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Abstract 13 

Estimation of direct runoff in ungauged catchments is of great importance in the design of 14 

hydraulic structures. The geomorphologic instantaneous unit hydrograph (GIUH) technique uses 15 

geomorphologic parameters to estimate catchment runoff. In this research, regression equations 16 

were developed based on the morphometric characteristics of some catchments such as the area, 17 

length and slope of the main river, in order to estimate the stream-order-law ratios and 18 

geomorphologic characteristics of other catchments with no need for GIS or a digital elevation 19 

model. These equations were verified in the Gagas, Heng-Chi and Kasilian catchments. In this 20 

study, the effect of stream-order-law ratios on the rate of runoff in the Kasilian catchment was 21 

examined, and the sensitivity of runoff rate to each ratio was analysed. The GIUH model was 22 

assessed using two cases: a GIS-supported method and the method proposed in this paper. The 23 

mean errors of the regression equations in the estimation of the ratios RB, RL, RA, RS and RSO in 24 

the three catchments studied were 4.7%, 23.5%, 7.1%, 41.3%, and 22.9%, respectively. The 25 

direct runoff hydrographs for the Heng-Chi and the Kasilian catchments were computed using 26 

the GIUH model and compared with the observed direct runoff. The results indicate that the 27 
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errors in peak discharge for four rainfall-runoff events in the case of the proposed method were, 28 

on average, 10% more than those obtained using GIS-supported GIUH. The results of GIUH 29 

analysis for the two cases were very similar. The mean coefficient of efficiency of the model was 30 

computed as 0.87. 31 

Key words: GIUH; GIS; Stream-order-law ratios; Geomorphologic parameters; Runoff 32 

1. Introduction 33 

Estimation of design flood in catchments is an important issue in design of flood 34 

control structures. Most catchments of the world are ungauged and statistical methods which 35 

strongly rely on rainfall-runoff data are not efficient; rainfall-runoff models are therefore 36 

employed to estimate runoff. GIUH is a rainfall-runoff model for estimating runoff in ungauged 37 

catchments based on the geomorphologic parameters (GP) of the catchment. 38 

The concept of GIUH was proposed by Rodriguez-Iturbe and Valdes (1979). They suggested an 39 

instantaneous unit hydrograph (IUH) model in which the time to peak and peak flow of the 40 

catchment were functions of geomorphologic features. The GIUH model was extended and used 41 

by other scientists in different catchments (e.g., Gupta et al., 1980; Rodriguez-Iturbe and Valdes, 42 

1982; Lee and Yen, 1997; Kumar and Kumar, 2008; Sabzevari and Norouzpoor, 2014). An 43 

alternative approach was devised by Lee and Yen (1997). The travel times for different orders of 44 

overland areas and channels were derived using the kinematic-wave theory and then substituted 45 

into the GIUH model to develop a kinematic wave-based GIUH model for watershed runoff 46 

simulation. Lee and Chang (2005) proposed a GIUH model for the estimation of surface and 47 

subsurface flow of catchments. In their research, special importance was given to the separation 48 

of surface flow from subsurface flow in catchments. Sabzevari et al. (2013) modified the model 49 

presented by Lee and Chang (2005) for the estimation of surface and subsurface flows of the 50 

Kasilian catchment. The geomorphologic parameters of the catchments are calculated by GIS 51 

softwares such as ArcGis and hydrologic extensions such as ArcHydro. For this purpose, a 52 

digital elevation model (DEM) of the catchment is necessary. Stream networks are delineated 53 

and GP such as the number of streams, lengths, slopes, and drainage areas in each order of 54 

streams are obtained out based on stream orderings.  55 
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The stream-order-law ratios (SOLR) are calculated based on geomorphologic information and 56 

vice versa. The equations governing the GIUH model can be developed based on SOLR or GP 57 

(Kumar and Kumar, 2008). According to the GIUH model offered by Yen and Lee (1997), the 58 

travel times of overland regions and streams could be calculated using stream-order-law ratios 59 

prior to IUH estimation.Studies of stream orderings of catchments were first introduced by 60 

Horton (1932, 1945). Later, modifications were made to Horton’s method by Strahler (1952, 61 

1957, 1964), leading to a new method of ordering. Sherve (1966) concluded that the Strahler 62 

stream numbers generally gave more accurate results for natural stream networks than did the 63 

Horton stream numbers. Horton-Strahler's laws were extensively used in geomorphological 64 

applications to classify river systems  65 

(e.g., Raff et al., 2003; Reis, 2006), to establish relationships with the fractal nature of channel 66 

networks, as detailed by Rodríguez-Iturbe and Rinaldo (1997) (e.g., Beer and Borgas, 1993; La 67 

Barbera and Roth, 1994; Rodríguez-Iturbe et al., 1994), and to characterize scale properties 68 

(Claps et al., 1996; Peckham and Gupta, 1999; Veitzer and Gupta, 2000; Dodds and Rothman, 69 

1999, 2001). 70 

 71 

The use of GIS tools is one of best ways of calculating the geomorphologic parameters (Sarangi 72 

et al., 2003; Obi Reddy et al., 2004; Valeriano et al., 2006; Ozdemir and Bird, 2009). The high 73 

resolution of DEM provides a more accurate prediction of GP and runoff when used with GIUH 74 

models. Although DEM is offered globally today by the Shuttle Radar Topography Mission, 75 

some hydrologists prefer to apply simpler models of rainfall-runoff due to their lack of 76 

familiarity with GIS or being time-consuming of extraction of GP. In this research, a set of 77 

equations is presented that are derived from the geomorphological information of a number of 78 

catchments where the SOLR and GP can be calculated, based on parameters such as the 79 

catchment's area and main river length. These data are applied as input parameters to the GIUH 80 

model and are used in predicting the surface and subsurface runoff of the catchment.  81 

 82 

The primary aims of this research are: 83 

(1) To present equations which can predict the stream-order-law ratios of catchments on the basis 84 

of length, slope of the main stream and area of the catchment; 85 

http://onlinelibrary.wiley.com/doi/10.1029/2008WR007330/full#wrcr11990-bib-0080
http://onlinelibrary.wiley.com/doi/10.1029/2008WR007330/full#wrcr11990-bib-0081
http://onlinelibrary.wiley.com/doi/10.1029/2008WR007330/full#wrcr11990-bib-0086
http://onlinelibrary.wiley.com/doi/10.1029/2008WR007330/full#wrcr11990-bib-0003
http://onlinelibrary.wiley.com/doi/10.1029/2008WR007330/full#wrcr11990-bib-0055
http://onlinelibrary.wiley.com/doi/10.1029/2008WR007330/full#wrcr11990-bib-0055
http://onlinelibrary.wiley.com/doi/10.1029/2008WR007330/full#wrcr11990-bib-0088
http://onlinelibrary.wiley.com/doi/10.1029/2008WR007330/full#wrcr11990-bib-0013
http://onlinelibrary.wiley.com/doi/10.1029/2008WR007330/full#wrcr11990-bib-0077
http://onlinelibrary.wiley.com/doi/10.1029/2008WR007330/full#wrcr11990-bib-0113
http://onlinelibrary.wiley.com/doi/10.1029/2008WR007330/full#wrcr11990-bib-0022
http://onlinelibrary.wiley.com/doi/10.1029/2008WR007330/full#wrcr11990-bib-0022
http://onlinelibrary.wiley.com/doi/10.1029/2008WR007330/full#wrcr11990-bib-0024
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(2) To apply predicted stream-order-law ratios to estimate direct runoff of ungauged catchments 86 

by means of the GIUH method. 87 

2. GIUH model  88 

Surface runoff from overland regions moves, through stream networks, to the outlet of the 89 

catchment. If a catchment is ordered via Strahler ordering scheme, the paths of water travel from 90 

overland regions to the outlet are specified. Each flow path is composed of various states, the 91 

first of which is the overland region, and the remainder of which are the streams. The probability 92 

of water motion along a certain path : ...
io i j

w x x x x


    is expressed as:  93 

( ) ...
i oi i i j kOA x x x x x xP w P P P P




                                                                                                                   
(1) 94 

where 
iOAP is the initial state probability of a raindrop moving from the ith order overland region 95 

to the ith order stream. This can be approximated as the ratio of the ith order overland area to the 96 

total catchment area. 
oi ix xP  is the probability of the raindrop moving from the ith order overland 97 

region ( )
iox  to the ith order stream, and is equal to one. 

i jx xP is the transitional probability of the 98 

drop moving from the ith order stream ( )ix  to the jth order channel ( )jx . The number of streams 99 

at each order, and the way in which they are connected to each other, determine the probabilities 100 

in Eq. (1).  101 

 102 

The value of the IUH of a watershed comprising different runoff paths is given by Eq. (2) 103 

(Rodriguez-Iturbe and Valdes, 1979). 104 

( ) [ ( ) ( ) ( ) .... ( )] ( )
o i ji

x x x x w

w W

u t f t f t f t f t P w




     
                                                     

(2) 105 

where ( )
kxf t  denotes the travel time probability density function (PDF) in state xk with a mean 106 

travel time value ( )
kxT , and the function f is the IUH of any state xk calculated by the formula107 

( ) (1/ )exp( / )
k kx xf t T t T  . The PDF is a function of the travel time in each state in the overland 108 

regions and streams. The asterisk (*) denotes a convolution integral. w W , where W is109 

, , ,...,
io i jW x x x x , i = 1, 2, 3, … , Ω and t is the time. 110 
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To solve Eq. (2), the Laplace transformations could be used. In the derivation of GIUH, the 111 

computation of travel time forms the most complex part of the work, since its value depends on 112 

the GP of the catchment.  113 

The ordinates of DRH for the catchment were estimated by combining the effective rainfall 114 

hyetograph with the derived IUH. The equation for estimation of DRH is: 115 

0
( ) ( ) ( )

t

eQ t u t I d                                                                                           
(3) 116 

where
eI is the excess rainfall and u(t) is the catchment IUH.  117 

2.1. Travel time of overland planes and streams 118 

According to the kinematic wave theory, the travel time of an overland plane depends on the 119 

length, slope, Manning coefficient, and excess rainfall intensity. Eq. (4), proposed by Yen and 120 

Lee (1997), gives the travel time of the ith overland plane. 121 

 

1/

0

1

1/2 /2 1 ( )/22

i

oi

m

i

OA L

i
X b m i i b i

c L B L S

n AP R

T
a S Lq R R R






   



 
 
 
 
 
 



                                                                                   

(4) 122 

where RB, RL, RA, and RS  are the bifurcation ratio, stream-length ratio, stream-area ratio, and 123 

stream-slope ratio, respectively; A is the area of the catchment; a and b have values 5.463 and 124 

1.083 respectively; qL is the excess rainfall intensity; 0n  is the Manning’s roughness coefficient 125 

for overland flow; and cS  is the slope of the highest order stream. The constant m can be 126 

recognized as 5/3 from Manning’s equation, and L is the sum of the mean lengths of the streams 127 

of different orders. 128 

The travel time of the ith-order channel in each path is obtained, based on its GP, from Eq. (5) 129 

(Yen and Lee 1997): 130 
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where
icoh , the inflow depth of the ith-order channel due to water transported from upstream 132 

reaches, is given by: 133 

1/

1
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                                                                       (6) 134 

where nc is the Manning coefficient of the stream, and B is the width of the stream. The value of 135 

hcoi is equal to zero for i=1. 136 

3.  Horton-Strahler stream-order-law ratios  137 

As can be observed from Eqs. (5) and (6), stream-order-law ratios (SOLR), and particularly RS, 138 

RA, RL and RB, are of great importance in runoff estimation using the GIUH model. These affect 139 

the travel times, IUH and DRH; they are also calculated according to the GP. For this purpose, 140 

the stream network is delineated by means of GIS. In the GIS, the streams are ordered using the 141 

Horton-Strahler method, and the number, length, and slope of the streams are computed at each 142 

order. In order to obtain the coefficients RS, RA, RL, and RB , the equations presented in Table (1) 143 

are used.  144 

Table 1: Equations related to the Horton-Strahler stream-order-law ratios 145 

Description Equation Equation 

Number 

Ni  : Number of ith-order channels 
1 /B i iR N N (7) 

 
icL : Length of ith-order channels    

1
/

i iL c cR L L


 (8) 

 iA  : Mean area of catchment of order i 
1

/
iA iR A A



      

 (9) 

 
icS : Mean slope of ith-order streams 

1
/

i iS c cR S S


 (10) 
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As a result of experiments in the natural catchments, the following ranges are observed:147 

3 5BR 
 

and1.5 3.5LR  . The slopes of the streams and overland planes for different 148 

catchments at each order are different. The mean values of these slopes at each order take a 149 

considerable time to compute using GIS, especially for large catchments. 150 

In this research, a new slope ratio, the overland slope ratio (RSO), is introduced. It is given in 151 

terms of the mean slope of the overland plane by: 152 

1
/ (11)

i iSO o oR S S


  153 

where 
ioS is the mean slope of the ith-order overland plane. In this research, we aim to clarify 154 

the relationship between SOR and the other SOLR.  155 

In this paper, a technique for computing stream-order ratios using regression equations is 156 

presented. These equations, obtained by regression methods, are based on statistical analysis of 157 

information from catchments possessing known geomorphologic attributes. The application of  158 

these equations in performing computations will be described in subsequent sections. 159 

To study the relationship between SOLR, knowledge of the GIS-based SOLR (that is, the SOLR 160 

derived from GIS) of several natural catchments is required. This research uses information 161 

obtained from twelve catchments in various countries. Table (2) shows the GIS-based SOLR, 162 

with the stream order ratios of the case study catchments. The catchments of Long Chi, Long 163 

Men, Chaukhutia, Al-Malaqi, Debarwa, Gherghera, San-Hsia, Al-Badan, and Al-Faria were used 164 

for training and the estimation of the regression equations. The catchments of Gagas, Heng-Chi 165 

and Kasilian were used for the verification of the regression equations. 166 

The columns in Table (2) show, from left to right, the catchment name and reference, stream 167 

order (i), number of streams, mean stream length, mean stream area, mean stream slope, mean 168 

overland slope, RB, RL, RA, RS, and RSO.  169 

The Heng-Chi catchment is located in northern Taiwan and has an area of 53 km
2
. The Gagas 170 

catchment lies in the middle and outer range of the Himalayas in the Uttarakhand state of India 171 

and has an area of 506 km
2
. The Kasilian Catchment is located between longitudes 53° 18

'
E and 172 
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53° 30
'
E and latitudes 35° 58

'
N and 36° 7

'
N in the north of Iran, and has an area of 67.8 km

2
. 173 

Fig. (1) shows the Gagas, Kasilian and Heng-Chi catchments. 174 

 175 

Table 2: Geomorphologic characteristics of twelve case study catchments  176 

Catchment 

Name 

Geomorphologic parameters 

Order iN  iL  iA  cS  oS  RB RL RA RS RSO 

1. Gagas 

 
1 121 1.74 3.02 0.172 0.810 4.8 2.4 5.4 0.4 2.6 

(Kumar and Kumar, 2008) 2 23 3.04 18.58 0.141 0.655 
     

 
3 6 7.63 79.22 0.041 0.172 

     

 
4 1 23.4 506 0.017 0.065 

     
2. Heng-Chi 1 30 0.66 1.043 0.087 0.450 3.3 2.6 4 0.6 1.1 

 
2 6 2.74 6.919 0.050 0.419 

     
(Lee and Chang, 2005) 3 2 1.6 19.9 0.012 0.349 

     

 
4 1 4.97 53.23 0.012 0.347 

     
3. Kasilian 1 42 1.6 0.915 0.241 0.345 3.5 1.5 4.3 0.4 1.1 

 
2 11 1.79 4.813 0.070 0.297 

     
(Sabzevari et al., 2013) 3 3 2.45 20.75 0.047 0.263 

     

 
4 1 4.65 67.8 0.008 0.261 

     
4. San-Hsia 1 69 0.92 1.15 0.161 0.314 4.2 2.9 5 0.4 1.1 

 
2 16 2.08 4.99 0.092 0.203 

     
(Chang and Lee, 2008) 3 3 3.88 18.15 0.037 0.364 

     

 
4 1 17.8 125.9 0.013 0.293 

     
5. Al-Badan 1 41 1.38 1.37 0.170 0.140 4 1.5 4.5 1 1.7 

 
2 6 3.2 10.12 0.092 0.062 

     
(Shadeed et al., 2007) 3 2 5.03 40.73 0.140 0.051 

     

 
4 1 3.17 85 0.135 0.029 

     
6. Al-Faria 1 49 1.03 0.937 0.154 0.117 4 1.5 4.3 1.1 1.6 

 
2 8 2.12 6 0.085 0.058 

     
(Shadeed et al., 2007) 3 3 3.5 19.4 0.161 0.033 

     

 
4 1 2.62 64 0.125 0.031 

     
7. Al-Malaqi 1 62 1.92 1.81 0.146 0.140 9 1.3 17 0.8 4.3 

 
2 16 2.61 5.83 0.122 0.063 

     
(Shadeed et al., 2007) 3 1 3.21 185 0.081 0.010 
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8. Debarwa 1 23 2.26 5.6 0.032 0.135 4.9 3 6 0.6 1.2 

 
2 6 4.2 27.8 0.018 0.091 

     
(Alemngus and Mathur, 2014)  3 1 17.7 195 0.010 0.098 

     
9. Gherghera 1 58 2.45 5.9 0.027 0.136 2.9 1.4 3.3 0.9 1.4 

 
2 14 4.19 30.6 0.018 0.087 

     
(Alemngus and Mathur, 2014) 3 5 10.2 101.0 0.010 0.064 

     

 
4 2 4.47 259.9 0.016 0.025 

     

 
5 1 4.19 525.7 0.011 0.117 

     
10. Long Chi 1 46 1.13 2.5 0.210 0.444 3.7 2.4 4 0.6 1.1 

 
2 10 3.45 11.8 0.124 0.487 

     
(Shuyou et al., 2010) 3 4 3.19 32 0.073 0.514 

     

 
4 1 9.94 141.8 0.054 0.364 

     
11. Long Men 1 58 1.31 2.74 0.560 0.256 4 2.2 4.7 0.9 1.8 

 
2 13 2.48 12.3 0.560 0.123 

     
(Shuyou et al., 2010) 3 3 9.33 77.11 0.560 0.056 

     

 
4 1 8.18 246.8 0.385 0.056 

     
12. Chaukhutia 1 134 1.41 2.27 0.191 0.910 5.3 2.5 5.7 0.5 2.4 

 
2 31 2.65 12.28 0.123 0.567 

     
(Kumar, 2014) 3 7 7.21 60.18 0.041 0.174 

     

 
4 1 20.7 452.3 0.019 0.074 

     

  
 

177 

 178 

Figure 1: Drainage network map:  179 

a) Heng-Chi catchment; b) Gagas catchment; c) Kasilian catchment  180 

http://link.springer.com/search?facet-creator=%22Anil+Kumar%22
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 181 

4. Prediction of Horton-Strahler SOLR  182 

To estimate the bifurcation ratio of a catchment, information concerning 37 catchments with 183 

areas between 1 km
2 

and 600 km
2
 and with known values of RB and area were used. Through the 184 

use of Statistical Package for the Social Sciences (SPSS) software (Norusis,  1999, Mohamoud 185 

and Parmar, 2006), and using the information from these 37 catchments, the optimum 186 

relationship was obtained as:  187 

0.0027 3.47 (12)BR A   188 

The correlation coefficient of the fitted equation is 0.8 and the real mean bifurcation ratio of the 189 

catchments is 4. Figure 2 shows the fitted linear regression. 190 

 191 

 192 

Figure 2: Linear regression between bifurcation ratio and catchment area 193 

 194 

Eq. (12) indicates that in small catchments with an area of less than 600km
2
 the value of RB falls 195 

between 3.47 and 4. It is suggested that Eq. (12) should be applied to catchments of areas lower 196 

than 600km
2
. It should be noted that, in regard to Eq. (7) and RB, the values of iN are calculated 197 

for i  , where   is the maximum order of the catchment. 1iN    is assumed, and 198 

1 ,i B iN R N i    (Horton, 1945). 199 

RB = 0.0027A + 3.47 
R² = 0.8 

2.3 

2.8 

3.3 

3.8 

4.3 

4.8 

5.3 

5.8 

1 201 401 601 

RB 

Area(km^2) 
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In this study the length ratio RL was assumed to be a function of the main stream length and the 200 

area of the entire catchment.  201 

Among all 37 catchments, in 12 catchments required information (the length of main river, area, 202 

slope and SOLR) was available, so 9 catchments were used for estimation of equations and 3 203 

catchments for validation.    204 

The fitted regression equation for the nine selected catchments shown in Table (2) is as follows: 205 

0.41 0.22.59 (13)LR L A  206 

The correlation coefficient is equal to 0.91. 207 

 208 

Figure 3: GIS-based stream-order-law ratios against predicted SOLR 209 

 210 
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Fig. 3(a) shows the RL values calculated from Eq. (13) compared to the GIS values of RL . Based 211 

on Eq. (8) and RL, the values of 
icL are calculated for i  . cL L  is assumed, and 212 

1
/ ,

i ic c LL L R i

 (Horton, 1945). 213 

The area ratio (RA)was assumed to be a function of the bifurcation ratio and the length ratio, with 214 

fitted equation: 215 

1.553 0.1770.597 (14)A B LR R R   216 

The correlation coefficient is 0.99. 217 

Fig . 3(b) shows the RA values calculated from Eq. (14) compared to the real value. 218 

A A  is considered, and 1 / ,i i AA A R i    (Schumm, 1956). 219 

Stream slope ratio was assumed to be a function of RB, RL, and RA. Eq. (15), with correlation 220 

coefficient 0.79, represents the fitted regression relation for the data. 221 

1.26 0.97 1.041.198 (15)S B L AR R R R 
 

222 

A nonlinear regression equation consisting of the parameters RB, RL, RA, and RS was used to 223 

calculate the slope ratio of the overland plane with the fitted relation:  224 

2 0.58 0.660.366 (16)SO B L AR R R R   225 

The correlation coefficient of Eq. (16) is 0.93, and no strong correlation between RSO and RS was 226 

observed.  227 

Figs. 3(c) and 3(d) show the values of RS and RSO obtained from Eqs. (15) and (16) in comparison 228 

with the real values. From Eqs. (16) and (11), the slope of the overland planes of the catchment 229 

can be obtained. It should be noted that Eqs. (12) to (16), which are obtained from information 230 

on the nine catchments, may be calibrated by adding more data. Given that, for all catchments, 231 

the lengths of the main rivers and the areas are known, the ratios RB, RL, RA, RS, and RSO can be 232 

calculated from Eqs. (12) to (16).  233 

 234 
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5. Prediction of geomorphological information 235 

The catchment area and the length and slope of the main river can be determined from the 236 

topographic maps of the catchment (scale 1:25000 to 1:50000). If a catchment has a maximum 237 

stream order of , this implies that the stream is located at the end of the catchment with mean 238 

slope ( )cS


 and mean slope of the lateral overland planes ( )oS


.  For instance, Fig. 4 shows a 239 

small catchment with three sub-catchments (I, II, III). The maximum stream order is two ( 2) . 240 

Sub-catchment III is created with two lateral overland planes and stream III is positioned at the 241 

end of the main catchment. Fig. 4 shows the mean slope of the stream III 
2

( )cS  and the mean 242 

slope of the two lateral overland planes
2

( )oS .  243 

 244 

    Figure 4: Catchment with maximum stream order two 245 

If the values of cS


, oS


, SR  and SOR are known, the values of  
icS  and 

ioS are computable 246 

from Eqs. (10) and (11) for lower orders, i 
1 1

( / , )
i i i ic c S O O SOS S R S S R
 
  . 247 

To calculate the value of 
i jx x

P in Eq. (1), the following equation is used: 248 

, /
i jx x i j iP N N

                                                                                                     
(17) 249 

where Ni,j  is the number of ith order streams contributing flow to the jth order stream, and Ni is 250 

the number of ith order channels. The value of Ni can be calculated by the bifurcation ratio, 251 

although to obtain the parameter Ni,j , the following equation is suggested: 252 
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 253 

, 2 exp( 0.64 )i j iN N j 
                                                                                          

(18) 254 

 255 

which is obtained through nonlinear regression of the stream network data based on the 256 

geomorphologic parameters of the Kasilian and the Gagas catchments. The catchments 257 

possessing DEM must be delineated by stream network and ordered using GIS software; 258 

however, calculation of Ni,j must be done manually and rendered by the GIS operator, and this is 259 

a time-consuming and difficult task. 260 

6. Effect of ratios RB, RL, RA, RS and RSO on DRH 261 

In the previous section of this study, empirical equations for geomorphologic ratios were 262 

presented. In this section, we apply the GIUH model to carry out sensitivity analysis on these 263 

ratios and examine their effects on DRH and peak flood. For this analysis, information from the 264 

Kasilian catchment was utilized. 265 

Fig. (5a) illustrates the effect of bifurcation ratio on DRH for the Kasilian catchment on 4
th

 May, 266 

1993. 267 

 268 

Figure 5: Effect of RB and RL on direct runoff hydrograph 269 

For 4
th

 May 1993 (Kasilian catchment) 270 

Values for the bifurcation coefficient of 3, 3.5, 4, and 4.5 with 0.5 unit increments were 271 
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the shape of the hydrograph and the peak of the runoff is shown in Fig. 5(a). The results of the 274 

model are compared with those of recorded runoff hydrographs. 275 

To evaluate the effect of RB on the peak flow, the following equation for relative sensitivity was 276 

used: 277 

2 1

2 1

( / )r

O O
S P O

P P





                                                                                                                          

 (19) 278 

where O and P represent the specific outputs and parameters respectively of the model. 279 

Therefore, Sr gives the percentage change in O for a 1% change in P. P  and O  are given by 280 

(P1+P2)/2 and (O1+O2)/2 respectively. The results confirm that the lowest computational error in 281 

peak discharge relative to the observed peak discharge was shown at RB=3.5 with an error of 282 

3.5%. The actual RB for the Kasilian catchment is also 3.5. The mean relative sensitivity of RB, as 283 

derived from Eq. (19), is 0.56. 284 

 285 

Fig. 5(b) shows the effect of RL on DRH for same event. The values of this ratio were taken to be 286 

1, 1.5, 2, and 2.5 with a 0.5 increment. The results show that RL=1.5 gives the least error in peak 287 

discharge, with 3.6% error value. The actual RL of the catchment is 1.46, and the mean relative 288 

sensitivity of RL amounts to 0.92. Larger values of RL give higher peak errors. The runoff is 289 

affected more by the length ratio than the bifurcation ratio, as can be observed in Fig. (5). The 290 

next section of this paper is dedicated to the effects of the area ratio on the peak of the runoff. 291 

The values of area ratio considered ranged between 3 and 6, with 1 unit increment values. Fig. 6 292 

shows the effect of area ratio on DRH. 293 
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 294 

Figure 6: Effect of area ratio on direct runoff hydrograph  295 

For 4
th

 May 1993 (Kasilian catchment) 296 

 297 

The results show that the area ratio has a small effect on the runoff peak, so that alterations of 298 

this ratio do not noticeably influence the shape of hydrograph and the flood peak. 299 

Fig. 7(a) shows how RS affects DRH for the values 0.1, 0.4, 0.7, and 1 with an increment of 0.3.  300 

 301 

Figure 7: Effect of RS and SOR  on direct runoff hydrograph  302 

For 4
th

 May 1993 (Kasilian catchment) 303 
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The lowest error is 0.47, which corresponds to the ratio (0.7), while the actual slope ratio of the 305 

Kasilian catchment is 0.38. In addition, the mean relative sensitivity ratio is 0.042. The results 306 

indicate that this parameter also has little effect on runoff peak. 307 

Figure 7(b) shows the influence of 
SO

R on DRH for values of 1, 1.5, 2, and 2.5 with an increment 308 

of 0.5. The lowest error is seen at a ratio of 1, with a 3.54% error value, while that of Kasilian 309 

catchment would be 1.1, and the mean relative sensitivity ratio 1.33. These results indicate that 310 

the parameter 
SO

R has a substantial effect on runoff peak. 311 

The overall results show the relative sensitivity of DRH to RB, RL, RA, RS, and RSO to be 0.56, 312 

0.92, 0.01, 0.042, and 1.33, respectively. The strongest effects correspond to the RSO, RL RB, RS, 313 

and RA respectively. 314 

7. Verification 315 

7.1. Validation of stream-order-law ratios relationships 316 

In the previous sections, equations were presented for the estimation of stream-order-law ratios 317 

based on GP in nine different catchments worldwide. For verification of the results of the 318 

regression equations, the GP of three catchments, Gagas, Heng-Chi, and Kasilian, were applied.  319 

Table (3) lists the GP and stream-order-law ratios of the three selected catchments using Eqs. 320 

(12) to (16). Table (3) also provides the values of stream order ratios and their computational 321 

errors.  322 
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 323 

Figure 8: Verification of geomorphological parameters in the Gagas catchment 324 

In order to calculate the error related to the stream-order-law ratios, Eq. (20) below was used: 325 

% 100*( ) / (20)P GIS GISError R R R  326 

where RP is the predicted stream-order ratio and  RGIS is the GIS-based stream order ratio.  327 

 328 
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Table 3: Calculated geomorphological parameters of the Gagas, Heng-Chi, and Kasilian catchments 338 

Catchment 

Name 

Predicted Geomorphologic parameters 

Order iN  iL  iA  cS  oS  RB RL RA RS RSO 

1. Gagas 1 113 1.38 2.6 0.146 0.222 4.84 2.72 5.78 0.53 1.5 

 
2 23 3.54 15.1 0.101 0.147 

     

 
3 5 9.10 87.5 0.065 0.098 

     

 
4 1 23.40 506.0 0.017 0.065 

     
GIS Results 

      
4.80 2.40 5.40 0.40 2.60 

%Error 
      

0.40 13.7 7.6 21.0 41.4 

2. Heng-Chi 1 47 0.32 1.0 0.104 0.654 3.61 2.26 3.80 0.68 1.2 

 
2 13 1.34 3.7 0.060 0.530 

     

 
3 4 2.43 14.0 0.031 0.429 

     

 
4 1 4.97 53.2 0.012 0.347 

     
GIS Results 

      
3.30 2.60 4 0.60 1.10 

%Error 
      

9.4 13.7 5.0 13.3 9.1 

3. Kasilian 1 49 0.49 1.1 0.109 0.563 3.65 2.09 3.92 0.72 1.3 

 
2 13 1.03 4.4 0.073 0.436 

     

 
3 4 2.19 17.3 0.038 0.337 

     

 
4 1 4.65 67.8 0.008 0.261 

     
GIS Results 

      
3.5 1.5 4.3 0.4 1.1 

%Error 
      

4.3 43.2 8.8 89.5 18.2 

 339 

Figs. (8) to (10) show the GIS-based and computational GP of the three case study catchments. 340 
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 341 

Figure 9: Verification of geomorphological parameters in the Heng-Chi catchment 342 

 343 

Figure 10: Verification of geomorphological parameters in the Kasilian catchment 344 

The mean errors of the regression equations for the estimation of RB, RL, RA, RS, and RSO in the 345 

three selected catchments are, respectively, 4.7%, 23.5%, 7.1%, 41.3%, and 22.9%. 346 

The greatest errors of the model emerged in the estimation of, respectively, RS, RL, RSO, RA, and 347 

RB. As can be observed in Fig. 7(a), the stream slope ratio has a small effect on runoff, and its 348 
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error can therefore be ignored. Regarding the high sensitivity of the length and overland slope 349 

ratios, these errors range from 23% to 24%, and it is recommended that the joint effects of all the 350 

ratios on DRH of the selected catchments be considered. 351 

7.2. Validation of the catchment's direct runoff 352 

In the previous sections, the influences of SOLR on runoff were considered separately, and the 353 

GP of the three catchments were estimated using the regression equations. To investigate the 354 

accuracy of the estimations in more detail, it is more effective to estimate the DRH using the 355 

GIUH model. We therefore turn to verification of the predicted direct runoff for the two 356 

catchments, taking into consideration the information from the excess rainfall hyetograph and the 357 

recorded runoff from the Kasilian and the Heng-Chi catchments. 358 

The GIUH model was applied to two cases: one in which the SOLR were GIS-based, and the 359 

other in which the empirical regression equations developed in this paper were used for the 360 

Kasilian and the Heng-Chi catchments. The results of the model in each case were compared 361 

with those of observed and recorded runoff. Since observed runoff and rainfall data for the Gagas 362 

catchment were not available, this catchment was dispensed with for the verification phase. 363 

Figure 11 shows the results of the GIUH model for DRH estimation for the Kasilian catchment 364 

for two events, on 10
th

 May 1992 and 4
th

 May1993.In addition, Fig. (12) shows those in the 365 

Heng-Chi catchment for two events, in July 1996 and October 2000. 366 
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Figure 11: Estimated direct runoff hydrograph for the Kasilian catchment  368 

 369 

Figure 12: Estimated direct runoff hydrograph for the Heng-Chi catchment  370 

To validate the suitability of the model for the Kasilian and Heng-Chi catchments, three common 371 

statistical measures were used: the coefficient of efficiency (CE), root mean square error 372 

(RMSE), and relative error in peak (REP).  373 

Estimation of these three parameters was carried out using the following equations:374 

2

1

2

1

[ ]

1

[ ]

n

r s

t

n

r r

t

Q Q

CE

Q Q







 






                                                                                                                    

(21) 375 

0.5

2

1

1
( )

n

r s

i

RMSE Q Q
n 

 
  
 


                                                                                  
(22) 376 

 377 

100 [ ] /
s r r

REP Q Q Qp p p  
                                                                                                     

(23) 378 

where rQ  is the recorded discharge at time t; sQ  is the simulated discharge at time t; rQ is the 379 

mean recorded discharge during the storm event; n is the number of discharge records during the 380 
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storm event; 
s

Qp  is the peak discharge of the simulated hydrograph; and 
r

Qp is the recorded 381 

peak discharge. 382 

Table (4) gives the values of REP, CE, and RMSE for the two selected catchments, calculated 383 

using both the GIS-supported model and the method proposed in this study.  384 

Table 4: Validation of results of the GIUH model 385 

July1996 REP% CE RMSE 

GIS 4.18 0.87 24.54 

This study 10.62 0.86 25.44 

October 2000 
   

GIS 11.81 0.93 31.22 

This study 15.99 0.92 32.25 

10 May 1992 
   

GIS 12.68 0.81 1.13 

This study 27.33 0.76 1.26 

4 May 1993 
   

GIS 3.5 0.87 0.10 

This study 12.6 0.91 0.10 

 386 

It can be concluded that the computational error of the values of the runoff peak (REP%) that can 387 

be inferred from the results of the method proposed in this paper for the four rainfall-runoff 388 

events are, on average, 10% greater than the error resulting from the actual information (GIS-389 

supported). As can be seen from Figs. (11) and (12), the results of the GIUH model in the two 390 

cases, using GIS and empirical equations, are very similar. CE and RMSE are also similar in 391 

value. The mean CE of the model was computed for the four events as 0.87, which is a 392 

satisfactory value.  393 

8. Summary and conclusion 394 

In this research, experimental equations are presented for the calculation of geomorphologic and 395 

stream-order-law ratios of watersheds of less than 600 km
2
 in area. These equations were 396 

developed using a nonlinear regression method fitted to the stream-order-law ratios of nine 397 
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different worldwide catchments. The equations were applied for verification purposes to three 398 

other selected catchments, and the results were compared with those calculated from GIS.  399 

The geomorphologic and stream-order-law ratios of three catchments, Gagas, Heng-Chi, and 400 

Kasilian, were determined based on the experimental equations given in this research, and were 401 

compared with their actual results. The average errors of the model in the estimation of RB, RL, 402 

RA, RS, and RSO in the three case study catchments were 4.7%, 23.5%, 7.1%. 41.3%, and 22.9%, 403 

respectively. 404 

The sensitivity to runoff of the bifurcation ratio (RB), length ratio (RL), area ratio (RA), stream 405 

slope ratio (RS), and overland slope ratio (RSO) in the Kasilian catchment were investigated. The 406 

relative sensitivities of the ratios RB, RL, RA, RS, and RSO are shown to be 0.56, 0.01, 0.92, 0.042, 407 

and 1.33, respectively. The greatest effects were evident in the overland slope ratio, length ratio, 408 

and the bifurcation ratio, and the lowest effect was seen in the area and stream slope ratios. 409 

The direct runoff hydrograph was estimated using GIUH with regard to the geomorphologic data 410 

computed for the three catchments, and this was then compared with the observed values. 411 

Finally, the estimated stream-order-law ratios were input into the GIUH model and the values for 412 

the direct runoff hydrograph of two catchments, Kasilian and Heng-Chi, were calculated and 413 

compared with those of the observed direct runoff. The results show that the computational error 414 

values of runoff peak (REP%) for the four rainfall-runoff events are, on average, 10% greater 415 

than the error resulting from actual information (GIS-supported). The results of the GIUH model 416 

in the two cases, both with and without GIS, are very similar. CE and RMSE in the two cases 417 

also have similar values. The mean coefficient of efficiency of the model was computed for the 418 

four events as equal to 0.87. 419 
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