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Flood disaster has been one of the most frequent and devastating forms in middle Yellow River, China.
Huge flood events transport sediments from upstream to downstream, and lead to changes of river
morphology, such as river bed slope, channel roughness, and flood routing process. Flood disasters in the
middle Yellow River were constantly caused by backwater effects due to multiple river stream confluence
effects. The study aims to investigate confluent flood flow effects on flood routing processes, river
morphology, and human activities based on a proposed flood flow model. The proposed model is con-
structed through coupling hydraulic equations, artificial intelligence neural network and probability
theory. Flood frequency analysis is coupled with studies of hydrological routing processes that reduce the
flood capacity of the rivers. Flood routing to the confluence were simulated using kinematic wave theory.
Case studies have been carried out through field work and model simulation during the past years.
Findings are achieved as followings. Firstly, flood frequency at the confluence implies that the confluent
extreme flood occurs more frequently in the main streams than that in the tributaries due to influential
intensity of East-Asian summer monsoon. Secondly, river morphology was altered partly due to complex
flood routing processes in the middle Yellow River under the operation of Sanmenxia Reservoir. The
alternated river channels changed the boundary conditions of flood routing, especially for backwater. Bed
slopes have greater impacts on flood routing process than roughness does when there is larger flood
flow. Finally, the evolution process of the sediment transportation is closely linked with the operations of
the Sanmenxia Reservoir.

© 2015 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Historically, flood extremes caused the most frequent and
devastating forms of disasters (Zolina et al., 2004; Herget and
Meurs, 2010; Kehew et al., 2010; Diodato and Bellocchi, 2012;
Naidu et al., 2012; Tramblay et al., 2012). Flood disasters in the
middle Yellow River were constantly caused by backwater effects
due to the multiple river stream confluence effects (Qian, 1992; Yu
and Lin, 1996; Wang, 2004; He et al., 2006, 2008). Much of the
sediment is deposited on the channel bottomwhen the river flows
downstream. Huge flood events transport sediments from up-
stream to downstream, and lead to changes of river morphology,
such as river bed slope, channel roughness (He et al., 2006, 2008).
. He), xmmu@ms.iswc.ac.cn

reserved.
River banks are frequently breached after heavy rains, leading to
catastrophic floods which are regularly responsible for heavy loss of
life and economic damage in the area (Cunnane, 1988; Burn, 1990,
1997; Bobee et al., 1996; Jain and Lall, 2000; Jun-Haeng et al., 2001;
McKillop and Clague, 2007; Greenbaum et al., 2010; Herget and
Meurs, 2010; Kehew et al., 2010). The operation of Sanmenxia
Reservoir is regarded as a key contributor to severe silting and
backwater refluxing (Qian, 1992; Yu and Lin, 1996; Wang, 2004; He
et al., 2006, 2008).

The frequency of large-scale flood events shows an increasing
trend in the middle Yellow River basin (Qian, 1992; Yu and Lin,
1996; Wang, 2004; McKillop and Clague, 2007). Flood frequency
analysis has often been used previously in studying the trend of
river floods (Beven, 1997; Macdonald and Werritty, 2001; Glaser
and Stangl, 2003). Various indices, including skewness coefficient,
Monte Carlo experiments distribution functions of normal, three-
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parameter lognormal, Gumbel, Pearson Type 3,Weibull, Pareto, and
uniform, have been introduced to monitor river floods on the basis
of the regional flood characteristics (Cunnane, 1988; Burn, 1990,
1997; Bobee et al., 1996; Jain and Lall, 2000; Jun-Haeng et al.,
2001; Javelle et al., 2002; Palmer and Raisanen, 2002; Christensen
and Christensen, 2003; Mudelsee et al., 2003; Greenbaum et al.,
2010; Herget and Meurs, 2010; Naidu et al., 2012). These flood
indices are effective in relating flood dynamics to precipitation.
Simple correlation coefficients of flood discharges between rivers
have been used to describe the frequency distribution of historic
flood series (Obled and Creutin, 1986; Rao and Hsieh, 1991; Hisdal
and Tveito, 1993; Loboda et al., 2005; He et al., 2006; Alpert et al.,
2008). With gauge data, non-parametric multivariate empirical
orthogonal function model is efficient to address the relationship
between flood events of rivers (He et al., 2006).

Flood routing computational schemes are mostly derived from
the SainteVenant equations (Daluz, 1983; Cunnane, 1988;
Ramamurthy, 1990; Camacho and Lees, 1999; Carrivick, 2006;
Elleder, 2010) and other simplified wave models such as the kine-
matic wave, non-inertia wave, quasi-steady dynamic wave, and
gravity wave approximations (Walters et al., 1980; Begin, 1986;
Bartholy and Pongr�acz, 2007; McKillop and Clague, 2007; Alpert
et al., 2008; Elleder, 2010; Greenbaum et al., 2010). The common
issues reported in previous studies are that simplified kinematic
wave and gravity wave models were unable to account for the
downstream backwater effect, and were not suitable for modeling
the flood wave propagation in mild-sloped rivers. Special atten-
tions have been paid to the investigation of the distinctive drainage
characteristics of the middle Yellow River in the study of flood
routing to simulate the flood wave propagationwith a downstream
backwater effect of complex flood routing, such as bidirectional
flow (He et al., 2006, 2008). A bidirectional flood flow evolution
computation scheme is developed and efficiently used to simulate
the complicated flood flow evolution according to the complex
flood flow situation in the middle Yellow River (He et al., 2006,
2008). Computational scheme for bidirectional flow is focused on
modeling of backwater flood flows travelling in the opposite
directions.

Flood flow and sediment transport in reservoir are important in
addressing engineering hydrodynamics research. Conventional
methods and models available for estimation of reservoir sedi-
mentation process differ greatly in terms of complexity, inputs,
and other requirements (Jain and Lall, 2000; Jun-Haeng et al.,
2001; Javelle et al., 2002; Palmer and Raisanen, 2002). Quantita-
tive analysis is required for understanding of the character of the
sediment in motion (Ramamurthy, 1990; Camacho and Lees, 1999;
Carrivick, 2006). A number of empirical and semi-empirical sedi-
ment transport formulae have been developed for use in riverine
applications (Obled and Creutin, 1986; Rao and Hsieh, 1991; Hisdal
and Tveito, 1993; Carrivick, 2006; McKillop and Clague, 2007;
Alpert et al., 2008). However, estimation of reservoir sedimenta-
tion has been the subject for quite a long time, and it is not an easy
task due to complicated simultaneous processes involved such as
sediment transport, erosion, and deposition. In recent years, the
artificial neural network ANN technique has shown excellent
performance in regression, especially when used for pattern
recognition and function estimation (ASCE Task Committee on
Application of the Artificial Neural Networks in Hydrology,
2000a, 2000b). It is a highly nonlinear tool that can capture
complex interactions among the input and output variables
without any prior knowledge about the nature of these in-
teractions. In comparison to conventional, ANNs can tolerate
imprecise or incomplete data, approximate information, and
presence of outliers and are well suited to this problem (Sudheer
et al., 2002; McKillop and Clague, 2007).
The study aims to investigate flood extremes impacts in the
middle Yellow River in perspectives of occurrence frequency,
refluxing flood routing process, and river morphology changes
along with sediment transportation. The characteristics of flood
wave propagation under different flood routing boundary condi-
tions is investigated by backwater refluxing computation scheme,
followed by analysis of impacts of flood propagation and sediment
transportation on river morphology. The simulation analysis is able
to improve our understanding of flood routing of backwater
refluxing and sediment transportation in the middle Yellow River.

2. Study area

Our study area is in the middle of Yellow River (between Hekou
to HuanyuankoueTaohuayu) spanning from (35� N, 105� E) to
(41� N, 115� E) as displayed in Fig. 1. The site has a drainage area of
32,354 km2, which accounts for 43% of the whole Yellow River
watershed.We focus on themain stream and its two tributaries, 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 controls the base level of the
Weihe River, and influences the operation behaviours of Sanmenxia
Reservoir (construction in1957e1960 and reconstruction in
1969e1978). The confluence area of the middle Yellow River
network consists of the main river stream and its four tributaries,
includingWeihe River, Jinghe River, Luohe River and Fenhe River in
the middle Yellow River.

Annual precipitation in the study area ranges from 300 mm to
1000mm. About 48% of the annual totals (145mme480mm) fall in
the summer season (from July to August) in the form of rainstorms
(rainfall amounts are over 50 mm in 24 h). Floods occur frequently
after rainstorms. They transport large amount of sediments along
the Weihe River and the middle Yellow River and finally deposits
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 construction of
Sanmenxia Dam, also contributed to the shrinkage of river channels
in the study area. Consequently, backwater happened in the middle
Yellow River basin due to hydraulic condition changes.

3. Material and methods

3.1. Data collection

A catalogue of historic flood events for the study area is
compiled primarily from the archives of Systematic Research and
Countermeasures for Huge Natural Disasters (China Disaster Pre-
vention Committee, 1993), and using documents on China History
Floods before 1990 (Huang, 1989). Gauge data (1950e2010)
collected from the State Flood Control and Drought Relief Head-
quarters is used to improve the accuracy of the flood evaluation in
the study area. Gauge data of 17 flood events were collected in
different time periods from1954 to 2010, of which four flood events
were used to calibrate the model, and four others were selected to
examine the model efficiency through simulation results. Input
data to simulation model include topographic, hydraulic and hy-
drometric datasets. Topographic data, such as river channel
roughness, river bed slope, distance between particular cross-
sections, were extracted from 30-m Digital Elevation Model
(DEM, from IRSA, CAS). Hydraulic and hydrometric data such as
flood flow radius, width, and cross-section area, flood flow velocity,
discharge and water level in each cross-sectionwere obtained from
gauge data compiled in the State Flood Control and Drought Relief
Headquarters (State Flood Control and Drought Relief Headquar-
ters, 1992).



Fig. 1. Sketch map of study area in the middle Yellow River.
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3.2. Probability analysis of flood extremes by correlation coefficient
matrix

The frequency of large-scale flood events shows an increasing
trend in the middle Yellow River basin. Flood frequency occurrence
is analyzed through non-parametric, multivariate, empirical,
orthogonal function matrix model.

With gauge data, a non-parametric multivariate empirical
orthogonal function model is used to address the relationship be-
tween flood events of rivers (He et al., 2006). The model defines the
flood time coefficient matrix (Q) as the product of a spatial matrix
and a temporal matrix. The spatial matrix (X) represents the rela-
tionship between peak flood discharges or water levels at different
sites. The temporal matrix (F) represents the relationship between
individual discharges or water levels in a flood series. If we use
matrixQ to represent the time coefficient of dischargeQ at different
stations and a series of flood events, then it can be computed by
equation (1) as below.

Q ¼ X0F (1)

The above equation represents interactive behaviors of flood
discharge Q between spatial and temporal patterns. The twomatrix
variables X and F can be expressed as:
X ¼
2
4X1
X2
X3

3
5 (2)

where Xi is the eigenvector of the correlation coefficient matrix of
flood discharge between gauge stations (i, 1 � i � 3).

F ¼
2
4 q1;1 q1;2 q1;3 ::: q1;m
q2;1 q2;2 q2;3 ::: q2;m
q3;1 q3;2 q3;3 ::: q3;m

3
5 (3)

where qij is the normalized discharge at station i in the flood event j
(1 � j � m). From equations (1)e(3), we get the time coefficient
matrix (Q) of flood discharge Q in station i

Q ¼ ½X1 X2 X3 �$
2
4 q1;1 q1;2 q1;3 ::: q1;m
q2;1 q2;2 q2;3 ::: q2;m
q3;1 q3;2 q3;3 ::: q3;m

3
5 (4)

A higher absolute value of time coefficient (Q) indicates a higher
probability of confluence flood occurrence. By using the time cor-
relation coefficient of flood discharges, this non-parametric
multivariate empirical orthogonal function model improves
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preciseness of frequency analysis in the temporal and the spatial
dimension (He et al., 2006).

3.3. Bidirectional flow model for backwater refluxing

Boundary condition is one of the key factors in computation of
hydrological modeling. We introduced bidirectional flood flow
evolution computation schemes to simulate the complicated flood
flow evolution according to the complex flood flow situation in the
middle Yellow river (He et al., 2006, 2008). Based on Saint Venant
equation, the flow routing process and sediment transportation of
backwater evolution in flood event is viewed as one dimensional
unsteady flow described through St. Venant equation based on
equations of continuity and momentum as Functions (5e6).

For flood flow routing,

8>>><
>>>:

vQ
vx

þ B
vZ
vt

¼ qL

vQ
vt

þ 2v
vQ
vx

þ
�
gA� BV2

� vZ
vx

� V2vA
vx

����
z
þ g

nmQ jQ j
AR4=3h

¼ 0
(5)

For sediment transportation,
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(6)

whereQ is flood discharge (m3/s), Qs is sediment discharge (m3/s), x
is the coordinate horizontal in flow direction, B is the velocity of
Fig. 2. Computational schemes of backwater refluxing in the middle Yellow River.
propagation of the kinematic wave (m/s), P is porosity of the bed
deposit (volume of voids divided by the total volume of sample), Z
is water level (m), qL is the lateral inflow per unit time per unit
channel length (m2/s), qs is the lateral sediment inflow per unit
time per unit channel length (m2/s), t is the time (s), V is flood flow
velocity (m/s);g is acceleration due to gravity (m/s2), A is cross-
sectional area of the flow (m2); Rh is the hydraulic radius (m), nm
is Manning roughness coefficient. The friction slope Sf is approxi-
mated by Manning's equation (Keskin and Agiralioglu, 1997; Ren
and Cheng, 2003).

We use Preissmann three-point implicit scheme (He et al., 2006,
2008) to solve the channel flow equations and avoid the disturbing
effect of the numerical diffusion on the results of modeling. 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 given by,

8>>>><
>>>>:

vf
vx
z

q
�
f jþ1
iþ1 � f jþ1

i

�
þ ð1� qÞ

�
f jiþ1 � f ji

�
Dxi

vf
vx
z

f jþ1
iþ1 þ f jþ1

i � f jiþ1
2Dt

(7)

where f is the function of Q, Z, A, V. The subscript of f is the identity
of different river reaches; the superscript of f depicts different time
periods. q is the time-weighting coefficient. Dxi is the length of the
ith reach in a river. On substituting the average values in Equation
(1) for the appropriate items in Equation (7), the following equa-
tions are obtained:

(
�Qjþ1

i�1 þ Qj
i þ CiZ

j
i�1 þ GiZ

jþ1
i ¼ Di

EiQ
jþ1
i�1 þ GiQ

jþ1
i � FiZ

jþ1
i�1 þ FiZ

jþ1
i ¼ 4i

(8)

where, Qnþ1
1 and Znþ1

N are flood discharge and water level at nth
time step, Q1 and ZN are initial flood flow discharge and water level,
tnþ1 is time step at nþ1. Fiþ1, Giþ1 are approaching coefficients, and
initial values are defined as F1 ¼ 0, G1 ¼ Q1$tnþ1. By using these
approaching function and boundaries

Ci ¼
DxiBij�1=2

2qDt

Di ¼
1� q

q

�
Qj
i�1 � Qj

i

�
þ Ci

�
Zji�1 þ Zji

�
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Dxi
2qDt

� 2Vj
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g
2q

�
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�
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i

�
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�
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�
þ Dxi

q

�
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vx

����
z

�j

i�1=2

(9)

The approaching method was used to estimate flood influence
on kinematic wave propagation based on the upper boundary
conditions of flood discharge.

The improved boundary scheme for bidirectional flow was
focused on modelling of two flood flows of similar magnitudes
travelling in the opposite directions. Other cases of bidirectional
flows of different magnitudes have been considered in the
improved boundary scheme for convergent and divergent flows.
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Bidirectional flood flows occur when backwater flows back from
themiddle Yellow River to theWeihe River (Fig. 2). When two flood
flows in opposite directions meet together, a zero flood discharge
will occur. Therefore, we can define that,8><
>:

Qnþ1
m1 ¼ Qnþ1

m2 ¼ 0
Qnþ1
sm1 ¼ Qnþ1

sm2 ¼ 0
Znþ1
m1 ¼ Znþ1

m2

(10)

and approaching coefficients in Equation (8) can be calculated from
Equation (10). 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 explicit difference solution to solve the
problem, and to calculate flood flow parameters at time step of nDt.

The computation time interval (Dt) is one of the key parameters
in model simulation. Two factors are important in choosing 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, computation interval should be adjusted by varia-
tions of hydraulic features, such as boundary conditions. By
considering the propagation of peak flood discharge and water
level, we define time interval (Dt) and distance interval (Dx) by the
functions described as below.8>><
>>:

Dt ¼ 0:5 t � t� 0:5
Dt ¼ tp

�
20 t� 0:5 � t � tþ 2t

Dt ¼ Tp
�
20 t � tþ 2tp

Dx ¼ cf $Dt

(11)

where Dt is time interval (hour), tp is the time of first occurrence of
peak discharge (hour), Tp is the time of peak discharge occurrence
in selected cross-section (hour), t is the time of peak discharge
occurrence in the outlet (hour), Cf is the celerity of flood wave
propagation (m/s), Dt is 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 and distance in-
terval (Dt/Dx) are between 3.5 and 6.3.

3.4. Simulation of sediment transportation e artificial neural
network model

Sediment scouring and silting is simulated by introducing
Multiple Layer Perceptron Artificial Neural Network model (MLP
ANN) (Fig. 3). The number of input parameters in the ANN is
determined on basis of parameters causing and affecting the un-
derlying process which are also easily measurable at the reservoir
site. The number of hidden layers and the number of nodes in each
Fig. 3. Computational schemes of backwater model for sediment transportation
(Multilayer Neural Network Architecture, P1 is input water discharge, P2 is sand
discharge, P3 is input mean water level, P4 is reservoir water capacity, Y1 is output
sediment between upper/lower reaches, Y2 is river bed elevation between upper/lower
reaches, W is scalar weight of input, f is transfer function).
hidden layer are also determined by a trial-and-error procedure.
The number of nodes in the hidden layer plays a significant role in
ANNmodel performance. The Sigmoid and Hyperbolic Tangent (tan
h) transfer functions corresponding to a single (Sv) output were
used to select the best ANN architecture. In the MLP ANN, con-
nections exist between nodes of different layers, while no such
connections exist between nodes within the same layer. The inputs
are presented to a network at the input layer, and are acted upon by
transformations to produce an output (Haykin, 1999).

Suppose that, P1 is input water discharge, P2 is sand discharge,
P3 is input mean water level, P4 is reservoir water capacity, Y1 is
output sediment between upper/lower reaches, Y2 is river bed
elevation between upper/lower reaches,W is scalar weight of input,
f is transfer function which is defined by DCf and DCnf
(DCf ¼ f(Qfh,Sf,Qfs,Zf,Vfs0,dfs,Jf,Pf), DCnf ¼ f(Qnfh,Snf,Qnfs,Znf,Vnfs0)), b is
scalar bias. The neural network learns by adjusting the weights and
biases of such connections. In MLPANNmodel, flood flow refluxing
effects in the Sanmenxia Reservoir of scouring and silting sediment
is simulated by transfer Functions (12)8><
>:
f¼

�
DCf ;DCnf

�
DCscour¼f ðQhscour;Qsscour;Sscour;Zscour;Vs0scour ;dsscour;Jscour ;PscourÞ
DCsilt¼f ðQhsilt ;Qssilt ;Ssilt ;Zsilt ;Vs0siltÞ

(12)

where, DCscour is scouring sediment amount in flood, DCsilt is silting
sediment amount in non-flood, Qhscour is mean water discharge in
flood, Qhsilt is mean water discharge in non-flood, Qsscour is ratio of
sediment input to Reservoir in flood, Qssilt is ratio of sediment input
to Reservoir in non-flood, Sscour is mean sediment inputs in flood,
Ssilt is mean sediment inputs in non-flood, Zscourf, is river water level
of downstream in flood, Zscourf, is river water level of downstream
non-flood, Vs0scour is initial sediment amount of Reservoir in flood,
Vs0scour is initial sediment amount of Reservoir in non-flood, dsscour
is particle diameter of input sediment in flood, Jscour is river water
level slope from upperstream to downstream, Pscour is rainstorm
distribution in flood area.
4. Results

4.1. Flood frequency analysis from correlation coefficient matrix
model

Our modeling results successfully estimated the three huge
flood events from 1950 to 2010. Integrated analysis of temporal and
spatial characteristics of flood frequency was based on the non-
parameters empirical function model (Fig. 4).

The simulation results using the non-parameter empirical
function model with time coefficients reveal the relationship be-
tween flood probability and the true intensity of floods at the
confluence. Computed time coefficient of confluent flooding
probability for July (marked as Q7) matched the discharges in real
flood events very well. The model performance is consistent with
other flooding years. Similarly, the low Q7 value stands for the low
probability of floods at the confluence. For example, in the event of
July, 1971, the Q7 value was 0.53, and the normalized values of the
flood discharge for the same three stations were �0.78, �0.49 and
2.48. The corresponding gauged discharges were 1280 m3/s,
206 m3/s, and 14,300 m3/s. Based on our time coefficient model, we
predicted flood events from 1996 to 2010. In July, 2001, theQ7 value
was 1.45, and the normalized values of flood discharge were 1.03,
0.45, and 1.52. In this scenario, a small flood event occurred at the
confluence of the middle Yellow River, Weihe River and Jinghe
River. In the events of August 26th, 27th and 31st, 2003, the



Fig. 4. Computed time coefficients of confluent flooding from correlation coefficient matrix model probability (Q7 in July and Q8 in August).
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discharges reached 1140 m3/s, 5100 m3/s and 7230 m3/s. Computed
time coefficient of confluent flooding probability in August (marked
as Q8) was 4.58, and the normalized values of the flood discharges
were 2.65, 3.75 and 3.24. In this scenario, there was a huge flood at
the confluence of the middle Yellow River, Luohe River, Jinghe River
and Weihe River.

Model results identified that the correlation coefficients of flood
discharges between different stations are capable of describing the
spatial distribution characteristics of flood frequency at the
confluence. The spatial characteristics of flood frequency derived
from the correlation coefficient analysis and R-squared values of
the regression model (the methods of analyzing the relationship of
flood discharges between stations) were compared to the docu-
mented historic flood events. Coefficient of variation (CV, ranging
from 0 to 1) represents the variation degree of water-related vari-
ables in hydrology. The greater CV value means the higher proba-
bility of variation. The CV values of the annual flood discharges
varied from 0.36 to 0.52 (Yellow River and Weihe River) to
0.87e0.94 (Jinghe River and Luohe River) (Table 1). Since the Fenhe
River and Weihe River are tributaries of the middle Yellow River,
and Jinhe and Luohe are tributaries ofWeihe River, the values imply
that the variation of the annual flood discharges is lower in the
main streams than that in the tributaries. This can be explained by
the influence of the summer monsoon. In an earlier rainy season,
flooding may occur in the tributary several days before in the main
stream, so that the effect of the tributary flood flow on the main
stream is insignificant.
Table 1
Coefficient of variation (CV) values in the middle Yellow River Basin.

River name Coefficient of variation of
annual flood discharge

Main stream of Yellow River 0.36
Weihe River. 0.52
Fenhe River 0.63
Jinghe River 0.87
Luohe River 0.94
4.2. Flood refluxing simulation from bidirectional flow model

The numerical model is further applied in investigation of the
confluent channels of backwater effects. The results of simulating
bidirectional flow in which two floods of similar magnitudes
converge in the opposite directions were examined using data from
historic flood records including bilateral flow of theWeihe River on
June 6, 1992; bilateral flow of Weihe River-Luohe River on Aug 28,
1977; bilateral flow of Weihe River-the middle Yellow River on Aug
25, 2003. Representative of backwater occurrence from bidirec-
tional flow are presented in Fig. 5.

Backwater effects propagate upstream so that the effect of a
disturbance is felt upstream as well as downstream. The observed
flood discharge and sediment transport and simulated results in
Tongguan were determined for a supercritical flow event. Gener-
ally, the hydrograph distributions of flood discharge and sediment
transport are similar. However, a discrepancy exists in connection
with durations and peak values. The occurrences of peak flood
discharge and sediment transport are different. There are always
time lags of sediment transports behind flood discharge, which
varies from 1.8 to 4.3 h. Time lags became greater from the earlier
stage in 1970's to 2000's. The 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 can be
regarded as a coupling effect of backwater resulting from bidirec-
tional flow. Through investigation of those historical flood events in
the middle Yellow River (1977, 1992 and 2003), the model identi-
fied that the shape of flood hydrographs changed with time from
high and thin to low and wide (Fig. 5). These changes were
accompanied by a delayed occurrence and extended duration of
peak flow of progressively later floods. These trends were intensi-
fied from the early 1980s. For example, flood hydrographs at
Tongguan gauge demonstrate that peak discharges, water levels,
flood durations, and backwater conditions changed considerably
between 1977 and 2003. Flood hydrographs at the Tongguan gauge
show that the peak discharge of the 2003 flood (5200 m3/s)
amounted to only one half of that in 1977 (11,300 m3/s) but flood
duration (with threshold discharge being 950 m3/s) extended
43 h from 1977 to 2003. The backwater traced back for 17.5 km, and
peak discharge of the backwater increased by 42 m3/s from 1977 to
2003. From the above information, it is evident that flood flow
propagation in the middle Yellow River experienced a significant
change during the study period. Backwater effects propagate up-
stream, and disturbance effect is observed upstream and down-
stream, and water level is likely to increase upstream and decrease
downstream.



Fig. 5. Simulation of backwater refluxing flow and sediment transport in Tonguan.

Fig. 6. Flooding impacts on riverbed elevation at Tongguan (1959e2010) (Before
flooding, normal flow state before rainstorm-flooding; After flooding, post flow state
after rainstorm-flooding).

Fig. 7. Simulated flood discharge and sediment transport in Tongguan from MLP ANN
model (Q, flood discharge; S, sediment transport; DZ, change of river bed elevation
between fore-and-aft Sanmenxia Reservoir; DJ, change of river slope between fore-
and-aft Sanmenxia Reservoir, 1974e2010).
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4.3. Sediment transportation of scouring and silting process

The evolution process of the sediment transportation is closely
linked with operations of the Sanmenxia Reservoir after it was
constructed. The pressureeresponse relationship between San-
menxia Reservoir and sediment transportation of scouring and
silting process in lower Weihe River was investigated using the
Multiple Layer Perceptron Artificial Neural Network model (MLP
ANN) model. Simulated results are described in Figs. 6e7.

The river bed was characterized by slight silting, while the sand
input and output was in balance before the Sanmenxia Reservoir
was built. The reservoir and the river bed of the Weihe River lower
reach have been severely silted and the backwater opposites
extended rapidly towards the upper stream after construction.
However, the amount varied in different periods by some
controlled measures. Sediment transportation capacity of the flood
flow increased from 52 kg/m3 in 1962 to 78 kg/m3 in 2010), and
more than 2.12 � 1010 m3 of sediment was deposited in the lower
Weihe River between 1962 and 2010.

When flood flow refluxed, the water level of Tonguan rose
quickly followed by the raised water level of Huayin while the
discharge-time process was similar, but with relative time lag.
Riverbed elevations at Tongguan were mainly controlled by the
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water level of Sanmenxia Reservoir, and high water-level duration
and water-sand capacity conditions were also contributors.

Changes of peak flood discharge results in fluctuation of the
riverbed slope. Lower sediment transport capacity coincides with
smaller flood discharge in most periods through the study periods
(1974e2010). However, small flood discharge also brought rela-
tively high sediment loads in 1990's. The obvious consequence of
the construction of Sanmenxia Reservoir is an elevated riverbed.
The riverbed was elevated by almost 5.0 m, from 323.3 in 1959 to
328.3 in 2007. Clearly, sediments transportation alters the river
morphologies through elevated river levees and narrowed river
channels which were caused by the transported sediments from
upstream to the downstream in the middle Yellow River.
5. Conclusions and discussion

Extreme flood disasters in the middle Yellow River that caused
by backwater effects is greatly affected by integrated confluence
effects of the multiple river streams. Huge flood events transport
sediments from upstream to downstream, and lead to changes of
river morphology, such as river bed slope, and elevated riverbed.
The operation of the Sanmenxia Reservoir is regarded as a key
contributor to severe silting and backwater refluxing.

The frequency of large-scale flood events shows an increasing
trend in the middle Yellow River basin. Flood frequencies vary with
larger floods occurring on a longer cycle according to flood in-
tensities at the confluence area in the middle Yellow River. The
correlation coefficients of flood discharges between different sta-
tions are capable of describing the spatial distribution character-
istics of flood frequency at the confluence. Flood frequency at the
confluence implies that the confluent extreme flood occurs more
frequently in the main streams than that in the tributaries due to
influential intensity of East-Asian summer monsoon.

Complex flood routing processes in the middle Yellow River
were altered under changes of river boundary conditions, espe-
cially for backwater. 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 can
be regarded as coupling effect of backwater resulted from bidi-
rectional flow.

The model simulation confirmed that human activities such as
constructions of the Sanmenxia Dam, have significant effects on
flood characteristics and river morphology. The evolution process
of the sediment transportation is closely linked with operations of
the Sanmenxia Reservoir.

The need of model improvement is in parameters calibration to
deal with the uncertainty in flow in the river channel because of the
intense exchange of sediment load on riverbeds and banks. Analysis
of characteristics of confluent floods is able to improve our un-
derstanding of flood routing of backwater refluxing and sediment
transportation in the middle Yellow River.
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