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Abstract A grid-based kinematic overland flow routing model for rainfall-runoff modeling was

developed for flood forecasting. The watershed was sub-divided into a raster system for representing

the spatial variability of soil, vegetation and rainfall, etc. In each grid, hydrological processes such as

interception, infiltration and overland flow were considered. Runoff generated in each grid was routed

by a kinematic wave method according to the digital river basin extracted by using DEM by

DigitalHydro software package. The model was applied to Shiguanhe river basin. The model was able

to reproduce runoff volume and peak discharge with high efficiency.
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1 INTRODUCTION

A distributed hydrology model is developed
and applied to Shiguanhe river basin, an
Intensified
Observation Period (I.O.P.) of HUBEX in
1998/1999. The Shiguanhe river basin which
always has great impact on peak flow of Huaihe
River with an area of 158160 km® is located in the

Daibie Mountain area. Therefore, it is of particular

experimental basin  during the

interest to predict the flood pattern based on the
main hydrological mechanisms.

Several flood forecasting models have been
applied to the Shiguanhe river basin. Topmodel
(Beven, et al., 1984) was used to simulate discharge
of Shiguanhe river basin during the summer of 1998
by Liu et al (2002) and the success was limited. Li
et al (2004) developed a grid-based Xinanjiang
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model to couple weather radar rainfall data into
real-time flood forecasting. The Xinanjiang model
parameters used in each grid were calibrated by
discharge data from Jiangjiaji station with all the
grids having the same parameters.

Based on past experiences, the grid-based
overland flow routing model for rainfall-runoff
modeling is developed. In addition, this model is
designed not only to integrate the weather radar
rainfall but also to represent the spatial variability
of the basin through a square raster system. The
raster system is used as the fundamental
computation units while all the grids are divided
into two groups such as the hillslope and river
according to DigitalHydro package.

Based on the background given, the objective
of this paper is to develop a distributed hydrology
model for rainfall-runoff modeling which includes
main mechanisms leading to the runoff generation
in the study basin during the flood shaping periods.
The spatially varied soils, crops, terrains, rainfall
and other hydrological characteristics are
considered. The model theory and structure are

presented in section 2 and 3 respectively;
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delineation of digital river basin for Shiguanhe
basin is described in section 4 while section 5
describes the calibration and validation of the
model.

2 KINEMATIC WAVE MODEL

The one-dimensional kinematic wave equation

for shallow water flow over a plane is given by:

2 raZ =g, () (1)
Here, % is overland flow depth, g.(x,f) is the net
inflow including the overland flow section, o and m
are coefficients. Under the kinematic wave
approximation, the discharge is a function of
overland flow depth (Kibler, et al., 1970) and it is

given as

in which 7 is the Manning coefficient (4C) and S,
is the slope in the flow direction.

There is only one parameter to be defined in
Eq.1 while the manning’s coefficient values are
available in literature (Engman, et al., 1986). The
solution is obtained by using the Newton-Raphson
technique. Numerical experiments are carried out to
compare the performance of the four-point implicit
finite difference schemes with the analytical
solution of kinematic wave equations (Singh, et al.,
1976). The simulations are applied to a test plane
900 m long and 1 m wide, which is subjected to a
rainfall of 0.05 mm/min for 120 min. While
Manning’s coefficient used is #=0.02 with the slope
of the plane at 0.75%. In addition, simulation is ran
for 300 min using a time step of 90 s and a space
discretization of 30 m. The results obtained by the
model are almost identical with the analytical
solutions as shown in Fig. 1.

¢ model solution

q =uh=ah" )
Using manning’s equation,
m=>5/3and a=S,"/n (3)
analytical solution
8. 00E-04
=
S 6. 00E-04
B
© 4.00E-04
g
'S 2.00E-04
= 0.00E+00 :
0 30 60

90 120 150 180

Time (min)

Fig. 1 Comparison of numerical and analytical solutions of kinematic wave equation

3 DESCRIPTION OF THE
DISTRIBUTED
RIANFALL-RUNOFF MODEL

The model simulates runoff yield and overland
routing over a basin during storm event. The model
is one-dimensional and simulates concurrently these
processes: rainfall interception; through fall
infiltration to the soil and overland flow routing as

shown in Fig. 2.

3.1 RAINFALL INTERCEPTION

The interception process is simulated by a
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Fig. 2 A schematic of runoff generation in the model

bucket model (Kristensen, et al., 1975), where
precipitation P (mm) in excess of interception
storage /NT (mm) and evaporation £ (mm) from
interception reaches the ground surface. The
interception storage varies between zero and INTC

(mm), the interception storage capacity, which is
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calculated from
INTC =IC* LAI @)
where LAI is the dimensionless leaf area index; and
1C is the interception coefficient (mm/unit LAJ).
For each time increment [z-1,/], the actual
- interception storage INT, (mm) is calculated as

follows:
INT, = INT,_, + INTP, - E, &)
with
E, =min(E - INT)) (6)
and
INTP, = min(P,,(INTC - INT,_,)) 7

where INTP, is interception precipitation (mm); Ep,
is potential evaporation (mm) and it is determined
by the pan measured evaporation; E, is evaporation
form interception storage (mm).

3.2 THROUGH FALL INFILTRATION

The Green-Ampt method is used here. The
basic equation is

SLIV
b K(l + FJ (8)

where f. is infiltration capacity, mm/h; K is
saturated hydraulic conductivity of the wetted Zohe,
mm/h; S,, is average suction at the wetting front,
mm; H is the average depth of the wetting front in
the soil (mm).

The infiltration rate at time ¢ can be computed
as

f, =min(f, ,P, ~ INTP, + ) ®

where /4, (mm) is surface detention storage at time ¢.

The wetting front depth can be described as
dH f

—= 10
d 6 -6, (10

where 6, is effective porosity, volume/volume and

6, is initial soil moisture content, volume/volume.

4 DELINEATION OF DIGITAL
RIVER BASIN

4.1 STUDY AREA

The 5930 km” Shiguanhe basin (see in Fig. 3)
L2 84 L]

is prone to heavy rainfall events of high intensities

and temporal variability. In this paper, discharge of
Meishan and Nianyushan station were used as the
inflow to the study area (2954 km®) between
Jiangjiaji station and the two reservoirs; this is

depicted as the plain light colored area in Fig. 4.
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®
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raster flow direction

Fig. 4 Sequence number of grid

4.2 DIGITAL RIVER BASIN FOR
SHIGUANHE RIVER

The topographic information for the basin is
available from the U.S. Geological Survey’s EROS
Data Center in the form of a digital elevation model
(GTOPO30). The digital river basin of Shiguanhe
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basin with an area 5830 km” is extracted by using
the DigitalHydro software package (Liu, et al,
2005). It is 1.6% less than the actual area. Raster
Flow direction and slope for the raster system can
also be gvained. By assigning a critical upstream area,
in this study basin 30 km®, the hillslope and river
grids are differentiated.

The flow concentration system of the basin is
routed according to this algorithm. Each cell has a
routing order and the cells are ranked by the
following principles: (1) cells without inflow are
defined as rank 1, and (2) the ranking number of
each cell is equal to the maximum ranking number
among neighboring upland cells plus 1. There is no
flow between cells of equal rank. According to
these methods, the raster system of the study area is
divided into 93 ordered areas for overland flow
routing as shown in Fig. 4.

S MODEL APPLICATION

5.1 HYDROLOGY AND CLIMATE
DATA

Rainfall data from a weather radar located in
Fuyang station (32 ° 55N, 115° 49'E) was
available. Hourly and daily average discharge data
were monitored at Jiangjiaji, Meishan, Nianyushan
and Huangnizhuang stration and hourly and daily
average rainfall were monitored at 16 locations in
the basin. From 1970s to 2000s, seven flood events,
five for calibration and two for validation, were

selected for hydrological modeling.

5.2 VEGETATION AND SOIL DATA

Vegetation distribution of the catchment is
obtained from the UMD lkm global land cover
database. Distribution of the nine types of
vegetation is shown in Fig. 5.

Soil type data is from FAO Soil Map of the
World (FAO, 1998). According to the soil type data,
fundamental soil properties such as depth, particle
size distribution and effective porosity are from

IGBP-DIS (2000).
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Fig. 5 Spatial distribution of vegetation type

5.3 CALIBRATION AND VALIDATION

The interception coefficient /C can be related
to the thickness of water film on the leaves, with
maximal values of 0.15-0.20mm (Menzel, et al.,
1997) and IC=0.175 was used for the study basin.
Grids with different land use were assumed to be of
different manning coefficients (MC) according to
the values measured by Engman (1986). Soil
hydraulic parameters such as saturated hydraulic
conductivity and average suction at the wetting
front suggested by Rawls et al. (1983) were used.
The manning’s coefficients and soil hydraulic
parameters were determined based on published

literatures as introduced above with only a little

~adjustment according to the outlet discharge data.

The calibrated parameters are shown in Table 1 and
Table 2. The initial soil moisture was near saturation
for the selected flood events and was consistent
with actual watershed conditions.

The efficiency coefficient (EC) used to
quantify model performance is

Z (Qobs Qszm )
z (Qobs Qobs )

where Qs is the observed discharge (m*/s), Oyim is the
simulated discharge (m%/s), and Q,,, is the average

EC= (1)

value of observed discharge (m’/s).The simulation
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results are listed in Table 3. All the simulated peak

discharges are compatible to the observed ones and the

biases are low for all flood events.

Table 1 Vegetation type and corresponding manning’s coefficients

Vegetation type Area (km?) Manning coefficients Leaf area index
Water 224 .01 0
Evergreen needle leaf forest 52 141 6
Deciduous broad leaf forest 66 141 6
Mixed forest 38 193 6
Woodland 2409 114 6
Wooded grassland 777 102 2
Grassland 278 .102 2
Cropland 1988 .091 2
Urban and Built-up 2 0.02 0

Table 2 Soil type and parameters for Green-Ampt model
Soil type K (cm/hour) 04 (cm*/cm’) S,y (cm)

Calcaric Gleysol 0.392 0.499 273

Eutric Gleysol ’ 0.382 0.539 29:2

Calcic Cambisol 0.868 0.485 16.7

Table 3 Hydrological simulation results
Flood events Peak discharge Efficient
(year/month/day) Obs. (m’/s) Sim. (m%/s) Bias (%) coefficient

1975/06/20 2430 2632 -8.3 0.90
1980/07/16 3020 2964 1.9 0.93
Calibration 1987/05/01 1010 846 16.2 0.85
1998/06/28 1390 1420 2.2 0.78
2002/07/22 3080 2954 4.1 0.85
Validation 1987/07/05 3540 3666 -3.6 0.88
1991/06/11 2330 1987 14.7 0.86

6 SUMMARY AND
CONCLUSION

A grid-based kinematic wave overland flow
model for digital river basin was developed and
applied as a distributed hydrological model for
basin scale rainfall-runoff modeling. The distributed
rainfall-runoff model was applied to Shiguanhe
basin, an experimental basin during the Intensified
Observation Period (I.O.P) of HUBEX in
1998/1999. The basin was sub-divided into a raster
system to represent the spatial variability of rainfall
field, soil vegetation and so on The topography such

as raster slope, flow vector and digital river were

extracted by a digital watershed tools, DigitalHydro.

Seven flood events were selected for calibrating and

.86.

validating the model. The parameters were
calibrated by five flood events by referring to the
values suggested by literatures. The simulated
results show good agreement with the observed.
The results show that this distributed rainfall-runoff
model performed well as it is capable of evaluating
the impacts of land cover and soil changes by
human activities on the outlet discharge, so well.
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