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A general increase in the bankfull width and depth is found in downstream reaches because of upstream
damming, especially in the braided reach of the Lower Yellow River (LYR), but the magnitude of bank
erosion and its relation with bed incision remain little explored. Here based on long-term measured
cross-sectional profiles (1999e2020), a quantitative method is proposed to estimate the bank erosion
volume in the braided reach of the Lower Yellow River, with the contribution of bank erosion to the
channel scour volume further determined. A quantitative relation was developed and calibrated between
bank erosion width and bed incision depth, using the sediment continuity equation and measured data.
The results indicate that: (i) significant bank erosion and bed incision processes are prevalent in the
braided reach and its sub-reaches, with the bankfull widths increasing by 317e511 m and the bankfull
depths increasing by 1.9e2.4 m in these reaches after the operation of the Xiaolangdi (XLD) Reservoir in
1999. Bank erosion has been dominant over bank accretion at more than 71% of the sections in the
braided reach, with the most active bank deformation detected in the middle sub-reach. (ii) The cu-
mulative bank erosion volumes temporally increased and spatially decreased, with the value of
1.80�108 m3 in the upper sub-reach (R1), 1.52�108 m3 in the middle sub-reach (R2), 1.08�108 m3 in the
lower sub-reach (R3), and 4.40�108 m3 in the whole braided reach during the period of 1999e2020.
Bank erosion contributed 33% of the cumulative channel scour volume in the braided reach, with a close
relation developed between cumulative bank erosion volume and the previous 5-year average incoming
sediment coefficient during flood seasons. (iii) A close inverse relation exists between bank erosion and
bed incision in the whole braided reach and its sub-reaches, with the coefficients of determination
greater than 0.90, which indicated that bank erosion hindered the process of bed incision. If there was no
bank erosion after 1999, the cumulative bed incision depth would increase by at least 0.7 m in each
reach. Furthermore, a similar quantitative relation was also applied to calculate the cumulative bed
incision depth and bank erosion width in the braided reach during the period of 1960e1964 (the first
stage after operation of the Sanmenxia Reservoir). Quite high accuracy was achieved in this analysis, with
the coefficient of determination being equal to 0.96.
© 2024 International Research and Training Centre on Erosion and Sedimentation. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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regulation works, vegetation, and other channel boundary condi-
tions (Swanson et al., 2011). Frequent bank erosion, usually
together with long-distance channel degradation, is extensively
observed and is the principal type of channel adjustments in the
downstream reaches with erodible bank material (Craddock et al.,
2010; Latrubesse et al., 2017; Słowik et al., 2018; Walling & Fang,
2003; Williams et al., 2020). How the channel adapts and adjusts
its geometry after dam construction is a core question. In addition,
adverse ecologic or economic effects of bank erosion have been
reported worldwide, with substantial losses in riparian zones, hy-
draulic structures adjacent to channels, and croplands (Florsheim
et al., 2008; Yan et al., 2023). Due to detrimental effects of bank
erosion, a large quantity of bank protection works has been con-
structed in rivers downstream of dams world-wide (Deng et al.,
2022; Meade & Moody, 2010; Yang et al., 2015), and in the mean-
time the bed incision rate slows down (Miao et al., 2016). Therefore,
it is of scientific and engineering significance to estimate the
magnitudes of bank erosion and bed incision, and quantify their
internal relation in fluvial processes especially for a large braided
river in response to upstream damming.

Cross-sectional changes induced by dam construction have
been qualitatively and quantitatively discussed in previous
studies. Brandt (2000) extended the morphological relation pro-
posed by Lane (1955) to predict the cross-sectional variations. As
the discharge during the post-dam stage is less than that during
the pre-dam stage, the widening and deepening processes of the
main channel are anticipated when the incoming sediment con-
centration is less than the sediment transport capacity as
described by Brandt (2000), which is also the common case for
many downstream reaches. The braided reach located in the
Lower Yellow River (LYR) is one of the most active river systems
with an unstable main channel and erodible banks, the cross-
sectional changes of which have attracted much more attention
especially after the Xiaolangdi (XLD) Reservoir became opera-
tional in 1999. Ma et al. (2012) found a general increase in the
bankfull width and depth at the Huayuankou (HYK) station in the
braided reach of the LYR in 1999e2006. Xia et al. (2014) calculated
the reach-scale bankfull width and depth of the braided reach, and
these reach-scale parameters also increased remarkably in
1999e2012.

An important method to calculate the variation in bankfull
channel dimensions (width, depth, and area) has been proposed
based on the exponential decay function. Previous studies have
investigated the morphological changes in rivers downstream of
dams based on this method (Richard et al., 2005; Shin & Julien,
2010; Wu et al., 2008), which involves the determination of chan-
nel dimensions under the equilibrium state. Due to the uncertainty
and complexity in determination of an equilibrium state, some
researchers directly established some empirical formulas between
the bankfull width or depth and the flow-sediment regime (e.g.,
incoming sediment coefficient and discharge) during flood seasons,
according to the principle of the delayed response theory (Bi et al.,
2019; Li et al., 2021; Wu et al., 2008; Xia et al., 2014). This type of
method is feasible for the prediction of the channel adjustments.
However little attention has been paid to the estimation of the bank
erosion volume using these measured cross-sectional profiles, and
the internal relation has not been quantified between bank erosion
and bed incision.

Current methods to estimate bank erosion volume, include
some refined field monitoring methods, various bank erosion
models such as the bank stability and toe erosion model (BSTEM)
(Arnez Ferrel et al., 2018; Darby et al., 2007; Klavon et al., 2017), and
remote sensing images (Boardman, 2016; Fisher et al., 2013;
Rowland et al., 2016). However, refined field monitoring methods
such as the implementation of erosion pins, multibeam echo
sounding-terresrial laser scanning (MBES-TLS) and real time kine-
matic global positioning system (RTK-GPS) monitoring, are often
used in bank erosion observations in a small channel or a local
reach of a large river (Fox et al., 2016; Leyland et al., 2017; O'Neal &
Pizzuto, 2011; Yan et al., 2023; Zhang et al., 2019). The use of bank
erosion models requires detailed flow and bank material data
(Zhang et al., 2019). Some studies have attempted to make esti-
mates of bank erosion volume together with sensing images and
light detection and ranging (LiDAR) data or arctic digital elevation
model (DEM) fromwhich bank heights can be derived (Basumatary
et al., 2021; Payne et al., 2017; Spiekermann et al., 2017; Williams
et al., 2020). However, the applicability of LiDAR and TLS methods
is undermined by data availability due to the uncertainty caused by
complex data manipulation. To date, studies on long-term bank
erosion observations in large rivers are limited to the analysis of
remotely sensed imagery. As a matter of fact, it is also a choice to
investigate bank deformation processes based on the measured
cross-sectional profiles due to the high resolution, if regular mea-
surements of cross-sectional profiles have been conducted in a
specified alluvial river.

An alluvial river will experience a non-reversible series of
channel adjustments once it is disrupted. Regime theory has been
developed to describe the determined relation between bankfull
depth and width under a relative equilibrium state, with many
formulas proposed (Huang & Nanson, 2000; Millar, 2005). How-
ever, regime theory is inapplicable to a river reach under a non-
equilibrium state. Some studies have attempted to quantify the
relation between bank deformation and bed incision using some
coupledmathematical models or empirical relations (Li et al., 2021;
Xu & Shi, 1995; Zhou, 1992). Zhou (1992) established a quantitative
relation between bed incision depth and bank erosion width at a
section-scale in the braided reach of the LYR based on the cross-
sectional profiles in 1960e1964. Some coupled one-dimensional
models have been recently proposed to simulate both bed evolu-
tion and bank erosion processes (Asahi et al., 2013; Darby et al.,
2007; Deng et al., 2019; Wang et al., 2022), but the applicability
of these models is limited owing to the long computational time
and uncertainty in simulating long-term channel evolution pro-
cesses. Obviously, current methods are not accurate enough to
investigate the relation between bank erosion and bed incision in
an entire braided reach.

The braided reach in the LYR with erodible banks has expe-
rienced severe bank erosion and accretion throughout history.
About 300 km2 of floodplain area was eroded over 4 years owing
to the operation of the Sanmenxia (SMX) Reservoir beginning in
1960 (Ma et al., 2012). The operation of the XLD Reservoir since
1999 has greatly altered the downstream flow and sediment
regime over a relatively short period of time. Significant bank
erosion and bed incision have occurred in the braided reach over
the past 20 years, although considerable bank protection works
have been constructed. Abundant measurements of cross-
sectional topography have been collected in this reach. Yet, to
the authors’ knowledge, few studies have previously revealed the
magnitude of bank erosion and its relation with bed incision in
such a large braided river in response to upstream damming. As a
consequence, the braided reach is selected as the study reach to
do a detailed analysis of the magnitude and contribution of bank
erosion to channel evolution, as well as the relation between
bank erosion and bed incision during the post-dam stage. In the
current study, the specific aims are to: (i) estimate the magnitude
and process of bank erosion, as well as the delivery of bank
sediment to the channel over the past 20 years based on the
measured cross-sectional profiles; (ii) quantify the effect of bank
erosion on bed incision by theoretically establishing a predictive
relation between bed incision depth and bank erosion width
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using the equation of sediment continuity, in order to elucidate
how the bed incision process will develop without the occur-
rence of bank erosion.
2. Study area and methodology

2.1. Description of braided reach

The Yellow River ranks the second longest river in China, with
a length of 5464 km and a drainage area of 795,000 km2. Origi-
nating from the Tibetan Plateau and flowing eastward through
nine provinces before entering the Bohai Sea (Fig. 1(a)), the Yellow
River is usually divided into upper (UYR), middle (MYR), and
lower reaches (LYR). The lower reach, i.e., the Lower Yellow River,
refers to the sector between Mengjin in Henan Province and Lijin
in Shandong Province, with a length of 756 km. According to
morphological characteristics, the reach upstream of Gaocun (GC)
belongs to the braided reach (Fig. 1(b)), and three hydrometric
stations are located in the reach, i.e., HYK, Jiahetan (JHT), and GC.
This reach is characterized by highly unstable floodplain bank-
lines, rapid migration of mainstream, and diverse channel widths
along the reach. There are extensive floodplains on both sides of
the main channel, which are utilized by local inhabitants, and the
area of floodplains accounts for over 80% of the whole reach.
Three hydrometric stations divide the braided reach into three
sub-reaches: the reach upstream of HYK (R1), the reach between
HYK and JHT (R2), and the reach between JHT and GC (R3)
(Fig. 1(b)).

To consider the variation in the flow-sediment regime entering
LYR, the relevant hydrological data were collected from the Yel-
lower River Conservancy Commission (YRCC) (http://www.yrcc.
gov.cn/). According to the operation of key reservoirs, four stages
are commonly delineated to describe the variations in the supply of
water and sediment in LYR. The flow and sediment regime entering
the study reach can be represented by the data at the hydrometric
station of HYK, covering the volumes of water and sediment from
the mainstream and two tributaries. In terms of the variation in
Fig. 1. (a) Yellow River Basin. (b) Braided reach of Lower Yellow River.
water volume, the water discharge at HYK slightly varied before
1986 (Fig. 2(a)), with an average annual water volume of
458� 108 m3 /y during the period 1951e1960 (before the operation
of the SMX Reservoir) and 1960e1986 (after the operation of the
SMX Reservoir). The incoming water volume suddenly decreased
by 39% during the period 1986e1999 (around 279�108 m3/y) due
to the significant water resources development by a joint operation
of the SMX Reservoir with other reservoirs in the UYR. After the
operation of the XLD Reservoir, the incoming water volume slightly
changed, with an average annual water volume of 278�108 m3/y
during the period of 1999e2020. In terms of the variation in sedi-
ment load, a general reduction existed at different stages. The
incoming sediment amount was themaximum during the period of
1951e1960, with an average value of 14.6�108 t/y. The later periods
witnessed a decrease, with an average incoming sediment amount
of 11.2�108 in 1960e1986 and 6.9�108 t/y in 1986e1999 due to the
reservoir operation and soil conservation measures in the MYR
drainage basin (the Loess Plateau). The XLD Reservoir with a
designed capacity of 12.7 km3 exerted a powerful control on the
sediment release. The sediment amount at HYK sharply decreased
by 90%, with an average value of 1.2�108 t/y during the period
1999e2020. The incoming annual sediment amount was less than
0.1�108 t even in some years (2015e2017).

The channel evolution processes in the braided reach were
closely related to the variation in the flow and sediment regimes.
Fig. 2(b) shows the temporal variations in cumulative channel
evolution volumes of LYR and the braided reach, which were
calculated based on the topography method by YRCC. The channel
of LYR continuously aggraded before the operation of the XLD
Reservoir except for two short periods of 1960e1964 and
1980e1985. The cumulative channel deposition volume reached
themaximumvalue of 55.78�108 m3 in LYR and of 33.47�108 m3 in
the braided reach during the period of 1950e1999. Considerable
channel degradation occurred after the operation of the XLD
Reservoir, with the total channel scour volume of 20.00�108 m3 in
LYR. The braided reach was prominently eroded, with the total
scour volume of 13.38�108 m3, which accounted for about 67% of
the total channel scour volume in the entire LYR.

Repeated surveys of cross-sectional profiles indicate that
channel widening owing to bank erosion has been extremely
prominent in the braided reach. The variations in cross-sectional
profiles are shown in Fig. 3, with significant bank erosion and bed
incision processes occurring at different sections. The floodplain
banks are susceptible to erode on both sides, with thewidth of bank
erosion even larger than 2,400m at a specified section over the past
20 years (Fig. 3(b)). The process of bank erosion in the braided reach
is closely linked to the composition of bank soil and mechanical
properties. Previous studies (Xia et al., 2008) have indicated that
the bank soil is vertically stratified in the braided reach. The surface
layer is generally composed of low liquid limit clay, while the lower
layer is silty or fine-grained. Remarkable variation exists in the clay
content of bank soil along the reach, with the clay proportion
varying from 3% to 35% in the surface layer and from 1% to 23% in
the lower layer (Xia et al., 2008). The lower layer with minor clay is
prone to fluvial erosion, and the surface layer of bank soil is easy to
collapse as the shear strength is reduced by an increase in water
content.

2.2. Methodology

Detailed methods are given for the estimation of the bank
erosion volume and the quantification of the relation between
bank erosion and bed incision. It should be noted that regular
measurements of cross-sectional topography are necessary to
utilize the following methods. For large rivers such as the Yellow

http://www.yrcc.gov.cn/
http://www.yrcc.gov.cn/


Fig. 2. Temporal variations in incoming flow-sediment regime and channel evolution volume: (a) incoming flow-sediment condition; (b) cumulative channel evolution volumes of
braided reach and LYR.
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River and the Yangtze River, regular measurements of topography
can be obtained, while these methods are not applicable to rivers
without measured topography. Measurements of cross-sectional
profiles have been done by YRCC since the 1950s (Wang et al.,
2017). Repeated surveys have been done twice a year, prior to
and after the flood season from July to October at fixed sites
which are called sedimentation sections (Wu et al., 2008). The
number of sedimentation sections increased as the measurement
techniques became mature. The total number of sedimentation
sections increased from 91 (among which 28 sections were in the
braided reach) in 1999 to 333 in 2004 (among which 147 sections
were in the braided reach). To keep the consistency of the
number of cross sections, the cross-sectional profiles were
collected at the original 28 sedimentation sections in the
braided reach.

2.2.1. Estimation of bank erosion volume
The procedure to estimate the bank erosion volume based on

the measured cross-sectional profiles includes: the determination
of reach-scale bankfull channel dimensions, the calculation of cu-
mulative bank erosion width and bed incision depth, and the
calculation of bank erosion volume.

1) Determination of reach-scale bankfull channel dimensions

Bankfull channel dimensions involve the width, depth, and area
at the bankfull stage, which are usually used to describe the
channel geometry in the analysis of fluvial processes and fluvial
geomorphology (Harman et al., 2008; Leopold & Maddock, 1953;
Wilkerson et al., 2014; Xia et al., 2014). Among these bankfull
channel dimensions, the bankfull width and depth are critically
important in the viewof calculating the bank erosion volume. A few
rules proposed by Xia et al. (2014) are utilized to determine the
bankfull channel dimensions at a section, which emphasize the
performance of farm dikes and the importance of referring to the
previous location when the floodplain lips on both sides are not
easily recognized. The cross-sectional profile at JHT is selected as an
example to illustrate the procedure (Fig. 4). Compared with the
previous observations, the point L and R (the square points) are,
respectively, regarded as the lip of the floodplain on the left side
(with the bed level of 75.8 m) and the right floodplain lip (74.8 m),
among which the lower elevation is taken as the bankfull level.
Then the width between these two lips is defined as the bankfull
width (Bbf), and the main channel area under the bankfull level is
the bankfull cross-sectional area (Abf), with the bankfull depth (Hbf)
being equal to the ratio of Abf to Bbf.

Due to the complex variation in bankfull channel dimensions at
different sections, the reach-averaged method proposed by Xia
et al. (2014) is utilized, which can guarantee the continuity of the
channel dimensions and flow condition (Eq. (1)):
Gbf ¼ exp

 
1
2L

XN�1

i¼1

�
ln Giþ1

bf þ ln Gi
bf

�
�Dxi

!
(1)

where Gbf is the reach-scale bankfull channel dimensions covering
bankfull width, depth, and area; Gi

bf and Giþ1
bf are the channel di-

mensions at the ith and (iþ1)th sections; L is the length of the study
reach; Dxi is the spacing between the ith section and (iþ1)th sec-
tion; N is the total number of sedimentation sections in the study
reach. Based on the collected cross-sectional profiles at 28 sedi-
mentation sections from YRCC during the period of 1999e2020, the
reach-scale bankfull width and depth can be obtained during the
period of 1999e2020. To illustrate the influences of different
numbers of sedimentation sections on the calculation of reach-
scale bankfull channel dimensions, the measurements of cross-
sectional profiles were collected at 147 sections in 2018e2020.
The relative errors of calculated reach-scale bankfull width and
depth were commonly less than 10%. For example, the calculated
reach-scale bankfull width and depth were 1,342 and 3.5 m in 2020
when the total number was 147, and the corresponding values were
1369 and 3.7 m when the total number was 28.

2) Calculation of cumulative bank erosion width and bed incision
depth

Although the occurrence of bank erosion and accretion at a
section is subject to uncertainty, a general channel widening pro-
cess has been observed at reach-scale since the operation of
Xiaolangdi Reservoir (Xia et al., 2014). Fig. 5 generalizes the
adjustment process of channel geometry at reach-scale, with an
assumption that bank erosion takes place on both sides. Then the
cumulative bank erosion width and bed incision depth can be
calculated by Eq. (2):

2DB¼Bbfn � Bbf1;DH ¼ Hbfn � Hbf1 (2)

where Bbf1 and Hbf1 are the reach-scale bankfull width and depth
after the flood season in 1999, respectively (m); Bbfn and Hbfn are
the reach-scale bankfull width and depth after the flood season in
the nth year after 1999 (m); 2DB and DH are the cumulative bank
erosion width and bed incision depth in n years after the XLD
Reservoir operation, respectively (m).

3) Estimation of bank erosion volume

It is assumed that the wide and shallow cross-sectional geom-
etry in a long reach is generalized into a rectangle. The bank erosion
volume of the long reach is the product of bank erosion volume per
unit river length and the length of the study reach. As shown in



Fig. 3. Cross-sectional profiles at typical sections of: (a) JHT and (b) Weicheng.

Fig. 4. Determination of bankfull channel dimensions at a typical sedimentation
section.
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Fig. 5, the bank erosion volume per unit length in n years is the
product of bank erosion area per unit length and bank height. The
bank erosion area per unit length is the product of the bank erosion
width (2DB) and unit length (1 m). The bank height can be esti-
mated by the bankfull depth (Hbfn), which also includes the bed
incision depth. Therefore, the bank erosion volume per unit length
in n years can be represented by DVper ¼ ðBbfn � Bbf1Þ� 1�
Hbfn ¼ 2DBHbfn. Then the bank erosion volume of the study reach
can be obtained (Eq. (3)):

DVbk ¼DVper � L (3)

where the length, L, is 103.2 km for Reach R1,100.8 km for Reach R2,
and 77.1 km for Reach R3; DVbk is the cumulative bank erosion
volume of the different reaches (108 m3). Because of regular mea-
surements of cross-sectional profiles, this method ignores the
Fig. 5. Sketch showing variation in reach-scale bankfull channel geometry of braided
reach.
detailed bank deformation process at a specific section, which is
able to conveniently give an estimate of bank erosion volume in a
long reach.
2.2.2. Quantitative relation between cumulative bed incision depth
and bank erosion width

The sediment continuity equation in steady flow indicates that
the channel evolution is the result of the spatial variation in sedi-
ment discharge. For LYR undergoing channel degradation, the
channel evolution included the deformation of the main-channel
bed and floodplain banks. Therefore, the sediment continuity
equation provides the rationale of lateral and vertical changes in
the main channel, which is utilized to analyze the relation between
bed incision and bank erosion (Eq. (4)):

r0
vA0

vt
¼ � vQS

vx
(4)

where A0 denotes the channel evolution area in a specified period,
including the deformations of the main-channel bed and floodplain
banks; Q and S are the discharge and sediment concentration,
respectively; t is the time; x is the longitudinal distance; r0 is the dry
density of the bed material.

Eq. (4) can be further written as Eq. (5):

r0
vA0

vt
¼ r0

A2 � A1

Dt
;
vQS
vx

¼ ðQSÞout � ðQSÞin
Dx

(5)

where (QS)out and (QS)in denotes the sediment discharge at the
outlet and inlet; A1 and A2 denotes the bankfull area at the initial
and ending times, respectively; Dt and Dx are the temporal and
longitudinal steps, respectively. The cross section is sketched into a
rounded trapezoid, with the adjustment processes of channel ge-
ometry outlined in Fig. 5. The corresponding bankfull area in Eq. (5)
can be written as Eq. (6):

A1 ¼ Bbf1Hbf1 ðbankfull area in the previous yearÞ
A2 ¼

�
Bbf1 þ 2DB

��
Hbf1 þ DH

�
ðbankfull area in the later yearÞ

(6)

where 2DB and DH have the same meaning as Eq. (2).
Substituting Eqs. (5) and (6) into Eq. (4), the bed incision depth

can be estimated as Eq. (7):
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DH¼
�
Dt
0 ðQinSin �QoutSoutÞ�2DBHbf1

� �
Bbf1 þ2DB

�

r Dx

,

¼
"

Dt

Bbf1 þ 2DB
ðQinSin � QoutSoutÞ

r0Dx

#
þ Hbf1Bbf1
Bbf1 þ 2DB

�Hbf1 (7)
term I term II

where Dt is the cumulative years since 1999; Dx is the length of a
study reach; Qin and Sin are the annual mean discharge and sedi-
ment concentration at the inlet; Qout and Sout are the annual mean
discharge and sediment concentration at the outlet; herein the
term Dt=ðBbf1 þ2DBÞ (written as KB in the following analysis) is
defined as the reciprocal inverse of the variation rate of the bankfull
width, which is not a constant value and varies with time. When
bank erosion continuously occurs in a study reach, indicating an
increasing DB, both terms I and II in Eq. (7) decrease, which will
result in a reduction in the value of the bed incision depth.
Therefore, the process of channel widening will hinder the process
of bed incision.

The spatial variation in sediment discharge (ðQinSin � QoutSoutÞ=
ðr0DxÞ) represents the channel evolution volume per unit length
and varies with time in the term I, which is hard to obtain in a local
reach with a lack of hydrometric stations. While determining the
parameters in Eq. (7), an assumption is made that the channel
evolution volume per unit length is closely related to the variation
rate of bankfull width (KB), and consequently the value of the term I

is a function of KB, which means that Dt
Bbf1þ2DB

ðQinSin�QoutSoutÞ
r0Dx ¼ f ðKBÞ.

Then Eq. (7) can be finally written as Eq. (8):

DH¼ f ðKBÞþ
Hbf1Bbf1

Bbf1 þ 2DB
� Hbf1 (8)

3. Recent variations in bank erosion and bed incision

The reach-scale bankfull channel dimensions covering bankfull
width and depth of different reaches were determined from 1999
to 2020, which can give a full description of the channel adjust-
ment processes in the braided reach in response to upstream
damming. The cumulative bank erosion width and bed incision
depth were then obtained using Eq. (2). Consequently, the tem-
poral variations in the bank erosion volume of different reaches
were quantified.

3.1. Characteristics of channel adjustments

The channel adjustments were characterized by the coexistence
of widening and incision in the braided reach after the operation of
Fig. 6. Temporal variations in bankfull width and depth of dif
the XLD Reservoir (Fig. 6). The increase in the reach-scale bankfull
width and depth was closely related to the released sediment
concentration. As shown in Fig. 2, the incoming sediment load
significantly was reduced by around 90%, which became smaller
than the sediment transport capacity. Previous studies have also
indicated that the hydraulic shear stress was one order larger than
the critical shear stress of bank soil in the braided reach (Xia et al.,
2008). Therefore, a significant increase could be found in the reach-
scale bankfull width and depth. However, the increase in the reach-
scale bankfull width and depth was not monotonic in each sub-
reach from 1999 to 2020, with the increase rate reducing after
2012, which resulted from the adjustments of the channel
boundary conditions.

The bed material became coarsened in the braided reach, and
the sediment transport capacity became smaller due to the wide
and deep main channel. In addition, the construction of bank
protection works also reduced the increase of bankfull width to
some extent. A minor decline occurred in the bankfull width of
Reach R2 from 2011 to 2015, which suggested that the process of
bank accretion was dominant in some years. In general, the reach-
scale bankfull width in 2020 increased by 48% in Reach R1, 38% in
Reach R2, and 52% in Reach R3. The reach-scale bankfull width of
the braided reach evidently increased from 943 m in 1999 to
1,369 m in 2020, which, however, reduced slightly during the
period of 2015e2017. These three years featured extremely small
discharge and sediment load (Fig. 2(a)), with the average discharge
lower than 835 m3/s during the flood seasons. The low flow was
concentrated in the deep channel, and there was no chance for the
point bars on both sides to submerge during an entire hydrological
year. As a consequence, these point bars were classified into
floodplain zones when determining the bankfull level (Fig. 7). This
treatment is accountable to a slight decline in the bankfull width in
the braided reach.

The variation in the bankfull depth is closely linked to the
channel evolution processes. Continuous channel degradation
occurred in the braided reach and its sub-reaches from 1999 to
2018, and consequently the bankfull depth of each reach continu-
ally increased during this period. Heavy sediment deposition took
place in the braided reach in 2019 due to the large incoming
sediment load released by the XLD Reservoir, with the annual
deposition volume of 0.64�108 m3 in Reach R1, 0.40�108 m3 in
Reach R2, 0.04� 108 m3 in Reach R3, and 1.08� 108m3 in the entire
braided reach, which decreased the reach-scale bankfull depth of
each reach in this year, as shown in Fig. 6(b). Generally, the reach-
scale bankfull depth considerably increased in each sub-reach
during the post-dam stage, with an increase by 1.9 m in Reach R1,
2.1 m in Reach R2, and 2.4 m in Reach R3. The bankfull depth of the
entire braided reach was 3.7 m in 2020.
ferent reaches: (a) bankfull width and (b) bankfull depth.



Fig. 7. Adjustment in determination of main channel at Gucheng section in response to
low discharges from 2015 to 2017.
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Two common time-series prediction models, including the
HolteWinters model (Hyndman & Athanasopoulos, 2018; Winters,
1960) and the autoregressive integrated moving average (ARIMA)
model (Hyndman & Athanasopoulos, 2018), were used to predict
the variations in bankfull width in the subsequent 10 years, by
taking the entire braided reach as an example (Fig. 8(a)). It is
indicated that a continual and steady increase will exist in the
bankfull width. It is not reasonable to predict the variation trends of
incoming sediment amount in the future simply by the time-series
prediction models, and therefore the temporal variation in
incoming sediment amount from 1999 to 2020 has been presented
in Fig. 8(a). It can be found that the incoming sediment amount
gradually increased from 2000 to 2004, slightly increased from
2011 to 2012, and then increased to a large value from 2018 to 2020.
However, the bankfull width will decrease according to the self-
adjustment principle of fluvial processes, when the incoming
sediment amount significantly increases and water volume slightly
varies in the future. Therefore, it is not reliable to analyze the
variation in bankfull width without considering the influences of
flow regime and engineering works.
3.2. Characteristics of bank erosion and bed incision

3.2.1. Cumulative bank erosion width and bed incision depth
Spatial variations in the cumulative bank erosion width and

bed incision depth can help to identify the vulnerable zone which
experiences the most prominent channel adjustments. The cu-
mulative bank erosion width and bed incision depth along the
reach during the period of 1999e2020 are presented in Fig. 9,
where a positive value indicates bank erosion or bed incision. In
terms of the spatial variation in cumulative bank erosion width,
bank erosion is a common phenomenon at most sections during
the post-dam stage. Only four sections experienced prominent
Fig. 8. Variations in bankfull width and bank erosion volume of the entire braided reach
volume.
bank accretion, with the cumulative bank accretion width larger
than 100 m. There were some sections in Reach R1 with stable
banks and strong anti-erosion properties, and therefore, a slight
magnitude of bank erosion or accretion occurred in these sections.
The bank deformation process was the most prominent in Reach
R2 among the three sub-reaches. Both the strongest bank erosion
and accretion activities were detected in Reach R2, with the
largest accretionwidth of 1,146 m in the section at Xinzhai and the
largest erosion width of 2,654 m in the section at Heishi (these
locations are shown in Fig. 1). Bank erosion commonly occurred at
the majority of sections in Reach R3, with relatively small mag-
nitudes. However, several sections also experienced drastic bank
erosion, with the cumulative bank erosion width exceeding
1,000 m. In terms of the spatial variation in cumulative bed inci-
sion depth, all the sections were substantially incised except the
section at Mazhai (the location is shown in Fig. 1), where the bed
was cumulatively aggraded by 0.2 m. Although a significant dif-
ference existed in the magnitude of bed incision along the braided
reach, a similarity was found in the variation ranges of cumulative
bed incision depth in different reaches, which varied in the ranges
of 0.7e3.1 m in Reach R1, 0.8e3.2 m in Reach R2, and 1.5e3.3 m in
Reach R3.

3.2.2. Bank erosion volume and its contribution to channel
evolution

Bank erosion volumes in the braided reach and its sub-reaches
are shown in Fig. 10(a). It can be concluded from Fig. 10(a) that the
magnitude of the bank erosion volume generally increased in each
reach after the operation of the XLD Reservoir. A slight reduction in
the bank erosion volume of the braided reach during the period of
2015e2017 was also the result of the reduction in bankfull width as
previously mentioned. A large difference can be found in the varia-
tion in the bank erosion volume of different reaches. The process of
bank erosion was prevalent in Reach R1, and the bank erosion vol-
ume significantly increased with time in this reach. The Reach R2
was characterized by active processes of bank erosion and accretion,
leading to a fluctuation in bank erosion volume in some years. A
gradual increase occurred in the bank erosion volume of Reach R3,
while the cumulative bank erosion volume was the smallest due to
the highest stability in bank slope among the three sub-reaches. The
cumulative bank erosion volume after the 2020 flood season sum-
med up to 1.80�108 m3 in Reach R1, 1.52�108 m3 in Reach R2,
1.08�108 m3 in Reach R3, and 4.40�108 m3 in the braided reach. The
bank erosion volumes in Reaches R1, R2 and R3 accounted for 41%,
34%, and 25% of the total value in the whole braided reach, respec-
tively. The annual bank erosion volume per unit length in each sub-
reach was 8.29�104, 7.19�104, and 6.67�104 m3/(km$y), respec-
tively. Time-series prediction models were also used to predict the
variation in bank erosion volume in the entire braided reach
using the HolteWinters and ARIMA models: (a) bankfull width and (b) bank erosion



Fig. 9. Spatial variations in cumulative bank erosion width (2DB) and bed incision depth (DH) along braided reach from 1999 to 2020: (a) cumulative bank erosion width and (b)
cumulative bed incision depth.

Fig. 10. Variations in bank erosion volume (Vbk) of the braided reach: (a) temporal variation and (b) effect of flow-sediment condition.
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(Fig. 8(b)). Similar to the prediction of bankfull width, a continual
and steady increase was also predicted during the later years. While
the increase would be definitely hindered or slowed in the future,
owing to the existence of river training works.

Fluvial erosion including bank erosion and bed incision plays an
important role in sediment transport process. Previous studies
found that a high rate of bank erosion will greatly influence the
morphological stability especially in an extensive braided river
system (Nandi et al., 2022). It remains uncertain to what extent the
bank erosion process contributed to the channel evolution process
of such a large braided river. On the basis of the bank erosion vol-
ume and the channel evolution volume calculated by the topog-
raphy method, it is easy and more accurate to clarify the
contribution of bank erosion. Around 33% of the total channel
evolution volume during the period of 1999e2020 was supplied
from bank erosion in the entire braided reach, which is equal to the
ratio of cumulative bank erosion volume (4.40�108 m3) to the total
channel scour volume (13.38�108 m3). Previous studies deter-
mined that the annual bank erosion volume per unit length was
around 6.67�104 m3/(km$y) in the Middle Yangtze River (Deng
et al., 2022) and 6.99�104 m3/(km$y) in a braided reach of the
Hanjiang River with a length of 130 km (Xu & Shi, 1995). It is fairly
rare in the global river systems to discover that the contribution
induced by bank erosionwas as dominant in the channel evolution
process as in the large braided reach of LYR.

Some factors such as the incoming flow-sediment conditionwill
slow down or accelerate the bank erosion process. Previous studies
have indicated that the flow-sediment condition during flood
seasons plays a more important role in the adjustments of channel
geometry in LYR (Bi et al., 2019; Li et al., 2021; Xia et al., 2014). Close
relations were developed in the literature between bankfull width
at section- and reach-scales and the incoming flow-sediment
condition (Li et al., 2021; Wu et al., 2008; Xia et al., 2014), which
is usually represented by the incoming sediment coefficient during
flood seasons (xfk ¼ ðSk =QkÞ � 1000 where Qk and Sk are the k
years average discharge and sediment concentration during flood
seasons). An increase in the incoming sediment coefficient during
flood seasons, represents a decrease in flow discharge or an in-
crease in sediment concentration, which furthermore indicates a
decrease in stream power. As shown in Fig. 10(b), the relation be-
tween the cumulative bank erosion volume and the previous 5-year
average incoming sediment coefficient during flood seasons (x5f)
can be quantified by a logarithmic function with a high coefficient
of determination (R2¼ 0.84), when the bank erosion volume and x5f
vary in (0.05e4.40)�108 m3 and (2.36e54.17)�10�3 kg$s/m6.

4. Quantitative relation between bed incision and bank
erosion

On the basis of the calculated results covering bankfull channel
dimensions, cumulative bank erosionwidth, and bed incision depth
after reservoir operation, the parameters in Eq. (8) were calibrated.
Results are listed in Table 1, which indicate: (i) a negative relation
between cumulative bank erosion width and bed incision depth
was common in each reach. The bed incision depth increased with
KB in each reach, which indicates that the incision depth decreased
with a high degree of bank erosion; (ii) Eq. (8) can well reflect the
relation between bank erosion and bed incision, with the coeffi-
cient of determination larger than 0.90 in each reach; (iii) the
variation rate of bed incision depth with KB was similar in Reaches
R1 and R2, while the variation rate was the highest in Reach R3. The
difference indicates that Reach R3 would experience the most
prominent bed incision, if KB varied at the same magnitude in each
reach; (iv) the influence of the temporal variation in flow and
sediment condition was indirectly reflected by the calibrated co-
efficients and KB in different reaches; (v) compared with fully
empirical relations obtained from optimum fitting, the coefficient
of determination of Eq. (8) was improved by 7%e154%. In addition,
it is impossible to obtain universal calculation relations based on
fully empirical analyses. Therefore, the proposed relations derived



Table 1
Calibration results of Eq. (8) in different reaches.

Reach Calibrated Eq. (8) Coefficient of determination

R1
DH ¼ 0:875 ln KB þ

Hbf1Bbf1
Bbf1 þ 2DB

� Hbf1 þ 6:595
0.93

R2
DH ¼ 0:956 ln KB þ

Hbf1Bbf1
Bbf1 þ 2DB

� Hbf1 þ 6:715
0.94

R3
DH ¼ 1:183 ln KB þ

Hbf1Bbf1
Bbf1 þ 2DB

� Hbf1 þ 7:248
0.95

Braided reach
DH ¼ 0:995 ln KB þ

Hbf1Bbf1
Bbf1 þ 2DB

� Hbf1 þ 6:903
0.96
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from the equation of sediment continuity are more statistically and
theoretically accurate.

Fig. 11 shows the comparison between the calculated and
observed cumulative bed incision depths in each reach. The cor-
responding data in 2018e2020 were used to verify the accuracy of
Eq. (8). The results calculated using Eq. (8) can well reproduce and
predict the variation in the cumulative bed incision depth in each
reach. The relative error of the predicted bed incision depth in each
reach varied from 0.9% to 49.3% during the period of 2018e2020.
The discrepancy mainly occurred in 2019, when all the predicted
bed incision depths greatly deviated from the observed values in
each reach except Reach R3. The significant channel deposition in
this year as previously mentioned contributed to the error. The
calibrated results were obtained using the measurements under
the state of continuous and considerable channel scour, which
failed to give accurate predictions under the state of significant
channel deposition. These quantitative relations can well predict
the bed incision depth under the state of channel degradation, with
the relative errors lower than 10% in 2018 and 2020 in each reach.
Therefore, the proposed quantitative relations more reasonably
reflect the variation in bank erosionwidth and bed incision depth of
a reach undergoing continuous channel degradation.

If there was no bank erosion after 1999, assuming that the
developed relations are still applicable, the temporal variation in
cumulative bed incision depth in each reach is shown in Fig. 11. It is
obvious that the bed incision depth would increase without bank
erosion, and the cumulative depth of bed incisionwould be equal to
Fig. 11. Comparisons between calculated and observed c
3.16 m in Reach R1, 2.90 m in Reach R2, 3.26 m in Reach R3, and
3.12 m in the braided reach during the period of 1999e2020. It
could be concluded that the cumulative bed incision depth would
increase by at least 0.69 m compared with the current bed incision
depth in each reach over the past 20 years. Therefore, it is verified
again that the bed incision process was hindered by the consider-
able bank erosion.

To further verify the applicability of the proposed relations (Eq.
(8)), the measured cross-sectional profiles in the braided reach
were collected during the period of 1960e1964. Significant changes
occurred in the flow-sediment regime and channel boundary
conditions after 1960, and therefore, this verification case can be
regarded as a further application in a totally new braided reach.
This period was characterized by abundant incoming water
discharge and low sediment load due to the powerful trap effi-
ciency of the SMX Reservoir at its first operation stage (Fig. 2(a)). As
a consequence, the channel in LYR experienced severe degradation,
with a cumulative scour volume of 15.21�108 m3 in the braided
reach (Fig. 2(b)). The processes of bank erosion and bed incision
were prominent in the braided reach, with the reach-scale bankfull
width and depth increasing by 570 and 0.61 m, respectively, in
these four years (Fig. 12(a)). The average annual bank erosionwidth
was around 143 m/y, which was much more than that after the
operation of XLD Reservoir (20 m/y). The differences could be
attributable to the reduced water and sediment amount together
with the improved bank protectionworks after the operation of the
XLD Reservoir. The variations in cumulative bed incision depth
umulative bed incision depths in different reaches.



Fig. 12. Variation in bank erosion and bed incision in the braided reach during the first operation stage of SMX Reservoir (1960e1964): (a) temporal variations in bankfull width and
depth and (b) comparison between calculated using Eq. (8) and observed cumulative bed incision depths.
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during this period can be also well reproduced using Eq. (8). As
shown in Fig. 12(b), the calculated bed incision depth was in close
agreement with the observed values, with the coefficient of
determination being equal to 0.96. As the process of bank erosion
was gradually dominant in the reach, the increase in the bed inci-
sion depth became relatively slow, which was reflected by the
gradually flatter curve.

The incoming water and sediment amounts were the largest in
1964, with values of 823 � 108 m3 and 14.6�108 t. The bankfull
width significantly increased by 317m in this year, which was three
times the value of other years. As a result, the cumulative bed
incision depth was not well calculated based on Eq. (8) in this year.
The proposed relation could reflect the general variation in bed
incision depth, which may not be able to accurately consider the
abrupt variation in a specified year with the flow-sediment regime
greatly deviating from the general range. In general, this validation
case indicates that the quantitative relation derived from the
equation of sediment continuity could be applicable to other sand-
bed braided rivers with regular measurements of cross-sectional
topography, which also underwent continuous channel degrada-
tion, although some necessary simplifications are made.

In summary, the morphological changes of downstream reaches
in response to upstream damming are significant. Channel evolu-
tion is the result of the interaction between sediment-laden flow,
and the erodible river bed and banks. Channel degradation defi-
nitely occurred due to the considerably reduced sediment load and
slightly changed water volume. For a braided river with erodible
bank material, both bank erosion and bed incision occurred
concurrently. Around 33% of the total channel evolution volume
was supplied from the river banks in the braided reach of LYR after
the operation of XLD Reservoir, which would not only greatly in-
fluence the sediment transport process but also the channel
adjustment process. Therefore, the quantitative relation between
bank erosion and bed incision was deduced based on the sediment
continuity equation and large-scale cross-section measurements,
with quite high accuracy during different study periods. Although
some deviations existed in the calculated bed incision depth when
the river experienced channel aggradation, the proposed method
demonstrated an accurate quantification of the internal relation
between bank erosion and bed incision. This approach is also
applicable to other braided rivers undergoing channel incision and
widening.

5. Conclusions

The phenomena of bank erosion and bed incision are prevalent
in fluvial processes of the braided reach of LYR especially during the
post-dam operation stage. A comprehensive investigation has been
done into the magnitude and effect of bank erosion in the braided
reach. A method based on the measured cross-sectional profiles
was proposed to estimate the bank erosion volume. Then the effect
of bank erosion on the bed incision process was revealed on the
basis of the sediment continuity equation. The main findings of the
current study are obtained as follows:

(1) The channel adjustment characteristics have been revealed,
with the reach-scale bankfull channel dimensions obtained
in different reaches. The phenomena of bank erosion and bed
incision were dominant in the fluvial processes of the
braided reach. The bankfull width increased by 48% in Reach
R1, 38% in Reach R2, 52% in Reach R3, and 45% in the braided
reach after the operation of the XLD Reservoir, and in the
meantime the bankfull depth increased by 130%, 154%, 124%,
and 136% in different reaches, respectively. Bank erosionwas
dominant over accretion at more than 71% of the cross-
sections in the braided reach. The highest erosion and ac-
cretion activities were detected in Reach R2, with the values
of erosion and accretion widths exceeding 1000 m.

(2) The cumulative bank erosion volumes in the different rea-
ches have been estimated, with the contribution to the
channel evolution volume determined. A gradual increase
commonly existed in the cumulative bank erosion volume of
each reach, with the total value of 1.80�108 m3 in Reach R1,
1.52�108 m3 in Reach R2, 1.08�108 m3 in Reach R3, and
4.40�108 m3 in the braided reach. The sediment from bank
erosion contributed to 33% of the channel scour volume
during the period of 1999e2020, which indicated that bank
erosion played an important role in the fluvial processes of
the braided reach.

(3) A quantitative relation between bed incision depth and bank
erosion width was deduced from the sediment continuity
equation, which was further calibrated and verified using the
measurements in different periods. Negative relations were
proven toexistbetweencumulativebed incisiondepthandbank
erosion width in different reaches, with the coefficients of
determination larger than 0.90, which indicated that bank
erosion hindered the process of bed incision. If there was no
bankerosionafter1999, thecumulativebed incisiondepth in the
braided reach would increase by at least 0.7 m compared with
the current values. Furthermore, quite high accuracy was found
in the calculated cumulative bed incision depth of the braided
reach during the period of 1960e1964 (the first stage after the
SMX Reservoir operation) using this similar quantitative rela-
tion, with the coefficient of determination being equal to 0.96.
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