exponential
relationships between Si and Vet in the loess hilly area and
feldspathic sandstone area are shown in Figure 4, which can be
expressed by Eqs 8, 9, respectively, and the correlation
coefficients were 0.69 and 0.75, respectively.

Si � 520 × e−0.065×Vet (8)

Si � 537 × e−0.055×Vet (9)

According to Figure 6, it can be seen that the sediment yield index
Si decreases with the increase of the effective forest and grass
coverage rate Vet , and the two are exponentially related. In the
range of Vet ≤ 40–45%, Si decreases rapidly with the increase of Vet .
However, whenVet is greater than 40–45%, Si decreases slowly with
the improvement of vegetation. Especially when Vet is greater than
60%, the Si value of 75% of the sample points is less than 7 t/(km2 a).

Based on the relationship between Si and Vet , the following
steps can be used to predict the sediment yield of the basin
under different underlying surface and precipitation scenarios.
First, vegetation and terrace data were obtained by satellite
remote sensing images to calculate Vet . Second, Si was
calculated according to the relationship of Si and Vet as
expressed in Eqs 8–9. Finally, according to the definition of
the sediment yield index, the sediment yield of the basin can be
calculated as follows.

Ws � Si × Ae × P25 (10)

RESULTS

Frequency Analysis of Extreme
Precipitation
Three distribution functions, generalized extreme value, GPD
and PE3, were used to fit the P50 and P100 series in the study
area, and the results are shown in Table 3. The optimal
distribution function of the P50 series is PE3, and the
optimal distribution function of the P50 series is generalized
Pareto. The sample size of the P50 and P100 series is 53, and the
critical value of the K-S test is 0.1868 at the significance level of
0.05. According to the K-S test results in Table 3, both of the
optimal distribution functions of the P50 and P100 series passed
the significance test.

The probability distribution function corresponding to the
bolded values is the distribution function most suitable for the P50
or P100 series. The smaller the goodness-of-fit test value is, the
better the probability distribution function.

According to the optimal probability distribution function of the
P50 series, the recurrence periods of P50 under extreme precipitation
scenarios A, B and C are 250, 116, and 460 years, respectively, and
scenario C has the largest recurrence period. Therefore, scenario C
was used in this paper as an extreme precipitation scenario to
calculate the potential sediment yield in the study area in the future.

Calculation of the Sediment Yield Under
Extreme Precipitation
The sediment yield under current land surface conditions in the
study area was composed of two parts, that is, the sediment yield in
the HLR was calculated using the sediment yield index, and the
sediment yield in the other regions was calculated according to the
relationships between rainfall and sediment yield from2010 to 2018.

Sediment Yield in the HLR
According to the change in vegetation coverage in the HLR from
2000 to 2018 (Figure 5), the vegetation coverage in the HLR has
been improved continually since 2000. After 2012, the vegetation
coverage significantly improved compared with that in
2000–2011 and tended to be stable. Moreover, the terrace area
and the quantity of check dams and reservoirs in the HLR have
been basically stable since 2012, so the land surface for 2012–2018
was set as the current land surface.

Based on the remote sensing data of vegetation, terraces, and
dam field, Vet in different tributaries was calculated first, and then
Si under the current underlying surface of each tributary in the
HLR was calculated using formulas 8, 9. At the 95% confidence
level, the Si for each tributary was shown in Table 4. According to
the calculation result of Si , the areas with higher sediment yield
capacity are mainly distributed in the northwest region of the
HLR. By using Ae , P25 of the extreme precipitation scenario C
and the calculated Si of each tributary, the sediment yield in the
case of large-scale extreme rainfall in the HLR can be calculated
by formula Eq. 10, which is range from 496.4 million tons to

FIGURE 5 | Changes in vegetation coverage in the HLR from 2000
to 2018.
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758.2 million tons. The tributaries with large sediment yields
include the Wuding River Basin, the Huangfuchuan River Basin
and the Kuye River Basin. It is worth noting that the sediment
yield of the Kuye River Basin is larger, but the sediment yield
index is smaller. The sediment yield index of the Jialu River Basin
is relatively large, and it still has high sediment yield capacity.

Sediment Yield in the Other Areas
The annual sediment yield in the other regions of the study area
was calculated according to the relationships between rainfall and
annual sediment yield from 2010 to 2018.

Based on the measured rainfall and annual sediment
discharge data from 2010 to 2018, the relationships between
rainfall (P50) and annual sediment discharge (Wsd) in the upper
reaches of theMalian River Basin, the other regions of the Jinghe
River Basin, BLR and WHR were established under the current
land surface conditions (Figure 6 and Table 5). Then, using the
P50 of extreme rainfall scenario C in each region, the Wsd in the
upper reaches of the Malian River Basin and other areas of the
Jinghe River Basin were from 89.6 million tons to 468.3 million
tons and from 139.8 million tons to 457.5 million tons at the
95% confidence level, respectively, and the Wsd in the BLR and
WHR were from 7.8 million tons to 59.6 million tons and from
36.1 million tons to 94.4 million tons at the 95% confidence
level, respectively. If the sediment deposited in the check dams
and reservoirs was added, the maximum annual sediment yield

of the JHR would reach 967.4 million tons, while those of the
BLR and WHR would be 61.2 million tons and 102.7 million
tons, respectively. And the minimum annual sediment yield of
the JHR would be 271.0 million tons, while those of the BLR and
WHR would be 9.4 million tons and 44.4 million tons,
respectively.

In summary, under the current underlying surface conditions,
the annual sediment yield in the study area is range from 0.821
billion tons to 1.889 billion tons under extreme precipitation, and
the median annual sediment yield is 1.355 billion tons. Themedian
annual sediment yield of the HLR, JHR, WHR and BLR was 627.3
million tons, 619.2 million tons, 73.5 million tons, and 35.3 million

FIGURE 6 | The observed rainfall and annual sediment discharge of (A) the JHR and (B) the WHR and BLR from 2010 to 2018.

TABLE 3 |Goodness-of-fit test results of the P50 and P100 series in the study area

Series Test Distributions

GEV GPD PE3

P50 K-S 0.0439 0.0703 0.0405
AIC −199.5 −186.2 −208.9
OLS 0.0207 0.0266 0.0173

P100 K-S 0.1079 0.07 0.9815
AIC −157.3 −182.7 −23.4
OLS 0.0459 0.0284 0.5741

TABLE 4 | Sediment yield index of the main tributaries in the HLR under current
underlying surface conditions [t/(km2 mm)].

Tributary Si Tributary Si

Huangfuchuan river basin 51.7–75.1 Pianguan river basin 6.4–11.6
Gushanchuan river basin 10.1–6.8 Xianchuan river basin 5.8–10.7
Kuye river basin 5.8–10.7 Zhujiachuan river basin 7.1–12.9
Jialu river basin 18.2–29.7 Lanyi river basin 8.2–14.6
Wuding river basin 24.4–38.5 Qingliangsigou watershed 3.4–6.7
Qingjian river basin 5.7–10.6 Qiushui river basin 6.7–12.2
Yanhe river basin 3.9–7.4 Sanchuan river basin 6.7–12.1
Yunyan river basin 1.1–2.4 Quchuan river basin 11.1–19.1
Shiwangchuan river basin 0.7–1.6 Xinshui river basin 6.1–11.2

TABLE 5 | Relationships between Wsd and P50 of the JHR, WHR and BLR.

Regions Relationship between Wsd

and P50

R2

JHR Upper reaches of the Malian river
basin

Wsd � 0.22 × e(0.0133×P50 ) 0.76a

Other area Wsd � 0.026 × e(0.024×P50) 0.88a

WHR Wsd � 0.111 × e(0.0159×P50 ) 0.72a

BLR Wsd � 0.0428 × e(0.0116×P50 ) 0.39a

Wsd is the annual sediment discharge, 10^8 t; P50 is the precipitation index, mm.
aRepresents the regression equation is significant at the 95% confidence level.
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tons, respectively. The annual sediment yield of HLR and JHR
accounted for 91.9% of the total sediment yield in the study area.
The areas with high sediment yield capacity are the Wuding River
Basin, Huangfuchuan River Basin and Jialu River Basin in the HLR
and the area above Qingyang in the Jinghe River Basin.

DISCUSSION

Rationality Analysis of the Calculated
Sediment Yield
The calculated sediment yield in the HLR was verified by the
restored sediment yield, which is the sum of measured
sediment discharge and the sediment deposited in the check
dams and reservoirs. In scenario C, the measured sediment
discharge of each tributary in the year with the maximum
rainstorm during 2010–2018 in the HLR was added up, and the
result was the measured sediment discharge under the current
land surface conditions and this extreme precipitation
scenario. Then, the sediment yield under the current land
surface conditions and this extreme precipitation scenario can
be obtained by adding the sediment deposited in the check
dams and reservoirs in the corresponding year of each
tributary.

For tributaries controlled by hydrological stations
(hereinafter referred to as controlled tributaries), the
maximum annual sediment discharge from 2010 to 2018
can be directly obtained from measured data. For the area
of 25,500 km2 not controlled by hydrological stations in the
HLR (hereinafter referred to as uncontrolled area), the
maximum annual sediment discharge from 2010 to 2018
was calculated, according to the area ratio based on the
assumption that the sediment discharge per unit area of
controlled tributaries is the same as that of the
uncontrolled area. Based on the measured data from 2010
to 2018, the annual sediment discharge and sediment yield
(Wr) in the HLR under extreme precipitation were calculated
to be 365.2 million tons and 661.4 million tons (Table 6),
respectively.

According to the sediment yield index method, the annual
sediment yield in the HLR is range from 496.4 million tons to

758.2 million tons, and the median calculated annual sediment
yield is 627.3 million tons, which is 5.2% smaller than theWr . The
results of annual sediment yield calculated by the two methods
are similar, indicating that the annual sediment yield based on the
sediment yield index is reliable and can be used to predict annual
sediment yield in the HLR under different rainfall scenarios in the
future.

The Effect of Gravity Erosion on Sediment
Yield
Gravity erosion refers to the process of deformation, destruction,
movement and accumulation of rock and soil on the slope under
the action of gravity, including collapse, landslide, mud flow and
so on. Gravity erosion is an important component of soil erosion
(Neill andMollard, 1982;Wetzel, 1994). Due to the large porosity,
vertical joints and fragility of the loess (Derbyshire, 2001),
collapse and landslide events are common in the Loess Plateau
(Zhang et al., 2009; Zhang and Liu, 2010). Due to the fragile
natural environment and intensified human activities, gravity
erosion in the Loess Plateau is particularly serious, and its
occurrence and development have an important impact on
erosion and sediment yield in the basins (Cai, 1997; Han

TABLE 6 | Annual sediment discharge and sediment yield in the HLR under extreme rainfall.

Regions Year Wsd (10^8 t) Wsc (10^8 t) Wsr (10
^8 t) W r (10

^8 t)

Huangfuchuan RB, Qingshuichuan RB, Gushanchuan RB, region
above Xinmiao in the Kuye RB, Jialu RB, Pianguan RB, Xianchuan
RB, Zhujiachuan RB, uncontrolled area between Hekouzhen and
Fugu section

2012 0.569 0.767 0.260 6.614

Kuye RB (except the area above Xinmiao), Tuwei RB, Qiushui RB,
Qingliangsigou RB, uncontrolled area between Fugu and wubu
section

2016 1.126 0.835

Wuding RB, Sanchuan RB 2017 0.911 0.497
Area between wubu and longmen section, Hunhe RB 2013 1.046 0.603
Total — 3.652 2.702 0.260 6.614

RB is short for river basin, Wsc represents the sediment deposited in the check dams, and Wsr represents the sediment deposited in the reservoirs. The year at the head of the second list
indicates the year with the largest sediment discharge. Data source: Liu et al., 2019.

FIGURE 7 | Comparison of runoff in the flood season and annual
sediment discharge relationships at the Zhangjiashan station in the Jinghe
River Basin in 1933 and other years.

Frontiers in Earth Science | www.frontiersin.org December 2020 | Volume 8 | Article 5426869

Dang et al. Sediment Yield Yellow River Basin

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles


et al., 2011; Yang et al., 2013). Gravity erosion not only affects the
total amount of soil erosion but also increases the sediment
concentration of water flow to 1,000 kg/m3 (Li et al., 2009).

In 1933, the sediment discharge at the Zhangjiashan station in
the Jinghe River Basin was 1.17 billion tons. The relationship
between the annual sediment discharge and runoff during the
flood season (Figure 7) shows that the sediment discharge of the
Jinghe River Basin was unusually high in 1933. This outcome is
related not only to the large-scale and high-intensity rainstorms
in the basin but also to gravity erosion during the continuous
11 years dry period from 1922 to 1932. The Jinghe River Basin has
a special landform, most of which belongs to the loess tableland
area, and gravity erosion accounts for a high proportion of
sediment yield in the basin. The measured data of the small
Nanxiaohegou watershed in the basin from 1955 to 1974 showed
that the sediment yield from gravity erosion accounts for 57.4% of
the annual sediment yield (Tian et al., 2008), while the proportion
of sediment yield by gravity erosion in the loess hilly area
generally accounts for no more than 25%.

Gravity erosion occurs all year round in the Loess Plateau, and
the erosion products accumulate at the foot of gullies and slopes
and are carried out of the gullies when heavy rains and floods
occur (Tian et al., 2008). During the 11 years continuous drought
in 1922–1932, gravity erosion still occurred, which increased the
sediment supply sources during the heavy rainfall flood in 1933.
Therefore, the sediment yield in the study area affected by gravity
erosion should be greater than the current calculated value, when
extreme rainfall occurs after continuous drought.

The randomicity of gravity erosion is large, so it is difficult to
perform effective continuous observations at fixed points in the
field. Field investigation is an important method for the study of
gravity erosion in typical areas and has been widely used (Shakoor
and Smithmyer, 2005; Wang et al., 2016). The rare Earth tracer
method (Shi et al., 2012; Heimsath, 2014), remote sensing
technology and other new methods and technologies have
been applied to the monitoring of gravity erosion (Velicogna
and Wahr, 2006; Roering et al., 2009; Zhao et al., 2012; Fuller
et al., 2016), but gravity erosion and hydraulic erosion still cannot
be distinguished. It is easier to measure large-scale landslides with
remote sensing technology, but it is more difficult to monitor
gravity erosion with small volumes. Therefore, the establishment
of a new method for the quantitative observation of gravity
erosion and the quantitative analysis of sediment yield by
gravity erosion would be a focus and challenge for future research.

Impact of Check Dam on Sediment
Discharge
The survey shows that there are 55,124 check dams in the Loess
Plateau above Tongguan station, including 5,546 main check
dams, 8,596 medium-sized dams, and 40,982 small dams, about
88% of which are located in the HLR and BLR. The designed
sediment retention life of main check dams, medium-sized dams
and small-sized dams is 15–30 years, 5–10 years, and 3–5 years,
respectively. 33% of main dams, 57% of medium-sized dams and
85% of small-sized dams were built before 1979 and distributed in
the HLR and BLR. After decades of sand interception, about 46%

of large and medium-sized dams and 95% of small dams have lost
their sand control capacity. Moreover, many check dams are
aging and out of repair, making them at great risk of water
damage. In the future, once it encounters a large-scale extreme
rainstorm, it is very likely to appear the phenomenon of mass
water destruction, increasing sediment discharge.

Effects of Reverse Vegetation Development
Risk on Sediment Yield
The significant improvement of forest and grass vegetation in the
Loess Plateau occurred mainly after 1998, especially from 2006 to
2008 (Liu et al., 2016; Jia et al., 2019). People and sheep leaving the
land is the main social reason, followed by planting trees and
grass, suitable rainfall and temperature conditions, which are the
main driving force of natural vegetation restoration in recent
years (Liu et al., 2016). The contribution of vegetation
improvement to sediment reduction accounts for about 50%
(Liu et al., 2016; Gao et al., 2019). If the Loess Plateau can
continue to implement the policies of returning farmland to
forest and grassland, forbidding grazing and natural
restoration, and the social and economic environment can
remain stable, the future vegetation status in the study area
will be mainly determined by the objective laws of local
vegetation succession. However, the ecological environment in
the main sediment-yielding area of the Yellow River basin is very
fragile. The fluctuation of climatic conditions and human
production activities will significantly affect the forest and
grass vegetation conditions.

Uncertainties
The maximum sediment yield scenario projected in this paper is
based on the current underlying surface conditions and the
constructed extreme rainfall scenario in the study area. The
uncertainty of the calculation results mainly comes from three
aspects. Firstly, uncertainties associated with the input data may
still exist, even though the data used in this study has undergone
rigorous quality control. Rainfall is a key driving force for
regional erosion and sediment yield. The uncertainty of
extreme rainfall prediction and the influence of rainfall
spatial distribution will increase the uncertainty of sediment
yield forecast. Both the extreme rainfall scenarios constructed in
this study and the prediction results of the Global Climate
Model are subject to certain uncertainties. The simulation
results of hydrological models show that the rainfall intensity
and spatial distribution of rainstorm have significant influence
on the simulation of runoff and sediment yield, and the
uncertainty of simulated sediment yield is greater than that
of rainfall (Chaubey et al., 1999; Hao et al., 2003; Inamdar and
Naumov, 2006). Secondly, the model adopted is a statistical
model, which lacks mechanism analysis of the influence of
different factors on sediment yield. In particular, the
calculations of the JHR, WHR and BLR only use the
measured data in recent years to establish the relationship
between rainfall and sediment yield, and the data series are
relatively short. Thirdly, the interference of human activities
may cause statistical models to be inapplicable in the future. It is
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necessary to further determine the definable observables of
human activities, as well as the specific functions or
regression equations between it and other natural elements
and the sediment yield of the watershed. This will be the
focus and challenge for future research.

CONCLUSION

In this study, the extreme precipitation scenario of the main
sediment-yielding areas in the middle reaches of the YRB was
constructed, and the corresponding sediment yield under the
current underlying surface conditions was calculated. The
results showed that the areal rainfall of rainstorms in the
constructed extreme rainfall scenario was 159.9 mm, and
the recurrence period was 460 years. The corresponding
annual sediment yield of the study area was range from
0.821 billion tons to 1.899 billion tons, and the median
value is 1.355 billion tons. The median annual sediment
yield of the HLR, JHR, WHR and BLR was 627.3, 619.2,
73.5, and 35.3 million tons, respectively. The annual
sediment yield of HLR and JHR accounted for 91.9% of the
total sediment yield in the study area. The areas with high
sediment yield capacity are the Wuding River Basin,
Huangfuchuan River Basin and Jialu River Basin in the
HLR and the area above Qingyang in the Jinghe River
Basin. If extreme rainfall occurs after a continuous drought
period, the sediment yield in the study area would be greater.

Although the vegetation in the Loess Plateau has been greatly
improved in recent years and large-scale terraces and check dams
have been built, the sediment yield of the YRB will still be large if
extreme rainfall occurs. The water and sediment regulation
projects and flood control projects in the YRB must always be
prepared for major floods and large sediment discharge. The

main factors of erosion and sediment yield were changed by
vegetation improvement in the Loess Plateau, this study only
discusses the regional sediment yield of extreme rainfall under the
current land surface conditions, and the change of regional
sediment yield should be studied in the future by combining
vegetation change and other factors.
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