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ARTICLE INFO ABSTRACT

Keywords: This study investigated the roles of variable daily discharges in controlling processes of composite bank erosion
Discharge variability in alpine meandering rivers located in the Zoige basin on the Qinghai-Tibet Plateau of China using Bank Stability
BSTEM

and Toe Erosion Model (BSTEM). BSTEM was calibrated from compiled daily discharges, field measurements,
and pre-determined model parameters for modeling fluvial erosion (FE) and bank collapse (BC) in the lower layer
of a conceptualized composite bank profile. Modeling was based on theoretically designed five sets of competent
hydrographs, each of which contains seven hydrographs with the same mean daily discharge (Qg) and variable
shapes represented by different combinations of the initial daily discharge, the peak daily discharge, and its
occurrence time. The design was guided by 77 real competent hydrographs representing daily discharges
recorded in 14 years. Results showed that shapes of these hydrographs (1) had discernable impact on FE and BC,
but this impact is secondary to that of Qg and (2) affected FE in magnitude, but BC in both magnitude and
frequency. After identifying a proportion of the designed hydrographs that are realistic in the existing flow
regime, hydrograph-based rating curves for both FE and BC were established and used to create hydrograph-
based effective discharges (Q.) for FE and BC, respectively. Finally, Q, was correlated to the width of over-
hanging arm for explaining the dominant processes controlling composite bank erosion and linking the nature of
these processes to lateral migration of the associated meandering rivers. This success demonstrates a great po-
tential of using Q. to reveal many complex processes in fluvial systems.

Composite bank erosion

Fluvial erosion

Bank collapse

Hydrograph-based effective discharge

1. Introduction and Miller, 1960). It tends to be moderate and relatively frequent in

temperate climates and lowlands with less variable flow regimes,

Increased incidents of flood events triggered by extreme weather
from continuous global warming (Allan and Soden, 2008; Apurv et al.,
2015; Giorgi et al., 2019; Hasan et al., 2018; Xu et al., 2019) make our
living environment more vulnerable. This raises pressing needs for
identifying the dominant flows that alter river morphology for devel-
oping and implementing best mitigation measures. The dominant flow
traditionally refers to the channel-forming flow expressed as a single
magnitude of the discharge controlling river forms and their adjust-
ments (Leopold et al., 1964). Theoretically, this flow captures the bal-
ance between frequency and magnitude of a range of flows for achieving
the most effective change of channel morphology, which is often termed
as the effective or dominant discharge (Knighton, 1998) and is most
commonly represented by the effective discharge that transports the
highest amount of sediment (suspended, bed, or total) load for a given
time period when rivers are in equilibrium (Simon et al., 2016; Wolman
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whereas may be larger and infrequent in arid and semi-arid climates and
headwater areas with highly variable discharges (Knighton, 1998;
Wolman and Miller, 1960). The effective discharge often alleges that
there exists a single water discharge that most effectively shapes channel
forms in a river.

For a long time, determining the magnitude of this discharge has
become a canonical rule (Downs et al., 2016; Ferro and Porto, 2012;
Goodwin, 2004; Roy and Sinha, 2014; Schmidt and Morche, 2006;
Simon et al., 2004; Torizzo and Pitlick, 2004; Wyzga et al., 2020).
However, this classic concept is fundamentally rooted in the equilibrium
paradigm and hence has encountered a variety of challenges that may be
highlighted in two aspects. First, identifying this single discharge re-
quires construction of a flow duration curve using a historical record of
discharges and sediment (or nutrient) rating curves. Since processes
controlling both river flows and sediment (and nutrient) transport are
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strongly nonlinear, different ways of grouping discharge data into
classes could lead to different flow duration curves, introducing un-
certainties in the determined effective discharge, and poor fitting of
sediment data to the statistically significant rating curves may lead to
multiple discharges that have comparable capacities of transporting
sediment or nutrient loads (Biedenharn et al., 2000; Crowder and
Knapp, 2005; Gao et al., 2008; Lenzi et al., 2006). Second, growing
studies have divulged a non-negligible influence of discharge variability
on shaping channel morphology (Brown and Pasternack, 2014; Esposito
et al., 2018; Hooke, 2015; Lotsari et al., 2018; Visconti et al., 2010).
Therefore, channel morphology and river ecological functions are
indeed controlled by multiple discharges (Doyle et al., 2005). The
complexity derived from variable discharges, reflected by the long-
standing debate that channel morphology may be shaped by rare flood
events (Baker, 1977; Fryirs et al., 2015; Meyer, 2001; Phillips, 2002;
Yellen et al., 2016), challenges the conventional assertion of the single-
value effective discharge.

The effect of variable discharges on channel morphology appears
prominently in erosion processes of river banks whose composition is
featured by vegetation-enhanced top layer underlain by a fine sand and/
or silt layer with no or much less cohesion (Chen et al., 2011; Dapporto
et al., 2003; Micheli and Kirchner, 2002; Samadi et al., 2011). Either
near-peak flows or those in the late phase of the flow hydrograph could
trigger cantilever failure of composite banks (Luppi et al., 2009; Xia
et al., 2014). Mechanisms of fluvial erosion of bank faces and geotech-
nical failure of the subsequently formed overhanging top bank have
been well understood after a large body of studies based on field mea-
surements, laboratory experiments, and numerical modeling for rivers
in low and medium altitudes (Chen et al., 2011; Karmaker and Dutta,
2015; Konsuer et al., 2016; Lai et al., 2015; Patsinghasanee et al., 2018;
Samadi et al., 2011, 2013). Nonetheless, it is unclear whether similar
mechanisms still dominate composite bank erosion in alpine
meandering rivers. This uncertainty may lead to a broader and more
profound question: whether the impact of variable discharges on erosion
of composite banks may be quantitatively characterized in a way similar
to the classic effective discharge. Although failure of composite banks
could take different modes (e.g., shear, beam, or tensile) (Samadi et al.,
2013; Thorne, 1982; Thorne and Tovey, 1981), its occurrence is always
episodic compared with consecutive fluvial erosion (Daly et al., 2015;
Simon and Collison, 2001). This means that the balance between
magnitude and frequency of river flows controlling geotechnical failure
of the banks might be drastically distinct from that of the flows domi-
nating fluvial erosion, challenging the existence of a single-value
effective discharge for quantifying processes controlling riverbank
erosion. Therefore, answering this question may provide new insight
into full understand of complex processes controlling composite bank
erosion in theory, as well as catalyzing new tools for water resources
management in practice.

This study aimed at unfolding how variable discharges may control
the two different processes by simulating erosion processes of composite
banks in alpine meandering rivers on the Qinghai-Tibet Plateau, China.
First, magnitudes of fluvial erosion and bank collapse in these rivers
were determined using five sets of theoretically generated competent
hydrographs that cover the possible flow variations in the studied rivers.
Each set had the same mean discharge (Q,), but different shapes. The
subsequent analyses not only showed that the impact of Q4 on the two
processes was greater than that of hydrograph variability, but also led to
generation of rating curves for the two processes. These results gave rise
to the concept of the hydrograph-based effective discharge that was used
to reveal the geomorphological impact and significance of discharge
variability on erosion processes.

Catena 204 (2021) 105384

2. Materials and methods
2.1. Prototype of the composite riverbanks and a cycle of bank erosion

Bank profile and structure for modeling were created in terms of the
prototypes of composite banks commonly found in meandering channels
within the Zoige basin, which is located on the northeastern side of the
Qinghai-Tibet Plateau, China and has elevations ranging between 3400
and 3900 m. The basin is filled with lacustrine deposits consisting of fine
sand and silt, forming an average slope of 6.6% running from northwest,
south, and southeast to north. It develops two main meandering rivers,
Black and White rivers, flowing through the land primarily covered by
grassland and peatland and merging into the Upper Yellow River at its
first big bend (Fig. 1a and b). The main channels and tributaries of these
two rivers are featured by meanders with relatively high sinuosity (Li
and Gao, 2019a). A unique phenomenon that has been confirmed by our
multi-year field reconnaissance along these meanders is the existence of
ubiquitously distributed cantilever riverbanks (Fig. 1c-le). They are
typical composite banks sharing a similar two-layer structure: the upper
layer formed by mixture of top soils and roots of grass or peat, and the
lower layer consisting of soils with fine sand, silt, and some clays. Yet,
field observation and measurement showed that moving from the
downstream main reach to the upstream branch, the ratio between the
upper and lower layers changes from roughly one fifth to one third. The
conceptualized bank profile for modeling was based on the latter
(Fig. 1e) because (1) the wadable channel allowed us to survey the cross
section for hydraulic calculations, and (2) the channel size is comparable
to that in other meandering rivers (Parker et al., 2011), such that results
from this study may have broader applications. Specifically, the
conceptualized bank profile was based on a reference composite bank in
the upstream reach of the Black River (Fig. 1b).

Freeze-thaw processes may promote bank erosion when tension
cracks develop on the bank top. Nonetheless, this impact is secondary to
fluvial processes, because the latter is the dominant driving force
causing the cantilever arm. Fluvial processes shaping the prototype
banks follow the erosion cycle of general composite banks (Thorne and
Tovey, 1981). Continuous undercutting of the lower layer leads to for-
mation and development of a cantilever till its failure. The cycle com-
pletes when failed overhanging blocks are removed by river flows
(Ferrel et al., 2018; Patsinghasanee et al., 2018). In river banks whose
cantilever layers are mainly comprised of cohesive soil materials, the
failed cantilever blocks may break into smaller slumps and be trans-
ported away shortly (Eke et al., 2014; Yu et al., 2015), In the Zoige basin,
however, the failed soil-vegetation blocks have been observed to stay at
the toe of the bank for more than one year before being removed,
possibly because these blocks have much stronger cohesion than those
without vegetation (Fig. 1e). Furthermore, existing flow regime assures
that discharges in meandering rivers within the Zoige basin rarely reach
the upper soil-vegetation mixture. Consequently, the rate of over-
hanging arm development is controlled by the undercutting rate in the
lower layer (LL). It follows that the cycle of bank erosion is dominated by
undercutting processes in the LL, which may involve (i) continuous
fluvial erosion at the bank toe and on the bank face and (ii) episodic
mass failure of soil blocks on the upper part of the LL. Although seepage
erosion might be an important mechanism of bank erosion in many
rivers (Cancienne et al., 2008; Masoodi et al., 2019; Samadi et al., 2013;
Simon and Collison, 2001), it is negligible in the prototype rivers for two
reasons. First, groundwater flow via bank seepage is very small (Li and
Gao, 2019b), such that it hardly causes bank erosion. Second, bank
erosion is dominated by relatively high flows that mainly occur in the
wet season (i.e., from May to September) during which, seepage flows
derived from subsurface and ground flows are much less than storm
flows. Therefore, the cycle of composite bank erosion is essentially
determined by removal of the LL that is controlled by combination of
fluvial erosion and mass failure of the bank face. This cycle ends when
cantilever failure of the upper soil-vegetation layer occurs as the
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Fig. 1. Study area and prototype rivers. (a) The Zoige basin that holds two meandering river systems (White and Black rivers) on the Qinghai-Tibet Plateau, China.
The dark blue line reflects the first bend of the Upper Yellow River. The green line is the main stream of the White River. The red line is the main stream of the Black
River, together with three locations where the composite river banks were shown; (b) Locations of the Zoige gauging station and the reference cross section; (c) — (d)
the composite banks shown in location I, II, and IIIl marked in (a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Soil (lower) layer

Max water level

Min water level

@ 0
_____ e
\
C: \
L= = s e e
\
Cs \
______ =
N
e oG
\
4
Cs \
\
.

(b)

Fig. 2. The conceptual model of the composite bank in prototype rivers. (a) A simplified structure of a composite river bank. The arrow indicates the direction of
bank retreat; (b) The conceptual model for BSTEM. The water levels reflect the possible ranges of flows in the reference cross section. (c) — (d) evidence of vertical

bank profiles observed in the field.
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overhanging arm reaches its threshold value due to removal of the LL.
Hereafter, the two modes of undercutting in the LL of a typical com-
posite bank are referred to as fluvial erosion and bank collapse, while
cantilever failure is denoted as mechanical failure of the upper soil-
vegetation layer.

2.2. Model assumptions

Physical processes controlling erosion of the LL of a typical com-
posite bank were simulated using Bank Stability and Toe Erosion Model
(BSTEM). As a widely used model for predicting bank erosion rates
(Klavon et al., 2017), BSTEM was adopted here to simulate fluvial
erosion using hydraulic equations and bank collapse based on force
balance analysis in the LL, though bank erosion could be appropriately
described by many other models as well (Chen and Duan, 2008;
Guneralp and Marston, 2012; Lai et al., 2015; Motta et al., 2014; Parker
et al., 2011; Rinaldi et al., 2008; Samadi et al., 2011).

It should be emphasized that the modeling is not for accurately
predicting bank retreat rates in the studied river (Fig. 1b) as many other
studies did (Klavon et al., 2017), but for revealing dominant processes
that control bank erosion. As such, it is based on several assumptions.
First, the above-mentioned cycle of bank erosion applies to composite
banks of all channels in the Black River. Thus, model parameters may be
calibrated using field measured data around the reference cross section
(RCS) (Fig. 1b) and other locations along the Black River. Second, the
modeled riverbank profile may be conceptualized as a simplified one
based on the RCS that contains two layers, the upper soil-vegetation
mixed layer and the lower soil layer (Fig. 2a and 2b). Bank erosion,
which include fluvial erosion and bank collapse, starts in the LL and
creates an overhanging arm (OA). The failure of the OA is marked by
reaching a threshold arm width and the modeling is focused on bank
erosion in the LL. The cycle of bank erosion typically begins with a
vertical bank profile, which is evidenced by our field reconnaissance
along the Black River (Fig. 2¢ and 2d). Third, the full range of possibly
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available erosion processes is driven by not only already happened daily
discharges, but also those may possibly happen based on existing flow
regime. Thus, the recorded daily discharges in the Black River are
insufficient to reflect all theoretically possible daily discharges, but may
be used to guide the theoretical construction of all possible discharges
described later.

2.3. Model calibration

2.3.1. Determination of competent hydrographs using obtained daily
discharges

Water discharge is one of the input parameters in BSTEM. However,
only limited daily discharges (Q) between 1981 and 2014 are available
in a gauging station (i.e., the Zoige station) that is located about 60 km
downstream of the RCS (Fig. 1b). They were then converted into Q
values at the RCS by multiplying the obtained ones at the Zoige station
by a proportional coefficient calculated as the ratio of the contributing
areas at the two sites (the Zoige station and the RCS). The contributing
areas at the two cross sections are covered by almost uniformly
distributed grassland and peatland and their topography is featured by
relatively smoothed lacustrine deposits (Fig. 1b). Thus, use of the area-
based proportional coefficient for conversion is apparently reasonable
(McCuen, 2004). After conversion, Q values were divided into inactive
and active components based on the threshold of Q that may initiate
fluvial erosion of the bank (Qp) (Fig. 3a-3c). This means that if a
hydrograph representing a storm event is completely below Q;, then it is
an inactive hydrograph, while if a proportion of a hydrograph is below
Q, then its proportion above Q; is an active hydrograph, which will be
termed as a competent hydrograph. The value of Q;, which was 0.373
m3/s, was determined in terms of the critical shear stress described
below.

The obtained data missed the middle period of the 34 years between
1981 and 2014. Comparing coefficient of variation (CV) for Q in the wet
(i.e., May-October) and dry seasons (i.e., November-April) of each year
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Fig. 3. Characteristics of the obtained daily discharges in 14 discontinuous years at the reference cross section. (a) — (c) Examples of annual daily discharges in 1986,
1989, and 2014; (d) Plot of coefficient of variation (CV) of daily discharges and annual mean daily precipitation vs. years; (e) The relationship between durations of

competent hydrographs (T) and the associated mean discharges (Q,).
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(Fig. 3d) showed that Q values in the two separate periods had a similar
degree of variation in both seasons. Given that mean annual daily pre-
cipitation did not have any obvious temporal trend from 1980 to 2015
(Fig. 3d), it is reasonable to conclude that flow regime has remained
similar over the last four decades and the obtained 14-year daily dis-
charges are representative over the entire period. The available above-
threshold daily discharges consist of 77 competent hydrographs whose
daily discharges can trigger fluvial erosion of the LL, representing about
5-6 erosion events per year on average. The mean daily discharge (Qg)
and the associated time duration (T, days) for the 77 competent
hydrographs were significantly correlated with each other (Fig. 3e):

T =15510"%% R? = 0.527p < 0.05 (@)

This relationship indicated that (1) the higher the Q, value, the
longer the associated competent hydrograph lasted, and (2) knowing the
Q value also means that we know the time duration of the associated
competent hydrograph. These daily discharges forming 77 competent
hydrographs in 14 years were later used to help design theoretical
hydrographs for modeling.

2.3.2. Calibration of model parameters
In BSTEM, the magnitude of fluvial erosion (Ey) is determined by
(Darby et al., 2007)

Er = k(t —1.)At 2

where k is the erodibility coefficient (x 10~ m3 (N — s)’l), 7 is the shear
stress for a given input discharge (Q), 7. is the critical shear stress, and At
is the time step each Q lasted. For a given input discharge, 7 = pgRS =
yRS where y is the specific weight, R is the hydraulic radius, and S is the
local channel bed slope. Although the five sub-layers dividing the bank
profile (Fig. 2b) are required by BSTEM, soil properties in the first four
sub-layers are similar, while in the lowest one should be different
because meandering rivers in the Zoige basin are all perennial rivers
(Fig. 1c-1d and 2c-2d), such that a proportion of the bank profile should
be always covered by water. Thus, the value of y in the first four sub-
layers was set as 18 kN/m® which was obtained from the default
value in BSTEM for silt. Because the lowest sub-layer is always sub-
merged, its y value was adjusted using the submerged soil density,
leading to 8.2 kN/m®. The value of S, which was 0.0036 (m/m), was
measured using a total station in the channel segment around the RCS
(Fig. 1b). Determination of R needs to know the stage at the bank toe for
a given discharge. This value was determined using the Reference Reach
Spreadsheet 4.3 created for channel survey management (Mecklenburg,
2006) based on the RCS profile measured in the field. Values of 7. and k
have been empirically calibrated by comparing the modeled bank
retreat rates with those measured from satellite images (Daly et al.,
2015). Here, they were calibrated separately. Particle size analysis based
on several soil samples from banks around the RCS showed that on
average Dso = 8.9 x 107> m, indicating that bank materials are domi-
nated by fine sand and silts. Examining the default values of 7. provided
in BSTEM showed that they led to unrealistic large fluvial erosion for the
bank soils. This is not surprising as the associated dimensionless shear
stress, 0., was around 0.043, which is even smaller than that for particles
in gravel-bed rivers. Examining different values and considering sug-
gested values in previous studies (Church, 2006) gave rise to a reason-
able one, 7. = 0.088 Pa, which is equivalent to 6, = 0.06 and plausible
for the soils in the studied river banks. The erodibility coefficient, k is
well known related to 7. by (Arulanandan et al., 1980; Midgley et al.,
2012; Rinaldi et al., 2008)

k = mz )

where e = —0.5 and m is a coefficient. Previous experimental studies
showed that m = 2 x 1077 m?/(N~%° . s) (Hanson and Simon, 1980;
Midgley et al., 2012), but BSTEM adopts m = 1 x 10~/ m2/(N"%5 .g),
which was also used in this study. Using the calibrated 7. value led to k
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=3.37 x 1077 m®/(N-s).

Simulating bank collapse (i.e., geotechnical failure) requires
knowledge of the soil failure angle, ¢ of bank face in the LL and cohesive
coefficient, c. Existing values of these two parameters have been pri-
marily obtained from laboratory experiments, such as triaxial test and
borehole shear test (Daly et al., 2015; Rinaldi et al., 2004; Simon et al.,
2011; Zong et al., 2017). However, application of these values to real
riverbanks may not be always appropriate (Klavon et al., 2017). Pre-
liminary BSTEM simulation using the default value in BSTEM, ¢ = 26.6°,
showed that it bank collapse occurred unrealistically fast. Given that ¢
= 30° is the median value used in past modeling analyses (see Fig. 1b in
Klavon et al., 2017), it was adopted in this study. For c, the value of 5.5
kPa was indirectly determined with the aid of field data as follow.
Measured widths of overhanging arms (W) in 33 existing cantilever
banks along the Black River ranged between 0.1 and 0.58 m (Fig. 4).
Given that these overhanging arms were at different stages of their
development toward cantilever failure, the range of W values, together
with our field observation suggested that the threshold width of the
overhanging arm (W,) should be no less than 0.6 m. With this reference,
calibration modeling led to the selected value of c. Since the top surface
of the model structure is protected by the upper cantilever layer, its c
value should be greater than that used in other layers. In this study, it
was increased by 20% for the top sub-layer.

2.4. Design of theoretical hydrographs for modeling

The design of theoretical hydrographs for modeling was guided by
the converted daily discharges in the Black River at the RCS. Among all
77 competent hydrographs, only those in 1983 were capable of trig-
gering two cantilever failure of the upper (soil-vegetation mixture) layer
as the average width of the overhang arm (W) was 1.02 m, much greater
than the threshold (i.e., 0.6 m). In six years (1981, 1982, 1985, 1989,
2013, and 2014), such failure only occurred one time and their W values
varied between 0.53 and 0.56 m (Table 1). There were five years (1986,
1987, 2009, 2010, and 2011) when cantilever failure of the upper layer
did not happen, though 21 competent hydrographs caused some fluvial
erosion.

These results indicated that on average cantilever failure (CF) of the
entire composite bank happened in about 1-2 years, suggesting that
composite bank erosion in the alpine meander rivers of the Zoige basin is
controlled by fluvial erosion and bank collapse in the lower layer (LL).
Competent hydrographs whose mean discharge (i.e., Q) is less than 1.0
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Fig. 4. Widths of overhang arms measured in the Black River within the Zoige
basin. They represent cantilever banks developed at different stages. The
dashed horizontal line signifies the threshold value initiating cantilever failure
of the upper soil-vegetation layer.
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Table 1
Simulated cantilever width during one cycle of bank erosion using obtained
competent hydrographs in each of the 14 years.

Years Total number Q. ~ (m3/ Q, Number of Overhang
of competent s) (m?3/ cantilever width (m)
hydrographs s) failure

1981 6 0.50-1.37  1.93 1 0.56

1982 11 0.40-1.14 1.67 1 0.56

1983 9 0.41-1.37 1.81 2 1.02

1985 5 0.47-1.05  1.70 1 0.56

1986 3 0.61-0.75  1.26 0 0

1987 6 0.46-0.83  1.28 0 0

1989 9 0.41-0.98 1.51 1 0.56

2007 0 - 0.16 0 0

2008 0 - 0.21 0 0

2009 4 0.40-0.62  0.83 0 0

2010 5 0.48-0.68  0.97 0 0

2011 3 0.50-0.76 1.16 0 0

2013 8 0.41-0.88  1.41 1 0.55

2014 8 0.43-1.34  2.33 1 0.53

" The mean of daily discharges in each competent hydrograph.
" The peak discharge among all daily discharges in the seven competent
hydrographs with the same Q.

m>/s, could hardly cause CF, as in only two out of 14 years (1989 and
2013), CF was caused by competent hydrographs with Q, slightly less
than 1.0 m3/s. Flood frequency analysis using annual maximum dis-
charges (Q) showed that in competent hydrographs with Qu = 1.0 m%/
S, Qm had recurrence interval of greater than two years. Thus, it is clear
that emergence of CF is an episodic event comparing with continuous
fluvial erosion. The occurrence of CF in Table 1 essentially represents
the occurrence of bank collapse simulated using BSTEM in the LL that
may lead to the width of overhanging arm (W) equal or greater than W,
= 0.6 m. A cycle of bank erosion ends after the occurrence of bank
collapse in the LL with W, > 0.6 m because this bank collapse will induce
CF of the upper layer and the failed soil-vegetation mixture will cover
the bank toe for a relatively long time period. It follows that the case of
one competent hydrograph causing two continuous CFs (Table 1) is not
realistic and should not be taken into consideration in the subsequent
design of competent hydrographs.

Based on these results, five sets of theoretical competent hydro-
graphs were designed to attempt to reflect the full range of erosional
processes controlling the cycle of bank erosion. Each set contains seven
competent hydrographs whose lowest Q values were greater than Q; =
0.373 m%/s and that have the same Qq value, but different shapes. The
hydrograph shape is controlled by three parameters, the initial daily
discharge (Qy), the peak daily discharge (Qp), and the time of occurrence
of @y, expressed as a percent of the time at which Q, occurs (T,) with
respect to the entire time of the hydrograph (7). The five sets of designed
competent hydrographs had Q, values 0of 1.0, 1.2, 1.4, 1.6, and 1.8 m3/s,
respectively (Table 2 and Fig. 5). These competent hydrographs cover
not only the range of existing daily discharges (Table 1), but also those
have not happened yet (e.g., many daily discharges in Q; = 1.6 and 1.8
m3/s).
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Fig. 5. An example of the variable daily discharges designed as hydrographs
with the same mean discharge of 1.6 m®/s. Each hydrograph had a different
shape characterized by a different combination of Q;, Q,, and T,. The numbers
on these hydrographs (22-28) are consistent with those in Table 2.

2.5. Analyses of model outcomes

Using these designed competent hydrographs, both fluvial erosion
and bank collapse in the LL were simulated (see the full outcomes in the
appendix). The former was expressed as the amount of eroded bank
materials (Ef, m3), while the latter was denoted as the volume of failed
bank body (E,, m>). The modeled Ey and E. values were examined for
exposing the impact of hydrograph shapes on their variability, which
was further confirmed by calculating the relative sensitivity (S;) of Q;,
Qp, and T, with respect to changes of Ey. Values of S, were calculated
using the following equation (Cancienne et al., 2008):

O0—0y\ (1
= (7))
where O is output, which refers to Ey in this study, I is input, which
denotes Q;, Qp, and T, respectively, subscript b indicates the baseline
value, which was selected here as values at Q, = 1.0 m%/s.

This analysis provided necessary information for identifying a pro-
portion of the five sets of competent hydrographs that could realistically
occur under the existing flow regime of the Black River. The identifi-
cation relied on comparing the existing 77 competent hydrographs with
the designed ones in terms of Q; values and the Q, — Q, relationships.
Using these identified realistic competent hydrographs, the relation-
ships between the predicted Erand E, and the Q, values were established

to characterize the dominant role of Q, values in controlling bank
erosion, which was followed by determining hydrograph-based effective

4

Table 2

Characteristics of the designed five sets of hydrographs.
Hydrographnumber ~ Qq(m®/ Q(m’s) QmPs) T T, Epm (m®)  (Efmax-Egmin)/ Ep(%)  Een (M%) (Ecmax-Ecmin)/ Eey (%)

s) Efmin Ecmin

1-7 1.0 1.2-1.8 0.39-1.70 16 0.25-0.88 0.043 1.733 40.63 0.325 (1)* / /
8-14 1.2 1.4-2.0 0.40-1.90 20 0.20-0.90 0.065 1.564 41.06 0.336 (3)* 0.046 2.31
15-21 1.4 1.6-2.2 0.40-2.10 22 0.18-0.91 0.089 1.418 37.59 0.342 (4)* 0.070 3.08
22-28 1.6 1.8-2.4 0.85-2.30 26 0.15-0.92 0.168 1.283 28.95 0.473 (7)* 1.048 36.99
29-35 1.8 2.0-2.6 0.99-2.50 30 0.13-0.93 0.237 0.740 20.29 0.551 (7)* 1.090 38.26

Note: Q; is the initial daily discharge in each of the designed competent hydrograph, T is the duration of each designed competent hydrograph, and T, is the time of
occurrence of Qp, expressed as a percent of the time at which Q, occurs with respect to T. Eg, is the mean of the total volume of fluvial erosion, Ey, is the coefficient of
variation for Ef. E., and E,,, are the associated variables for bank collapse.

" This number stands for the number of hydrographs within each set that triggered bank collapse.
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discharges and revealing their geomorphological significance.

3. Results and analysis
3.1. Impact of shapes of hydrographs on bank erosion

For the first set with Q, = 1 m3/s, the relative error of simulated
fluvial erosion (Ey), defined as the ratio of the difference between min-
imum and maximum Ey values (Efnin and Efngy) to Efmin, wWas 173%
(Table 2), meaning the simulated Efcould be about 200% different when
the shape of competent hydrographs changed. Except the one producing
Efmax, other competent hydrographs led to similar Ef values (Fig. 6a). A
similar pattern existed for the results from the seven competent hydro-
graphs with Q, = 1.4 m%/s (Fig. 6a). These Er values generated a lower
range of difference (141%) (Table 2). Competent hydrographs with Q,
= 1.2 m%/s resulted in Egvalues that may be separated into two different
clusters (Fig. 6a) and may create possible errors up to 156% (Table 2).
The two sets of competent hydrographs with Q; = 1.6 and 1.8 m®/s
could create less degrees of errors among (128% and 74%, respectively),
but the simulated Ef values were more dispersed (Fig. 6a). These results
indicated that for competent hydrographs with the same Q, value, dif-
ferences in their shapes could cause significant difference in the simu-
lated Ey values, such that use of their mean value (i.e., Ef,) would cause
discernable errors for some competent hydrographs with the same Q,
value (Fig. 6a). The coefficient of variation (i.e., Es) decreased with the
increase of Q, values, indicating that the degree of variation among
these Er values was higher for competent hydrographs with less Qq
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values (Table 2).

Simulated bank collapse (E.) demonstrated a more complex situa-
tion. Only in those with Q; = 1.6 and 1.8 m3/s could all competent
hydrographs trigger bank collapse (Table 2). For the three sets with
smaller Q, values, there were only one, three, and four competent
hydrographs that triggered bank collapse (Table 2). Accordingly, the
impact of variable competent hydrographs on E. was reflected in both
magnitude and frequency of E.. For those with Q, = 1.6 and 1.8 m®/s,
differences among competent hydrographs in each set could cause over
100% differences in E;, making their means (i.e., E.,;) considerably
different from actual higher or lower values (Fig. 6b and Table 2). At
relatively low Qq values (1.2 and 1.4 m>/s), E, values caused by some
competent hydrographs were similar with much smaller coefficient of
variation (i.e., E.,) than those from competent hydrographs with higher
Qg values (Table 2). Therefore, the impact of variable competent
hydrographs on E, values was more significant at higher Q, values. On
the other hand, at lower Q, values, many competent hydrographs were
incapable of initiating bank collapse. At Q; = 1.0 m®/s, only about 14%
of competent hydrographs with variable shapes may trigger bank
collapse, while at Q; = 1.4 m®/s, this probability was increased to about
57% (Fig. 6¢). For competent hydrographs with Q; < 1.6 m3/s, this
probability was highly correlated with Qg :

P =16.30>" R* = 0.956p < 0.05 (5)

where P is the probability of competent hydrographs with the same Q,
value that may trigger bank collapse. The strong correlation between P
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Fig. 6. Modeled results for fluvial erosion (Es) and bank collapse (E.) under five sets of competent hydrographs with the same mean discharges. (a) Variable values of
Ef caused by these competent hydrographs. The red triangles represent the means of Es values for each set of competent hydrographs; (b) Variable values of E, caused
by these competent hydrographs. The red rectangles represent the means of E, values for the sets of competent hydrographs that may trigger bank collapse; (c)
Probability of occurrence for bank collapse caused by competent hydrographs with the same mean discharges. The fitted dashed curve represents Eq. (5). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and Q, indicated that for a given Q, value lower than 1.6 m3/s, not all
competent hydrographs are able to trigger bank collapse and the lower
the Q, value is, the lower probability of competent hydrographs that
may cause bank collapse is. Below Q, = 1.6 m°/s, different shapes of
competent hydrographs with the same Q, values mainly affect the fre-
quency of occurrence for bank collapse because once occurred, E. values
tended to be similar (Fig. 6b and 6c). Above this threshold, shape var-
iations of competent hydrographs primarily influence the magnitude of
E.

Although variations of competent hydrographs with the same Q,
values would lead to significantly different amounts of Ef and E,, their
impacts on Eyare only reflected by variable magnitudes of Ef, whereas on
E, are denoted by both variable and episodic values of E.. Therefore,
further examination of how shapes of competent hydrographs affect
bank erosion was achieved by analyzing sensitivity of the three pa-
rameters, Q;, Qp, and T), to modeled Ey values. The analysis showed that
the mean relative sensitivity (S,) for Q;, Qp, and T, was 1.7, 1.4, and
—0.2, respectively. These S, values suggested that Q; is most sensitive to
the predicted Er values. A higher variation in Q; value would cause a
higher degree of variation in the predicted Ef values. It is interesting to
note that variation in Q, is not the most dominant factor that leads to
variations in Er values as in the case of sediment transport (Duvert et al.,
2012; Hicks, 1994; Hicks et al., 2004).

3.2. Identification of the realistic competent hydrographs

As mentioned above, not all theoretically designed competent
hydrographs have happened in reality. Therefore, identification of
possibly realistic competent hydrographs may be based on characteris-
tics of the actual competent hydrographs described previously. Calcu-
lation using the 77 competent hydrographs showed that about 87% of Q;
values tended to be in the range between 0.373 and 0.6 m>/s (Fig. 7a),
suggesting that competent hydrographs with very high Q; values (>1.0
m>/s) might be very rare in reality. Further analysis signified that Q
values were very closely related to Q, values (Fig. 7b):

0, = 1.4380!%™ R* = 0.944p < 0.05 (6)

As Qq increased, the associated Q, became more scattered around Eq.
(6), indicating that higher degrees of uncertainties exist in possible
realistic Q, values for competent hydrographs with higher Q, values.
However, even considering these high degrees of uncertainties,
competent hydrographs represented by the three lower red points for Q,
= 1.6 and 1.8 m3/s were less likely to occur (Fig. 7b), because their
existence would change Eq. (6), which was based on the true competent
hydrographs. At Q; = 1.4 m3/s, competent hydrographs represented by
the lowest red point were not realistic, while at Q, = 1.2 m3/s,
competent hydrographs reflected by the lowest and highest red points
were not realistic for the same reason. Among the last set of competent
hydrographs with Q, = 1.0 m3/ s, those associated with the highest point
were not realistic because they had unrealistically high Q; values. The
selected competent hydrographs were more realistic and used for further
analysis.

3.3. Hydrograph-based erosion rating curves

Examining these realistic competent hydrographs and their pre-
dictions indicated that both Ef and E, were strongly correlated with the
Qq values of these competent hydrographs (Fig. 8):

E; = 0.03402°" R* = 0.878p < 0.05 (7a)

E; = 0.3130%%" R* = 0.625p < 0.05 (7b)

Both Egs. (7a) and (7b) indicated that variations of Efand E. may be
sufficiently controlled by Q, values of competent hydrographs regard-
less of their shapes. The implication is that though variations in shapes
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Fig. 7. Characteristics of the 77 obtained and the five sets of designed
competent hydrographs. (a) Cumulative percentages of the obtained competent
hydrographs having the value lower or equal to each of the given Q; values; (b)
The relationship between Q, and Q. The solid red line represented Eq. (6)
developed based on the obtained competent hydrographs. The 90% confidence
zone was marked for assisting the selection of the realistic competent hydro-
graphs from the designed ones. For each designed Q, value, there were actually
seven competent hydrographs, some of which had the same Q, values. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

of competent hydrographs with the same Q, value may cause variable
amounts of predicted Erand E,, this impact is secondary compared with
that of competent hydrographs with different Q, values. Therefore, the
impact of variable discharges arranged as competent hydrographs on
both fluvial erosion and bank collapse is largely controlled by the Q,
values of these hydrographs. Following this line, Eq. (7a) can be viewed
as a hydrograph-based rating curve for determining amounts of Ef
caused by individual competent hydrographs. Although Eq. (7b) may be
viewed in the same way for E,, the predicted E, value using Eq. (7b) for a
given Q, may not occur in reality, because the probability of this
occurrence is controlled by Eq. (5) (Fig. 6¢). Therefore, the hydrograph-
based erosion rating curve for E. should consider both Eq. (7b) as
magnitude and Eq. (5) as frequency.

3.4. Hydrograph-based effective discharges
The hydrograph-based rating curves for Ef and E; make it possible to

determine the most effective competent hydrograph that shapes river-
banks, if an appropriate flow duration curve for competent hydrographs
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Fig. 8. The hydrograph-based effective discharges (Q.) for (a) fluvial erosion (Ef) and (b) bank collapse (E.). The dashed curves represent Eqs. (7a) and (7b).

may be established. Within the obtained series of daily discharges over
the 14 years, those constituting competent hydrographs can be repre-
sented by a new series of Q,. Since each Q implies a time duration (T) of
the associated competent hydrograph (Fig. 2e), the series of Q, includes
the magnitude of Q, and the associated T. Thus, using the identified 77
competent hydrographs in the 14 years, we were able to develop a
hydrograph-based flow duration curve (FDC) (Fig. 9a):
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P, = 4.062¢33%% R2 = 0.994p < 0.05 (8)

where Py is the probability of time a given discharge is equaled or
exceeded. Eq. (8) is different from the classic FDC based on continuous
daily discharges over the same 14 years (Fig. 9a). The cumulative
probability of each Q, was calculated using the total period of the 77
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Fig. 9. The hydrograph-based effective discharges for fluvial erosion (Ef) and bank collapse (E.). (a) Flow duration curves based on the mean discharges of all
competent hydrographs (red) and the daily discharges (dark). P4 is the probability of time a given discharge is equaled or exceeded; (b) The effective discharge (Q.)
for Es, which is 0.880 m3/s. Q, denotes the threshold discharge that can initiate fluvial erosion; (c) The effective discharge (Q.) for E., which is 1.292 m®/s. P is the
probability of occurrence of bank collapse illustrated in Fig. 6. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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competent hydrographs, which was 774 days, rather than the entire
period of 14 years, which was 5111 days. Thus, statistically, these
probabilities are similar to the concept of conditional probability with
regard to the classic probabilities for daily discharges. Hydrologically, a
given Q, with a magnitude the same as that of the daily discharge would
result in a higher exceeding probability, but as the magnitude increases,
the difference between the two exceeding probabilities becomes smaller
(Fig. 9a). Essentially, flow regime based on variable daily discharges
arranged in hydrographs is more flashy than that of the original daily
discharges. In other words, a small increase of Q as the mean discharge
of competent hydrographs would cause a greater degree of decrease in
exceeding probability than that of Q as the daily discharge would do.

Following its definition, the effective discharge (Q.) for fluvial
erosion of the LL may be determined from the product of Eqgs. (7a) and
(8), while that for bank collapse of the LL could be calculated from the
product of Egs. (5), (7b), and (8). The identified Q. for Ef and E. was
0.880 and 1.292 m>/s, respectively (Fig. 9b and 9c¢). This value repre-
sents the effect of a group of variable discharges forming a competent
hydrograph on bank erosion and thus is denoted as the hydrograph-
based effective discharge. For fluvial erosion, The Q. = 0.880 m3/s
was greater than the threshold value (Q, = 0.373 m®/s), suggesting that
any competent hydrograph with this Q. value can most effectively
remove bank materials in the LL (Fig. 9b), though possible variations in
the shape of competent hydrograph may shift the magnitude of fluvial
erosion slightly. It characterizes the collective effect of a series of vari-
able daily discharges whose mean equals Q. on fluvial erosion. For bank
collapse, Q. = 1.292 m3/s was greater than not only Q,, but also Q, for
fluvial erosion, signifying that competent hydrographs with a higher Q,
value can most effectively cause bank collapse (Fig. 9¢). Overall, these
results showed that the progressive fluvial erosion and episodic bank
collapse are dominated by variable daily discharges arranged in
competent hydrographs, the former requires competent hydrographs
with a lower Q, value than the latter does.

4. Discussion
4.1. Nature of our modeling and potential limitations

It should be noted that the conceptual model introduced in this study
is different from the classic one that treats the lower layer (LL) and the
upper mixed layer as an integrated bank profile (Daly et al., 2015, 2007;
Patsinghasanee et al., 2018; Rousseau et al., 2017). Thus, when BSTEM
was applied to the classic model, an implicit assumption is that the LL is
only subject to fluvial erosion. In the Black River within the Zoige basin,
there are many discernable cases in which retreat of LL could be caused
by bank collapse. These cases support the idea of allowing the LL to be
shaped by both fluvial erosion and bank collapse.

Quality of BSTEM modeling relies on accuracy of input discharges
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and model key parameters. Although there are 77 competent hydro-
graphs in the available true daily discharges, they were not used in
developing competent effective discharges because these hydrographs
do not include realistic, but not yet occurred high-magnitude hydro-
graphs (e.g., those with Q, = 1.6 and 1.8 m%/s, see Fig. 7b), which are
capable of triggering bank collapse. Nonetheless, modeling results using
these competent hydrographs (Table 1) provided valuable references for
designing the theoretical competent hydrographs. It is admittable that
selection of the key model parameters involved certain uncertainties. In
particular, selection of the ¢ value on the top sub-layer (Fig. 2b) was
subjective. To test its reliability, we performed, using the input hydro-
graph 22 and 26 (Table 2 and Fig. 5), sensitivity analysis by comparing
Erand E, values based on the selected ¢ value with those in terms of other
c values. For hydrograph 22, changes of the ¢ value by no more than 20%
would lead to at most 13% overestimation of Er and no changes in E,
(Fig. 10a). Continuous increase of the c value by 30-40% would cause Ef
to be underestimated from 5% to 18% and E, to be underestimated by
about 18%. For hydrograph 26, however, increase of the ¢ value up to
40% would not cause any discernable changes in Ef and E. values
(Fig. 10b). These results showed that increasing the c value by different
percentages (rather than 20% as did in our modeling) would cause
limited variations in the modeled Ef and E, values. It appeared that our
choice was reasonable.

Despite of possible uncertainties still existing in other key parame-
ters, including ignorance of possible freeze-thaw impact on bank erosion
at later stages, the purpose of modeling is not for accurately predicting
bank retreat rates, but for revealing hidden geomorphological charac-
teristics in the processes of bank erosion. Therefore, the fact that
selected values of the key parameters allowed for reasonable prediction
of bank retreat rates caused by annual competent hydrographs (Table 1),
suggested that the modeling appropriately captured hydrodynamic
processes of composite bank erosion in the meandering rivers within the
Zoige basin.

4.2. Geomorphological significance of discharge variability

Findings in this study indicated that processes of composite bank
erosion in the prototype rivers of the Zoige basin are essentially
controlled by variable daily discharges arranged in competent hydro-
graphs, which are characterized by their shapes and mean discharges
(Qg)- Among the three shape parameters, the initial discharge (Q;) and
the peak discharge (Qp) are more sensitive to the impact of the hydro-
graph shape on bank erosion and their changes may be effectively re-
flected by coefficient of variation (CV) of a competent hydrograph.
Therefore, the geomorphological role of the shape of a competent
hydrograph in affecting bank erosion may be revealed by examining the
RI - Q; and CV - Q, relationships (Fig. 11) where RI is the recurrence
interval of the highest possible Q, in all possible hydrographs with the
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Fig. 10. Sensitivity analysis on the selection of cohesive coefficient, c at the top sub-layer of the conceptual model structure using two competent hydrographs as
input daily discharges. (a) Results based on hydrograph 22; (b) results based on hydrograph 26.
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Fig. 11. Two different relationships based on the 77 obtained competent
hydrographs, CV - Q, and RI — Q, where CV is the coefficient of variation of a
competent hydrograph and RI is the recurrence interval of the maximum peak
discharges among seven competent hydrographs in each set.

same Qq. As Qg increases, RI increases, but the degree of the variation of
the discharges (i.e., CV) in these competent hydrographs surprisingly
decreases. This decrease is at odds with the increased difference between
Qp and Q;, which defines the traditional concept of sluggish and flashy
flow regimes (Bierman and Montgomery, 2014). The two different
trends reveal a coupled mechanism of negative feedback on the balance
between magnitude and frequency of processes controlling composite
bank erosion: while a higher Q, leads to a larger RI, meaning the asso-
ciated event/hydrograph becomes rare, it also causes reduction of
discharge variability (Fig. 11), better facilitating composite bank erosion
owing to more concentrated discharges. Thus, the shape of a competent
hydrograph affects processes of bank erosion by determining how dis-
charges within a competent hydrograph are clustered.

Nonetheless, the shape impact of competent hydrographs on the
processes of bank erosion is secondary to that of the Q, values of
competent hydrographs, which may be quantitatively determined using
our proposed hydrograph-based effective discharge (Q.). Different from
the earlier modification of the classic concept that was based on the total
sediment load over a group of discrete discharges (Doyle and Shields,
2008), this concept reflects the lumped effect of variable competent
daily discharges on bank erosion. Yet, different Q. values have to be used
to quantify processes of fluvial erosion and bank collapse (Fig. 9b and
9c) because of their different nature (i.e., progressive versus episodic).
This difference in Q, values constrains the ability of this new concept (i.
e., the hydrograph-based effective discharge) in revealing dominant
processes of controlling bank erosion and broadly river evolution. To
overcome this dilemma, the focus may be changed to morphological
response of river banks to these two distinct processes. Specifically, the
investigation may be switched to bank retreat as the consequence of
both fluvial erosion and bank collapse in the LL, which may be quanti-
fied using the width of the overhanging arm due to bank collapse of the
LL (Wp). The above-mentioned modeling analysis allowed for linking Wj,
to E. by the following equation:

W, = 1.340E°™2 R* = 0.884p < 0.05 (©)]

Combining Eq. (9) with Eq. (7b) readily led to a relationship between
Wy, and Q, that may be termed as the hydrograph-based rating curve for
Wp. Since the occurrence of Wy is also determined by the two proba-
bilities (i.e., Egs. (5) and (8)), the hydrograph-based effective discharge
for Wj can be identified as Q, = 1.265 m3/s (Fig. 12). Once a hydrograph
with Q; = Q. triggers bank collapse of the LL, it will create an over-
hanging arm with the width (W;) greater than W,. Thus, cantilever
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Fig. 12. The hydrograph-based effective discharge for the width of the over-
hanging arm (W), Q. = 1.265 m>/s. W, is the threshold width at which
cantilever failure occurs. The dashed curve denotes the hydrograph-based rat-
ing curve for W;, developed as the product of Egs. (7b) and (9). The shaded
range refers to the Q, values whose associated competent hydrographs are
capable of triggering cantilever failure.

failure will occur and a cycle of bank erosion will be completed. The
shape of the curve representing Wp x P4 x P indicted that competent
hydrographs with Q, values ranging between 1.2 and 1.585 m®/s are all
effective in generating an overhanging arm (i.e., the shaded range in
Fig. 12). Furthermore, once an overhanging arm is created by a
competent hydrograph with Qq values in this range, it always triggers
cantilever failure as W, > W,. Given that competent hydrographs with
Qq values falling in this range merely occur in<15% of the 14-year
period (Fig. 9a) and completion of a cycle of bank erosion will cease
the process of bank erosion for a while, bank retreat rate should be very
low in the prototype rivers of the Zoige basin. It follows that lateral
migration rates of meandering rivers in this basin are generally low,
which explains generally high sinuosity of these meandering rivers in
the long-term evolution.

Use of historical satellite images over past three decades allowed for
calculating the average bend migration rate of the main downstream
channel of the Black River, which led to the result that the annual
migration rate is about 1.2 m/yr (unpublished). Converting this rate to
the channels in the upstream Black River assuming their difference may
be proportionally scaled by their channel widths (Fig. 1), a rate of about
0.2 m/yr may be obtained. This means that cantilever failure occurs on
average in a period of more than one year, which is consistent with the
fact that competent hydrographs with Q, > 1.2 m®/s tend to emerge at
least every two years or more (based on flood frequency analysis). The
Zoige basin belongs to the Qinghai-Tibet plateau that has been subject to
continuous climate warming, which has intensified glacier and perma-
frost melt (Kang et al., 2010; Li et al., 2020; Yao et al., 2012) and sub-
sequently affected the current hydrological regime. The proposed
hydrograph-based effective discharge in this study may serve as a tool
to quantify this effect if measurement of daily discharges continues.

In a broader sense, the success of using this new concept in
explaining the complex processes of composite bank erosion demon-
strates the advantage of characterizing variable discharges in the form of
hydrographs for understanding complex and confusing fluvial processes.
For instance, whether a given storm event in a river may swipe channel
width is not controlled by its peak discharge (i.e., Q,), but the mean (i.e.,
Qa). If Qs > Q. > Q, then the associated hydrograph has less degree of
discharge variability and would more efficiently widen the channel,
leading to the cases in some reported rivers (Fryirs et al., 2015; Meyer,
2001; Phillips, 2002; Thompson and Croke, 2013). If, however, Q; < Qq
< Qe then the hydrograph has higher discharge variability and would
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affect the channel width less effectively, as in other reported rivers
(Gardner, 1977; Magilligan et al., 2015; Roy and Sinha, 2014). Use of Q,
reveals the essential role of discharge variability in understanding the
dominant effect of a storm event on channel width. In a more general
sense, the hydrograph-based effective discharge also provides a new
approach that efficiently incorporates the variability of discharges into
an easily determined single magnitude to quantify effective flows
sculpting natural rivers for managing climate-driven increase of floods
both at present and in the future.

5. Conclusions

Fluvial processes controlling composite bank erosion in the Zoige
basin, China were examined as an example to explore the roles of var-
iable daily discharges in controlling these processes and whether these
roles may be quantified using the classic concept of the effective
discharge. Based on the conceptualized composite bank profile con-
structed using field measurement and observation from the prototype of
the real meandering rivers, simulating, using BSTEM, fluvial processes
controlling erosion of the lower bank layer was performed based on five
sets of theoretical competent hydrographs that were selected based on
properties of 77 observed competent hydrographs. The modeling results
were subsequently used to analyze changes of magnitude and frequency
of fluvial erosion (Ep) and bank collapse (E.), led to the following
conclusions:

(1) Roles of variable discharges in controlling Er and E. can be suf-
ficiently quantified by competent hydrographs that may be
characterized by their shapes and mean discharges (Q,). Varia-
tion in the shape of competent hydrographs with the same Q,
value, which is quantified by different combinations of three
shape parameters, the initial discharge, the peak discharge, and
the time of its occurrence, could cause obvious differences in
magnitudes of Ef and E.. The shape variations in competent
hydrographs with different Q, values also create different prob-
abilities of occurrence of E.. As Q, increases, variability of
competent hydrographs with the same Q, becomes lower to
create a cluster of higher discharges for more efficiently shaping
river banks. Therefore, impact of competent hydrographs with
the same Qq, but different shapes on E; and E. should not be
ignored.

However, Qq values of competent hydrographs play a dominant
role in controlling Ef and E. Consequently, there exist
hydrograph-based rating curves for Erand E,. Using flow duration
curve based on Qg, (Fig. 9a) enabled us to develop a new concept,
a hydrograph-based effective discharge (Q.) for Ef and E. The
different Q. value for Ef and E, reflects the progressive nature of
the former, while the episodic character of the latter.

Viewing the processes of composite bank erosion from the
perspective of morphological response to these processes, a single
hydrograph-based effective discharge for the width of the over-
hanging arm (Wp) may be further developed. Comparing the
pattern of Wy, variation with the threshold width for triggering
cantilever failure revealed that the rate of cantilever failure is
generally low, which serves as a mechanism of explaining the fact
that meandering rivers in the study area of dense grass or peat
cover are highly sinuous. Thus, the hydrograph-based effective
discharge may be a powerful concept and tool for understanding
complex processes of fluvial systems in other regions.

(2)

3

-
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