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Abstract
For many event-based, high-sediment yield rivers draining arid zones, where erosion activities in the watershed and fluvial
erosion in the stream channel are nearly equally important in sediment transport, determination of fluvial sediment
dynamics are of great importance in establishing reliable strategies to manage environmental changes in watershed scale.
Wash load rating curve indicating watershed characteristic changes and Ackers and White’s bed load function (wash load
excluded) used for determining bed load transport dynamics are distinguished for the first time to recognize the true
sediment transport mode in the lower Huangshui River, which is the largest tributary of the upper Yellow River, contrib-
uting a lot to the wash load of the Inner Mongolia desert reach of the Yellow River and causing complicated water-
sediment response. Based on the continuous and detailed hydrological data monitored at the Minhe gauge station, our
results indicated that the sediment transport regime has altered since the 1980s in response to the eco-environmental
changes mainly due to urbanization, with suspended sediment concentration (SSC) decreased by 50% on average com-
pared with the natural state (1950–1980). The combined use of wash load rating curve and theoretical bed load function
derived an estimate of total sediment transport due to comprehensive ecological management since the 2000s to be 3.43 ×
107 t for the lower Huangshui River, among which the total bed load is 1.40 × 107 t, and the wash load is 2.03 × 107 t. The
transport ratio of wash load to total bed load is 1.45:1.
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Introduction

Fluvial sediment transport is a complex process, of which
the mechanisms and the related variations of sediment con-
centrations under different governing conditions provide
insights into the evaluation of terrestrial material transport,

landscape denudation, geomorphic changes, water quality,
and even the ecology of downstream estuaries. Therefore,
fluvial sediment dynamics is of great importance in estab-
lishing reliable strategies to manage environmental chang-
es in watershed scale. Despite of great improvement in
theoretical research through centuries by both hydraulic
engineers and geologists, the understanding of fluvial sed-
iment transport dynamics remains limited mainly due to
the confusion of the true hydraulic transport modes and
the lack of detailed water-sediment data to validate the
representative theories in natural rivers.

From the perspective of hydraulic response, the total sedi-
ment load of a river is composed of suspended load and bed
load, of which the finest part of the suspended load is wash
load maintained in suspension for a long distance in the main
stream of the river without deposition, and the coarse-grained
components is bed load saltating and rolling on the bed.
Nevertheless, a small fraction of sand to grain sediment com-
ponents is also active under turbulent flow conditions and
moves downstream either as bed load or as suspended
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material constantly exchanging with the bed, named as bed
material load. In larger channel and even watershed scale,
these different sediment components are proven to be different
source-dependent or flow condition-dependent and should be
treated separately.

The suspended load of a river is related to the sources
and supply conditions at the watershed scale. Climate
trends, vegetative cover, rainfall intensity, topographic re-
lief, landscape processes, and human disturbances all in-
fluence the sediment yield and transport rate (Milliman and
Meade 1983; Milliman and Syvitsky 1992; Trimble 1997;
Dinehart 1998; Wang et al. 1998, 2016; Trimble 1999;
Yang et al. 2005; Meade et al. 2010; Burbank and
Anderson 2013; Ta et al. 2015; Wang et al. 2016). Thus,
the suspended load appears to be an integration of the river
basin characteristics above the measurement site. As the
majority of suspended load, i.e., wash load is transported
below theoretical transport capacities and is comparatively
easy to measure but difficult to predict using stream power-
related sediment transport models (Syvitski et al. 2000;
Warrick and Rubin 2007), site-specific empirical relation-
ships between river flow discharge (FD) and suspended
sediment concentration (SSC), such as rating curves, are
often applied, among which the simple suspended sedi-
ment rating curve commonly takes the form of a power
function:

C ¼ aQb ð1Þ
where C is SSC (kg m−3), Q is FD (m3 s−1), and a and b are
the sediment rating coefficient and exponent, respectively.
Equation (1) covers both the effect of sediment availability
and the erosive power of the river to transport this weath-
ered material throughout a watershed (Asselman 2000).
Thus, it is often applied for general use. However, the
empirical relationships between FD and SSC may be influ-
enced by many other factors, such as sediment yield vari-
abilities of river tributaries (Lenzi and Marchi 2000;
Murray et al. 2000; Meade et al. 2010), changes in bed
sediment grain size (Rubin and Topping 2001), flow dy-
namics and event hysteresis (Walling 1974; Williams
1989; Rubin and Topping 2001), and seasonal to interan-
nual changes in sediment supply (Leopold 1968; Topping
et al. 2000). In addition, classical suspended sediment rat-
ing curve do not differentiate between wash load and
suspended bed material, thus, the application of Eq. (1)
may result in several problems regarding to the accuracy
of the fitted curve and may lead to ambiguous results.

The transport rate of bed load in rivers is related to
many variables, such as FD, average flow velocity, water
depth, energy slope, shear stress, stream power, bed con-
figuration, channel pattern, turbulence intensity, particle
size, and water temperature (Yang 1977). Based on

considerations about simplicity for application and theo-
retical hypothesis, several classical sediment transport the-
ories have been put forward, such as shear stress approach
(Shields 1936; Einstein 1950), regime theory (Blench
1969), velocity approach (Colby 1964), discharge ap-
proach (Meyer-Peter et al. 1934), slope approach
(Meyer-Peter and Müller 1948), stochastic approach
(Einstein 1950; Bishop et al. 1965), regression approach
(Shen and Hung 1972), and stream power or unit stream
power approach (Ackers and White 1973; Yang 1973;
Yang and Francisco 2005). Each of these methods has
its merits but all have limitations when used to estimate
total sediment transport in natural rivers due to their com-
plexity in application and accuracy and the difficulties in
measuring the dominant variables they employed.

The Huangshui River, which is one tributary of the upper
Yellow River, drains an arid and semiarid landscape that has
been subjected to periodic extensive population and urban
growth, as well as channel modifications, including hydro-
power structures. In addition, the Huangshui River is highly
event driven, yielding the majority of long-term discharge and
sediment transport during intensive summer flood events.
Based on the multi-decadal period of climate and land-use
change, the Ministry of Water Resources of the People’s
Republic of China continued stream gauging and daily
suspended sediment sampling operations at a station
near the river mouth. These measured data are excep-
tionally valuable. They give us the opportunity not only
to evaluate the variability of water-sediment characteris-
tic responses to eco-environmental changes, but also to
determine the sediment transport dynamics based on the
detailed monitored hydrological data.

Study area

Originating in the upstream Qilian Mountains, the
Huangshui River is the largest tributary to the upstream
reaches of the Yellow River, with a drainage area of
17,733 km2 and a stream channel length of 374 km. It
ultimately merges into the Yellow River near the
Lanzhou gauge station (Fig. 1). The Huangshui River basin
(Fig. 2), with a drainage area of 32,863 km2, is a transi-
tional region between the Tibetan Plateau and the Chinese
Loess Plateau. Thus, it is characterized by widespread
gull ies and considerable topographic rel ief . The
Huangshui River flows across the gullies and drains a steep
inland mountainous area with lush vegetation upstream of
the Xining gauge station border (Fig. 1). It also drains
lower mountains and a flat inland plain in the lower water-
shed, where the gullies are mainly composed of highly
weathered loess materials, with the surface covered with
sparse vegetation. The area between the Xining and Minhe
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gauge stations has been converted into industrial and agri-
cultural riparian areas and developed as an irrigation dis-
trict in Qinghai Province, China since the 1980s, with
many hydropower structures built and coming into opera-
tion. The temperature in this area has increased and the
related precipitation has decreased since the 1990s (Dai
et al. 2006). Comprehensive ecological management has
occurred since 2000 (Wang and Tang 2012).

The lower reach of the Huangshui River is characterized
by the semiarid continental climate of the plateau. The
mean annual precipitation is 460.2 mm and the mean an-
nual temperature is 5.7 °C. As the important output control
gauging station on the lower Huangshui River, the Minhe
gauge station is located at 102° 48′ E and 36° 20′ N and is
74 km from the river confluence (Fig. 1). Established in
1940 by the Ministry of Water Resources of the People’s
Republic of China, the Minhe gauge station has a drainage
area of 15,342 km2. The maximum measured FD is
1300 m3 s−1 (occurring on 27 July 1952), and the maximum

measured SSC was 843 kg m−3 (occurring on 23 July 1974).
The majority of long-term suspended sediment is derived
from the gullies with sparse vegetation and highly weathered
loess materials within 50 km upstream of the station during
summer rainfall-induced floods. The mean annual FD is
50.8 m3 s−1, and the mean annual SSC is 3.8 kg m−3. The
annual average suspended sediment load at the Minhe station
is (1.84~2.4) × 107 t (Li and Quan 2011).

The monthly precipitation distribution (Fig. 3a) and
annual hydrographs of mean daily FD for above average
(Fig. 3b), below average (Fig. 3c) and average (Fig. 3d)
annual FD were plotted together with the related SSC. As
shown in Fig. 3, water and sediment discharge at the
Minhe gauge station on the lower Huangshui River is
dominated by runoff events during the wet summer sea-
son, which mainly occurs mostly from April to October.
The subsequent hydrographs exhibit rapid rises and falls,
with the occurrence of SSC peaks coinciding with FD
peaks. On average, approximately 78% of the annual dis-
charge and 99.3% of the suspended sediment load occurs
from April–October. These discharge patterns are repre-
sentative of the event-based discharge patterns.

Because the lower Huangshui River contributes to the ma-
jority of the suspended sediment load throughout the water-
shed due to sparse vegetation and severe soil erosion of ripar-
ian gully-dissected slopes due to intensive summer rainfall, it
serves as a unique example of a high sediment yield, moun-
tainous river with considerable human modification.
Therefore, we choose the Minhe gauge station, which has
decades of continuous FD and SSC data, as the representative
station in our study.

Data and methods

Daily FDs and SSCs, which were average cross-section values
at the Minhe gauge station, have been measured and
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Fig. 1 Map showing the
Huangshui River and the upper
Yellow River. The orange line is
the Huangshui River. The green
dots with black borders are gauge
stations. The drainage area of the
YellowRiver is highlighted by the
thick, black, dashed contour

Fig. 2 Plan view of the Huangshui River basin showing different land-
use types (Bai and Yan 2013)



calculated following the criteria of GB 50179-93 and GB
50179-92, respectively, which were issued by the Ministry
of Water Resources of the People’s Republic of China. The
data from 1940 to 1949 were excluded due to lack of con-
tinuity, and the data from 2007 to 2009 were unavailable in
the data series due to the shift of the gauge station to a new
location 1.22 km in the upstream direction during this pe-
riod. Thus, we used the 63-year continuous data from 1950
to 2015 to establish the rating relationships between SSC
and FD.

According to the variability of watershed characteristics of
the lower Huangshui River due to natural and man-made fac-
tors and the matching of annual FDs and SSCs, we subdivided
the long-term water and sediment record into four phases: a
NS period (natural state, 1950–1980), COR period (construc-
tion and operation of the reservoirs, 1980–1990), CHI period
(climate and human activities interaction, 1990–2000), and
SWC period (soil and water conservation, 2000–2015)
(Fig. 4). Because sediment rating curves should be based on
a wide range of discharges, including a sufficient number of
measurements of high discharges (Asselman 2000), i.e., rating
curves should be fitted based on relatively wet periods, rela-
tively wet periods with discharges exceeding the long-term
mean discharge with respect to the four periods were selected,
as shown in Appendix Table 1. Correspondingly, 14 selected
sediment-laden flows together with the hydrographs from

1980 to 2015 were plotted, as shown in Fig. 5. These
hydrographs included several rising and falling stages.
Values of peak FD and peak SSC that were too low to be
identified were excluded.

In addition, the detailed instantaneous data of FD, average
flow velocity, water depth, point-integrated, and cross-section
averaged grain size distributions (GSDs) of suspended sedi-
ment as well as water temperature from 2010 to 2015 were
also monitored and available for use. The sampling work was
based on the criteria of GBT 50159-92, with samples collected
at 60 cm deep under the water surface when the water depth is
below 0.75 m and collected at 20, 60, and 80 cm below the
water surface when the water depth exceeds 0.75 m for a
depth-integrated value. The data can be used to determine
the bed load dynamics.

As mentioned above, theoretical bed load transport
functions have been derived taking into account of various
dominant hydraulic flow factors. Here, for the Huangshui
River, which is in apparent equilibrium with the bed material
and the bed material load is an equilibrium capacity load (Li
and Quan 2011), whose transport rate under different flow
conditions can therefore be calculated from a bed load func-
tion, we chose to apply the total bed load (bed material load
and bed load with wash load excluded) theory of Ackers and
White (1973), because it uses dimensional analysis and uses
average stream velocity in preference to shear stress, which
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Fig. 3 Typical annual hydrographs and SSC response to monthly
precipitation distribution in the lower Huangshui River. a Monthly
precipitation distribution for b a high annual FD (90.69 m3 s−1), 1967, c

a low annual FD (32.38 m3 s−1), 2002, and (d) an average annual FD
(51.54 m3 s−1), 1987. Blue lines represent SSC



makes the variables directly related to those available for the
Huangshui River.

According to Ackers and White (1973), the dimensionless
grain diameter Dgr should be determined first as follows:

Dgr ¼ D35
g s−1ð Þ
v2

� �1=3
ð2Þ

where s is the mass density of sediment, s = 1.6 g cm−3; v is the
kinematic viscosity of water; g is gravitational acceleration.

Then, the determination of best-fit coefficients values of n,
A, m and C associated with Dgr, respectively is as follows:

n ¼ 1:00−:56logDgr 1 < Dgr≤60
� � ð3aÞ

n ¼ 0 Dgr > 60
� � ð3bÞ

A ¼ 0:23ffiffiffiffiffiffiffi
Dgr

p þ 0:14 1 < Dgr≤60
� � ð4aÞ

A ¼ 0:17 Dgr > 60
� � ð4bÞ

m ¼ 9:66

Dgr
þ 0:34 1 < Dgr≤60

� � ð5aÞ

m ¼ 1:5 Dgr > 60
� � ð5bÞ

logC−2:86logDgr− logDgr

� �2−3:53 1 < Dgr≤60
� � ð6aÞ

C ¼ 0:025 Dgr ≤60
� � ð6bÞ

Then, the particle mobility Fgr should be calculated as
follows:

Fgr ¼ v2*ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gD35 s−1ð Þp Vffiffiffiffiffi

32
p

log αd
D35

� �
2
4

3
5
1−n

ð7aÞ

For coarse sediments (n = 0) the expression reduces to the
form

Fgr ¼ Vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gD35 s−1ð Þp 1ffiffiffiffiffi

32
p

log
αd
D35

	 
 ð7bÞ

and for fine sediments (n = 1)

Fgr ¼ v*ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gD35 s−1ð Þp ð7cÞ

where v* is shear velocity; V is mean velocity of flow; α = 10;
d is flow depth.

At last, transport of transitional sizes of sediment Ggr and
the sediment flux converted through Ggr are calculated as
follows:

Ggr ¼ C
Fgr

A
−1

	 
m

ð8Þ

Ggr ¼ Xd
sD35

v*
V

� �n
ð9aÞ

For coarse sediment (n = 0)

Ggr ¼ Xd
sD35

ð9bÞ

and for fine sediment (n = 1)

Ggr ¼ Xd
sD35

v*
V

ð9cÞ

Finally, the suspended sediment rating curves based on Eq.
(1) were fitted to each of the four data sets mentioned above
(Appendix Table 1). A comparison of the curves fitted in
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Fig. 4 Annual water and
sediment discharge variability
from 1950 to 2015 at the Minhe
gauge station. The red line
represents the average value in
each period. Note that the SSC
data in 1961 and 2007–2009
period are not available



different periods provides an indication of the water-sediment
characteristics and the transport rate in response to the changes
in watershed characteristics due to eco-environmental chang-
es. In addition, the bed load transport dynamics were deter-
mined by the results of calculation based on the selected func-
tions. A comparison of the measured and calculated total sed-
iment transport rate was made to validate the application of the
selected theory to the Huangshui River.

Results

Temporal variation of the water-sediment relations

As shown in Fig. 4, the annual FD decreased by approximate-
ly 21% since 1990 mainly due to the increase of temperature
and decrease of precipitation. The annual SSC, however, has
experienced an obvious decrease process mainly in response
to successive construction and operation of the hydropower
structures since 1980. These transverse structures are signifi-
cantly different from those dams and reservoirs, with few

regulation and storage functions for water but can trap
most of the upstream incoming coarse-grained bed mate-
rial, leading to a decrease of nearly 50%. Then, followed
by the FD decrease due to climate change since 1990 and
the soil and water conservation measures preventing some
wash load from delivering into the stream channel since
2000, the SSC in the lower Huangshui River maintained a
continuous decreasing trend. Correspondingly, a change in
the sediment transport regime occurred, with a decreasing
importance of high discharge years.

Sediment transport changes identified through rating
curves

Suspended sediment rating curves

The suspended sediment rating curves of four different pe-
riods were fitted for the Minhe gauge station on the lower
Huangshui River, and our results indicated that the relation-
ship between SSC and FD in the COR period reveals a posi-
tive but relativelyweak correlation. The correlation coefficient
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Fig. 5 Hydrographs and SSCs of the nine selected sediment-laden flows. a–d The four flows in the COR period (1980–1990) and e–g the three flows in
the CHI period (1990–2000) and h–i the two flows in the SWC period (2000–2015)



of the fitting curve shown in Fig. 6 is very low (R2 = 0.036),
and even that of NS period is difficult to assess with the scatter
in the large number of data points (N = 993, plot not shown).
However, the rating relationships of the CHI and SWC pe-
riods demonstrate a better fit between the related SSC and FD
(Figs. 7 and 8), with the R2 to be 0.425 and 0.547, respectively,
indicating that the matching of water-sediment is adjusting to
a new equilibrium state under the influence of natural and
human activities factors. Physically, we can obviously find
that both the FD and SSC were decreased as compared with
those of the NS and COR periods, which on the one hand may
be attributed to the limit of wash load supply from the water-
shed, and to the limit of hydraulic carrying capacities to bed
materials originating from the stream channel on the other
hand. A further comparison of the FD-SSC relationships pre
and past 1980 implied that the significant low R2 value may be
related to the frequency of high SSC event-occurrence.

As shown in Fig. 6, the number of high SSC points is large,
indicating a high occurrence frequency. This stochastic phe-
nomenon, although rare event, is generally related to high
hydraulic carrying capacities and the corresponding larger
grain size, which cannot be characterized by the power func-
tion and even the other suspended sediment rating curves tak-
ing different forms proposed by Asselman (2000), leading to a
low value of R2 and the failure of suspended sediment rating
curve method to determine the total sediment transport dy-
namics arbitrarily. To further understand the sediment trans-
port mechanisms, it is necessary to distinguish between fine
wash load independent of river flow and coarse bed material
components dependent upon flow hydraulics in terms of grain
size analysis of available water-sediment samples.

GSDs analysis on suspended sediment samples

Twenty-five suspended sediment data were selected from the
measured water-sediment samples including cross-section av-
eraged and point-integrated GSDs during the flood season of
2010–2014 period, with five data each year. According to
Einstein (1950), Shen (1971), Partheniades (1977) and
Belperio (1979) and the fact that the Huangshui River is lo-
cated at Chinese Loess Plateau, we define silt and clay (<
0.063 mm in diameter) originating from weathered materials
on the gully slopes and delivered into the mainstream channel
by heavy rainfall as wash load irrespective of river flow and
those sand (0.063–0.125 mm) and sand to grain particles
(0.125–1.0 mm) as bed materials suspended from the channel
bed by flow turbulence. The GSDs and the instantaneous hy-
draulic variables are shown in Appendix Table 2.

Our results of GSD analysis demonstrated that a consider-
able fraction of bed materials (30% on average) occurred in
response to high FD-high SSC years of 2010 and 2012, and
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Fig. 6 Suspended sediment rating curve of the COR period (1980–1990)
(489 data points)

Fig. 8 Suspended sediment rating curve representative approximately of
the wash load rating curve of the SWC period (2000–2015) (106 data
points)

Fig. 7 Suspended sediment rating curve of the CHI period (1990–2000)
(311 data points)



for annual average conditions, approximately 85% of the
suspended sediment components is wash load despite of all
flow stages (Fig. 9), indicating further that wash load transport
is irrespective of river flow and bed material load transport is
hydraulic conditions dominated. In other words, suspended
sediment rating curves can only be used to wash load transport
for accuracy and the indiscriminant use of wash load and bed
material load can therefore lead to ambiguous results.

Bed load transport and the related rating curve

The selected theory has been proven to agree well with several
observed rivers with Froude number (Fr) smaller than 0.8 and
flume studies (White et al. 1975; Nordin 1977; Yang 1977; Fu
and Liu 2017), and here we chose this method to analyze the
total bed load transport (wash load excluded) in the lower
Huangshui River (Fr < 0.8).

To facilitate our calculation and to validate its application
in the Huangshui River, the hydraulic and physical variables
related are available for 16 specific flow rates of the
Huangshui River. As shown in Appendix Table 2, the selected
data covers a wide range of flow stages in order to determine

the true transport mode with accuracy. The theoretical bed
load sediment concentration (SC) calculated by this method
was plotted against the related FD to establish the bed load
rating curve (Fig. 10). The results demonstrated a better rela-
tionship between FD and SC, with R2 to be 0.877.

Discussion

Interpretation of the suspended sediment rating
curve

Our results indicated that wash load should be delineated
from the total suspension in the determination and
recognization of the true transport mode, and an indirect
empirical relationship between FD and fine sediment trans-
port do exist in the form of wash load rating curve, where
FD variation is just the reflection of rainfall intensity and
duration (Ellison 1945; Wischmeier and Smith 1958;
Dragoun 1962; Guy 1964; Yang and Francisco 2005). In
other words, heavy rainfall-induced floods and the related
severe erosion from the watershed are responsible for the
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Fig. 9 Grain size analysis of the collected suspended sediment samples
under different flow stages in the SWC period (2010–2015). a Annual
FD = 47.4 m3 s−1, SSC = 1.9 kg m−3. b Annual FD = 47.9 m3 s−1, SSC =
1.59 kg m−3. c Annual FD = 56.7 m3 s−1, SSC = 2.54 kg m−3. d Annual

FD = 38.5 m3 s−1, SSC = 1.35 kgm−3. eAnnual FD = 55.9m3 s−1, SSC =
1.25 kg m−3. f Annual-averaged FD = 49.3 m3 s−1, annual-averaged
SSC = 1.72 kg m−3 (see detail in Appendix Table 2 for instantaneous
hydraulic variables)



higher river flow and therefore the increase in concentra-
tion of wash load. In this sense, wash load rating curves
combined with their rating coefficients and exponents are
the indicator of the variation of watershed characteristics
(Walling 1974; John and Beschta 1983; Sarma 1986; Reid
and Dunne 1996; Peters-Kümmerly 1999; Hovius and Lin
2000; Wainwright and Mulligan 2013).

As shown in Figs. 7 and 8, the R2 increased gradually
form 0.425 in the 1990s to 0.547 in the 2000s, indicating
significant changes in watershed characteristics mainly due
to channel modification and soil and water conservation in
the lower Huangshui River. The Huangshui River basin
has long been subjected to severe soil erosion and 47.3%
of the total drainage area was characterized by soil and
water loss by 2000 (Zhao et al. 2008), a rate much higher
than the national average level. Therefore, comprehensive
ecological management has occurred since 2000 to solve
this problem. According to Bai and Yan (2013), nearly
50% of the total area was covered by grassland until
2009 (Fig. 2), and the slope erosion was effectively con-
trolled. Nevertheless, gully erosion was still severe, espe-
cially in the reach located within 50 km upstream of the
Minhe gauge station (Fig. 11). The lower Huangshui River
experienced a net increase of the area of gully erosion of
706.87 km2 from 2000 to 2009, and the deterioration trend
maintained, which is the dominant sediment source of the
Huangshui River and even that of the upper Yellow River.
Most of the eroded materials delivered into the Huangshui
River by rainfall-induced runoff maintain in suspension as
wash load, having important effects on the morphology,
flood characteristics, and ecology of downstream channels
and estuaries.

Although high discharge flood events still played critical
roles in transporting sediment, the climate change combined
with channel modification as well as comprehensive

ecological management regulated and weakened the
event-based discharge pattern (e.g., FD peaks and SSC
peaks decreased considerably, as shown in Appendix
Table 1 and Fig. 5), which ultimately led to the dominance
of wash load fractions in the suspended sediment compo-
nents. Some researchers also suggested that it is reasonable
and necessary to exclude extreme sediment transport rates
such as bed material load maintaining in suspension by
flow turbulence and water-sediment release by reservoirs
from populations of sediment-yielding processes to derive
a meaningful at-site wash load rating curve and a good
rating curve should indicate the sediment production pat-
tern and fluvial erosion power, as well as other basic fac-
tors (David et al. 2013). Presumably, if the rating curve in
Fig. 8 is further corrected and modified, the rating relation-
ship will be improved with more accuracy. However, the
R2 will not be expected to increase greatly because the
variability in the wash load concentration cannot be ex-
plained absolutely by variation in FD. Many other factors
also control sediment erosion and therefore wash load con-
centration besides rainfall intensity and duration, such as
previous rainfall history, vegetation cover conditions, and
antecedent soil conditions (Belperio 1979; Wang et al.
2013). As shown in Fig. 5, erosion is discovered to be
the greatest during the first several rainfall-induced floods
at the beginning of the wet period, especially of the rainfall
occurring over the erodible weathered gully slopes 50 km
upstream the Minhe gauge station. The rainfall-induced
sediment-laden flows quickly merged into the mainstream
of the Huangshui River and flushed rapidly downstream
along the mainstream, reaching the Minhe gauge station
within a short time due to steep channel gradient (S =
0.0013 for the mainstream channel and 0.035~0.04 for
the three tributaries located 500 m upstream) (Ren 2000),
with no apparent SSC peak hysteresis. This sediment
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Fig. 10 Bed load rating curve based on 16 measured FDs and
theoretically calculated SCs during the SWC period (2010–2015)

Fig. 11 Plan view of the Huangshui River basin showing different gully
erosion grades. The Datong River is the tributary of the Huangshui River
(Bai and Yan 2013)



erosion and transport process is similar with the Thames
River is called flushing effect (Bussi et al. 2016).

Therefore, we define the rating curve shown in Fig. 8
approximately as the wash load rating curve applied to the
lower Huangshui River. As several findings regarding the
sediment transport in the Yellow River have indicated that
the upstream incoming wash load supply has important
effects on the water-sediment relations and even the bed
load transport in the Inner Mongolia desert reach and mid-
dle reach (Yang and Franscisco 2005; Ta, et al. 2015), the
wash load rating curve in the form of Fig. 8 is important for
such a high sediment yield tributary transporting a large
proportion of wash load and contributing a lot to the
suspended sediment of the downstream Yellow River.

Explanation of the bed load calculation

Ackers and White’s (1973) bed load transport theory we
chose to calculate bed load transport is based on correct
physical mechanisms and it obey the stream power concept
in substance, which is theoretically derived from turbu-
lence theory. As compared with many other theories, how-
ever, its derivation also involves many assumptions and
generalizations, thus should be improved through applica-
tion in natural rivers in time. All the variables necessary for
calculation we use, although measured, involve approxi-
mations to some degree, among which shear velocity
v* ¼

ffiffiffiffiffiffiffi
gdi

p
, where the water surface slope i = 0.0013 is as-

sumed equivalent to the bed slope S for such a uniform
sediment-laden flow (Woo et al. 1988). In addition, al-
though the bed load rating curve (Fig. 10) is based on 16
specific flow rates of the Huangshui River. Which covers a
wide range of flow stages occurred under nowadays nor-
mal flow conditions, the possibility of extreme high flow
events always exists due to the stochastic feature of hydro-
logical phenomenon. Therefore, the accuracy for the total
sediment transport rate can certainly be improved. Here,
we expect the validation results to determine the applica-
tion of this theory in the Huangshui River.

Validation of the sediment transport dynamics

Converting the data of wash load and bed load rating curves
(Figs. 8 and 10) to transport rate values by multiplying sedi-
ment concentration with FD, we established the relationship
between sediment transport rate and FD for wash load (qsw)
and bed load (qsb), respectively (Figs. 12 and 13). Obviously,
the transport rate of the total load should be the sum of the qsw
and qsb. Therefore, the transport rate of total sediment (qs) was
plotted against the data values of FD same as those in Fig. 8, as
shown in Fig. 14. Then, we used the measured data (daily

suspended sediment transport rate) of the same period to valid
the theoretically calculated curves (Fig. 15).

As shown in Fig. 15, under the relative higher flow rates
(FD = 120~200 m3 s−1), the calculated values are larger
than the simulated values, which is rational because hy-
draulic factors become dominant and therefore coarse sed-
iment entrainment rate increases, thus, combined with bed
materials saltating and rolling on the bed surface, the total
sediment transport rate exceeds that of suspended sedi-
ment. For annual-averaged flow rates since 2000 (FD =
43.01 m3 s−1), the estimates of total sediment transport is
3.43 × 107 t, among which the total bed load is 1.40 × 107 t,
and the wash load is 2.03 × 107 t. The transport ratio of
wash load to total bed load is 1.45:1, indicating that the
erosion activities in the watershed and fluvial erosion in
the stream channel are nearly equally important in sedi-
ment transport process. In the design of the hydropower
structures on the lower Huangshui River, the bed load

Environ Sci Pollut Res (2019) 26:13702–13716 13711

Fig. 12 Plot of wash load transport rate against FD during the SWC
period (106 data points)

Fig. 13 Plot of bed load transport rate against FD during the SWC period
(16 data points)



has long been estimated through multiplying the conven-
tional suspended sediment load (wash load and suspended
bed material load) (1.8~2.4 × 107 t; Li and Quan 2011) by
an empirical coefficient 0.15 based on the analysis of bed
material texture. Thus, the total sediment transport is
2.07~2.76 × 107 t, indicating that the order of magnitude
of the theoretically calculated values is considered to be
correct and the accuracy is satisfying.

In summary, comparison of the measured suspended sedi-
ment transport with the theoretically calculated total sediment
transport curves can reflect the true transport mode and the
inherent sediment dynamics, indicating that the selected meth-
od can be applied in the estimate of bed load with more accu-
racy and the suspended rating relationship between FD and
SSC can represent the wash load rating curve under nowadays
flow conditions due to comprehensive ecological manage-
ment in the lower Huangshui River.

Conclusions

Based on the continuous and detailed hydrological data
monitored at the Minhe gauge station, the total sediment
transport dynamics was studied systematically for the
Huangshui River, which is the largest tributary to the up-
stream reach of the Yellow River and contributes a lot to
the suspended sediment load of the upper Yellow River due
to the severe soil erosion especially occurred in the lower
Hunagshui River basin. According to the water-sediment
correlations representing watershed characteristic variabil-
ity due to natural and man-made factors, the NS, COR,
CHI, and SWC periods were subdivided, and 14
sediment-laden flood flows representing wet periods were
selected as data preparation. Subsequent results indicated
that the sediment transport regime has altered since the
1980s in response to the eco-environmental changes, with
SSC decreased by 50% on average compared with the NS
period (1950–1980). Wash load and bed material load was
distinguished for the first time to recognize and determine
the true sediment transport mode under changing water-
shed characteristics and flow conditions, respectively. A
relationship exists between wash load and discharge in
terms of wash load rating curve as the indicator of water-
shed characteristic changes while Ackers and White’s
(1973) bed load function (with wash load excluded) was
validated rational in determining mainstream bed load
transport dynamics. The estimate of total sediment trans-
port due to comprehensive ecological management since
2000 (SWC period) is 3.43 × 107 t for the lower
Huangshui River, among which the total bed load is
1.40 × 107 t, and the wash load is 2.03 × 107 t. The trans-
port ratio of wash load to total bed load is 1.45:1. The
combined use of wash load rating curve and theoretical
bed load function is suggested and expected to be applied
in determining the true sediment transport mode of the
event-based, high sediment yield rivers draining arid zones
where erosion activities in the watershed and fluvial ero-
sion in the stream channel are nearly equally important in
sediment transport process.
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