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INTRODUCTION

Runoff is one of the most important hydrologic vari-
ables used in most of water resources applications.  
Reliable prediction of quantity and rate of runoff from 
land surface into streams and rivers is difficult and time 
consuming to obtain for ungauged watersheds (Nayak 
and Jaiswal, 2003).  In several decades, the lumped water-
shed models have been used traditionally to analyze the 
conversion excess rainfall into surface runoff.  These 
models typically assume that excess rainfall and hydro-
logic parameters are uniform over the watershed and that 
the rainfall runoff process is linear and can be predicted 
using hydrograph theory (Melesse et al., 2003).  However, 
in practice, the excess rainfall and hydrologic parameter 
are non uniform over large watershed.  To overcome this 
deficiency, spatially distributed models have developed 
(Ott, et al., 1991; Olivera and Maidment, 1999) in which 
the watershed is divided into a number of sub–water-
sheds or cells with spatially variable excess rainfall and 
hydrologic parameters.  Distributed–parameter models 
divide the entire watershed into smaller sub–basins or 
grids which are assumed to have uniform hydrologic char-

acteristics.  Distributed parameter model may be more 
accurate since they offer the possibility of modeling the 
spatial variability of hydrologic parameters.  Moreover, 
in flood prediction and rainfall runoff computation physi-
cally based distributed modeling of watershed processes 
has become increasingly feasible in recent years.  In addi-
tion to the development of improved computational capa-
bilities, Digital Elevation Model (DEM), digital data of 
soil type and land–use, as well as the tool of Geographical 
Information System (GIS), give new possibilities for 
hydrologic research in understanding of the fundamental 
physical process underlying the hydrologic cycle and of 
the solution of mathematical equations representation 
those processes (Liu et al., 2003).  Actually, GIS is a com-
puter–based tool that displays, stores, analyzes, retrieves 
and generates spatial and non–spatial (attribute) data.  
GIS technology is a well–established tool used in hydro-
logic modeling, which facilities processing, management 
and interpretation of all available data.  It also provides a 
practical means for modeling and analyzing the spatial 
characteristic of the hydrologic cycle.

Therefore, many studies have been done to incorpo-
rate GIS in hydrologic model of watersheds.  Typical 
examples are the following works.  Maidment (1992a and 
1992b) introduced a procedure using raster GIS and a 
time–area method to drive a spatially distributed unit 
hydrograph.  Maidment used the Digital Elevation Model 
(DEM) of watershed to determine the flow direction from 
each cell based on the maximum downhill slope, runoff 
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discharge, and flow velocity.  Zhan and Huang (2004) 
developed the application of ArcCN–Runoff tool to deter-
mine curve number and calculate runoff or infiltration 
for rainfall event in a watershed.  Zhan and Huang also 
pointed that (NRCS–CN) method is the most common 
and popular method for estimating surface runoff and 
peak discharge in depth from rainfall event.  In this model, 
curve number (CN) was regarded as the representative 
of single parameter to express water retention in soil.  
Values for soil retention are estimated from various cor-
relations of many factors influencing infiltration, rainfall 
pattern, initial soil moisture, tillage practice, physical soil 
properties and densities of vegetation roots and stems.  
Factors of surface roughness, surface storage, slope, size 
of watershed overland flow area, as well as rate of pre-
cipitation have also been taken into account in the model 
(Mack, 1995).  Therefore, selection of curve numbers, 
which vary with soil type, land use cover and hydrologic 
condition of the soil, plays a vital role in the CN model.  
Elizabeth et al. (2008) also used GIS based data incor-
porated with (NRCS–CN) method to estimate both the 
event storm and peak runoff rate.

In the present study, an application for rainfall run-
off model in the Chikugo River Basin in Kyushu Island, 
Japan was carried out by using an extension tool (Arc 
Hydro) of a well–know GIS software (ArcGIS) incorpo-
rated with the Natural Resources Conservation Service 
Curve Number (NRCS–CN) method.  The elevation, 
drainage line definition, watershed delineation, drainage 
feature characterization, and geometric network genera-
tion were simulated as well as spatial distribution of land–
cover, soil classification, and rainfall.  Next, the surface 
runoff in the sub–watershed region of the basin was 
computed on a monthly basis throughout one year (from 
April 2005 to March 2006) then the simulated results of 
the model were evaluated by comparing with those 
observed ones.  Grid operation together with curve 
number and runoff models used in this study will be 
clearly presented.

MATERIALS AND METHODS

Study area
Chikugo River basin, which is located in Kyushu 

Island in Japan, belongs to Oita, Fukuoka, Kumamoto, 
and Saga prefectures as shown in Fig. 1.  It is mainly cov-
ered with forest, wetlands, agriculture, and urban–built 
up areas.  The total basin area is about 2,800 km2.  The 
Chikugo River rises under the Mount Aso, and discharges 
into the Ariake Sea.  With a total length of 143 kilometers, 
it is the longest river of Kyushu Island.  The upper reaches 
of the river are important to forestry, whereas the mid-
dle and lower reaches are important to local agriculture, 
providing irrigation to some 400 km² of rice fields on the 
Tsukushi Plain.  The river is also important to industry, 
with twenty electrical power plants are located along the 
banks of the Chikugo River, as well as the major city of 
Kurume in Fukuoka prefecture.

 

Data
The data used as initial input in this study were 

obtained from the two main important recourses: DEM 
and flow line maps.  These data, as well as soil and land–
use maps, were provided by the Ministry of Land, 
Infrastructure, and Transportation (MLIT).  The hourly 
rainfall series, which have been observed in the Chikugo 
Barrage sub–watershed, were used for simulating the 
runoff discharge.  Additionally, in order to evaluate the 
applicability of the proposed model in the present study, 
daily discharge have been observed at the Chikugo 
Barrage from April 2005 to March 2006, were used for the 
verification of the proposed model.  These hydro–Metro-
logical data were supplied from Fukuoka Prefecture 
Government.  The observed discharge point is shown in 
Fig. 1.

Digital Elevation Model (DEM)
DEMs were used to determine the hydrologic param-

eters such as slope, flow accumulation, flow direction, 
drainage area delineation, and stream network.  The res-
olution of DEM affects the results of watershed delinea-
tion and stream definition (Luzio et al, 2005).  Thus, in 
order to obtain a better output and eliminate some unpre-
dicted error, a highest resolution DEM (50×50 m) was 

Fig. 1.  Location of Chikugo River basin.

Fig. 2.  50–m DEM of Chikugo River basin.
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adopted.  The elevation data involved in the DEM was ini-
tially obtained by interpolating the official elevation data 
from MLIT using the Kriging method (Fig. 2).  The trian-
gulated irregular network was also generated by ArcGIS 
tool for better view and analysis, as presented in Fig. 3. 

 
Drainage analysis using digital elevation models
Flow direction grid: 

Water in a given cell can flow to one or more of its 
eight adjacent cells according to the slopes of the drain-
age paths.  This concept is called the eight–direction pour 
point model.  There are several variants of the eight–
direction pour point model, but the simplest, and the one 
used in ArcGIS, allows water from a given cell to flow 
into only one adjacent cell, along the direction of steep-
est descent (Maidment, 2002).  The result flow direction 
was encoded 1 for east, 2 for southeast, 4 for south, 8 for 
southwest, 16 for west, 32 for northwest, 64 for north, 
and, finally 128 for northeast (Fig. 4). 

Flow accumulation grid: 
Flow accumulation was calculated from the flow 

direction grid.  The flow direction grid recoded the 
number of cells that drained into individual cell in the 
grid.  Therefore, from the physical point of view, the flow 
accumulation grid is the drainage area measured in units 
of grid cells.  The flow accumulation grid of the Chikugo 
River basin was depicted in Fig. 5. 

 

Stream definition using a threshold drainage area: 
With a flow accumulation grid, streams may be 

defined through the use of a threshold drainage area or 
flow accumulation value (Maidment, 2002).  This study 
used the standard value for stream definition of Arc Hydro 
tools, which is 1% of the maximum flow accumulation of 
the basin.  Smaller threshold will results denser stream 
network and usually lower speed of catchment’s deline-
ating process.  In this case, 1% of the outlet point of 
1077,708 cells is equivalent to 27 km2 the drainage area–
width 50 m×50 m for each cell size.  All drainage points 
with smaller area than 27 km2 would not be considered 
as stream cells and identically with a value of 0 rather 
than 1.  Consequently, the whole created stream network 
was then divided into distinct stream segments with 
unique code numbers.  These stream segments are called 
“stream links” (ESERI, 2003)

Catchment delineation:
To define catchments for each stream link, the flow 

direction grid are used for separating the zone of cell 
whose drainage flows through each stream link.  The 
results of the delineation are stored in a catchment grid, 
and identically labeled exactly as its stream link’s code 
(Maidment, 2002).  Base on that, the catchment polygons 
could be converted using Arc Hydro tool (Fig. 6). 

 
Watershed delineation:

Catchment processing from DEM is preliminary or 
preprocessing step to watershed delineation using the 

Fig. 3.  Triangal irrigular network of Chikogo River basin.

Fig. 5.  Flow accomulation grid of Chikugo River basin.

Fig. 4.	 Flow direction grid of Chikugo River basin (eight–direc-
tion pour point method).

Fig. 6.  Watershed, sub–watershed, and catchment boundaries.
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Arc Hydro watershed processing tools.  The standard 
application for watershed delineation is to identify a series 
of points on the hydro network as watershed outlets, 
then divide and merge the underlying catchment to pro-
duce sub–watershed.  There are two alternatives: to pro-
duce watersheds or to produce sub–watersheds.  When 
producing watershed with Arc Hydro toolset, the result 
is a watershed polygon for each outlet point that covers 
its entire upstream drainage area.  Whereas, producing 
sub–watersheds results in a polygon for each outlet point 
that covers only the incremental drainage area upstream 
of this outlet point and downstream of all others.  In this 
study, a representative of outlet point of the Chikugo 
River basin was processed together with a point in the 
Chikugo Barrage sub–watershed (Fig. 6).  The computa-
tion of runoff, which included the spatially distributed 
hydrologic parameters and (NRCS–CN) method analy-
sis, focused mainly on the Chikugo Barrage sub–water-
shed. 

Curve number and runoff model
In the early 1950’s, the United States Department of 

Agriculture (USDA) NRCS (then named Soil Conservation 
Service, SCS) developed a method for estimating the 
volume of direct runoff from rainfall.  This method, which 
is often referred to as the curve number method, was 
empirically developed for watersheds.  Analysis of storm 
event rainfall and runoff records indicates that there is a 
threshold which must be exceeded before runoff occurs.  
The storm must satisfy interception, depression storage, 
and infiltration volume before the onset of runoff.  The 
rainfall required to satisfy the above volumes is termed 
initial abstraction.  Additional losses as infiltration will 
occur after runoff begins.  After runoff begins, accumu-
lated infiltration increases with increasing rainfall up to 
some maximum retention.  Runoff also increases as rain-
fall increases.  The ratio of actual retention to maximum 
retention is assumed to be equal to the ratio of direct run-
off to rainfall minus initial abstraction.  This can be 
expressed mathematically as (USDA, 1985)

 

        =					     (1)

In equation (1), F is actual retention after runoff 
begins, mm; S is watershed storage, mm; Q is actual direct 
runoff, mm; P is total rainfall, mm; I is initial abstraction, 
mm. 

The amount of actual retention can be expressed as

F = (P– I) – Q 				    (2)

The initial abstraction defined by the NRCS mainly 
consists of interception, depression storage, and infiltra-
tion occurring prior to runoff.  To eliminate the necessity 
of estimating both parameters I and S in the above equa-
tion, the relation between I and S was estimated by ana-
lyzing rainfall runoff data for many small watersheds.  
The empirical relationship is

I = 0.2S 					      (3)
Substituting Eq. 3 into Eq. 1 and 2 yields 

 Q =                           if	    P>0.2S		  (4)

Q =0                          if	    P<_0.2S		

Which is the rainfall–runoff equation used by the 
NRCS for estimating depth of direct runoff from storm 
rainfall.  The equation has one variable P and one parame-
ter S.  S is related to curve number (CN) by

S =                   – 254 				    (5)

where CN is a dimensionless parameter and its value 
range from 1 (minimum runoff) to 100 (maximum run-
off).  It is determined based on the following factors: 
hydrologic soil group, land–use, land treatment, and 
hydrologic conditions.  The NRCS runoff equation is 
widely used in estimating direct runoff because of its sim-
plicity and flexibility.

Finally, the basic equation (4) was combined with 

(P–0.2S)2

P+0.8S

25400

CN

Table 1.  Hydrologic soil group descriptions (from USDA, 1985) (see also Fig. 7)

Soil group Description
Final 

infiltration rate 
(mm/hr)

A
Lowest runoff potential. Includes deep sands with very little silt and clays, also deep, 
rapidly permeable loess.

8–12

B
Moderately low runoff potential. Mostly sandy soils less deep than A, and less deep or 
less aggregated than A, but the group as a whole has above average infilteration 
thorough wetting.

4–8

C
Moderately high runoff potential. Comprises shallow soils and soils containing 
considerable clay and colloids, though less than those of group D. The group has 
below–average infilteration after presaturation.

1–4

D
Highest runoff potential. Includes mostly clays of high swelling percent, but the 
group also includes some shallow soils with nearly impermeable subhorizones near 
the surface.

0–1

F

S

Q

P– I
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the spatially distributed parameters of soil, land–use, and 
rainfall in order to simulate the runoff in the Chikugo 
Barrage sub–watershed.  The total monthly discharge was 
computed by following equation:

Qmonth(i) = Σ Qij × Aj				    (6)

where Qmonth(i) is the total monthly runoff discharge of 
the sub–watershed in month i, m3; Qij is depth of direct 
runoff in month i of cell No. j, m; Aj is the area of corre-
sponding cell No. j, m2; and n is total cell numbers of the 
sub–watershed.

Hydrologic soil group classification
Soils were classified into four hydrologic soil groups 

(A, B, C, and D) according to their minimum infiltration 
rate.  A description of these groups is shown in Table 1.  
Base on that, the classification of hydrologic soil groups 
of the Chikugo Barrage sub–watershed was visualized in 

Fig. 7.
 

Combination of hydrologic soil group and land–use 
classes

Land–use data was also classified into nine classes 
(Fig. 8).  This spatially distributed parameter was com-
bined with the hydrologic soil group classification in order 
to determine the value of CN that was mentioned above 
(Eq. 5).  Chow et al. (1988) introduced a relationship 
between land cover and hydrologic soil group, as pre-
sented in Table 2.

 
 

Spatially distributed rainfall
There are several methods of determining weighting 

coefficients for the spatial distribution of rainfall, and all 
of them yield slightly different variations of rainfall pat-
terns across an area.  The Thiessen method is a widely 
recognized scheme proven to be reasonably accurate at 
estimating areal precipitation distributions, and so was 

n

j=1

Table 2.  Table of runoff curve number

Description of land–use
Hydrologic soil group

A B C D

Cultivated (Agricultural Crop) Land: 
Without conservation treatment (no terraces) 72 81 88 91

With conservation treatment (terraces, contours) 62 71 78 81

Woods and Forests: 
Poor (small trees/brush destroyed by over–grazing or burning) 45 66 77 83

Fair (grazing but not burned; some brush) 36 60 73 79

Good (no grazing; brush covers ground) 30 55 70 77

Residential Areas: 
1/8 Acre lots, about 65% impervious 77 85 90 92

1/4 Acre lots, about 38% impervious 61 75 83 87

1/2 Acre lots, about 25% impervious 54 70 80 85

1 Acre lots, about 20% impervious 51 68 79 84

Streets and Roads: 
Paved with curbs and storm sewers 98 98 98 98 

Gravel 76 85 89 91 

 Dirt 72 82 87 89 

Open Spaces (lawns, parks, golf courses, cemeteries, etc.):
Fair (grass covers 50–75% of area) 49 69 79 84 
Good (grass covers >75% of area) 39 61 74 80 
Open water 0 0 0 0

Fig. 7.	 Hydrologic soil group of Chikugo Barrage sub–watershed 
(see also Table 1).

Fig. 8.	 Land–use classification of Chikugo Barrage sub–water-
shed.
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the method of choice in this study.  The primary assump-
tion in the Thiessen method is that areas closest to a 
precipitation station are most likely to experience simi-
lar rainfall conditions to those measured at the station 
location (Chow et al., 1988).

The hourly rainfall series, which have been observed 
in the Chikugo Barrage sub–watershed, were used for 
simulating the runoff discharge.  Using the eight nearest 
rainfall gages to the Chikugo Barrage sub–watershed, 
Thiessen polygons (Fig. 9) were constructed using the 
GIS to determine the spatial distribution of storms for 
computation of spatially variable excess rainfall.

 

RESULTS AND DISCUSSION

Evaluation of the simulated stream network
First, the accuracy of the proposed model was evalu-

ated by comparing the simulated stream network with 
the existing flow lines.  Figure 10 displays a stream net-
work derived automatically from DEM computation and 
a manual operation using topographic maps.  The results 
show that the simulated drainage networks were totally 
consistent with the actual flow lines that were obtained 
from data resources of MLIT.  This indicated that the pro-
posed model is applicable for generating the stream net-
work.

 
In this simulation, the drainage line extracted from 

DEM was divided into 64 stream segments, which 
responded to 64 numbers of sub–catchments in the basin.  

Each stream segment carries a grid ID and a drain ID, as 
shown in Fig. 11.

 The powerful and convenient point of this simula-
tion is that we could delineate any interest sub–water-
sheds, catchments, and streams by extract tool in order 
to analyze the runoff discharge or flow parameters at 
their outlet or inlet points.  In this study, the Chikugo 
Barrage sub–watershed was delineated and extracted for 
analyzing and simulating the runoff discharge at the 
Chikugo Barrage outlet. 

Comparison of observed and simulated discharge 
at the Chikugo Barrage station

The NRCS–CN runoff model has proved to be ideally 
acceptable for surface discharge calculation.  In this 
approach, runoff volume using the NRCS–CN method 
(infiltration excess) at the Chikugo Barrage was esti-
mated.  The Chikugo Barrage sub–watershed was divided 
into eight rainfall areas.  Weights were assigned accord-
ing to area of Thiessen polygons falling in each area and 
the weighted average monthly rainfall was calculated for 
the eight areas.

As shown in Fig. 12, the monthly simulated dis-
charges are in good agreement with those observed ones 
throughout one year.  The figure also well expresses cor-
respondence of each discharge with fluctuating amount 
of rainfall within the year.  The simulated peak runoff 
discharge obtained about 1020.106 m3 in July 2005 due to 
the average rainfall of this month was maximum depth 
(700 mm) during the simulation period.  The relationship 
between the monthly simulated direct surface runoff and 

Fig. 9.	 Thiessen polygons for Chikugo Barrage sub–watershed.

Fig. 11.  Stream segments and catchments.

Fig. 10.  Automated digital streams and digitized flow lines. Fig. 12.  �Simulated and observed runoff discharges at the Chikugo 
Barrage – 2005.
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observed ones was depicted in Fig. 13.  The correlation 
between them is equivalent to 0.97.  Therefore, we can 
confirm that in general good correlation has been found 
between monthly observed and simulated runoff dis-
charge.

 
For further study

The target for further study is the hourly or daily run-
off hydrograph at the outlet of the Chikugo Barrage sub–
watershed.  These simulated results may be obtained from 
determining abstractions of land–cover, soils and rainfall 
information, followed by routing the spatially distributed 
runoff using topographic data.  Spatially distributed direct 
hydrographs may be generated using the concept of 
travel time distribution.  Therefore, the key point in this 
approach is to determine the flow velocity of overland 
cells and channel cells.  Incorporated with ArcGIS soft-
ware, the combination of a kinetic wave approximation 
with Manning’s equation or continuity equation may solve 
the above problems in further study. 

Conclusion
This paper presented a rainfall runoff model in the 

Chikugo River basin that mixtures forest, agricultural 
lands, and urban areas, for simulating stream network 
and calculating the direct runoff discharge.  First, Arc 
Hydro GIS interface software was used to simulate and 
delineate the watershed.  A digital elevation model (DEM) 
was primarily taken into account to reduce errors due to 
input data with low quality and naturally unavoidable 
mistakes of the program operation.  Then the flow direc-
tion grid, flow accumulation grid, and stream network 
could be generated automatically.  The results show that 
the simulated stream network and its actual one are in 
good agreement.  Second, the monthly direct discharge 
runoff at the Chikugo Barrage was simulated by using the 
NRCS–CN runoff method incorporated with the spatially 
distributed parameters of land–use/cover and soil classes, 
and rainfall.  The correlation between the simulated and 
observed monthly runoff discharge was estimated.  A 
good correlation was found between observed and simu-

lated.  Therefore we can conclude that the proposed 
model was applicable for rainfall runoff analyses in this 
river basin.  The important goal of the present study is 
that the applied model will be able to provide managers 
and operators a useful tool that is to optimize the water 
surface management in the Chikugo River Basin.
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