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As rivers approach base level, their water and sediment dynamics are affected by a transitional reach known as
the backwater zone. At low flows, backwater zones cause flow deceleration and in-channel sedimentation, but
at highflows, they causeflowacceleration and erosion.Overmanyfloods, the dynamics of deposition and erosion
in the backwater zone are thought to control the locations of avulsions on some large deltaic channels. However,
in various studies, the role of the backwater is often inferred or modeled, and directly observed evidence of how
backwater affects channel dynamics at avulsion sites remains scarce. In this study, we show how the backwater
zone impacts the evolution and avulsion of the Qingshuigou channel, a recent lobe on the Yellow River Delta,
using four decades (1976–2015) of data from systematic surveys of water discharge, sediment load, cross-
sectional profiles and water surface elevation. The results show that the channel was commonly eroded during
flood seasons and aggraded during nonflood seasons. Erosion rates generally decreased in the downstreamdirec-
tion along the lower channel reach duringflood seasons, primarily due to downstream channelwidening and the
subsequent decrease in sediment transport capacity. The erosion rate reached zero at the cross-sections farthest
downstream,which is contrary to expectations under hydrodynamic backwater effects, where drawdown causes
erosion to increase downstream during high flows. During nonflood seasons, maximum sedimentation occurred
upstreamof the backwater zone, possibly due to impacts of local topography ofmeandering bends or constriction
from dikes. Morphodynamic backwater accompanied by the deposition and gradual progradation of amouth bar
resulted in downstream increasing sedimentation, superelevation, and lateral migration rates along the lower
channel reach from1985 to 1996. The predicted avulsion locationwas near cross-sections Q6 or Q7with an avul-
sion length of ~20–30 kmupstreamof the shoreline,whichwas consistentwith those for historical avulsions.We
emphasize the close interplay between backwater effects and channel geometry and argue thatmorphodynamic
backwater may play a more important role than hydrodynamic backwater in setting up and triggering avulsions
on the Yellow River Delta.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

When a river approaches a body of standingwater, its water surface
gradually changes slope tomatch thewater surface elevation at the out-
let. This gradual change causes a transition from normal to gradually
varying flow, which leads to flow deceleration (or acceleration) near
the outlet. This section of the river is typically referred to as the backwa-
ter zone, andmay extendmany hundreds of kilometers upstream of the
outlet on large lowland rivers (Nittrouer et al., 2012; Lamb et al., 2012;
Ganti et al., 2016). Interestingly, two types of backwater zones are rec-
ognized. Hydrodynamic backwater is caused by nonuniform flow
dynamics, whereas morphodynamic backwater is caused by migrating
sediment bed waves.

Hydrodynamic backwater can influence sediment erosion and depo-
sition, and has been proposed to control avulsion locations on deltas
(Jerolmack and Swenson, 2007; Chatanantavet et al., 2012). Spatially,
backwater hydrodynamics tend to create flow deceleration and sedi-
ment deposition during low flows and flow acceleration and erosion
during high flows. However, over time, these changes are not equally
balanced, and net aggradation tends to occur in the upstream portions
of backwater zones (Fig. 1B, Chatanantavet et al., 2012; Lamb et al.,
2012; Nittrouer et al., 2012; Ganti et al., 2016). For example, studies
on the hydrodynamic backwater effects of the lower Mississippi River
have shown that spatial and temporal divergence in sediment transport
leads to aggradation in the upstream portion and degradation in the
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Fig. 1. Schematic summary of the existing theory of (A) morphodynamic backwater and (B) hydrodynamic backwater for avulsion cycles (after Ganti et al., 2016). Note black lines show
the original channel boundary and the red dashed lines show the channel boundary altered by backwater-triggered aggradation. The left figures show channel long profile and the right
ones show cross-sectional profile. Morphodynamic backwater results in an upstreammigrating wave of aggradation and in-channel backfilling that initiates near the shoreline as a result
of mouth bar progradation. The channel bed and the levees aggrade resulting in channel superelevation and setting up for avulsion. Under hydrodynamic backwater effects, in-channel
sedimentation formed within the upstream portion of the backwater zone due to preferential erosion caused by the floods in the downstream portion of the backwater zone. The
channel bed aggrades at the avulsion site but levees do not aggrade significantly because the variable flows within the backwater zone are accommodated by changing water surface
slope with little changes in water stage height that may result in overbank deposition (Ganti et al., 2016).
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downstream portion of the backwater reach (e.g., Chatanantavet et al.,
2012; Lamb et al., 2012; Nittrouer et al., 2012). Aggradation in the
upper reaches is thought to create superelevation and river avulsion. In-
deed, this idea is supported by data showing that the distance from the
avulsion location of the Mississippi River Delta to the shoreline approx-
imately scales with a characteristic backwater length, indicating the im-
portant role played by hydrodynamic backwater effects in facilitating
channel avulsions that lead to the formation of fluvial distributary chan-
nels (Jerolmack and Swenson, 2007; Chatanantavet et al., 2012; Lamb
et al., 2012; Nittrouer et al., 2012).

Different from the classic use of the term “backwater” resulting from
nonuniform flow hydrodynamics, morphodynamic backwater effects
were defined by Hoyal and Sheets (2009) to include channel backfilling
or the upstream migrating wave of sediment deposition accompanied
by the gradual progradation of a mouth bar (Fig. 1A, Ganti et al.,
2016). Channel backfilling caused by these downstream-mediated to-
pographic effects or morphodynamic backwater effects may dominate
upstream avulsion processes and control surfacemechanics and stratig-
raphy (Hoyal and Sheets, 2009). For example, studies have documented
channel backfilling preceding avulsion in the field, e.g., the Ovens and
King Rivers in Australia (Schumm et al., 1996), the Kosi River in India
(Sinha, 2009; Sinha et al., 2014) and the Diaokouhe channel of the Yel-
low River Delta (YRD) in China (Shi and Zhang, 2003; note that the
Qingshuigou channel replaced the Diaokouhe channel to transport
water and sediment to the sea after an avulsion in 1976). Channel
backfilling caused by morphodynamic backwater effects has also been
observed in avulsion cycles of channels in flume experiments
(e.g., Edmonds et al., 2009; Hoyal and Sheets, 2009; van Dijk et al.,
2009) and numerical modeling (e.g., Reitz et al., 2010).

Despite many studies on the YRD, the role of the backwater zone in
driving the avulsion process is unknown (e.g. Wang and Liang, 2000; Bi
et al., 2014; Zhou et al., 2015; Zheng et al., 2017, 2018). This fact is sur-
prising given that frequent avulsions have played a significant role in
distributing sediment on the YRD and forming the North China Plain.
The Qingshuigou channel, the recent lobe on the YRD, has been main-
tained for approximately four decades, a time period that greatly ex-
ceeds the average lifespan of abandoned lobes on the delta (~10 years,
Wang and Liang, 2000; Wang, 2010). Shi and Zhang (2003) proposed
an avulsion cycle based on the evolution of the Diaokouhe and
Qingshuigou channels, i.e., sediment is deposited downstream of the
avulsion point in new channels, which have relatively low bed eleva-
tions, following avulsions, and a single channel gradually forms by
scouring the previous deposits. As a delta lobe extends basinward, the
channel gradient decreases and backfilling begins, forcing water to
leave the confined channel and trigger avulsion. Hydrodynamic back-
water effects were not considered in the proposed avulsion cycle.
Zheng et al. (2018) argued that the evolution of the lower Qingshuigou
channel was characterized by four phases: I (1976–1980) rapid aggra-
dation; II (1980–1985) channel widening and enlargement; III
(1985–1996) main channel aggradation and backfilling; and IV
(1996–2015) main channel incision and deepening. The influence of
backwater hydrodynamics on channel evolution processes was also
not considered.

Few studies can quantify how the backwater zone affects channel
evolution and avulsion dynamics because of the difficulty in witnessing
and measuring avulsion events. Therefore, we investigated the
morphodynamic and hydrodynamic backwater impacts in the
Qingshuigou channel. A rich database has been provided by the Yellow
River Conservation Commission (YRCC), including systematic surveys
of water discharge, sediment load, cross-sectional profiles and water
surface elevation from 1976 to 2015. With these data, we focus on an-
swering the following questions: 1) How do backwater zones impact
sediment transport and evolution processes in the Qingshuigou chan-
nel? 2) Is there a quantifiable signature of backwater effects setting up
and triggering avulsions on the YRD? Answers to these questions are
important for understanding and predicting the evolution of the
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Qingshuigou channel and may inform the development and manage-
ment of the YRD, where large populations reside.

2. Study area

The Yellow River estuary is dominated by fluvial processes with a
length of tidal limit b20 km and tide range of ~1 m (Wang and Liang,
2000). The modern YRD began to develop in 1855 when the lower Yel-
low River migrated from south to north to join the Bohai Sea (Fig. 2A),
and massive sections of land have accreted since then. Avulsions have
occurred ~11 times during 1855–1976, and the average lifespan of the
deltaic channel is only ~10 years. Readers who are interested in histor-
ical avulsions on the delta are referred to Wang and Liang (2000),
Wang (2010) and Zheng et al. (2017, 2018).

The most recent avulsion occurred in 1976, when the river flowwas
artificially diverted from the Diaokouhe channel to the Qingshuigou
channel. The initial bed elevation at the excavated Qingshuigou channel
wasmuch lower than that of the abandonedDiaokouhe channel (Wang,
2010). River flow shifted frequently downstream of the avulsion point
and the main channel became single-thread and relatively stable after
~1980 (Wang and Liang, 2000; Zheng et al., 2018). Since then, the
Qingshuigou channel has experienced many disturbances (Table 1).
Water was artificially diverted to a new excavated channel in the
lower Qingshuigou channel in 1996 to enhance land accretion near an
offshore oil platform (Wang and Liang, 2000). The channel reach down-
stream of the Q8 cross-section was artificially blocked (Fig. 2B). The
Fig. 2. Study area: (A) Shift of the lower Yellow River in 1855, (B) Qingshuigou channel, (C) chan
(E) HK6, (F) Q2, and (G) Q6.
channel bifurcated naturally at the tip of the new channel in 2007. The
river length decreased abruptly by 16 km and 5 km due to water diver-
sion and natural bifurcation, respectively (Fig. 2C). Dredging was per-
formed along the channel reach downstream of Q8 during 1988–1992,
but the impacts were argued to be minor (Wang, 2010). In addition, le-
vees, farm dikes, country roads, short spur dikes and flowdiversion pro-
jects have been intermittently constructed along the channel (Wang,
2010; Zheng et al., 2017).

The study channel reaches include 21 cross-sections from Lijin (de-
noted as LJ) to C3 and span a river length of ~100 km (Fig. 2). Because
the avulsion location in 1976 was close to HK7 (Fig. 2B), the channel
reaches are divided into an upstream reach between Lijin and HK7
and a reach downstream of HK7. It should be noted that surveys at the
downstream cross-sections began later than those at the upstream
sections (Fig.2).

Water discharge and sediment load at Lijin decreased dramatically
immediately following the construction of the Longyangxia and
Xiaolangdi Dams in 1986 and 1999, respectively (Fig. 3A, see Fig. 2A
for the locations of the dams). The river experiencedmany dayswithout
water discharge at Lijin during 1990–2000 due to low precipitation and
excessive water and sediment withdrawals, among other reasons
(Wang and Liang, 2000) (Fig. 3B). A minimum water discharge has
been maintained at Lijin since 2000 to avoid this situation of no water
discharge by implementing a water resource allocation scheme to the
eight provinces along the Yellow River. In addition, artificial floods
have been created by regulating the water discharge and sediment
ges in river length from Lijin to the shoreline, and channel near the cross-section of (D) LJ,



Table 1
Main disturbances to the Qingshuigou channel.

Disturbance Time Location Main impacts

Alteration to channel boundary
(and coastal) conditions

Artificial avulsion May 1976 Near HK7 (Fig. 2B) River was diverted to the Qingshuigou channel
and the Diaokouhe channel was abandoned
(Fig. 2B).

Water diversion May–July 1996 Near Q8 cross-section River flow was diverted to the northeast mouth
channel (Fig. 2B).

Dredging 1988–1992 Channel reaches at the
downstream of ~Q8

The impact may be limited at the downstream
reach (Wang, 2010).

Natural bifurcation 2007 At river mouth (Fig. 2B) New branch started to transport most of the water
and sediment load to the sea.

Alteration to water and sediment
conditions

Dam construction Longyangxia Dam in 1986 At the upper Yellow River (Fig. 2A) Water discharge and sediment load transported to
the Yellow River delta decreased.Xiaolangdi Dam in 1999 ~764 km upstream of Lijin (Fig. 2A)

No water discharge 1990–1999 (most severe
period, Fig. 3B)

Lower Yellow River and the delta There was little water discharge at Lijin and salted
water intruded towards upstream.

Water and sediment
regulation

2002–present By operation the Xiaolangdi and
other reservoirs

Artificial floods have been regulated to scour the
channel bed of the lower Yellow River.
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load via operations at Xiaolangdi Dam and several other reservoirs since
2002. This water and sediment regulation scheme (WSRS) has slightly
increased the water discharge at Lijin. However, the sediment load is
still low.

3. Data and methods

Table 2 lists the data used in this study, which were measured and
provided by the YRCC. Some of the data have been published online or
used in existing studies. The flood season for the Yellow River basin is
from Jul. to Oct., and the nonflood season is from Nov. to Jun. of the fol-
lowing year. Cross-sectional profiles were generally surveyed twice a
year, one time before the flood season and the other by the end of the
flood season in Oct. A digital echo sounder, microwave positioning de-
vice and GPS system were used in the measurements (Wu et al.,
2017). The time periods for the surveys of cross-sections are shown in
Fig. 2. Water surface elevation was measured only at Yihaoba, Xihekou
and Shibagongli, and there are no data for water surface elevation avail-
able downstream of cross-section Q3 (Fig. 2). Measurements at
Shibagongli were discontinued after 1990.

The aggradation or degradation volume in the channel reaches
was estimated using a method adopted from Kasai et al. (2004) and
Zheng et al. (2014, 2018). Following this method, the erosion or de-
position volume between two adjacent cross-sections equals the av-
erage changes in the cross-sectional areas multiplied by the river
length between the two cross-sections. The erosion or deposition
volume per river kilometer V (m3/km) at a channel reach can be cal-
culated by:

V ¼
PN−1

i¼1
1
2

ΔAi þ ΔAiþ1ð ÞLi;iþ1
PN−1

i¼1 Li;iþ1
¼

PN−1
i¼1

1
2

ΔAi þ ΔAiþ1ð ÞLi;iþ1

L1;N
ð1Þ

where ΔAi = cross-sectional area change of the ith cross-section
(m2); Li, i+1 = river length between the ith and (i + 1)th cross-
sections (km); L1, N = river length between the 1st and last (Nth)
cross-sections (km); and N = number of cross-sections in the chan-
nel reach. Eq. (1) was used to estimate the cumulative erosion or de-
position volumes per river kilometer in the upstream and
downstream reaches by the end of flood season. The upstream
reach between LJ and HK7 has a river length of ~48 km, whereas
the length of the downstream reach varied in different time periods
due to a lack of surveys at some downstream cross-sections (Fig. 2).
For example, the river length of the downstream reach was ~17 km
between HK7 and Q3 in 1976, ~22 km between HK7 and Q4 from
1977 to 1980, ~29 km between HK7 and Q6 from 1980 to 1985, and
~35 km between HK7 and Q7 from 1985 to 2015.
To calculate the change in cross-sectional area, we selected an arbi-
trary datum for each cross-section, and this datum is high enough that
any changes in the cross-section, including erosion or deposition in
the main channel and on the floodplains, are bounded by the datum
and the channel boundary. We denote this datum as Datum_XS, as
shown in Fig. 4A, which takes Q2 as an example. For each cross-
section, the Datum_XS is fixed so that changes in the cross-sectional
area below this elevation reflect the erosion or deposition in the
whole channel (including the main channel and floodplain). It should
be noted that the floodplains are very wide at some cross-sections, es-
pecially those in the lower reaches (e.g., Q2 in Fig. 4A), and that subsi-
dence of the floodplain and human activities such as trenching may
impact the changes in the cross-sectional areas. Therefore, it is also im-
portant to estimate the erosion or deposition volume in the main
channel.

To estimate the changes in the cross-sectional area of themain chan-
nel, a datum, denoted as Datum_MC, is selected for each cross-section
(Fig. 4B). This datum is close to the bankfull elevation and generally
lower than Datum_XS. Datum_MC is also fixed for each cross-section
during the whole survey time period so that the change in the area
bounded by this datum and the channel boundary reflects the general
erosion or deposition in themain channel. The width of the main chan-
nel is taken as thehorizontal distance between the intersection points of
this datum and the channel boundary on the left and right banks. The
depth of the main channel is the ratio of the cross-sectional area of the
main channel to its width. The average channel bed elevation is calcu-
lated by subtracting the main channel depth from Datum_MC for each
cross-section. Using the average bed elevation at the cross-sections,
the channel longitudinal profiles can be plotted and fitted by linear
lines. The channel slope is taken as the slope of the linear regression
lines of the channel's longitudinal profiles if the coefficient of determi-
nation R2 N 0.5 (Zheng et al., 2018).

The channel backwater length (Lb) is estimated as the ratio of the av-
erage water depth at Lijin (H) to the average channel bed slope down-
stream of Lijin (S) (Nittrouer et al., 2012):

Lb ¼ H=S ð2Þ

where H is calculated based on the measurements of water discharge,
water surface elevation and cross-sectional profiles at Lijin station.

In this study, we use the normalized superelevation (denoted byNS)
and the lateral migration rate of the main channel to estimate channel
activity and its tendency for avulsion. The calculation method for NS is
adopted from Zheng et al. (2018) and is the ratio of the superelevation
of the bank top above the surrounding floodplain to the channel depth
from the thalweg to the top of the bank. The normalized lateral migra-
tion rate of the main channel (yr−1) is the ratio of the average lateral
migration rate of the thalweg (m·yr−1) to themain channel width (m).
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following the construction of the Longyangxia and Xiaolangdi Dams in 1986 and 1999, respectively.Qw increased but Qswas still low after the implementation of the water and sediment
regulation scheme (WSRS) in 2002.
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4. Results

4.1. Deposition and erosion processes in the Qingshuigou channel

From 1976 to 1977 immediately following the avulsion, the up-
stream reach of the Qingshuigou channel was eroded slightly (the cu-
mulative erosion or deposition volume per river kilometer in the
upstream reach Vu was negative in Fig. 5), whereas the downstream
reach experienced rapid deposition (Vd in the downstream reach was
Table 2
List of measurement data used in this study.

Measurement data Time period

Annual water discharge and sediment load at Lijin station 1976–2015

Daily water surface elevation at Lijin
River length from Lijin to the shoreline 1976–2015 (Fig. 2C)
Cross-sectional profile 21 cross-sections with differen
positive). Erosion in the upstream reach may be attributed to relatively
high flow (Fig. 3A) and the abrupt decrease in elevation as the bed of the
excavated Qingshuigou reaches was much lower than that of the aban-
doned Diaokouhe channel (Wang, 2010). The changes in Vu in the up-
stream channel reach and Vd in the downstream reach exhibited
similar patterns after 1977 and were generally characterized by four
phases, i.e., two aggradation phases from 1977–1980 and 1985–1996
and two degradation phases from 1980–1985 and 2002–2015. The
channel slightly degraded and then aggraded from 1996–2002,
Data published in

Bi et al. (2014); Zhou et al. (2015); Wu et al. (2017);
Zheng et al. (2017, 2018)
–
Zheng et al. (2017, 2018)

t survey time periods (Fig. 2) Zhang et al. (2005); Wu et al. (2017)



Fig. 4. Selected datum: (A) Datum_XS for estimating the changes in the whole cross-
sectional area (including main channel and floodplains), and (B) Datum_MC for
estimating changes in the main channel area. Q2 cross-section is taken as an example.
Note that Datum_XS should be high enough so that changes in the main channel and
the floodplains are bounded by this datum and the cross-sectional profile. Datum_MC is
close to bankfull elevation. These two elevations were selected according to the changes
in channel geometry and were kept constant during the survey period for each cross-
section.
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resulting in little change in Vd and Vu. It should be noted that massive
sedimentation in the downstream reach from 1976 to 1980 led to
much higher values of Vd than Vu. During this time period, the evolution
of the downstream channel reaches may have been significantly im-
pacted by the initial channel boundary and floodplain topography as
the channel shifted frequently.
Fig. 5. Cumulative erosion or deposition volume per river kilometer at the upstream reach betw
Vu and Vd include erosion and deposition in themain channel and thefloodplains. River length o
varied during different time periods due to the lack of surveys at some downstream cross-se
generally characterized by four phases, i.e. two aggradation phases (denoted by ‘A’) from 197
and 2002–2015. The channel was relatively stable (denoted by ‘S’) from 1996 to 2002.
From 1980 to 2015, there is an inverse relationship between the vol-
umetric change per river kilometer in Qingshuigou channel V andwater
discharge Q and a direct relationship between V and the incoming sed-
iment coefficient ξ (Fig. 6). Note that V in Fig. 6 is the sumof Vu and Vd in
Fig. 5 and is calculated for the channel reach between LJ and Q6 from
1980 to 1985 and that for between LJ and Q7 thereafter due to a lack
of surveys at Q7 before 1985. ξ is defined as the ratio of sediment con-
centration to water discharge (Wu et al., 2008a), and previous studies
have shown that ξ impacts the geomorphologic evolution of the lower
Yellow River (e.g., Xu, 2003; Wu et al., 2008a, 2008b). The correlation
coefficient (R) between V and Q is −0.66, whereas that between V and
ξ equals 0.60, implying that a greater discharge and a lower incoming
sediment coefficient cause more erosion and vice versa (Fig. 6).

As expected, changes in the longitudinal profile of the Qingshuigou
channel by the end of the flood seasons were closely related to the ero-
sion anddeposition processes (Fig. 7). The longitudinal profile upstream
of the avulsion point was lowered from 1976 to 1977 due to channel
erosion and then raised from 1977 to 1980 due to deposition (Fig. 7A).
The longitudinal profile downstream of the avulsion point is not
shown in 1976 and 1977 because a single-thread main channel had
not formed. The channel bed was eroded from 1980 to 1985, aggraded
from 1985 to 1996, and eroded again from approximately 1996 to
2015 (Fig. 7B).

The slope of the downstream channel reach was more than three
times greater than that of the upstream reach immediately following
the avulsion and decreased rapidly as time elapsed (Fig. 7C). This result
is consistent with the argument by Zheng et al. (2017) that the slope of
the characteristic water level in the lower Qingshuigou channel de-
creased exponentially with time following the avulsion in 1976. It
should be noted that the thalweg elevation in the downstream reach
was used to estimate the channel slopes from 1976 to 1977 before the
formation of the main channel. The slopes of the upstream and down-
stream reaches became approximately equal in the early 1980s, imply-
ing that the channel slope had relaxed considerably in response to the
abrupt artificial avulsion. Interestingly, the slope of the longitudinal pro-
file of the Datum_MC (close to bankfull elevation) at the cross-sections
(0.116‰, Fig. 7B) was slightly greater than the average channel bed
slope from 1976 to 2015 (0.098‰).

4.2. Backwater impacts on the Qingshuigou channel

4.2.1. Backwater length
Because the cross-sectional profile at Lijin was surveyed twice every

year, the backwater length could be estimated twice (Fig. 8A). We refer
to these two sets of values as the backwater length pre- and post-flood
een LJ and HK7 (Vu) and at the downstream (Vd) by the end of the flood seasons. Note that
f the upstream reach between LJ andHK7 is ~48 km,whereas that of the downstream reach
ctions (Fig. 2). The changes in Vu and Vd exhibited a similar pattern after 1977 and were
7–1980 and 1985–1996, and two degradation phases (denoted by ‘D’) from 1980–1985
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Fig. 6. Relationship between the cumulative erosion or deposition volume per river
kilometer at the Qingshuigou channel V from 1980 to 2015 and (A) annual water
discharge Q, and (B) incoming sediment coefficient ξ defined as the ratio of sediment
concentration to water discharge, respectively. Note that V is the sum of Vu and Vd in
Fig. 5, and it was calculated for the channel reach between LJ and Q6 during 1980–1985
and that between LJ and Q7 thereafter due to a lack of surveys at Q7 before 1985.

R

Fig. 7. Channel long profile from (A) 1976–1980, (B) 1980–2015, and (C) temporal
changes in longitudinal slope of the upstream, downstream and whole channel reaches
by the end of flood seasons. It should be noted that the thalweg elevation at the
downstream reach was used to estimate the channel slopes from 1976 to 1977 before
the formation of the main channel. The slope at the downstream channel reaches was
more than three times greater than that at the upstream reach immediately following
the artificial avulsion in 1976, and it decreased rapidly as time elapsed. In the early
1980s, the upstream and downstream slopes became in-phase implying that the
channel slope had almost relaxed in response to the abrupt avulsion. Datum_MC
represents datum selected for estimating main channel changes (Fig. 4B).
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seasons. The estimation result of backwater length is shown in Fig. 8A.
The breaks in the line representing the backwater length pre-flood sea-
son in Fig. 8A are due to a lack of data during times of little water dis-
charge at Lijin. Ideally, the backwater lengths would be calculated
from data during flood and nonflood seasons since these times are
when bed changes occur, rather than during pre- and post-flood sea-
sons. However, the backwater length during flood seasons could not
be calculated directly because there is no survey of cross-sectional pro-
files during flood seasons. Since the backwater length was closely re-
lated to water discharge Q, and the value of Q during flood seasons
from 1976 to 2015 (23–3071 m3/s with a mean value of 1162 m3/s)
was similar to that at the end of flood seasons in Fig. 8B
(76–3860 m3/s with an average of 1163 m3/s), the average backwater
length during flood seasons may be close to that of the post-flood sea-
son. The pre- flood seasonQ varied from 0 to 1060m3/swith an average
value of 204 m3/s (Fig. 8B), whereas during nonflood seasons, the value
varied from 41 to 781m3/s with an average of 364m3/s. Thus, the aver-
age backwater length during nonflood seasons may be slightly longer
than that during pre-flood seasons.

The backwater lengths post-flood seasons varied from 7 to 53 km
with an average of 22 km and were generally longer than those for
pre-flood seasons, which varied from 2 to 25 km with an average of
14 km (Fig. 8A). The greater backwater lengths post-flood seasons
were due to greater water discharge, although the channel slopes pre-
and post-flood seasons did not differ much (Fig. 8B–C). However, the
channel slope after flood seasons was slightly less than that before
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Fig. 8. (A) Backwater length, (B) daily water discharge on dayswhen Lijin cross-sectionwas surveyed, and (C) channel slope pre- and post- flood seasons at the Qingshuigou channel. The
breaks in the line representing backwater length pre-flood seasons in Fig. 8A are due to no data since there was little water discharge at Lijin.
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flood seasons presumably due to degradation during flood seasons
(Fig. 8C). We calculated a correlation coefficient of R = 0.73 between
the water discharge and backwater length using all the data (pre- and
post-flood seasons).

Interestingly, the backwater lengths pre- and post-flood seasons
were similar after approximately 2000 (Fig. 8A), although thewater dis-
charges for post-flood seasons were greater than those for pre-flood
seasons (Fig. 8B). This difference may have occurred because after the
implementation of the WSRS in 2002, the channel bed was incised sig-
nificantly (Fig. 7B) and became relatively narrow anddeep (Zheng et al.,
2018, Fig. 10B). Therefore, the backwater length after ~2002maybe lon-
ger than those in previous time periods under the same discharge.
4.2.2. Hydrodynamic backwater effects
In this sub-section, we compare the spatial distribution of the erosion

and deposition volume along the Qingshuigou channel with that ex-
pected under hydrodynamic backwater effects. Hydrodynamic backwater
effects create a zone of enhanced in-channel sedimentation because of
spatial deceleration and deposition during low flows and spatial acceler-
ation and erosion during high flows. We assume that the flows during
flood and nonflood seasons are representative of high and low flows, re-
spectively. We calculate the changes in cross-sectional areas of the main
channel in flood and nonflood seasons and water years during different
time periods (Fig. 9, negative values indicate degradation and positive
values indicate aggradation). These time periods are selected according
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to the four evolutionphases proposedbyZheng et al. (2018). The timepe-
riod from 1976 to 1980 is not considered herein because it is difficult to
identify themain channel in the downstreamreachbefore ~1980. Thedis-
tance from a cross-section to the shoreline in Fig. 9 is obtained using the
average river length from Lijin to the shoreline minus the distance from
Lijin to the cross-section (Fig. 2).

The main channel of Qingshuigou generally degraded during flood
seasons and aggraded during nonflood seasons (Fig. 9). Maximum sed-
imentation generally occurred near Q1 or Q2 (~40–60 km upstream of
the shoreline) during nonflood seasons. This maximum sedimentation
zone was located upstream of the backwater zone since we estimated
in the last section that the backwater length during the nonflood season
may be slightly greater than that during the pre-flood season, which
varied between 2 and 25 kmwith an average of 14 km. Thus, hydrody-
namic backwater effects may not be the reason for the maximum sedi-
mentation near Q1 and Q2.

The maximum backwater length was estimated as ~50 km, and the
upstream boundary of the backwater zonemay extend to Q1 or Q2 dur-
ing flood seasons (Fig. 8A). The channel was eroded in the lower reach
during flood seasons; the erosion rates decreased downstream of Q1
and reached approximately zero at the farthest downstream reach
near Q6 or Q7 (Fig. 9). This situation is contrary to the topographic evo-
lution under standard hydrodynamic backwater conditions where
drawdown at high flows creates increasing erosion downstream
(Chatanantavet et al., 2012; Lamb et al., 2012; Ganti et al., 2016).
Fig. 9. Total changes in cross-sectional areas of the main channel during flood and nonflood sea
(D) 2002–2015. Note the channel was generally eroded during flood seasons and aggraded du
The lower channel reaches tended to become wider and shallower
fromupstream todownstream, and thewidth to depth ratio (W/H) gen-
erally doubled from Q2 to Q7 (Fig. 10B). There is a positive correlation
between W/H and changes in the average bed elevation (ΔZ) from Q1
to Q7 during flood seasons in different time periods (Fig. 11). This result
indicates that with the increase in W/H from upstream to downstream
reaches, the erosion rate decreased along the channel during flood
seasons.

4.2.3. Morphodynamic backwater effects
Aggradation and backfilling occur undermorphodynamic backwater

effects. To analyze the morphodynamic backwater effects, we focus on
the second aggradation phase in the Qingshuigou channel from 1986
to 1995 (Zheng et al., 2018).

Sediment deposition from 1986 to 1995 may have been caused by
not only the significant decrease in water discharge but also by
morphodynamic backwater effects. The average water discharge and
sediment load from 1986 to 1995 decreased by 55% and 48%, respec-
tively, compared to values from 1981 to 1985 (Fig. 3A). As shown in
Fig. 12A, the changes in cross-sectional areas did not differ much
among the cross-sections from 1986 to 1987. As time elapsed, more
sediment accumulated in the downstream channel reach than in the
upstream reach, consistent with channel backfilling processes under
morphodynamic backwater effects (Edmonds et al., 2009; Hoyal and
Sheets, 2009).
sons and in whole water years from (A) 1980–1985, (B) 1985–1996, (C) 1996–2002, and
ring nonflood seasons.



Fig. 10. Changes in (A)main channelwidth, and (B)width-to-depth ratio at the cross-sections. Themain channel tends to becomewide and shallow in the downstreamdirection between
Q1 and Q7.
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The values of NS at the cross-sections of the lower Qingshuigou
channel fluctuated with time, and they were commonly greater at the
downstream cross-sections than at the upstream ones (Fig. 12B). NS at
Q6 and Q7 exceeded the critical value of 1.0 in the early 1990s, indicat-
ing a strong tendency for avulsion. After ~1996, however, NS at the
cross-sections decreased due to channel erosion. The average value of
NS at the cross-sections from1986 to 1996 increased in the downstream
direction along the lower Qingshuigou channel and reached a peak near
Q6 (Fig. 12C).

The superelevation of the channel bed was accompanied by lateral
activity, and we calculated R = 0.63 between the average values of NS
and the normalized lateral migration rates at the cross-sections during
this time period (Fig. 12C). The average lateral migration rate at Q6
was almost 0.9 times the main channel width from 1986 to 1996, indi-
cating that the channel near Q6 was unstable. As argued by Zheng et al.
(2018), avulsion was prevented in the lower Qingshuigou channel due
to strong human interventions, including water and sediment regula-
tion by operating dams and construction of levees and farm dikes.

In addition, bank height increased along the lower Qingshuigou
channel from 1985 to 1996, and this change increased in the down-
stream direction between Q4 and Q7 (Fig. 13A). For example, the aver-
age increase in the left and right bank heights at Q1 from 1985 to 1996
was 0.5 m, whereas those at Q6 and Q7 were 1.09 and 1.43 m, respec-
tively. Because there are no protected farms downstream of Q4 (per-
sonal communication with Kairong Wang in 2018) and the channel
reach is fully alluvial and not constricted by levees, the increase in
bank height is probably due to sediment deposition. The bed and bank
aggradation and channel superelevation are consistent with the evolu-
tion characteristics under morphodynamic backwater effects, as
shown in Fig. 1A, where Ganti et al. (2016) argued thatmorphodynamic
backwater effects caused channel bed and banks to aggrade, resulting in
channel superelevation and avulsion.
5. Discussion

Weobserved erosional and depositional patterns in theQingshuigou
channel that were inconsistent with hydrodynamic backwater effect.
During the flood seasons (whichwe consider as high flows), erosion oc-
curred in the backwater zone, and the erosion rate decreased to zero at
themost downstream cross-sections (e.g., Q6 andQ7) (Fig. 9). Although
hydrodynamic backwater effects can cause erosion in the backwater
zone (e.g., Chatanantavet et al., 2012; Lamb et al., 2012), the down-
streamdecrease in erosion rates is contrary to the downstream increase
in erosion when drawdown occurred at high flows under hydrody-
namic backwater conditions (Chatanantavet et al., 2012; Lamb et al.,
2012; Nittrouer et al., 2012; Ganti et al., 2016). Admittedly, the data
we used span the flood season, and erosion from drawdown lasts a
shorter time,making it difficult to isolate the signal. More likely, though,
the downstream widening channel geometry between Q1 and Q7
(Fig. 10) and the subsequent downstream decrease in sediment trans-
port capacity may play a significant role in causing downstream de-
crease in erosion during flood seasons.

The maximum sedimentation zone during nonflood seasons (near
Q1 or Q2) may be located upstream of the backwater zone, which is in-
consistent with the dynamics of the hydrodynamic backwater. The sed-
imentationmaximummight be caused by local topography near Q1 and
Q2, including meandering bends and constriction from dikes (Fig. 2B),
or channel migration at the meanders may facilitate deposition, as ar-
gued by Wang and Xu (2018a). Recently, Wang et al. (2018) calculated
the channel roughness along the Qingshuigou channel and showed that
itwas greater atWJZ, Q1, andQ2 than at other transects, and they attrib-
uted this difference to the impacts of meandering topography. Greater
channel roughness at these bends tended to causemore sediment depo-
sition during nonflood seasons. The sediment deposited during
nonflood seasons was transported during flood seasons, resulting in
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Fig. 11. Correlation between changes in average bed elevation (ΔZ) during flood season
and width-to-depth ratio (W/H) in time periods from (A) 1980–1985, (B) 1985–1996,
(C) 1996–2002, and (D) 2002–2015. Positive values in ΔZ indicate aggradation and
negative values represent degradation. Correlation coefficient R = 0.98, 0.59, 0.74 and
0.93 between W/H and ΔZ for the four time periods, respectively.
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more erosion at these meandering bends during flood seasons (Fig. 9).
In addition, farm dikes or levees near Q1 or Q2 may contribute to chan-
nel aggradation. Recent studies have recognized sediment deposition
within the void space of in-channel dikes and aggradation of point
bars due to the construction of dikes (Alexander et al., 2012; Wang
and Xu, 2018b). As shown in Figs. 2F, 4 and 13B, the main flow at Q2
was always close to its right bank, whichwas protected by a revetment,
and the left bank and floodplain continued to aggrade from 1976 to
2015. The mechanics of sedimentation near Q1 and Q2 during nonflood
seasons need to be further investigated in future studies based on de-
tailed measurements of flow dynamics, sediment transport and bed
evolution.

The behavior of the Qingshuigou channel is not consistent with a
river forced by the hydrodynamic backwater effects, and this difference
suggests that downstream widening of the lower channel reach,
meandering, and constriction from dikes may be important factors
governing avulsion dynamics. Here, we compare the downstream
changes in the channel of the Qingshuigou and the lower Mississippi
River (LMR) to further investigate the hydrodynamic backwater effects
in deltaic channels with different geometries (Table 3). Although both
theMississippi River Delta and the YRD are fluvial-dominated, the back-
water length of the LMR may reach ~500 km and is nearly an order of
magnitude greater than that of the Qingshuigou channel due to a
greater water depth and gentler slope (Table 3). The width-to-depth
ratio W/H of the LMR, calculated using the data in Nittrouer et al.
(2012), is considerably less than that of the Qingshuigou channel
(Fig. 14). Importantly, W/H decreases downstream during high and
low flows along the downstream ~500-km-long backwater-influenced
reach of the LMR, and the decrease in W/H is greater during high
flows. This trend of downstream decreasingW/Hmay enhance flow ac-
celeration and amplify erosion and drawdown in the backwater zone of
the LMR during high flows. Drawdown caused by hydrodynamic back-
water effects during high flowsmay bemore likely to occur in relatively
narrow and deep deltaic channels with gentler slopes, e.g., the LMR,
rather than in the steep, downstream widening lower reach of the
Qingshuigou channel (Fig. 11).

In addition, sediment properties may result in different backwater
effects in the LMR and the Qingshuigou channel. As argued by
Edmonds and Slingerland (2010), sediment cohesion exerts an impor-
tant control on delta network formation by stabilizing levees, river
mouth bars and bifurcations. The proportion of cohesive silt and clay
relative to non-cohesive sand in the Mississippi River is approximately
four times greater than that in the Yellow River (Edmonds and
Slingerland, 2010). In light of this contrast, the morphodynamic back-
water caused by deposition and gradual stabilization of the mouth bar
of the LMR may have a greater impact than that of the YRD. However,
as argued by Ganti et al. (2016), the upstreammigrating wave of depo-
sition caused bymorphodynamic backwater is unlikely to persist in nat-
ural, low-gradient deltaic systems (such as the LMR) with backwater
hydrodynamics because erosion preferentially occurs within the down-
stream portion of the backwater zone during high flood discharges.
Therefore, morphodynamic backwater effects may cause channel bifur-
cation rather than lobe avulsion at the LMR.

We observed evidence for morphodynamic backwater effects in the
lower Qingshuigou channel in the late 1980s and early 1990s. Aggrada-
tion rate, bank accretion, superelevation and lateral migration rates of
the main channel all tended to increase downstream during the period
from 1986 to 1996 (Figs. 12–13). In addition, previous studies have ar-
gued that channel aggradation and backfilling from morphodynamic
backwater are often accompanied by gradual progradation of a mouth
bar (Hoyal and Sheets, 2009, Edmonds et al., 2009). Fig. 15 adopted
fromZeng et al. (1997) shows that themouth bar at the YellowRiver es-
tuary migrated seaward rapidly from 1984 to 1987, and the migration
rate slowed from 1987 to 1992. Based on bathymetric survey data, Wu
et al. (2017) argued that the land area in the active Yellow River Delta
lobe accreted slowly from 1982 to 1996. These studies imply sedimen-
tation and gradual progradation of the mouth bar at the lower
Qingshuigou channel in the late 1980s and early 1990s, thus providing
support for the morphodynamic backwater effects.
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Fig. 12. Sedimentation at the lower Qingshuigou channel: (A) changes inwhole cross-sectional areas from 1986 to 1995, (B) normalized superelevation (NS), and (B) correlation between
the average values of normalized lateralmigration (yr−1) andNS at lower cross-sections from1986 to 1996. NoteNS is calculated using themethod in Zheng et al. (2018) and is the ratio of
superelevation of bank tops above surrounding floodplain (m) to channel depth (m). Normalized lateralmigration (yr−1) is the ratio of average lateralmigration rate of thalweg (m·yr−1)
to the main channel width (m). Deposition volume, superelevation and lateral migration rates generally increased in the downstream direction between Q1 and Q7 from 1986 to 1996.
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The calculated results of NS and lateral migration rates in the early
1990s indicated that the channel was most prone to avulsion near Q6
or Q7. Thus, the most likely avulsion length (streamwise distance
from the avulsion node to the shoreline) may be estimated as
~20–30 km upstream from the shoreline. Interestingly, this avulsion
length is close to those estimated by previous studies. For example,
Ganti et al. (2014) computed an average avulsion length of 31.1 km
with a scatter between 24.5 and 48.3 km for seven natural avulsions
that occurred on the YRD between 1889 and 1930, based on Pang and
Si (1979) and Chu et al. (2006). The similar avulsion lengths may sup-
port the argument by Ganti et al. (2014) that avulsions on the YRD
may be backwater-mediated. On the other hand, since the channel su-
perelevation near Q6 and Q7 was primarily caused by aggradation
under morphodynamic backwater effects, this result indicates that



Fig. 13. (A) Increase of bankheight from 1985 to 1996, and examples at (B) Q2 and (C)Q6.
Note that the right bank at Q2 was protected by revetment (Fig. 2F), thus the increase of
the right bank height was not considered.

Table 3
Comparison of characteristics of the Yellow and Mississippi River deltas.

Variable Yellow River Delta

Delta area (km2) 5400 (Zheng et al., 2017)
Delta type Fluvial dominated (Wang and L
Tide Length of tidal limit b20 km, tid

(Wang and Liang, 2000; Wang,
Avulsion time scale ~10 years (Wang and Liang, 200
Average discharge (m3/s) 638b

Suspended load (kg/s) 12,612b

Sediment concentration (kg/m3) 19.8b

Water depth (m) 0–4.4 mb

Slope ~9 × 10−5 (Fig. 6C)
Backwater length (km) ~20–50 (Ganti et al., 2016); ~2–

Note: Water depth at Lijin was calculated on days when the cross-section was surveyed, and w
a Data after Syvitski and Saito (2007).
b Values at Lijin based on data from 1976 to 2015.
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morphodynamic backwater effects may play a more important role
than hydrodynamic backwater in leading up to avulsion in the
Qingshuigou channel. Because there are no surveys of channel topogra-
phy downstream of Q7 from 1985 to 1996, we could not investigate the
evolution of the most downstream 20–30-km-long channel reach up-
stream of the shoreline. Detailed measurements of hydrodynamic con-
ditions and channel adjustment are needed, especially along the most
downstream reach, to further investigate the hydrodynamic and
morphodynamic backwater effects at theQingshuigou channel in future
studies.

It should be noted that the hydrodynamic and morphodynamic
backwater effects changed with time as the channel geometry and
boundaries evolved. The Qingshuigou channel has been incised and
has become narrower and deeper since the implementation of WSRS
in 2002. The backwater length increased with the increase in the
width-to-depth ratio for the samewater discharge (Fig. 8), implying in-
creased impacts of hydrodynamic backwater from 2002 to 2015. Mean-
while, the channel extended seaward at slower rates after the artificial
water diversion in 1996 (Zheng et al., 2017; Fig. 1C) due to the dramatic
decrease in sediment load (from ~0.46 billion t during 1986–1995 to
b0.2 billion t after 1996; Fig. 3A). The newmouth bar scarcely prograded
basinward as it did in the late 1980s and early 1990s (Fig. 15), although
recent studies have shown that the slope of the subaqueous delta in-
creased due to the deposition of coarser sediment in the nearshore
area after the implementation of the WSRS (Bi et al., 2014; Wu et al.,
2017). The NS values at the cross-sections between Q1 and Q7 were
generally smaller than 1.0 after ~2000, indicating that the channel was
no longer superelevated and became relatively stable (Fig. 12B).
Morphodynamic backwater effects may have been less profound from
2002 to 2015.

6. Conclusions

In this study, hydrodynamic and morphodynamic backwater im-
pacts in the Qingshuigou channel on the Yellow River Delta were inves-
tigated using data from systematically surveys of water discharge,
sediment load, cross-sectional profiles and water surface elevation
from 1976 to 2015. Flows during flood and nonflood seasons were
taken as representative of high and low flows, respectively. Erosion oc-
curred in the backwater zone during flood seasons, and erosion rates
gradually decreased to ~zero in the downstream direction in the lower
channel reach. Downstream widening channel geometry may have
weakened the hydrodynamic backwater effects and caused the down-
stream decreases in the sediment transport capacity and the erosion
rates. Drawdown caused by hydrodynamic backwater effects was ab-
sent in the lower Qingshuigou channel during flood seasons and may
be more likely to occur in relatively narrow and deep deltaic channels
with gentle slopes, e.g., the lower Mississippi River. During nonflood
Mississippi River
Delta

~30,000 (Coleman et al., 1998)
iang, 2000) Fluvial dominateda

e range ~1.1–1.5 m
2010; Zheng et al., 2018)

Tide range ~ 0.4 ma

0) ~1500 years (Coleman, 1988)
15,452a

12,614a

1.11a

~10–30 (Nittrouer et al., 2012)
2 × 10–5a

53 (Fig. 7A) ~500 (Chatanantavet et al., 2012)

ater depth = 0 corresponds to little water discharge at Lijin.



Fig. 14.Width-to-depth ratio at the lowerMississippi River calculated using the data published in Nittrouer et al. (2012). Note there is an obvious downstream decreasing trend ofW/H at
both high and low flows along the downstream ~500-km-long channel reaches, which are influenced by hydrodynamic backwater effects.

Fig. 15. Longitudinal profile of the lowest channel reach of the Qingshuigou channel, showing gradual progradation of the mouth bar from 1984 to 1992.
(After Zeng et al., 1997.)
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seasons, maximum sedimentation tended to occur upstream of the
backwater zone, presumably due to meandering topography, the con-
struction of farm dikes, etc. These results may imply the impacts of
channel geometry on hydrodynamic backwater in the Qingshuigou
channel.

Morphodynamic backwater effects, along with the decrease in water
discharge, may have caused sediment deposition in the lower
Qingshuigou channel from 1985 to 1996. Aggradation rates, channel su-
perelevation and lateral mobility noticeably increased downstream
along the lower channel reach. The most likely avulsion location (near
Q6 and Q7) was ~20–30 km upstream of the shoreline, a distance that is
consistent with the avulsion lengths for historical natural avulsions.
These results support the argument that avulsions at the Yellow River
Delta may be backwater-mediated and highlight the significant role
playedbymorphodynamic backwater rather thanhydrodynamic backwa-
ter effects in rendering the channel unstable and susceptible to avulsion.
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