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1. Description of the integrated model
The integrated model consists of two modules, covering a module of 2D morphodynamic process and a module of flood risk evaluation. The improved 2D morphodynamic module is specially designed for the LYR with a complex channel-floodplain system and hyperconcentrated floods. The module of flood risk evaluation can calculate the hazard degrees of main flooded objects on the floodplains, covering people, buildings and crops.  
1.1. Module of 2D morphodynamic processes
(1) Governing equations and numerical solution
The modified hydrodynamic governing equations of the 2D morphodynamic module consist of the mass and momentum conservation equations for the sediment-laden flows, which can be written as (Simpson and Castelltort, 2006; Xia et al., 2010; Yue et al., 2021):
	
	

	(S1)
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where U is the vector of conserved variables; E and G are the convective fluxes along the x and y global coordinates, respectively; R is the source term, including the bed slope terms, friction slope terms and additional terms arisen by sediment transport and bed deformation; t denotes the time; ρ' is the dry density of bed material; k is the kth sediment fraction; ΔZb,k is the thickness of bed deformation caused by the kth sediment fraction during a time step of Δt; Sk and S*,k are the concentration and transport capacity for the kth sediment fraction, respectively; ωs,k and αs,k are the settling velocity and recovery coefficient of the kth sediment fraction. The vectors in Formula (S1) are written in detail as follows:
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where h = depth; (u, v) = components of the depth-averaged flow velocity along the x and y coordinates;







g = gravitational acceleration; (Tb,x, Tb,y)  = components of the bed slope term (Tb) along the x and y coordinates, with  and ; Zb= riverbed elevation; (Tf,x, Tf,y)= components of the friction slope term (Tf) along the x and y coordinates, with  and ; n = Manning’s roughness coefficient; , where ρs = sediment density and ρw = clear water density;  is the density of saturated bed material;  is the density of sediment-laden flow; S = total concentration of graded sediments. The second part Ⅱ in S is the key of the coupled solution, which represents the effects of the spatial variations of sediment concentration and bed deformation on flow momentum. These additional terms can be neglected using the uncoupled solution when simulating low-concentrated flows, which however exert a great effect on the transport processes of hyperconcentrated floods or the floods associated with significant channel evolution rates. 
[bookmark: _Hlk158390043]A cell-centered finite volume method was adopted to solve the governing equations based on unstructured meshes (Figure S1), which is able to accommodate irregular channel geometries in natural rivers. All the conserved variables are stored in a cell centroid, and the edges of a cell define the interfaces between this cell and its neighboring cells. In the current model, the key problems include the scheme for computing flow and sediment fluxes, treatment of the source terms, method of time integration, treatment of wetting and drying fronts and treatment of boundary conditions. Some treatments are similar to the study of Xia et al. (2010). Herein detailed descriptions are given about the HLL scheme to compute fluxes and the treatment of bed slope terms. 
[image: ]
Figure S1. Sketch of a control volume in a triangular mesh.
Integrating Formula (S1) over a control volume Ai yields: 
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where L=(E,G); Sb represents the bed slope terms and Sr denotes the rest source terms. The divergence form for the bed slope terms is introduced in the discretization of hydrodynamic equations (Valiani and Begnudelli, 2006), which is written as follows:
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Therefore, based on the assumption that U is the average value of the variables stored in a cell centroid, the area integral can be calculated by the line integral:
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where Г is the boundary of Ai;  is the outward vector normal to the boundary Г. After introducing a rotation matrix T, the flux can be transferred as . Then the final discretization form of Formula (S1) can be written as follows: 
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[bookmark: _Hlk158388339][bookmark: _Hlk158666424]where i and j denote the neighboring cells;  is the approximate Riemann solver;  is the length of the edge between these two cells; Uij and Uji are the reconstruction of U on the two sides of the interface Г using the monotone upstream centered scheme for conservation law form (MUSCL), with the detailed procedure presented in previous studies (Xia et al., 2010).
Then the normal fluxes across an interface can be evaluated by:
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[bookmark: _Hlk158382476]where Wl, Wm and Wr are the characteristic wave speeds in the Riemann problem with the calculation form found in Wang and Liu (2000) and Wang et al. (2019); Ul=TijUij, Ur=TijUji; (vl,vr) = reconstructed tangential velocities on the two sides; ; and (Sk,l,Sk,r)=concentrations of the kth fraction sediment at the centroids of two neighboring cells. After the first component of fluxes () is calculated, the sediment fluxes can be obtained. 
The treatment of other source terms also has a great influence on simulation accuracy. The friction slope terms are calculated by a semi-implicit discretization method in the current study. In the additional terms caused by sediment transport and bed deformation, the gradient of sediment concentration is directly calculated by the sediment concentrations at three nodes of a specific cell, while the bed deformation rate is explicitly calculated by a difference method. The optimal TVD Runge-Kutta method is used to maintain the stability of solution and obtain second-order accuracy in time. The treatment about the classification of wetting and drying points can be found in Xia et al. (2010). 
(2) Treatments of key problems
The special treatments for some key parameters can be grouped into two types. One type is about the determination of roughness coefficient. The calibration of roughness coefficient is an important decision faced by the modelers, which is usually calculated by empirical formulas or represented by a comprehensive roughness coefficient (n). The empirical formulas of roughness coefficient were usually proposed for one dimensional (1D) modelling due to the lack of the lateral distribution of relevant hydrological indicators. Therefore, the roughness coefficients are set to different constants according to various land use types in the current module. 
The second group is about some parameters related to the calculation of sediment transport capacity and recovery coefficient. There is also a lack of studies about the determination of sediment transport capacity in the two-dimensional morphodynamic module. The sediment transport capacity in 2D models is calculated by the existing formulas adopted in the 1D models (Simpson and Castelltort, 2006; Xia et al., 2010; Yue et al., 2021). Therefore, the widely used sediment transport capacity formula proposed by Zhang et al. (2001) is adopted, which can be expressed by:
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where U = depth-averaged velocity; [image: ]= average settling velocity of non-uniform suspended load; =von Karman coefficient in muddy water, expressed by ; Sv = volumetric concentration for total sediment; and D50 = median diameter of bed material. The accuracy of this formula has been proved through a series of field and laboratory data (Xia et al., 2020).
The formula proposed by Wei (1997) is used in the current model to calculate the recovery coefficient αs,k, which is written as:
	

	
	(S10)


where the exponents bd and be are originally set to 0.3 and 0.7 for the deposition and erosion cases, respectively. 
The related parameters have been summarized in Table S1. The reference values of different parameters are also presented, which can be modified according to the measured hydrographs of water level, discharge and sediment concentration. 
Table S1 Input parameters in the integrated model 
	Classification 
	Parameters
	Description
	Reference value 

	Parameters related to flow
	n
	Comprehensive roughness coefficient for different objetcs
	0.015-0.065

	Parameters related to sediment transport capacity
	K
	Coefficient of the formula of sediment transport capacity
	2.5

	
	M
	Exponent of the formula of sediment transport capacity
	0.62

	Parameters related to recovery coefficient
	bd
	Exponent of the formula of recovery coefficient in case of deposition
	0.3

	
	be
	Exponent of the formula of recovery coefficient in case of erosion
	0.7



The bathymetry of the study area plays an important role in modelling accuracy. The reconstruction of digital terrain includes the topography of main channel and floodplains. The former is generated mainly based on the observed cross-sectional profiles, with the remote satellite images being used to determine the boundary of main channel. The topography of floodplains is generated based on the measured digital elevation data (CAD map). The calculation grids are built based on the SMS (surface water modelling system) grid generator, due to the advantages in computational speed and convergence rate of the solution. In addition, the parallel solution of OpenMP is used to accelerate the calculation in the current model. 

References
Simpson G., Castelltort S., 2006. Coupled model of surface water flow, sediment transport and morphological evolution. Computers & Geosciences, 32(10), 1600-1614.
Valiani, A., Begnudelli, L., 2006. Divergence form for bed slope source term in shallow water equations. Journal of
Hydraulic Engineering, 132(7), 652-665.
Wang, J. W., Liu, R. X., 2000. A comparative study of finite volume methods on unstructured meshes for simulation of 2D shallow water wave problems. Mathematics and Computers in Simulation, 53(3), 171-184.
Wang, Z. H., Xia, J.Q., Zhou, M.R., et al. 2019. Numerical modelling of hyperconcentrated confluent floods from the Middle Yellow and Lower Weihe Rivers. Water Resource Research, 55(3), 1972-1987.
Wei, Z.L., Zhao, L.K., Fu, X.P., 1997. Research on Mathematical Model for Sediment in Yellow River (in Chinese). Journal of Wuhan University of Hydrological and Electrical Engineering, 30(5), 21-25.
Xia, J. Q., Lin, B. L., Falconer, R. A., 2010. Modelling dam-break flows over mobile beds using a 2D coupled approach.
Advance in Water Resource, 33(2), 171-183.
Xia, J.Q., Wang, Z.H., Wang, Y.Z., et al., 2020. Development and Application of a Reservoir-Channel- Floodplain Coupling Model System for Flow and Sediment Transport in the Middle and Lower Yellow River. Journal of Basic Science and Engineering, 28(6), 652-665. (in Chinese)
Yue, Z.Y., Liu, Q.Q, Huang, W. et al., 2021. 2D well-balanced, coupled model of water flow, sediment transport, and bed evolution based on unstructured grids with efficient variable storage strategy. International Journal of Sediment Research, 36, 151-160.
Zhang, H.W., Huang, Y.D., Zhao, L.J., 2001. A mathematical model for unsteady sediment transport in the LYR, International Journal of Sediment Research, 16(2), 150–158.

6

image2.wmf
*

,

,,,

'()

bk

skskkk

Z

SS

t

raw

D

=-

D


oleObject2.bin

image3.wmf
2

22

,,

22

,,

,,*,

/

0

1

()

2

=,=,=,

2

1

()

2

()

b

bmb

bxfx

msm

byfy

k

skskkk

kk

Zt

huhv

h

Z

ghS

u

huv

ghTT

huxt

hugh

ghTT

hv

hvgh

g

huv

hS

SS

huShvS

rr

r

rrr

r

aw

-¶¶

éùéù

éù

-¶

éù

D¶

êúêú

-+

êú

êú

-

êúêú

¶¶

+

êú

êú

=+

êúêú

êú

êú

-

+

D

êúêú

êú

-

êú

êúêú

--

êú

ëû

ëû

êúêú

ëûëû

UEGR

Ⅰ

2

2

0

bmb

msm

Z

hS

v

yt

rr

rrr

éù

êú

êú

êú

êú

-¶

¶

êú

+

êú

¶¶

êú

êú

ëû

Ⅱ


oleObject3.bin

image4.wmf
,

bxb

TZx

=-¶¶


oleObject4.bin

image5.wmf
,

byb

TZy

=-¶¶


oleObject5.bin

image6.wmf
22243

,

fx

Tnuuvh

-

=+


oleObject6.bin

image7.wmf
22243

,

fy

Tnvuvh

-

=+


oleObject7.bin

image8.wmf
sw

rrr

D=-


oleObject8.bin

image9.wmf
(1'/)'

bsw

rrrrr

=-+


oleObject9.bin

image10.wmf
(1/)

msw

SS

rrr

=+-


oleObject10.bin

image11.emf
A

i

l

ij

U

i

U

L

S

L

n

n

x

n

y

S

R

U

R



j=1

j=2

j=3

i

A

j

Cell node

Cell center

x

y

U

j


image12.wmf
ddddd

iiiii

br

AAAAA

AAAAA

t

¶

+Ñ==+

¶

òòòòò

U

LSSS

g


oleObject11.bin

image13.wmf
2

,

*

2

,

00

0

1

0

2

=|=

1

0

2

0

00

bx

b

by

gh

ghS

ghS

gh

hh

=

éù

êú

éù

êú

êú

êú

êú

=Ñ·Ñ·

êú

êú

êú

êú

êú

êú

ëû

êú

ëû

SH


oleObject12.bin

image14.wmf
*

d|d

iri

AA

t

hh

=

GG

¶

D+×G=×G+D

¶

òò

U

LnHnS


oleObject13.bin

image15.wmf
=(,)

xy

nn

n


oleObject14.bin

image16.wmf
1

()

-

×=

LnTETU

%


oleObject15.bin

image17.wmf
33

1

*

11

11

(,)+|+()

i

ijijijijjiijijijijri

jj

ii

ll

tAA

hh

-

=

==

¶

=-D×D

¶DD

åå

U

TETUTUHnSU

%


oleObject16.bin

image18.wmf
()

×

E

%


oleObject17.bin

image19.wmf
ij

l

D


oleObject18.bin

image20.wmf
1,

1

1,234

11,

0

0

0

(,)*0,(,),(,)

00

0

ll

klm

lm

lrlrlrlr

rmkrm

rr

ifW

SifW

vifW

ifWS

vifWSifW

ifW

³

ì

ì

³

ì

³

ïïï

=<<==

ííí

<<

ï

ï

ï

î

î

£

î

E

E

E

EUUEEUUEUU

EE

E

%

%

%%%

%%


oleObject19.bin

image21.wmf
*(())/()

rllrlrrlrl

SSSSSS

=-+--

EEEUU


oleObject20.bin

image22.wmf
1

%

E


oleObject21.bin

image23.wmf
(

)

0.62

3

v

*

sm

50

m

m

0.0022

2.5ln

6

SU

h

S

D

gh

rr

kw

r

éù

êú

+

æö

êú

=

ç÷

-

êú

èø

êú

ëû


oleObject22.bin

image24.wmf
m

w


image25.wmf
k


oleObject23.bin

image26.wmf
0.41.68(0.365)

vv

SS

k

=--


oleObject24.bin

image27.wmf
*

,

*

,

   ()

0.001

   ()

()

d

sk

b

e

sk

bSS

a

ab

bSS

a

w

>

ì

===

í

<

î

，

，


oleObject25.bin

image1.wmf
txy

¶¶¶

++=

¶¶¶

UEG

R


oleObject1.bin

