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Abstract: Effective management of a river reach requires a sound understanding of flow and sediment
transport generated by varying natural and artificial runoff conditions. Flow and sediment transport
within the Ning-Meng reach of the Yellow River (NMRYR), northern China are controlled by a complex
set of factors/processes, mainly including four sets of factors: (1) aeolian sediments from deserts
bordering the main stream; (2) inflow of water and sediment from numerous tributaries; (3) impoundment
of water by reservoir/hydro-junction; and (4) complex diversion and return of irrigation water. In this
study, the 1-D flow & sediment transport model developed by the Yellow River Institute of Hydraulic
Research was used to simulate the flow and sediment transport within the NMRYR from 2001 to 2012. All
four sets of factors that primarily control the flow and sediment transport mentioned above were
considered in this model. Compared to the measured data collected from the hydrological stations along
the NMRYR, the simulated flow and sediment transport values were generally acceptable, with relative
mean deviation between measured and simulated values of <15%. However, simulated sediment
concentration and siltation values within two sub-reaches (i.c., Qingtongxia Reservoir to Bayan Gol
Hydrological Station and Bayan Gol Hydrological Station to Toudaoguai Hydrological Station) for some
periods exhibited relatively large errors (the relative mean deviations between measured and simulated
values of 18% and 25%, respectively). These errors are presumably related to the inability to accurately
determine the quantity of acolian sediment influx to the river reach and the inflow of water from the ten
ephemeral tributaries. This study may provide some valuable insights into the numerical simulations of
flow and sediment transport in large watersheds and also provide a useful model for the effective
management of the NMRYR.

Keywords: numerical simulation; flow and sediment transport; 1-D flow & sediment model; Yellow River

Citation: DOU Shentang, YU Xin, DU Hegiang, ZHANG Fangxiu. 2017. Numerical simulations of flow and sediment
transport within the Ning-Meng reach of the Yellow River, northern China. Journal of Arid Land, 9(4): 591-608. doi:
10.1007/s40333-017-0059-6

1 Introduction

Flow and sediment (including suspended and bedload) transport within rivers are complex
physical processes. In the simulations of flow and sediment transport, it is essential to
understanding the responses of sediment movement to flow at different temporal and spatial
scales (Merritt et al., 2003). A considerable number of models have been developed to simulate
flow and sediment transport (e.g., Beasley et al., 1980; Fan, 1988; Laflen et al., 1991; Hanley et
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al., 1998; Viney et al., 2000; Rodi, 2006). In general, these models fall into four main categories:
(1) empirical models; (2) conceptual models; (3) physical models; and (4) numerical
hydrodynamic models (Merritt et al., 2003). Of the four categories, the numerical hydrodynamic
models have the unique advantage of being easily adaptable to different physical domains.
Furthermore, they are not subjected to distortion effects like physical models when simulating the
flow conditions (e.g., identical Reynolds and Froude numbers, same length scale in the three
directions, etc.) as those present in the field (Papanicolaou et al., 2008; Wu et al., 2012; Chen et
al., 2013; Dou et al., 2014).

Over the past three decades, a large number of numerical hydrodynamic models were
developed (Fan, 1988; Rodi, 2006), including flow and sediment transport models (Martins, 1989;
Nakato, 1990; Onishi, 1994; Przedwojski et al., 1995; Spasojevic and Holly Jr, 2000). Broadly
speaking, these models can be classified into three sub-categories on the basis of the dimensions:
one-dimensional (1-D) models, two dimensional (2-D) models and three-dimensional (3-D)
models (Papanicolaou et al., 2008). The 1-D models have been successfully used in many
scientific researches since the early 1980s (Burkow and Griebel, 2016). Most of the 1-D models
are formulated using a rectilinear coordinate system and the representative models include Mobile
BED (Krishnappan, 1981), lowa ALLUVIAL (Karim and Kennedy, 1982), CHARiage (Holly Jr
et al., 1990), SEDIment COUPIled (Holly Jr and Rahuel, 1990), and Steep Stream Sediment
Transport 1D Model (Papanicolaou et al., 2004). In addition, there are a few 1-D models that are
formulated using different types of coordinate systems and the representative models include
FLUVIAL 11 (Chang, 1984), Generalized Stream Tube Model for Alluvial River Simulation
(Molinas and Yang, 1986), and One-dimensional Transport with Inflow and Storage (Runkel and
Broshears, 1991). It was widely reported that in the simulations of flow and sediment transport,
the 1-D models could predict the basic hydrologic and geomorphic parameters associated with
open-channel riverine conditions and the parameters include water surface elevation,
section-averaged velocity, sediment concentration, degree of deposition or erosion, and channel
bed deformation (Fang and Wang, 2000; Zhang et al., 2002; Wu et al., 2004; Termini, 2011; Luan
and Jin, 2016). For example, Zhang et al. (2002) used a 1-D model to simulate the non-uniform
sediment transport under unsteady flow conditions in the Yellow River. All in all, the 1-D models
have the advantages of simple model structures, less computation redundancies, higher
computational efficiency, etc. They are suitable to simulate the flow and sediment transport in
large watersheds with complex flow and sediment conditions, such as the Yellow River.

The aim of this study was to apply a 1-D flow & sediment model to simulate the flow and
sediment transport within the Ning-Meng reach of the Yellow River (NMRYR). The model was
developed by the Yellow River Institute of Hydraulic Research and was widely used to simulate
hyper-concentrated or low- concentrated flow transport in the lower reach of the Yellow River
(e.g., Liang et al., 1999; Chen et al., 2004; Ren et al., 2004). One obvious advantage of this model
is that factors such as aeolian processes, reservoir operations, and others can be easily integrated
into the model. Based on the complex flow and sediment conditions of the NMRYR and the
openness of this 1-D model, we improved the model by considering more parameters/factors to
increase the accuracy of flow and sediment transport simulations. Firstly, the flow and sediment
characteristics (such as sediment concentration, sediment siltation, particle size distribution, etc.)
within the NMRYR were considered. Secondly, the complex hydrologic and geomorphic
characteristics within the NMRYR including tributary inflow, aeolian sediment supply, water
diversions (intake), return of farmland irrigation to the river, and formation of in-channel bars at
some confluences were also considered. These improvements would provide a practical reference
for the developers of hydrodynamic models and would also provide a scientific reference for
simulating the flow and sediment transport in other similar rivers. It is our hope that the simulated
results would provide some useful references for controlling siltation within the NMRYR.

2 Study area

2.1 Ning-Meng reach of the Yellow River (NMRYR)
The studied NMRYR, extending from the Xiaheyan Hydrological Station in Ningxia Hui
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Autonomous Region to the Toudaoguai Hydrological Station in Inner Mongolia Autonomous
Region, has a total length of 949.89 km. In general, the NMRYR is a slow-flowing stream with
low gradient. It was especially the case (i.e., low gradient) along the reach in Inner Mongolia
where the gradient is close to that in the Yellow River Estuary (Qin, 2009). NMRYR receives
aeolian sediment because it is within an alluvial plain located between the Ningxia Plain and the
Inner Mongolian Plateau and the NMRYR crosses extended deserts, including the Hedong Sandy
Land, Ulan Buh Desert, and Hobq Desert (Fig. 1). The ambient environment is characterized by a
continental monsoonal climate with mean annual precipitation of 150-400 mm. It should be noted
that annual precipitation decreases from east to west, and about 75%-90% of annual total
precipitation occurs during the period July—September. The annual average wind speed is 2.5-5.0
m/s with the windy season from November to succeeding May. The daily maximum wind speed
can reach up to 20 m/s and the mean sandstorm occurrence is 19-22 d/a. Soil types in the
watershed vary from desert aeolian sandy soil in the west to chestnut soil, loess soil, and
cinnamon soil in the east.
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Fig. 1 (a) Location of the watershed of the Ning-Meng reach of the Yellow River (NMRYR), (b) sketch map of
the upper region of the ten tributaries, and (c) sketch map of the whole watershed of the NMRYR. It should be
noted that Sanshenggong Hydro-junction is situated several hundred meters upstream of the Bayan Gol
Hydrological Station.

2.2 Sub-reaches of the NMRYR

The hydrological structure of the NMRYR is shown in Figure 2. We divided the NMRYR into
three sub-reaches based on the occurrence of hydro-junction, reservoir, or hydrological station:
Xiaheyan Hydrological Station to Qingtongxia Reservoir (X-Q), Qingtongxia Reservoir to Bayan
Gol Hydrological Station (Q-B), and Bayan Gol Hydrological Station to Toudaoguai
Hydrological Station (B-T). Characteristics of the three sub-reaches are shown in Table 1 (Qin,
2009).

2.2.1 X-Q sub-reach

The X-Q sub-reach has a total length of 119.2 km. It should be noted that both tributary inflow
and irrigation diversions were considered in the simulations of flow and sediment transport in this
study. The most important tributary within this sub-reach is the Qingshui River whose runoff has
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been gauged at the Quanyanshan Hydrological Station (Fig. 1). Irrigation diversions along the
X-Q sub-reach are dominated by three canals, including the Tanglai Canal (diversion capacity of
450 m3/s) located on the west side of the Yellow River, and the Qinhan Canal (diversion capacity
of 115 m3/s) and Donggao Canal (diversion capacity of 75 m3/s) located on the east side of the
Yellow River. All these three channels were considered in this study. Irrigation diversions
primarily occur from April to June and also during November. According to the statistical
(unpublished) data provided by the Yellow River Conservancy Commission, the total annual
diversion of these three canals ranged from 6x10° to 7x10° m® in 2000s, and the diversion from
the Tanglai Canal exceeded 82% of the total diversion.
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Fig. 2 Conceptual diagram of the basic hydrological structure of the NMRYR
Table 1 Characteristics of the NMRYR and its three sub-reaches (Qin, 2009)

g () T e "
NMRYR 949.89 13 301 3200
X-Q sub-reach 119.20 1 52 2378
Q-B sub-reach 334.64 0 142 2352
B-T sub-reach 491.60 12 107 4595

Note: NMRYR, Ning-Meng reach of the Yellow River; X-Q, Xiaheyan Hydrological Station to Qingtongxia Reservoir; Q-B,
Qingtongxia Reservoir to Bayan Gol Hydrological Station; B-T, Bayan Gol Hydrological Station to Toudaoguai Hydrological Station.

2.2.2 Q-B sub-reach

The Q-B sub-reach has a total length of 334.64 km. There are no significant tributaries along this
sub-reach. Irrigation waters were mainly withdraw from the Main Canal, South Bank Canal, and
Shenwu Canal. The total diversion of these three channels accounts for 28% of the total annual
diversion within this sub-reach, and the total diverted suspended sediment of these three channels
accounts for ~27% of the total annual sediment load. From 1958 to 2001, the total diversion of the
Q-B sub-reach varied from 5.07>10° to 6.93x10° m3, and the total diverted suspended sediment
varied from 0.014x10° to 0.213><10° t. Moreover, the sediment siltation within the Q-B sub-reach
is influenced by the direct (sand blown or dune migration into channels) and/or indirect (aeolian
sediment influx to the Yellow River) entry of sediments from the surrounding deserts.

2.2.3 B-T sub-reach

The B-T sub-reach has a total length of 491.60 km. It generally transits from a wandering channel
to a meandering channel. Sediment siltation continuously increased and the channel sinuosity also
increased after the integrated operation of the Longyangxia and Liujiaxia reservoirs. Thus, several
segments of the B-T sub-reach became “suspended rivers” that increased the traverse gradient of
the sub-reach. The upstream of the B-T sub-reach, extending from the Bayan Gol Hydrological
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Station to the Sanhuhekou Hydrological Station, has a total length of 216 km, a sinuosity of 1.16,
and a width/depth ratio (B®5/H) of 5. The downstream of the B-T sub-reach, extending from the
Sanhuhekou Hydrological Station to the Toudaoguai Hydrological Station, has a total length of
300 km, a sinuosity of 1.39, and a width/depth ratio (B®%/H) of 9 (Zhou et al., 2012). There are ten
tributaries that discharge flow and sediment into the Yellow River and they are (from west to east):
Maobula Gully, Burstai Gully, Heilai Gully, Xiliu Gully, Hantai Gully, Haoqging River, Hasila
Gully, Muhar River, Dongliu Gully, and Husitai River. All these tributaries originate within the
Erdos Plateau and are oriented approximately parallel to one another. The Erdos Plateau is
underlain primarily by high erodible loose sandstone, leading to serious soil erosion and large
guantities of eroded sediments into the ten tributaries. The total annual sediment siltation of the
ten tributaries was relatively high in the study area, exceeded 25.6x10° t during the period 1953
2010.

In addition, wind erosion directly and/or indirectly delivers aeolian sediments to the B-T
sub-reach. The combination of highly erodible strata within the watershed of the B-T sub-reach
and the influx of large quantities of tributary and aeolian sediments to the B-T sub-reach has led
to serious sediment deposition within the main channel, particularly the gently-sloped river
channel (Hou, 1996; Zhao et al., 1999; Ta et al., 2003).

3 Model

To obtain accurate simulations of flow and sediment transport, we made some improvements on
the 1-D model by taking into account the flow and sediment characteristics (including sediment
concentration, sediment siltation, particle size distribution, etc.) and also the complex
hydrological and geomorphic characteristics of the NMRYR (including tributary inflow, aeolian
sediment supply, water diversions (intake), return of farmland irrigation, and the formation of
in-channel bars at some confluences). During the simulating process, control conditions such as
reservoir operations (including upstream water levels and discharge from reservoirs), influx water
from tributaries, etc. within the X-Q, Q-B, and B-T sub-reaches were presented in sequence from
upstream to downstream. Flow and sediment characteristics were then systematically estimated
using the 1-D model by combining the measured data collected from the hydrological stations in
the upstream. It should be noted that we assumed that the flow and sediment siltation from the ten
tributaries was one source for simplifying the 1-D model.

3.1 Governing equations of the model

In this study, the basic equations applied in the 1-D model to calculate the steady flow and
sediment concentration included the flow continuity equation (Eq. 1), flow kinematic equation
(Eqg. 2), sediment continuity equation (suspended sediment convection-diffusion; Eq. 3), and
riverbed deformation equation (Eq. 4) (Wang, 1996; Li and Shang, 1998; Zhang et al., 2003; Peng
and Zhang, 2006).

66_;?: , (1)
w:—gA(%+Sfj, @)
%(st):a*ka)kB(S*k -S,) ®)

y'%za*kwk(sk ~S.) (4)

where, Q is the flow (m?/s); x and t are the transport distance and time of flow, respectively (in
units of m and s, respectively); A is the cross-sectional flow area (m?); g is the gravitational
constant of acceleration (m/s?); Z is the water level (m); St is the friction slope, dimensionless; Sk
is the sectional sediment concentration of the k™" group (kg/m®); S.is the section-averaged
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sediment transport capacity of the k™ grade (kg/m3); a.x is the distribution coefficient of the
equilibrium sediment concentration of the k' group; w is the sediment settling velocity of the ki
group (m/s); B is the width of the water surface (m); y' is the dry density of the sediment (kg/m?);
and Zy is the elevation of the riverbed of the k™ group (m).

S. can be calculated by Equation 5 (Zhang et al., 2003):

0.62

3
S, =25 (0.0022+S,)U In( h j ' (5)
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Vm
where, ys and ym are the volume-weights of the sediment and the flow, respectively (t/m?); S, and
ws are the dynamic viscosity coefficient ((kg-s)/m?) and the kinematic viscosity coefficient (m?/s)
of clean water, respectively; Dso is the median diameter of the riverbed sediment (m); U is the
mean velocity of the flow within a given section (m/s); h is the water depth of a given section (m);
and « is the Von Karmans constant of muddy water, which can be calculated using Equation 6.

x=04[1-42,f5,(0365-5,) . (6)

After simplified the sediment continuity equation (Eg. 3) and integrated the MacCormack
algorithm (Ong and Knight, 1987), the discrete form of sediment continuity equation can be
written as:

gho,

S

L e s
=S, =S, . - —k dx, 7
Sk,|+1 S*k,|+1+(sk,| S*k,|)e € JO e dx dx ( )
where, i and i+1 are the consecutive cross sections, and i increases along the flow direction; « is
the distribution coefficient of the equilibrium sediment concentration (kg/m3); w is the sediment
settling velocity (m/s). This discrete equation (Eq. 7) can be applied to determine the specific
sediment size fractions (intervals).

3.2 Key parameters of the model

The flow and sediment transport exhibits complex relationships within the NMRYR. For example,
sediments from the ten tributaries exert influence on the flow, sediment concentration, sediment
siltation, and riverbed evolution of the main channel. And, the influences are most pronounced at
those sections where the ten tributaries enter into the B-T sub-reach. In addition to the influences
of sediments from the ten tributaries, other factors including aeolian sediment influx to the
NMRYR, tributary inflow, irrigation diversions, and the constructed hydro-junction and reservoir
along the NMRYR also exert influences the flow and sediment transport within the NMRYR.
Therefore, these factors were considered in the 1-D model.

3.2.1 Aeolian sediment influx to the NMRYR

The Hedong Sandy Land, Ulan Buh Desert and Hobq Desert are important sediment sources to the
NMRYR. Thus, aeolian sediment was considered in the 1-D model. The quantities of aeolian
sediment influx to the NMRYR were calculated using the Revised Wind Erosion Equation (RWEQ)
developed by the United States Department of Agriculture (Fryrear et al., 1998) and the Integrated
Wind-Erosion Modelling System (IWEMS) proposed by Shao (2001). A more detailed discussion
about how to calculate the quantities of aeolian sediments can be found in Du et al. (2015).

3.2.2 Tributary inflow and irrigation diversions

In this study, the tributary inflow and irrigation diversions were added to the governing equations
to reflect the complex (and abrupt) changes of flow and sediment conditions along the NMRYR.
With regards to the inflow from the ten tributaries and the diversions from the irrigation channels,
the flow continuity equation (Eq. 1) can be converted as follows:

oQ
g—q“ (8)
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where, q, is the change in flow per unit length, and g>0 means tributary inflow occurring and
0,<0 means irrigation diversions occurring. The calculation of change in flow per unit length
needs a modification in the sediment continuity equation (Eq. 3), and the equation can be
modified as:

% (QSy) = a3 B(S.y —S;) + G- ©)

where, g5 is the tributary inflow of the k™ group sediment (m®/(s-m)). It should be mentioned that
the flow acts as a carrier in the processing of sediment diversion or supply, so the left term of
Equation 9 cannot equal to 0. In this situation, Equation 9 can be expressed as:

oS, 1(0 1
§k+6(6_§+a8wkjsk = a(qs,k +aBaAKS*k)- (10)

The analytical solution of sectional sediment concentration can be expressed as:

Ax 1 1 1
7.[0 6(q|+an)dX N eJ.Q(q|+an)dxij 1 Ig(qﬁaBa))dx

Sk =Si€ a(qls’k +aBasS. e (11)

0
The parameters 0Q/0x and ¢, are equal to 0 when there is no flow or sediment diversions
(inflow). Thus, Equation 11 equals to Equation 7. Furthermore, the scouring and siltation
thickness of each sand group (fraction) can be calculated using the Equation 4 and Equation 11.
3.2.3 Hydro-junction and reservoir
The operations of hydro-junction and reservoir can influence the flow and sediment transport. In
addition, the operation of hydro-junction or reservoir exhibits a discontinuous flow in the
upstream and downstream of the hydro-junction or reservoir (Fig. 3). Therefore, the
discontinuous water level should be considered in the simulations.
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Fig. 3 Schematic diagram of discontinuous flow impacted by the Qingtongxia Reservoir and Sanshenggong
Hydro-junction. Cs, the serial number of cross sections; Cs—1, the 1% cross section above the Qingtongxia
Reservoir; Cs—Q, the Q" cross section, which is the last section above the Qingtongxia Reservoir; Cs-Q+1, the 1%
section below the Qingtongxia Reservoir; Cs—Q+S, the (Q+S)" cross section, which is the last section above the
Sanshenggong Hydro-junction; Cs—Q+S+1, the 1% cross section below the Sanshenggong Hydro-junction; and
Cs-N, the Nt cross section, which is the number of cross sections from the inlet to the outlet of the NMRYR.

Based on the operations of the Qingtongxia Reservoir and Sanshenggong Hydro-junction, we
determined the flow from the reservoir or hydro-junction (Qout), water level upstream the dam (2),
and water storage of the reservoir or hydro-junction (W) by investigating the reservoir
(hydro-junction) inflow (Qin) and sediment concentration (Sin). Subsequently, the water level at
every section can be calculated using an iteration formula derived from Equation 12:

LS
Z. =7, +AXJ+ Ala \AJ (12)

i+1 gz\
where, i and i+1 are the consecutive cross sections; AX is the distance from it section to (i+1)™"
section (m); J is the gradient of the river bed, which is dimensionless.




598 JOURNAL OF ARID LAND 2017 Vol. 9 No. 4

3.3 Data collection

3.3.1 X-Q sub-reach

The simulations of flow and sediment transport within the X-Q sub-reach included the inflow
water and sediments from the Qingshui River and the diversion from the Tanglai Channel.
Control conditions within the X-Q sub-reach were based on the observed water level in the
upstream of the reservoir from 2001 to 2012. The channel dimensions used in the simulations
were based on the cross-section data collected in 2002. The data of flow, sediment concentration,
and sediment grading (size distribution) in the upstream and downstream of the X-Q sub-reach
were collected from the Xiaheyan Hydrological Station and the Qingtongxia Reservoir,
respectively; the data of the Qingshui River (tributary) were obtained from the Quanyanshan
Hydrological Station; and the data of irrigation diversions were provided by the Division
Management Bureau that attached to the Yellow River Conservancy Commission.

3.3.2 Q-B sub-reach

The simulations of flow and sediment transport within the Q-B sub-reach included the aeolian
sediments from the Ulan Buh Desert and the diversions of flow from the Main Canal, South Bank
Canal, and Shenwu Canal. The Qingtongxia Reservoir, Shizuishan Hydrological Station,
Sanshenggong Hydro-junction, and Bayan Gol Hydrological Station are located along the Q-B
sub-reach. Control conditions such as inflow discharge, sediment concentration, sediment
gradation, reservoir operation mode, etc. within the Q-B sub-reach were based on the measured
hydrograph in the upstream of the Sanshenggong Hydro-junction from 2001 to 2012. The river
boundary used in the simulations was based on the measured cross-section data collected in 2002.
The data of flow, sediment concentration, and sediment grading (size distribution) in the upstream
and downstream of the Q-B sub-reach were collected from the Qingtongxia Reservoir and the
Sanshenggong Hydro-junction, respectively. The data of irrigation diversions from 2001 to 2012
were provided by the Division Management Bureau that is a part of the Yellow River
Conservancy Commission. It should be noted that the return of irrigation water from the
Qiongtongxia irrigated area to the river was considered in the simulations while the ongoing
construction of Haibowan Reservoir was ignored.

3.3.3 B-T sub-reach

The simulations of flow and sediment transport within the B-T sub-reach included the inflow
water and sediments from the ten tributaries. Several hydrological stations are located along the
B-T sub-reach, including the Bayan Gol Hydrological Station, Sanhuhekou Hydrological Station,
and Toudaoguai Hydrological Station. Control conditions such as inflow discharge, sediment
concentration, sediment gradation, reservoir operation mode, etc. within the B-T sub-reach were
based on the measured hydrograph in the upstream of the Toudaoguai Hydrological Station from
2001 to 2012. The river boundary used in the simulations was based on the measured
cross-section data collected in 2002. The data of flow, sediment concentration, and sediment
grading (size distribution) were obtained from the Bayan Gol Hydrological Station; and the data
of inflow water and sediments discharged from the ten tributaries were obtained from the Yellow
River Conservancy Commission.

3.4 Evaluation methods of the model

In this study, two statistical parameters (root mean square error (RMSE) and relative mean
deviation (RMD)) were used to evaluate the performance of the model. They were computed as
criteria for goodness-of-fit between the measured and simulated values.

The RMSE is defined as follows (Thomann, 1982):
1/2

D (M-8

RMSE=[41 | | (13)
n
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where, M; and S; are the measured and simulated values for the it" pair, respectively; and n is the
total number of pairs. The smaller the RMSE, the higher the performance of the model (the
simulated values being closing to the observed values).

The RMD can be calculated by the following equation (Yen, 1993):

n
D IM; -5

RMD:Hn—x100%. (14)
2 M
i=1
The smaller the absolute value of RMD, the higher performance of the model.

4 Results

The flow and sediment transport from 2001 to 2012 within the NMRYR were simulated using the
1-D numerical simulation model. It should be noted that we selected a representative period, i.e.,
the flood period (1 July to 31 October) in 2012 (with an extraordinary flood occurring), to display
the simulated results of flow and sediment concentration because the variations of them during
this period were large and obvious. The extraordinary flood occurred in 2012 was the largest
flood event since 1989 with the longest lasting period and the largest peak discharge. According
to the data collected from the hydrological stations along the NMRYR, there were at least 38 days
with the daily average discharge higher than 2000 md/s.

4.1 X-Q sub-reach

The flow and sediment concentration within the X-Q sub-reach (including 24 cross-sections) were
simulated. It should be pointed out that we selected the results of Qingtongxia Reservoir to verify
the performance of the model because only this reservoir had the measured data. As shown in
Figure 4, the measured and simulated values of flow and sediment concentration were very
similar. The largest RMSE values of flow and sediment concentration between the measured and
simulated values were less than 300 m3/s and 10 kg/m3, respectively. The RMD of sediment
concentration (15%) between the measured and simulated values was larger than that of flow
(5%), which could be attributable to the following two causes. First, the precise sediment data
associated with the irrigation process (including the irrigation diversion and the return of
irrigation water to the river) were lack. Second, sediments in the Qingshui River exhibited large
variations during the flood period, which may increase the simulation error of sediment
concentration within the main stream of the X-Q sub-reach.

Sediment siltation during the period 2001-2012 was simulated using the 1-D model. As shown
in Figure 5, the trends of measured and simulated sediment siltation amounts within the X-Q
sub-reach were consistent with an exception of 2011, in which slight siltation was measured but
slight erosion was observed by simulated data. The RMSE and RMD of sediment siltation during
the period 2001 and 2012 were less than 2.95x10° t and 18%, respectively.

4.2 Q-B sub-reach

We selected data of Qingtongxia Reservoir, Shizuishan Hydrological Station and Bayan Gol
Hydrological Station to demonstrate the simulated results (Fig. 6). It seems that the
correspondence between the peak values of flow and the peak values of sediment concentration
for the Qingtongxia Reservoir, Shizuishan Hydrological Station and Bayan Gol Hydrological
Station is acceptably reasonable. We infer that the flow at the Bayan Gol Hydrological Station is
impacted by the regulation of Sanshenggong Hydro-junction (several hundred meters upstream of
the Bayan Gol Hydrological Station). More specifically, flow data at the Bayan Gol Hydrological
Station were all lower than those at the Shizuishan Hydrological Station (Fig. 6a).

To further validate the simulated results, we compared the measured and simulated flow and
sediment concentration during the flood period of 2012 (1 July to 31 October) at the Bayan Gol
Hydrological Station (Fig. 7). The RMSE values of flow and sediment concentration between the
measured and simulated values were less than 200 m3/s and 0.7 kg/m?, respectively; and the RMD
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values were less than 8% and 18%, respectively. Thus, the flow appeared to be satisfactorily
simulated within the Q-B sub-reach. The RMD of sediment concentration between the measured
and simulated values was much higher than that of flow. The larger error of the sediment
concentration may be due to the influx of aeolian sediments from the Ulan Buh Desert, which can
impact sediment siltation along this sub-reach. As shown in Figure 6, sediment concentrations at
the Bayan Gol Hydrological Station were larger than those at the Shizuishan Hydrological Station
for some time periods, suggesting that aeolian sediment was supplied to the river reach between
the Shizuishan Hydrological Station and the Bayan Gol Hydrological Station. Although we added
a simulated module that calculated the quantity of aeolian sediment influx to the Yellow River,
the module cannot compute bank collapse by mass wasting processes (Du et al., 2014). It should
be noted that even though the volume of bank collapse was not large, it could impact the sediment
concentration. Furthermore, the Bayan Gol Hydrological Station is located several hundred
meters downstream of the Sanshenggong Hydro-junction, thus the discharged flow from the
Sanshenggong Hydro-junction may carry sediments to the Bayan Gol Hydrological Station,
increasing the sediment concentration at the Bayan Gol Hydrological Station.
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Fig. 4 Comparison of measured and simulated flow (a) and sediment concentration (b) during the flood period
of 2012 (1 July to 31 October) at the Qingtongxia Reservoir within the X-Q (Xiaheyan Hydrological Station to
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of 2012 (1 July to 31 October) at the Bayan Hydrological Station within the Q-B sub-reach

Sediment siltation during the period 2001-2012 was simulated using the 1-D model (Fig. 8).
The patterns of measured and simulated sediment siltation amounts from 2001 to 2012 were
similar and the amounts of simulated and measured siltation/erosion were approximately equal.
The RMSE of sediment siltation amount between the measured and simulated values was
4.61x106 t and the RMD values were all less than 19% during the period 2001-2012. All in all,
the model could effectively simulate sediment siltation within the Q-B sub-reach.

4.3 B-T sub-reach

We selected data of Bayan Gol Hydrological Station, Sanhuhekou Hydrological Station and
Toudaoguai Hydrological Station to demonstrate the simulated results (Fig. 9). Figure 9a shows
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that the flow curves within the river reach from the Bayan Gol Hydrological Station to the
Toudaoguai Hydrological Station were smooth. The flood peak took two days to move from the
Bayan Gol Hydrological Station to the Sanhuhekou Hydrological Station, and the peak values of
the flow continuously increased downstream as a result of inflow additions from the ten
tributaries. The result suggests that the simulated flow is reasonable and stable. The peak in
sediment concentration also took two days to move from the Bayan Gol Hydrological Station to
the Sanhuhekou Hydrological Station (Fig. 9b), being consistent with the transport time lag of
flow. In addition, during the flood period of 2012, the river reach from the Bayan Gol
Hydrological Station to the Sanhuhekou Hydrological Station underwent a period of scour as the
measured sediment concentrations at the Bayan Gol Hydrological Station were lower than those
at the Sanhuhekou Hydrological Station. Furthermore, sediment deposition along the river reach
from the Sanhuhekou Hydrological Station to the Toudaoguai Hydrological Station was likely
resulted from the fact that the sediment concentrations at the Sanhuhekou Hydrological Station
were higher than those at the Toudaoguai Hydrological Station.

To further validate the simulated results, we compared the measured and simulated flow and
sediment concentration during the flood period of 2012 (1 July to 31 October) at the Toudaoguai
Hydrological Station (Fig. 10). The RMSE values of flow and sediment concentration between the
measured and simulated values during the flood period of 2012 were 58.622 m3/s and 0.54 kg/m?,
respectively; and the RMD values were less than 8% and 25%, respectively. The RMD of
sediment concentration between the measured and simulated values was much higher than that of
flow. The larger error of sediment concentration may be caused by the hyper-concentrated flow
from the ten tributaries.

Sediment siltation during the period 2001-2012 was simulated (Fig. 11). The simulated results
show that the B-T sub-reach generally exhibited sediment deposition before 2009, with the largest
episode of sediment siltation occurred in 2003, in which floods within the ten tributaries occurred
in July. According to the data from the Tugerige Hydrological Station (on the Maobula Gully)
and Longtouguai Hydrological Station (on the Xiliugou Gully), the annual water yields from the
Maobula Gully and Xiliugou Gully were 40.7x<10% and 51.0x<10° m?, respectively; and the
sediment loads were 10.7x108 and 8.0x108 t, respectively. The influx of such a large mass of
sediments to the Yellow River likely caused serious sediment siltation along the B-T sub-reach.
As shown in Figure 11, minor scouring occurred after 2009, especially in 2010 when the amount
of erosion was up to 17.0x106 t, in spite of the fact that the water yield for the year was not the
largest during the entire simulated time period. Furthermore, the RMSE and RMD of sediment
siltation between the measured and simulated values were less than 5.2x106 t and 23%,
respectively. In total, the simulated values were similar to the measured values.
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Fig. 8 Comparison of measured and simulated sediment siltation amounts from 2001 to 2012 along the Q-B
sub-reach. It should be noted that positive value denotes sediment siltation while negative value denotes sediment
erosion.
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of 2012 (1 July to 31 October) at the Toudaoguai Hydrological Station within the B-T sub-reach

5 Discussion

Modeling the NMRYR is difficult because of its inherent natural and man-made complexities in
physical and hydrological conditions. For examples, the reach traverses several landforms types
and the stream patterns of the reach are complex. Not only does the supply of sediments to the
channels need to be considered in the simulations but also the sediments from tributaries and
aeolian sediments from the surrounding deserts should be considered (Ta et al., 2003; Du et al.,
2015). Furthermore, the hydrology of the watershed is not only affected by agricultural irrigation



604 JOURNAL OF ARID LAND 2017 Vol. 9 No. 4

100+

—=&— Measured values
—&— Simulated values

Sediment siltation amount (x10° t)

0 v
_20 T T T T T T T T T T 1
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Fig. 11 Comparison of measured and simulated sediment siltation amounts from 2001 to 2012 along the B-T
sub-reach. It should be noted that positive value denotes sediment siltation while negative value denotes sediment
erosion.

but also by the changes in the water surface caused by hydro-junctions (reservoirs) (Su et al.,
2015). When these complexities are fully considered in the simulations, the simplified approach
used in this study could obtain satisfactory results.

Although we considered the processes and factors that could affect the flow and sediment
transport as comprehensively as we could, the simulated results still exhibited deviations
compared to the measured values, with the relative deviation of sediment concentration being
higher than that of flow. Thus, the natural flood process of 2012 was analyzed to
comprehensively understand the causes of the deviations. The flood in 2012 was the large runoff
event since 1989; and the peak flows measured at the Xiaheyan Hydrological Station,
Qingtongxia Reservoir, Shizuishan Hydrological Station, Bayan Gol Hydrological Station,
Sanhuhekou Hydrological Station and Toudaoguai Hydrological Station were 3360, 3050, 3390,
2710, 2840 and 3030 m3/s, respectively.

We speculate that the three characteristics of the flood in 2012 may be the main causes of the
errors. First, the water yield within the NMRYR is imbalance during the period because of the
diversion and return of irrigation water, lateral tributary inflow, and water loss during transport.
According to the data for 2012 collected from the Yellow River Conservancy Commission, the
cumulative discharge of the Xiaheyan Hydrological Station was 14.9%10° m® and the total
diversion of the Hedong Main Canal and Hexi Main Canal was 1.6x10° m3. The cumulative
discharge of the Qingtongxia Reservoir was 12.1x10° m? and the total diversion of the Shenwu
Main Canal, South Main Canal, and Main Canal distributed between the Shizuishan Hydrological
Station and the Bayan Gol Hydrological Station was 1.5x10° m3. The cumulative discharge values
of the Bayan Gol Hydrological Station, Sanhuhekou Hydrological Station, and Toudaoguai
Hydrological Station were 13.0x10°, 13.6%<10°, and 13.810° m?, respectively. Second, during the
flood period in 2012, channel erosion is the main process along the NMRYR. Given the sectional
areas of deposition and erosion and the average flow velocities, we estimated the flow capacity of
the main channel and all hydrological stations within the NMRYR. During the flood period in
2012, flow capacity of the main channel at the Bayan Gol Hydrological Station and Sanhuhekou
Hydrological Station increased more than 400 m?/s; and flow capacity at all the other stations also
increased. In addition, the average water level between the Bayan Gol Hydrological Station and
the Sanhuhekou Hydrological Station decreased by 0.355 m, while the simulated erosion within
this river reach was 68.4x106 t. Third, flood in 2012 caused obvious variations in channel
morphology/regime. By comparing river sections before and after this flood, we found that the
main channel between the Bayan Gol Hydrological Station and the Sanhuhekou Hydrological
Station (meandering reach) exhibited the largest-amplitude variations, with the maximum swing
amplitude reaching up to 200 m; followed by the river reach between the Sanhuhekou
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Hydrological Station and the Zhaojunfen Hydrological Station (transitional reach), with the
maximum swing amplitude of 130 m (from wandering to meandering). The swing amplitude
within the river reach between the Zhaojunfen Hydrological Station and the Toudaoguai
Hydrological Station (meandering channel) was less than 55 m.

All in all, water imbalance, severe erosion, and variations in channel morphology/regime
significantly increased the difficulty of simulating flow and sediment transport. Furthermore,
there are some additional minor problems that would cause uncertainties in the simulations. For
example, errors associated with simulated sediment concentrations within the Q-B sub-reach were
relatively large (in comparison to the other sub-reaches), presumably because of the influx of
aeolian sediments from the Ulan Buh Desert and the impact of flood discharge from the
Sanshenggong Hydro-junction on bed sediment transport. There were many studies attempted to
determine or estimate the sources and quantity of aeolian sediment influx to the Yellow River by
the methods of geochemical elements analysis, particle size analysis, sediment budgets, etc. (e.g.,
Yang et al., 1988; Jia and Wang, 2011; Jia et al., 2011; Ta et al., 2013). However, the specific
guantity of aeolian sediment influx to the Yellow River has not been agreed upon. In this study,
although two models (IWEMS and RWEQ) were used to calculate the quantity of aeolian
sediment influx to the NMRYR, they could only calculate the aeolian deposition associated with
the movement of sands. The input of aeolian sediments associated with the processes of bank
collapse was not included in the models (Du et al., 2014), which was most likely to impact the
simulated sediment concentration results. The amount of bank collapse is also difficult to be
determined, generally due to the lack of observational data (Yao et al., 2011). In this study, we
attempted to simulate the process of bank collapse, but the process is very complex and requires
more data that are not available (Yu et al., 2013). More specifically, the bank erosion caused by
stream flow often increases the slope of the dunes that cover alluvial bank materials, and when
the slope is larger than the angle of sediment repose, the dunes collapse into the river (Han et al.,
2009). At present, we cannot (1) identify the angles of sediment repose of different surfaces that
are effected by vegetation cover, soil structure, etc., and (2) predict the changes in bank slopes
(angles) during an event. In future works, we intend to increase our observations of bank collapse
along the NMRYR to provide more basic data for numerical simulations.

Apart from the Q-B sub-reach, the simulated results of sediment concentration along the B-T
sub-reach were relatively poor, presumably because of the input of hyper-concentrated flows from
the ten tributaries that originate from the Erdos Plateau. The ten tributaries are all ephemeral
rivers and are distributed approximately parallel to one another. The upper regions of the ten
tributaries are underlain by loose sandstone with high erodibility. The annual precipitation is not
high but is associated with short, intense rainstorms that produce hyper-concentrated flow (Xu,
2013). Although we considered the supply of sediments from the tributaries in the simulations,
the abrupt input of hyper-concentrated flow which was out-of-phase with the discharge of the
main stem of the Yellow River was very hard to be simulated accurately (Ta et al., 2014; Yao et
al., 2016). In addition, among the ten tributaries, only the Maobula Gully, Xiliu Gully and Hantai
Gully have hydrological stations. We estimated the flow and sediment inputs of the other seven
tributaries using the measured data from the Maobula Gully, Xiliu Gully, and Hantai Gully based
on the method proposed by Dai et al. (2008). This is also a cause leading to large errors,
especially during abrupt floods.

6 Conclusions

In this study, we used a 1-D numerical model to simulate the flow and sediment transport within
the NMRYR. Although the simulated results of sediment concentration and sediment siltation
along the Q-B and B-T sub-reaches exhibited large errors, simulations of flow and sediment
concentration within the entire reach (i.e., the NMRYR) were satisfactorily acceptable. We hope
that the method and key technologies/processes/parameters used in the 1-D numerical simulation
model will provide insights into the numerical simulations of flow and sediment transport for the
other long rivers characterized by physical and hydrological complexities.
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