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ABSTRACT

While the grain-sorting morphodynamics of gravel- and sand-bed rivers has been intensively studied, sand-silt bed rivers such as the Lower Yellow
River (LYR), China and the Pilcomayo River, Paraguay/Argentina have received much less attention. As a first step, we use a database from the
LYR in the 1980s to develop a grain size specific extended Engelund—Hansen total bed material load relation. We then use this relation in two
morphodynamic calculations. First, we “spin-up” the calculation from an arbitrary bed slope over 600 years to reproduce the downstream fining
observed before the closing of Xiaolangdi Dam in 2000. We then cut off the sediment supply, and reproduce the observed pattern of bed coarsening
as the bed armours in response to degradation. We argue that our model is likely not site-specific, but applies to other sand-silt bed rivers, basic data
for which is as yet lacking.

Keywords: Fluvial geomorphology; morphodynamics and channel form; river channels; sediment transport; suspended sediment

1 Introduction water resource management (MacArthur, Neill, Hall, Galay,

& Shvidchenko, 2008), nutrient management (Cohn, 1995),
The prediction of sediment transport rates in alluvial rivers maintenance of ecological diversity (Allan & Castillo, 2007),
is important for many purposes, including sediment and short-term/long-term prediction of river morphodynamics
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(Hicks & Gomez, 2016), and design of river disaster coun-
termeasures (MacArthur et al., 2008). A sediment transport
relation proposed by Engelund and Hansen (1967) has been rec-
ognized as performing well for sand-bed laboratory flumes and
sand-bed rivers (Brownlie, 1981; Ma et al., 2017), and is com-
monly used to predict the total bed material load (i.e. bed load
and bed material portion of suspended load). A question arises
as to whether the Engelund—Hansen (EH) relation performs well
for sand-silt-bed rivers (i.e. rivers in which the silt content of
the bed is substantial), such as the Lower Yellow River (LYR,
herein defined as the reach between the Xiaolangdi Dam and
the river mouth; Fig. 1a) and some of its tributaries, where sus-
pended load is the dominant phase of sediment transport and
hyper-concentrated flows (volumetric concentration > 5%, as
defined in Pierson, 2005) occasionally occur. Another example
of such a river is the Pilcomayo River at the border of Argentina
and Paraguay (Martin-Vide, Amarilla, & Zarate, 2014). Wu, van
Maren, and Li (2008) addressed this question of applicability
of the EH relation to sand-silt-bed rivers based on an analysis
on more than 1000 sediment discharge observations from the
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Yellow River. They reported that the standard EH relation is a
poor predictor of total bed material load in the Yellow River. As
discussed in detail below, we also find that the EH relation sig-
nificantly underpredicts the total load in the LYR (see also Ma
et al., 2017). In other words, the LYR has a much higher capac-
ity rate of sediment transport than “typical” sand-bed rivers, for
which the EH relation is often used to estimate total bed mate-
rial load. This difference prevails even after accounting for the
much finer characteristic grain size in the LYR as compared to
typical sand-bed rivers.

Furthermore, the EH relation is designed to predict the
sediment load based only on a single representative bed mate-
rial grain size. As was recognized by Engelund and Hansen
(1967) themselves, the accuracy of the EH relation decreases
for widely graded sediment. Local-scale sorting such as armour-
ing and reach-scale sorting such as downstream fining have
been recognized as important elements of river morphodynam-
ics (Frings, 2008), especially in gravel-bed rivers and coarse
sand-bed rivers, where bedload transport is the dominant phase
of sediment transport. In accordance with this observation, a
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Figure 1

(a) Entire Yellow River basin and the Lower Yellow River, as well as the location of the six major gauging stations and two dams; (b)

Loess Plateau in the Suide county (location shown in the map); and (c) sediment sluicing event at the Xiaolangdi Dam (photo courtesy of YRIHR).

In (b) the road serves as a scale, and in (c) the people serve as scales
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large number of grain size specific sediment transport relations
for gravel-—sand mixtures and sand mixtures have been devel-
oped (e.g. Ashida & Michiue, 1972; Hirano, 1971; Parker, 1990,
1991a, 1991b; Parker & Klingeman, 1982; Wilcock, 1997;
Wilcock & Crowe, 2003; Wright & Parker, 2005a, 2005b), and
some researchers have developed an extended form of the EH-
type relation for mixtures (Blom, Arkesteijn, Chavarrias, &
Viparelli, 2017; Blom, Viparelli, & Chavarrias, 2016). How-
ever, the application of these relations has been made only to
sand-bed and gravel-bed rivers, mostly because grain sorting in
sand-silt-bed rivers has not been recognized outside of China.

Sand-silt-bed rivers such as the LYR, however, do exhibit
trends of grain sorting. A comprehensive dataset on suspended
sediment load and its grain size distribution (GSD), as well
as bed material GSD, was assembled in the period 1980—1990
by the Yellow River Institute of Hydraulic Research (YRIHR),
China (Long & Zhang, 2002; Zhang, Long, & Shen, 1998).
These data show a clear trend toward downstream fining of the
bed material (Fig. 2). This pattern of downstream fining, which
predates the closing of Xiaolangdi Dam in 2000, appears to be a
natural response as the river debouches from the relatively high-
slope Loess Plateau to the relatively low-slope North China
Plain. Moreover, provided that the particles that compose the
bed surface of the LYR are primarily silt and sand, it is rea-
sonable to consider that the downstream fining is dominated
by size-selective transport rather than abrasion of the particles
(Parker, 1991a). Figure 2 further demonstrates that the LYR has
shown significant bed degradation and coarsening since the clo-
sure of Xiaolangdi Dam (Chen, Zhou, & Qiang, 2012; Ta, Wang,
& Jia, 2011). This is a response to the dramatic reduction of the
sediment supply to the LYR due to the installation of Xiaolangdi
Dam. The pattern of coarsening has been gradually propagating
downstream since 2000.

In order to reproduce the pattern of downstream variation of
grain size in the LYR, as well as compute the time evolution
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Figure 2 Downstream variation of Dg. Black dots are from the dataset
collected in the period 1980—1990 which has been used in this study,
and crosses are the dataset collected in 2009 and reported by Chen et al.
(2012). The single point at Jiahetan notwithstanding, the data show a
clear overall trend toward downstream fining. HYK, JHT, GC, SK, LK
and LJ stand for Huayuankou, Jiahetan, Gaocun, Sunkou, Loukou and
Lijin, respectively
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of this pattern, it is necessary to have a grain size specific sed-
iment transport relation. A knowledge of sorting in the lower
reach of a sand-bed river, where the river flows into a standing
body of water such as the ocean, can provide insight into the
understanding of the dynamics of delta evolution. For example,
a grain size specific sediment transport relation allows predic-
tion of the range of sediment sizes that is available for delta
construction and delivery to the sea. Most sediment transport
relations designed for the Yellow River are based on a single
characteristic grain size of the bed, or of the suspended load (e.g.
Wu & Long, 1993; Yang, Molinas, & Wu, 1996; Zhang, 1959).
Zhang, Huang, and Zhao (2001; as reported in He, Duan, Wang,
& Fu, 2012) present a sediment transport relation designed for
the Yellow River that does indeed calculate grain size specific
transport rates. This formulation, however, calculates the vol-
ume fraction content in the load as an algebraic function of the
volume fraction content in the bed, and is thus in conflict with
the grain size specific Exner equation of sediment continuity.

In this study, we present a surface-based grain size specific
sediment transport relation as an extension of the generalized
EH-type relation using a single grain size that was recently pro-
posed by Ma et al. (2017). Our relation is developed so as to
allow calibration using site-specific field data. Therefore, the
model is applicable to both sand-bed rivers and sand-silt-bed
rivers. Here we evaluate the formulation using data for the LYR.
We use the relation to predict “broad-brush” aspects of long-
term morphodynamics such as the evolution of the river bed
profile and GSD of the bed surface in the LYR.

2 The LYR and dataset

The Yellow River is a silt-rich river that carries a large amount
of fine sediment in suspension at relatively high concentrations,
i.e. up to hundreds of kilograms per cubic metre (Jiongxin,
1999). It has been recognized as the second largest in the world
in terms of the sediment load delivered to the ocean (Milliman &
Meade, 1983). The river originates in the Bayankala Mountains
and flows through the Loess Plateau, which is located along the
middle reach of the Yellow River and where about 90% of the
sediment load is produced (Wang et al., 2016; Yu, Shi et al.,
2013; Yu, Wang et al., 2013). Until the closure of Xiaolangdi
Dam in 2000, the annual sediment load of the LYR was as
high as 1.08 Gt, accounting for 6% of the total sediment flux
from global rivers to the ocean (Milliman & Meade, 1983). Due
to this high sediment load, the river system had until recently
been aggrading at a high rate. In the lower reach, the bed ele-
vation is higher by up to 10 m than the surrounding floodplain
(“hanging riverbed”, Fig. S2b in the online supplemental data).
This high sediment load has also led to the rapid formation
of a new delta lobe, which began prograding in 1855 and was
more than 5000 km? in area in 2010 (Wang et al., 2010). As
described below, since the closure of Xiaolangdi Dam, however,
the sediment load in the LYR has dropped substantially.
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Xiaolangdi Dam was installed about 860 km upstream of the
river mouth and closed in 2000. It is located near where the
river debouches from the Loess Plateau to the North China
Plain. Once per year, during the flood season (July—October),
water and sediment are released from Xiaolangdi Dam in order
to preserve reservoir capacity and scour the bed of the river
downstream (Ma et al., 2017; Yu, Wang et al., 2013). It is
intended that this scouring will mitigate flood risk. Wang et al.
(2007) pointed out that the installation of large dams such as
Xiaolangdi Dam and Sanmenxia Dam, which is located about
130 km upstream of Xiaolangdi Dam, as well as climate change,
have brought about a step-wise decrease in the water and sedi-
ment discharge to the lower reach and the Bohai Sea. Figure 1a
shows the Yellow River, two major dams, i.e. Xiaolangdi Dam
and Sanmenxia Dam, and six major hydraulic gauging stations.
A modern view of the Loess Plateau in Suide County, Shaanxi
Province is shown in Fig. 1b. It should be mentioned that the
land surface in parts of the Loess Plateau is presently relatively
more vegetated than in the recent past, owing to vigorous efforts
toward revegetation associated with the “Grain to Green Pro-
gram” launched in 1999 (Chen et al., 2015). Figure 1c shows
a sediment sluicing event at Xiaolangdi Dam. In this study, we
focus on the lower part of the Yellow River, i.e. the LYR.

Datasets used in this paper were developed in 1980—1990 by
the Yellow River Institute of Hydraulic Research, Zhengzhou,
China, at the following six major gauging stations along the
LYR in order downstream; Huayuankou, Jiahetan, Gaocun,
Sunkou, Luokou and Lijin (Long & Zhang, 2002; Zhang et al.,
1998, Fig. 1a). Each dataset contains records of flow rate, bed
slope, flow width, flow depth, mass concentration of suspended
sediment, and GSD of both bed material and suspended load, all
at what was interpreted to be quasi-equilibrium state, in which
deposition and entrainment of the bed material are locally not
far out of balance. It is worth repeating that the datasets were
developed before the construction of Xiaolangdi Dam, which
was closed in 2000. It should also be noted that the dataset
on sediment transport of the LYR does not report direct mea-
surements of bed load; only the suspended load was directly
measured. The bedload transport rate was estimated according
to the procedure discussed in Ma et al. (2017); it was found to
be negligible compared to the suspended load.

3 Generalized Engelund-Hansen formula (the EH
relation) for single grain size

Figure 3 shows the GSDs of bed material and suspended load
at the Lijin gauging station. The GSDs of bed material and sus-
pended load of the Mississippi River at St. Louis, USA, which
is considered as a typical sand-bed river, are also plotted for
comparison. It is seen that the bed of the LYR contains a large
fraction of silty sediment that is finer than 62 pm, a range that
is typically considered to be wash load in most sand-bed rivers
(e.g. Woo, Julien, & Richardson, 1986), such as the Mississippi
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Figure 3 GSD of the bed material and suspended load of the LYR
at Lijin (LYR_BM and LYR_SL, where BM indicates bed material and
SL indicates suspended load) averaged over the period 1980—1990; and
GSD of the Mississippi River at St Louis, USA (MR_BM and MR_SL)
averaged over the period 1960-2011. Included in the plot are vertical
lines denoting 62 pum, corresponding to a “standard” divider for bed
material load versus wash load, and 15 pm, the divider used herein for
the LYR

River, as can be seen in Fig. 3. Wash load is defined as the sed-
iment that is being transported, but is too fine to be found in
easily measurable quantities in the bed (Bettess, 1994). For the
LYR, we select 15 um (0.015 mm) to be the cut-off size for wash
load (Ma et al., 2017). Sediment finer than 15 um is considered
to be wash load, and hence is excluded in the development of
the sediment transport relation herein.

A generalized form of the total load relation in accordance
with the EH relation takes the form:

Cr gy = A(tg)® )

where C; is the bed friction coefficient, g7 is the Einstein num-
ber or dimensionless total load per unit width, and 7§ is Shields
number or dimensionless bed shear stress based on bed geomet-
ric mean grain size Dgy. The parameters A and B are constants,
with A = 0.05 and B = 2.5 for the original EH relation. In the
above relation, the friction coefficient C; is defined as:

2

where tp denotes bed shear stress, U denotes depth-averaged
flow velocity, and p denotes the density of the water—sediment
mixture. The Einstein number g7 is defined as:

* ar
0 = ===
/RgDg*

in which gr is total bed material load per unit width, R is sub-
merged specific gravity of sediment (R = 1.65 for quartz), and
g is gravitational acceleration. While the original EH relation
makes use of the median grain size of the bed surface Ds,
we instead make use of geometric mean grain size Dy in a
preliminary treatment of sediment mixtures. Assuming that the

3)
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Figure 4 Plot of observed data of Cs q1* versus rék for the LYR at

Lijin (LYR_LJ data), along with a fit line for our EH type relation
adapted for the LYR (LYR_LJ relation) and for the original EH relation
(EH relation)

flow is steady and uniform (i.e. normal flow approximation), the
Shields number 7; is computed as:

% Tp HS
T. = = —_—
9~ pRgDy  RDg

“4)

where H and S denote flow depth and downstream channel
slope, respectively. Implicit in Eq. (4) is the evaluation of the
bed shear stress 7, from the form appropriate for equilibrium
(normal) flow:

7 = pgHS 5)

This assumption is justified for the quasi-equilibrium case used
for the LYR data, as outlined in Ma et al. (2017).

Figure 4 shows a plot of the product of the dimensionless
friction coefficient and the Einstein number, i.e. C; qr*, versus
Shields number 74, along with the data from the Lijin gaug-
ing station and the best fit of the generalized EH relation (Eq.
(1)). A linear regression analysis indicates that the coefficient A
and exponent B in Eq. (1) for the Lijin dataset are A = 0.751
and B = 2.195, with a value of the coefficient of determination
R? = 0.85. It is seen that the original EH relation greatly under-
estimates the total load, indeed by a factor of nearly 20. This
indicates that the original EH relation is not appropriate for the
case of sand-silt-bed rivers with high sediment loads such as the
LYR.

4 Surface-based grain size specific sediment transport
relation

Parker (1990) proposed a grain size specific bed load transport
relation, assuming that the bed is classified into two layers: sur-
face layer (or active layer) and subsurface layer (or substrate).
The relation is a “surface-based” relation, since it requires
knowledge of the GSD of the bed surface, as opposed to a
“subsurface-based” relation that requires the knowledge of the
subsurface of the bed (Parker, 1990). Although the GSD of
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sediment yield of the reach may in some cases be similar to that
of the subsurface, it is the exposed sediment at the bed surface
that is directly available for entrainment into transport from the
bed (Parker, 1990).

Adapting the form of Parker (1990) to correspond with EH,
we define the general dimensionless form of the grain size
specific bed material load as follows:

Nﬁ:%(i:l,Z,S,...,N) (6)
where N;* is dimensionless bed material transport rate for the
grain in ith size range, fj is the volume fraction content of the ith
size range grain in the total bed material load, F; is the volume
fraction content of the ith grain size range in the bed surface
(active layer), and u* is the shear velocity. Here we relate the
above parameters to hydraulic conditions using power functions
as follows, so as to parallel the original form of the EH relation:

N = Ai(gH™ (7

where A;j and Bj are coefficients and exponents for the ith grain
size range. In the case of the original EH relation, designed for
a single grain size, A and B are 0.05 and 1, respectively. Also t;*
is the Shields number for the ith size range, defined by means of
Eq. (4) as:

HS D
T=o =7 =2
RD; Di
Here Dj denotes the characteristic bed material size of the ith
grain size range. Therefore, one can rewrite Eq. (7) as:

Dy \Bi
N = A (r;§> ©

It should be noted that unlike other surface-based relations such
as the ones by Parker (1990), Tsujimoto (1991), and Hunziker
and Jaeggi (2002), there is no critical Shields number or refer-
ence Shields number in the present formulation. This is because
the flow is considered to be always well above the threshold
condition for sediment entrainment for any grain size on the
bed surface, allowing neglect of the effect of critical Shields
number. Parker (1990) and Kuhnle (1992) have indicated that
coefficients similar to Aj and B;j can be cast as functions of grain
size D;j. We thus empirically relate A; and B;j to the correspond-
ing grain size of the ith range and geometric mean grain size as

follows:
D;j D;
Ai=fal —),Bi=fsg| — 10
i A (Dg) s Di B (Dg) ( )

The dimensionless form of the total bed material load Nt* is
expressed in the form of the summation below:

CiR Dy \ &
N = fu c};qT - Z |:FiAi (gﬁ) ] (11)

i=1

®)
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The advantage of the form of the above equation is that the
effect of grain size is placed only on the right-hand side, so
limiting spurious correlation in grain size when determining the
regressions. Moreover, in terms of sediment sizes, this relation
requires only the GSD of the bed material. It does not require
knowledge concerning the size of sediments that are in trans-
port in order to estimate the bed material load transport rate.
This is in contrast to e.g. the relations of Zhang (1959), Wu and
Long (1993) and Yang et al. (1996), which are inherently circu-
lar in requiring advance knowledge of parameters pertaining to
the load in order to compute it. The bed material transport rate
of sediment in the ith grain size range @; and total bed material
transport rate (7 are respectively given as:

3
L L * s Bi
i = qrfi —FIC Rg [Ai(t)™] (12)

qT_Zq._CngZ[FA.(g?))B} (13)

It should be pointed out that in the present formulation, if a
GSD is not represented in the bed surface, it will not be rep-
resented in the bed material transport as well. Size ranges that
are present in suspension, but not present above some threshold
in the bed (here we use 5%, as documented in Ma et al., 2017),
are categorized as wash load. The volume fraction content of
the ith grain size in the total bed material load f; is computed as
follows:

-n
Im

(14)

|—|
‘Q*
U|©

|_|

5 Implementation

5.1 Model implementation for the case of the LYR

We implement the relation for the case of the LYR with the
use of the Lijin dataset. Here the GSD is divided into five bins
(N =5): D; =0.019, 0.035, 0.071, 0.158 and 0.354 mm. In
treating such fine material, it should be recognized that cohe-
siveness can play a significant role in sediment transport. In the
case of the Yellow River, however, cohesiveness is rather weak
(Tian, Wang, Li, & Li, 2016; Wang, Wang, & Tian, 2007). In
this analysis, therefore, we do not consider the effect of sediment
cohesion.

Plots of N;* versus 7;" are made so as to obtain the values of
A; and B; empirically using least-square linear regression anal-
ysis for each grain size range (Fig. 5). The values of 7" are
calculated from the measured data by means of Eq. (8), and
the single representative value of 67 pm for Dg. Table 1 sum-
marizes the values of A;j and Bj, as well as the coefficient of
determination R? and standard error [ for each grain size range
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Figure 5 Plot of N;* versus z;*. It is seen that dependency of N;* on
7" decreases with increasing grain size. The results of the regression
analysis are also summarized in Table 1

Table 1 Results of linear regression analysis used to find
the values of Aj and B;

Di (mm)
Parameters 0.019 0.035 0.071 0.158 0.354
Aj 1.09 0.72 0.53 0.33 0.08
Bi 1.00 0.89 0.49 0.14 0.04
R2 0.48 0.40 0.21 0.03 0.01
U 0.38 0.39 0.34 0.31 0.46

The coefficient of determination R? and the standard error
are also shown. The regression analysis is shown in Fig. 5.

obtained from the analysis. Regression results indicate that the
correlation is not significant in a statistical sense, especially for
coarser grain sizes. This is likely due to the inherent scatter in
the data associated with a river with high variability such as the
Yellow River. This limitation notwithstanding, the correlations
are readily apparent by eye, and in the absence of alternative
data, we use them as a practical basis for a method to compute
the transport of mixed sizes in the Yellow River. It is seen in
Table 1 that the values of both A; and B; decrease with increasing
grain size Dj. This suggests that the transport rate of relatively
coarser grains is less dependent on the flow rate than that of the
relatively finer grains. This contrasts with the finding by Kuhnle
(1992), in which it was found that B; slightly increases with
increasing Di/Dg (Blom et al., 2017).

We now relate the values of Aj and Bj so obtained to the
corresponding grain size D; normalized by the bed surface geo-
metric mean grain size Dy (Fig. 6), in order to obtain a predictive
relation for A; and B;. Regression analysis yields the following
relations for Aj and B; for given grain size:

Di —0.839
A = 0455 — 15
. (Dg) (15)

D: \ ~ 1157
B = 0.353<D—') (16)

g
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Figure 6 Plot of Aj and Bj in Eq. (9) versus Dij/Dy. Values of Aj and
Bi both decrease with increasing grain size

Lastly, we illustrate the applicability of the proposed relation,
which was obtained using data at the Lijin gauging station,
with the use of the datasets at the Gaocun and Sunkou sta-
tions, i.e. the two nearest stations upstream. Figure S1 in the
online supplemental data shows a comparison of the proposed
relation against the observed data at Gaocun and Sunkou sta-
tions. The plot is made in the form of a generalized EH relation
(Ct g77*), rather than the proposed form for the total bed mate-
rial load using the parameter Nt*. It is seen in Fig. S1 that while
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the proposed relation developed based upon Lijin dataset does
not necessarily represent the entire LYR accurately, it shows a
general pattern of agreement between predicted and measured
values. The development of a site-specific relation applicable to
each gauging station may be needed for more precise prediction
of the sediment bed material transport rate. The methodology
for this is straightforward but is not implemented in this first
analysis. Ma et al. (2017), for example, have shown that the
coefficient A and exponent B in Eq. (1) for total load vary mildly
but systematically in the streamwise direction. These comments
notwithstanding, our relation is adequate for a “broad-brush”
treatment of the morphodynamics of the LYR as a whole.

5.2 General behaviour of the implemented model

Figure 7 shows the general behaviour of the proposed sedi-
ment mixture transport relation, as implemented for a case based
on parameters for the LYR. The bed shear stress 74 is com-
puted for fixed values of channel slope, channel resistance and
channel width, and over a range of values for water discharge.
More specifically, down-channel slope is 0.00015, dimension-
less Chezy resistance coefficient is 30, channel width is 500 m,

and water discharge varies from 100 to 10000 m® s~!'. With the
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[llustration of general behaviour of the proposed bed material transport model. (a) Relation between g, as well as ¢ (coarse, mid, and fine)

and rg. (b) Geometric mean grain size of total bed material load (dashed line (BML_model): model results, crosses: observed data) and bed surface
(solid line (BS_model): model results, dots: observed data) versus ré“. (c) GSD of bed surface (BML_model) and bed material load (BML_model)

for the case ré‘ = 0.1. (d) Corresponding distribution for the case rék =9
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use of the bed material GSD at the Lijin gauging station, total
bed material load, as well as bed material load for each grain size
range is computed over a range of values of bed shear stress
corresponding to varying water discharge. Figure 7a shows the
total bed material load gy, as well as the bed material load for
the three grain size ranges with characteristic sizes 0.354 mm
(coarse), 0.158 mm (middle), and 0.035mm (fine). It is seen
that both total bed material load gr and the bed material load
for each grain size range Q; increase with increasing bed shear
stress 74. Unlike gravel bed rivers where the GSD of the bed
material load approaches that of the bed surface as the bed shear
stress increases (Parker, 2008), in the case of the LYR the GSD
of the load diverges from that of bed material and becomes finer
as the bed shear stress increases (Fig. 7b). This fining of the
load is associated with the negative correlation of the exponent
B; with Dj/Dy seen in Fig. 6 (Eq. (16)). Figure 7c and 7d show
the GSDs of the bed material and the load for low bed shear
stress (4 = 0.1) and high bed shear stress (75 = 9), respec-
tively, for a set bed slope of 0.00015. Figure 7 also demonstrates
that the fraction of fine material increases with increasing bed
shear stress, causing overall fining of the bed material load.

The relation for suspended load of Wright and Parker (2004)
in sand-bed rivers also does not satisfy equal mobility at high
shear stress. Instead, it satisfies “equal entrainability”, whereby
the entrainment rate into suspension is linearly proportional to
fraction content in the bed surface layer. The suspended trans-
port rate of each grain size range is then calculated using a
stratification-corrected Rousean formulation. The exponent in
this formulation includes the ratio U,/vy;: this guarantees a bias
toward a suspended load that is finer than the bed surface. It
should be noted that whereas in our illustrative calculation for
the Yellow River the GSD of the bed surface is fixed, the mor-
phodynamics calculations presented in the following section
allow the bed surface sediment composition to change as the
channel bed evolves.

6 Calculational example: downstream fining, bed
coarsening and 1-D morphodynamics calculation of the
LYR

After the latest major avulsion of the river in 1855 (e.g. Wright
et al., 1990; Xue, 1993), the channel bed of the LYR contin-
uously aggraded due to the high sediment load until the river
bed near Huayuankou was about 10 m higher than the surround-
ing floodplain beyond the levees (Wu, Wang, Xia, Fu, & Zhang,
2008). This aggradation was brought to a halt by the closure
of Xiaolangdi Dam, 120 km upstream of Huayuankou, in 2000.
We refer to the bed in the two decades before the closure of this
dam as in the “pre-Xiaolangdi” condition. Since most of the bed
material that now flows into Xiaolangdi Dam is captured by the
dam (“post-Xiaolangdi” condition), the bed material supply to
the LYR has been substantially reduced, leading to degradation
of the bed and coarsening of the bed surface (e.g. Chen et al.,
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2012; Yu, Shi et al., 2013; Yu, Wang et al., 2013). More-
over, as mentioned above, datasets for the LYR indicate a trend
toward downstream fining both before and after the installation
of Xiaolangdi Dam (Chen et al., 2012; see also Fig. 2). Here,
with the use of our proposed grain size specific total load rela-
tion, we study the long-term evolution of the GSD of the bed
surface, as well as the bed elevation profile. Our purpose is to
demonstrate the use of our proposed sediment transport relation
and its capability for predicting the general patterns of down-
stream fining, as well as the bed coarsening induced by bed
material supply reduction, that have been observed in the LYR.
This simulation is not intended to precisely reproduce current
conditions of the LYR. In order to do this, it would be neces-
sary to include a plethora of elements of geometric complexity
(e.g. multiple levees of spatially varying height and width and
detailed hydrographs; He et al., 2012) that would distract from
the purpose of this paper.

6.1 Modelling formulation

Wright and Parker (2004) and He et al. (2012) use an
entrainment-based formulation for the Exner equation of sed-
iment continuity. That is, they calculate the variation in bed
elevation and surface GSD in terms of the difference between
an entrainment rate into suspension and a deposition rate from
suspension. Here, however, we use a flux-based formulation,
in which the local sediment transport rate equals the capacity
value for the flow, and the bed elevation variation is related to
the downstream gradient in streamwise sediment transport rate.
The use of the flux form is likely generally appropriate because
the LYR dataset was developed under quasi-equilibrium con-
ditions, in which the flow carries bed material at its transport
capacity and sediment deposition to the bed and sediment
entrainment of the sediment from the bed are locally in balance
(Long & Zhang, 2002; Zhang et al., 1998).

As shown in Fig. S2a in the online supplemental data, we
consider a reach of the LYR in which the channel is sinuous
within a floodplain. The channel has sinuosity £2. The modelling
equations are composed mainly of three equations: a momen-
tum equation for the flow, a sediment transport relation, and
sediment mass conservation equation. The flow is assumed to
be steady and uniform, i.e. we use the normal flow approxima-
tion. This yields the following form of the momentum balance
equation:

Qbt = Cz,/gHur SHys Bps (17)

where Qp is bankfull discharge, Cz is dimensionless Chezy
resistance coefficient, Hp; is bankfull depth, and By is bankfull
width. In order to simplify the simulation of long-term morpho-
dynamics, we assume that the river is at bankfull conditions,
which are sustained for the morphodynamically active time frac-
tion It (flood intermittency factor, Paola, Heller, & Angevine,
1992). That is, the river is assumed to be at low flow and inac-
tive for time fraction 1 — I . For the sediment transport relation,
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we employ our proposed grain size specific total load relation,
i.e. Egs (12) and (13). For bed material mass conservation, we
employ the active layer concept first proposed by Hirano (1971).
The active layer is the surface layer of the bed which directly
interacts with bed material load via exchange of mass, whereas
the substrate is the layer that interacts only with the active layer
via aggradation or degradation (Fig. S3 in the online supple-
mental data). The active layer is, by definition, assumed here to
have no vertical structure in terms of GSD. We implement the
standard 1-D Exner equation in such a way that the equation is
capable of accounting for multiple grain sizes using the active
layer concept as follows:

a3 —La)  9(FiLa
(1—Ap)[|:.i (n8t ) (8t )]

_ (14+ N2l By d(ar)
o Bt 0X (18)

where t is time, X is the streamwise coordinate, F}j is the fraction
in ith grain size at the interface between the substrate and the
active layer, L, is active layer thickness, F; is the volume frac-
tion content of ith grain size range in the active layer, 4, is bed
porosity, and B; is floodplain width (Figs S2 and S3 in the online
supplemental data). In addition, A is volume fraction of wash
load deposited on the floodplain per unit deposition of bed mate-
rial load. That is, we assume that for each unit of bed material
deposition, A units of wash load are deposited so as to con-
struct the channelfloodplain complex. Thus, n denotes channel
bed—floodplain averaged (mean) elevation. Summing over all
grain sizes, the following standard Exner equation describing
bed elevation evolution is obtained:

on (1 + A)$21¢ Bye 9q7

- Ay)— = 19

(=) By X (19)

Between Eqs (18) and (19), the following equation describing
the evolution of the GSD of the active layer is obtained:

oF;
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Active layer thickness and stratigraphy

Active layer thickness L, is assumed to scale with dune height
Adune in the case of sand-bed rivers (Deigaard, 1980). Although
the presence or absence of dunes in the Yellow River remains
somewhat poorly understood (Ma et al., 2017; Parker, Fu,
Zhang, Zinger, & Konsoer, 2013) we employ a relation by Julien
and Klaasen (1995) to estimate the dune height Agyne in this
study. Julien and Klaasen (1995) described dune height as a
function of flow depth H and median grain size D5 of the bed
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surface in the following form:

0.3
AWM=5H(%?) @1)

where & denotes a constant that varies between 0.8 and 8. In
implementing the above formula, we have replaced D5, with
surface geometric mean size Dy for simplicity. The active layer
thickness then takes the following form:

La = ctalAdune (22)

in which a4 is a user-specified constant, which is the ratio of
active layer thickness to dune height. Taking approximately the
median value of 0.8-38, the value of £ is set to be & = 4, and the
value of a4 is set to be oy = 2, respectively. When the bed is
subject to degradation and the GSD of the active layer is coarser
than that of the substrate, the simulation is subject to ellipticity
(Ribberink, 1987; Stecca, Siviglia, & Blom, 2014). The values
of & and a4 have been carefully selected so as to avoid such
numerical instability. The GSD of the active layer evolves as
the bed aggrades or degrades. As the bed aggrades, some com-
bination of the bed material load and the active layer material is
transferred to the substrate, while as the bed degrades the mate-
rial in the substrate is transferred to the active layer. Thus, the
following condition holds:

d
Fsupi for 8—? <0
Fi = " (23)
QtransFi + (1 — atrans)fi for a >0

where Fgpi and ayans denote the volume fraction content in
the substrate and the weighting factor for the substrate-active
layer sediment transformation, respectively (Hoey & Ferguson,
1994; Toro-Escobar, Parker, & Paola, 1996). Wright and Parker
(2005a, 2005b) argue that the value of «yrans should be close to
1 in the case of sand-bed rivers, because sediment in the load
cannot easily be sieved through the surface layer (active layer),
which becomes finer when the bed aggrades. However, they also
call for the further investigation concerning this point. Thus, due
to a lack of knowledge of the dynamics at the surface layer-
substrate interface, the value of yrans 1S set to be ctyrans = 0.5 in
this study. The uncertainty associated with the selection of the
value should be kept in mind.

We first allow the bed to aggrade at the scale of centuries
so as to reproduce the present-day upward concave profile of
the LYR, and concomitant downstream fining. We then substan-
tially reduce the sediment supply so as to mimic the effect of
Xiaolangdi dam in 2000, and model incisional degradation and
bed coarsening at the decadal scale. It is thus necessary to store
the vertical stratigraphy, i.e. the vertical variation of the GSD of
the substrate created by aggradation in the model, so that sub-
sequent degradation consumes this material. More specifically,
the volume fraction content of the ith size range grain in the
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substrate Fgypi, which can vary in the streamwise and vertical
direction as the flow emplaces new substrate during aggrada-
tion, needs to be stored. In order to achieve this, a numerical
method proposed by Viparelli, Sequeiros, Cantelli, Wilcock, and
Parker (2010) is implemented. At each computational node, the
substrate is divided into storage sublayers, except at the top,
which corresponds to the interface between the active layer and
substrate (Fig. S3). Each storage sublayer has the thickness L,
which is set to be 1 m in this study. As the bed aggrades, new
storage layers are added to the top as needed, whereas as the
bed degrades, the storage layers are consumed in order from the
top down. More details on the implementation of stratigraphy
storage are found in Viparelli et al. (2010).

Boundary conditions

The bed elevation is fixed at the downstream end; we do not
consider backwater effects and delta progradation, or any exter-
nal forcing such as tectonic subsidence or sea level rise. Bed
material is supplied only at the upstream end, and we con-
sider no tributaries or other sources of sediment supply within
the study reach. Although the channel we consider is for the
most part in a low-amplitude meandering configuration, neither
channel migration nor secondary flow is considered in the 1-D
calculation presented here.

6.2 Computational set-up

Computational scenario

First, we run the model for several hundred years with “pre-
Xiaolangdi” conditions, for which water discharge and bed
material supply are relatively high. This allows us to “spin-up”
the model so as to loosely reproduce recent “pre-Xiaolangdi”
conditions, including the aggressive bed aggradation and the
tendency for downstream fining that was observed in 1980s
(Fig. 2). It should be kept in mind that our interest herein is
to reproduce the trends of downstream fining as well as bed
coarsening in response to dam closure. The time required for the
spin-up simulation does not have a precise physical meaning,
but must be large enough to allow the river to reach an approx-
imation of the pre-Xiaolangdi profile from the specified initial
bed profile. We then change to “post-Xiaolangdi” conditions,
for which the bed material supply is reduced significantly but
water discharge is kept unchanged, and run for 10 more years.

Bankfull discharge and bed material feed rate

Wau et al. (2008) reported a time series of annual sediment load
and bankfull discharge between 1960 and 2003 at various loca-
tions, including the Huayuankou and Lijin gauging stations.
From the time series at the Huayuankou station, we selected
a representative value of the annual sediment load by taking
an average between 1980 and 1999. We assumed, based on an
analysis of the GSD of the suspended load at Huayuankou, that
55% of annual sediment load is bed material and the remaining
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45% is wash load. Here wash load corresponds to material finer
than 15pum (Ma et al., 2017). Thus, for the “pre-Xiaolangdi”
condition, the bed material feed rate Grfeeq pre 1S set to be
Grieed,pre = 385Mt yr~! (700 Mt yr~! including wash load. A
similar number is reported by Gao et al., 2010; Wang et al.,
2007).

In a similar manner, bankfull discharge for the “pre-
Xiaolangdi” condition was determined by taking the average of
the time series between 1980 and 1999 at Lijin station reported
by Wu et al. (2008). We selected 4500 m® s~ as the represen-
tative bankfull discharge of the reach (Qp = 4500m3s~!; a
similar value is reported by Wang & Li, 2011).

The annual sediment load averaged between 2000 and
2003 in the report by Wu et al. (2008) shows that it has
decreased by nearly 90% compared to the “pre-Xiaolangdi”
condition. For the “post-Xiaolangdi” condition, therefore, we
reduce the annual sediment supply rate by a factor of 1/10 (i.e.
Grfeed,post = 38.5 Mt yr~!, excluding wash load). Meanwhile,
bankfull discharge is left unchanged for simplicity.

Model geometry and planform

The computational setup is summarized in Table S1 in the online
supplemental data. The modelling reach is between Xiaolangdi
Dam and the river mouth, which is about 860 km (L = 860 km,
where L is the reach length). Although there are some upstream
sections where the channel is braided, here we assume that the
channel is single-thread, rectangular and sinuous everywhere
(Fig. S2a), in light of the fact that 87% of the study reach
is indeed single-channel. Reach-representative bankfull chan-
nel width By is set to 500m (Bys = 500m) and is fixed in
space and time for both “pre-Xiaolangdi” and “post-Xiaolangdi”
conditions.

The active floodplain width, within which overbank deposi-
tion of wash load occurs, is for both the “pre-Xiaolangdi” and
“post-Xiaolangdi” conditions selected based on the river cross-
section reported in He et al. (2012). For the “pre-Xiaolangdi”
period, the active floodplain width By pre is set to be the constant
value 13,000 m, which corresponds to the distance between the
“primary levees” (Fig. S2b). Meanwhile the active floodplain
width for the “post-Xiaolangdi” condition Bt post is set to be
equal to 2500 m, which corresponds to the distance between the
“farming levees” (Fig. S2b) (assuming that only the floodplain
within the farming levees is active). The latter assumption is
justified by the fact that ever since the installation of Xiaolangdi
Dam the flood discharge has been carefully controlled, and thus
the flow does not escape the farming levees.

Initial condition

Initial down-channel slope S; is purposely set to be relatively
low so that the “spin-up” simulation under “pre-Xiaolangdi”
conditions results in long-term bed aggradation and downstream
fining toward a state similar to that just before the closure of
Xiaolangdi Dam. Thus, the initial channel slope is set to be
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S; = 0.00005 everywhere. As one of the initial conditions, the
GSD of the bed surface is set everywhere to be identical to the
substrate GSD. For this purpose, we use the modern GSD of
the bed material at Lijin station. The GSD of the sediment feed
is taken to be identical to that of the total bed material load at
Huayuankou gauging station, as determined from the YRIHR
dataset mentioned above. The GSDs of initial bed surface, sub-
strate, and bed material supplied at the upstream end are shown
in Fig. 8f. Note that while the GSDs of the bed surface and sub-
strate vary over time and space, the GSD of the bed material
supply does not.

Auxiliary parameters

The Chezy friction coefficient (Cz) is determined based on an
analysis of the YRIHR dataset for the Lijin, Sunkou, and Gao-
cun gauging stations; a characteristic value is found to vary
between approximately 10 and 80. We select the characteristic
value Cz = 30 (Fig. S4 in the online supplemental data) for use.
Bed porosity (4p) and channel sinuosity §2 are setto 0.3 and 1.3,
respectively. The flood intermittency factor (ls ) is determined
in such a way that our proposed sediment transport relation
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would produce the same mean annual bed material load as that
observed based on the YRIHR database for “pre-Xiaolangdi”
conditions, using the given hydraulic conditions and initial
conditions. By means of the values Qpf = 4500m>s~! and
Grteed, pre (bed material feed rate for the “pre-Xiaolangdi” condi-
tion) = 385 Mt yr~!, we determine that It = 0.13. This is used
for both “pre-Xiaolangdi” and “post-Xiaolangdi” conditions.

6.3 Results

In the first 600 years of the “spin-up” run under the “pre-
Xiaolangdi” condition, the bed aggrades everywhere due to the
high bed material feed rate, except at the downstream end where
the bed elevation is fixed (Fig. 8a). The degree of aggradation
is greater along the upstream reach than the downstream reach,
resulting in an upward-concave bed profile, in which channel
slope decreases downstream (Fig. 8a and 8b). At 600 years,
the model predicts a pattern of downstream fining of geometric
mean grain size of the bed surface Dy that adequately reflects the
observed pattern (YRIHR dataset in Fig. 8c). Figure 8f shows
the GSDs of bed material feed (from field data at Huayuankou),
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Figure 8 Computational results for “pre-Xiaolangdi” condition followed by “post-Xiaolangdi” condition. (a) Bed elevation (channel-floodplain
average); (b) downstream channel slope; (¢) geometric mean size of bed surface material; (d) geometric mean size of total load; (e) volume bed
material transport rate per unit width. Also (f) shows GSD of feed material (dashed line), substrate and initial bed surface (broken line), and bed
surface at time 600 years and 610 years, at the middle of the reach (430 km from upstream end). The legend in Fig. 8a also applies to Fig. 8b—
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initial substrate (which is identical to the initial bed surface,
based on field data at Lijin), and the bed surface at the midpoint
of our study reach (430 km from the upstream) at 600 years (as
computed from the model).

When the bed material supply is reduced at 600 years (“post-
Xiaolangdi” condition), the upstream part of the reach starts
degrading substantially, whereas the downstream part of the
reach remains unchanged after 10 years (610 years total, Fig.
8a). The decrease in bed material supply also leads to bed
surface coarsening (armouring) (Fig. 8c). While the total bed
material load per unit width decreases as a result of bed material
supply reduction (Fig. 8¢), the geometric mean grainsize of total
load Dy j0ad becomes coarser (Fig. 8d and 8e). It should be noted
that the transported material (total bed material load) is always
finer than bed surface (Fig. 8c and 8d). By 10 years after the
sediment supply reduction (610 years in total), the model gener-
ally predicts the observed trend of temporal bed coarsening, as
well as the observed overall trend the downstream fining (Fig.
8c) in response to the bed supply reduction, in agreement with
the findings of Chen et al. (2012) and Ta et al. (2011). Figure 8f
shows the feed size distribution (as measured at Huayuankou),
the bed surface size distribution at 600 years at 430 km below
the upstream end (as predicted by the spin-up run), and the
predicted bed surface size distribution at 610 years (10 years
after cutting off the sediment supply). The coarsening of the bed
surface in a decade is readily apparent.

7 Discussion

7.1 Cause of downstream fining and bed coarsening in the
LYR

At 600 years in the model results, the bed profile exhibits
an upward-concave shape due to aggressive bed aggradation
toward the upstream end of the reach (Fig. 8a and 8b). This
results in a downstream decrease in bed shear stress, and ulti-
mately results in size-selective transport, which is a common
feature in sand-bed rivers and gravel-bed rivers (Hoey & Fer-
guson, 1994; Wright & Parker, 2005a, 2005b). This can be
seen in Fig. 8d, where a pattern of downstream decrease in the
geometric mean grain size of the total load Dy joaq is illustrated.
When the sediment supply is reduced, the upstream section of
the reach starts degrading, leading to a downward-convex pro-
file in the upper half of the section (Fig. 8a and 8b). The bed
surface becomes coarser everywhere as a consequence of sedi-
ment supply reduction. This coarsening represents a classic case
of the bed armouring more commonly seen in gravel-bed rivers
(e.g. Parker, Hassan, & Wilcock, 2007); since coarser materials
are more difficult to be transported by flow, relatively coarser
material remains on the bed surface, creating a bed surface that
is coarser than the substrate. The degree of bed coarsening is
strongest toward the upstream end of the domain, where bed
degradation is substantial (Fig. 8a). This acts to strengthen the
pattern of downstream fining after sediment supply reduction.
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It should be kept in mind, however, that the substrate also
becomes coarser toward the upstream end of the reach during
the first 600 years of the “spin-up” run. This can be inferred
by the fact that the bed surface, which was gradually buried
into the substrate, becomes coarser in the upstream half of the
reach. When the bed material supply rate is reduced, this coars-
ened substrate comes to the surface due to bed degradation,
and this enhances the bed surface coarsening at the upstream
reach. In other words, downstream fining after sediment supply
reduction is likely caused by (i) size-selective transport and (ii)
coarsening of substrate during the “spin-up” simulation toward
the upstream end of the domain, which is mined during later
degradation.

The predicted pattern of downstream fining reasonably
closely tracks observed values, but does not precisely match
them in either the “pre-Xiaolangdi” condition or the “post-
Xiaolangdi” condition (Fig. 8c). We emphasize that our imple-
mentation is “broad-brush”, excluding many details of the
highly leveed and managed LYR. The consideration of such
factors as spatial variation in channel and levee widths, water
discharge hydrographs including the effect of water extraction,
delta propagation, variation in flood intermittency, and any tec-
tonic activity would give more precision to the model. The
implementation of such factors is tedious but straightforward.

The trend of downstream fining and coarsening can also be
seen in the total bed material load; at 600 years, Dy j0ad €xhibits
a decline in the downstream direction. Although Fig. 7 suggests
that Dg j0ad should increase with decreasing bed shear stress,
downstream fining of the bed surface suppresses the effect of
streamwise decline in the shear stress. When the bed material
supply is decreased, overall bed slope declines (hence bed shear
stress declines), thus total load becomes coarser accordingly.
Meanwhile the trend of downstream fining of the load is main-
tained due to the strong trend of downstream fining of the bed
surface.

7.2 Model applicability to the sorting problem in
sand-silt-bed rivers

The proposed relation for the prediction of bed material load for
mixtures is a surface-based relation rather than substrate-based
relation. In addition to various merits in utilizing a surface-
based relation, which are well summarized in Wilcock and
Crowe (2003), there is an advantage in terms of data availabil-
ity. Specifically, GSD data for the bed surface tends to be much
more readily available than data for the substrate. The fact that
the relation contains no critical Shields number for incipient
motion of sediment not only corresponds to the reality of typ-
ical sediment transport events in the LYR, which are far above
the threshold of motion, but also makes the form of the proposed
relation simpler, hence more user-friendly. Note that (a) the pro-
posed model is an extended form of the EH total load relation,
which also does not incorporate a critical bed shear stress, and
(b) in the case of sand-silt-bed rivers, the bed material is so fine
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that most of the sediment is in motion even during low flow. In
spite of the simplicity of the proposed model, it is capable of
dealing with the sorting phenomena of downstream fining and
armouring as they occur in the sand-silt bed LYR.

8 Conclusions

Grain sorting such as downstream fining and bed surface coars-
ening is not unique to sand-bed rivers or gravel-bed rivers; we
have found that silt-rich rivers such as the LYR exhibit grain
sorting. In order to treat grain sorting of fine material, we devel-
oped a total bed material relation for fine sediment mixtures.
We utilized the general form of Engelund and Hansen total load
relation (1967), which is commonly used as a predictor of total
load for sand-bed rivers but is invalid for sand-silt-bed rivers, to
develop our relation. In order to quantify our proposed relation,
a database including bed surface GSD is required.

We have evaluated our relation for the case of the LYR using
field data collected at the Lijin gauging station. We find that
the transport of coarser grains tends to have less dependency
on hydraulic conditions than that of finer grains, and that as
the flow intensity increases, the bed material load becomes ever
finer compared to that of the bed surface. This is in contrast to
the case of gravel-bed rivers, whereby the GSD of the total load
approaches that of the bed surface with increasing bed shear
stress. A relation for suspended load of mixtures in sand-bed
rivers, however, predicts a load that is finer than the bed surface
over a wide range (Wright & Parker, 2004).

Our proposed relation is capable of reproducing ongoing
downstream fining and bed coarsening due to bed material sup-
ply reduction in the LYR. Downstream fining due to selective
transport is reproduced as a consequence of historic aggressive
bed aggradation associated with an upward-concave river bed
profile, both of which are responses to massive sediment supply
from the Loess Plateau. Bed coarsening (armouring) is repro-
duced in accordance with bed degradation due to substantially
reduced bed material supply rate at the upstream end of the mod-
elled reach, which is in turn due to sediment retention in the
recently closed Xiaolangdi Dam.

Although our proposed model of grain size specific sediment
transport likely requires some site-specific calibration, the form
of the equation is relatively simple, in part due to the absence
of a critical Shields number for incipient motion of sediment.
Moreover, with appropriate calibration, it can easily be applied
to grain sorting problems in other fine-grained rivers with sand-
silt-beds such as the Pilcomayo River at the border of Argentina
and Paraguay (Martin-Vide et al., 2014).

Acknowledgements

We very gratefully acknowledge the students in Parker’s course,
“River Morphodynamics™ in the spring of 2015 for their help
with data extraction, organization and analysis: C-G An, D.S.

Extended Engelund—Hansen type sediment transport relation 13

Ancalle Reyes, Z.D. Barnaal, Q-T Gao, J. Geldmeyer, A.M.
Hamed, T-Y He, E. Lacunza, F.P. Maciel Yo, M.J. Reed, F.A.
Neira Ruiz, J.E. San Juan Blanco, R.H. Takahashi, D-C Wang,
H. Wu, R-J Zeng and R-S. Zhou.

Funding

Kensuke Naito, Hongbo Ma, Jeffrey Nittrouer and Gary Parker
gratefully acknowledge the National Science Foundation [EAR
grants 1427262; 1209402]. Yuanfeng Zhang acknowledges
the National Natural Science Foundation of China [grant
51379087]. Yuanjian Wang also acknowledges support from the
National Nature Science Foundation of China [grants 51509102;
51679104; 5153000441]; Division of Earth Sciences.

Supplemental data

Supplemental data for this article can be accessed doi:10.1080/
00221686.2018.1555554.

Notation

A,B = coefficient and exponent in the general form of the
Engelund—Hansen sediment transport relation (—)

Aj, Bi = coefficient and exponent in the proposed sediment
transport relation for the ith size range grain (—)

Byt = reach-representative bankfull channel width (m)

B¢ = floodplain width (m)

Cs = bed friction coefficient (—)

Cz = dimensionless Chezy resistance coefficient (—)

Dsy = median grain size of bed surface (mm)

Dy = geometric mean grain size of bed surface (mm)

Dg.l0ad = geometric mean grain size of total bed material load
(mm)

Dj = grain size of ith size range (mm)

fi = volume fraction content of bed material within grain
size interval i (-)

Fi = volume fraction content of bed material in bed sur-
face (active layer) within grain size interval i (—)

Fii = volume fraction content of bed material at the inter-

face between bed surface and substrate within grain
size interval i (-)

Fswi = volume fraction content of bed material in substrate
within grain size interval i (—)

g = gravitational acceleration (m s~2)

Gr.feed = mass rate of bed material supply at the upstream end
of the reach (t yr™)

H = flow depth (m)

Hyr = bankfull depth (m)

It = flood intermittency (—)

L = reach length (km)

La = active layer thickness (m)
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Ls = substrate storage layer thickness (m)

N = number of bins in the grain size distribution of the
proposed sediment transport relation (—)

Nt* = proposed dimensionless form of total bed material
load (—)

N;* = proposed dimensionless form of bed material load of
sediment within grain size interval i (—)

Qi = volume total bed material load per unit width within
grain size interval i (m? s™')

ar = volume total bed material load per unit width
(m?s7)

gr = dimensionless form of volume total bed material load
per unit width (-)

Quf = representative bankfull discharge (m? s=!)

R = submerged specific gravity of sediment (—)

S = down-channel slope (—)

t = time (s)

0] = depth-averaged velocity (m s™')

U, = shear velocity (ms™")

X = streamwise coordinate (m)

ag = ratio of active layer thickness to dune height (Eq.
(20) ()

ayans = weight factor for the substrate-active layer sediment

exchange fractions (Eq. (21)) ()
Agune = dune height (m)

n = channel bed-floodplain averaged elevation (m)

A = ratio of volume wash load deposition on the flood-
plain to volume deposition of bed material in the
channel (-)

Ap = bed porosity (—)

& = constant in the dune height relation (Eq. (19)) (—)

P = density of the water-sediment mixture (kg m~3)

Th = bed shear stress (Pa)

Ty = dimensionless bed shear stress for the geometric
mean bed surface material size (—)

7 = dimensionless bed shear stress for the sediment
within grain size interval i (—)

2 = channel sinuosity (—)
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