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Abstract

The downstream peak discharge increase during hyperconcentrated floods in the
Yellow River has been attributed to bed erosion, roughness reduction and floodplain
effects. While great improvements have been made on the understandings of the roles
of bed erosion and roughness reduction, the effects of floodplain remain poorly
understood. Here, as a first step to reveal the floodplain effects, we present a
numerical experimental study on how the channel-floodplain system reacts to a
hyperconcentrated flood process. For this purpose, schematized channel-floodplain
systems are designed and the classical 1992 flood record data is prescribed at the
upstream boundary. By applying a fully coupled morphodynamic model, numerical
experiments are conducted for a comprehensive analysis on the effects of bed
erodibility, floodplain width, bed roughness variation, symmetry and longitudinal
variability of geomorphology. Our results show two distinct trends for the response of
channel- floodplain system depending on bed erodibility. For a small bed erodibility,
both channel and floodplain experience erosion. For a moderate/large bed erodibility,
only the channel experiences erosion whereas deposition occurs on the floodplain.
The variation of the floodplain width does not affect these erosion-deposition
behaviors while changing the magnitude and patterns of floodplain deposition. The
longitudinally discontinuous channel-floodplain divided by either water storage areas
or housing/farming banks diminishes the floodplain deposition at the discontinuous
locations. The present numerical experiments do not show an obvious peak discharge
increase, nonetheless, the recognized erosion-deposition characteristics would help
further study of the floodplain effects on the peak of hyperconcentrated floods.

Keywords: Hyperconcentrated flood; floodplain effects; channel-floodplain system;
coupled morphodynamic model; peak discharge; Yellow River.



1 Introduction

Hyperconcentrated flow is a water-driven sediment transport phenomenon
characterized by high sediment concentrations. It has been observed in a diversity of
environmental settings. Many hyperconcentrated flows occur in volcanic terrains with
recent eruptions by downstream diluting of debris flow (Pierson and Scott, 1985;
Smith, 1986, 1987; Cronin et al., 2000; Lirer et al., 2001). Other initiation
mechanisms include rainstorm-induced landslides and check-dam collapses in
mountains (Pierson and Costa, 1987; Batalla et al., 1999; Sohn et al., 1999;
Kostaschuk et al., 2003), breaking of debris-dammed lakes or reservoirs (Manville et
al., 1999;Thouret, 1999; Capra, 2007; Wilcox et al., 2014), glacier-outburst floods
(Maizels, 1989; Breien et al., 2008), collapses of aeolian damming and flash floods in
desert ephemeral rivers (Laronne and Reid, 1993; Svendsen et al., 2003; Cohen and
Laronne, 2005), submarine transition from debris flow (Sohn et al., 2002; Russell and
Arnott, 2003), and flashing flood by reservoir turbidity currents (Hu et al., 2012).

In tributaries of the middle Yellow River (China) which spread on the highly erodible
Loess Plateau, flow with sediment concentrations higher than 400 kg/m? is considered
as hyperconcentrated flow (Xu, 1998). While in the main stream of the Yellow River
this critical sediment concentration is considered to be 200 kg/m?® (Zhang and Xie,
1993; Wan and Wang, 1994; Zhao, 1996; Xu, 2004). The hyperconcentrated flow in
the Yellow River often occurs in the flood season and is usually treated as Newtonian,
turbulent flow (Chien and Wan, 1983; Chien, 1989; Wang et al., 2002; van Maren et
al., 2009a).

One interesting phenomenon associated with the hyperconcentrated flood (HF) is a
downstream increasing peak discharge. In the period of 1970s-1990s, this
phenomenon was observed seven times in the Xiaolangdi-Huayuankou reach
(approximately 125.8 km) of the Lower Yellow River, for which the river channel
was shallow and the floodplain was often inundated. The maximal increasing rate of
the peak discharge was 30% from the Xiaolangdi to Huayuankou hydrological
stations. After 2004 when the water-sediment regulation by the Xiaolangdi Reservoir
became operational, hyperconcentrated floods were mostly conveyed inside the main
channel and the average increasing rate was as high as 50%. Such increase in the peak
discharge aggravates the flood risk at the downstream, and thus it is of great
importance to unravel the underlying mechanisms. The main responsible mechanisms

3



have been attributed to the following issues. First, the later parts of the flood can be
accelerated by bed roughness reduction related to high sediment concentration, and
then catch up with the former flood possibly resulting in an increasing peak discharge
at downstream (Jiang et al., 2006). Second, rapid and strong bed erosion during a HF
may increase the water-sediment volume to a large extent probably causing an
increasing peak discharge (Cao et al., 2006; Qi et al., 2010). Third, the rapid
morphological change from a wide-shallow channel to a narrow-deep one through
channel erosion and floodplain deposition may accelerate the flow velocity. A
downstream increasing peak discharge may occur when the successive flood waves
overlap the front flood peak (Wang et al., 2009). This effect may be strengthened by
returning flow from floodplain to channel at the start of waning stage (Qi and Li,
1996).

Many investigations have been done for the first (Jiang et al., 2006; Li, 2008) and the
second (Cao et al., 2006, 2012; Qi et al., 2010) mechanisms. For example, Li et al.
(2014) compared the relative role of the first two mechanisms and discussed their
coupling processes as well as their physical integration by the concept of channel
storage. However, comprehensive in-depth analysis on the third mechanism is rare,
except a few literal analyses based on limited field observations (Chien and Wan,
1983; Qi and Li, 1996; Wang et al., 2009). It is still unclear how bed deformation
happens and to what extent it affects the flood propagation in the process of
inundating floodplains.

In this regard, the first step should be a good understanding of how a
channel-floodplain system reacts to a hyperconcentrated flood process. For this
purpose, we conduct a process-based mechanism study on this issue using a 2-D
depth-averaged fully coupled morphodyanmic model. In our work, schematized
channel-floodplain systems are designed and the classical 1992 flood record data is
prescribed at the upstream boundary. A series of numerical experiments are done to
answer the following questions: First, can the typical morphological features of
channel erosion and floodplain deposition during a HF be successfully reproduced by
the present 2-D depth-averaged model? And what is the relation between channel
erosion and floodplain deposition? Second, how such morphological changes affect
the flood propagation? Third, can a downstream increasing peak discharge be
predicted when such morphological changes occur? Fourth, what are the impacts of
initial reach profile in terms of the symmetric/asymmetric, longitudinally
uniform/varying configurations?



2 Fully coupled morphodynamic model

2.1 Governing equations

Based on the concept of non-capacity sediment transport, the non-linear system of
governing equations for the 2-D depth-averaged fully coupled morphodynamic model
consists of the mass and momentum balance equations for sediment-laden flow, the
mass balance equation for sediment, and a bed update equation. The vector form of
the governing equations reads (Li et al., 2013)
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where U =vector of conservative variables; F,G =vectors of flux variables; SO,

S¢, S, = vectors of source terms; ¢ = (1— p)z + hc =newly constructed conservative



variable; {=time; X=horizontal coordinate; Y = horizontal coordinate; h =water
depth; U =depth-averaged flow velocity in X direction; V= depth-averaged flow
velocity in Y direction; C= depth-averaged volumetric sediment concentration;

z =bed elevation; p:pw(l—c)+pscz density of sediment-laden flow; p,=2650
kg/m® is sediment density; p,, =1000 kg/m® is water density; p, = o, P+ p,(1-p)=
density of saturated bed; P= bed porosity; = acceleration of
gravity; E,D =sediment entrainment and deposition fluxes respectively; S,, =bed
slope in X direction, expressed as Sy, =—0z/X; S, =bed slope in Y direction,
expressed as S,, =—0z/0y; S =friction slope in X direction; Sy, =friction slope

in Y direction; 7,,,7,,,7,,,7,x = depth-averaged Reynolds stresses, expressed as

T, =2viouloxt, =2viovloy,t, =7, =v(uldy+ov/oX) ; v, = turbulent eddy
viscosity; @, =0d(he,oc/ ox)/ ox+0(he,oc/ dy)/ dy =sediment dispersion/diffusion

terms; &, =sediment dispersion/diffusion coefficient.

2.2 Numerical scheme

The present model is an advanced version of a previous one which is second order
accurate in space and time (Li et al., 2013). The main improvement is the satisfactory
of the well-balanced property (i.e., retaining the initial static flow over irregular beds).
This is achieved by applying the surface gradient method (SGM) (Zhou et al., 2001)
to the original UFORCE scheme (Stecca et al., 2010) in terms of flux computation. As
we use a standard splitting approach (Toro, 2001) in time integration of the governing
equations, the effect of bed slope is considered in solving the homogeneous part when
the SGM version is adopted. Here, we only elaborate the SGM-version of the
UFORCE scheme in flux computation and the corresponding modification of the time
integration method. For other details of the numerical scheme such as wetting-drying
procedure and the treatment of spatial gradient of concentration in source terms, one
can refer to our previous work (Li et al., 2013; Li et al., 2014).

2.2.1 Method of time integration

The governing equations are discretized using a collocated cell-centered FVM, with
which the average values of conserved variables being defined at the centre (Li et al.,
2013). For the time integration of the discretized equations, a standard splitting
approach is deployed together with a second order Runge-Kutta method (Toro, 2001,
2009). The SGM-version differs from the original model of depth gradient method
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(DGM) when moving the bed slope term from the source term of the second splitting

step (Li et al., 2013) to the homogeneous equation of the first splitting step, which
reads

At At

Ui*,j = U:J _K(Fnl/z,j - Fi—1/2,j )_A_y(Gi,j+1/2 _Gi,j—llz )"‘ AtS;i,j (38‘)
Ut =U;; +05x(K, +K,) (3b)
with
_0 _
hi:/z,j + hiﬁ/z,j Zi+l/2,j - Zi—l/Z,j
2 AX
S*- | hil,_j+l/2 +hi|,?j—l/2 Zi,j+l/2 _Zi,j—1/2 (4)
o] 2 Ay
0
0
K, =4S, (U; )+S(U})), K, =4S (U7 +K,)+S,(U]; +K,)) (5a.,b)

where Ax, Ay =spatial steps inx- and Y- directions; i, j=cell indices in x and Y
directions; U, ; =vector of cell-averaged conservative variable at the center; F.y, |,
Fi—llz,jf Gi’jm, Gi’j_l,zz vectors of normal flux at interfaces (i+1/2,j), (i-1/2,j),
a,j+1/2), (i,j-1/2); Ui*'j =vector of predictor variables at the intermediate stage;
U7, Ul =vectors of conservative variables at the time step n, n+1; S ; =vector

of bed slope-related term in SGM version; N, h ., 0, 0, =extrapolated

water depth at the left and right sides of cell interface at the intermediate stage;
Zia. Ziwz o Zijevar Zi . =Ded elevation at cell interface; At= computational time

step. The spatial gradients of bed level and source-term sediment concentration are
discretized by centered difference scheme.

2.2.2 Method of flux computation
The SGM version of the UFORCE scheme has three steps for computing the

advection flux in X - direction. In Y - direction, the method is analogous. As the



third step is the same as our previous model (Li et al., 2013), here we only elaborate
the first two steps for concise.

Step 1: MUSCL reconstruction

In order to achieve second order accuracy in space, the cell interface values are
extrapolated from the cell center values by a limited slope. Based on the SGM (Zhou
et al., 2001), the water depth is obtained by free surface reconstruction as

Gl =GN +054, &Ry, =40, —0547, (6a,b)

Novoi =Giwei ~Zva Moaj =iz~ Zva, (7a,b)

with

Z:{cﬂl,,-—c::,- it g0, =l <6t -4l -
gri—¢ry;  else

Zia; = +2,14) 12 ©)

where ¢ =water level; A< =limited slope for water level.
Other conservative variables are reconstructed following Stecca et al. (2010)
U|L+1/21 =V +0'54_\’ UiR;-lIZJ =Ul, ;- 0'54_+1 (10a, b)

With

\U“ —U”_“\

A=

— {Uln+lj Ulnj if ‘U|+11_U? (11)

U, -Ul,;  otherwise
where Ui, ;, URy, ;= vectors of extrapolated variables at the left and right sides

of the interface between cells (i,j) and (i+1,j) Z Z: vectors of limited slope.

Here the limited slope is computed by the ENO (Essentially Non Oscillatory)
approach (Harten et al., 1987) to avoid spurious oscillations near large gradients
(Stecca et al., 2010).

Step 2: State evolution by At /2



The cell interface variables are further evolved over a half time step to reach second
order accuracy in time. In this step, the SGM version of the UFORCE scheme
considers the bed slop-related term for state evolution:

UlL:lIZJ U|L+lIZJ [F(U i-1/2, ]) F(U|+l/2 j):l
it (12a)
+§y[G(UiR,j—1/2)_G(U j+1/2):| 0| j
UiR-:IJZj = U|R+1/21 2 A% I:F(U|+1/2 J) F(U|+3/2 J):I
(12Db)
I:G(UH—lJ 1/2) G(U|+1 J+1/2):| 0I+1j
with
o -
hul-lllz j + h|R1/2 i |+l/2,j - Zi—1/2,j
2 AX
S - hl j+1/2 +h|Rj -1/2 Ij+l/2 _Zi,j—1/2 (13)
o) 2 Ay
For the UFORCE flux computation, one can refer to Li et al. (2013) for detail.
2.3 Empirical relations and parameters
The friction slope is estimated by Manning roughness coefficient n, as
S, =n’uyu®+v? /h**, S, =n*vyu’ +v* /h** (14a,b)

It should be noted that the Manning roughness coefficient is calculated by two
methods. For most of the simulated cases focusing on the influences of
channel-floodplain system, we assume that bed roughness is invariant and a constant
Manning roughness coefficient is set. Only in the cases for investigating the effects of
roughness change, we use an empirical formulation (Zhao and Zhang, 1997) to
incorporate both hydraulic and sedimentary effects on Manning roughness (Li et al.,

2014),



-1
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with

¢, =0.375« (16)
i =0.4-1.68(0.365—C)\/C (17)
5. =D, (1+ 1079 ) (18)

where 0. = friction thickness; Fr =Froude number; D, =median diameter of bed

material (m); C,, =vortex coefficient; k=Von Karman coefficient in turbid flow; C=
depth-averaged volumetric sediment concentration.

For numerical experiments of the 1992 HF in a channel-floodplain system, the
sediment entrainment and deposition fluxes are estimated using the
Partheniades-Krone formulations (Partheniades, 1965). This formula is valid for very
fine sediments, and has been satisfactorily applied to a detailed 3-D modeling of a
Yellow River HF in a channel-floodplain reach by the Delft3D software (van Maren
et al., 2009b). The formulations are:

M(T/Tcr,e -1) for >7,,

E= (')OS for r<z,, (19a,b)
_ (OSC(].—T/T”’d) for < Tcr,d
D= {0 for 7>7, (20a.5)

where M= erosion rate (kg/m?/s); ws = effective sediment settling velocity
(m/s);T=bed shear stress (Pa); 7,7, 4 =Critical bed shear stresses for erosion and
deposition, respectively (Pa). Other parameters are the same as those specified above.
In the numerical experiments, the value of M, 7 .,7,, is specified case by case.

The effective sediment settling velocity s is calculated by considering hindered
settling effect in hyperconcentration (Richardson and Zaki, 1954),
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o, = @, (1—&)5 21)

With @, calculated by Zhang and Xie (1993)’s formula:

@, =(13.95v/d)? +1.09(p, — p,)9d / p,, —13.95v/d (22)

where d =sediment diameter (m); @, =settling velocity of a single particle in clear

and still water (m/s); v =10 is kinematic viscosity of water. Other parameters are
the same as those specified above.

Since the majority of the sediment transported in the Middle and Lower Yellow River
is composed of suspended load (Long and Zhang, 2002), we only consider suspended
load in the present numerical experiments. In overbank flows turbulent eddy viscosity
and diffusion coefficient for suspended load are estimated following the method by Li
et al. (2013). Both the horizontal and vertical production of turbulence (Jia and Wang,
1999; Cea et al., 2007) are considered in the estimation of turbulent eddy viscosity
using a mixing length model. The roles of different turbulence closure models on the
erosion/deposition processes are analyzed later in the discussion section.

2.4 Numerical stability and model test

As for the numerical stability, the CFL condition is deployed to restrict the
computational time step in all the model runs. Note that the usual stability limitation
for the upwind-biased FORCE type schemes should be O<CFL<0.5 in the
two-dimensional Cartesian meshes (Siviglia et al., 2013; Stecca et al., 2012; Stecca et
al., 2010). We therefore use CFL=0.45 for all the cases in the present paper.

With model application to the HF modelling in a channel-floodplain system, two
issues should be addressed. On one hand, the HF are often highly unsteady together
with high sediment concentration and rapid/strong morphological changes. It requires
the model to accurately capture those features without oscillations. On the other hand,
the overflooding on the previously dry floodplains and the possible flood detention by
strong floodplain deposition challenge the model capability to well capture the
moving dry-wet fronts and reserve the static state in complex topography. Therefore,
before application to the HF modelling, these model abilities are tested and shown in
Appendix.
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3 Field observations

During a HF that occurred in August 1992 (Fig. 1), the measured flood peaks at the
Xiaolangdi hydrological station were 3560, 3050, 3600, 4550 m®/s respectively. At
the Huayuankou hydrological station (125.8 km downstream of Xiaolangdi), the
second to the fourth flood peaks were observed to increase to 3230, 4080, 6430 m®/s
respectively. The maximal sediment concentrations (in volume) corresponding to the
four successive flood peaks at Xiaolangdi were 0.0777 (206 kg/m®), 0.078 (207
kg/m?), 0.163 (432 kg/m?), 0.198 (525 kg/m?) respectively, which were slightly higher
than those at Huayuankou. In the Xiaolangdi-Huayuankou reach, overflowing on
floodplains occurred when this flood passed by.

5000 T y r r r T 0.25
2 4000 02
< 5
S 3000 0.15 e
) =
g 2000 01 8
= o
2 o
A 1000 0.05 ©

O 1 1 Il Il 1 1 O

0 30 60 90 120 150 180 210

Time (hrs)

Figure 1 Measured discharge hydrograph and sediment concentration in the 1992 HF
at Xiaolangdi.

Due to the logistic difficulties in measuring topography under HF conditions,
bathymetric data for this flood is not available. As an alternative, we use two distinct
cross-sectional profiles (before the flood season) at Huayuankou in 1993 and 1994
respectively to represent main features of channel-floodplain topography in this reach.
One is an asymmetric channel-floodplain reach (Fig. 2a). For this type, one side of the
reach is sufficiently high to prevent overflowing, while flood may inundate floodplain
on the other low side. The other is a symmetric channel-floodplain reach (Fig. 2b), of
which both sides are almost equally high. Therefore, floodplains on both sides may be
simultaneously inundated when overflowing occurs.
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Figure 2 Measured cross-sectional profiles at Huayuankou in (a) 1993, (b) 1994.

4 Modeling of the 1992 HF

4.1 Topography schematization

Due to lack of sufficient data (both hydrographic and topographic) it is difficult to
develop a predictive model that is well calibrated and validated by observations in the
Yellow River. However, numerical experiments in a schematized channel-floodplain
reach can offer an alternative solution for the process-based mechanism study. Here,
the schematized reach consists of two sub-reaches: an upper narrow channel reach and
a lower channel-floodplain reach (see Fig. 3). Concerning the main features of the
cross-sectional profile in the Yellow River (Fig. 2), both asymmetric and symmetric
configurations are considered in the lower channel-floodplain reach for comparison.

The upper narrow channel reach is designed to be sufficiently long and composed of
rectangular cross-sections of constant width, because: (1) it provides sufficient
distance for flow adaptation so that a stable flow condition can be obtained at the start
of the channel-floodplain reach; (2) it avoids uncertainties arising from giving
empirical relations for the lateral distribution of flow discharge and sediment

concentration if floodplain is present at the upstream boundary.
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— —t— I
Bl Bl B2 B3 (b)

Figure 3 Schematized channel-floodplain reach (a) asymmetric, (b) symmetric.
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4.2 Model setup

Eight cases are designed for experiments (see Tab. 1). In these cases, the initial flow
conditions are obtained by first running the model over a fixed bed with a constant
small discharge (under which no overflows occur) until it reaches a steady state
(which takes some 60 hr in the present simulations). In model runs, the two tolerance
depths for judging the dry and partially dry cells are set to 0.01 m and 0.05 m,
respectively.

The schematic reach is composed of an upper narrow channel of 20 km long and a
lower channel-floodplain reach of 140 km. Based on limited topographic data at the
Xiaolangdi and Huayuankou hydrological stations in 1993, a bed slope of 3.0 X10% is
used for both the channel and the floodplain. In the upper narrow channel, a width of
300 m (see By in Fig. 3) is set approximating the channel width at Xiaolangdi. In the
lower channel-floodplain reach, the bottom channel width remains the same as that in
the upper narrow channel and a total cross-sectional width of 1100 m is considered by
averaging total widths at Xiaolangdi and Huayuankou (Cases 1-3, 6-8). The main
channel is 1.6 m deep with a top channel width of 500 m. Accordingly, the symmetric
type has a width of 100 m for a single channel side slope (B2 in Fig. 3) and a width of
300 m for a single floodplain (Bs in Fig. 3). The corresponding values for the
asymmetric type are 200 m and 600 m (Cases 1-3 and 8) respectively. Different
floodplain width, i.e., Bs=400 m for Case 4 and 300 m for Case 5, are also simulated
in the asymmetric type for comparison.

In relation to sediment transport, uniform sediment is considered: ds=0.025 mm,

p=0.45. In most cases, the critical bed shear stresses for erosion (z,.) and

deposition (z,, ,) are set at 1.0 and 0.9 Pa, respectively, which are close to the values

used by van Maren et al. (2009b) for the 1959 HF of the Lower Yellow River with a
Delft3D model. Additionally, large (7,

cr.e

=1.6 Pa, r,,=1.5Pain Case 7) values are

also used for comparison. In an attempt to reproduce the typical morphological
feature of channel erosion and floodplain deposition during HF, different bed
erodibility is considered by testing the parameter of erosion rate M. The range of the
M value is chosen in reference to van Maren et al. (2009b). The results of M=1.0 X
10 (Case 2), 2.5X10* (Case 1), 5.0X 10 (Case 3) are shown for the analysis. As
bed roughness change (Li et al., 2014) is not the focus of the present work, we use a
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constant Manning roughness of 0.011 (typical value for the LYR) in most cases. Only
Case 8 considers a varied roughness for comparison.

Table 1 Numerical cases and model settings

Case  Reach  Channel and floodplain Erosion and deposition Manning
type? width (m) parameters roughness
Bl B2 B3 M Tere Ter,d
1 A 300 200 600 25X10* 1.0 09 0.011
2 A 300 200 600 1.0X10* 1.0 09 0.011
3 A 300 200 600 50X10* 1.0 09 0.011
4 A 300 200 400 25X10* 1.0 09 0.011
5 A 300 200 300 25X10* 1.0 09 0.011
6 S 300 100 300 1.0X10* 1.0 09 0.011
7 S 300 100 300 25X10% 16 15 0.011
8 A 300 200 600 1.0X10% 1.0 09 Eq. (15

4n the reach type, the abbreviation A means asymmetric, S means symmetric.

5 Results of the 1992 HF in the asymmetric channel-floodplain

5.1 Typical morphological features and their relations

With a suitable erosion rate (M), the typical morphological features of channel
erosion and floodplain deposition during HF can be successfully reproduced by the
present 2-D depth-averaged model. As an illustration, the time variations of
cross-sectional profiles at x=40 km are shown in Fig. 4 for Cases 1-3 with different
erosion rates.

With a moderate erosion rate of M=2.5X10"* kg/m?/s in Case 1, continuous erosion
(-0.5~-0.7 m) occurs in both the channel and the transitional area of
channel-floodplain while sedimentation is observed in the middle area of the
floodplain (Fig. 4a). The sediment deposition is strongest during the second flood
period (t=60-90 hr), amounting to a deposit height up to 0.2 m. This is possibly
because that the sediment concentration increases to a large extent specially after the
second flood peak while the relatively small increase of flow discharge is insufficient
to maintain the transport of so much sediment (see Fig. 1). During the third and fourth
flood peaks (t=90-150 hr), the deposits are slightly eroded, probably due to an
increase in bed shear stress with relatively large discharge. In the waning stage (after
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150 hr), the deposit height increases again following the decrease of flow discharge
and sediment concentration.

With a smaller erosion rate of M=1.0X10* kg/m?/s in Case 2, the channel erosion
becomes much weaker and floodplain deposition only occurs in the waning stage after
150 hr (Fig. 4b). The less channel deepening in Case 2 results in a higher flow
velocity and larger water depth on the floodplain, which corresponds with a relatively
high bed shear stress. This yields no deposition or even minor erosion on the
floodplain during the flood peak periods. Moreover, the suspended load becomes less
in the case of weaker channel erosion (see Fig. 5 for the sediment concentration
distribution just before the occurrence of floodplain deposition), which also
contributes to less floodplain sedimentation.

Ohr
| === 60hr
-10H —— 90hr
H - 150hr
L| —— 180hr

Bed elevation (m)
S
)

-10.5
-11.5

Bed elevation (m)

9.5}
-10f

-10.5F
-11f

115
12l - (c) M=5.0x10"* (Case 3)
125
0

Bed elevation (m)

200 400 600 800 1000
Cross-sectional distance (m)

Figure 4 Cross-sectional morphological changes at x=40 km for (a) Case 1 with
M=2.5X10%, (b) Case 2 with M=1.0X 10", (c) Case 3 with M=5.0X 10",
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Figure 5 Contours of volumetric sediment concentration (unit: -) at t=60 hr in the
floodplain area near x=40 km, for Case 1 (upper), Case 2 (middle), and Case 3
(lower).

With a larger erosion rate of M=5.0X 10" kg/m?/s in Case 3, the floodplain deposition
is strengthened with stronger channel erosion (Fig. 4c). The deposits move more
closely towards the channel with a maximal height of about 0.25 m at t=90 hr. The
stronger channel erosion causes shallow flows of small velocity together with more
sediment available for deposition on the floodplain (see Fig. 5). As a result, relatively
large sedimentation occurs on the floodplain due to a small bed shear stress and high
sediment concentration. After the second flood (i.e., t>90 hr) there is hardly
morphological change on the floodplain though the channel and the transitional area
are continuously eroded. This indicates that the channel deepening and the height of
previous floodplain deposition may be so large that not enough overflows can occur
even if the fourth flood peak is much higher than the first two. Therefore, some parts
of the floodplain might become almost dry and no deformation is observed.
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5.2 Flood propagation

The numerical results show that the behavior of channel erosion and floodplain
deposition can play an important role in the downstream HF propagation (see Fig. 6).
In Cases 1 and 2, the channel erosion is not so considerable that the shallow flow on
the floodplain is sufficiently deep to transport large portion of suspended sediment
without the occurrence of dry areas. Therefore, the peak discharge is observed to
decrease uniformly in the downstream direction by friction effects in these two cases.
Their most distinguishable difference is the evolution of the second flood peak in the
periods of 60-90 hrs. For Case 1 the peak discharge decreases slightly in the
downstream (Fig. 6a), when the channel erosion and floodplain deposition are in a
moderate range (Fig. 4a). However, the second flood peak of Case 2 follows a more
obvious decreasing trend (Fig. 6b) when only minor channel erosion occurs with
almost no floodplain deformation (Fig. 4b).

In comparison with Cases 1 and 2, Case 3 exhibits considerably different behavior
from the second to the fourth flood processes. In the period of 60-90 hrs, relatively
large channel erosion and floodplain deposition are observed in Case 3 (Fig. 4c). Such
cross-sectional changes may play an important role in offsetting the effect of bed
friction on flood peak attenuation. Therefore, an almost constant peak discharge of the
second flood peak is predicted in the downstream direction (Fig. 6c¢). For the third and
fourth flood peaks of Case 3, the peak discharge does not decrease as uniformly as it
does in Cases 1 and 2. There is a considerable decrease of peak discharge at x=40 km
while relatively small and uniform decrease of peak discharge is observed in further
downstream. The considerable discharge decrease is probably because that the
previous floodplain deposition is so high that the upstream flow may be blocked or
decelerated in some areas of the floodplain. Moreover, the strong channel deepening
during the third and fourth floods (Fig. 4c) may weaken the flood overtopping and
thus shallow flow with small velocity or even still water area may occur on the
floodplain contributing to a decrease of discharge peak. In further downstream
(x>40km), the magnitude of floodplain deposition and channel erosion may decrease
with distance through the adaptation of the sediment transport capacity and suspended
load. Therefore, their effect on the discharge evolution may be weakened or diminish
with distance, and a uniform decrease of peak discharge is again observed in the
downstream direction.
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Regarding the satisfactory reproducing of typical morphological change and smooth
prediction of flood processes, the moderate erosion rate of M=2.5X10* kg/m?/s is
used for further numerical analysis of the influence of floodplain width.
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Figure 6 Computed discharge evolution for (a) Case 1 with M=2.5X10*, (b) Case 2
with M=1.0X10%, (c) Case 3 with M=5.0X10*.
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5.3 Influences of different floodplain width

Considering the interactions between channel erosion and floodplain deposition, we
further investigate how the floodplain width influences the morphological behaviors
and the discharge propagation. Compared with the floodplain width of B3=600 m in
Case 1, narrower values of B3=400 m (Case 4) and B3=300 m (Case 5) are used for
modelling while other parameters are specified the same.
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Figure 7 Cross-sectional changes for (a) Case 4 with B3=400 m, and (b) Case 5 with
B3=300 m.

The results show that the floodplain width marginally affect channel erosion patterns
whereas it plays a significant role in shaping floodplain deposition. In Cases 1, 4 and
5, the channel erosion processes are nearly the same (see Figs. 4a, 7) when identical
model parameters for erosion and sedimentation are used. Only with decreasing
floodplain width, the transitional point of erosion and deposition on the floodplain
move closer to the sidewall (right). However, the patterns of floodplain deposition
exhibit different features for different floodplain width. For a sufficiently wide
floodplain in Case 1, the sediment deposition profile can be fully developed. The
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highest deposition occurs in the middle of the floodplain (around y=800 m along the
cross-section) when gradually weakened deposition appears in the lateral directions.
For a narrow floodplain in Cases 4 and 5, the overtopping flow and associated
sediment transport may be strongly restrained by the limited floodplain width, thus
the deposition cannot be sufficiently developed (see Fig. 7). The strongest deposition
is observed near the sidewall (right) of a narrow floodplain where the flow velocity
tends to be small, and the magnitude of deposition is much smaller than that on a wide
floodplain (comparing Fig. 4a and Fig. 7).

For the discharge propagation, the floodplain width has a strong impact on the first
discharge peak especially in the downstream reach while the later discharge peaks are
not affected so much along the course. In the upstream part (x=40 km), the effects of
floodplain width on flow movement is not so obvious that the hydrographs are almost
the same for different cases (Fig. 8a). However, the cumulative effects of floodplain
width increase with distance, and the difference of hydrographs therefore becomes
visible (Fig. 8b, 9). In the downstream reach (x=80 km), the wider the floodplain is,
the smaller and slower are the magnitude and the propagation of the first peak
discharge respectively. This is probably due to more energy loss by bed friction in
wider areas. On a wider floodplain, the overtopping flow can expand to a larger area
causing smaller water depth. This results in a stronger friction effect and thus the
discharge peak is more dampened. Along the course, the discrepancy of the first flood
peak for Cases 1,4,5 increases due to cumulative effects. For the later discharge peaks,
the hydrographs for different cases have very similar patterns. This is possibly
because after the first flood, the floodplains are fully inundated with sufficient water
depth. The successive floods further increase the inundation depth mitigating the
effects of different energy loss related to bed friction. Moreover, the floodplain
deposition is much weaker when compared with the channel erosion for these cases
(Figs. 4a, 7), so the discharge propagation should mainly depend on the channel
erosion processes which however are nearly the same for the three cases. As a result,
the hydrographs of the later discharge peaks have minor differences for different
floodplain width.
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5.4 Influences of bed roughness variation

Previously we did a detailed investigation on the effects of bed roughness variation
for two HF events in the Yellow River reach with a simple rectangular cross-sectional
profile (Li et al., 2014). The findings showed that the change of bed roughness could
play an important role in the downstream peak discharge increase. Here we therefore
test the effects of roughness variation in a channel-floodplain reach by comparing
Case 2 and Case 8, though observed data of the roughness variation cannot be found
for this flood.

The results show that the behavior of the second flood peak becomes qualitatively
different when a varying bed roughness is considered. A downstream increasing peak
discharge is computed for this flood peak in Case 8 (Fig. 10) when the Manning
roughness decreases by about 27% (from 0.011 to 0.008) using Eg. (15). In
comparison, a considerable decrease of the second flood peak is computed in the
downstream reach of Case 2 by a constant bed roughness (Fig. 6b). Moreover, the
variation of bed roughness also contributes to strong floodplain deposition in Case 8.
Comparing with Case 2 for which no deposition occurs during the second flood, Case
8 shows a relatively large deposition near the transitional point of the channel and
floodplain in this period (Fig. 11). Therefore, a deeper channel for Case 8 is
developed through floodplain deposition when the process of channel erosion nearly
remains the same in the two cases (comparing Figs. 4b and 11). Such morphological
change could accommodate more channel flow, and might in turn affect the flood
propagation contributing to the downstream discharge increase. However, neither the
roughness decrease nor the associated morphological change is sufficient to introduce
an increasing peak discharge as large as what is observed in the field.

The other flood peaks in both Cases 2 and 8 have a decreasing trend in the
downstream direction (Figs. 6b and 10). It implies that the variation of bed roughness
cannot explain the peak discharge increase for the 1992 HF passing the
channel-floodplain reach.
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6 Results of the 1992 HF in the symmetric channel-floodplain

The cross-sectional area of the symmetric channel-floodplain reach is designed to be
the same as that of the asymmetric reach when a certain water level is set. Thus, the
comparison between the symmetric and asymmetric types can show how the shape of
the cross-section affects flood propagation and morphology. Here, we consider two
cases with a small and a moderate erosion rate, respectively. For Case 6 of a small
erosion rate (M=1.0X10), both the channel and floodplain are continuously eroded
when the HF passes by (Fig. 12a). Due to narrower floodplain of the symmetric type,
more erosion occurs at the edge of the channel and floodplain. In comparison,
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floodplain deposition occurs in the waning stage of the fourth flood peak for the
asymmetric type of Case 2 (Fig. 4b). The erosion processes of the main channel are
quite similar for the two types possibly due to the minor effects of relatively small
floodplain deformation. For Case 7 of a moderate erosion rate (M=2.5X10%),
stronger erosion develops in the main channel and the edge of the channel-floodplain
(Fig. 12b) though the sediment bed should be more difficultly eroded by a larger
critical bed shear stress when comparing with Case 2. This provides the sediment
source for deposition near the sidewalls of the floodplain.

Due to more floodplain erosion, larger flow discharge is computed in the symmetric
reach than the asymmetric reach (Comparing Cases 6 and 2), especially during the
third and fourth flood peaks (Fig. 13). However, the magnitude of the morphological
change in the symmetric reach is still insufficient to trigger a peak discharge increase.
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Figure 13 Comparison of discharge hydrograph at distinct locations for Cases 2 and 6.

7 Discussions

7.1 Geometric assumptions

Due to lack of topographic data, we focus on the mechanism study and run the
numerical modeling with assumptions for the initial channel-floodplain geometry. At
a cross-section, a simple shape is assumed consisting of a trapezoidal channel and flat
floodplains (see Fig. 3). Along the channel-floodplain reach, the cross-section is
assumed unchanged leading to a longitudinally uniform river course. This
simplification may avoid uncertainties raising from geometric complexity and can
facilitate a clear understanding of how the floodplain and main channel interact each
other during a HF. However, we are also aware of the importance of incorporating the
geometric features that is more close to nature, e.g., a complex channel with
secondary floodplains or discontinuous floodplains along the water course. Such
conditions will complicate not only the fluvial processes but also the flow exchange
of channel-floodplain. Moreover, human interventions to the river system are always
existed, such as housing/farming on the floodplain and engineering works along
channel banks. These will absolutely affect the geometric structure and thus the flow
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pattern and morphological change. But currently it is rather difficult to take a full
consideration of these effects in such a large spatial scale due to the lack of detailed
information.

7.2 Flood hydrographs in response to morphological change

The present numerical results show that the magnitude of floodplain deformation
(mainly deposition) is far smaller than that of channel deformation (mainly erosion)
during a HF. This is in accordance with the observed morphological change after
some HF events in the lower Yellow River, i.e., 1959 HF (van Maren et al., 2009b),
1973 and 1977 HF (Qi et al., 2010). It indicates that the change of the main channel
profile should play a dominant role in flood propagation while the morphological
effects of floodplain deformation are rather limited. This is true for conditions of
relatively weak and moderate erosion/deposition settings (e.g., Cases 1 and 2). In such
cases, the hydrographs of the flood exhibit similar trend along the river course when
only the magnitude decreases with distance due to energy loss. However, the role of
floodplain deformation could be large in the case of relatively strong
erosion/deposition settings (e.g., Case 3). The shallow overtopping flow can be
blocked or largely decelerated by strong deposition on the floodplain (even though its
magnitude is still far smaller than channel erosion), and thus it may contribute to a
considerable change of hydrographs at downstream. On the one hand, the downstream
discharge peak may have a sharp drop as predicted in Case 3. On the other hand, the
discharge peak may be possibly enlarged at downstream (as observed in some HF
events in the lower Yellow River), which largely depends on whether and how the
blocked/decelerated water volume can return to the main channel.

Based on the numerical results, it seems difficult to predict a downstream peak
discharge increase for a longitudinally uniform channel-floodplain reach of a large
spatial scale. The large floodplain width results in shallow overtopping flow and low
floodplain deposits reducing its role on channel deepening. Therefore, the flow
acceleration due to channel deepening is insufficient for later parts of the flood to
catch up with the former flood peak. Moreover, the insufficient channel deepening
cannot form a large transverse slope of the water surface for more water flowing back
to channel. To further confirm this understanding, additional numerical cases are
presented to see the effects of longitudinally varying channel-floodplain reach.
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7.3 Effects of longitudinally varying channel-floodplain reach

Here we run two more simulations for the 1992 HF in two longitudinally varying
channel-floodplain  reaches (Figs. 14-15). The motivation of the two
channel-floodplain topographies are the discontinuous floodplains divided by
intermittent water storage area (Profile A) and houses/farming banks (Profile B). The
spatial scales of the two reaches are the same as that of the former longitudinally
uniform reach, with a total length of 160 km and a total width of 1100 m. Here, we
define L1=20 km, L2=30 km, L3=25 km, B1=300 m, B2=200 m, B3=600 m, B4=300
m. The channel depth and bed slope are the same as that in the uniform reach (see
section 4.2). Other model settings follow Case 1.

The numerical results show that both in Profile A and B the peak discharge of the HF
decreases along the river course (Fig. 16). While the downstream peak discharge
decreases uniformly in Profile B, a sharp decrease is observed from x=60 km to x=80
km in Profile A. This decrease is probably due to the detention effects of the water
storage area by channel widening. The time evolution of bed profiles at some
representative cross-sections is shown in Figs. 17-18. In Profile A, the channel
widening leads to less channel erosion and no more floodplain deposition (Figs. 17 (b),
(d)) while sediment still deposits on the floodplain with no widening channel (Figs. 17
(@), (c)). In Profile B, the highland (B4 in Fig. 15) at the interface of the channel and
floodplain prevents sediment from depositing on the floodplain (Figs. 18 (b), (d))
while deposition still occurs on the normal floodplain without structure disturbances
(Figs. 18 (a), (c)). This further confirms the above understanding derived from Figs. 4
and 6.
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Figure 18 Time evolution of bed profiles at representative cross-sections of Profile B.

7.4 Effects of different turbulence closure models

Many depth-averaged turbulence closure models for shallow clear water/low
sediment-laden flows can be found in the literature, such as parabolic eddy viscosity
model (Cea et al., 2007; Duan, 2004; Wu et al., 2004; Xia et al., 2012), mixing length
model (Jia and Wang, 1999; Cea et al., 2007), k- ¢ model (Rastogi and Rodi, 1978;
Babarutsi and Chu, 1991), and algebraic stress model (Cea et al., 2007), etc. However,
to our knowledge there have been no turbulence closure models specific for the case
of hyperconcentrated floods, and therefore the above turbulent closures are used (e.g.,

Wu et al., 2004; Xia et al., 2012).

We have made a comparison of the mixing length model and the parabolic eddy
viscosity model for Cases 1-5 of the asymmetric reach. The findings show that in

most conditions of minor/moderate erosion the two models result in nearly identical
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channel-floodplain patterns (e.g., t=60, 90hr of Case 1 and 3 in Figs. 19-20). Slight
differences are observed in some conditions of relatively strong erosion, of which
however the effects on the overall channel-floodplain pattern are negligible (e.g.,
t=150, 180hr of Case 1 and 3 in Figs. 19-20). Considering the duration of a HF in the
Yellow River is typically about 200 hr, such slight differences cannot accumulate to a
larger extent as compared with those shown below. These are attributed to the
following fact, that is, the flooding process is dominated by convection (both along
the main stream direction and in the cross-sectional direction), whereas lateral mass
and momentum exchange due to turbulent diffusions (e.g., van Prooijen, 2005) are

essentially secondary.
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Figure 19 Detailed comparison of bed profile at distinct instants for the mixing length
model (MLM) and the parabolic eddy viscosity model (PM) in Case 1 at x=40 km.
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Figure 20 Detailed comparison of bed profile at distinct instants for the mixing length
model (MLM) and the parabolic eddy viscosity model (PM) in Case 3 at x=40 km.

8 Conclusions

The mechanisms of the HF propagating in a dynamic channel-floodplain system have
been numerically investigated by a 2-D depth-averaged model of non-capacity
sediment transport. The interactions between water flow, sediment transport, and
morphological changes have been fully considered in the modelling through a set of
fully coupled governing equations and a synchronous solution method. The major
findings can give some indications to answer the four questions raised in the end of
the introduction part:

(1) With a suitable erosion rate (M), the typical morphological features of channel
erosion and floodplain deposition during a HF can be successfully reproduced by
the present model. Due to channel-floodplain interactions, a decrease of the
erosion rate does not simply yield less channel erosion and more floodplain
deposition, but may cause both channel and floodplain erosion. Similarly, an
increase of the erosion rate does not lead to more channel-floodplain erosion, but
may strengthen channel erosion and floodplain deposition. The floodplain width
plays a significant role in shaping floodplain deposition but marginally affect

34



channel erosion patterns probably because that the floodplain deformation is far
smaller than that of the channel.

(2) The behavior of channel erosion and floodplain deposition can play an important
role in the downstream HF propagation. For relatively weak and moderate
erosion/deposition settings, the overtopping flow is sufficiently deep to transport
large portion of suspended sediment without the occurrence of dry areas on the
floodplain. The peak discharge is observed to decrease uniformly in the
downstream direction due to energy loss. For relatively strong erosion/deposition
settings, the strong channel deepening may weaken the flood overtopping and thus
very shallow flow may occur on the floodplain. Meanwhile, the floodplain
deposition can be strengthened by strong channel erosion possibly resulting in
flow blockage or deceleration on the floodplain. Therefore, a sharp drop of the
flood peak is predicted in the downstream.

(3) A downstream constant or slightly increase of the flood peak has been predicted in
our work. One reason might be flow acceleration by bed roughness reduction, for
which the mechanism has been thoroughly studied in our previous work (Li et al.,
2014). The other might be related to strong channel erosion, which leads to either
channel flow acceleration or the returning of the overtopping flow to the channel.
However, the downstream increase of the flood peak is not obvious in the current
study, the underlying mechanisms of its occurrence in channel-floodplain reach
deserve further research.

(4) In the case of overtopping, the symmetric type of the channel-floodplain reach is
more likely to be eroded than the asymmetric type mainly around the edge of the
channel-floodplain area. Therefore, a larger flow discharge is observed in the
symmetric type than that in the asymmetric type. In the case of longitudinally
discontinuous channel-floodplain divided by either water storage areas or
housing/farming banks, floodplain deposition diminishes at the discontinuous
locations. This discontinuity in geomorphology leads to a downstream decreasing
peak discharge.

Appendix

Two model tests are presented here. The first test is the preservation of static water at
a 1-D surface-piercing hump, by which the C-property of the model with dry-wet
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interface has been tested. It is important because that in reality, the overflooding could
be static in some parts of the floodplain of complex topography. The second test is
2-D dam-break flow over an initially dry erodible bed, by which the model ability to
well capture the moving dry/wet front in highly unsteady flow and to accurately
predict the morphological evolution has been tested. This is also of crucial importance
as hyperconcentrated flow are often characterized by highly unsteady flow and
rapid/strong morphological changes. And the floodplain overflowing could encounter
the moving dry/wet problem.

Al Preservation of static water at a 1-D surface-piercing hump

A test conducted in a schematized one-dimensional configuration with dry-wet
interface (BermUdez and V&quez-Cendd&, 1994; Castro-D Bz et al., 2005) has been
done to examine the well-balanced property of the present model. It consists of a
surface-piercing hump at the center of a 1 m long domain with the bed elevation
defined by

z(x) =max[0,0.25-5(x—0.5)*] (Al)

Initially the hump is partially submerged by water at rest. The water level is

determined by ¢ =max(0.1,z). Closed walls are imposed at the boundaries and bed

friction is assumed negligible. The computational domain is discretized by AX =0.01
m and the total computational time is 200 s.

For water at rest, the analytical water depth equals to the initial water depth and the
analytical discharge should be zero. The numerical results demonstrate that the error
norms (i.e., L1(h),L1(q),L=(h),L=(q)) for water depth and flow discharge are exactly
zero during the whole computational time span. Taking two distinct time instants as
an example, Figure Al shows the initially horizontal water surface can be exactly
preserved by the SGM version with zero flow discharge. It is also worth noting that
the preservation of the C-property by the SGM version does not depend on the grid
resolution. Therefore, the SGM version is well-balanced and should be applicable to
field scales of irregular topography especially for the static water conditions.
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Figure A1 Computed water depth and discharge at distinct instants.

A2 2-D mobile bed dam-break flow

The applicability of the SGM version to conditions of highly unsteady flow and rapid
morphological changes has been tested by a 2-D mobile bed dam-break experiment
conducted at the Civil Engineering Laboratory of the Universite Catholique de
Louvain, Belgium (Zech et al., 2008). This case was previously simulated by our
original model of DGM version (Li et al., 2013). In the present test, the tolerance
depths for dry-wet treatment are 0.0004 and 0.0005 m. Other parameters and
empirical relations are the same as those used in Li et al. (2013).

The computed results of water level histories and final bed elevation by the SGM
version are compared with the experimental data at corresponding locations (see Fig.
A2) in Figures A3 and A4 respectively. It shows that the SGM version predicts
satisfactorily the water level and bed elevation for this test.
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