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Abstract

Runoff data is crucial for development of water resources. Runoff data is however
rarely available for ungauged catchments, especially in developing countries. Geomorpho-
logical instantaneous unit hydrographs (GIUH) models can be used for predicting runoff
in poorly gauged catchments, but a challenge with these models is estimating the dynamic
velocity parameter. In this study, three GIUH models were developed based on estimation
of flow velocity using calibration of Manning’s n (GIUH-cal), peak discharge (GIUH-pq)
and 30-min rain intensity (GIUH-I30). The objectives of this study were to (a) assess suita-
bility of a GIUH model for simulating runoff in Gule catchment, northern Ethiopia and (b)
evaluate performance of three velocity parameter estimation methods in simulating runoff
using GIUH models. Runoff hydrographs of the GIUH models matched well with observed
hygrographs for most rain events. The GIUH-cal model had the best performance, 18 out of 20
rain events resulting in Nash—Sutcliffe model efficiency (NSE) values of 0.53 to 0.95. The
GIUH-pq and GIUH-I30 models performed satisfactorily with 12 of the 20 rain events
resulting in NSE values greater than 0.50. Overall, the GIUH models underestimated peak
discharge compared to observed data. The GIUH models were moderately sensitive to
changes in flow velocity. Peak discharge and time to peak discharge were highly sensitive
to changes in flow velocity. The developed GIUH models could be used for simulating
flood hydrographs of the Gule catchment. Particularly, the GIUH-I30 model will be very
useful for estimating direct surface runoff in the absence of streamflow data.
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1 Introduction

Runoff data is necessary for planning, development and management of water resources.
Runoff should literally be obtained from streamflow measurements at catchment outlets.
Many small and medium size catchments in developing countries are however rarely
gauged hence runoff data is not readily available (Kumar et al. 2007; Gunawardhana et al.
2020). Among several empirical methods, the synthetic unit hydrograph (SUH) approach
is commonly used to estimate direct surface runoff (DSRO) for ungauged catchments.
Although SUH methods such as the Snyder (1938) and Soil Conservation Service (1957)
are widely applied for estimating DSRO in ungauged catchments, results from these meth-
ods have so far been inconsistent (Singh et al. 2014; Niyazi et al. 2021). Moreover, model
parameters of these methods need to be updated from time to time because of changing
land use and climatic conditions of catchments (Sahoo et al. 2006; Kumar et al. 2007).

The geomorphologic instantaneous unit hydrograph (GIUH), introduced by Rodriguez-
Iturbe and Valdes (1979), has evolved in the past 30+ years and is considered a promising
option for estimating DSRO for ungauged catchments (Bhadra et al. 2008; Singh et al. 2014).
The GIUH method integrates hydrologic systems with quantitative geomorphological and cli-
matic characteristics to predict DSRO responses from catchments. Since its development, the
concept of GIUH has been improved over the years (e.g., Gupta et al. 1980; Rodriguez-Iturbe
et al. 1982; Chutha and Dooge 1990; Rinaldo and Rodriguez-Iturbe 1996; Shamseldin and
Nash 1998; Cudennec et al. 2004; Rigon et al. 2016). The applicability of the GIUH model
was evaluated in various hydro-climatic and geomorphologic settings. It has been commonly
used for simulating hydrologic responses of arid and semi-arid catchments (e.g., Bhadra et al.
2008; Nourani et al. 2009; Khaleghi et al. 2011; Ghumman et al. 2012; Jaiswal et al. 2014;
Niyazi et al. 2021). Recent studies show that a GIUH can also be applied for simulating run-
off hydrograph in humid climates (e.g., Kumar 2015; Hosseini et al. 2016; Chen et al. 2019).
Kumar et al. (2007) successfully applied Clark and Nash based GIUH models for simulat-
ing DSRO hydrograph for the ungauged Ajay catchment, eastern India. A study by Bhadra
et al. (2008) showed that a GIUH model can satisfactorily be applied for estimating DSRO
response in scantily gauged catchments. Ghumman et al. (2012) simulated DSRO for a large
catchment in Pakistan using a GIUH model which resulted in a Nash—Sutcliffe model effi-
ciency of more than 90%. Recently, Babaali et al. (2021) adapted a GIUH model for predict-
ing subsurface flow hydrographs of two catchments in Taiwan.

One of the most difficult tasks in the derivation of a GIUH model is estimation of the
velocity parameter (Kumar et al. 2007). Flow velocity is an important parameter for deter-
mining peak discharge and time to peak discharge in a GIUH model. In the earlier times of
the GIUH development, the velocity parameter was recommended to be estimated by mean
velocity of flow (Rodriguez-Iturbe and Valdes 1979) or flow velocity at peak discharge
(Rodriguez-Iturbe et al. 1979). Furthermore, Rodriguez-Iturbe et al. (1982) suggested the
use of basin geomorphological parameters and rainfall characteristics for estimating the
velocity parameter. As a result, several researchers tried to estimate the velocity param-
eter by formulating a correlation between flow velocity and effective rain intensity (e.g.,
Bhaskar et al. 1997; Sahoo et al. 2006; Kumar 2015). Zelazinski (1986) proposed the use
of peak discharge to estimate the velocity parameter in the GIUH model. Other researchers
(e.g., Khaleghi et al. 2011; Ghumman et al. 2012) also applied a similar approach to deter-
mine the velocity parameter in their GIUH models. Al-Wagdany and Rao (1997) investi-
gated the relationship between the velocity parameter and climatic as well as basin geo-
morphologic parameters. Recently, Chen et al. (2019) developed a multi-variate regression
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model to estimate flow velocity using geomorphologic factors from 120 catchments in the
Yangtze River basin in China.

Despite all these efforts, it still remains to be a complicated task to select a reason-
able value of the velocity parameter for simulating DSRO in a GIUH model (Kumar et al.
2007; Tarahi et al. 2021). This necessitates evaluation of different flow velocity estima-
tion methods in a GIUH model. This study undertakes a comparative performance evalu-
ation of three GIUH models which were developed based on estimation of the velocity
parameters using calibration of Manning’s n, peak discharge and 30-min rain intensity. The
GIUH models were applied in a 12 km? catchment located in northern Ethiopia. Therefore,
the objectives of this study were to (a) assess the suitability of a GIUH model for simulat-
ing DSRO in Gule catchment, northern Ethiopia and (b) evaluate the performance of three
velocity parameter estimation methods in simulating runoff using GIUH models.

2 Materials and Methods
2.1 Study Area

The GIUH model was applied for simulating flood hydrograph of Gule catchment located
in northern Ethiopia (Fig. 1). Gule catchment has a drainage area of about 12 km? and lies
between 13°51'59" to 13°54'40"N and 39°27'16" to 39°29'49"E. Gule is part of the upper
Geba catchment and drains to Tekeze river basin (Fig. 1). The study area has a rugged and
mountainous topography whose altitude ranges between 2008 and 2408 m a.s.l.

Gule catchment has a semi-arid climate with rainy season occurring in the months of
June to September. The dry season occurs from October to May and is characterized by no
rain or some showers of rain towards the start of the rainy season. Average annual rainfall
for the study area is about 465 mm (Grum et al. 2017). The study area has a tropical cli-
mate, in which average daily temperature ranges between 15 and 25 °C. The land use of
Gule catchment is dominantly cultivated and shrub lands, with small patches of grass and
wood lands. The catchment is also managed with several rain water harvesting techniques
such as stone terraces, check dams, deep trenches and percolation ponds (Fig. 1). Rain har-
vested in the different water harvesting structures is used for domestic water supply and
irrigation.

2.2 Geomorphological Characteristics

Geomorphological and climatic characteristics of a catchment are essential elements in the
development of a GIUH model. The geomorphological properties for this study were gener-
ated from a digital elevation model of 30 X 30 (ASTER 2009) using ArcGIS 10.2.1. Stream
order analysis was carried out in ArcGIS based on the Strahler’s ordering system (Strahler
1957) as described in Hydrology of the Spatial Analyst Tools. Description about existing
stream orders in the drainage network, number, mean and total length of each stream order
in Gule catchment is summarized in Table 1.

Based on the results of stream order analysis, drainage network of Gule catchment
(Fig. 2) was classified into four stream orders. The highest number (n=30) of stream seg-
ments was observed for stream order 1 (Table 1). The length of the highest stream order
(LQ), which belonged to stream order 4, is 1.75 km.
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Fig.1 Location map of study area a river basins of Ethiopia and location of upper Geba in Tekeze river
basin b location of Gule in upper Geba catchment ¢ land uses of Gule catchment

The stream area ratio (R,) was determined by dividing the drainage area of a given stream
order to the drainage area of all lower stream orders. The bifurcation ratio (Rg), was com-
puted by dividing the number of stream segments of a given stream order to the number of

Table 1 Details of number, length and mean area of stream orders in Gule catchment

Stream order Number Total length (km) Mean length Mean area (km?)
(km)

1 30 36.8 0.90 0.20

2 7 10.00 1.42 1.50

3 5.20 1.70 3.60

4 1.75 1.75 11.60
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Fig.2 Stream order of Gule Catchment after Strahler (1957)

stream segments of next higher stream order. Similarly, the stream length ratio (R) was cal-
culated by dividing the mean length of a given stream order to the mean length of next lower
stream order. The computed R,, R and R, values for Gule catchment are 4.03, 3.25 and 1.46,
respectively.

2.3 The Geomorphological Instantaneous Unit Hydrograph (GIUH) Model

A GIUH model uses geomorphological characteristics to simulate DSRO from a catchment.
The GIUH model development utilizes parameters of the Horton’s order laws of drainage net-
work composition and Strahler’s stream ordering. Hence, the GIUH model is expressed in
terms of peak discharge (g,,) and time to peak (7)) discharge of a rainfall-runoff event.

14
q, = 1.31><R2'43><L— (1)
Q
L R 0.55 038
f, =044 x 2 (R—j) x (R,) )

where g, is peak flow in hrl, 1, is time to peak in hr, Ry R, and R, are Horton’s bifur-
cation, length and area ratios of stream numbers respectively, L, is length of the highest

stream order in km, and V is velocity parameter in m s~
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The Nash model (Nash 1957) can be used to derive an instantaneous unit hydrograph
(IUH) by the concept of series of n reservoirs and storage coefficient (K).

_ 1 i n—1 —t/K
u(t)_KxF(n)X<K> xe 3)

where, u(t) is ordinate of the ITUH in hr™!, 7 is time in hr, ['(n) is partial gamma function, n
and K are Nash’s shape and scale parameters, respectively.

According to Kumar et al. (2007), a complete shape of the hydrograph can be produced by
linking g, and 7, to Nash’s n and K.

R 0.78
n=329x <—B> x R, *07 4)
RA
0.44 X L, Ry \ "%
K=otXZe (28 p-0my 1 (5)
Vv R, n—1

2.4 Estimation of the Velocity Parameter

Flow velocity is an important parameter in the development of a GIUH model. Rodriguez-
Iturbe et al. (1982) related the velocity parameter with geomorphology of a catchment and
effective rain intensity (Eq. (6)).

V = 0.665 X ag”® x (i,xAq)"*

(6)
where V is velocity parameter in m s, A, is area of the largest stream order in km2, i, is
effective rain intensity in cm h™".

The kinematic wave parameter of the highest order (ag,) for a rectangular channel is esti-
mated using Eq. (7).

S]/2

ag = X b2/3 (7)

where S is slope, b is width, n is the Manning’s roughness coefficient of a channel.
If discharge measurements are available, the velocity parameter, V can be estimated using
the method (Eq. (8)) proposed by Zelazinski (1986).

V=ax () (8)

where Q, .. is peak flow of a rain event, o and f are parameters derived from discharge
measurements at outlet of a catchment.

2.5 Model Performance Evaluation

The overall performance of DSRO hydrographs simulated using GIUH models was evalu-
ated by the Nash—Sutcliffe model efficiency (NSE) coefficient (Nash and Sutcliffe 1970),
percentage error in peak (PER,) discharge and percentage error in time to peak (PER,,)
discharge.
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Y (0 - 0y)°
> (0.-0,)

where Q,; is observed discharge for the i ordinate, @n is average of observed discharge
and Q is simulated discharge for the i ordinate.

Qop - Qsp

op

PER, = x 100 (10)

where, Q,, is observed peak discharge, Oy, is simulated peak discharge.

T()p - Tsp
PER,, = — x 100 (11)
op

where, T, is observed time to peak discharge, T, is simulated time to peak discharge.

Sensitivity of the overall model performance, peak discharge and time to peak dis-
charge was evaluated using the sensitivity index (SI) proposed by Lenhart et al. (2002), as
described in Eq. (12).

_ ()’2 —yl)/)’O
SI = N (12)

where S1 is sensitivity index, y, is initial model output, x, is initial parameter value, y, and
¥, are model outputs at x,-Ax and x,+Ax, respectively.

According to Lenhart et al. (2002), the SI classes are small to negligible (0 <S7<0.05),
medium (0.05 < S7<0.20), high (0.20 <S7< 1.0) and very high (S7>1.0).

3 Results and Discussion
3.1 Estimation of the Velocity Parameter

Estimation of the velocity parameter using the method proposed by Zelazinski (1986)
resulted in a very good agreement (+*=0.90) of velocity with measured peak discharge
at the catchment outlet (Fig. 3). Similarly, a good fit (+*=0.61) was obtained for a linear
relationship between observed velocity and 30-min rain intensity (I30) as shown in Fig. 4.
These results show that both peak discharge and I30 could be used for estimating the veloc-
ity parameter of a GIUH model for Gule catchment.

Estimation of flow velocity using measured peak discharge is highly dependent on the
availability of discharge data at a catchment outlet (Al-Wagdany and Rao 1997). Hence, the
applicability of peak discharge for estimating flow velocity is quite limited because stream-
flow data are not readily available for ungauged catchments. In the absence of streamflow
data, climatic and geomorphological characteristics of a catchment can be useful for esti-
mating velocity parameter in a GIUH model (Rodriguez-Iturbe et al. 1982; Al-Wagdany
and Rao 1997).
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Fig. 3 Flow velocity estimation using measured peak discharge
3.2 Evaluation of the GIUH Models

Results for flow velocity (V), storage coefficient (K), peak discharge (Qp) and time to peak
(tp) discharge of three GIUH models are summarized in Table 2. The GIUH models were

2.5 1
o

= 20
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>
2 1.5 1 )
3
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o
>
T 1.0 V30 = 0.0191;, + 0.30
2 r*=0.61)
8
=

0.5 -
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0 10 20 30 40 50 60 70 80

30-minute rain intensity, Iy, (mm hr')

Fig.4 Flow velocity estimation using 30-min rain intensity (130)
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Table 2 Velocity (V, m s™"), storage coefficient (K), peak discharge (Ap m? s7!) and time to peak (tp, hr) dis-
charge descriptions of the GIUH models

Event GIUH-cal* GIUH-pq” GIUH-130¢

v K q, 6 v K q, t v K q t

090714 0.50 0.67 035 125 052 0.64 037 1.17 081 041 057 1.17
300714 0.88  0.38 437 067 108 0.31 582 058 1.03 0.32 556 0.58
030814 095 0.35 201 067 093 036 196 067 120 0.28 253 050
050814 0.79 042 592 075 138 024 1032 042 154 022 1153 042
160814 0.83 0.51 097 092 069 051 098 092 0.83 040 125  0.75
180814 095 0.35 4.00 067 1.00 0.33 421 058 083 040 350 0.75
290814  0.85 0.39 339 075 096 035 382 067 092 036 3.67 0.67
310814  0.68  0.49 .11 092 0.72 046 1.18 083 0.71 047 1.16 0.83
030914  0.65 051 1.07 092 069 048 .13 092 0.68 0.49 .12 092
060914 0.66  0.50 0.62 092 0.60 0.55 056 1.00 0.64 0.51 0.61 092
070914 0.81 041 151 075 0.77 043 144 083 0.62 054 1.16 1.00
100914 0.65 0.51 212 092 099 034 324 058 1.19 028 394 0.59
110715 036  0.82 1.34 150 0.76 044 249 083 0.86 0.39 282 0.75
230715 0.61 0.54 1.14 083 0.76 044 1.42 083 092 036 1.73  0.67
240715 1.11 03 1041 042 159 021 1483 042 162 021 1506 042
290715  0.59  0.62 138 1.00 092 0.36 237 067 056 0.59 144 1.08
020815 0.73 045 069 083 054 0.62 051 1.17 0.60 0.55 0.56  1.00
030815 0.49 0.68 1.03 1.17 080 042 1.69 075 081 041 1.71 075
140815 0.45 0.73 1.06 133 096 0.35 225 067 086 0.39 201 075
150815 0.73 045 1.80 0.83 0.87 0.38 224 067 090 0.37 232 0.67

# Velocity calculated from calibration of Manning’s n
® Velocity calculated using measured peak discharge

¢ Velocity calculated from linear relationship between velocity and 30-min rain intensity (I130)

developed based on estimation of flow velocity using calibration of Manning’s n (GIUH-
cal), peak discharge (GIUH-pq) and 30-min rain intensity (GIUH-130).

Evaluation of the three GIUH models using observed discharge for 20 rain events at
Gule outlet showed good performance for most of the events (Table 3). Out of the three
GIUH models, the GIUH-cal had the best performance, 18 out of 20 events resulting in
NSE values which ranged between 0.53 and 0.95. The remaining two events, 020815 and
140815 resulted in NSE values of 0.47 and 0.42 respectively. Model performance for
GIUH-cal was quite similar to results obtained from the physically-based Limburg Soil
Erosion Model (LISEM) as shown in Table 3. For GIUH-pq, 12 out of 20 events resulted in
good model performance, whose NSE values ranged between 0.54 and 0.9. Similar model
performance was also observed in the GIUH-I30 model, 12 of the 20 events resulting in
NSE values which ranged between 0.5 and 0.92.

The observed and simulated DSRO hydrographs matched well for the GIUH and
LISEM models for most rain events (Fig. 5). In most cases, there is good resemblance in
the overall shape of the hydrographs between GIUH models and observed discharge. Over-
all, the GIUH models underestimated peak discharge compared to observed data. Similar
results were also obtained in other GIUH simulations (Gupta et al. 1980; Kumar 2015;
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Table 3 Model performance evaluation of the GIUH and LISEM models. NSE: Nash—Sutcliffe efficiency,
PER: percentage error

Event  GIUH-cal GIUH-pq GIUH-I30 LISEM

NSE PERp PERtp NSE PERp PERtp NSE PERp PERtp NSE PERp PERtp

090714 0.72 509 -6.8 071 487 00 035 200 0.0 0.66 0.4 3.8
300714 0.95 16.0 330 083 -28 420 0.88 1.9 420 083 -58 292
030814 0.83 454 -155 083 467 -155 072 313 138 0.77 19.1 -53.7
050814 0.77 472 185 0.16 7.9 543 -0.10 -29 543 080 -62 -28.6
160814 0.85 22.0 80 085 357 80 073 178 250 0.89 -9.6 5.8
180814 0.87 29.4 330 086 256 417 086 382 250 080 304 233
290814 093 166 -286 0091 6.1 -149 092 9.8 -149 054 -106 -54.4
310814 0.83 36.6 80 081 327 16.7 0.82 337 167 09 197 18.7
030914 0.81 32.8 214 0.79 289 214 080 299 214 0.63 89 217
060914 0.85 41.0 30.8 0.84 46.6 248 085 422 308 0.74 42 336
070914 0.89 29.3 359 0.89 326 28.8 077 456 145 0.83 172 245
100914 0.59 52.1 217 0.02 267 502 -0.50 106 496 0.83 141 9.7
110715 0.66 433  -33.3 -1.30 -20.0 333 -2.00 -356 400 0.76 15.7 -34.0
230715 0.84 45.0 248 077 315 376 050 170 496 051 250 192
240715 0.79 20.1 00 046 377 276 043 99 276 094 -10.1 -379
290715 0.53 57.1 74 003 332 380 053 593 00 048 524 412
020815 047 89 431 038 329 -101.7 042 254 -724 039 -7.6 -149
030815 0.59 56.6 251  0.05 29.1 55.1 0.02 282 551 082 -08 9.7
140815 0.42 73.6 240 -037 443 61.7 -0.16 502 571 063 -35 -90
150815 0.62 379 9.8 054 264 272 051 237 272 074 234 4.9
/Mean/ 38.1 214 29.8 35.0 26.7 319 142 239

Hosseini et al. 2016). The hydrographs of the GIUH models also indicate an early rise of
discharge and relatively shorter time to peak discharge compared to the observed hydro-
graphs (Fig. 5).The failure of the GIUH models to reproduce DSRO hydrographs could
be due to an error introduced by assuming a constant infiltration rate to calculate effective
rain intensity (Bhaskar et al. 1997). Overall, there is also non-linearity of rainfall-runoff
transformation processes in mountainous catchments (Kumar 2015) such as this study area.

The absolute mean PER, values for GIUH-I30, GIUH-pq and GIUH-cal models were
26.7, 29.8 and 38.1%, respectively. In terms of the PERP, LISEM had the lowest error with
absolute mean value of 14.2%. Out of the three GIUH models, GIUH-cal has the lowest
PERlp. Absolute mean PERlp values were 21.4, 31.9, and 35.0% for the GIUH-cal, GIUH-
130 and GIUH-pq models, respectively. The PER,, value for LISEM was 23.9%, which is in
similar order with the GIUH models.

Overall evaluation of the GIUH models showed that GIUH-cal performed as good as
the physically-based LISEM model. However, the GIUH-cal model tends to underestimate
peak discharge compared to LISEM. The better performance of the GIUH-cal compared to
the GIUH-pq and GIUH-I30 models is most likely attributed to calibration of Manning’s n
with measured discharge. Moreover, the simultaneous consideration of geomorphological
properties of a catchment and calibration of model parameters equips GIUH models with
the capacity to properly simulate DSRO hydrographs (Nourani et al. 2009).
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Fig.5 Comparison of observed and simulated DSRO hydrographs of different GIUH models

The GIUH-pq and GIUH-I30 models had relatively lower performances in simulating
DSRO compared to GIUH-cal and LISEM. This was expected as these two models were
developed from regression relationship between flow velocity and peak discharge and 130
for the GIUH-pq and GIUH-I30 models, respectively. On the other hand, the three GIUH
models and LISEM had similar performance for PERp and PERlp, except that LISEM out-
performed the other models with lower PER,,.

The limitation with the GIUH-cal and GIUH-pq models is that they require discharge
measurements for estimating flow velocity. The applicability of any GIUH model which
depends on estimation of flow velocity using measured discharge becomes limited for
ungauged catchments (Hosseini et al. 2016). It is therefore advantageous to utilize GIUH
models which do not require measured discharge for runoff simulation (Al-Wagdany and
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Rao 1997; Kumar 2015). The GIUH-I30 model does not need measured streamflow data.
Hence, it can be used for simulating DSRO hydrograph when rain intensity is available.

This study and other researchers (e.g., Kumar et al. 2007; Khaleghi et al. 2011; Chen
et al. 2019) demonstrate the applicability of GIUH models for simulating DSRO hydro-
graph in small and medium size catchments. For large catchments, however, soil properties
and land cover become very important in addition to geomorphological and climatic condi-
tions. There are recent attempts (e.g., Lee and Chang 2005; Babaali et al. 2021) to incorpo-
rate subsurface flow into a GIUH model so that the effects of land cover and soil properties
on infiltration is reflected in the developed hydrographs.

3.3 Sensitivity Analysis

Keeping the geomorphologic and meteorological parameters constant, flow velocity was
varied from -20% to+20% of the calibrated velocity values in the GIUH-cal model. The
sensitivity analysis result showed that overall performance of the calibrated GIUH model
was moderately sensitive to changes in velocity with ST of 0.15 (Table 4). Overall, the
GIUH model performance decreased when the magnitude of velocity was varied between
-20% and+20% (Fig. 6). The change in NSE values ranged between 5.6 and 20.2%, with
mean value of 12.3, when velocity was increased by 20%. On the other hand, the change
in NSE values ranged between 2.1 and 12.5%, with mean value of 7.5, when velocity
was decreased by 20%. This shows that the overall performance of GIUH models seems

Table 4 Model sensitivity analysis to flow velocity for different rain events

Event Velocity, V. Peak discharge, q, Time to peak Nash-Sutcliffe  Sensitivity index, SI
discharge, t efficiency, NSE

q, t NSE
90714 0.40 0.35 1.5 0.68 1.00 -0.84 -0.03
300714  0.71 476 0.83 0.9 098 -091 -0.13
30814 0.76 2.01 0.83 0.78 099 -1.23 -0.06
50814 0.63 5.92 1.0 0.70 1.00 -1.11  0.04
160814  0.52 0.97 1.17 0.78 .00 -1.14 0.02
180814  0.76 4.00 0.83 0.83 099 -1.24 -0.10
290814  0.74 3.67 0.83 0.90 099 -093 -0.29
310814  0.54 1.11 1.17 0.78 1.00 -1.13 -0.18
30914 0.52 1.07 1.17 0.75 1.00 -1.13 -0.18
60914 0.53 0.62 1.17 0.78 .00 -1.13  0.01
70914 0.65 1.51 0.92 0.80 099 -0.84 0.07
100914  0.52 2.12 1.17 0.56 099 -1.39 -043
110715 029 1.18 2.17 0.61 1.00 -1.13 -0.30
230715 049 1.14 1.25 0.74 1.00 -1.05 0.17
240715  0.89 10.41 0.67 0.75 098 -1.06 -0.18
290715 047 1.52 1.25 0.48 1.00 -1.04 -0.34
20815 0.59 0.69 1.08 0.42 .00  -1.26 -0.26
30815 0.39 1.03 1.58 0.53 .00 -1.17 -0.10
140815  0.36 1.06 1.67 0.38 .00 -1.10 -0.02
150815  0.59 1.89 1.08 0.56 .00 -126 -0.12
/Mean/ 0.995 1.100 0.150
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to be not significantly affected by changes in flow velocity. Comparatively, an increase in
flow velocity seems to have slightly higher impact on model performance compared to a
decrease in flow velocity.

Peak discharge was highly sensitive to changes in velocity with a SI close to 1. The
positive SI values of peak discharge for all rain events shows a co-directional response of
peak discharge to changes in velocity. Time to peak discharge was very highly sensitive to
changes in velocity with SI value slightly greater than 1.0. Negative SI values for time to
peak discharge indicate an inverse response of time to peak to changes in velocity.

When flow velocity was increased, the DSRO hydrograph shifted to the left shorten-
ing time to peak discharge as well as increasing peak discharge for all events (Fig. 6). An
increase in velocity tends to quickly flatten the falling limb of the DSRO hydrograph. On
the other hand, the DSRO hydrograph shifted to the right elongating time to peak discharge
and decreasing peak discharge when velocity was decreased. Furthermore, a decrease in
velocity caused a rise in the ordinates of the falling limb of the DSRO hydrograph resulting
in longer duration of DSRO.

The findings of this study indicated that hydrograph of a GIUH model is highly influ-
enced by changes in flow velocity. This result is in agreement with a study by Khaleghi
et al. (2011). Khaleghi et al. (2011) indicated that there is a significant change in timing
and magnitude of peak discharge of a GIUH model when velocity was varied between 50
and 200%. The increase in magnitude of peak discharge when velocity is increased is most

6.0
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Fig. 6 Sensitivity of the calibrated GIUH model to changes in flow velocity
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likely attributed to the shortening of travel time of water flow. This is reflected by the short-
ening of time to peak discharge in the DSRO hydrographs (Fig. 6). Similarly, the widening
of DSRO hydrographs of the GIUH models when velocity is decreased could be due to the
lowering of peak discharge values and delay in travel time of water flow.

This study highlights the performance of three velocity parameter estimation methods
in GIUH models. Moreover, the developed GIUH models will be applicable for designing
rain water harvesting and flood control structures in Gule and other similar ungauged catch-
ments. Particularly, the GIUH-I30 model will be very useful as it does not require meas-
ured streamflow data. As noted by Kumar et al. (2007) small and medium size catchments
are poorly gauged for streamflow especially in developing countries such as Ethiopia.

4 Conclusion

The geomorphological instantaneous unit hydrograph (GIUH) model was found to be a
viable option for determining direct surface runoft (DSRO) in Gule catchment, northern
Ethiopia. This is based on the result obtained by comparison of GIUH models both with
observed hydrograph and a physically-based Limburg Soil Erosion Model (LISEM). Fur-
thermore, the following conclusions can be drawn from the findings of this study.

e The GIUH model derived from calibration of Manning’s n has performed better in sim-
ulating DSRO hydrograph compared to the GIUH models developed from measured
peak discharge and 30-min rain intensity.

e A satisfactory performance of the GIUH-I30 model for most rain events in Gule catch-
ment indicates that a GIUH model can be used for simulating DSRO when discharge
measurements are missing for a catchment.

The GIUH models underestimated peak discharge compared to observed data.

The highly sensitive response of peak discharge to changes in flow velocity reveals that
an appropriate method need to be used to determine the dynamic velocity parameter of
a GIUH model.
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