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ABSTRACT

Floods cause environmental hazards and influence on socio-economic activities. In this study, we evaluated the historic flood
frequency at a confluence in the middle Yellow River, China. A non-parametric, multivariate, empirical, orthogonal function
matrix model, which consists of time correlation coefficients of flood discharge at different gauge stations and flood events was
used for the analysis of flood frequency. The model addresses the characteristics of confluent floods such as frequency and the
probability in multiple tributary rivers. Flood frequency analysis is often 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. Results
of this flood frequency analysis showed that flooding frequency has intensified in the past 500 years, especially during the 19th
century. Flooding in streams above the confluence was more frequent than in streams below the confluence. Over the last 2000
years, concurrent flooding in multiple tributary rivers accounted for 67.5% of the total flooding in the middle Yellow River.
Simulation of flood routing processes shows that the decreased flooding capacity and elevated river bed of the shrunken main
channel leads to an increased flood wave propagation time (24-52.3 h) in the study area after 1995. The model indicates that
human activities, such as constructions of the Sanmenxia Dam, have changed flood routing boundary conditions and have
contributed to the increased flood frequency at the confluence. Copyright © 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Flooding is a substantial natural hazard and can have significant effects on the long-term economic growth of a
region (Beven, 1997). Flooding by rivers has been studied extensively for years and in some rivers occurs almost
annually, such as in the middle Yellow River (Yu and Lin, 1996). Disastrous floods in the years of 1662, 1819 and
1868 caused more than 230 thousand human deaths (Qian, 1992; Wang, 2004). The 26 August and 19 October 2003
flood in the Yellow River resulted in $430 million property losses, and affected about 563 000 people (Wang et al.,
2005). On average, the river bed was elevated about 0.12 m and flood discharge capacity decreased by 10-23 m’/s
after each event (above a baseline of 4500 m>/s peak discharge in Tongguan) from 1957 to 2003 (Wang e al., 2005).
Over the past two decades, the middle Yellow River basin has experienced rapid socio-economic development and
has become more densely populated. Therefore, future floods are likely to have greater impacts on the ecosystem
and the socio-economic environment of the middle Yellow River.

Frequency analysis focuses on data collection and flood event interpretation; and the technique can be used to
understand and predict flooding behaviour (Eagleson, 1972; Diaz-Granados et al., 1984; Costa, 1987; Stedinger
and Baker, 1987; House and Pearthree, 1995; Sarka and Keith, 1997; Alcoverro et al., 1999; Yue et al., 1999;
Cameron et al., 2000; Goel et al., 2000; Castellarina et al., 2001; Rico et al., 2000; Eric et al., 2004). Regional flood
frequency analysis (RFFA) is an effective method (Castellarina et al., 2001; Javelle et al., 2002) for obtaining flow
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statistics for ungauged sites using physiographic characteristics. RFFA can be used to estimate hydrological flow at
sites where records are limited (Pandey and Nguyen, 1999). As summarized by Cunnane (1988) and Bobee et al.
(1996), flood frequency analysis is often coupled with studies on routing procedures and hydrological processes.
Models for describing flood routing processes are primarily physically based (Bathurst, 1986; Beven, 1987, 1997;
HEC-RAS, 2002). Various modelling approaches have been successfully adopted to estimate flood peaks and
volumes, such as bivariate normal distributions (Goel et al., 2000), multivariate Gaussian and exponential
distributions (Singh and Krstanovic, 1987), the non-parametric multivariate kernel method (Moon and Lall, 1994)
and the Gumbel distribution model (Todorovic, 1978).

However, characteristics of the different drainage systems affect flood frequency differently, in terms of both
duration and intensity (Beven, 1997; Goel et al., 2000). In a large river basin, tributaries may distribute
symmetrically or asymmetrically along the main channel. The influence of tributary floods to the water flow
behaviours in main channel has not been well-studied. There is a need to develop modelling approaches for
analyzing the possibility of concurrent floods of multiple tributaries and for improving our understanding of flood
routing processes as well as the associated tributary drainage characteristics in a river basin.

Our study objective is to evaluate flood behaviours by considering flood frequency, concurrent floods of multiple
tributary rivers, flood routing processes and associated impacts on regional ecological and socio-economic
environments around rivers. First, we examined the historic flood series recorded in gauge data and then proposed a
non-parametric multivariate empirical orthogonal function model, which includes time correlation coefficient of
flood discharges. The model allows us to synthetically analyze flood frequency of the unusual drainage system in
the middle Yellow River basin. The two components of the model are a spatial matrix and a temporal matrix. The
spatial matrix represents the relationship of flood peak discharges or water levels at different sites. The temporal
matrix represents the relationship between individual discharges or water levels in a series of flood events. Thus, the
model describes both temporal and spatial characteristics of flood events. Second, we proposed a flood routing
model based on rigorous kinematic wave propagation theory and simulated routing processes by using the
characteristics in the middle Yellow River basin. The results from simulating two flood events provided useful
quantitative information on hydrological processes that can be used for analyzing the causes of floods and the
impact of environment change on flood characteristics.

STUDY AREA

Our study area is in the middle of Yellow River (between Hekou to Huanyuankou-Taohuayu) spanning from (35° N,
105°E) to (41° N, 1150 E,) as displayed in Figure 1. The site has a drainage area of 32 354 km?, which accounts for
43% of the whole Yellow River watershed. The confluence area of the middle Yellow River network consists of the
main river stream and its four tributaries, including Weihe River, Jinghe River, Luohe River and Fenhe River in the
middle Yellow River.

The total annual precipitation in the study area ranges from 300 mm to 1000 mm. About 48% of the precipitation
(145 mm—480 mm) occurs in the summer season (from July to August) in the form of rainstorms (rainfall amounts
are over 50 mm in 24 h). These rainstorms are mostly of short duration and high intensity (Table I). There are three
types of rainstorms: local rainstorm, broader-area rainstorm and continuous overcast rainstorm. Local rainstorms
occur in all regions annually, but rarely form large floods. Whereas, a broader-area rainstorm or a continuous
overcast rainstorm may easily lead to a disastrous flood. Historically, continuous overcast rainstorms accounted for
20% of the total rainfall events. For example, the rainfall on 27th May 1973 in Heiyukou (in Guanzhong Plain)
reached 59 mm in just 5 min; a rainstorm on Ist August 1973, in Shilazhuohai (Luohe River) reached 1050 mm in
10 h; a 12-day continuous overcast rainstorm that started on 14th August 1981 in the west Guanzhong Plain reached
a total precipitation of 930 mm.

Precipitation of the area recorded between 1930 and 1990 shows a fluctuating curve (Figure 2). A rainstorm
covering the whole drainage area would most likely lead to a river flood. We selected six sites for observing flood
events in each of five individual tributary rivers: Huaxian, Longmen, Tongguan, Xianyang, Zhangjiashan and
Zhuangtou. We focused on these main tributary rivers in this study (Figure 1).
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Figure 1. Sketch map of the middle Yellow River (From Hekou to Tongguan is called north main stream. Tongguan is the junction point of
Weihe River and Yellow River. Fenhe River flows into Yellow River, Jinghe River flows into Weihe River at Gaoling and Luohe flows into Weihe
River at Shanhekou. Distance from Shanhekou to Tongguan is 15km and from Gaoling to Tongguan is 190 km)

MATERIALS AND METHODS

Data collection

Historic data has been increasingly used in recent years for estimating large flood events (Archer, 1987; Black
and Burns, 2002; Williams and Archer, 2002). A catalogue of historic flood events (from 0 AD to 1949 AD) for the
study area was compiled primarily from the archives of Systematic Research and Countermeasures for Huge
Natural Disasters (China Disaster Prevention Committee, 1993), and using documents on China History Floods
before 1990 (Huang, 1989). We extracted some useful information from references to the Climate of the Loess
Plateau (Qiu, 1992) in the provincial chronicles archives (1470-1991). Gauge data (1950-2003) collected from the
State Flood Control and Drought Relief Headquarters was used to improve the accuracy of the flood evaluation in
the study area.

Flood series reconstruction
We evaluated the characteristics of documented historic floods by separating subjective and objective

components. Objective verification refers to the historic and the scientific facts of flood events at the confluence,
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Table 1. Rainstorms in the middle Yellow River Basin (from June to Sept 1981-2003)

Duration Daily prep (mm) Rainstorm type Area
1981.08.09-10 60 Flood W.R.
1981.08.14-16 127 Flood LR.& JR.
1982.07.29-08.01 193 Flood LR, JR. & M.YR
1983.09.07-08 139 Flood JR. & YR
1984.06.05-08 102 Non-flood WR.
1984.07.10-11 61 Flood L.R.
1985.08.23-25 88 Flood YR.
1986.07.09-10 78 Flood W.R.
1986.09.08-09 82 Non-flood W.R.
1987.06.21-22 64 Non-flood Y.R.
1988.07.03-04 67 Non-flood W.R.
1989.08.19-20 60 Flood LR. & JR.
1990.08.10-16 97 Flood LR,JR. & YR
1991.07.29-31 101 Non-flood JR. & YR
1992.09.17-19 89 Flood W.R.
1993.07.05-08 105 Flood L.R.
1994.07.10-11 61 Flood YR.
1995.08.23-25 88 Non-flood W.R.
1996.07.13-16 78 Flood LR, JR. & YR
1997.07.21-22 78 Flood W.R.
1998.07.03-04 64 Non-flood YR.
1999.08.18-22 67 Flood W.R.
2000.08.17-23 127 Flood LR. & JR.
2001.07.21-27 93 Non-flood W.R.
2002.07.25-31 89 Flood JR. & YR
2003.08.23-28 112 Flood LR, JR & YRWR.

Y.R., Yellow River; W.R., Weihe River; L.R., Luohe River; J.R., Jinghe River.

such as levee debacle, bridge and construction damage, agriculture damage and livestock losses and other
flood-related damages. We verified data using classification-indices (classifications such as huge flood, middle
sized flood and small flood), statistical normalization and frequency analysis (such as #-test for dryness or wetness
grades and 3-year moving average flood peak discharge). Historic records of flood events (Qian, 1992) were
available back to 0 AD (centred on 1450-2003), whereas daily gauges were initiated in 1950. By comparing with
the historic flood trends of European rivers, we reconstructed the characteristics of a long historic record series for
the middle Yellow River basin.

Flood frequency analysis—correlation coefficient matrix

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). Flood frequency analysis has often been used previously in studying the
trend of river floods (Beven, 1987; Macdonald and Werritty, 2001; Glaser and Stangl, 2003). Various indices [such
as skewness coefficient, Monte Carlo experiments distribution functions of normal, three-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; Bobee et al., 1996; Burn, 1990, 1997; 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). 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. With gauge data, a non-parametric multivariate empirical orthogonal function
model was used to address the relationship between flood events of rivers (Obled and Creutin, 1986; Rao and Hsieh,
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Figure 2. Climate situation in the middle Yellow River basin (1. Summer monsoon air currents transport routines; 2. Flood seasons of main
rivers in study area; 3. 3-year running annual mean precipitation of middle Yellow River Bain in 20th century)

1991; Hisdal and Tveito, 1993; Loboda et al., 2005). We defined the flood time coefficient matrix (®) as the product
of a spatial matrix and a temporal matrix. The spatial matrix (X) represents the relationship 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 matrix ® to represent the time coefficient of discharge Q at
different stations and a series of flood events, then it can be computed by Equation (1) as below.

0 =XF ey
The above equation represents interactive behaviours of flood discharge Q between spatial and temporal patterns.
X
The two matrix variables X and F can be expressed as: X = | X,
X3
X
X=X, (2
X3

where X; is the eigenvector of the correlation coefficient matrix of flood discharge between gauge stations. This will
be explained on the later of the section. To simplify, we explain the non-parametric multivariate empirical
orthogonal modelling approach by using the flood events at the three discharge stations in our study site. Therefore,
i (1 <=i<=3) indicates the discharge stations: (1) Huaxian, (2) Zhuangtou and (3) Longmen.

G G Gy o Gim
F = Gy Gy Gz - Gy (3)
431 935 Y3z - 45,
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where ¢;; is the normalized discharge at station 7 in the flood event j (1 <=j <=m).

— Qj— 1+ 3 o
_ Qi — 0 _ ' m/; ’ 4
qij = s - 4)
| m f: 0; - (i Q,;,-)
j=1 j=1

where Q;; is the maximum instantaneous hydrometric flood discharge at station 7 of flood event j. 0 is the mean
flood discharge at station i during m flood events. m is the maximum number of flood events considered in the study.
S; is the mean square of differences between the flood discharges at stations i in m flood events.

Suppose that R represents the time correlation coefficients matrix of flood discharges between gauge stations:
Huaxian (i = 1), Zhuangtou (i =2) and Longmen (i = 3). The element of R,r,, is derived from available historic
flood events. Each individual element in the R matrix stands for the correlation coefficient of flood discharges
between gauge station k (1 <=k <=3) and station & (1 <=h<=3).

Due to the symmetric features of the correlation coefficients between any two different stations, ry;, = r,x when
k<>h and Vk, he(1, 2, 3). Similarly, we have ry,=r;,, =1, when k=h, and Vk, h € (1, 2, 3). For calculation
purposes, we treat the matrix R as an asymmetric matrix. Therefore, R can be presented as,

1 ro Fig
R=|r; 1 3 ()
r31 r3n |1

As mentioned above, the spatial matrix (X) is the eigenvector of the matrix R. Its element, X; is a vector (x;;, x;2,
X;3), which represents the projective values of correlation coefficient elements, r;; r;; and r;3. The eigenvector
represents the independent relationship between elements in the matrix R. This relationship is necessary for the
multiple combined equations.

Suppose T'is the eigenvalue of the matrix R, I'is the identity matrix and X; is the eigenvector of the matrix R, then
we have

1-T rp s
|R — TI| = 1 1-T r2’3 (6)
731 731 1-T

By solving the above equation, we get three roots, 7;, T, and T'3. Therefore, we can calculate their eigenvectors
(X;) in Equation (7) by using each of their eigenvalues.

X X101 a2 13
X=|Xo| =|n1 n2 nj3 (7
X3 31 132 733

Based on matrix theory, for computation purpose, the relationship between matrix R and its eigenvalue 7,
eigenvector X can be expressed by the following equation:

R—TI|-|X| =0 ®)

then, we can get Equation (9) from Equations (5-8),

(1 — T,)Xl +ripXo +r13X3 =0
11X + (1 — T,')Xz + r3X3 = 0 ©)]
r3.1X1 + 1r32X5 + (1 — T,')X3 =0
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From Equations (1-9), we get the time coefficient matrix (0) of flood discharge Q in station i

qi,1 912 413 0 9im
O=X1X2X3]: |21 @2 @3 - @ (10)
q31 432 433 " 43m

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

Analysis of flood routing processes— Kinematic wave theory

Generally, there are two schemes for simulating flood evolution: a simplified scheme and a scheme that uses St.
Vennant equations (Bathurst, 1986). The simplified scheme, which includes water level discharge,
Muskingum-Cunge (Eric et al., 2004), instantaneous velocity of fluid flow and microwave scope theory, is a
statistical method describing the characteristics of flood routing processes. The simplified scheme is an empirical
approach and has no indication of physical process. The scheme that uses St. Vennant equations describes
one-dimensional unsteady flow in wide rectangular channels expressed per unit channel width using equations of
continuity and momentum. Because of the analytical features provided by the St. Vennant equations, we adapted
this scheme for analyzing the flood routing processes.

There are two ways to solve the St. Vennant equations: (1) using characteristic discharge curves (#-x curve, which
simply reveals the rainfall-flood relationship of discharge between the time-¢ and space-x planes) and (2) using
kinematic wave theory (KW) (Beven, 1997; Keskin and Agiralioglu, 1997; Ren and Cheng, 2003; Eric et al., 2004).
The Kinematic wave (KW) model has been described as an accurate approximation of the Saint-Venant shallow
water equations governing one-dimensional unsteady free surface flows (Hager and Hager, 1985; Chung et al.,
1993; Chalfen and Niewmiec, 1996; Ren and Cheng, 2003). Therefore, for this study, we adapted the kinematic
wave theory approach to route flood flows through the main channel (from the confluence area to the Sanmenxia
Dam) and to evaluate the propagation of flood wave, flood wave travel times and reduction in peak discharge
(attenuation) of flood waves along the channel.

The processes of flood flow routing through main channel (g ), the propagation of waves (B), flood wave travel
times (¢) and peak discharge (attenuation) of flood waves (Q) are described in this section. The lateral inflow per unit
time per unit channel length (m?/s), ¢;. was calculated with the equation of continuity (Costa, 1987):

00 iz
90 g%

= 11
8x+ o L (11

and based on the conservation of energy, we get the momentum equation as below (Ren and Cheng, 2003),

00 00 2 0Z 5 0A nQ|Q|
42— (A - BV} = -V — =0 12
oot (e )% o], T AR (12)

h

where, Q is flood discharge (m?), x is the coordinate horizontal in flow direction, B is the velocity of propagation of
the kinematic wave, Z is water level (m), ¢ is the time (s), Vis velocity (m/s); g is acceleration due to gravity (m/sz),
A is cross-sectional area of the flow (m?); R, is the hydraulic radius (m).

The steady flow approach was used in the kinematic wave modelling in the determination of water levels, flow
and stage. The steady flow was implemented by setting manning equation as the steady-state rating curve equation.
However, flood flow will be mostly in unsteady manners because of attenuation effects and restrictions to flow. A
steady flow model would be accurate in estimating peak flow. Such results can be overestimating the flow volume
prior to peak flow. The steady-state predictions are realistic if the flow rate keeps constant long enough to fill all
water storage. Assuming steady flow is acceptable in estimating hydro dynamic properties in the main channel,
during a flooding from rainstorm, as the channel and flow conditions do not vary greatly. Using steady flow
approach has the advantage in the computations in order to avoid oscillation in results.
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The friction slope S; is approximated by Manning’s equation,

n?V|V|
Sy = (13)
yA/3
1
v =-Rr/s}/? (14)
n

where Sg is the friction slope, n 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.

We used the preissmann four-point implicit scheme to solve the channel flow equations and avoid the disturbing
effect of the numerical diffusion on modelling results. As shown in Figure 3, 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,

f O ) + (1 =0, —f)
ox Axi

15)

R A it 180
ot 2At

(16)

where fis the function of Q, Z, A, V. The subscript of fis the identity of different river reaches; the superscript of f
depicts different time periods. 6 is the time-weighting coefficient. Ax; is the length of the ith reach in a river. On
substituting the average values of Equations (11) and (12) for the appropriate items in Equations (15) and (16), the
following equations are obtained:

-0+ ol + ¢zt + Gzl =D

- . . . 17
EzQiJ_r: + GiQéJrl - Fizfjll +FiZf+1 =@ a7
where,
Ax,-B,:,-_]/z
e S =0 N
D; = T(Q]l:—] - Q) + Ci(Z{—l _Zz]) + GI‘IL
Ax; j g(n T
El' = ZQAZ‘ — 2Vlj-_1/2 + % <R—1‘33>i|vl{1 ’Axi
Fi=(gA — sz)éq/z
Ay 2(1-6) - 1-0 , - A L 0A|
Y = 50A;1 Qi1 + Q) +TV{>1/2(Q§—1 +0) JFT(gA — BV )jifl/Z(Z{—l — 7)) *7(‘/ i 7)11'71/2

(18)

The approaching method was used to estimate flood influence on kinematic wave propagation based on upper
boundary conditions of flood discharge. Suppose that a flood occurred in the cross-section i of the confluence area,
the kinematic wave propagation approaching equation in cross-section kk is represented as,

Ou = P + RiaZ (19)

in the cross-section (i—1),
Qi1 =P 1 +Ri1Zi (20)
Copyright © 2007 John Wiley & Sons, Ltd. River. Res. Applic. 23: 407-427 (2007)
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Figure 3. Four-point implicit finite difference scheme for Kinematic wave solution
and in the confluence cross-section, upper and lower boundaries conditions are represented as,
Qi = Qi1+ O @1
Zioy =2 + Zyy
therefore, the approaching equation for the cross-section kk may be written as,
Zin =12 22)
Qi = (Pi-1 — Pi) + (Ri-1 — Ri)Z;

and the approaching coefficients,

{ Pi=Piy + P (23)

Ri =R 1 + Ry

The variations of friction parameter n in Equation (18) increase in relation to the highest wave number. Such
function might result in a wave speed greater than the reality. In these situations, it usually causes instabilities. This
numerical scheme needs a dissipation mechanism in order to eliminate accumulation of dispersion errors.
Therefore, it is advisable to increase the coefficient of time weighting parameter, 6. Time coefficient is usually
defined as 0.3-0.65 depending on the situations of roughness coefficient. Considering the complex of land surface
conditions in the middle Yellow River, we define 6 as 0.6, and the roughness coefficient as 0.032. Distance step was
defined according to the length of the river reaches. The distance steps in this study were 0.5-5.5 km for 25 reaches
and 1.8-4.0 km for 20 reaches. By considering the propagation of flood flow discharge peak and water level, we
selected time steps as Ar=1 h.

Model calibration and validation was conducted by using two flood events in June 1996. One flood event was for
calibrating model friction parameters and the other was for independent validation. Data used for calibration is the
measurements in the reaches between Lintong and Huayin of the Weihe River. The results from calibration and
validation confirmed that our model is capable of predicting flood extent well with only flood discharge data.

RESULTS
Probability analysis of historic floods at the confluence

Table II shows the flood occurrences at the confluence in the middle Yellow River contributed from at least two
tributary rivers in the past 2000 years. The historic flood records show that the probability of flood events at the
confluence increased between 1450 AD and 1949 AD. The probability of occurrences of confluent floods from two
tributary rivers accounted for 67.5% of the total floods (one river: 439, two rivers: 214, total of above two rivers:
317, therefore, 214/317 =0.675). According to the historic records, confluent flood events that had contributions
concurrently from all four tributary rivers (Weihe River, Jinghe River, Luohe River and Fenhe River) occurred only
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Table II. Historic records of flood occurrence in the middle Yellow River Basin

River name 0 AD-1949 AD 1450 AD-1949 AD

YR. WR. LR. JR. FER. YR WR. LR JR FER.
YR 71 23 15 6 17 57 20 12 3 4
WR. — 91 17 7 6 — 71 17 6 9
LR. — — 42 7 7 — 17 6 10
JIR. — — — 24 12 —  —  — 19 10
FR. — — - - » - - - — 15
W.R.-LR 10 — - — 5 9 - - - —
W.R.-JR 6 — - — 3 5 - - - —
W.R.-ER 2 — S 3 - = = =
LR-IR 5 6 - = 4 6 —  — —
L.R-ER. 4 8 S 3 Y/ —
WR.-LR-IR 4 — S — 3 - = =
WR.-LR.-FR 1 — S — 2 - = =
WR.-JR.-FR 2 — S — A
LR.-JR.-FR 1 — S — 2 - = =
WR.-JR-LR.-FR. 3 1

Y.R., Yellow River; W.R., Weihe River, L.R., Luohe River; J.R., Jinghe River; F.R., Fenghe River.

four times: 1436, 1662, 1819 and 1933 (Huang, 1989; Wu, 1991; Editor Department of Yellow River, 1991; Zuo,
1991; Wang, 2004).

The records also indicate the significant changes in flood frequencies (Figure 4). For example, there are three
notable historic flood peaks: (1) around the 17th century, (2) between the late 18th century and the early 19th

Flood frequency index

Lower Rhine

Pegnitz

1500 1600 1700 1800 1900 2000

Figure 4. Historic flood frequencies between the Middle Yellow River and European rivers (revised after Glaser, R. and Stangl, H. 2003)
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Figure 5. Running 7-test for the dryness/wetness grades data in the middle Yellow River in summer (revised after Yu and Lin, 1996) (Drought

grade value is above 3.24, normal value is between 3.24 and 2.90 and flood value is below 2.90. Left: series of 100-year running mean value.

Middle: series of 20-year running mean value. Right: series of 10-year running mean value, vertical solid lines are mean values in the dryness/
wetness periods, and dashed lines represent mean values of the century climate stages of the dryness/wetness)

century and (3) between the late 19th century and the early 20th century. Yu and Lin (1996) analyzed the abrupt
changes of dry and wet climate of this study area for the last 522 years (1470-1991) (Figure 5). They rated the
climate using three levels: wet, normal and dry. Their results showed different durations for the dry and wet periods.
The average wet duration was 40 years with the average dry one being significantly shorter, 28 years. In the study
period, there were only three wet periods, which accounted for 18% (94 years) of the total study period (522 years,
1470-1991). The century series indicated that there were two abrupt changes of 100-year scale in this region,
around the 1650s (from drought to flood) and in the early 1760s (from flood to normal). Overall, flood frequencies
vary according to flood intensities at the confluence area in the middle Yellow River with larger floods occurring on
a longer cycle. There was a 100-year cycle for severe floods (>27 400 m?/s), a 33-year cycle for intensive floods
(>24100 m3/s), a 23-26 year cycle for moderate floods (>19 600 m3/s), a 10-12 year cycle for normal floods
(>16100m?/s) and a 3-5 year cycle for small floods (>14 300 m*/s) during the past 2000 years.

According to the historic climate characteristics of the middle Yellow River basin, flood events occurred
synchronously with wet climate. Almost 92.7% of flood events were in wet periods. The medium-term flood
fluctuations in the middle Yellow River within the range of 30 to 100 years were quite similar to the flood
occurrence in European rivers (Figure 4; Glaser and Stangl, 2003).

Modelling flood frequencies

Our modelling results successfully estimated the three huge flood events from 1950 to 2003. Integrated analysis
of temporal and spatial characteristics of flood frequency was based on the non-parameters empirical function
model. Table IIT shows the simulated results using the time coefficient of discharge model (equation 1) applied to
the stations of Huaxian (Weihe River), Zhuangtou (Luohe River), Longmen (the middle Yellow River). The positive
or negative values of the time coefficient of flood discharge describe the departures from the average. The higher
absolute value means the higher probability of floods between rivers.

Modelled flood discharges for July (marked as ®,) matched the discharges in real flood events very well. For
example, for the flood event from 27 July to 29 1966, the simulated ®- was 4.37 and the normalized values of flood
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Table III. Simulated results from time coefficient of flood discharge model applied in stations of Huaxian (Weihe River)
Zhuantou (Luohe River), Longmen (Yellow River)

July August

Huaxina Zhuangtou Longmen 0, Huaxina Zhuangtou Longmen Og
1950 1.4 —0.56 —0.25 0.28 -0.7 —0.46 —0.81 —0.1
1951 —0.69 —0.61 —0.49 —1.03 —0.87 -0.8 1.49 —0.01
1952 0 —0.63 —0.53 —0.69 1.3 —-0.51 —0.95 —0.39
1953 1.06 —0.14 —0.82 0.07 0.13 3.26 1.89 3.42
1954 0.35 —0.66 2.13 0.87 3.18 0.09 0.19 1.5
1955 0.24 —-0.51 —0.24 —0.32 —0.6 —0.53 —-0.51 —0.98
1956 1.6 2.39 0.28 2.58 1.17 —0.23 —0.79 —0.14
1957 1.56 —0.35 0.18 0.73 —1.05 —0.39 —0.79 1.18
1958 0.69 0.64 1.45 1.55 2.24 -0.72 —0.05 1.39
1959 1.23 —0.21 1.92 1.54 0.39 0.57 0.95 1.13
1960 —0.57 —0.44 —1.13 —1.19 0.41 —0.05 —0.37 —0.39
1961 —0.02 —-0.19 0.32 0.03 —0.65 —-0.18 0.04 —0.37
1962 0.94 —0.45 —0.34 0.05 —0.38 —0.53 —0.61 —0.89
1963 —1.14 —0.52 —0.16 —1.05 —0.77 —0.85 —0.19 —1.01
1964 1.13 0.4 1.28 1.55 0.79 —0.14 2.3 1.61
1965 0.68 0.61 —0.68 0.44 —1.15 —0.94 —0.09 —1.78
1966 2.2 3.85 1.25 4.37 -0.5 0.66 0.49 0.54
1967 —0.36 —0.63 —0.66 —0.27 -0.9 0.14 3.13 1.6
1968 -13 —0.33 —0.09 —-0.1 —-0.13 0.69 —0.11 0.35
1969 —1.03 1 —0.88 0.54 —0.86 —0.72 —0.17 —0.95
1970 —0.66 —0.51 -1.19 —-1.32 1.24 —0.42 1.51 1.14
1971 —0.78 —-0.49 2.48 0.53 —0.48 0.97 —1.05 —0.17
1972 —1.01 —0.01 1.48 0.2 —0.99 —0.82 —0.93 —1.53
1973 —1.24 —0.32 —04 —1.1 1.56 0.34 —0.19 0.77
1974 —13 -0.43 0.53 —0.72 —0.65 —0.82 —0.44 —0.57
1975 0.1 2.24 -0.3 1.36 —0.89 —0.88 —0.43 —1.19
1976 —1.53 —0.63 —0.11 —1.31 1.57 0.14 0.8 1.23
1977 1.66 345 2.54 4.48 —0.44 0.44 1.47 1
1978 0.21 0.11 —0.55 —0.1 —0.97 1.23 —0.53 0.4
1979 —1.12 0.31 —1.06 —0.97 —0.86 0.5 1.33 0.78
1980 1.12 —0.54 —1.15 —0.33 0.35 —0.91 —1.18 —1.18
1981 0.69 —0.38 0.16 0.22 1.82 —0.59 -0.7 —0.07
1982 —1.05 —0.41 —0.24 —0.97 —0.34 —0.74 —0.8 —1.13
1983 0.66 —0.65 —0.66 -0.4 0.56 -0.8 —0.48 —0.6
1984 0.16 —0.54 -0.5 —0.52 0.39 —0.03 —0.27 —0.02
1985 —1.43 —0.43 —0.88 —1.53 —0.57 —0.24 —0.08 —0.45
1986 0.22 —0.62 —0.58 —0.59 -1.17 -0.92 —1.21 —1.85
1987 —0.84 —0.24 —1.35 —1.32 —0.26 —0.11 —0.02 -0.2
1988 0.21 —0.12 —0.36 —0.15 1.03 1.75 0.71 2.05
1989 —0.34 —0.33 0.6 —0.09 0.36 —0.94 —0.97 -1.07
1990 0.77 —0.27 —0.63 —0.98 -1 —0.86 —0.86 —1.52
1991 —0.12 —0.13 —0.34 —0.88 —0.52 -0.97 —1.27 —1.64
1992 —1.14 —0.33 —0.75 —1.23 1.02 3.95 0.11 3.18
1993 0.55 —0.63 —-1.23 —0.74 —0.4 0.25 —0.59 —0.35
1994 —0.21 0.25 0.33 —0.12 -0.43 0.69 0.8 0.77
1995 —1.43 —0.54 0.59 —0.84 —0.44 0.29 —0.56 0.32
1996 0.87 —0.45 —1.44 —0.56 —-0.51 0.26 0.93 0.17
1997 0.25 -04 —0.73 —0.39 0.21 —0.35 —0.31 —0.29
1998 0.12 0.17 —0.23 0.03 0.35 —0.48 0.34 —0.57
1999 —0.44 —0.35 0.56 0.25 0.48 —0.43 —0.42 —0.56
2000 0.24 —0.32 0.36 0.45 —-0.37 0.45 0.39 —0.31
2001 1.03 0.45 1.52 1.45 —0.39 0.34 0.5 0.61
2002 0.48 0.69 —0.58 0.74 0.45 —0.74 —0.17 —0.67
2003 0.68 0.45 0.74 0.98 2.65 3.75 3.24 4.58

The bold type illustrates the significant years of simultaneous flooding in Middle Yellow River.
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discharges for Huaxian (HX), Zhuangtou (ZT) and Longmen (LM) were 2.20, 3.85 and 1.25. Corresponding to the
modelled result, the gauged discharges reached 5180 m*/s, 3360 m*/s and 10100 m*/s. For the flood event on 7 July
1977, the simulated ®- was 4.48, and the normalized values of the flood discharges were 1.66, 3.45 and 2.54. The
corresponding gauged discharges reached 3070 m*/s, 4470 m*/s and 14 500 m*/s. In the above two flood events, the
modelled ®5 values indicate high flood events. In reality, there were severe flood events. The model performance is
consistent with other flooding years. Similarly, the low ®; value stands for the low probability of floods at the
confluence. For example, in the event of July 1971, the ® 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 m’/s, 206 m*/s and 14 300 m’/s.

Based on our time coefficient model, we predicted flood events from 1996 to 2003. In July 2001, the ® 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 26th, 27th and
31st August 2003, the discharges reached 1140 m¥/s, 5100 m*/s and 7230 m/s. The modelled flood discharge time
coefficient in August (marked as ®g) 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. The simulation results using the non-parameters empirical function model with time
coefficients revealed the relationship between flood probability and the true intensity of floods at the confluence.

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 documented
historic flood events. Coefficient of variation (CV, ranging from O to 1) represents the variation degree of
water-related variables in hydrology. The greater CV value means the higher probability of variation. The CV
values of the annual flood discharges varied from 0.37-0.49 (Yellow River and Weihe River) to 0.89-0.98 (Jinghe
River and Luohe River) (Table IV). Since the Fenhe River and Weihe River are tributaries of the middle Yellow
River, and Jinhe and Luohe are tributaries of Weihe River, the values imply that the variation of the annual flood
discharges was lower in the main streams than that in the tributaries. Meanwhile, records show that the duration of
floods varied from 1 to 3 days in the main stream rivers at the confluence and from 5 to 7 days at the gauging stations
in the tributaries. These phenomena were due to monsoon influences. In an earlier rainy season, flood may occur in
the tributary several days before in the main stream so that effect of the tributary flood flow on the main stream is
insignificant.

Modelling results (Table V) show that the correlation coefficients of flood discharges in the upper reaches were
higher than the values downstream. For example, the correlation coefficient of flood discharge for the stream
between Longmen and Tongguan was 0.67 and for the one between Xianyang and Huaxian was 0.78. The results
also show that two nearer stations had a higher correlation coefficient value of flood discharges, for example the
correlation coefficient in Tongguan between Yellow River, and Weihe River was higher than in Longmen between
Weihe River and Luohe River. The correlation of the flood discharge was rather poor (0.05) between Zhangjiashan
and Tongguan rivers because of the greater distance between the two stations. Also the floods in the single Jinghe
River associated with the Zhangjiashan station had small effects on the Yellow River. Floods based on contributions
from a greater number of tributary rivers would have more effects on behaviours of floods at their confluence areas,
but have lower probability of co-occurrence. For example, probabilities of confluence floods of three tributary

Table IV. 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 0.37
Weihe river 0.49
Fenhe river 0.64
Jinghe river 0.89
Luohe river 0.98
Copyright © 2007 John Wiley & Sons, Ltd. River. Res. Applic. 23: 407-427 (2007)
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Table V. Correlation coefficient of flood discharge occurrence in the Middle Yellow River Basin

The Yellow river Weihe river Jinghe river Luohe river

Longmen Tongguan Xianyang Huaxian Zhangjiashan Zhuangtou

Longmen 1
Tongguan
Xianyang
Huaxian
Zhangjiashan
Zhuangtou 6
Weihe river
Jinghe river
Weihe river
Luohe river
Jinghe river
Luohe river

0.67

0.65

0.63

0.55

0.15
0.17
1

0.21
0.29
0.78
1

0.16
0.05
0.36
0.58
1

0.07
0.20
0.11
0.13
0.50
1

0.75
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Figure 6. 3-year moving average flood peak discharge in middle Yellow River (1. Longmen, 2. Tongguan, 3. Xianyang, 4. Huaxian, 5.
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rivers were lower than that of two rivers, but higher than that of four rivers. The analysis showed that flood
discharges at the two stations (Tongguan, in Yellow River and Huaxian, in Weihe River) had the highest correlation
coefficient values. The next high coefficient was for the rivers: Weihe, Luohe and Jinghe. The lowest coefficients of
flood discharge were from the segments: Yellow River, Jinghe River and Luohe River.

Using a 3-year moving average method for periodicity analysis (Figure 6) shows that high flood discharges were
observed at the six sites (Huaxian, Longmen, Tongguan, Xianyang, Zhangjiashan and Zhuangtou) in 1935-1937,
1941-1944, 1952-1955, 1963-1973 and 1975-1979. The years with low flood discharge were 1937-1941,
1959-1963 and 1971-1991. Flood discharges varied from 1930 to 1990, and flood frequency at the confluence near
Tongguan intensified during the past 30 years (Figure 6). This result demonstrated that the probability of flood
occurrences at the confluence increased after 1970, when severe floods occurred almost every 2—6 years (e.g. big
floods in 1971, 1977, 1979 and 1988, 1992, 1994, 1996 and 2003).

Degraded river channel conditions changed flood wave propagation

Results from using the kinematic wave theory (KW) and the defined parameters for flood routing processes from
tributaries to the confluence showed that computed water levels or discharges generally agreed with the field
measurements. We identified agreement by comparing the simulated results with the measured hydrographs at
flood peak discharges and water levels from 6 June 1996 (Table VI). The simulated and measured hydrographs of
flood discharge and water level from 2003 were also compared for the middle Yellow River and the comparison
results are displayed in Figure 7. The most observed peak rainfalls at gauges exceeded the maximum within the past
10 years. Flood peak discharges in Zhangjiashan, Xianyang, Lintong and Huaxian were 4010 m*/s, 5340 m%/s,
5100 m*/s and 3570 m*/s. Total flood flows in Zhangjiashan, Xianyang and Huaxian discharged 1.25 billion cubic
meters, 3.45 billion cubic meters and 6.26 billion cubic meters.

The flood routing analysis demonstrated that the situation of degraded river channels delayed flood wave
propagation. For example, the water levels in Lingtong and Huaxian increased by 0.5 m and 1.2 m but the flood
discharge decreased by about 64 m*/s on average. The analysis showed that the flood wave propagation time was
24-52.3h in 82.2km from Lingtong to Huaxian in 1996 and 2003. This flood wave propagation time increased
significantly in comparison to the propagation time of earlier events: 7 hiin July 1977, 11 hin August 1981, 11-16h,
from 1985 to 1995. The increasing flood wave propagation times suggest that floodplains were probably inundated
and flood routing channel roughness increased. These routing channel changes were more severe at the confluence
areas (Figure 8). River channels were likely degraded by the silted and elevated river bed, and by the occupied
floodplains of civilian construction projects. The shrunken main channels lead to decreasing flood capacity. The
lower reaches were continuously silted for years, which shrank the main channel and reduced flood capacity.

DISCUSSION

Our study shows that disastrous floods in the study area were more frequent in the 19th century, but flood frequency
has intensified over the past 30 years. The shortened flood intervals are generally correlated with fluctuating rainfall

Table VI. Observed and simulated peak discharge and water levels on 6 June 1996

Zhangjiashan Xianyang Lintong Huaxian Tongguan

Water level (m)

Observed 329.32 385.66 354.21 339.32 344.21

Computed 330.43 385.52 354.18 339.43 350.18

Absolute error —1.11 0.14 0.03 —0.11 —-5.97
Discharge (m3/s)

Observed 427 469 640 627 470

Computed 424.5 467.88 634.15 621.58 464.5

Absolute error 2.5 1.12 5.85 5.42 5.5
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Figure 8. Relation between flood wave propagation velocity and discharge in Huaxian

and rising regional temperature. In addition to the climatic variables, the increased flood frequency was most likely
also due to riverbed morphological change resulting from periodic flooding and sedimentation. The high
correlation between rainstorms and flood occurrences suggest that climate change has and will continue to affect
flood intensity and frequency. This suggestion from analyzing the flood frequency for the middle of Yellow River is
consistent with world-wide evidences, such as results from the study conducted by Ludwig et al. (2004) for the Tet
River (Southern France). Based on the studies by Yu and Neill (1993), high intensity rainfall could occur more
frequently in a CO,-warmed world. If results from Yu and Neill (1993) can be applicable to our study area, then
global temperature increases tend to lead to more high intensity rainfall. Therefore, the influence of climate change
must be considered in long-term planning for flood management schemes.

The correlation coefficient of flood discharges derived from the historic flood records were effective in predicting
the flood events from 1996 to 2003. Correlation coefficients of flood discharges in upper reaches were found to be
higher than those in lower reaches and also the proximity of gauging stations lead to higher correlation coefficient
values. Therefore, carefully linking multiple water level measurements could be effective in predicting future
trends of flood frequency.

Since Kinematic Wave theory model is affected by upper boundary conditions of flood discharge, human
activities do alter the upper boundary conditions of rivers so that would be indirect factors for estimating flood
propagation waves and description of flood routing processes. Exemplary human activities changing upper
boundary conditions of flood discharges are construction of Sanmenxia Dam, aggravate potential confluent flood
disasters, and change flood routing boundary conditions contributing to flood occurrence. This believes is supported
by that urban development (channel form and streambed disturbance) has impact on interannual streamflow
patterns reported by Konrad et al. (2005). Land use changes and construction activities have impacts on flood
propagation waves and flood routing processes by increasing soil erosion and leading to declined flood capacity and
elevated river bed of a shrunken main channel. The high sediment load of the river is one of the reasons that flood
wave propagation times increased (to 24-52.3 h) in the study area after 1995. The river channels were unilaterally
dominated by silting with litter deposits being flushed out and the silting central region moved upstream
continuously. The annual sediment load of 1.6 billion tons carried by the Yellow River (the records in 1919-1985)
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can fill up any large reservoir in the world very quickly. Therefore, using reservoirs to control floods and regulate
flows on the Yellow River has proved to be difficult.

In 1955, the government approved an ambitious plan of Yellow River management (ISP, YRCC, 1991). The plan
aimed to put the river completely under control, eliminating the flood and drought disasters in the basin, stopping
the water and soil losses on the Loess Plateau, and making the best use of the water resources for irrigation,
electricity generation and navigation. Yet the soil loss was not alleviated as expected. Until 1979, the controls on
soil losses were in place only for an area of 75.7 thousand km?, or 40% of the planned area. As a result, serious
sediment filling problems appeared in some of the completed reservoirs. Two of the reservoirs were built on the
lower Yellow River and functioned for 5 years. They had to be destroyed in 1963 due to serious sediment filling and
the resulting higher water level. Sanmenxia Reservoir had a capacity of 35.4 billion m® and was the largest in China
when it was finished in 1960. Yet the sediment accumulation in the reservoir was so high that the total volume of
deposits in the section from Tongguan to the dam reached 3.65 billion cubic metres in the first 4 years. Since the
reservoir raised the water level at Tongguan where the Weihe River joins the Yellow River, heavy siltation and
flooding took place in the Weihe River. The Weihe River flood events caused colossal harm to residents in the
tributary’s basin. Thus the flow regulation pattern of the reservoir had to be changed by impounding both water and
sediment during 1960-1964, through deterring flood and discharging sediment during 1964—1973, and storing clear
water and releasing muddy flow after 1973.

The reservoir was modified twice to enlarge its release capacity for the implementation of a regulation pattern
transform. The originally designed normal high-level had to be lowered from 350 m to 335 m above sea level so that
the storage capacity could be enlarged from 35.4 billion m” to 9.64 billion m*. Even though the average water level
of the reservoir was kept in the range of 314-318 m above sea level after 1974, the water level at Tongguan was still
kept at around 327.5 m above sea level, 3.8 m higher than that before the dam construction. Therefore the huge
volume of sediment carried by the river prevents the full use of the valuable capacity of reservoirs to regulate the
river as needed.

Another environmental problem is civilian construction projects occupying floodplains. This practice will lead to
for an increased risk for potential confluent flood disasters. Almost one-third of the floodplains in the middle Yellow
River were occupied by business markets, factories and residential houses, and two-third of the floodplains were
cultivated as farming lands. On one hand, these occupied floodplains are most likely to hold back flood flow and
raised water levels at the confluence. On the other hand, a large loss of property and life is inevitable when heavy
flooding occurs.

CONCLUSION

In this study, historic flooding events at the confluence of the middle Yellow River were evaluated to study the trend
of flood frequency, intensity and probability of co-occurrence of floods from multiple tributaries (State Flood
Control and Drought Relief Headquarters, 1992). In referencing to historic data, the non-parametric, orthogonal
function matrix model introduced in the study was examined to be appropriate for analyzing flood frequency. Also
our Kinematic Wave theory model has improved the prediction of flood propagation waves and the understanding
of flood routing processes.

Through the characteristics of confluent floods, it improved our understanding the changes of flood frequency,
intensity and duration in the middle Yellow River. The model simulation confirmed that human activities such as
constructions of the Sanmenxia Dam, have significant effects on flood characteristics due to the change of flood
routing boundary conditions. The need of model improvement is on parametres calibration to deal with the
uncertainty in flow in the river channel because of the intense exchange of sediment load on riverbeds and banks.
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