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KEYWORDS Summary Flood routing processes in the middle Yellow River basin are complex since
Flood routing; they consist of three types of flood: bidirectional, convergent and divergent flood flows
Backwater flow; between the main channel and its tributaries. We propose three computation schemes
The middle Yellow to simulate the complex flood routing: a simple scheme for a single main channel with
River; no tributary or backwater, an improved schemes for convergent or divergent flow at
River morphology the confluence, and an improved scheme for bidirectional flow. The schemes are

examined by analyzing seven historical flood events and three scenarios of flood routing
in the middle Yellow River basin. The model was calibrated and validated based on the
simulation of three different types of flood. As compared with the observed hydrographs,
the results show that the model is able to simulate flood routing processes efficiently for
the study river (with Nash—Sutcliffe indices falling in the range 0.75—0.91). The model
demonstrates that flood routing during historical flood events (1962—2003) in the middle
Yellow River was altered under boundary condition changes. The shape of the hydrographs
changed from high and thin to low and wide, which was accompanied by a delayed occur-
rence and extended duration of peak flow after the 1960s. Moreover, these trends were
intensified after the early 1980s. Backwater resulted from divergent flows and bidirec-
tional flood flows. An analysis of combined boundary conditions shows that flood wave
volume has the strongest impact on flood duration, peak discharge and water level, the
time of occurrence of peak discharge, and the magnitude of backwater. River bed slope
has the second strongest impact on flood duration and the magnitude of backwater.
Channel roughness has the second strongest impact on peak discharge and water level.
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Introduction

Floods are one of the most common hazards in the middle
Yellow River basin, China (Yu and Lin, 1996). Heavy flood
events transport sediments from upstream to downstream
and lead to changes of river channel morphology and flood
routing processes (Speight, 1965; Beven et al., 1988; Carson
and Griffiths, 1989; Wharton et al., 1989; Marston et al.,
1995; Wyzga, 1997; Lee and Chang, 2005; Webb and Leake,
2006). One of the distinctive features of flood disasters in
the middle Yellow River is that they mostly result water
from backing up from downstream to upstream (Qian,
1992; Wang, 2004). Backwater from downstream dam and
releases from tributaries extended the areas of floodplain.
For decades, impacts of flood disasters of backwater have
grown in spite of increasingly improved defence measures
(Wang et al., 2005). From 1964 to 2003, there were 28 flood
disasters of backwater from the middle Yellow River to the
lower Weihe River (State Flood Control and Drought Relief
Headquarters, 1992). These floods resulted in huge eco-
nomic losses, increased inundated farmlands, and de-
creased crop productivity (He et al., 2006). An increased
understanding of evolution of flood routing of backwater
in the middle Yellow River would improve risk analysis and
regional emergency response. Because the middle Yellow
River is one of the major rivers in the world, the conse-
quences of flood events in the middle Yellow River repre-
sent an international concern.

River channel morphology has significant impacts on
flood routing. Quantification of the impacts involves
estimating peak flow and characterizing hydraulic parame-
ters. There were many previous efforts assessing the
impacts of channel morphology on floods (Speight, 1965;
Beven et al., 1988; Carson and Griffiths, 1989; Wharton
et al., 1989; Wyzga, 1997; Lee and Chang, 2005; Webb
and Leake, 2006). Speight (1965) studied the relationship
between flow and channel characteristics and disclosed that
migrating wide triangular channel cross-sections dominated
by point-bars were more capable of carrying the most prob-
able annual flood than fixed narrow rectangular sections
dominated by levees with a sandy bed and silt—clay banks.
Beven et al. (1988) examined the relationship of morphol-
ogy to runoff routing and production in flood routing. They
pointed out that morphology may be used as a clue to study
hydrological responses. Based on the analysis of changes in
vertical channel position and variations in flood flows,
Wyzga (1997) revealed the importance of channel incision
for increasing flood hazard to downstream reaches.

Many models for simulating flood routing were derived
from the Saint-Venant equations (Daluz, 1983; Cunnane,
1988; Ramamurthy, 1990; Camacho and Lees, 1999; Carriv-
ick, 2006) and other simplified wave models such as the
kinematic wave, non-inertia wave, quasi-steady dynamic
wave, and gravity wave approximations (Walters and Cheng,
1980; Begin, 1986). The model introduced by Chung et al.
(1993) analyzed the response functions of flood wave move-
ment in a semi-infinite channel and in a finite channel under
general conditions. The model considered effects of down-
stream boundary conditions on diffusive flood routing and
the magnitude of backwater. In their model, the inflow
flood hydrograph was controlled by three parameters: the
time to peak, the base time, and the peak discharge. Schu-

urmans et al. (1995) used linearized Saint-Venant equations
to analyze open-channel flow with backwater effects. The
model emphasized the effects of backwater on frequency
underestimation in the neighbourhood of the resonance in
flood routing. Thorne and Furbish (1995) found that bank
roughness essentially has backwater effects that resist sur-
face flow downstream. Tsai (2005) theoretically investi-
gated unsteady flow routing with downstream backwater
effects in a mild-sloped river on the basis of linearized
Saint-Venant equations and other routing models. The com-
mon issues reported in previous studies are that simplified
kinematic wave and gravity wave models were unable to ac-
count for the downstream backwater effect and were not
suitable for modelling the flood wave propagation in mild-
sloped rivers.

These previous studies mostly dealt with the general form
of flood routing. There is no appropriate solution to simulate
the flood wave propagation with a downstream backwater ef-
fect of complex flood routing (such as bidirectional flow, con-
vergent and divergent flows between the main channel and
tributaries). At the same time, characteristics of different
drainage systems affect flood differently, in terms of both
duration and intensity (Goel et al., 2000). The characteristics
include runoff volume, peak flow, and drainage channel mor-
phology. Special attention needs to be paid to the investiga-
tion of the distinctive drainage characteristics of the middle
Yellow River in the study of flood routing. On the other hand,
the influence of tributary floods on the behaviour of water
flows in the main channel has not been well studied in the
middle Yellow River basin. There is a need to analyze the con-
current floods of multiple tributaries for improving our under-
standing of flood routing processes and the associated
tributary drainage characteristics in a river basin.

The objective of this paper is to investigate the character-
istics of flood wave propagation under different flood routing
boundary conditions. By referencing to historic flood records
in the study area, we analyze the impacts of flood propaga-
tion on regional environmental properties. This study exam-
ines the three computation schemes that we proposed for
simulating the complex flood flows in the different boundary
conditions and of varying inherent hydraulic features. These
schemes are: a simple scheme for single main channel with no
tributary and backwater, an improved scheme for convergent
or divergent flow at the confluence, and an improved scheme
for bidirectional flow. The simulation analysis improves our
understanding of flood routing of backwater and complex
flood flow evolution in the middle Yellow River.

Study area

The study area is located in the basin of the middle Yellow
River (between Tongguan and Huaxian) at a latitude be-
tween 35°N and 38°N, and a longitude between 105°E and
112°E (Fig. 1). We focus on the main stem and its two trib-
utaries, the Weihe River and the Luohe River. The Luohe
River is the tributary of the Weihe River which flows into
the middle Yellow River at Tongguan. The elevation of
Tongguan rules the base level of the Weihe River, and influ-
ences the operation behaviours of the Sanmenxia Reservoir
(construction in 1957—1960 and reconstruction in 1969—
1978).
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Figure 1  Location of study area in the middle Yellow River basin.

Annual precipitation in the study area ranges from
300 mm to 1000 mm per year. About 48% of the annual total
(145—480 mm) falls in the summer season (from July to Au-
gust) in the form of rainstorms (rainfall amounts are over
50 mm in 24 h). Floods occur frequently after rainstorms.
They transport large amounts of sediments along the Weihe
River and the middle Yellow River and deposit them in the
lower Weihe River. The fluvial sediments gradually change
river channel conditions, such as river bed elevation and
roughness. Improper human activity, such as the construc-
tion of Sanmenxia Dam also contributed to the shrinkage
of river channels in the study area. Consequently, backwa-
ter was caused in the middle Yellow River basin due to
hydraulic condition changes.

The evolution of flood routing processes was examined at
six cross-sections along the Weihe, Luohe River and middle
Yellow Rivers. There are four water-gauge cross-sections
from upstream to downstream in the Weihe River: Huaxian,
Chenchun, Huayin and Tongguan. Two other cross-sections
are at Zhaoyi in the Luohe River and at Shanyuantou in
the middle Yellow River.

Material and methods
Data

In this study, input data to the simulation model include
topographic, hydraulic and hydrometric datasets. Topo-
graphic data, such as river channel roughness, river bed
slope, and distance between particular cross-sections,
are extracted from the 30-m Digital Elevation Model
(DEM, from IRSA, CAS). Hydraulic and hydrometric data
such as flood flow radius, width, and cross-section area,
and flood flow velocity, discharge and water level in each
cross-section are obtained from gauge data compiled in
the State Flood Control and Drought Relief Headquarters
(State Flood Control and Drought Relief Headquarters,
1992). Gauge data of 11 flood events are collected in dif-
ferent time periods from 1954 to 2003, of which four flood
events are used to calibrate the model, and four others are
selected to examine the model efficiency through simula-
tion results.
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Computational schemes for complex flood flow
evolution

Classification for steady and unsteady flow is necessary in
describing the flows of interest. The simplest steady flow
is uniform flow, in which no flow variable change with dis-
tance, and every flow variable is a constant with respect
to distance and time (Keskin and Agiralioglu, 1997). Differ-
ent from uniform flow is non-uniform flow, which can be
further divided for both gradually varied flow and rapidly
varied unsteady flows, and the same general rules for anal-
ysis apply as for steady flow. Flow zones can be viewed as
under the 1-D flow assumption; thus, the method of analysis
for steady and unsteady flow is the same in this respect.
Based on Saint-Venant equation, the solution scheme of
the steady or unsteady flow equations depends on the scheme
of its numerical solution (Cunnane, 1988; Ren and Cheng,
2003). In this study, the flow routing process of backwater
evolution during a flood event is viewed as one dimensional
unsteady flow described with the Saint-Venant equation
based on equations of continuity and momentum as below,

6Q+BcZ q
o 0 e m 1
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where Q is flood discharge (m3/s), x is the coordinate hori-
zontal in flow direction, B is the velocity of propagation of
the kinematic wave (m/s), Z is water level (m), g, is the lat-
eral inflow per unit time per unit channel length (m?/s), t is
the time (s), Vis flood flow velocity (m/s); g is acceleration
due to gravity (m/s?), A is cross-sectional area of the flow
(m?); Ry, is the hydraulic radius (m), nm is Manning roughness
coefficient.

The friction slope St is approximated by Manning’s equa-
tion (Keskin and Agiralioglu, 1997):

S, = V||
f = Tyas (2)
V=1Rs)?
Nm

where S¢ is the friction slope, ny, is the Manning’s roughness
coefficient, Ry, is the hydraulic radius (m), and V|V| replaces
V2 to account for the possibility of flow reversal.

Supposing that at time t at the ith reach the channel
roughness coefficient is nf, the estimated channel roughness
changes at time At + t due to sediment variation (AV;). This
can be described as below (Keskin and Agiralioglu, 1997;
Ren and Cheng, 2003):

t+At __ t AS;
et =ni —C, -3

At
nt+At { 0 5nt:0
! 1.5n¢=0,

nfAt < 0.5n!0 (3)
niAt > 1.5n¢=0

where C, is adaptable empirical coefficient, AV is sediment
variation and is marked as a positive value when the channel
bed is silted and as a negative value when it is scoured
(10° m3), At is the time change from the previous time step
to the present; n,?:" is the initial value of the channel rough-
ness coefficient at the ith reach, and is defined through field
work.

We use the Preissmann three-point implicit scheme (He
et al., 2006) to solve the channel flow equations and avoid

the disturbing effect of the numerical diffusion on the re-
sults of modelling. The flow domain is divided into a number
of flow reaches. Accordingly, for a point like ‘p’ located in a
rectangular grid, the average values and derivatives are gi-
ven by
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where f is the function of Q, Z, A, V. The subscript of fis the
identity of different river reaches; the superscript of f de-
picts different time periods. is the time weighting coeffi-
cient. Ax; is the length of the ith reach in a river. On
substituting the average values in Eq. (1) for the appropriate
items in Eq. (4), the following equations are obtained:
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The approaching method was used to estimate flood influ-
ence on kinematic wave propagation based on the upper
boundary conditions of flood discharge.

Suppose that y is an unknown vector at the time of n + 1,
then the general form of Eq. (5) can be represented as

Vi =F(Vi1) 7)

where the subscripts i and i + 1 are times of iterative com-
putation. This iterative computation process is achieved by

Vier = o + (1 — )i (8)
and ends up in case of
max |y — Viq| <o 9)

where ¢ is the value of the control parameter and w is the
lax factor. In iteration, the value of previous time step is
viewed as the initial value in the next time step.

Boundary conditions are key factors in computation of
hydrological modelling. Based on former studies (Mossel-
man, 1995; Keskin and Agiralioglu, 1997; Ren and Cheng,
2003), we develop three computation schemes to simulate
the complicated flood flow evolution according to the com-
plex flood flow situation in the middle Yellow River: a simple
scheme for single main channel with no tributary and back-
water, an improved scheme for convergent or divergent
flows at the confluence (Weihe River and Luohe River,
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flood water levels and discharge in the main channel where

80
there are no tributaries and backwater.

Weihe River and middle Yellow River), and an improved
scheme for bidirectional flows (Fig. 2).

Improved boundary scheme for convergent and

divergent flow
Two assumptions are proposed for the situation when there
is a slight amount of flood flow backwater at the confluence
between the Weihe River and the Luohe River. First, we ne-
glect the resistance influence of backwater on the boundary
conditions. Second, we assume that convergent flow dis-
charge has a positive value (from the Luohe River to the
Weihe River), and divergent flow discharge has a negative
value (from the Weihe River to the Luohe River). As is shown

in Fig. 2A, we define the boundary condition as

Simple boundary scheme for single main channel

If there are no tributaries and backwater in a single channel,
then the boundary condition of Eq. (1) is defined as below:
(10)

ZZH = ZN 3 O
where Q™" and Z"" are the flood discharge and the water

level at the nth time step, Q; and Zy are the initial flood
flow discharge and water level, t,.q is the time step at

{ ?H = Q1 . tn+1

n+1. Eq. (10) is used as the boundary conditions, since it
describes the relationship between initial status and flood
discharges and water levels in next time interval from up- QL+ =qQy!
stream to downstream. The approaching method is used et 2 et 2
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Figure 2 Computational schemes of flood routing of backwater in the middle Yellow River basin.
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Therefore, Eq. (12) may be written as
Q" =FaZi’ + Gic
7o = 757+ AZG (14)

n+1 __ n+1 n+1
Zb1 _Zc1 +AZb1c1

where

Azt o (@t ety
alcl = 2¢ Acy At

(15)
1 QIZ+1 2 Qn+1 2
0z5h =5 | (%) - (&) ]
The approaching coefficients are defined as
{Fc1:Fa1+Fb1 (16)
Get = Gat + Gyt + Far - AZJ Y + Fi - AZ,

When the flood water level at cross-section ¢; (Z4, at the
convergence) is obtained, we can calculate the flow dis-
charge at cross-section ¢; (Q.1), and water levels at cross-
section a; (Z,1, in the Luohe River) and b4 (Z1, in the Weihe
River).

At the confluence of the Weihe River and the middle Yel-
low River, there are huge amounts of flood flow conver-
gence, divergence and backwater, and resistance
influence of backwater cannot be neglected. For the pur-
pose of the simulation, we assume that convergent flood
flow discharge has a positive value (Fig. 2B, from Weihe Riv-
er to the middle Yellow River), and that divergent flood flow
discharge has a negative value (from the middle Yellow Riv-
er to the Weihe River). Models are constructed to simulate
these two different flood flow situations. The boundary con-
dition from the middle Yellow River to the Weihe River is
defined as

Qn+1 + Qn+1 _ Qn+1
Z' + M =Zo+(1+ <) Un; i
o (A ) (17)
2+ Y = 2o+ (14 )
o (BG0 T)
TR

where U, Uy, and U, are average flood flow velocities at
cross-sections of the middle Yellow River (cross-section
a,, main channel), the Weihe River (cross-section b,, tribu-
tary), and the convergence (cross-section ¢;); Ras, Ry and
R, are hydraulic radii at each cross-section (cross-section
a,, b, and ¢;); ng, np; and ne, are Manning roughness coef-
ficients at each cross-section (cross-section a,, b, and ¢;);
AXg2 and AXp,, are distances from the main channel
(cross-section a,, the middle Yellow River) to the conflu-
ence section (cross-section ¢;), and from the tributary chan-
nel (cross-section b,, the Weihe River) to the confluence
section (cross-section ¢;); (a2, (p2c2 are regional resistant
coefficients from the main channel (cross-section a,, the
middle Yellow River) to the confluence section (cross-sec-
tion ¢;), and from the tributary channel (cross-section b,,
the Weihe River) to the confluence section (cross-section
C;). The rest of the parameters have the same physical
meaning as indicated above. Based on the boundary condi-

tions of Eq. (17), flood discharge and water levels from
the middle Yellow River to the Weihe River can be
computed.

The boundary condition from the Weihe River to the mid-
dle Yellow River is defined as

Qn+1 + Qn+1 _ Qn+1

(U n+1 2

22;1 = ZcZ + ( + éaZcZ) g
Mgg [ MWUR"? AN wyh?
+= ( R4/3 + R‘” (18)
un+1 2 n+1
25+ Y = Zip 4+ (14 ) B

Ax (Un+1 (U" 1
+ %sz ( a2 + bZR‘“3

RuZ b2

where AXgp, is the distance from divergence (cross-sec-
tion a,) to the tributary channel (cross-section b,, the
Weihe River); (.12, is the regional resistant coefficient
from the main channel (cross-section a,, the middle Yellow
River) to the tributary channel (cross-section b,, Weihe
River). Using Eq. (18), flood discharge and water levels
from the Weihe River to the middle Yellow River can be
computed.

Improved boundary scheme for bidirectional flow

The improved boundary scheme for bidirectional flow fo-
cused on modelling two flood flows of similar magnitudes
travelling in opposite directions. Other cases of bidirec-
tional flows of different magnitudes have been considered
in the improved boundary scheme for convergent and diver-
gent flows. The type of backwater in bidirectional flood flow
is relatively rare. Bidirectional flood flows occur when back-
water flows back from the middle Yellow River to the Weihe
River (Fig. 2C). When two flood flows in opposite directions
meet, a zero flood discharge will occur. Therefore, we can
define that as,

Q:‘In-:'l _ QIH—1 0
Zn+1 ZI‘H—1

m =

(19)

and approaching coefficients in Eq. (5) can be calculated
from Eq. (19). However, the confluence cross-section of
the two bidirectional flows is relatively difficult to locate
as it relates with the state of ebb-and-flow of the two flood
flows, and varies with time. Therefore, we use an explicit
difference solution to solve the problem and to calculate
flood flow parameters at time step of nAt.

The computation time interval (At) is one of the key
parameters in our model simulation. Two factors are
important in choosing the time step in the computation.
First, the interval should be short enough to accurately
describe the rise and fall of the hydrographs being routed.
Second, the computation interval should be adjusted by
variations of hydraulic features, such as boundary
conditions. By considering the propagation of peak
discharge and water level, we define time interval (At)
and distance interval (Ax) by the functions described as
below
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At=05 t<t-05
At=1t,/20 1-05<t<7t+2t
At=T,/20 t>t+2¢t,

AX = ¢ - At

(20)

where At is the time interval (h), t, is the time of first
occurrence of peak discharge (h), T, is the time of peak dis-
charge occurrence in selected cross-section (h), ¢ is the
time of peak discharge occurrence in the outlet (h), C; is
the celerity of flood wave propagation (m/s), and At is
the distance interval (m). The time intervals range from
0.5 to 1 h. The distance intervals range from 3.1 to 5.5 km
for 13 reaches. The ratios of time interval to distance inter-
val (At/Ax) are between 3.5 and 6.3.

Variations of the roughness friction parameter n,, in Eq.
(2) increase in relation to the highest wave number. That
might result in a wave speed greater than in reality. In these
situations, it usually causes computational instabilities. This
numerical scheme needs a dissipation mechanism in order to

Table 1 Channel configurations used in the study

eliminate accumulation of dispersion errors. Therefore, it is
advisable to increase the coefficient of time weighting
parameter, 0. Time coefficients are usually defined as 0.3—
0.65 depending on the situation of roughness coefficient.
After a series of adaptations, C, in Eq. (3) ranges from 0.4
to 0.6. Considering the complex of land surface conditions
in the middle Yellow River, we define 0 as 0.6 and the rough-
ness coefficient as 0.032. Estimation of channel roughness in
flood routing is based on Eq. (3). To calculate the channel
roughness during different routing times, we need to know
the initial roughness. The initial roughness is defined by fol-
lowing steps. First, after accounting for flood water levels at
different discharges for each gauge cross-section, we can get
iso-surfaces of those discharges. Second, we can get initial
roughness values when the simulated water levels are com-
pared with gauged water levels by adapting roughness values
(Table 1). Some of these parameters are determined based
on the experience of experts combined with referencing to
historic observation records and literatures from USGS.

Parameters

The Luohe River

The Weihe River The small north
mainstream
(downstream of

the middle Yellow River)

Channel type

Channel length (km)
Average channel 1952—1964
width (m) 1964—1986
1987—-2003
Average channel 1952—1964
slope (%) 1964—1986
1987—2003
Initial Manning’s 1952—1964  Discharge = Manning’s
roughness (m3/s) roughness
100 0.017
500 0.016
1000 0.016
2000 0.015
4000 0.014
8000 0.012
>10000 0.010
1964—1986 100 0.022
500 0.021
1000 0.020
2000 0.019
4000 0.018
8000 0.017
>10000 0.015
1987—-2003 100 0.028
500 0.027
1000 0.025
2000 0.025
4000 0.024
8000 0.023
>10000 0.021

Variable cross-section interval (Ax, km)
Grid element number
Ratio of spatial—temporal interval (Ax/At)

Rectangular Rectangular Rectangular
154 155 132.5
80—100 150—180 180—240
90—120 180—230 200—240
100—150 200—250 210250
3.5 3.2 2.8

2.7 2.3 2.5

2.2 1.4 2.4

0.15 0.14 0.19
0.17 0.21 0.20
0.23 0.31 0.28

3.1 5.5 3.5
163650 294600 278250
3.5 6.3 4.2
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In the study area, two upstream channels meet and form
a larger channel at the junction point (Fig. 1). According to
the geometry, the values of each parameter associated with
the routing are functions with time because of channel mor-
phology changes. The physical setups of the model are
shown in Table 1. The modelling works on each of the total
of 736 500 elements of the river discretized with lengths on
the basis of DEM resolution (30 m). Other discretized
schemes were described in the Methodology section. For
example, the time intervals range from 0.5 to 1 h, the dis-
tance intervals range from 3.1 to 5.5 km for 13 reaches or
the ratios of time interval to distance interval (At/Ax) are
between 3.5 and 6.3.

Calibration and validation of the model are performed
through four flood events (July 27—31, 1962; June 25,
1968; August 28, 1970; September 25—October 5, 1983).
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Figure 3

Parameter values are adjusted from the initial estimates gi-
ven in the model within the acceptable ranges to achieve
the desired proportion after simulation by using the trial-
and-error method. The model was calibrated by considering
all the possible combinations of parameters. This procedure
is repeated until optimal parameter values are found by
comparing the simulated and observed rainstorm—flood
event data. Coefficient of Model Efficiency (CME, Nash and
Sutcliffe, 1970) and Root Mean Square Error (RMSE) are used
to evaluate model efficiency.

Flood contribution index
An index was developed to evaluate the contribution of
river bed slope, channel roughness, and water volume
amount to flood wave propagation. This contribution index,
Cl, can be represented as

4000 . 335
Huayin Water level
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1000 s S
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Calibrating simulation of the flood routing model in the middle Yellow River basin for the floods of July 27—31, 1962;

June 25, 1968; August 28, 1970; September 25—October 5, 1983. (A) Model calibration for unilateral flow routing in the Weihe River
(simple scheme; Juny 25, 1968 (m a.s.l)). (B) Model calibration for flood routing in the Weihe/Luohe Rivers (improved boundary
scheme; August 28, 1970). (C) Model calibration for flood routing in the Weihe/middle Yellow Rivers (improved boundary scheme;
July 27—-31, 1962). (D) Model calibration for bilateral flow in the Weihe River (improved boundary scheme; September 25—October 5,

1983).
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Figure 3 (continued)

c:—Pj/iP,-

i=1

where Cl value is between 0 and 1. The higher the index
value the greater the contribution of a given parameter to

flood wave propagation. P; is simulated value of a certain
variable (such as river bed slope, channel roughness, and
water volume) in a given scenario (such as roughness of
1962 and 2003, river bed slope of 1962 and 2003); > P; is
the total value of a certain variable in all designed scenarios.
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Results and discussion

Simulation of three computational boundary
schemes in flood routing

Results of simulating flood routing processes for the three
computational schemes are presented below. Before ana-
lyzing the modelling results, we first describe calibration
and validation of the model.

Model calibration and validation

The model was calibrated and the results were validated
(Fig. 3) with the runoff measured during four flood events
(July 27—31, 1962; June 25, 1968; August 28, 1970; Septem-
ber 25—0ctober 5, 1983). The validation was based on mea-
sured and estimated discharges and water levels at various
stations and flood events. The coefficients of the model effi-
ciency (—oo<CME<1; Nash and Sutcliffe, 1970) ranged
from 0.83 to 0.91 (Table 2). Root Mean Square Errors
(RMSEs) fall within 34.6—39.4m3/s for flow discharges,
and 0.14—0.29 m for water levels. The measured hydro-
graphs are highly variable in time. In most scenarios, the
modelled results consistently matched the measurements
performed during all flood events on particular rivers. A ma-
jor error in simulating runoff corresponded to the duration
of peak flows. The model was able to describe the magni-
tude of backwater generated due to an abrupt fluctuation
of boundary conditions with tolerable errors. The boundary
conditions for the cross-sections in the Weihe River/the
middle Yellow River are the most complex. However, the
model performance of simulating flood characteristics on
the complex boundary conditions is satisfactory (Fig. 3C).
The Coefficients of Model Efficiency (CME) of the modelled
discharge and water level are 0.77 and 0.83 for the flood
event in July 27—31, 1962. Root Mean Square Errors (RMSE)
of discharge and water level are 39.4 (m3/s) and 0.29 m,
respectively.

Simple boundary scheme for single main channel

Results from simulating unilateral flow in the Weihe River
for the flood event on July 6—8, 1990 were based on the pro-
posed simple boundary scheme. Hydrographs in the river are
relatively simple as there are no tributary flows or backwa-

ter in the routing process. Unilateral flow routes along a sin-
gle channel and usually happens during non-flood seasons or
in relatively small flood events (State Flood Control and
Drought Relief Headquarters, 1992). Estimated hydrographs
of discharge and water level were developed for the gauge
cross-sections of Huaxian, Chenchun, and Huayin. Fig. 4
shows the observed hydrographs and simulation results on
the basis of a simple boundary scheme for a single main
channel. It can be observed that the rising limbs and the
recession limbs of the hydrographs have almost the same
slopes at successive gauges. This indicates that flood routing
along the single channel is mostly dominated by temporal
distribution of rainstorms. Importantly, backwater does
not exist in this situation. By comparing the observed hydro-
graphs and the simulation results in simple boundary
schemes, Table 2 shows model efficiency for single main
channel in the event of July 6—8, 1990. Coefficients of Mod-
el Efficiency (CME) of discharge and water level are 0.83 and
0.85 (July 27—31, 1962), whereas Root Mean Square Error
(RMSE) of discharge and water level are 43.3m3/s and
0.21 m (July 27—-31, 1962).

Improved boundary scheme for convergent and
divergent flow

We adopted the improved boundary scheme for convergent
and divergent flow to the river segment from the middle
Yellow River to the Weihe River for the flood event in August
3—4, 1977. Backwater in this river segment happens when
flood flows from the Weihe to Luohe Rivers converge syn-
chronously, or when a greater flood on the middle Yellow
River than that on the Weihe results in flow divergence at
the confluence of the Weihe and Louhe Rivers (Fig. 2). Ob-
served hydrographs and simulated results for convergent
and divergent flows in the river segment and for the four
flood events between 1977 and 2003 are displayed in
Fig. 5 (the Weihe and Luohe Rivers) and Fig. 6 (the middle
Yellow River and Weihe River). By comparing with the uni-
lateral flood flow, the hydrographs of convergent and diver-
gent flood flows show distinctive behaviours. The rising
limbs have much steeper slopes than the recession limbs
in the routing process in the Weihe and the middle Yellow
Rivers. In the Weihe and Luohe Rivers, the rising limbs have
relatively gentler slopes than the recession limbs. The mag-
nitude of backwater in the Weihe River/Luohe River (Fig. 5)

Table 2 Evaluation of the efficiency of the proposed flood routing model based on simulated peak discharges and water levels
for seven historical flood waves in the middle Yellow River basin

Nash—Sutcliffe coefficient RMSE
Flow discharge Water level Flow discharge (m3/s) Water level (m)
July 27—-31, 1962 0.77 0.83 39.4 0.29
June 25, 1968 0.89 0.84 34.6 0.28
August 28, 1970 0.83 0.87 37.7 0.25
August 3—4, 1977 0.80 0.78 47.2 0.26
September 25—October 5,1983 0.91 0.87 37.6 0.14
July 6—8, 1990 0.83 0.85 43.3 0.21
June 6, 1992 0.87 0.83 41.8 0.20
August 25, 2003 0.75 0.79 52.3 0.34
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was much smaller than that in Weihe River/the middle Yel-
low River (Fig. 6), although the backwater in both rivers
traced back to Chenchun. At Tongguan fluctuation of flood
wave in the Weihe/Louhe Rivers (Fig. 6), occurred more fre-
quently than that in the Weihe/the middle Yellow Rivers
due to flood flows (Fig. 5). This phenomenon was due to
the greater magnitude of backwater effects displayed in
Fig. 6. Model efficiency of evaluating the improved bound-
ary scheme for convergent and divergent flow was summa-
rized in Table 2. Coefficients of Model Efficiency (CME) are
0.80 for the event in 1977 and 0.75 for the event in 2003
for flow discharge, and 0.78 (1977) and 0.79 (2003) for
water level. Root Mean Square Errors (RMSE) are 47.2 and
52.3m>/s for the flow discharge in 1977 and 2003, and
0.26 and 0.34m for the water level in 1977 and 2003,
respectively.

The analysis of flow routing processes for the four flood
events in 1962, 1970, 1977, and 2003 indicates that backwa-
ter usually occurred when flow discharges in the main river

H. He et al.
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were greater than that in tributary. For example, the ob-
served peak discharges at Shanyuantou on the middle Yel-
low River and at Huanxian on the Weihe River amounted
to 10,400 and 3750 m®/s in 1962, to 8140 and 4320 m®/s in
1970, to 4470 and 9460 m3/s in 1977 and to 5670 and
4250 m3/s in 2003. The occurrence of backwater in the
Weihe River was based on function (21) by analyzing the
relationship between flow discharges and water levels in
the Weihe River

SoqHy <0

Qumaxte - vV Qux = 25
Ve = 0.06

(21)

where Spq_ny is the slope of water level from Diaogiao to
Huayin, Qmaxtc is the peak discharge at Tongguan (m3/s),
v/Qux is the daily mean flow discharge in a given year
(m3/s), and V,1g is the rate of water level rise (m/h). The
end of backwater reached peak values around the time that
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Figure 6 Simulation of flood flow in the Weihe/middle Yellow Rivers (improved boundary scheme; August 25, 2003).

peak flow occurred in Tongguan. For example, backwater discharge in Tongguan (41st hour in 1962, 52nd hour in 1977,
occurred 2—3 h earlier in Huanyin (39th hour in 1962) and 135th hour in 2003) in 1977 and 2003, respectively. How-
Chenchun (49th hour in 1977, 133rd hour in 2003) than peak ever, the shapes of the hydrographs (both flow discharge
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and water level) at the end of backwater (such as Huayin
and Chenchun) were similar to those of the hydrographs in
Tongguan.

Improved boundary scheme for bidirectional flow

The results of simulating bidirectional flow in which two
floods of similar magnitudes converge in the opposite direc-
tions were examined using data from historic flood records.
One example of the occurrence of backwater resulting from
bidirectional flow was on Jun 6, 1992 when flood water flo-
wed from the middle Yellow River (5200 m3/s in Shanyuan-
tou) to the Weihe River (4550 m3/s in Huaxian). Fig. 7
shows the observed hydrographs and simulated results for
this event. A magnitude of the backwater resulting from
bidirectional flow is relatively small compared with that
which occurs when flood flow diverts from the main stream
to the tributary. The rising limbs and the recession limbs
fluctuated due to the effect of backwater. Table 2 listed
model efficiency of improved boundary scheme for bidirec-
tional flow (June 6, 1992). Coefficients of Model Efficiency
(CME) of discharge and water level are 0.87 and 0.83 (June
6, 1992), whereas Root Mean Square Errors (RMSE) of dis-
charge and water level are 41.8 m3/s and 0.20 m (June 6,
1992).

Through the analysis of seven historical flood events in
the middle Yellow River basin (1962, 1970, 1977, 1983,
1990, 1992, and 2003), the model identified that the shape
of the flood hydrographs changed over time from high and
thin to low and wide (Figs. 3—7). These changes were
accompanied by a delayed occurrence and an extended
duration of peak flow of progressively later floods. These
trends were intensified from the early 1980s. For example,
flood hydrographs at the Huaxian gauge demonstrate that
peak discharges, water levels, flood durations and backwa-
ter conditions changed considerably between 1962 and
2003. Peak discharges of the floods of 1962 (3750 m3/s)
and 2003 (3595 m3/s) were similar. However, since 1962
peak water level raised by 8.8 m (333.2 ma.s.l. in 1962
and 342 m a.s.l. in 2003), the occurrence of peak flow de-
layed by about 99 h (10th hour in 1962 and 109th hour in
2003), and flood duration (with threshold discharge being
950 m3/s) extended by 177 h (42h in 1962 and 219 h in
2003). In turn, flood hydrographs at the Tongguan gauge

show that the peak discharge of the 2003 flood (5200 m3/
s) amounted to only one-third of that in 1962 (15,300 m3/
s) but flood duration (with threshold discharge being
950 m3/s) extended by 137h (89 h in 1962 and 226 h in
2003). Backwater traced back for 23 km (Chenhun in 1962
and Huanyin in 2003), and peak discharge of the backwater
increased by 95 m3/s (—18 m*/s in 1962 and —103 m3/s in
2003). From the above information it is evident that flood
flow propagation in the middle Yellow River basin experi-
enced significant change during the study period.

Effects of boundary conditions on flood routing

Boundary conditions of river flows refer to geometric fea-
tures and surface roughness of the river channel at given
water volumes. We analyzed the effects of boundary condi-
tions on flood routing processes based on the case of the
lower Weihe River channel. This river channel has been
shaped by the interaction between fluvial erosion and depo-
sition, and channel morphology for centuries (State Flood
Control and Drought Relief Headquarters, 1992). After the
construction of the Sanmenxia Reservoir in the 1960s, fluvial
deposition became the dominant factor for alteration of the
channel morphology in the lower Weihe River (He et al.,
2006). In return, the altered river channel boundary condi-
tions imposed significant impacts on flood routing, espe-
cially for backwater (Table 1).

Table 3 presents the combinations of simulating flood
routing with the features of backwater under different sce-
narios. The results identified those parameters of the model
which affected flood routing in the lower Weihe River.
These parameters are river bed slope, channel roughness,
and water volume. The simulation scenarios were consid-
ered in two categories. In the first category, the channel
roughness and river bed slope of 1962 and 2003 are com-
bined with the boundary conditions of 1977 (Table 3; For
example, water volume 1B-roughness of 1962 and river
bed slope of 1962, r1962s1962; 1C-roughness of 1962 and
river bed slope of 2003, r1962s2003; 1D-roughness of 2003
and river bed slope of 1962, r2003s1962; 1E-roughness of
2003 and river bed slope of 2003, r2003s2003). In the second
category, the channel roughness and river bed slope of 1962
and 1977 are combined with boundary conditions of 2003
(Table 3; 2B-channel roughness of 1962 and river bed slope

Table 3 Designed scenarios of simulating flood routing in the lower Weihe River for combined initial boundary conditions

Types Combinations Initial discharge Initial roughness Initial slope
1A Gauged, r1977s1977 1977 1977 1977
1B r1962s1962 1962 1962
1C r1962s2003 1962 2003
1D r2003s1962 2003 1962
1E r2003s2003 2003 2003
2A Gauged, r2003s2003 2003 2003 2003
2B r1962s1962 1962 1962
2C r1962s1977 1962 1977
2D r1977s1962 1977 1962
2E 197751977 1977 1977

r is river bed roughness, s is river bed slope.
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of 1962, r1962s1962; 2C-channel roughness of 1962 and river
bed slope of 1977, r1962s1977; 2D-channel roughness of
1977 and river bed slope of 1962, r1977s1962; 2E-channel
roughness of 1977 and river bed slope of 2003,
r1977s2003). Two of the considered combinations of the
model parameters, namely 1A (channel roughness and river
bed slope of 1977, r1977s1977) and 2A (channel roughness
and river bed slope of 2003, r2003s2003) represent condi-
tions for the actually observed flows in the routing process.

By conducting simulations of flood routing on the basis of
the two above scenarios, we investigated the effects of riv-
er bed slope, channel roughness, and water volume on flood
routing in the lower Weihe River (Figs. 8 and 9). Below we
discuss the simulation results separately for each of the
boundary conditions.

Effects of different river bed slopes on backwater routing
Fig. 8 shows that with flood wave volume and channel
roughness of 1997, a reduction in river slope from 3.29,
(r1962s1962) to 2.09, (r1962s2003) would decrease peak
discharge at Tongguan by 1480 m*/s (14,560 m*/s of
r1962s1962 and 13,080 m3/s of r1962s2003), delay the
occurrence of peak flow by 1h (48 h of r1962s1962 and
49 h of r1962s2003), extended flood duration by 8 h (90 h
of r1962s51962, and 98 h of r1962s2003) and raise peak water
level by 0.5 m (327.5 m a.s.l. of r1962s1962 and 328 m a.s.l.
of r1962s2003). However, under both boundary conditions,
backwater would trace back to Chenchun. Fig. 9A and B
shows that backwater flow at Chenchun would present dif-
ferent behaviours. Peak discharge of backwater would in-
crease by 7 m3/s (—8 m3/s of r1962s1962, and —15 m>/s of
r1962s2003), and would occur 3 h earlier (45h of
r1962s1962 and 42 h of r1962s2003), backwater duration
would increase by 4h (8h of r1962s1962, and 12 h of
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r1962s2003), and water level would be higher by 0.2 m
(328.5m a.s.l. of r1962s1962 and 328.7m a.s.l. of
r1962s2003).

Effects of different river channel roughness on
backwater routing

The effect of different river channel roughness on flood
routing was simulated under the same conditions of flood
wave volume and river bed slope. Fig. 8 shows that with
flood wave volume and river bed slope of 1977, the increase
in channel roughness (Manning coefficient) from 0.014
(r1962s1962) to 0.025 (r2003s1962) would decrease peak
discharge at Tongguan by 1300m3/s (14,560 m3/s of
r1962s1962 and 13,260 m3/s of r2003s1962), delay the
occurrence of peak flow by 4h (48 h of r1962s1962 and
52 h of r2003s1962), extend flood duration by 11 h (90 h of
r1962s1962, and 101 r2003s1962), and raise peak water level
by 0.8 m (327.5 m a.s.l. of r1962s1962 and 328.3 m a.s.l. of
r2003s1962). Again, under both boundary conditions, back-
water would trace back to Chenchun (Fig. 9A and B). Flood
routing of backwater at Chenchun shows that with the in-
crease in the channel roughness of the lower Weihe River,
peak discharge would increase by 2m3/s (-8 m3/s of
r1962s1962, and —10 m3/s of r2003s1962) and would occur
2 h earlier (45h of r1962s1962 and 43 h of r2003s1962),
backwater duration would increase by 3h (8h of
r1962s1962, and 11 h of r2003s1962), and water level would
rise by 0.4m (328.5m a.s.l. of r1962s1962 and 328.9m
a.s.l. of r2003s1962).

Effects of different water volume on backwater routing

Effects of different water volume in flood routing were sim-
ulated under the same conditions of channel roughness and
river bed slope (Figs. 8 and 9). Firstly, Fig. 8 shows that with
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Figure 8 Simulated flood routing under combined scenarios at Tongguan on the Weihe River.
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A. Simulation at Chenchun with flood wave volume of 1977

Figure 9

channel roughness and river bed slope of 1962, a reduction
in flood wave volume from the one typically of the 1977
flood (caused by 843 mm of precipitation) to that typical
of the 2003 flood (caused by 556 mm of precipitation) would
decrease peak discharge at Tongguan by 8880 m3/s
(14,560 m*/s of 1977 and 5680 m*/s of 2003), shorten flood
duration by 10 h (90 h in 1977, and 80 h in 2003) as well as
the duration of the rising limb of flood by 8 h (48 h in 1977
and 40 h in 2003), and decrease peak water level by 0.7 m
(327.5m a,s,l in 1977 and 326.8 m a.s.l. in 2003). In both
cases backwater would trace to Chenchun (Fig. 9). In turn,
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Simulated flood routing under designed scenarios at Chenchun and Huayin on the Weihe River.

with channel roughness and river bed slope of 1977, the
same reduction in flood wave volume would decrease peak
discharge at Tongguan by 8620%/s (14,230 m®/s in 1977
and 5610 m3/s in 2003), shorten flood duration by 17 h
(107 h in 1977, and 90 h in 2003) as well as the duration of
the rising limb of the flood by 10 h (55 h in 1977 and 45 h
in 2003) and decrease peak water level by 0.2 m (328.5m
a.s.l. in 1977 and 328.3 m a.s.l. in 2003). Again, in both
cases backwater would trace back to Chenchun. Finally,
with channel roughness and river bed slope of 2003, the
same reduction in flood wave volume would decrease peak
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discharge at Tongguan by 6390 m*/s (11,590 m*/s in 1977
and 5200%/s in 2003), shorten flood duration by 18 h (237 h
in 1977, and 219 h in 2003), as well as the duration of the
rising limb of the flood by 10h (55 h in 1977 and 45h in
2003), and decrease peak water level by 1.7m (331.0m
a.s.l. in 1977 and 329.4 m a.s.l. in 2003). With both flood
wave volumes, backwater would trace back to Chenchun.

Fig. 10 shows the effects of model parameters, such as
river bed slope, channel roughness, and flood wave volume
on flood routing. Flood wave volume has the greatest im-
pact on flood duration, peak discharge and water level,
the time of occurrence of peak discharge, and magnitude
of backwater, whereas, channel roughness has the second
strongest impact on flood duration and magnitude of back-
water. Conditionally, channel roughness also has the second
strongest impact on peak discharge and water level. Of the
model parameters, flow discharge has the strongest influ-
ence on flood wave propagation and backwater effects. At
high flood discharges, bed slope has the stronger effect on
flood routing than channel roughness, whereas at relatively
low flood discharges, roughness is more important.

Conclusions

The study examined the methodology of combining hydrody-
namic computational schemes with river basin characteris-
tics of multiple tributaries in the middle Yellow River
basin in China. Unlike many others, the proposed schemes
link environmental and geomorphologic characteristics to
flood wave propagation with a downstream backwater ef-
fect of complex flood routing. Clearly, calibration and vali-
dation with historical flood events improve our
understanding of backwater characteristics in bidirectional
flow as well as convergent and divergent flows between
the main channel and tributaries. Moreover, the hydrody-
namic computational schemes developed in the study are
able to increase numerical stability required in computing
complex flood routing processes, since the stability of the
numerical scheme is strongly associated with the adaptation
of channel descritization in computation. The study demon-
strated that using dedicated computation schemes accord-
ing to different types of floods can improve our
understanding of the mechanism of flood flow propagation.
By examining the simple scheme, improved scheme and the
scheme for bidirectional flow, the results provided several
important insights into the complex flood routing processes
related to the occurrence of backwater effect. It was iden-
tified that some characteristics of the inflow hydrograph are
sensitive to modelling accuracy, such as the geometric form
of the hydrograph and its peak flow. In general, the study
concludes with following summaries:

First, the boundary conditions can significantly alter
flood routing processes. The backwater resulting from diver-
gent flows and bidirectional flood flows can delay the occur-
rence and extend the duration of peak flow. This conclusion
is supported by the simulation results for convergent and
divergent flood flows in the middle of Yellow River basin
for the years 1962—2003. Especially, the shape of hydro-
graphs changed from tall and thin to low and wide. The evi-
dence for the delayed occurrence and extended duration of
peak flows after the 1960s and for the intensification of the

trends after the early 1980s is important for the manage-
ment of the Yellow River and its tributaries.

Second, the study identified variables influencing the
flood routing process. The analysis of combined boundary
conditions showed that water volume has the greatest im-
pacts on flood duration, peak discharge and water level,
the time of occurrence of peak discharge, and the magni-
tude of backwater. River bed slope has the second strongest
impacts on flood duration and the magnitude of backwater.
In turn, channel roughness has the second strongest impacts
on peak discharge and water level. However, the influence
that river bed slope and channel roughness exert on flood
routing will depend on internal boundary conditions and
the amount of backwater in the study reach.

Finally, the model successfully described that abrupt
fluctuation of boundary conditions increases the magnitude
of backwater. The simulation indicated that the backwater
occurs under the conditions of convergent and divergent
flows, as well as bidirectional flows. For the convergent
and divergent flows, backwater is usually generated when
flow discharges in the main river are greater than those in
the tributaries. For the bidirectional flows, backwater is
caused by convergence of two flood waves of similar
magnitudes from the opposite directions. The evidence of
intensified backwater events after the 1980s confirmed that
human activities, such as the construction of the Sanmenxia
Dam, exerted significant influence on flood characteristics
in the middle Yellow River basin due to the flood routing
boundary conditions. Due to the population increases world
wide, the impacts of human activity on hydrological system
need to be understood in order to prevent unexpected con-
sequences. The hydrodynamic computational schemes pro-
posed in this article should represent a significance value
internationally.
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