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Abstract
Using experimental data of near-bed suspended sediment concentrations at five typical hydrometric stations of the Three Gorges
Reservoir at the early reserving stage, the differences were investigated between the common method and improved method
during flood seasons and non-flood seasons. The impact of taking measurements below 0.2 times the water depth on the results
was discussed. The results show that the average discharges and velocities at each station calculated by the commonmethod were
slightly larger than those calculated by the improved method. Regarding the suspended sediment concentration at each station,
the errors in the reservoir and downstream channels in dynamic equilibrium state were small, and the largest errors occurred
where the river bed was strongly scoured in the downstream reach below the large dam. There was no significant relationship
between water discharge and flow velocity, and the missed measurement phenomenon also occurred. The sediment discharge
error was affected by the suspended sediment concentration, implying that errors usually occurred in channels with serious
erosion during flood seasons. The correction coefficients (R2) of sediment discharge at each station were given during the
experiment, which showed that the sediment discharges at the hydrometric stations where a large amount of sediment transport
occurred near the river bottom, needed to be modified. Furthermore, the test methods proposed in this study were applied to
calculate the sediment discharges of three rivers, and the results indicate that this method can narrow the gap between bathymetric
comparisons and sediment load measurements.
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Introduction

It has long been known that the sediment placed into suspen-
sion by flow-induced bottom shear stresses achieves a vertical
distribution, which essentially represents a balance between
the upward turbulent diffusion and the downward settling of
sediment particles (O’Brien 1933; Cacchione et al. 2008;

Yuan et al. 2017). The process of near-bed sediment transport
can be considered as dynamic feedback interactions among
the bed, flow, and mobile sediments. According to the
“Code for measurement of suspended sediment in open chan-
nels” (GB/T 50159-2015) and “Measurement of liquid flow in
open channels—Methods for measurement of characteristics
of suspended sediment” (ISO 4363:2002), common measure-
ments of suspended sediment (such as the two-point, three-
point and five-point methods) are usually concentrated above
0.2 times the water depth. In natural rivers, this depth is ex-
tremely close to the riverbed, so suspended sediment hardly
influences the measurement results of suspended load, as
proven by Xiang (1988) through experiments on the near-
bed suspended sediment of the Yangtze River from 1972 to
1978. However, this view may not fit the situation where a
dam is constructed, especially for a large reservoir in high-
pool level operation. This is because under these conditions,
the near-bed suspended sediment may influence the whole
suspended load significantly indicating that selecting the mea-
surement point of 0.2 times the water depth is a bit large. After

Responsible Editor: Stefan Grab

* Caiwen Shu
cwshu@whu.edu.cn

* Yiwei Lv
lyw_ns@163.com

1 State Key Laboratory of Water Resources and Hydropower
Engineering Science, Wuhan University, Wuhan 430072, Hubei,
China

2 Bureau of Hydrology, Changjiang Water Resources Commission,
Wuhan 430010, China

https://doi.org/10.1007/s12517-020-06124-w

/ Published online: 20 October 2020

Arabian Journal of Geosciences (2020) 13: 1118

http://crossmark.crossref.org/dialog/?doi=10.1007/s12517-020-06124-w&domain=pdf
mailto:cwshu@whu.edu.cn
mailto:lyw_ns@163.com


reservoir filling, the release of clear water remarkably influ-
ences the sediment transport process in the downstream chan-
nels (Wang et al. 2018), which therefore affects the accuracy
of cross-section sediment discharge measurements. In 1980
and 1981, the hydrology terminus of Sichuan Province, P.R.
China, conducted experiments on the near-bed suspended sed-
iment at the Neijiang Station, Dujiang Dam, and the prelimi-
nary results also showed that the near-bed suspended sediment
significantly influenced the quantity of the suspended load. It
can be seen that detecting whether the measurement of near-
bed suspended sediment is accurate is of vital importance to
improve the accuracies when predicting sediment concentra-
tion, sediment discharge, and the yearly suspended sediment
discharge. It also reduces the gap between bathymetric com-
parisons and sediment load measurements.

The current studies on near-bed suspended sediment can be
summarized as the following five aspects: (i) Near-bed concen-
tration of suspended sediment. Empirical formulas were
established by Smith and McLean (1977), Van Rijn (1984),
Celik and Rodi (1988), and Cao (1999) for determining near-
bed concentrations of single-sized suspended sediment and by
Einstein (1950) and Garcia and Parker (1991) for determining
near-bed concentrations of graded suspended sediment.
However, each formula can only be applied at the height where
the near-bed concentration is defined, making comparisons of
these formulas quite difficult. (ii) Near-bed sediment transport.
Near-bed sediment transport on continental shelves, estuaries,
and lakes has received increasing attention during the last few
decades. The objective of these studies is to assess the near-bed
sediment transport in estuaries and shelves which are dominat-
ed by tides, waves, wave groups, storms, and river flood cur-
rents (Drake 1989; Puig and Palanques 2001; Schettini 2002;
Palanques et al. 2002; Christopher and Daniel 2002; Liu et al.
2014; Roser et al. 2018; Pang et al. 2019). (iii) Exchanges
between near-bottom suspended and sea-bottom sediments. In
existing studies, the exact nature of the exchange between
suspended and sea-bottom sediment is illuminated, and this
aspect is helpful for understanding sediment transport and the
fate of suspended sediments in estuarine and coastal areas
(Hossain and Eyreb 2002; Jiang and Wang 2005; Ren and
Packman 2007). For instance, Liu et al. (2010) examined the
spatial variations in the exchange between near-bottom
suspended and sea-bottom sediments in the Yangtze Estuary
and adjacent regions and explored the fate of suspended sedi-
ments in their study areas. (iv) The effect of the near-bed flow
regime on the sediment flux. For example, Abelson et al. (1993)
proposed that slender bodies in the near-bed flow are better
adapted to catch small suspended particles, whereas flat bodies
are expected to feed on high fluxes of bed load particles. To
quantify how the interaction of such structures with the near-
bed flow regime affects the sediment flux, a series of experi-
ments were devised by Friedrichs et al. (2009). (v) New mea-
surement methods. Betteridge et al. (2002, 2003, 2008) and

Sottolichio et al. (2011) demonstrated the capability of acoustic
instrumentation to measure near-bed sediment transport pro-
cesses in controlled laboratory conditions and in the field.
However, previous studies focused on near-bed concentration
of suspended sediment, near-bed sediment transport, exchange
between near-bottom suspended and sea-bottom sediments, the
effect of the near-bed flow regime on the sediment flux, and
new measurement methods. And their research objects mainly
involve continental shelves, estuaries, and lakes, but few fo-
cused on rivers. So in this study, a new sampler has been used
to study the near-bed suspended sediment in Yangtze River.
And the common method concentrates on depths above 0.2
times thewater depth, and the improvedmethodwhich includes
depths below 0.2 times the water depth are compared. In addi-
tion, the conditions that must be emphasized in research on
near-bed suspended sediment concentrations are given.

Field experiment

Hydrographic sections

The Three Gorges Reservoir (TGR) is the largest reservoir
worldwide, where the mean depth is close to 70 m, and the
maximum depth reaches 175m (Wang et al. 2020). Under this
condition, 0.2 times the water depth can be up to 14 m, and
conventional methods are not applicable when obtaining the
near-bed suspended sediment concentration of this area. In
addition, the clear water flowing into the downstream channel
has a great impact on sediment movement and the evolution of
channels. Therefore, it is extremely typical to choose the TGR
area and the downstream area of the dam as research sites and
to measure the near-bed suspended sediment at these loca-
tions. Since 2006, five typical cross-sections have been cho-
sen by the Hydrology Bureau of ChangjiangWater Resources
Committee, China, for such experiments (CWRC 2017).
These sections are Qiangxichang which is in the TGR,
477 km upstream off the dam; Wanxian which is also in the
TGR, 289 km upstream of the dam; Yichang which is 44 km
downstream of the dam and 6 km upstream of the Gezhou
Dam; Shashi and Jianli which are 208 km and 346 km down-
stream of the Three Gorges Dam, respectively; and Jianli
which is 6 km upstream of the Jianli staff gauge station (Fig.
1). The five typical cross-sections are Qiangxichang,
Wanxian, Yichang, Shashi, and Jianli. Among them, the
Qiangxichang and Wanxian are all in the TGR, but they are
477 km and 289 km upstream off the dam, respectively. The
Yichang is 44 km downstream of the dam and 6 km upstream
of the Gezhou Dam. Moreover, the Shashi and Jianli are
208 km and 346 km downstream of the Three Gorges Dam,
respectively. And Jianli is 6 km upstream of the Jianli staff
gauge station (Fig. 1)
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Test data

From Jun. 2006 to Jul. 2007, experiments were performed at
the test sections according to the incomingwater and sediment
regime. Usually, one test per month was conducted in the dry
season, 2–3 tests were conducted in the flood season, and 3–5
tests were conducted during large floods. During the observa-
tion season, the Yangtze River was in the dry year; therefore,
there were thirteen, fourteen, and eight tests performed at
Qingxichang, Wanxian, and Yichang, respectively, and thir-
teen and sixteen tests completed at Shashi and Jianli, respec-
tively. Observations included water level, velocity, sediment
concentration, bed material, suspended sediment particle, and
water temperature data. A summary of the experiments is
shown in Table 1.

Near-bed suspended sediment experiment

In the experiments, the multithread/point method was adopted
when testing on the discharge and velocity. The specific num-
ber of threads and points would change case by case.
According to the section width, the 21, 26, 13, 22, and 28
threads were used respectively on the Qingxichang,

Wanxian, Yichang, Shashi, and Jianli cross-sections. There
were seven points on each thread. If the relative positions of
the riverbed and water surface were 0 and 1, then the relative
positions of the measurement points were 1.0, 0.8, 0.4, 0.2,
0.1, 0.5 m, and 0.1 m. The relative positions of the measure-
ment points are shown in Fig. 2. However, when the
relative water depth of 0.1 was 0.5 m from the riverbed,
six points were used. Moreover, the test was able to
choose a vertical line near the river bank according to
the water level and river width.

The locations of the vertical lines for the suspended sedi-
ment measurements were the same as those for the discharge
and velocity tests. A horizontal sampler was used at four test
points close to the water surface, and the relative position of
the vertical line for the near-bed suspended sediment sampler
was 0.1 times the water depth and 0.5 m and 0.1 m away from
the riverbed (Fig. 3).

Analysis of test results

In this study, the common method used multithread/point
method data but only selected conventional observation points
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Table 1 Summary of experiments

Sections Runs Range of
depth (m)

Range of
velocity (m/s)

Range of
discharge (m3/s)

Range of sediment
concentrations (kg/m3)

Range of sediment transport
rate (103 kg/s)

Qingxichang 13 23.7–31.2 0.25–1.39 3940–16 600 0.004–0.723 0.016–12.0

Wanxian 14 35.8–49.9 0.12–1.01 4180–25 400 0.004–1.470 0.017–37.30

Yichang 8 12.3–19.9 0.93–2.34 8550–35 600 0.012–0.20 0.10–6.37

Shashi 13 5.3–12.3 0.77–1.79 4520–24 800 0.029–0.348 0.161–8.643

Jianli 16 5.3–11.9 0.68–1.58 4590–21 900 0.050–0.414 0.249–9.06
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for calculations. The improved method used all of the
multithread/point method data for calculations. Errors of
the common method and the improved method may be
caused by measurement errors from area, discharge, ve-
locity, suspended sediment concentration, and other da-
ta. For example, a comprehensive error of sediment
transport rate includes the discharge and suspended sed-
iment concentration errors, while the discharge error is a
combination of the velocity and area errors. The areas
used for the two methods were almost the same. The
differences in flow, velocity, suspended sediment con-
centration, and sediment transport rate results of the two
methods at the five sections are discussed below.

Discharge results

According to the test results, for only one run, the maximum
error was 3.58%, while for multiple runs, the relative errors

were less than 2%. All test runs showed that the discharges at
each section determined by the common method were larger
than those determined by the improved method. This result
can also be seen in Fig. 4.

Figure 4 elaborates the comparison of discharges deter-
mined by the common method and the improved method.
The discharges of the common method ranged between
99.67 and 103.58% of the discharges of the improvedmethod.
Then, regression and correlation analyses were performed on
all measured points. The relationship between the methods
can be shown as follows:

Qb ¼ Qc=101:4% ð1Þ
where Qb is the discharge of the improved method and Qc is
the discharge of the common method. Only a 1.4% difference
was observed between the two methods. Therefore, the com-
mon method met the accuracy requirement of discharge
measurements.
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Fig. 3 Sampler of near-bed suspended sediment
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Velocity results

For the velocity results with one run in each of the five hydro-
logic sections, the maximum velocity error was 3.70%. In
contrast, the relative error of the multirun velocity results
was no more than 2%. Moreover, the velocity of the common
method was larger than that of the improved method.

Figure 5 compares the velocities of the two methods. The
velocity of the common method ranged between 100 and
104% of the velocity of the improved method. When V ≤
0.50 m/s, the results of the two methods had little variability,
with percent similarities close to 100%, while when V > 0.50
m/s, these percentages slightly increased. Regression analysis
was also performed at all the measurement points. The rela-
tionship was given by

Vb ¼ V c=100:4% V ≤0:50m=sð Þ
Vc=101:5% V > 0:50m=sð Þ

�
ð2Þ

where Vb is the velocity from the improved method and Vc is
the velocity from the common method. Equation (2) shows
that the common method met the velocity accuracy require-
ments, and when the velocity was less than 0.5 m/s, both of the
methods yielded the same results.

Results of suspended sediment concentration

Regarding the suspended sediment concentration, there were
seven test runs with relative errors greater than 5%, four test
runs with relative errors greater than 10%, and three test runs
with relative errors greater than 20% at the Shashi section. At
the Jianli Section, there were five test runs with relative errors
greater than 5%, four test runs with relative errors greater than
10%, and two test runs with relative errors greater than 20%.

The maximum relative error of the three other sections was
less than 5%. The relative errors at Shashi and Jianli were
much larger than those at the other three sections.

For the test results from the Qingxichang, Wanxian, and
Yichang sections, when Q ≤ 9000 m3/s, only one run among
15 runs appeared a measurement error. That meant the results
from the common method were significantly consistent with
the results from the improved method if accidental er-
rors were considered. During the flood season (from
May to Oct.), the suspended sediment concentration er-
rors ranged between − 4.55 and 4.07%. The mean value
was 0.99%. Therefore, errors existed.

However, for the test results at Shashi and Jianli, there were
large variations in the suspended sediment concentrations,
with values ranging from − 20 to 30.95% and − 20.74 to
25.26%, respectively, and there was no relationship between
the suspended sediment concentration and discharge and
velocity. Figure 6 shows the relationship between these
two methods, with a slope greater than 1.0. This means
that when using the common method, missing calcula-
tions or missing tests for the suspended sediment con-
centration results emerged.

Results of sediment transport rate

During this experimental period, there were thirteen runs at
the Qingxichang section, and for two of these runs, the errors
exceeded 5%. Fourteen runs were conducted at Wanxian, two
of which had errors more than 5%. Thirteen runs were con-
ducted at Shashi, eight of which had errors greater than 5%,
four of which had errors greater than 15%, and two of which
had relative errors greater than 30%. At the same time, among
the sixteen runs at Jianli, five runs had errors larger than 5%,
and four runs had errors greater than 10%, but only one run
had a relative error exceeding 25%. Last, the maximum rela-
tive error at Yichang was 2.69%.

Moreover, the sediment transport rate error at each section
was larger in the flood season than that in the non-flood sea-
son. The sediment discharge in the flood season was more
than 80% of the annual sediment discharge in the Yangtze
River; therefore, the sediment transport rate error during the
flood season had a large sediment discharge component.

Sediment discharge correction

The vertical distribution of generalized velocity

Halper and McGrail (1988) showed that the current di-
rection is closely related to changes in the suspended
sediment concentration. According to the measured data,
the relative velocity along the water depth from the
improved method basical ly had an exponential
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Fig. 5 Velocity comparisons between the commonmethod and improved
method
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distribution. Therefore, using exponential fitting, Eq. (3)
presents the synthetically generalized curvilinear rela-
tionship, which can be written as

Vη

V
¼ 1þ 1

m

� �
η

1
m ð3Þ

where Vη=V is the relative velocity, η is the relative
depth, and m is the variable parameter.

The above synthetically generalized curvilinear equation of
the improved method comes from the actual measurements at
each section. On that basis, the multirun synthetically gener-
alized curvilinear equation was fitted according to improved
method results when η ≥ 0.2 for the common method to cal-
culate the following sediment discharge correction. Table 2
lists the m values used by the two methods in each section.

The vertical distribution of the generalized suspended
sediment concentration

The relative suspended sediment concentration along the wa-
ter depth from the improved method can be expressed by
(O’Brien 1933; Rouse 1938; Wu 2007)

Csη ¼ r
1

η
−1

� �z

ð4Þ

where Csη is the sediment concentration with a relative depth
of η, ris a coefficient, and z is the suspension or Rouse
number. Physically, z represents the effect of gravity
against turbulent diffusion. When z is larger, the effect
of gravity is stronger, and the distribution of the
sediment concentration along the vertical direction is
less uniform. When z is smaller, the effect of turbulent
diffusion is stronger, and the distribution of the
sediment concentration is more uniform. Wu (2007) re-
ported that when the Rouse number is larger than ap-
proximately 5.0, the relative concentration of suspended
sediment is quite small, and when the Rouse number is
less than approximately 0.06, the suspended sediment
concentration is almost uniformly distributed along the
depth.

From Eq. (4), the relative suspended sediment concentra-
tion, Csη/Cs0.2, can be written as

Csη

Cs0:2
¼ 1

0:2
−1

� �−z 1

η
−1

� �z

¼ k
1

η
−1

� �z

ð5Þ

where Cs0.2 is the suspended sediment concentration
whereη = 0.2, and k and z are variable parameters.

The above synthetically generalized curvilinear equation
comes from actual measurements at each section. On that
basis, the curvilinear equation with η ≥ 0.2 was used by the
common method to calculate the following sediment dis-
charge correction coefficients. Table 3 lists the values of k, z
used by the improved method and the common method at
each section.

Correction coefficients of sediment discharge

The correction coefficient of sediment discharge was the ratio
of the sediment discharge from the synthetically generalized
curvilinear equation to that from norm stipulating.

The correction coefficient at each section can be cal-
culated by

θdi ¼ ∫
1

A
η

1
m

1

η
−1

� �z

dη=∑
η
K

0
ηη

1
m

1

η
−1

� �z

ð6Þ

where θdi is the correction coefficient of the di group of

bed-material load discharge and K
0
η is the depth weight.
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For the Yangtze River, A = 0 (Han 2008). In this study, the
suspended sediment was group di; thus, the correction coeffi-
cient of sediment discharge, θd, was written as

θd ¼ ∫
1

0
η

1
m

1

η
−1

� �z

dη=∑
η
K

0
ηη

1
m

1

η
−1

� �z

¼ 1

M
−

z
M þ 1

−
z z−1ð Þ

2 M þ 2ð Þ −
z z−1ð Þ z−2ð Þ
6 M þ 3ð Þ

� �
=∑

η
K

0
ηη

1
m

1

η
−1

� �z

ð7Þ

where M = 1/m − z + 1. The correction coefficients obtain-
ed by Eq. (7) are listed in Table 4.

Calculation of sediment discharge

The total discharge of sediment (Ws) after correction is

Ws ¼ θd⋅W
0
s ð8Þ

where W
0
s is the sediment discharge without correction.

Kt is the ratio between the correction amount and the sed-
iment discharge without correction.

Kt ¼ Ws−W
0
s

� �
=W

0
s⋅100% ð9Þ

Using Eqs. (8) and (9), during Jul. 2006 to May 2007, the
sediment discharge correction results at each section were

determined and are shown in Table 5. (i) Qingxichang,
Wanxian, and Yichang had almost no corrections, while
Shashi and Jianli had a greater correction, which was basically
consistent with the missed measurements at each section de-
scribed in “Results of suspended sediment concentration.” (ii)
When calculating the sediment discharges at Shashi and Jianli,
the influence of near-bed suspended sediment must be consid-
ered. The sections of Qingxichang and Wanxian were located
in the reservoir, with velocities smaller than those of Shashi
and Jianli, and Yichang had reached a balance between scour
and deposition; therefore, the errorsat Qingxichang, Wanxian,
and Yichang were small. At Shashi and Jianli, the sediment
discharge errors were larger than 30%. This is because the
riverbed scouring at these two sections was stronger than that
at the other sections, which caused the total near-bed sediment
discharge to be large.

The sediment concentration errors were small at both the
reservoir sections and dynamic equilibrium sections, while the
greater error was observed in the intensively scoured riverbed.
There was no significant relationship among the sediment
concentration, flow and velocity, and the phenomenon of
missed measurements also occurred.

Validation of the test results

Qingxichang and Wanxian which were in the TGR re-
quired almost no corrections; therefore, the validation of
the test results only considered the downstream region
of the Three Gorges Dam.

Table 2 Parameters that synthetically generalized the relative velocity
curve used by each section

Formula Vη

V
¼ 1þ 1

m

� �
η

1
m

Method Multipoint
method

Conventional
method

Parameter 1/m 1/m′

Qingxichang 0.089 0.091

Wanxian 0.156 0.144

Yichang 0.143 0.144

Shashi 0.163 0.160

Jianli 0.185 0.179

Table 3 Parameters that
synthetically generalized the
sediment concentration curve
used by each section

Formula Csη

Cs0:2
¼ k 1

η −1
� �z

Method Multipoint method Conventional method

Parameter k z k′ z′

Qingxichang 0.994 0.009 1.005 0.011

Wanxian 1.018 0.024 1.005 0.018

Yichang 1.011 0.009 0.993 0.004

Shashi 1.091 0.227 0.922 0.150

Jianli 1.046 0.268 0.933 0.224

Table 4 Correction
coefficient of each
section for the sediment
discharge

Section θd

Qingxichang 1.008 1

Wanxian 1.008 5

Yichang 1.004 9

Shashi 1.321 7

Jianli 1.369 7
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According to the results, three reaches were chosen:
Yichang-Shashi, Yichang-Jianli, and Shashi-Jianli. The calcu-
lated period was from October 2006 to October 2007. It was
assumed that the sediment discharge calculated by the bathy-
metric comparison was correct. The results are shown in
Table 5. When the sediment discharge was corrected by the
test results, the error was greatly reduced by approximately
30%. However, this did not mean that there was no error, as
the calculation results of bathymetric comparisons and sedi-
ment loading measurements are affected by many factors,
such as the dry bulk density, sand mining, and bank erosion.

Conclusions

Near-bed suspended sediment experiment data at the sections
of Qingxichang, Wanxian, Yichang, Shashi, and Jianli at the
early operation stage of the TGR were chosen to separately
analyze differences between the common method and the im-
proved method for measuring discharge, velocity, suspended
sediment concentration, and sediment discharge rate. Several
conclusions can be drawn from this study. (i) The discharges
and velocities at each section determined by the common
method were slightly larger than those determined by the im-
proved method; therefore, the common method meets the
measurement requirements. (ii) The sediment concentration
error at the reservoir section and the section in equiliriumwere
small, while the more the river bed was scoured, the larger the
error in the sediment concentration occurred. And there were
no relationships between discharges and velocities. Missed
measurements also occurred. However, the error of the sedi-
ment discharge was affected by that of the suspended sedi-
ment concentration. The error was large at sections undergo-
ing strong scour during flood seasons. (iii) The sediment dis-
charge correction coefficients at each section showed that the
sediment discharge should be corrected if the total near-bed
sediment discharge is large. Then, the test results were applied
to calculate the sediment discharge of three rivers, and the
results indicated that the correction reduced the gap between
bathymetric comparisons and sediment load measurements.

However, it should be noted that the total sediment con-
centration from the presented data was small during the test
period, which limited the representativeness of the test (The
Ministry of Water Resources of the People’s Republic China
2008). In the future study, data from normal, wet, and
sediment-laden years could also be considered to improve
the improved method.
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