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Abstract 

Stream flow measurement in Rivers have significant effect on various applications in the field of water resources. Yet, in many 
parts of the world, Rivers are either poorly gauged or completely ungauged and in some cases the existing system is continuously 
declining. Stream flow prediction at such “ungauged” drainage basins require information transfer from donor catchments 
(gauged) to receiver catchments (ungauged) that are apparent to be hydrologically homogeneous to them. Geomorphologic 
instantaneous unit hydrograph (GIUH) approach can be used as a transfer function for modelling the rainfall – runoff process. 
The present study provides an effective approach which deals with the geomorphologic features of the ungauged drainage basin 
and derives the GIUH based transfer function and consequently geomorphologic unit hydrograph (GUH) for the study area. Koel 
River basin of India has been chosen as the study area. Before applying the approach on the Koel River basin it is applied on 
another basin where unit hydrograph data was available. To validate the derived GUH of the Koel River basin, a comparison was 
executed with the synthetic unit hydrograph (SUH) attained using the Central Water Commission (CWC) procedure. The closest 
GUH to the SUH was determined based on the comparison. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of organizing committee of ICWRCOE 2015. 

Keywords: Geomorphology; GIUH; GUH; SUH; Unit hydrograph; ungauged basin 

 
 
 

 

 
* Corresponding author. Tel.: 09937492544. 

E-mail address: jnkballav.2009@gmail.com  

© 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of organizing committee of ICWRCOE 2015

http://crossmark.crossref.org/dialog/?doi=10.1016/j.aqpro.2015.02.125&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aqpro.2015.02.125&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aqpro.2015.02.125&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aqpro.2015.02.125&domain=pdf


994   J.B. Swain et al.  /  Aquatic Procedia   4  ( 2015 )  993 – 1000 

1. Introduction 

    A drainage basin which has insufficient records of various hydrological observations in terms of both quantity 
and quality for analysis at the appropriate spatial and temporal scales and up to a good level of accuracy for 
application in practical fields is known as ungauged basin (Sivapalan et al., 2003). Stream flow Prediction in any 
ungauged catchment is important as it has direct impact on various practical applications such as design of drainage 
structure, runoff forecasting and water allocation etc.  

    Stream flow in gauged/ungauged basins is currently forecasted by using distributed physically-based models 
[e.g., Block wise use of TOPMODEL with Muskingum-Cunge flow routing method (BTOPMC), Mike 11 NAM, 
and MIKE-SHE], conceptual and semi distributed models (e.g., HBV, SimHyd, IHACRES), and data-driven models 
[e.g., multiple linear regression (MLR), autoregressive moving average (ARMA), and artificial neural networks 
(ANNs)].In these data-driven and conceptual/semi distributed hydrological models, the model parameters have to be 
estimated through calibration against observed stream flow. In case of ungauged basins the historical flow data is not 
available (Young 2006). The geomorphological parameters are mostly time-invariant in nature and therefore, 
geomorphology based approach could be the most suitable technique for modelling the rainfall-runoff process for 
ungauged catchments. 

The GIUH theory was introduced by Rodriguez-Iturbe and Valdes (1979) by relating IUH peak and time to peak 
as a first step in the direction of coupling the hydrologic characteristics of a catchment with the geomorphologic 
parameters.  

The GIUH approach has direct applicability for ungauged or scantily gauged catchments wherein rainfall data are 
available but runoff data are not given. The GIUH approach is more advantageous than the conventional IUH 
methods such as the Clark IUH model (Clark, 1945) and the Nash IUH model (Nash, 1957) since it avoids the 
requirement of stream flow data (Narayan et al., 2012). Further, the GIUH approach is more beneficial than the 
regionalization techniques as it does not require any information about the other catchments in the hydro-
meteorologically homogeneous region. The role of basin geomorphology in controlling the hydrological response of 
a River basin is known for a long time. Earlier works (Barlow, 1915; Strange, 1928; Inglis and Desouza, 1929; 
Snyder, 1938; Horton, 1945; Taylor and Schwartz, 1952) have provided an understanding of basin geomorphology- 
hydrology relationship through empirical relations. 

    Thus, the GIUH based transfer function approach is applicable in such a situation where rainfall data is 
available but runoff data are not, and it is a more powerful technique for the flood estimation than the commonly 
used parametric Clark model (Clark, 1945) and Nash’s cascade technique (Nash, 1957) (Yen and Lee, 1997; Bhaskar 
et al., 1997; Jain et al., 2000; Lohani et al., 2001; Kumar et al., 2002; Sarangi et al., 2007; Bhadra et al., 2008; etc.). 
The efficiency and robustness of the GIUH approach in ungauged catchments have been tested and verified by many 
studies (e.g. Ros and Borga, 1997; Yen and Lee, 1997; Al-Wagdany and Rao, 1998; Rui, 2003; Fleurant et al., 2006; 
Kumar et al., 2007; Bhadra et al., 2008; Grimaldi et al., 2012; Hrachowitz et al., 2013). 

    Another advantage of GIUH technique is its potential for deriving the unit hydrograph (UH) using the 
geomorphologic characteristics obtainable from topographic map / remote sensing, possibly linked with geographic 
information system (GIS) and digital elevation model (DEM) (Rodriguez-Iturbe and Valdes, 1979; Rosso, 1984; 
Sahoo et al., 2006; Kumar et al., 2007; etc.). The GIUH technique is applicable for the estimation of the direct runoff 
component of the stream flow and hence, can be used to generate the direct runoff hydrograph (DRH). Once the 
DRH is computed, the flood hydrograph can be simply obtained by adding the base flow component. 

    Therefore, based on the foregoing discussions, and the interrelationship between the geomorphology and 
hydrology, the present study was carried out with the following objectives:  To present an efficient solution approach 
for generating geomorphologic transfer function i.e. GIUH; and then derive the geomorphologic unit hydrograph 
(i.e. GUH) for Koel River basin using the Horton’s ratios. 

2. The study area and data collection 

The Brahmani-Baitarni River basin is the second largest drainage basin after Mahanadi basin present in Odisha. 
In the present study Koel River basin which is a sub-basin of Brahmani-Baitarni River basin was chosen as the study 
area for the application of the GIUH approach. Total drainage area of Koel River basin is 7334sq. km. It spreads  
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From longitude 840 25’ to 850 23’E & latitude 220 31’ to 230 37’N. The maximum and minimum elevation is 
1065m and 254 m above mean sea level, respectively. The average annual rainfall is around 1300 mm. 85 percent of 
total rainfall is due to the occurrence of south-West Monsoon. Forest cover forms as the major constituent of land 
use followed by crop area and current fallow. The main soil types found in the catchment are red sandy and loamy 
soil. The climate which prevails in and around the basin area is sub-tropical. The climate of the area is characterized 
by an oppressively hot summer with high humidity. During the summer maximum temperature is around 40°C. The 
temperature in the month of December is lowest i.e. around 10 °C. Sometimes it even drops down to 7 °C. DEM of 
the basin is shown in Figure 1. 

 
Figure 1: Koel River basin 

3. Methodology 

Some drainage basin parameters are related to both physical characteristics of the drainage basin and the drainage 
network. These drainage basin attributes reflect hydrologic behavior of that basin. Drainage area, basin shape, and 
ground slope comprises physical characteristics of the basin while Channel characteristics include, channel order, 
channel length, channel slope, channel profile, and drainage density etc. These parameters are estimated from the 
DEM of the basin. Bifurcation ratio (Rb), stream-length ratio (Rl) and stream-area ratio (Ra) are 3 distinct 
representative parameters of a given drainage basin known as Horton’s ratios and have fixed values for a given 
watershed system. 

3.1 Bifurcation ratio 

The given orders of streams and channels in a drainage basin represents the surface of the drainage basin. A 
dimensionless parameter based on the number of channels of streams w.r.t their order is termed as bifurcation ratio 
and it represents the watershed response. The bifurcation ratio can be expressed as follows 
Rb=Ni+Ni+1                                                                                                                                                                   (1)          

Where Rb is the bifurcation ratio, and Ni and Ni+1 are the number of streams in order i and i+1 respectively. The 
value of Rb for watersheds varies in between 3 to 5. 

 
3.2 Stream-length ratio  

Length of channels of each order represents the Stream-length ratio. The stream of first order are the shortest of all 
the streams and the length increases as the order increases. This relation is called Horton’s law of channel length and 
can be formulated as follows. 
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=                                                                                                                                                                     (2) 
     Where the average length of channel of order I, Rl is the stream-length ratio. The Rl is mathematically 
expressed as follows. 
Rl= ///                                                                                                                                                                      (3) 
 
3.3 Stream-area ratio 

The Channel area of order I, Ai is the area of the watershed that contributes to the channel segment of order i and all 
lower order channels. It can be quantified as: 

=                                                                                                                                                                   (4) 
    Where  is the average area of order i and Ra is the stream area ratio, and are given as follows 

Ra= /////                                                                                                                                                                (5) 

3.4 Geomorphologic Unit Hydrograph (GUH) 

    Rodriguez-Iturbe and Valdes (1979) introduced the GIUH theory and it describes the peak discharge and time 
taken for it with the geomorphologic characteristics of the basin and a dynamic velocity parameter. Rodriguez-Iturbe 
and Valdes (1979) stated the peak and time to peak characteristics of the IUH as function of Horton’s order ratios 
(Horton, 1945), and are stated as follows (Kumar et al., 2007) 

=1.31 ///                                                                                                                                                           (6) 
=0.44( /V)( / )0.5 -0.38                                                                                                                                     (7) 

    Where  (h-1),  is the time to peak (h),  is the length of the highest order stream (Km), V is 
the dynamic velocity parameter (ms-1). Multiplying equation 9 and 10 a non-dimensional term  *  is derived at  

* =0.5764[ //// ]0.55 0.05                                                                                                                                      (8) 
The term  *  is independent of the velocity parameter and thereby on the storm characteristics and therefore, 

it is a function of only the geomorphologic characteristics of the basin. In the present study, the Nash based GIUH 
model was established for the Koel River basin. 

3.5 The Nash model 

    The Nash model (Nash, 1957) is based on the concept of routing of the instantaneous inflow through a cascade of 
linear reservoirs with equal storage coefficient. The Nash model can be expressed as follows: 

U(t)= (t/k)n-1                                                                                                                                                   (9) 
    Where U (t) is the ordinates of IUH (cm/hour), t is the sampling time interval (hour), n and k are the parameters of 
the Nash model, in which n is the number of linear reservoirs and k is the storage coefficient (hour).  
A unit hydrograph (UH) of desired duration (D) may be derived by using the following expression: 
U(D,t)= [I(n,t/k) – I (n, (t – D) / k)]                                                                                                                           (10) 
    Where U (D, t) denotes the ordinates of D hour UH (hour-1), t is the sampling time interval (hour), I (n, t/k) is the 
incomplete gamma function of order n at (t/k), and D is the duration of UH (hour). 
 
3.6 Geomorphological parameter estimation of Nash model based GIUH 

    The whole shape of the GIUH can be obtained by relating the qp and tp of the GIUH with scale (k) and shape (n) 
parameters of the Nash model. By equating the first derivative with respect to t of equation 9 to zero, t becomes the 
time to peak discharge tp .Hence, taking the natural logarithm of both sides of equation 9, differentiating with respect 
to t and by simplification equation 11 is derived. 

=[ + ]                                                                                                                                              (11) 
Equating equation 11 to zero results in by replacing it with tp ,t= tp = k (n-1)                                                           (12) 
Simplifying the value of tp from equation 12 in equation 9 and simplifying yields 
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qp=                                                                                                                                         (13) 
Combining equation 12 and 13 results: 

* =                                                                                                                                   (14) 
Equating equation 14 with 8 results in: 

=0.5764[ //// ] 0.55 0.05                                                                                                      (15) 
    The Nash parameter n, can be found by solving equation 15 using the Newton-Rapson method. The Nash’s 
parameter k for the given velocity V is obtained using equations 7 and 12 and the known value of the parameter n as 
follows: 
K= [ ///// ]0.55 -0.38                                                                                                                                  (16) 
The derived values of n and k are used to determine the complete shape of the Nash based GIUH using equation 9. 

4. Results and discussions 

    For efficient application of the proposed approach, before applying it to the Koel River basin, the model was 
applied against published data (source: Water resources department, Govt. of Odisha) of Sankha River catchment. 
    As the Koel River basin is an ungauged one, therefore testing the accuracy of the derived GUH for this basin 
using the aforesaid approach is quite difficult. So the model was applied in the Sankha River catchment for which 
historical flow data was available (Source: Water resources department, Govt. of Odisha). Sankha River catchment 
is a fifth order catchment comprised of about 4729 km2 geographical area. Length of maximum order stream is 76 
km, whereas Ra, Rb, Rl were 5.3, 3.2, 2.11 respectively. Peak discharge, Qp of hydrograph is found to be 625 m3/s, 
whereas, time to peak tp is of the order of 25 hour and velocity is 0.55m/s.  
    The GUH is derived for the Sankha catchment using the geomorphologic data, and compared with the observed 
UH of the given catchment. The comparison of the GUH and observed UH is illustrated in Figure 2 and it shows 
that the above mentioned technique is suitable for derivation of UH and DRH. 

Figure 2: Comparison of derived GUH and observed UH of Sankha River catchment 

    The River Koel is one of the two Rivers that joined with Sankha River near Panposh to form Brahmani River. 
Karo nala is the major tributary of Koel River. Total drainage area of Koel River basin is 7334sq. km. The 
maximum and minimum elevation is 1065 m and 254 m above mean sea level, respectively. The average annual 
rainfall is around 1300 mm. approximately, 85 percent of total rainfall is due to the occurrence of south-West 
Monsoon. The highest stream order was recorded as 5. Maximum length of the River is found to be 170 km. The 
number of streams of different orders, length, and corresponding area are presented in Table 1, whereas, the 
extracted geomorphologic parameters such as drainage area, perimeter of the basin, length of the basin, maximum 
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and minimum elevation, watershed relief, relief ratio, elongation ratio, mean slope, drainage density, circulatory 
ratio, farm factor, Horton’s bifurcation ratio (Figure 3), length ratio (Figure 4) etc. are summarized in Table 2. 
 

 

Figure 3: bifurcation ratio (Rb) of the basin                                              Figure 4: stream length ratio (Rl) of the basin 

Table 1: Number, length, and area for streams of various orders of Koel River basin 

Order Number Length(Km) Area(Km2) 
1 329 6912.38 2941 

2 83 2362.51 3782 

3 

4 

5 

19 

4 

1 

1125.15 

481.22 

51.23 

4358 

6014 

7334 

Table 2: Extracted geomorphological parameters of the Koel River basin 

Parameters Value 
Area of the catchment (Km2) 7334 
Perimeter(Km) 411 
Length of the basin (km) 
Maximum elevation (m) 
Minimum Elevation (m) 
Mean slope (Km/Km) 
Bifurcation ratio 
Length ratio 

Stream area ratio 
Drainage density 
Elongation ratio 
Circulatory ratio 
Farm factor 
Shape factor 
Compactness factor 

170 
783 
254 
0.0035 
3 
2.4 

6.6 
1.52 
0.56 
0.54 
0.25 
4 
1.35 

    Using the aforesaid approach of Nash based GIUH and estimated Horton’s ratios (i.e. Rb, Rl, and Ra) the 
parameter n of the Nash model was optimized using the Newton Rapson method. The optimized value of n was 
found to be 2.05. The parameter k of the Nash model was estimated for the derived Horton’s dimensionless 
parameters (i.e. Rb, Rl, and Ra) at different dynamic velocity of flows using equation 16. Using the estimated values 
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of the n and k at different velocity of flows V, the ordinates of instantaneous unit hydrograph (IUH) was computed 
using equation 9, and finally the 1-hour UHs were derived for different velocity of flow using the relationship given 
by equation 10. The 1 h-UH at different velocities are depicted in Figure 5. 
    To validate the derived GUH for the Koel River basin, a comparison was presented with the UH computed from 
the procedure adopted by CWC (Rai et al., 2009). It can be revealed from Figure 5 that the derived GUH with flow 
velocity of 0.90 m/s (approx.) is close to the SUH computed by CWC procedure. 
 

 

Figure 5: GUH at different velocities and observed UH (CWC procedure) for the Koel River basin 

5. Conclusions 

    This study encompassed of geomorphological investigation and development of GUH for Koel River basin of 
India. The main objective of the paper is to develop a GUH for the Koel River basin for the estimation of flood 
hydrograph. To test the accuracy of the GIUH technique, GUH was derived for the Sankha River catchment of 
India. Based on the comparison of the derived GUH with observed UH, it is clear that the proposed approach is 
suitable and efficient for the derivation of UH.  
    Second case represents the application of GIUH technique for the derivation of GUH for Koel River basin. The 
obtained GUH with dynamic flow velocity of 0.90 m/s (approx.) shows closer agreement with SUH derived from 
CWC approach. Since, CWC approach is independent of climatic parameter (i.e. dynamic flow velocity) and 
geomorphologic characteristics other than the slope, drainage area and length of main stream; therefore, the 
resulting UH may have higher computational error. Hence, the GUH based approach will be superior to the CWC 
approach.  
    Finally it may be mentioned that the proposed practice, will help the engineers for accurate estimation of the flood 
hydrograph as well as for the modelling of pollutants transport. Besides this, the described technique is cost-
effective and quite accurate for determining the GUH and flood hydrograph for any ungauged catchment, as it 
requires only the DEM of the catchment that can be freely obtained from SRTM source. 
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