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i 

Abstract 

 

Lake Tana’s water balance is not well understood since a large part of the Lake Tana basin is 

ungauged with uncertain inflows. In recent studies by Kebede et al. (2006) and SMEC (2007) closure 

of Lake Tana water balance is obtained by runoff from ungauged catchments that cover a large part of 

the Lake Tana basin. In this thesis water balance terms are calculated on a daily base while simulated 

daily lake levels are compared to observed levels for the period 1995 to 2001. 

 

Daily flows from an ungauged catchment are estimated by transferring model parameters from gauged 

catchments using a regionalisation procedure, a spatial proximity procedure and catchment area 

ratio’s methods. In regionalisation gauged catchment model parameters of the conceptual rainfall-

runoff model HBV are transferred to ungauged catchments based on catchment characteristics to 

allow for runoff simulation. In the proximity procedure model parameters of gauged catchments are 

transferred to neighbouring ungauged catchment. In area ratio model parameter sets of gauged 

catchments are transferred to ungauged catchments of comparable area.   

 

Criteria for selection of gauged catchments to be used in the procedures are the relative volume error 

objective function value and the Nash-Sutcliffe coefficient that, respectively should be less than +5% 

or -5% and greater than 0.6. Following this procedure, results indicate that flows from ungauged 

catchments are estimated as large as 41%, 47.5% and 46.4% of the total river inflow respectively. 

Default parameter sets and combined parameter set of default and the average of gauged sensitive 

parameters are applied in all of the ungauged catchments the result indicates that the runoff from 

ungauged catchments to be 55% and 45.4% of the total river inflow respectively. 

 

Lake areal rainfall is estimated by inverse distance interpolation, open water evaporation is estimated 

by the Penman-combination equation. The water balance closure term was established by comparison 

of measured and calculated lake levels. Row data of a bathymetric survey in 2006 is used to establish 

area-volume and volume-lake level relations. 

 

Daily lake level simulation with inflows from ungauged catchments estimated by regionalization 

shows the best performance with a relative volume error of 1.6% and a Nash-Sutcliffe coefficient of 

0.9. Results show that runoff from ungauged catchment is around 880 mm per year for the simulation 

period from 1995 to 2001. Sensitivity analysis of the lake level shows that Lake Tana is highly 

sensitive to Lake Basin rainfall, river inflows and evaporation respectively. 

 

 

Key words: Regionalization, Lake Tana, Bathymetry, Water Balance, HBV 
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1. Introduction 

1.1. Background of the study 

Water is the source of all life on earth. The distribution of water, however, is quite varied where many 

locations have plenty while others have very little. Water exists on earth as solid (ice), liquid or gas 

(water vapour) in oceans, rivers, clouds, and rain, all of which are in a frequent state of change 

(surface water evaporates, cloud water precipitates, rainfall infiltrates the ground, etc.). However, the 

total amount of the earth's water does not change (Chow et al., 1988). Water covers 70% of the earth's 

surface, but most water resources available for human consumption and the ecosystem are contained 

in lakes and rivers. The volume in those water bodies corresponds to 0.27% of the global fresh water 

and only 0.008% of the earth water Budget. 

 

Anybody who has lived near a lake can observe the phenomenon of lake level fluctuation which is 

characterized by higher water levels during the spring and early summer and lower water levels during 

the remainder of the year. Such fluctuations are the result of several natural factors but also human 

activities. The primary natural factors affecting lake levels are the amount of water inflow by rainfall, 

river inflow, etc. and outflow by evaporation, river outflow, etc. Influential human factors include 

diversions of water into or out of the basin, dredging of outlet channels and the regulation of outflows. 

 

For management of lake water volumes a proper assessment of components of the hydrological cycle 

in terms of a water balance is extremely essential. This is also applicable to Lake Tana water balance 

that is studied in this research.  

1.2. Relevance of the study 

The Nile is one of the longest rivers in the world and the basin area represents 10.3% of the continent. 

According to the World Bank, the Nile River Basin was a home to an estimated 229 million people in 

the year 1995; the basin is characterized by poverty, instability, rapid population growth and 

environmental degradation. Four of the Nile riparian countries are among the world’s ten poorest, 

with per capita incomes in the range of $100 to $200 per year. Population is expected to double by the 

year 2020, placing additional strain on scarce water and other natural resources. The River Nile 

originates from two distinct geographical zones that are the basins of the White and Blue Nile. The 

source of the White Nile is in the Great or Equatorial Lakes Region that contributes 30-40% of the 

river flow; the Blue Nile contributes more than 50% of the Nile’s supply of freshwater to the Northern 

countries Sudan and Egypt originating from Ethiopian highlands Lake Tana (Conway, 1997). 

 

Regarding the water resources management, there is increasing water utilization along the lower Nile 

valley (Egypt and Sudan) straining the limited freshwater resources of the basin. Similarly, there is an 

increasing demand for irrigation and hydropower development in Ethiopia and the country is 

experiencing a number of problems such as rapid population growth, limited water resources, 

environmental degradation and poverty.  



HYDROLOGICAL BALANCE OF LAKE TANA 

2 

 

The Lake Tana hydrologic system shows gaps with respect to major lake water balance components 

with only about 40% of the catchment is gauged (SMEC, 2007). To make efficient use of available 

water resources with balanced attention to maximize economic, social, and environmental benefits, it 

is necessary to have effective integrated water planning. Prior to any planning of water resource 

development however it is essential to identify and evaluate the total available water resources of the 

basin. In this study, the water balance of the Lake Tana will be established which is considered as the 

per-requisite step, for integrated water resource management. 

 

Previous studies attempting to estimate the water balance components of the lake show significant 

variations on monthly basis. Major drawbacks of those studies are by poor estimation of flow from 

ungauged catchments, use of a historic bathymetric survey and poor selection of representative 

meteorological stations. A summary of resent research after the Lake Tana water balance is attached 

below. 

 

SMEC (2007) simulated the water balance of the lake from the period 1960 through April 1995 using 

a simple monthly spreadsheet model. 

� To account for inflow from ungauged areas, simple multiplication factors are applied to the 

gauged discharge. Inflow from ungauged catchments is estimated to be 1.41 times the inflow 

from 5 gauged catchments (Gilgel Abay, Koga, Gumara, Ribb, and Megech) which is 29.0% of 

the total inflow. 

� Evaporation is estimated by the average of the energy balance and Penman method. 

� A bathymetric survey carried out by Studio Pietrangeli (1990) is used to simulate the lake level. 

� Lake areal rainfall is estimated based on inverse distance interpolation using stations in the 

vicinity of the lake. 

 

Kebede et al. (2006) established the water balance of Lake Tana and its sensitivity to fluctuations in 

rainfall (1960-1992) on monthly basis. 

� To estimate precipitation on the lake, monthly time series of rainfall (1960-1992) at the Bahr 

Dar station (the nearest station located at the southern shore of the Lake) is used. 

� Inflow from the ungauged catchments is estimated from a runoff coefficient (α=0.22). The 

inflow from ungauged catchment is estimated to contribute less than 7% of the total inflow. 

� An elevation-volume and area-volume relation of Lake Tana by a bathymetric survey carried 

out in 1937 Morandini (1940) is used. 

� The Penman evaporation is calculated with net short-wave radiation data from Addis Ababa 

and Bahir Dar meteorological stations. 

 

Pelgrum and Bastiaanssen (2006) estimate the dynamics of evaporation and rainfall in the Tana-Beles 

basin by means of advanced remote sensing technologies (2001). 

� The actual evaporation of the Tana-Beles Basin is mapped for the year 2001 using the SEBAL 

algorithm (Surface Energy Balance Algorithm for Land) 

� The rainfall data of Bahir Dar station is adopted as lake areal rainfall 

Obviously a need is identified to improve estimates and to simulate the water balance and related lake 

levels at a daily basis. 
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Table  1-1: Summary of water balance studies on Lake Tana. All terms are in mm water depth 

Study conducted by 
Annual lake 
areal rainfall  

Annual lake 
evaporation  

Total river 
inflow 

Ungauged 
catchment inflow  

SMEC (2007) 1260 1650 1622 472 

Kebede (2006) 1451 1478 1162 >82 

(Pelgrum and Bastiaanssen, 

2006) 
1541 1588 1616 -- 

 

1.3. General objective 

The main objective is to establish the Lake Tana water balance on a daily base by estimates of lake 

rainfall, lake evaporation and runoff from gauged and ungauged catchments by rainfall-runoff 

modelling. Results from the water balance will be used to simulate lake levels that will be compared 

to observed lake levels. 

1.4. Research question 

� What are the dominant components of the hydrological cycle that control the behaviour of the 

lake? 

� How large are the inflows from ungauged catchments to the lake? 

� How sensitive are lake levels to the water balance components? 

1.5. Methodology 

The methodology covers three phases; pre-field work covers the first phase of the study and focussed 

on collection of relevant literatures and downloading satellite images from archives. In the second 

phase of the study fieldwork is executed and primary and secondary data of the study area are 

collected from Ethiopian National Meteorological Agency (EMA) and Ethiopian Ministry of Water 

Resource Bureau (EMWR).  

 

In the third and final phase of the work, data collected is processed to estimate lake areal rainfall, river 

flow from ungauged catchments, lake evaporation and Lake Bathymetry followed by lake level 

simulation and validation with observed lake level. See Figure 1-1 for a simplified flow chart of the 

methodology adopted. 
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Figure  1-1: Simplified flow chart of the methodology adopted in the research 
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1.6. Thesis outline 

This thesis contains seven chapters organized as follows:  

 

Chapter one gives a general introduction to the study with emphasis on global water budget, relevance 

and objective of the study. Chapter two gives a brief description of the study area, data availability 

and data quality. Chapter three discuses the lake water balance components and the methodology 

adopted. Chapter four deals with data processing and results of water balance components from 

observed data such as lake areal rainfall, open water evaporation, bathymetric map generation, lake 

level simulation and outflow data. Chapter five deals with estimation of runoff from ungauged 

catchments. In chapter six spreadsheet water balance modelling and lake level simulation are 

presented. Chapter seven ends with conclusion and recommendations by this study. 
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2. Description of Study Area  

2.1. General 

Lake Tana is the source of the Blue Nile River and has a total drainage area of approximately 15,000 

km2, of which the lake covers 3,060 km2 at elevation 1,786 m amsl. The lake is the largest lake in 

Ethiopia and the third largest in the Nile Basin. The lake is located in the north-west highlands at 

12o00’N, 37o15oE which is 564 km from the capital Addis Ababa (see Figure 2-1). 

 
 Figure  2-1: Location of lake in the country’s north-west highlands at 12o00’N, 37o15’E 

 

The lake is approximately 84 km long and 66 km wide, with mean and maximum depth of 7.2 and 14 

m respectively and has more than 30 islands. An important development to improve management of 

Lake Tana water resources includes the construction of the water level regulation weir at the mouth of 

the lake in 1996. The weir enables to regulate the outflow of water for the Tis Abay I and II 

Hydroelectric power plant some 32 km downstream of Lake Tana. Some details of Lake Tana are 

provided in Table 2-1. 
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Table  2-1: Facts and figures of Lake Tana 

No. Description Data 

1 Location 12 o00’N, 37 o15’ E 

2 Altitude 1,786 m amsl 

3 Surface area 3,060 to 3,150 km2 

4 Catchment area Approximately 15,000 km2 

5 Depth 7.2 m mean and 14 m maximum 

6 Volume Approximately 28 km3 at 1786 m amsl 

7 Max length 84 km 

8 Max width 64 km 

9 Major influent rivers Gilgel Abay, Ribb, Kelti, Gumara and Megech 

10 Effluent rivers Abbay (Blue Nile) River 

 

2.1.1. Climate of the study area 

The Lake Tana Region, in spite of being located near the equator, has a comparatively mild climate 

because of its high elevation (1786 m amsl). The annual climate may be divided in a rainy and dry 

season. The rainy season may be divided into a minor rainy season in April and May and a major 

rainy season from June through September. The dry season occurs between October and April. The 

long-term mean annual rainfall (1992−2003) at Bahir Dar Station south of the lake is estimated to be 

1,416 mm while 1,081 mm is estimated at Gondar Station north of the lake (see Figure 2-1). 

 

There is diurnal difference in temperature, but the temperature is comparatively uniform through out 

the year with a mean annual temperature of 20.2 °C at Bahir Dar and 20.6 °C at Gondar (1994-2004). 

The annual average daily maximum and minimum temperature (1994−2004) at Bahir Dar are 27.2 °C 

and 13.2 °C respectively, and these at Gondar are 27.3 °C and 13.9 °C respectively. The mean annual 

relative humidity (1994−2004) at Bahir Dar is 58% and Gondar is 52.7%. 

2.1.2. Hydrological setting of the study area 

The lake has more than 40 tributary rivers, but the major rivers feeding the lake are Gilgel Abay from 

the south, Ribb and Gumara from the east and Magetch River from the north, while there are no large 

rivers that flow from the western side of the lake. According to Kebede (2006) those four rivers 

contribute 93% of the lake inflow. 

  

The water level of the lake rises gradually during the rainy season to reach its maximum level in 

September at the end of the rainy season, after which it slowly falls to reach its minimum water level 

in June. The annual water level variation is approximately 1.6m, while the historical maximum water 

level was 1,788.02 m amsl (September 21, 1998) and the minimum water level 1,784.46 m amsl (June 

30, 2003). 

 

The only river flowing out of Lake Tana is the Blue Nile River (Abay River), the natural annual 

outflow from the lake ranges from a minimum of 1075 Mm3 (in 1984) to a maximum of 6181 Mm3 (in 

1964) with an average value of 3732 Mm3 (period 1976-2006). 
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2.1.3. Topography 

Lake Tana is located in a wide depression of Ethiopian Plato and is surrounded by high hills and 

mountains except where the outflow leaves the lake by a narrow valley in the south-east. The lake 

catchment has minimum elevation of approximately 1784m amsl at east, north and west-south side of 

the lake on the flood plain of Ribb (Fogera floodplain), Megech (Dembia floodplain) and Gilgel Abay 

respectively and a maximum elevation of 4107 m amsl at east side of the lake at the boundary of Ribb 

catchment. The average elevation of the lake is 2909 m amsl, Figures 2-3 and 2-4 show west-east and 

south-north topographic cross-section X-X’ and Y-Y’ respectively of Lake Tana Basin (Figure 2-2). 

 

 
Figure  2-2: Digital elevation model of Lake Tana Basin with X-X’ and Y-Y’ cross-section 
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Figure  2-3: West-East (X-X’) cross-section of Lake Tana Basin 

 
Figure  2-4: South-North (Y-Y’) cross-section of Lake Tana Basin 

2.1.4. Land cover 

Most of the Lake Tana catchment area is characterised by cropland with scarce woodlands while only 

few limited areas of highlands are forested (less than 1% of the catchment area). Figure 2-5 shows 

land cover of Lake Tana Basin collected from EMWR. The land cover map was updated by 

supervised land cover classification of Landsat image dated on 10/23/1999, 09/12/1999 and 

11/15/1999. It shows that the major land cover types are croplands (45.2%), woody Savannah (18%), 

Water (20.6 %), Grassland (13%), bare land (2%), Forest (1%) and Urban and Built-up (0.2%). 
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Figure  2-5: Land cover of Lake Tana Basin 

 
Table  2-2: Description major land covers types 

Major Land cover  Description 

Bare land  Completely uncovered with vegetation  

Crop land Areas used for the production of crops  

Forest Trees and other plants in a large densely wooded area 

Grass land A biome that is covered with grass 

Urban or built-up Related to a city or densely populated area 

Water body Lake and rivers 

Woody savannah  Characterised by the trees being sufficiently small or widely spaced 

 

2.1.5. Soils 

Soils in most of the Tana Basin are derived from the weathered basalt profiles and are highly variable. 

In low lying areas particularly north and east of Lake Tana and along parts of Gilgel Abay, soil have 

been developed on alluvial sediments (SMEC, 2007). Five major soil groups in this area (Figure 2-6) 

are Fluvisols 10%, Leptosols 20.1%, Luvisols 36.5%, Nitisols 1.6% and Vertisols 11.8% in 
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combination with four diagnostic horizon modifiers: chromic, eutric, haplic, and lithic collected from 

EMWR.  

Table  2-3: Soil properties of major soil groups (SMEC, 2007) 

Major Soil Group Soil texture Drainage Condition 

Fluvisols Silty Clay Moderately well drained 

Leptosols Clay loam to clay Moderately deep to deep 

Luvisols Clay to silty clay Moderately to well drained 

Nitisols Silty clay to Clay  Well drained 

Vertisols Clay Poorly drained 

 

 
Figure  2-6: Lake Tana major soil groups as per FAO classification (EMWR) 

2.2. Field visit and data collection 

A fieldwork was conducted on August 2007 for a period of 30 days. The objective was to understand 

the hydrologic system of the basin and to become familiar with landscape and land cover of the basin. 

Also meteorological, hydrological data, land cover GPS coordinates and gauging station location have 

been collected.   
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2.2.1. Hydrological data 

In the Lake Tana basin there are seventeen hydrometric stations to gauge runoff from catchments and 

two level stations to measure lake levels. Some of these stations have only been in operation for a 

short time, while others have a long record. Measuring devices in all seventeen rivers as well as in the 

lake are staff gauges that are recorded manually on daily basis. Some of the catchments are gauged by 

a number of gauges (Figure 2-7). The River discharge time series have been collected from EMWR. 

Appendix B shows river gauging stations in Lake Tana Basin with respective location and catchment 

area. 

 

 
Figure  2-7: Lake Tana Basin drainage system and spatial pattern of gauging stations 

2.2.2. Hydrological data quality 

According to Tana Beles Sub-Basins Hydrological Study (see SMEC 2007) the rating curve of Gilgel 

Abay and Koga stations near Merawi are the most reliable stations while the rating curves of Ribb and 

Gumara rivers located at the middle of the flood plain are not reliable for peak flows. Sediment 

accumulation and flooding of the river embankments have caused a major problem in the stage-

discharge relationship. Megech and Kelti gauging sites are not located in the flood plain as compared 

to Ribb and Gumara gauging stations and rating curves are acceptable. For the remaining smaller 

catchments Angareb, Zufil, Gelda, Ribb near Gasy, Gumero and Garno on attempt to validate the 
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existing rating curve or to establish a valid rating curve has failed. Rating curves are considered not 

reliable by a large scatter of points. In addition all the gauging stations in Lake Tana Basin lack 

automatic water level recorder.  

 

The river discharge data collected for seventeen gauging stations representing 47% the lake basin was 

screened to identify unreliable or spurious data; screening was done with the help of graphical tools 

and some suspicious data and data gaps have been observed. Plotting the river flow data of Gilgel 

Abay River shows that the recession curve of 1995/1996 has some error in such that the nearby 

catchment Koga River did not react (Figure 2-8) and the flow data collected from  Ribb river seems to 

be trimmed since it has a constant flow for long periods (Figure 2-9) that can be explained by flooding 

of the embankment and submergement of the station. 

 

 
 

Figure  2-8: Suspicious river flow data of Gilgel Abay River (1996) 

 

 
 

Figure  2-9: Ribb River discharge near Addis Zemen 
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The graphical view of Gelda River daily discharge Figure 2-10 shows that the river flow increases by 

a factor 7 observed in 1998/1999 and 2003. This is quite puzzling since the rainfall pattern of the area 

didn’t change significantly. In this work it is assumed that irregularities are due to measurement errors 

or use of an erroneous rating curve. 
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Figure  2-10: Comparison of river discharge and rainfall data of Gelda River 

2.2.3. Meteorological data 

In and around the study area it was possible to collect meteorological data for 13 stations owned by 

EMA. A list of stations, their location and class of stations are available in Appendix B and their 

spatial distribution is shown in Figure 2-7. 

 

According to EMA, meteorological stations have been classified by a station code. Code one 

(principal stations) are stations at which observations are taken every three hours measuring rainfall, 

relative humidity, maximum and minimum temperature, wind speed and sunshine duration. For 

stations code two (synoptic station) observations are taken every 24 hours rainfall, relative humidity, 

maximum temperature, wind speed and sunshine duration. For stations code three (ordinary stations) 

only daily rainfall, daily maximum and minimum temperatures are observed whereas code four 

stations (rainfall recording stations) only observe daily rainfall amount (see station name and code 

Appendix B).  

2.2.4. Analysis of rainfall data 

After the process of filling and checking the consistency of rainfall time series data, the long-term 

annual average rainfall was analyzed. The analysis shows that stations located on south-west of the 

lake and south shore of the lake including the island have a relatively higher amount of rainfall, 

whereas stations on the north-west of the lake have a relatively smaller amount of rainfall (see Figure 

2-11). It is noticed that a higher rainfall in the southern shore of the lake possibly could be related to 

the evaporation and condensation of the lake water that moves to the south by wind. 

 

The rainfall-elevation relationship was plotted using all 13 meteorological stations and shows that 

only 22.0% of variation in rainfall can be explained by the linear relationship between rainfall and 
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elevation whereas 78.0 % of the total variation in rainfall remains unexplained. After excluding the 

stations located on the north shore and island of lake 73.0 % of variation in rainfall can be explained 

by station elevation (Figure 2-12). 

 

 
Figure  2-11: Long-term annual average rainfall (1992-2003) 
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Figure  2-12: Rainfall-elevation relation 
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3. Methodology 

3.1. Water Balance 

A water balance is based on the principle that any mass is conserved within a specified control 

volume or domain and specified time period. Dingman (1994) refers to a water balance as “the 

amount of a conservative quantity entering a control volume during a defined period minus the 

amount of quantity leaving the control volume during the same time period equals the change in the 

amount of the quantity stored in the control volume during the same time period”. A water balance 

often leads to as understanding of hydrological systems. 

The water balance equation in its simplest form reads: 

OutflowInflow
T

S −=
∆
∆

       [ 3-1] 

Where TS ∆∆ is the change in storage for a selected period of time [L3 T-1]. 

The general water balance equation of a lake can be written as: 

( ) ( ) SSGWSEGWSISIP
T

S
0ooIGaugedUngauged +++−+++=

∆
∆

  [ 3-2] 

Where:  
P  - Lake area rainfall      [L3 T-1] 
SIUngauged - Surface water inflow from ungauged catchments into the lake [L3 T-1] 
SIGauged  - Surface water inflow from gauged catchments into the lake  [L3 T-1] 
So  - Surface water outflow from the lake    [L3 T-1] 
GWI  - Subsurface water inflow into the lake    [L3 T-1] 
Eo  - Open water evaporation from the lake surface   [L 3 T-1] 
GWo  - Subsurface water outflow from the lake, and   [L3 T-1] 

 SS - Sink source term.      [L3 T-1]. 
 

3.2. Water balance terms from observed data 

3.2.1. Lake areal rainfall 

Precipitation includes rainfall, snowfall, and other processes by which water falls to the land surface 

(Chow et al., 1988). Precipitation data can be used in different ways for water balance calculations. 

However, this input is subjected to uncertainty, as a result of measurement errors, systematic errors in 

the interpolation method and stochastic error due to the random nature of rainfall. For many 

hydrological applications that also include modelling, extrapolation or/and interpolation of point 

rainfall measurement is necessary. Decisions about the techniques used for processing of gauged data, 

as well as the adequacy of the conclusions drawn from the final results, depend heavily on the 

magnitude and the nature of the uncertainty (Buytaert, 2006). 

 

In Figure 3-1 it is shown that there are five meteorological stations in and around the lake. Daily 

observations from these stations have to be converted to obtain areal coverage by using interpolation 

techniques such as inverse distance and Thiessen polygon methods.  
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Figure  3-1: Meteorological stations in and around Lake Tana 
 

Accurate estimation of the spatial distribution of rainfall and extrapolation of point measurements 

over large areas is complicated. This is especially true in mountainous environments where, in 

addition to the stochastic nature of rainfall, the precipitation pattern may be influenced by the 

irregular topography. The large variability in altitude, slope and aspect may increase variability by 

means of processes such as rain shading and strong winds. The best method to improve the quality of 

spatial rainfall estimation is to increase the density of the monitoring network. However, this is very 

costly, and in many cases practically not feasible (Buytaert, 2006). In the study all five meteorological 

stations are located at similar elevation with a maximum elevation of 1892 m amsl at Chewhit and a 

minimum elevation of 1786 m amsl at Deke Estifanos.  

 
A long-term annual average rainfall and station elevation linear relationship established based on the 

five meteorological stations from 1992 to 2003 and shows that elevation and precipitation have 

inverse relationship. Figure 3-2 shows that Bahir Dar and Zege stations located at the south shore of 

the lake at relatively lower elevation receive a relatively higher amount of precipitation whereas 

stations Delgi and Chawhit located north of the lake at a relatively higher elevation receive slightly 

lower amount of precipitation. 
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Figure  3-2: Station elevation versus long-term averaged annual rainfall (1992-2003) 

3.2.2. Open water evaporation 

Chow et al., in [1988] describe that the main factors influencing evaporation from open water surface 

are the supply of heat for vaporization and the process to transport vapor away from the evaporative 

surface. Influencing factors are solar radiation, wind velocity and the gradient of specific humidity in 

the air above the open water surface. Evaporation is a major component of the lake water balance, but 

it is still difficult to estimate and has rarely been measured directly.  

 

In this study the Penman method is applied which is widely used as the standard method in hydrologic 

engineering applications to estimate potential evaporation from open water under varying locations 

and climatic conditions. In 1948, Penman combined the energy balance with the mass transfer method 

and derived an equation to compute the evaporation from an open water surface from standard 

climatic records of daily sunshine hours, temperature, humidity, altitude and wind speed.  

 

The Penman combination equation for open water evaporation reads:  

( )
λ

D*)0.536U(1*6.43
*
γ∆

γ
AR*

γ∆

∆
E 2

hnP

+
+

++
+

=   [ 3-3] 

Where:   

Ep: is potential evaporation that occurs from free water evaporation [mm day-1], Rn: is net radiation 

exchange for the free water surface [mm day-1], Ah: is energy advected to the water body [mm day-1], 

U2: is wind speed measured at 2m [m s-1], D: is average vapor pressure deficit,  [kPa], λ: is latent heat 

of vaporization [MJ kg-1], γ: is psychrometric constant [kPa °C-1], ∆: is slope of saturation vapor 

pressure curve at air temperature [kPa °C-1] (after Maidment, 1993). 
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Rns (Net radiation): is the difference between incoming and outgoing radiation of both short and 

long wavelengths. 

Lsn Rα)(1RR −−=        [ 3-4] 

Where: RS: is short wave radiation, α: is surface Albedo and RL: is long wave radiation 

aR
N

n
0.500.25sR 







 +=        [ 3-5] 

Where: N: is maximum possible duration of sunshine hours [hour], n: is actual duration of sunshine 
[hour] and Ra: is extraterrestrial radiation [MJ m-2 day-1]. 

 
Albedo 
Albedo represents the fraction of incoming solar radiation that is reflected back to the atmosphere and 

is a measure of the reflectivity of the earth's surface. Ice, especially with snow on top of it, has a high 

Albedo where most sunlight hitting the surface bounces back towards space. Water is much more 

absorbent and less reflective. So, if there is a lot of water, more solar radiation is absorbed by the 

water that will warm and evaporate the water. Albedo values range from 0 (pitch black) to 1 (perfect 

reflector). Satellite-borne instruments constitute, a unique tool for monitoring surface Albedo values 

at the global and temporal resolutions adequate for meteorological and climate studies (Beniston and 

Verstraete, 2001).  

 

Albedo can be estimated from a number of satellite sensors where in this study the landsat ETM+ 

image is used to estimate albedo of the lake. The sensor provides 8 bands with three different 

resolutions over a swath width of 185km. The procedures to estimate Albedos are: 

� Geometric and radiometric correction 

� Top of the atmosphere radiance 

� Atmospheric correction (using 6s4u preprocessor software and 6s atmospheric correction 

model) 

� Narrow band to broad band albedo (see Appendix C for a full description).  

Landsat ETM+7 images dated 10/23/1999, 09/12/1999 and 11/15/1999 was acquired from 

http://glcfapp.umiacs.umd.edu:8080/esdi/index .jsp page for free.  

3.2.3. Surface water inflow from gauged catchments 

Surface water inflow to the lake includes water by rivers, streams, and direct overland flow. 

According to Kebede et al. (2006) there are four major gauged rivers dominating surface water inflow 

contributing more that 93% of the inflow. In this study only rivers that have a reliable continuous 

daily flow data record are considered as gauged catchments and used directly for the simulation of 

water balance and related lake levels.  

3.2.4. Groundwater inflow and outflow 

In Lake Tana vicinity there is no ground water monitoring data and groundwater flow to or from the 

lake is uncertain. Since the lake is located in a wide depression of Plato, it seems there could be a 

likely groundwater flow towards the lake. According to SMEC (2007), however, an 80 m thick clay 

layer underlies the lake floor which makes relevant vertical inflow or outflow through the lake bottom 
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highly unlikely. Due to the presence of the thick clay layer under the lake and by the scarcity of 

piezometric data, the groundwater component of the water balance is assumed to be negligible and 

ignored in this study. 

3.3. Surface water inflow from ungauged catchments  

An ungauged catchment has inadequate records (in terms of both data quantity and quality) of 

hydrological observations to enable computation of hydrological variables of interest (both water 

quantity or quality) at the appropriate spatial and temporal scales, and to the accuracy acceptable for 

practical applications (Sivapalan et al., 2003). These ungauged catchments refer to catchments having 

topographic and climatic properties that are available without observed discharge data. 

 

A number of approaches are currently available for prediction of ungauged catchments flows. 

Methods appropriate include direct estimates of parameters for ungauged catchments using theatrical 

understanding of (small-scale) soil physics (Koren et al., 2000), transferring calibrated gauged model 

parameters to neighboring ungauged catchment (Vandewiele and Elias, 1995) while the most common 

approach relates model parameters to catchment characteristics by means of statistics (see Seibert, 

1999; Merz and Blöschl, 2004 and Booij et al,. 2007, among others). 

 

In this study calibrated model parameters of gauged catchments are transferred to ungauged 

catchments to predict catchment runoff. Parameters are transferred based on spatial proximity, 

catchment area ratio and catchment characteristics while in addition also default parameters and a 

combination of default plus averages of highly sensitive parameter are adapted to all ungauged 

catchments to simulate the runoff. Parameter transfer based on physical catchment characteristics 

(PCCs) referred as regionalization is a technique that relates hydrological phenomena to physical and 

climatic characteristics of a catchment, or region (Young, 2005). The approach has four distinct steps 

that are subsequently described in the following sections. 

� Selection of representative catchments and catchment characteristics 

� Modelling of the gauged catchments 

� Establishing the regional model 

� Estimation of model parameters and predicting discharge at the ungauged catchments. 

3.3.1. Selection of representative catchments and catchment characteristics 

Regionalisation is the process of transferring information from comparable catchments to the 

catchment of interest, the choice of catchments from which information to be transferred is usually 

based on some sort of similarity measure, i.e. one tends to choose those catchments that are most 

similar to the site of interest. One common similarity measure is spatial proximity, based on the 

rationale that catchments that are close to each other will have a similar runoff regime as climate and 

catchment conditions will only vary smoothly in space (Merz and Blöschl, 2004). An alternative 

similarity measure is the use of catchment attributes such as land use, soil type and topographic 

characteristics. 
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In Lake Tana basin there are 17 gauged catchments that cover 47% of the catchment area. From these 

catchments a number of representative catchments will be selected to transfer model parameters to the 

ungauged catchments by considering availability of reliable daily flow data and satisfactory 

performance of the catchment model by model calibration.  

 

In this study a wide range of PCCs are used to estimate flow characteristics of ungauged catchments. 

Generally PCCs can be classified into five major groups as: Climate, Geography and physiography, 

Geology, Soil and Land use and cover condition. A total of 23 PCCs were derived to represent the 

above major groups. PCCs are climate index, catchment area, length of longest flow path, hypsometric 

integral, average altitude, average slope of catchment, drainage density, percentage of level, 

percentage of hilly, percentage of steeply, circularity index, elongation ratio, percentage of forest, 

percentage of grassland, percentage of cropland, percentage of bare land, percentage of urban and 

built-up, percentage of woody savannah, percentage of luvisols, percentage of leptosols, percentage of 

nitisols, percentage of vertisols and Percentage of fluvisols. 

 

1. Climate characteristics: 
Climate characteristics include precipitation, evaporation, wind, relative humidity etc. Evaporation 

and rainfall are the major components of the water budget and both components have a considerable 

effect on the runoff generation. In this study climate index (Abebe and Foerch, 2006), often denoted 

as aridity/humidity index is used, it is the ratio of mean annual precipitation to potential 

evapotranspiration. Potential evaporation is calculated by Penman-Monteith equation. 

 

2. Geography and physiography: includes size and shape of catchment, elevation, slope and 

aspect. 
Catchment Area: The amount of water reaching the river from its catchment depends on the size of 

the area; it reflects the volume of water that can be generated from rainfall. 

 

Basin Shape: Basin shape is not usually used directly in hydrologic design methods; however, 

parameters that reflect basin shape are used occasionally and have a conceptual basis. Watersheds 

have an infinite variety of shapes, and the shape supposedly reflects the way that runoff will 

accumulate at the outlet. A circular watershed would result in runoff from various parts of the 

watershed reaching the outlet at the same time. An elliptical watershed having the outlet at one end of 

the major axis and having the same area as the circular watershed would cause the runoff to be spread 

out over time, thus producing a smaller flood peak than that of the circular watershed (http://cnx.org/ 

content/m14421/latest/). A number of watershed parameters have been developed to reflect basin 

shape. The following are typical parameters: 

 
Circularity Index (CI) : is calculated as the ratio of ‘perimeter square to the area of the catchment’, 
the circularity of a circle is 12.5 where the circularity of a square is 16. It increases as the catchment 
gets elongated.  

A

P
CI

2

=         [ 3-6] 

Where P and A are the perimeter [m] and area [m2] of the catchment, respectively. 
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Elongation Ratio (EL): indicates how the shape of the basin deviates from a circle. It is an index to 

mark the shape of the drainage basin. It is defined as the ratio of length of longest drainage to 

diameter of a circle that has the same area as the basin.  

π
=

A*4

LL
EL         [ 3-7] 

Where LL and A are the length of longest length [m] and area [m2] of the catchment, respectively. 
 
The circularity index and elongation ratio has important hydrological consequences because, in 

contrast to more circular catchments, precipitation delivered during a storm in highly elongated basins 

has to travel a wide range of distances to reach the basin outlet. The resulting delay in the arrival of a 

proportion of the storm flow consequently leads to a flattening of the storm hydrograph. 

 

Slope: slope is one of the factors that controls water velocity where higher slope result in higher 

velocity of flow; therefore it takes less time for the catchment runoff to reach the stream. In this study 

a number of catchment characteristics will be used to represent the catchment from Shuttle Radar 

Topography Mission Digital Elevation Model (SRTM DEM) of 90m resolution these are average 

elevation, hypsometric integral, average slope of catchment and FAO slope classes (Percentage of 

level, Percentage of hilly and Percentage of steeply).  

 

Hypsometric integral: the hypsometric curve describes the distribution of elevation across the 

catchment area. Simply calculated as:  

ElevationMinimumElevationMaximum

ElevationMinimumElevationMean
Hi

−

−
=     [ 3-8] 

 

Average slope: a DEM was obtained from SRTM 90m resolution from http://srtm.csi. 

cgiar.org/SELECTION/inputCoord.asp and the slope is calculated pixel by pixel to estimate the 

average slope of the catchment, the calculated slope map is also classified by FAO slope class into 

major three groups a, b and c classes. 

 

Class a: Level to undulation /level/, dominant slopes ranging between 0 to 8 Percent 

Class b: Rolling to hilly /hilly/, dominant slopes ranging between 8 to 30 percent and 

Class c: Steeply dissected to mountainous /steeply/, dominant slopes over 30 percent. 

 

3. Geology: includes drainage feature (pattern, density, etc.) parent rock (igneous, sedimentary, and 

metamorphic).  

Drainage density: is calculated by dividing the total stream length for the basin by the catchment 

area. A high drainage density reflects a highly dissected drainage basin with a relatively rapid 

hydrologic response to rainfall events, while a low drainage density means a poorly drained basin with 

a slow hydrologic response. 

 

4. Soil: includes soil depth, soil type, soil infiltration capacity, etc. Soil data is required as input for 

hydrological modelling which influences runoff generation, in this study a soil map of the major soil 

groups of Lake Tana basin as per FAO soil group has been collected from EMWR GIS department 

described below.  
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Fluvisols are found typically on level topography that is flooded periodically by surface waters or 

rising groundwater, as in river floodplains and deltas and in coastal lowlands. Fluvisols are, by 

definition, flooded by rivers. Fluvisols are young soils where sedimentary structures are clearly 

recognizable in the soil profile. Leptosols are very shallow soils over continuous rock and soils that 

are extremely gravely and/or stony. Leptosols are azonal soils and particularly common in 

mountainous regions. Luvisols are soils that have a higher clay content in the subsoil than in the 

topsoil as a result of pedogenetic processes (especially clay migration) leading to an argic subsoil 

horizon. Luvisols have high-activity clays throughout the argic horizon and a high base saturation at 

certain depths. Luvisols have a medium to high storage capacity for water and nutrients and are well 

aerated. Nitisols are deep, well-drained, red, tropical soils with diffuse horizon boundaries and a 

subsurface horizon with more than 30 percent clay and moderate to strong angular blocky structure 

elements that easily fall apart into characteristic shiny, polyhedric (nutty) elements. The good 

workability of Nitisols, their good internal drainage and fair water holding properties are 

complemented by chemical (fertility) properties that compare favourably with those of most other 

tropical soils. Nitisols have relatively high contents of weathering minerals, and surface soils may 

contain several percent of organic matter, in particular under forest or tree crops. Vertisols are 

churning, heavy clay soils with a high proportion of swelling clays. These soils form deep wide cracks 

from the surface downward when they dry out, which happens in most years. All the above 

descriptions of the FAO soil groups are from (FAO, 2006). 

 
4. Land use and cover condition: includes land cover types (forest grassland, agriculture, urban etc)  

It is well known that deforestation causes changes in soil properties and infiltration rates, which 

ultimately affects the soil erosion processes and hydrological cycle of the catchment. The effect of 

changes in land use and plant cover are especially pronounced in mountain areas, since they are high-

energy environments, which sediment transfer from the hill slopes to the channels is greatly facilitated 

(Huber and Bugmann, 2005). In this study a land cover map was collected from EMWR GIS 

department and it has been updated by Landsat ETM+ and evaluated based on field data. 

3.3.2. Modelling of the gauged catchments  

In regionalisation approaches, calibrated rainfall-runoff models form gauged catchments is required to 

establish regional relationships between PCCs and model parameters. In literature it is advocated to 

only use parsimonious models (few parameter) although, even then, there are considerable 

uncertainties in the prediction of ungauged catchment response, due to the accumulation of 

uncertainties in the regionalization process for estimating parameter values (after Croke, 2000).  

 

As such applications of physical based models is practically not feasible because of their extreme data 

demand and instead conceptual models are selected which has fewer number of parameters. In this 

thesis work the HBV model is adopted to simulate runoff data of gauged catchments by the following 

reasons: 

• Scientific applications on HBV are reported from more than 50 countries around the world.  

• HBV input data have been kept as simple as possible, which are suitable for the study area 

where data scarcity and data quality are the major problems.  
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• It has been commonly proposed that parsimonious models are best suited to regionalisation 

technique (see Croke, 2000), where HBV model has a limited number of sensitive parameters 

and able to simulate the dominant hydrological processes. 

• HBV model is a conceptual semi-distributed model, where catchments can be disaggregated 

into sub-basins, elevation zones and land cover types. 

3.3.3. Establishing the regional model  

For establishing relations between catchment model parameters and PCCs, regression analysis is 

applied as also commonly reported on literature see Merz and Blöschl (2004), Seibert (1999), Yadav 

et al. (2007). Regression analysis is a statistical tool for the investigation of relationships between a 

given variable (usually called the dependant variable) and one or more other variables (usually called 

the independent variables). Two types of regression analysis have been applied with respect to 

regionalization those are simple linear regression: a relationship between one independent variable 

and one dependent variable and multiple regression that allows the simultaneous testing and 

modelling of multiple independent variables. 

The model for a simple linear regression reads: 

110
' XββY +=         [ 3-9] 

The model for a multiple regression reads: 

nn3322110
' X...βXβXβXββY ++++=      [ 3-10] 

Where:   

 β1, β2, β3 …βn   - Regression coefficients 

 X1, X2, X3 …Xn  - Independent variable (catchment characteristics) 

 Y’  - Dependant variable (model parameter) 

β0  - Intercept of the regression line  

 

In multiple regression analysis it is possible to predict a dependent variable from a set of independent 

variables. In statistical methods, the order in which the independent variables are entered into (or 

taken out of) the model is determined according to the strength of their correlation with the dependant 

variable. In multiple regression analysis forward selection and backward elimination methods are 

available. 

 

Forward selection: enters the independent variables into the model one at a time in an order 

determined by the strength of their correlation with the dependant variable. The first variable included 

in the model is the one that has the highest correlation. The variable that enters second is the one that 

has second highest correlation with the dependant variable and low correlation with the first entered 

variable to reduce the effect of multi-collinearity. This process terminates when the variable entering 

the model has insignificant regression coefficient or when all the variables are included in the model. 

 

Backward elimination:  enters all the predictor variables into the model and successively eliminates 

the weakest independent variable after which the regression will be recalculated. If this significantly 

weakens the model then the predictor variable is re-entered otherwise it is deleted. This procedure is 

then repeated until only useful predictor variables remain in the model (Xu and Zhang, 2001). 
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Multi-collinearity:  the term multi-collinearity (or collinearity) is used to describe the situation when 

a high correlation is detected between two or more predictor variables. Such high correlations cause 

problems when trying to draw inferences about the relative contribution of each predictor variable to 

the success of the model. When two or more independent variables in the regression model are 

perfectly correlated, one cannot calculate the parameter estimates, because no unique solution of the 

normal equation exists. When the independent variables are imperfectly but highly correlated, it is 

next to impossible to isolate there individual effects on the dependant variable, because the regression 

coefficients cannot be estimated accurately (Kohler, 1994). 

 

Since the purpose of the regionalisation is to estimate characteristics of the flows at an ungauged site 

rather than estimating the model parameters, the performance of the regionalisation should be 

assessed by comparing the predicted and observed response characteristics for gauged test catchments 

(Croke, 2000). In order to determine the performance of which regression equation reflects the 

relation between the model parameters and catchment characteristics at best, in general Relative 

Volume Error (RVE) and Nash-Sutcliffe coefficients (NS) are calculated. That is described in more 

detail at section 3.4.4. 

3.3.4. Estimation of model parameters and predicting discharge at the 
ungauged catchments 

After determining simple linear relationships and after optimizing by multiple regression analysis for 

several PCCs and model parameters, plausibility from hydrological point of view and significance 

from statistical point of view are discussed. The objective is to only select relationships that are 

plausible and statistically significant. The ensemble of selected relations makes up the so called 

regional model by which HBV model parameter values for the ungauged catchments are defined. At 

last the parameter estimates by the regional model are used to simulate ungauged catchment runoff. 

3.4. Hydrological modeling 

All hydrological models are simplified representations of the real world. Models can be either 

physical, electrical analogue or mathematical. Hydrological models serve a range of purposes but in 

water balance modeling they are commonly used to estimate runoff from sequences of rainfall and 

meteorological forcing by evaporation. They also can be used to estimate river flows at ungauged 

sites, to fill gaps in incomplete records or to extend flow records by longer records of rainfall. In this 

study HBV model is applied to all runoff simulations for gauged as well as ungauged catchments. 

3.4.1. HBV model structure 

The HBV model is a conceptual hydrological model for continuous calculation of runoff. It was 

originally developed at the Swedish Meteorological and Hydrological Institute (SMHI) in the early 

70´s to assist hydropower operations by providing hydrological forecasts (Bergstrom and Forsman, 

1973). HBV model simulates daily discharge using daily rainfall, air temperature, potential 

evapotranspirtation and daily runoff data for calibration. The model consists of subroutines for 

precipitation and snow accumulation, for soil moisture accounting where groundwater recharge and 

actual evaporation are coupled and it consists of a response routine, a transformation function and a 

simple routing procedure. 
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Figure  3-3: Schematic representation of HBV model (IHMS, 2006) 

Where: 
SF: Snow fall, RF: Rainfall, EI: Evapotranspiration, IN: Infiltration, EA: Actual evaporation, FC: 

Maximum soil moisture storage, SM: Compound soil moisture routine, CF: Capillary rise, R: 

Seepage, UZ: Upper zone reservoir, Qo: Direct runoff from upper reservoir, EL: lake evaporation, 

PERC: percolation capacity, LZ: Lower zone reservoir and Q1: Base flow lower reservoir. It is noted 

that all units are in mm. 

 
Precipitation and snow accumulation routine 
HBV model requires daily precipitation, daily air temperature and long-term monthly potential 

evaporation. Precipitation calculations are made separately for each elevation/ vegetation zone with a 

subbasin (IHMS, 2006). To separate between snow and rainfall a threshold temperature is used: 

P*rfcf*PcorrRF =    If T > tt      [ 3-11] 

P*sfcf*PcorrRF =    If T < tt       [ 3-12] 
Where:  

RF: rainfall, SF: snowfall, P: observed precipitation [mm], T: observed temperature [oc], tt: threshold 

temperature [°C], rfcf: rainfall correction factor, sfcf: snow fall correction factor and Pcorr: general 

precipitation correction factor.  
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Soil routine 
The soil moisture accounting routine is based on three empirical parameters Beta, FC and LP (Eqn’s 

[3-13] and [3-14]). Beta controls the contribution to the response function (∆Q/∆P) or the increase in 

soil moisture storage (1- ∆Q/∆P) from each millimeters of rainfall or snow melt, the ratio is often 

called runoff coefficient and ∆Q is often called effective precipitation (IHMS, 2006).  

 

FC is the maximum soil moisture storage (mm) in the model. Actual evapotranspiration by the soil 

moisture routine is related to the measured potential evapotranspiration, the soil moisture state and the 

parameter value LP. Actual evapotranspiration from the soil box equals the potential evaporation if 

SM/FC is above LP while the linear reduction is used when SM/FC is below LP and Beta that 

controls the contribution of soil moisture storage, SM, to the response function ∆Q/∆P.  

Beta

FC

SM

∆P

∆Q







=         [ 3-13] 








= 1,
FC*LP

SM
EPEA        [ 3-14] 

Where: ∆Q/∆P: response function, SM: Compound soil moisture routine, FC: Maximum soil moisture 

storage, EA: actual evapotranspiration, EP: Potential evapotranspiration and LP: Limit for potential 

evaporation. 

 
Response routine 
Excess water from the soil is transferred by the runoff response function. This routine comprises two 

tanks that distribute the generated runoff in time to obtain the quick and slow parts of recession. The 

lower reservoir is a simple linear reservoir representing the contribution to the base flow filled by 

percolation (PERC) from upper reservoir, K and K4 represents the recession coefficients from the 

upper and lower reservoir respectively.     

( )Alfa1
o UZ*KQ +=        [ 3-15] 

LZ*K4Ql =         [ 3-16] 

Where: QO: Direct runoff from upper reservoir, K: recession coefficient upper reservoir, UZ: upper 

reservoir storage, Q1: lower reservoir outflow, LZ: lower reservoir storage and K4: recession 

coefficient lower reservoir storage. 

 
Transformation function 
The runoff generated from the response routine (Q=Q1+Qo) will be routed separately for each sub-

catchment through a transfer function in order to fine-tune the shape of the hydrograph at the outlet of 

the subbasin. This transfer function is a simple filter technique with a triangular distribution of the 

weights (see Figure 3-4). The time base of the triangular distribution is given by the parameter 

maxbas. 
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Figure  3-4: The transformation function (IHMS, 2006) 

3.4.2. Input data of HBV model 

The conceptual semi-distributed HBV model computes runoff from observed daily rainfall, daily 

temperature, long-term monthly potential evapotranspirtation and runoff data for calibration. 

Areal rainfall 
The Thiessen polygon method is one way of calculating areal precipitation. This method gives weight 

to station data in proportion to the space between the stations (IHMS, 2006). The daily areal rainfall is 

calculated from the daily point measurement of rainfall in and around the catchments by Thiessen 

polygon method (Eqn. [4-1]). 

 
To consider the orographic effect HBV model has a built-in correction factor called PCALT, the 

catchment will be divided into different elevation zones. For each zone the precipitation will be 

corrected according to the increase in elevation above sea level (usually 10-20% per 100 m). 








 −
+=

10000

)hPCALT(h
1PP o

A(h)        [ 3-17] 

P(h): Rainfall corrected for orographic effect [mm], PA: Observed rainfall [mm], h: Average height of 
elevation zone [m amsl], ho: Height of rainfall observation [m amsl] and PCALT: Rate of rainfall 
increase over 100m. 
 
Potential evapotranspirtation 
Long-term mean values are used as estimates of the potential evapotranspirtation at a certain time of 

the year. It is thus assumed that the interannual variation in actual evapotranspiration is much more 

dependent on the soil moisture conditions than on the interannual variation in potential evaporation 

(IHMS, 2006). In IHMS HBV model potential evaporation, normally monthly mean estimates are 

used, either measured or calculated. In this study daily potential evaporation is calculated by Penman-

Monteith formula (Eqn. [3-18]). 
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=     [ 3-18] 

Where  
ETo  - Reference evapotranspiration     [mm day-1] 

Rn  - Net radiation at the crop surface     [MJ m-2 day-1] 

G  - Soil heat flux density      [MJ m-2 day-1] 

T  - Mean daily air temperature at 2 m height    [°C] 

U2  - Wind speed at 2 m height     [m s-1] 
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es  - Saturation vapour pressure     [kPa] 

ea  - Actual vapour pressure      [kPa] 

∆ - Slope vapour pressure curve     [kPa °C-1] 

γ  - Psychrometric constant      [kPa °C-1]. 

3.4.3. Calibration of HBV model 

Hydrological models require adjustment of the values of model parameter, hydrologic influence and 

stresses in order to tune the model. By model calibration that stands for the fine-tuning of the input 

parameter data, the performance of the model will improve. The procedure of adjusting the model 

input parameters is necessary to match model output with measured field data for the selected period 

and situation entered to the model (see Rientjes, 2007). The process of model calibration is done 

either manually or by computer-based automatic procedures. In manual calibration, a trial and error 

parameter adjustment is made. The goodness-of-fit of the calibrated model is basically based on a 

good water balance and a good overall agreement of the shape of hydrograph by comparing the 

simulated and observed hydrographs. For an experienced hydrologist it is possible to obtain a very 

good and hydrologically sound model using manual calibration. In automatic calibration, parameters 

are adjusted automatically according to a specified search scheme and numerical measures of the 

goodness-of-fit. As compared to manual calibration, automatic calibration is fast, and the confidence 

of the model simulations can be explicitly stated.  

 
IHMS HBV model parameters can be grouped into volume controlling (FC, LP and Beta) that 

influence the total volume and shape controlling parameters (K4, PERC, KHQ, HQ and Alfa) that 

distribute the calculated discharge in time and inflaming the shape of hydrograph. HQ is the high flow 

level at which the recession rate KHQ is assumed to hold, it is calculated interims of the mean annual 

flow and/or mean annual peak flow (Eqn. [3-19]).  

( )
A

86.4*MHQ*MQ
HQ

0.5

=    or  
A

43.2*MHQ
HQ =    [  3-19] 

Where: MQ: mean annual flow, MHQ: is the mean annual peak flow and A: area of catchment. 
 
The quick flow is calibrated by KHQ and Alfa. KHQ results in higher peaks and more dynamic 

response in hydrograph. Alfa is used in order to fit the higher peaks into the hydrograph. The higher 

Alfa the higher the peaks and the quicker the recession (IHMS, 2006). Baseflow is adjusted with 

PERC and K4. The level of the base flow is adjusted with PERC as a lower value of PERC results in 

low base flow. K4 describes the recession of baseflow. Table 3-1 shows recommended start values 

and parameter space for a new basin/ subbasin to be calibrated.  
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Table  3-1: Model parameter space in SMHS HBV model (IHMS, 2006). 

Parameter Starting value 
Approximate 
Interval 

Comment 

FC Use a value for the 
region 

100-1500 Maximum soil moisture storage [mm] 

LP 1 < = 1 Limit for potential evaporation 
Beta 1 1-4 Exponent in the equation for discharge  

from the zone of soil water 
K4 0.01 0.001 – 0.1 Recession coefficient for lower 

response box 
PERC 0.5 0.01 – 6 Percolation from upper to the 

lower response box [mm] 
KHQ 0.09 0.005 – 0.2 Recession coefficient for upper response 

box 
Alfa  0.9 0.5 – 1.1 Measure of non-linearity to the 

response of upper reservoir  
 

In this study calibration is done manually by trial and error method. The approach of calibration will 

have two steps, first the model will be calibrated by volume controlling parameters FC, LP and Beta, 

that is followed by calibration of shape governing parameters KHQ and Alfa for the quick flow and 

K4 and PERC for the base flow. 

3.4.4. Objective function 

To define the parameter values for all gauged catchments and to establish the regional model, the 

initial values of the parameters will be calibrated against observed discharge whereby the model 

parameters are adjusted until the observed system output and the model output shows acceptable level 

of agreement. This level of goodness of fit is evaluated by objective function that measure the level of 

agreement between the observed system output and the model output, i.e. the observed and modelled 

discharge (Booij et al., 2007). Usually two different objective functions are considered these are 

goodness of water balance and overall goodness agreement of shape of the hydrograph measured by 

relative volume error and Nash-Sutcliffe coefficient respectively. 
 

Relative volume error 
This Relative volume error can vary between ∞ and - ∞ but performs best when a value of 0 is 

generated since no difference between simulated and observed discharge occurs. However, at the 

same time the distribution of the discharge throughout the calibration period can be completely 

wrong. Therefore, this objective function should always be used in combination with another 

objective function that considers the overall shape agreement. 
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Where 
RVE: Relative volume error, ( )iSimQ  : simulated flow, ( )iobsQ : observed flow 
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A relative volume error less than +5% or −5% indicates that a model performs well while relative 
volume errors between +5% and +10% and −5% and −10% indicate a model with reasonable 
performance. 
 
Nash-Sutcliffe coefficient 
Nash-Sutcliffe coefficient measures the efficiency of the model by relating the goodness-of-fit of the 

model to the variance of the measured data, Nash-Sutcliffe efficiencies can range from -∞ to 1. An 

efficiency of 1 corresponds to a perfect match of modelled discharge to the observed data. An 

efficiency of 0 indicates that the model predictions are as accurate as the mean of the observed data, 

whereas an efficiency less than zero (-∞ < NS < 0) occurs when the observed mean is a better 

predictor than the model. Besides, due to frequent use of this coefficient, it is known that when values 

between 0.6 and 0.8 are generated, the model performs reasonably. Values between 0.8 and 0.9 tells 

that the model performs well and values between 0.9 and 1 indicates that the model performs 

extremely well (Deckers, 2006).  
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Where: 

NS: Nash-Sutcliffe coefficient, ( )iSimQ  : Simulated flow, ( )iobsQ : Observed flow and  
___

obsQ : Average 

of observed flow. 

3.5. Lake Bathymetry  

Bathymetry is the measurement of the depths of water bodies from the water surface. Early techniques 

used pre-measured heavy ropes or cable lowered over a ship's side. The data used to make bathymetric 

maps this today’s typically comes from an echo-sounder mounted beneath or over the side of a boat, 

sending a beam of sound downward at the seafloor or from remote sensing systems. The amount of 

time it takes for the sound or light to travel through the water, bounce off the seafloor, and return to 

the sounder tells the equipment how far down the seafloor is.  

 

The first bathymetry survey of Lake Tana is conducted in 1937 by the Italian Missione di Studio al 

Lago Tana, the lake area is estimates to be 3156 km2 and lake elevation was quoted as 1829 m amsl. 

In 1990, Lake Tana bathymetry was conducted by Pietrangeli (1990) a total of 900 samples points are 

collected with 5 km and 10 km intervals to east-west and north-south direction respectively. In 2006 a 

bathymetric survey was conducted by Kaba (2007) a total of 4424 sample points with 5 km traverse 

route and 30 seconds (which equals some 200 to 300 m navigation distances) interval. According to 

Kaba (2007) study as a limit to the traverse path to the lake shore an arbitrary 1 km buffer was fixed 

where beyond which no sounding is taken place. In this study to simulate the water balance with 

related lake level the row data of Kaba (2007) is reprocessed and a comparison to the survey by 

Pietrangeli (1990) fitted polynomial function is done. 

 

In addition to the 4424 sample depth points collected by Kaba (2007), 425 sample control points with 

elevation 1786.30 m amsl are included that are along the lake shore and boundary of islands extracted 
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from SRTM DEM. The elevation value 1786.30 m amsl is the average lake gauge level of 11 days 

from Feb 11-22, 2000 where SRTM DEM mission was conducted. 
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4. Results of water balance components 

4.1. Lake areal rainfall 

Areal rainfall over the lake is estimated by Thiessen polygons and inverse distance weighting 

functions see Table 4-1. 

1. Thiessen polygon 
In this approach, the regions are divided in to N number of subregions, approximately centred on each 

of the rain gauges. The subregions are defined in a way that all points in each subregion are closer to 

their central gauges than they are to any other gauge. After defining the number of subregions and 

their respective areas (As), the weight is determined as Ws=As/A and the spatial average rainfall is 

computed by:  

( )∑
=

=
=

− ns

1s
sP*sA

A

1
P         [ 4-1] 

Where 
−
P: Areal average rainfall, P: Rainfall measured at subregions, As: Area of subregions and A: 

Total area of the subregions. 
 

2. Inverse distance 
The rainfall intensity at a point P(x,y) out of the rain gauge network is inversely proportional to 

distance. The power parameter m controls how the weighting factor reduces as the distance from the 

reference point increases (Eqn. [4-2]). 
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P         [ 4-2] 

Where 
−
P: Areal average rainfall, Ps: Rainfall measured at subregions, di : Distance of station from the 

region centre, m : distance weight, n: Number of meteorological stations. 

 
Table  4-1: Thiessen and inverse distance weights of Lake Tana rainfall stations 

Station Thiessen 
weights 

Inverse 
Distance 

weight m=1 

Inverse 
Distance 

weight  m=2 
Delgi  0.121 0.15 0.09 
Bahir Dar 0.012 0.12 0.05 

Deke Estifanos 0.604 0.43 0.69 
Chawhit  0.188 0.15 0.09 
Zege  0.075 0.15 0.08 
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Applying the weights of these meteorological stations, the daily areal rainfall of the lake is estimated 

from 1992 to 2003 for Thiessen and inverse distance interpolation. The daily areal rainfall results are 

accumulated to estimate long-term monthly average rainfall. Figure 4-1 shows that areal rainfall to 

increase from Thiessen to Inverse distance with an increase of emphasize to the distance. Thiessen 

method shows 1229 mm/year, Inverse distance with weight one and two show 1254 mm/year and 

1290 mm/year respectively. The long-term average monthly annual rainfall (1992-2003) of the 

stations was interpolated pixel by pixel by inverse distance of weight one to compare with the results 

of Eqn’s. [4-1] and [4-2] (see long-term monthly areal rainfall map of Lake Tana Appendix D) the 

result shows a long-term annual average rainfall of 1248 mm/year. 
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Figure  4-1: Comparisons of long-term mean monthly areal rainfall on Lake Tana (1992-2003) 

4.2. Lake evaporation 

Water loss due to evaporation is a large component of a lake water balance in tropical Africa where 

Lake Tana is located. Evaporation rates, however, are difficult to estimate accurately and reliable 

estimation relies heavily on extensive data availability. Lake water evaporation is estimated using the 

observed daily meteorological data values at Bahir Dar and Gonder stations using Penman 

combination equation.    

 
Albedo for the lake is estimated from Landsat ETM+ following the procedure at section 3.2.2. The 

result shows that in the lake area Albedo ranges from 0.05 to 0.062 has an average of 0.058 (Figure 4-

2). This value is used for open water evaporation calculation which is close to Albedo value used at 

Lake Ziway in Ethiopia 0.06 (Vallet-Coulomb et al., 2001). 

 

The evaporation calculated in daily basis shows average value of 4.6 mm/day from 1992 to 2003 and a 

long-term averaged annual evaporation of 1690 mm/year (Figure 4-3). 
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Figure  4-2: Albedo map of Lake Tana Basin 
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Figure  4-3: Long-term averaged monthly mean temperature (1992-2003), relative humidity, daily sunshine 
hour and open water evaporation (1992-2003) 
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4.3. Outflow and lake level relation 

Outflow from the Lake Tana and lake level data are available from 1959 with some missing flow data 

in 1982 and 1991; the lake level data at Bahir Dar station has partial missing data for only year 1991. 

Screening of outflow data indicates that the time series records for the years 1993 and 1994 are 

exactly the same. 

 

In 1996 a low height weir was constructed at Chara-Chara across the Abay River at the outlet of the 

lake. The weir is equipped with two radial gates which allow the release from Lake Tana to be totally 

controlled as long as the water level of the lake remains lower than the elevation of the spillway (1987 

m amsl), the minimum operating level of the weir is 1784 m amsl. Continuous records of the lake 

level at the weir of Chara-Chara are not collected by EELPA (Ethiopian Electric Light and Power 

Authority). Only occasional measurements are made during visit of the weir (Kennedy and Donkin, 

2003). 

 

As shown in the Figure 4-4, the lake level varies approximately by 1.6 m annually with average lake 

level of 1786.3 m between 1976 and 2006. Since the operation of the weir the lake level has dropped 

dramatically reaching the historical minimum water level of 1784.46 m amsl at 6/30/2003. The 

outflow data of the river recorded 5 km downstream of the weir shows that after weir operation starts 

the natural flow of the river is disturbed. 

 

 
Figure  4-4: Outflow and lake levels of Lake Tana (1975-2006) 

 

The annual lake level-outflow relationship of the Lake Tana (Figure 4-5) shows that for outflow 

discharge less than 125 m3/s the lake level-outflow relation is scattered, also relations change from 

year to year. This possibly could be related with error in the rating curve for low flow and 

sedimentation and vegetation in the river bed. For the discharge larger than 125 m 3/s lake level-

outflow shows a stable relationship. 
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Figure  4-5: Annual lake level-outflow relation of Lake Tana 

4.4. Runoff from gauged catchment 

In the Lake Tana catchment nine subcatchments have daily runoff records for the period 1992-2003. 

By a SRTM DEM of 90 meter resolution the area gauged covers 39% of the total basin area. Runoff 

time series data are analyzed for consistency and analysis indicated that some records are unreliable. 

By simple statistics and by simple hydrologic reasoning some observation records are rejected. Poor 

reliability was also indicated in the procedures where runoff from ungauged catchments is estimated 

(see section 5.3.2). As a consequence, only observation records of five catchments (Table 4-2) are 

reliable and time series from these catchments is directly used in the water balance and lake level 

simulations. The area gauged as such now only covers for some 32% of the Lake Tana catchment 

area. 

 
Table  4-2: Long-term average annual river flow of the major tributaries (1992-2003) 

River Gauged Area 
in km2 

Mean annual 
river flow MCm 

River flow/lake 
area in mm 

Gilgel Abay 1656.2 1753.5 565.3 

Gumara 1283.4 1229.5 396.4 

Ribb  1302.6 510.4 164.6 

Megech 513.5 195.2 62.9 

Kelti 606.6 283.8 91.5 

 

4.5. Bathymetric map generation 

Bathymetric map generation is done based on a methodology developed at ITC (Dost and Mannaerts, 

2004). The lake depth sample points are geo-referenced and interpolation is done using inverse 
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distance, simple kriging and ordinary kriging methods. Simple kriging method assumes that the 

dataset has a stationary variance and a stationary mean value. Ordinary kriging method assumes that 

the dataset has a stationary variance but also a non-stationary mean value within the search radius.  

 
The performances of the interpolation methods are cross-validated to compare the accuracy of 

interpolation methods. Comparison of different interpolation methods is done by dividing the 

bathymetric datasets in to calibration dataset that has 4049 points and validation dataset that has 800 

points (see Figure 4-6). The calibration data set is used to generate the bathymetric surface, and the 

performance of the interpolation method is evaluated by comparing the interpolated values of the 

validation dataset using Root Mean Square Error (RMSE) and correlation coefficient R2. 























∑ −=

2__
DD

N

1
RMSE       [ 4-3] 

Where:  D: Observed lake depth, 
__
D : Predicted lake depth and N: Number of samples 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  4-6: Calibration, validation and control points of bathymetric sample points 

 
The semivariogram analysis was conducted to describe the spatial correlation of calibration sample 

depth points to indicate the spatial correlation. The best fitting model was an exponential model with 

nugget 0.6, sill 14 and range 8000 (see Figure 4-7). 
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Figure  4-7: Exponential variogram model of calibration sample points 

The bathymetric map is generated using the calibration data set. Validation and comparison of 

interpolation methods is done by the validation points on the interpolated bathymetric map where 

validation point values are collected through a point map of the validation points by using the 

mapvalue ILWIS command. Comparison of interpolation methods shows that ordinary kriging has a 

better performance with R2 of 0.98 (Figure 4-8) and RMSE of 1.33 than simple kriging and inverse 

distance with power two methods (Table 4-3). 
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Figure  4-8: Validation of interpolation by ordinary kriging 
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Table  4-3: Performance of bathymetric interpolation methods 

Interpolation method RMSE R2 
Ordinary kriging 1.33 0.98 
Inverse distance 1.90 0.96 
Simple kriging 1.35 0.97 

 

For interpolation of the bathymetric survey that also includes the control points on the lake shore and 

Island’s, a STRM DEM is imbedded to incorporate the landmass inside the lake and the flood plane 

around the lake see Appendix E where cross-sections of the survey with and without control points are 

shown. By this result area-volume and elevation-volume relationships are estimated using ArcGIS 3D 

Analyst /Surface Analyst/ Area Volume Statistics Tool, the interpolated bathymetric model is sliced at 

30 cm interval from the bottom of the lake and the respective volume, surface area and elevation are 

calculated. The polynomial trend fitted elevation-volume and area-volume are compared to the 

polynomial fitted Pietrangeli (1990) referred by (SMEC, 2007) (see Figure 4-9).  
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Figure  4-9: Comparison of elevation-volume and area-volume relationship of Pietrangeli (1990) and the 

results from this thesis work 

The comparison is graphically shown in Figure 4-9. Results indicate that area-volume relations show a 

large difference up to 1786 m amsl and the differences are generally narrowed at the live storage. The 

Pietrangeli (1990) polynomial fitted relations indicate a linear pattern between area and volume while 

the result from this thesis work does not indicate such linearity. The Pietrangeli (1990) survey does 

not indicate the area-volume relation below 1778 m amsl and elevation-volume relations of the two 

surveys appear to be parallel in the live storage. For the same elevation the Pietrangeli (1990) survey, 

however, overestimates the lake volume. Pietrangeli (1990) bathymetry survey was conducted for a 

total of 900 sample points and it seems that the survey is concentrated on the live storage only 
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whereas Kaba (2007) bathymetry survey was conducted for a total of 4424 sample points which is 

more dense with a much better spatial representation. Due to this, the result from this thesis work is 

able to capture the lake bathymetry at the deeper sections of the lake as well. The boxes on the figures 

show the historical maximum and minimum water level between 1784.46 and 1788.02 m amsl. 

 

Polynomial fitted bathymetry by Pietrangeli (1990)  

       58.1775)V(10*88.3)V(10*08.1E 429 ++= −−    R2 = 1.00 [ 4-4] 

       3.2516)V(10*72.1)V(10*20.6A 228 ++= −−   R2 = 0.997 [ 4-5] 

Polynomial fitted bathometric data of this thesis work 

      63.1774)V(10*20.6)V(10*02.1)V(10*21.1E 428313 ++−= −−−   R2 = 0.999    [ 4-6] 

      51.1147)V(10*65.1)V(10*81.5)V(10*93.7A 126311 ++−= −−−   R2 =0. 990  [ 4-7] 

 
Where A: Lake surface area [km2], V: Lake volume [Mm3] and E: Elevation [m amsl]. 
 

The result of the bathymetric interpolation shows an average depth of 7.2m while the lake bottom is 

very regular with low slope values that range from 0.001% to 0.11%. The central area that covers 

some 25% of the total surface is characterized by average depth of some 12 m and an absolute 

maximum depth of 14m that is observed at about 5 km from Deke Estifanos Island in the NNW 

direction (see Figure 4-10). 

 

 
Figure  4-10: Lake Tana depth contour map of 1 m interval measured from 1786.3m amsl 
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5. River inflow from ungauged catchments 

To estimate inflow from ungauged catchments calibrated model parameters from gauged catchments 

are transferred.  

5.1. Catchment delineation and selection of representative catchments 

In this study a SRTM DEM has been used to delineate catchments of the study area using the 

Integrated Land and Water Information System (ILWIS) remote sensing and GIS software. The flow 

chart of the procedure of catchment delineation by ILWIS is available at Appendix F. 

 

The result of catchment delineation shows a total of 10 major tributaries to the lake whereas only 

seven of them are partially gauged and stations located on the north-west side of the lake Gabi Kura, 

Derma and Tana West catchments are completely ungauged (see Figure 5-1). Even though in total 

there are seventeen gauged catchments nine gauged catchments are selected as gauged catchments 

based on availability of daily time series river flow data from 1992-2003 (see Figure 5-1).  

 
Table  5-1: Major sub catchments of Lake Tana basin with respective gauged and ungauged areas 

Subcatchments Catchment is gauged at Gauged Area 
in km2 

Total Area of the 
catchment in km2 

Gilgel Abay Near. Marawi 1656.2 
Kelti Near Delgi 606.7 

Gilgel Abay 

Koga At Merawi 299.8 
4557.8 

Ribb  Near Addis Zemen 1302.6 2013.8 

Gumara Near Bahir Dar 1283.4 1768.3 
Megech Near Azezo 513.5 990.4 
Gumero Near Maksegnit 164.9 547.7 
Garno Near Infranz 98.1 359.0 

Gelda Near Ambessame 26.8 400.8 
Tana West Ungauged No 629.7 

Gabi Kura Ungauged No 376.7 

Derma Ungauged No 377.3 
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Figure  5-1: Lake Tana major tributaries and nine selected gauged catchments 

5.2. Catchment characteristics of gauged catchments 

A total of 23 PCCs are derived for selected gauged catchments from SRTM DEM, geological maps, 

meteorological data, land cover and soil maps. These characteristics are assumed to have a relation 

with the hydrological response of the catchments and they should be observable in both gauged and 

ungauged catchments. 

 

Selection of catchment characteristics is based on previous studies on regionalization using different 

hydrological models. Seibert (1999) has studied regionalization of model parameters and catchment 

characteristics such as lake percentage, forest percentage and catchment area. Deckers (2006) has 

studied regionalization using HBV model and catchment characteristics like hypsometric integral, 

average elevation, catchment area, land cover (wood, arable, grass, Mountain, Urban), Permeability 

(high, moderate, low, mixed) and annual average rainfall. Yaday (2007) has studied regionalization 

using catchment area, longest drainage length, index of watershed steepness, index of watershed size 

and drainage path configuration, index of dominant aspects of watershed slopes, 95% elevation, 5% 

elevation and land use. (Heuvelmans et al., 2006) has studied regionalization using catchment area, 

average slope of catchment, drainage density, elongation ratio, land cover, and soil. Lists of catchment 

characteristics included in this study are in Table 5-2 and Appendix G. 
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Table  5-2: Catchment characteristics for representative catchments 

Catchments Area 
km2 

Longest 
flow 

path km 

Drainage 
Density 
(m/km2) 

Hypsometric 
Integral 

Average 
Slope of 

Catchment % 

% 
Level 

% 
Hilly 

% 
Steeply 

Gilgel Abay  1656.2 83.8 497.8 0.48 35.9 50.4 40.2 9.46 
Ribb  1302.6 98.3 486.6 0.48 41.7 34.5 46.9 18.63 
Gumara 1283.4 86.7 453.0 0.49 32.5 28.6 59.2 12.23 
Megech 513.5 42.6 427.1 0.50 36.3 16.0 55.9 28.11 
Kelti 606.7 60.7 491.2 0.83 19.5 66.9 31.9 1.22 
Koga 299.8 46.6 440.0 0.44 23.0 76.1 18.9 4.98 
Gumero 164.9 20.1 426.1 0.50 32.9 21.3 44.4 0.34 
Garno 98.1 19.1 448.9 0.46 33.4 15.9 40.5 0.44 
Gelda 26.8 9.9 455.4 0.47 12.5 52.9 46.0 0.01 

5.3. Modelling of gauged catchments 

5.3.1. HBV model input 

Input data for HBV model are daily rainfall, daily temperature, long-term monthly evapotranspirtation 

and river flow data for calibration.  

Rainfall: A total of ten rainfall stations inside and around Lake Tana Basin (see Figure 2-7) are used 

to estimate the rainfall for gauged catchments. Estimation of rainfall is done by inverse distance 

squared interpolation (Table 5-3). 

 
Table  5-3: Weights of rainfall stations by inverse distance squared interpolation 

Catchments Addis 
Zemen 

Aykel Debre 
Tabor 

Enfranz Gondar  Bahir 
Dar 

Dangila Sekela Enjebara Chewahit 

Gelda - - 0.23 - - 0.77 - - - - 
Garno 0.13 - - 0.8 0.07 - - - - - 
Gumero - - - 0.47 0.53 - - - - - 
Koga - - - - - 0.38 0.39 - 0.23 - 
Megech - 0.05 - 0.04 0.6 - - - - 0.31 
Kelti - - - - - - 0.9 - 0.1 - 
Gumara 0.15 - 0.67 0.09 - 0.09 - - - - 
Gilgel Abay - - - - - - 0.42 0.26 0.32 - 
Ribb  0.15 - 0.85 - - - - - - - 

 
Long-term monthly potential evapotranspirtation 
The daily potential evapotranspirtation was calculated based on four meteorological stations located 

inside Lake Tana Basin (Bahir Dar, Gondar, Dangila and Debre Tabor stations see Figure 2-7) from 

1992 to 2003 using FAO Penman-Monteith Equation. The result of daily evaporation is converted to 

long-term monthly (see Figure 5-2).  
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Figure  5-2: Long-term monthly potential evapotranspiration mm day-1 (1992-2003) 

 

Areal distribution of potential evapotranspiration of the gauged catchments is estimated by inverse 

distance squared interpolation of the nearby four stations. Table 5-4 shows the weights stations for the 

areal evapotranspirtation and temperature estimation. 
 

Table  5-4: Temperature and evaporation weights of meteorological stations in the catchments 

Catchment Gondar Bahir Dar Debre Tabor Dangila 

Gelda 0.04 0.70 0.21 0.05 
Garno 0.57 0.14 0.25 0.04 
Gumero 0.82 0.06 0.09 0.02 
Koga 0.04 0.45 0.06 0.46 
Megech 0.98 0.01 0.01 0.00 
Kelti 0.00 0.17 0.01 0.92 
Gumara 0.03 0.11 0.84 0.02 
Gilgel Abay 0.02 0.14 0.03 0.80 
Ribb  0.01 0.02 0.96 0.01 

 

5.3.2. Model calibration 

All models ranging from parsimonious lumped to complex distributed physically based needs to be 

calibrated, since it is difficult to estimate parameter values through field measurement. The HBV 

model is calibrated for each of the selected nine catchments against the observed daily discharge and 

the best-fit parameter sets are selected. Calibration aimed at the water balance and the overall shape 

agreement of the observed discharge using RVE and NS respectively as an objective functions (see 

Eqn’s [3-20] and [3-21]).  

 

In the simulations, the runoff data from 1992 to 2003 is divided in three, the first to warm-up the 

model (1992), the second to calibrate the model (1993 to 2000) and the third to validate the model 

(2001 to 2003). Model calibration results as shown in Table 5-5 indicate that model performance of 
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Ribb, Gumara, Gilgel Abay, Megech and Kelti is satisfactory with a RVE smaller than +5% or −5% 

and R2 greater than 0.6. 

 
Table  5-5: Calibrated model parameters for gauged catchments including Hq (1993 - 2000) 

 
For catchments with a relatively small area such as Koga (299.8km2), Gumero (164.9km2), Garno 

(98.1km2) and Gelda (26.8Km2) the result of calibration was not satisfactory. As such it is assumed 

that rainfall-runoff time series of those catchments cannot be considered trustworthy and that model 

parameters of those catchments cannot be used for regionalisation. These river gauging stations, as 

such, are not placed at the catchment outlet but at some location upstream that has easy road assess. 

Time of concentration defined as the length of time it takes for water to travel from hydrologically 

most remote point to the outlet was calculated to see the effect of manual daily gauging stations. 

 
0.38

0.5S

cL*L
*0.7cT














=        [ 5-1] 

Where: 

Tc: Time of concentration [hr], Lc: Distance from the outlet to the centre of the catchment [km], L: 

Length of the main stream [km] and S: Slope of the maximum flow distance path (Dingman, 2002). 

 

Table  5-6: Basin time of concentration for selected gauged catchments in Lake Tana Basin 

Catchments  Gelda Garno Gumero Koga Megech Gumara Gilgel 
Abay 

Ribb Kelti 

Tc [hr] 4.66 8.27 9.56 16.38 19. 49 30.15 28.64 32.63 24.29 

 

Time of concentration of selected gauged catchments (Table 5-6) shows that smaller catchments 

Gelda, Garno, Gumero and Koga catchments have a smaller time of concentration, which indicates the 

difficulty of capturing the quick runoff on daily time step. 

 

Parameter Ribb Gumara 
Gilgel 
Abay 

Koga Megech Kelti Gelda Gumero Garno 

Alfa 0.5 0.5 1 0.5 0.9 1 1 1.1 0.8 

Beta 1.8 1 2 1 1 1 1 1 1 

FC 150 100 200 1000 800 1100 100 350 600 

Hq 2.64 6.76 7.33 5.96 4.57 4.55 13.4 6.41 3.5 

K4 0.006 0.02 0.02 0.007 0.01 0.002 0.02 0.001 0.003 

KHQ 0.09 0.13 0.08 0.155 0.1 0.14 0.053 0.2 0.05 

LP 0.62 1 0.95 0.42 0.38 0.24 1 0.7 0.85 

PERC 0.26 0.65 0.52 1 0.1 0.4 0.52 0.01 0.36 

NS [ - ] 0.76 0.72 0.85 0.56 0.64 0.68 0.38 0.19 0.09 

RVE [%] 2.0 -4.55 -1.2 -6.74 2.54 -3.90 -17.01 14.01 18 



 

50 

0

50

100

150

200

250

300

350

400

450

1/1/93 5/16/94 9/28/95 2/9/97 6/24/98 11/6/99 3/20/01

Date

R
iv

er
 fl

ow
 m

3
/s

Observed Simulated

 
Figure  5-3: Model calibration result of Gilgel Abay catchment (1993-2001) 
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Figure  5-4: Model calibration result of Kelti catchment (1998-2001) 

5.3.3. Model validation 

Due to the complexity of the real world, representing the real world system by a model approach may 

not be accurate. Models therefore are uncertain and models cannot be stated reliable when only one 

field situation is simulated. As such, it may occur that under different hydrologic stress conditions the 

model doesn’t accurately represent the real world system behaviour despite the fact that optimal and 

calibrated model parameters are used (Rientjes, 2007). To validate the model, model parameters have 

to be tested against another independent set of stress conditions; in this study validation data of 2000 

to 2003 is selected except for Kelti catchment where validation data for 2002 and 2003 is used. 

 

If the calibrated model parameter sets fail on the validation period the model is regarded unreliable 

and so not usable. The model must be recalibrated with a new set of model parameters followed by 

model validation until it satisfies calibration targets in terms of objective function values. Model 

validation is done for catchments satisfying the objective function values of calibration period and the 

result is show below (Table 5-7). 

NS  = 0.85 

RVE = -1.2% 

NS  = 0.68 

RVE = -3.9% 
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Table  5-7: Model validation from year 2001 to 2003 

 

The model validation shows a better performance compared to the calibration period for Ribb and 

Gumara catchments and lower performance for the remaining three catchments. The overall 

assessment of the validation shows that in all catchments NS is greater than 0.6 which is reasonable 

(good) performance and RVE less than -10% or +10% for all of the catchments which indicates also 

good performance. 
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Figure  5-5: Model validation results of Gilgel Abay catchment 

5.3.4. Model parameter sensitivity analysis 

In modelling any calibration result is unique on itself but, it must also be realized, that similar results 

can be obtained for different combinations of parameter values and inputs that as such may yield 

equally satisfactory result. In theory many calibrations must be performed since values for hydrologic 

parameters, stress and boundary conditions, among other aspects of the approach, typical must be 

associated with uncertainty. In modelling, effects of such uncertainties must be quantified in order to 

state that the model is reliable and the predictive capability of the model is guaranteed (Rientjes, 

2007). Such process is done partially by sensitivity analysis. Sensitivity analysis is an investigation of 

how sensitive the model output is to changes in the parameter values. It can also be used to test the 

influence of other aspects such as stress or boundary conditions (Wagener et al., 2004).  

 

In rainfall-runoff modelling it is often not possible to find one unique best parameter set, different 

parameter sets may give similar good results during calibration. In order to reduce uncertainty and to 

define the optimum parameter set it is essential to do sensitivity analysis on model parameters. In 

HBV IHMS model there are 7 model parameters controlling the total volume and shape of the 

Catchments Ribb  Gumara  Gilgel Abay Megech  Kelti  
NS   [ - ] 0.81 0.80 0.77 0.62 0.66 

RVE [%] 1.5 -5.10 -8.4 2.54 -8.76 

NS  = 0.77 

RVE = -8.4% 
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hydrograph. Sensitivity analysis of parameters is executed by dividing model parameter space into 

sixteen equal intervals and simulating the model sixteen times for each of the parameters by changing 

one parameter at a time. Sensitivity analysis of model parameters of Gilgel Abay catchment is 

discussed below.  

 

Sensitivity analysis of Alfa for a full parameter class shows a relative volume change of less than 1% 

with a negligible Nash-Sutcliffe coefficient change (Figure 5-6).  

0.82

0.823

0.826

0.829

0.832

0.835

0.838

0.5 0.6 0.7 0.8 0.9 1 1.1
Alfa

N
as

h-
S

ut
cl

iff
e 

C
oe

ffi
ci

en
t 

0

0.75

1.5

2.25

3

3.75

4.5

%
 R

el
at

iv
e 

V
ol

um
e 

E
rr

or

Nash-Sutcliffe Coefficient % Relative Volume Error

 
Figure  5-6: Sensitivity analysis of model parameter Alfa 

 

Simulation of Beta for a full parameter class shows a relative volume change of less than 10% with an 

insignificant Nash-Sutcliffe coefficient change (Figure 5-7).  
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Figure  5-7: Sensitivity analysis of model parameter Beta 

FC has a broad parameter space (100-1500) and the sensitivity analysis shows less than 25% relative 

volume change with a smaller Nash-Sutcliffe coefficient change for the full class parameter 

simulation. K4 has a negligible relative volume and Nash-Sutcliffe coefficient change for the full 

parameter class simulation. KHQ for the full parameter class simulation it has less than 15% relative 

volume error and high Nash-Sutcliffe coefficient change. LP has greater than 15% relative volume 

change with insignificant Nash-Sutcliffe coefficient change (Figure 5-8). PERC shape controlling 

parameter has a negligible relative volume error with a moderate Nash-Sutcliffe coefficient change. 
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Therefore the parameters FC, LP and KHQ are classified as highly sensitive and parameters PERC 

and Beta as sensitive while K4 and Alfa are considered as non sensitive parameters (see Appendix H 

sensitivity analysis of FC, PERC, K4 and KHQ). 
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Figure  5-8: Sensitivity analysis of model parameter LP 

By the sequential change of parameter values the prior parameter space is narrowed and minimum and 

maximum values of simulated catchment parameters are listed in Appendix H. 

5.4. Establishing the regional model 

5.4.1. Catchment selection criteria for regionalization 

A general problem in regionalization studies is the limited number of gauged catchments available. 

Obviously, using larger number of catchments increases the reliability and the efficiency of the 

regional model. Selection of catchments to be used for establishing the regional model, values for 

RVE should be smaller than +5% or −5% while NS should be greater than 0.6. 

5.4.2. Relation of catchment characteristics and model parameters 

The knowledge of the relation between HBV model parameters and PCCs allows us to understand and 

perhaps quantitatively predict how a change in physical properties of a catchment will affect its 

hydrological response (Mwakalila, 2003). If the relation between PCCs and optimized model 

parameters is statistically significant and meaningful from the hydrological point of view, then a 

regional model can be setup which will be used to predict the model parameters of ungauged 

catchments. To establish the regional model between optimized model parameters and catchment 

characteristics, first a correlation analysis is performed (Table 5-8). 

 

To optimize the simple relationship of PCCs and model parameters the significance and strength of 

the relation has to be tested. The significance test of the correlation was done by t-test (Eqn. [5-2]). 

Since the number of observation is less than 30 (Bernstein and Bernstein, 1999), the relationship will 

be tested for null hypothesis which states that the two variables are independent and the specific-

hypothesis which states that correlation between these two variables is not zero. The simplest formula 
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for computing the appropriate t value to test significance of a correlation coefficient employs the t 

distribution (Davis, 2002).   
 

( )
( )2cor

r1

2n
rt

−
−=        [ 5-2] 

 Where:  

tcor : is t value of the correlation, r : is correlation coefficient, n : is sample size.  

 

The null hypothesis (Ho) and the specific-hypothesis (H1) are: 

Ho: ρ = 0 the correlation between model parameters and physical catchment characteristics is zero, 

H1:  ρ ≠ 0 the correlation between model parameters and physical catchment chrematistics is not zero  

If corcr tt >  the null hypothesis is accepted (parameter is not associated with catchment 

characteristics in the population) 

If corcr tt <  null hypothesis is rejected (parameter is associated with catchment characteristics in the 

population) 

crt is critical t-value determined from t-table (Kohler, 1994) depending on the degree of freedom and 

α which is the chosen significance level. 
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Table  5-8: Correlation between physical catchment characteristics and model parameters  

Catchment Characteristics  Alfa Beta FC K4 KHQ LP PERC Hq 

Area km2 -0.32 0.81* -0.88* 0.67 -0.52 0.88* 0.61 0.44 

Length of longest flow path km -0.64 0.57 -0.83* 0.31 -0.26 0.68 0.54 0.04 

Drainage density (m km-2) 0.18 0.65 -0.14 -0.14 -0.14 0.12 0.37 0.02 

Hypsometric integral 0.48 -0.43 0.81* -0.67 0.70 -0.69 0.00 -0.20 

Average slope of catchment % -0.49 0.51 -0.71 0.35 -0.82* 0.45 -0.28 -0.16 

Percentage of level 0.49 0.23 0.34 -0.31 0.30 -0.20 0.37 0.11 

Percentage of hilly -0.61 -0.32 -0.45 0.48 -0.08 0.40 -0.05 0.11 

Percentage of steeply -0.28 -0.09 -0.16 0.06 -0.49 -0.05 -0.68 -0.33 

Circularity Index -0.73 0.12 -0.50 -0.11 0.20 0.30 0.43 -0.28 

Percentage of luvisols -0.05 -0.13 0.00 0.07 0.67 0.21 0.82* 0.36 

Percentage of leptosols 0.19 0.14 0.03 0.07 -0.67 -0.15 -0.74 -0.17 

Percentage of nitisols 0.33 -0.28 0.37 -0.03 -0.27 -0.37 -0.72 -0.10 

Percentage of vertisols 0.54 -0.60 0.81* -0.41 0.81* -0.56 0.13 0.10 

Percentage of fluvisols -0.71 0.29 -0.47 -0.31 -0.33 0.06 -0.24 -0.70 

Elongation ratio -0.63 0.00 -0.24 -0.39 0.30 0.01 0.24 -0.49 

Climate index 0.26 0.69 -0.23 0.17 -0.14 0.35 0.59 0.35 

Average altitude m amsl -0.75 0.56 -0.94* 0.42 -0.55 0.71 0.22 -0.05 

Percentage of bare land -0.65 0.05 -0.22 -0.55 -0.03 -0.18 -0.24 -0.81* 

Percentage of crop land 0.21 -0.32 0.29 0.03 -0.24 -0.29 -0.67 -0.08 

Percentage of forest 0.36 0.17 0.06 0.23 -0.64 -0.06 -0.59 0.08 

Percentage of grass land -0.57 0.09 -0.46 0.11 -0.56 0.15 -0.52 -0.40 

Perc. of woody savannah 0.24 0.10 0.13 -0.05 0.49 0.08 0.70 0.33 

Perc. of urban and built-up 0.23 -0.41 0.40 -0.12 -0.16 -0.43 -0.75 -0.19 

 

To test the hypothesis the critical value of t-test has to be calculated, traditionally, experimenters have 

used either the 0.05 level (sometimes called the 5% level) or the 0.1 level (10% level), although the 

choice of levels is largely subjective. In this study a significance level of α = 0.1 for a two tailed test 

with n-2 degree of freedom is used, tct = 2.353 (critical value from t distribution table). Solving Eqn. 

[5-2] for tcor = tcr ,r = 0.80 where a correlation coefficient greater than 0.80 will be a significant at 90 

% level of confidence. 

 

The correlation matrix analysis shows 11 significant relations between PCCs and model parameters 

out of 200 correlations significant relations are indicated with asterisks. All volume controlling 

parameters (FC, LP and Beta) have at least one significant relation with catchment parameters, where 

as from shape controlling parameters quick flow shape controlling parameter Alfa and baseflow shape 

controlling parameter K4 have no significant correlation with the catchment characteristics. 
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Multiple Regression Analysis 
To optimize the linear single relation, multiple regression analysis with forward selection or backward 

removal method has been executed. Multiple regression is used to predict model parameters from 

several independent catchment characteristics. Optimization of catchment characteristics will be by 

avoiding catchment characteristics that are highly correlated. Correlations between catchment 

characteristics are available in Appendix I. The R2 is not the only measure to rely on but also 

significance of the relation has to be tested. Significance of multiple regression equations can be 

tested by a test of significance of individual coefficients or by a test of overall significance. 

 

A test of significance of individual coefficients The significance of an estimated regression 

coefficient is estimated with the help of a t-test. tcal  Is the ratio of the estimated partial regression 

coefficient to its standard error, tcal is available in the SPSS or Excel ANOVA table. 

nXn...β3X3β2X2β1X1β0β
'Y ++++=     [ 5-3] 

Ho, specific: β1= 0  H1, specific: β1≠ 0  

Ho, specific: β2= 0  H1, specific: β2≠ 0 

Ho, specific: β3= 0  H1, specific: β3≠ 0 

Ho, specific: βn= 0  H1, specific: β4≠ 0 

 

If calcr TT >  Ho, specific is accepted for the specific regression coefficients: 

If calcr TT < H1, specific is accepted for the specific regression coefficients: 

crT is critical t-value determined from t-table (Kohler, 1994) depending on the degree of freedom (n-

m-1 where n is number of samples and  m is number independent variables)   

Tcal  is t-value of the relation which is available in the ANOVA table. 

 

A test of the overall significance of regression, rather than a test of individual coefficients, amounts 

to testing the hypothesis that all the true regression coefficients are zero and that, therefore, none of 

the independent variables helps explain the variation of the dependant one. Overall significance of 

correlation coefficient is established with the help of F-test. 

nn3322110
' X...βXβXβXββY ++++=     [ 5-4] 

Ho: β1=0,β2 =0, β3=0… βn= 0 all the regression coefficients of model parameters and physical 

catchment characteristics is zero (null hypothesis), 

H1: β1 ≠ 0, β2 ≠ 0, β3 ≠ 0 … βn ≠ 0 all the regression coefficients of model parameters and physical 

catchment chrematistics are not zero (specific-hypothesis reject the null hypothesis). 

 

If  Fcr > Fcal the null hypothesis is accepted (parameter is not associated with catchment characteristics 

in the population) 

If calcr FF <  null hypothesis is rejected (parameter is associated with catchment characteristics in the 

population) 

Where  

Fcr is critical T-value determined from F-table (Kohler, 1994) depending on the denominator, degree 

of freedom (n-m-1 where n number of samples and  m number independent variables)  
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Fcal  is t-value of the relation which is available in the ANOVA table. 

 

A number of relations have been established for all parameters including Hq yet, it is essential that the 

regional model to be used should statistically and should have plausible hydrological meaning. The 

following relations are selected based on the above criteria. 

 

Alfa 
Alfa is a measure of non-linearity of the upper reservoir to transfer excess water from the soil 

moisture zone as quick flow. In literature it is indicated that small catchments with steep hills and low 

permeable soils will generally result more non-linearity in the fast flow mechanisms than large sub-

basins with flat terrains and high permeable soils (Booij, 2005). Deckers (2006) did not found any 

significant simple relation with Alfa, after applying backward removal method he found negative 

relation with elevation, a positive relation with hypsometric integral and low permeability. 

 

In this study Alfa has no significant relation with any of PCCs considered. The highest correlation is 

established with average altitude with strength of R2 56.2%. Since there is no significant relation, 

optimization of the linear relation with forward entry is ignored and a backward entry method is used 

by avoiding highly correlated catchment characteristics. 

 

The result of backward removal optimization shows two potential multiple regression equations where 

Alfa 1 is correlated to percentage of bare land and percentage of hilly and where Alfa 2 is correlated 

to Average altitude and percentage of bare land. Alfa 1 and Alfa 2 have R2 of 85% and 87% 

respectively with the overall significance of the relations is 85%.  

Table  5-9: Statistical characteristics of Alfa regression equation 

Alfa 1 Coefficients Tcal Fcal R2 

Intercept 1.65 5.28 5.77 0.85 

percentage of bare land       -0.26 -2.52    

percentage of hilly -0.02 -2.38    

 

Alfa 2 Coefficients Tcal Fcal R2 

Intercept 13.83 2.72 6.45 0.87 

log(Average altitude m amsl) -3.85 -2.59    

log(percentage of bare land)     -0.23 -2.15    

 
Beta  
Based on Seibert (1999) catchment area and Beta are positively correlated.  According to (Merz and 

Blöschl, 2004) beta is negatively related to elevation and topographic slope. In this study Beta has a 

significant positive correlation with catchment area and optimization of the correlation is done by the 

forward entry method. The optimization of area indicates two satisfactory regression equations with 

percentage of Hilly and percentage luvisols with strong relation R2 of 84% and 75% respectively, the 

overall significance of the relation is 85% and 75% respectively. The first relation shows that for a 

large catchment with smaller percentage of hilly (8% to 30% slope) more precipitation will contribute 

to runoff rather than filling the soil moisture. The second relation shows for larger catchments with 
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smaller percentage of luvisols that has medium to high storage capacity for water and nutrients that 

more precipitation will contribute to runoff rather than filling the soil moisture. 

Table  5-10: Statistical characteristics of Beta regression equation 

Beta  Coefficients Tcal Fcal R2 

Intercept 1.17 9.52 5.82 0.84 

Area km2 0.000808 3.20   

Percentage of  hilly -0.014 -2.97   

 

Beta  Coefficients Tcal Fcal R2 

Intercept 0.68 1.54 2.70 0.73 

Area km2 0.0008 2.29   

Percentage of  luvisols -0.0041 -0.84   

 

FC  
FC is the maximum soil moisture storage capacity in the model [mm] which is related to soil 

properties such as the soil moisture content, the porosity and the soil depth (Booij, 2005). FC values 

can be estimated based on soil type and the rooting depth of the predominant vegetation and can 

further be refined in the calibration process (Hundecha and Bardossy, 2004). Small values of FC 

indicate a shallow hydrologically active soil, which may be related to catchments covered by 

impermeable soil where porous aquifers increase the storage capacity of the catchments.   

 

Previous studies show that FC is correlated with climate, geological, geographical and hydrological 

conditions of the basin (Zhang and Lindstrom, 1997). FC has a positive correlation with porous 

aquifers and tends to increase the storage capacity of a catchment (Merz and Blöschl, 2004). 

According to Seibert (1999) FC has a strong relation with lake percentage.  

 

In this study FC has significant simple relations with catchment area (-0.88), length of longest flow 

path (-0.83) and average elevation of catchments (-0.94).  The effect of area and length of longest 

flow path can be explained as, for larger catchments the travel time for the water to reach the outlet 

will increase while storage capacity also increases but in this study a negative relation is observed 

which could not be explained. The effect of average elevation of the catchment can be explained by 

its high correlation with slope that cause the water will find its way to a stream quicker and thus be 

drained from the catchment more quickly. FC has a positive significant relation with Hypsometric 

integral (0.81) and percentage of vertisols (0.81). The effect of hypsometric integral can be explained 

as, as percentage of total relief increases then it will have less hydrologically active soil depth but in 

this study a positive relation is established which cannot be explained.  

 

Optimization of the above single relation is achieved by forward entry method and shows significant 

relations with catchment area and percentage of hilly with a statistically strong relation R2 of 96% 

with overall significance of 95 % (Table 5-11). The regression equation for FC shows for a large 

catchment with high percentage of hilly slope (8% to 30%) the water will travel quickly to reach the 

outlet and it will have shallow hydrologically active soil decreasing the storage capacity of soil. 
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Table  5-11: Statistical characteristics of FC regression equation 

FC  Coefficients Tcal Fcal R2 

Intercept 2142.81 7.81 29.62 0.96 

Area km2 -0.803 -6.83   

Percentage of  hilly -17.33 -3.36   

 

K4 
K4 is the recession coefficient for lower response box, describes the recession of the baseflow so that 
the slope of it is correct. K4 is highly correlated with forest percentage and percentage of lake 

(Seibert, 1999). According to Hundecha (2004) the recession coefficient for the lower response box is 

sensitive to soil type, land use, size and slope of catchment. In this study K4 has no significant 

relation with any of catchment characteristics studied. Optimization of the simple relation is done by 

backward removal technique, statistically strong relation is established with R2 of 98% with overall 

significance level of 95% (Table 5-12).  

 
Table  5-12: Statistical characteristics of K4 regression equation 

k4  Coefficients Tcal Fcal R2 

Intercept 0.049 25.83 140.80 0.98 

Hypsometric integral -0.057 -19.31    

Percentage of nitisols -0.001 -10.32    

Percentage of fluvisols -0.001 -14.54    

 
PERC 
PERC is negatively related to river network density, that in catchments with few streams a larger 

portion of water penetrates deep into the subsurface than is the case for catchments with a large river 

network density (Merz and Blöschl, 2004). Percolation is sensitive to soil type (Hundecha and 

Bardossy, 2004). With respect to PERC in this study a single significant relation is established with 

percentage of luvisols, optimization of the relation is done by forward entry method  a statistically 

strong relation is established R2 of 80% with log(percentage of bare land), the relation shows an 

overall significance level of 80% (Table 5-13).  

 

Luvisoils have a medium to high storage capacity and are well aerated which have positively related 

to PERC. Bare land has a negative relation with PERC in a sense that as the percentage of bare land 

increases the resistance to stop the momentum of the flowing water decreases and as such percolation  

will decreases.  
Table  5-13: Statistical characteristics of PERC regression equation 

Perc  Coefficients Tcal Fcal R2 

Intercept -0.23 -1.02 3.93 0.80 

log(Percentage of  of  Luvisols)        0.36 2.72    

log(Percentage of  Bare Land )      -0.114 -1.04    
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KHQ 
According to Seibert (1999) the strongest correlation was found between lake percentage and KHQ 

while Merz and Blöschl (2004) found that catchment area and altitude of catchments have a negative 

relation with the recession coefficient for upper response box. In this study KHQ has a significant 

relation with average slope of catchment and percentage of Vertisols. As the slope of a catchment 

increases the response of the catchment will in theory be quicker but in this study a negative relation 

is observed and optimization of average slope of catchment and percentage of vertisols shows 

unsatisfactory result. Optimization is done by the backward removal method and result shows a 

statistical strong relation with area and percentage of luvisols with R2 of 91% and overall significance 

of 90% (Table 5-14). It shows that smaller catchments result in higher peaks and more dynamic 

response in the hydrograph than larger catchments that have longer travel times.  

Table  5-14: Statistical characteristics of KHQ regression equation 

KHQ Coefficients Tcal Fcal R2 

Intercept 0.113 7.88 10.04 0.91 

Area km2 -0.000036 -3.17   

Percentage of luvisols 0.000602 3.76   

 

LP 
LP is limit for potential evaporation, where a soil moisture value above which evapotranspiration 

reaches its potential value, at soil moisture below LP the actual evaporation reduced linearly to zero to 

a completely dry soil moisture condition. Parameter LP is the fraction of FC above which potential 

evapotranspiration occurs. It is assumed to be dependent on the volumetric soil moisture content at 

wilting point, field capacity and on the soil porosity to account for the dependency of LP on FC 

(Booij, 2005).  

 

The correlation table shows a significant relation between LP and catchment area, optimization with 

percentage of bare land results a statically strong relation with R2 of 83% with overall significance 

level of 90% (Table 5-15). The regression equation shows as catchment area increases with decreases 

in percentage of bare land the limit for potential evaporation will increase. This indicates for a large 

catchment covered by vegetation the water will percolate downwards and the catchment will be wetter 

and will be faster to attain potential evaporation than smaller bare catchments.  
 

Table  5-15: Statistical characteristics of LP regression equation 

LP Coefficients Tcal Fcal R2 

Intercept 0.06 0.23 6.02 0.83 

Area km2 0.0006 3.11   

Percentage of bare land -0.12 -0.83   

 

Hq 
Hq is a parameter calculated by Eqn. [3-19] for the observed discharge. For ungauged catchments 

where there is no river flow data estimation of Hq will be impossible. To estimate the value of Hq a 

regression is made by forward entry method starting with the only significant relation percentage of 

bare land, the result shows statistically strong R2
 of 90% with overall significance level of 90%.  
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Table  5-16: Statistical characteristics of Hq regression equation 

 Hq Coefficients Tcal Fcal R2 

Intercept 4.64 4.43 9.127 0.90 

Area Km2 0.0019 2.24   

Percentage of  bare land       -2.34 -3.79   

5.4.3. Validation of regional model 

Since the purpose of regionalisation is to estimate model parameters of ungauged catchments the 

performance of the regional model should be assessed by comparing the predicted and observed 

responses from gauged test catchments. In this study by too limited number of gauged catchments, it 

is not possible to carry out a formal validation process with independent catchments. As such 

validation of the regional model is done using the validation period 2001 to 2003 of simulated gauged 

catchments. 

The model parameters of gauged catchments are estimated based on the regional model established 

using PCCs of the gauged catchment. Table 17 shows model performance of the regional model 

parameters. The result shows a satisfactory result with NS greater than 0.6 and RVE smaller than +10 

% or −10%. 

Table  5-17: Validation of the regional model of gauged catchments from 2001 to 2003 

Catchments Alfa  Beta  FC K4  PERC KHQ LP Hq 
NS 
[ - ] 

RVE  
[%] 

Gilgel Abay  0.95 1.85 116 0.021 0.56 0.053 0.99 7.74 0.78 -5.1 

Ribb 0.50 1.49 284 0.006 0.32 0.066 0.77 2.95 0.75 -8.69 

Gumara 0.65 1.30 122 0.019 0.50 0.067 0.71 5.87 0.81 -8.84 

Megech 0.93 1.00 761 0.010 0.09 0.098 0.48 5.07 0.65 -9.85 

Kelti 0.96 1.18 1102 0.002 0.49 0.147 0.24 4.21 0.61 -8.66 

 

5.4.4. Estimation of model parameters and prediction of discharge at the ungauged 
catchments 

A total of 11 ungauged catchments representing 48% of the lake basin are identified, five of them are 

parts of simulated catchments downstream of a gauging station, three of them are catchments that 

failed calibration including ungauged area downstream of gauging locations (Gelda, Garno and 

Gumero) while the remaining three are completely ungauged catchments (Derma, Gabi Kura and Tana 

west) (see Figure 5-9). 
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Figure  5-9: Lake Tana ungauged catchments 

 

Model parameters of ungauged catchments are established based on five different methods that are:  

Regionalization: the regional model established and validated in the previous section is used to 

establish model parameters of ungauged catchments. Catchment characteristics of ungauged 

catchments are available in Appendix J.  

 

Spatial proximity: Parameters of gauged catchments are transferred to the nearby ungauged 

catchment based on the assumption that catchments that are close to each other are highly 

homogenous with respect to topography and climate properties and as such will likely have a similar 

runoff regime as climate and catchment conditions will only vary smoothly in space (Merz and 

Blöschl, 2004). Ungauged catchments located downstream of gauged catchments will get the 

parameter of the gauged catchment upstream and catchments which are not gauged at all or failed to 

be simulated within the objective function target, they will get the model parameters from the nearby 

catchment. Figure 5-10 shows the parameter transfer from gauged to ungauged catchments based on 

spatial proximity. 
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Figure  5-10: Parameter transfer from gauged to ungauged catchments by spatial proximity 

 

Area ratio: Parameter set of gauged catchments are transferred to ungauged catchments of 

comparable area based on the assumption that catchment area is the dominant factor controlling the 

volume of water that can be generated from the rainfall. In the simulated catchment it is observed that 

annual average runoff from 1992 to 2003 and catchment area are correlated with R2 of 72%. Figure 5-

11 shows parameter transfer by area ratio. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ungauged Megech  
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Figure  5-11: Parameter transfer by area ratio 

 

Default and default plus average of sensitive parameters: According to Deckers (2006) who 
conducted a study in England and Wales, implementing default values at the ungauged catchment in 
some cases favours implementing the regional model. In this study default parameter sets are used for 
all of 11 ungauged catchments but also default parameter set are modified by substituting average 
sensitive parameters (FC, LP and KHQ) of the simulated catchments. 

 
Table  5-18: Default and default plus average of sensitive parameter sets 

Parameters Alfa Beta FC KHQ K4 LP PERC 

Default parameters 1 1.34 120 0.053 0.0066 0.95 0.52 

Default parameter plus 
average of sensitive 
parameters 

1 1.34 500 0.108 0.0066 0.65 0.52 

 
Using the parameter estimates of the above procedures, runoff from ungauged catchment is simulated 

by the HBV IHMS model. The result of long-term monthly averaged flow from 1992 to 2003 shows 

that runoff estimates by default parameter set is highest followed by parameter transfer by spatial 

proximity and result of the regionalization is the list estimate. The results of daily estimation of each 

procedure are accumulated Figure 5-12 shows the long-term total runoff estimates from ungauged 

catchments. 

 

Ungauged Megech  
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Figure  5-12: Comparison of long-term average monthly runoff estimates from ungauged catchments 

(1992-2003) 
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6. Water balance 

6.1. Model development  

There are many processes contributing to the Lake Tana water balance. Inflow to the Lake Tana is the 

sum of lake areal rainfall, runoff from gauged and ungauged catchments. The outflow components of 

the Lake Tana are the sum of open water evaporation and river outflow. Lake level is simulated by 

area-volume and elevation-volume relationships.  

 

After estimation of the lake water balance components a spreadsheet water balance model is 

developed. The model is developed to calculate the inflow and outflow components separately in 

terms of volume. The initial volume and area of the lake is simply defined by fixing the initial value to 

an observed lake level. In the model both evaporation and rainfall are defined as a function of the lake 

surface area that is updated in response to the inflows and outflows. A schematic on the balance 

model is shown in Figure 6-1.  

(i)1)Lake(iLake(i) ∆SVV += −        [ 6-1] 

Where: 

VLake(i)  -Lake total volume at day i 

VLake(i-1) -Lake volume at day i-1; and 

∆S(i) -Change in storage at day i. 

( ) ( )ooGaugedUngauged SESISIP
∆T

∆S +−++=     [ 6-2] 
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Figure  6-1: Simplified flow chart of spreadsheet lake water balance model 
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6.2. Daily lake level simulation 

In summary, daily lake levels are simulated by the following water balance components: 

Daily areal rainfall : estimated from 5 meteorological station located near by Lake Tana based on 

inverse distance interpolation technique (1995-2001). 

Open water evaporation: estimated by meteorological data of Bahir Dar and Gondar stations, daily 

estimates of open water evaporation from 1995 to 2001. 

Inflow from gauged catchment: the daily river flow data of Gilgel Abay, Ribb, Megech, Kelti and 

Gumara covering 32% of Lake Tana Basin are included in the lake level simulation from 1995 to 

2001.   

Inflow from ungauged catchment: is determined by transferring parameters of gauged catchments 

by regionalization, spatial proximity and area ratio in addition default parameter set and default 

parameter set plus average of sensitive parameter from 1992 to 2003. 

River outflow:  by the Blue Nile River measured at the outlet of the lake (1995 – 2001) 

Lake level is simulated using a bathymetric survey by Pietrangeli (1990) polynomial fitted referred by 

(SMEC, 2007) and the result from this thesis work of Kaba (2007) bathymetric survey and ungauged 

flow estimation by  regionalization. The result of lake level simulation (Figure 6-2) shows a 

comparable result with a maximum lake level difference of 30cm. The comparison of lake level 

simulation with the observed one shows RVE of 1.85% and 1.6% and a NS of 0.89 and 0.90 

respectively for the Pietrangeli (1990) and for the result of this thesis work bathymetry.  
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Figure  6-2: Comparison of lake level simulations of Pietrangeli (1990) bathymetry and the results from 
this thesis work 

 

The most uncertain component of Lake Tana water balance is the runoff from ungauged catchments. 

The runoff from ungauged catchment estimated in five different methods was simulated using the 

result of this thesis work interpolated bathymetry (Figure 6-3) the result shows best performance by 

regionalization and worst performance by default parameter set. 
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Figure  6-3: Comparison of lake level simulation in different ungauged flow estimation techniques 

 

For the approaches of spatial proximity, area ratio comparison, default parameter set and default 

parameter combined with average of sensitive parameter approaches, the lake level simulation shows 

larger deviation from the observed lake levels as shown in Figure 6-3. Also it is indicated that 

deviations increase over the simulation period. Table 6-1 shows the performance of lake level 

simulations based on the different approaches to estimate ungauged inflows. Lake level simulation by 

regionalization indicates a misfit for the dry period where the simulated is overestimated. This 

indicates that too little water is released in the model calculations that possible could be by an under 

estimation of open water evaporation, over estimation of lake areal rainfall and/or erroneous outflow 

estimations. The latter can be substantiated by the rating curve that is unstable for low flows (see 

Figure 4-2). 

Table  6-1: Performance indicators of lake level simulation (1995 - 2001) 

Runoff from ungauged estimation method NS RVE [%] 

Regionalization 0.90 1.6 

Parameter transfer by area ratio 0.18 6.08 

Parameter transfer by spatial proximity 0.003 7.07 

Default parameter set -1.39 19.5 

Default parameter set plus average FC, KHQ and LP 0.43 4.44 

 

Lake level simulation using regionalisation shows best performance with NS of 0.9 and RVE of 1.6%. 

Therefore only the results from regionalisation are used in the Lake Tana water balance simulations. 

In Table 6-2 Lake Tana water balance components are shown and indicate that the balance closure 

term is as large as 170 mm. 
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Table  6-2: Lake Tana water balance components simulated from 1995 to 2000 

Water balance components mm/year MCM/year 

Lake areal rainfall +1220 +3753 

Gauged river inflow +1280 +3970 

Ungauged river inflow +880 +2729 

Lake evaporation -1690 -5242 

River outflow -1520 -4714 

Closure term -170 -496 

 

The closure term indicates a water balance error as large as 5% of the total lake inflow and a lake 

relative volumetric error of only 1.6%. It assume that errors are by the uncertain lake-groundwater 

interaction and some uncertainty to be associated with estimations of open water evaporation, lake 

areal rainfall, runoff from gauged and ungauged catchments. 

6.3. Sensitivity of lake water balance 

To understand the impact of the water balance components on the lake level a sensitivity analysis was 

performed. The lake level simulation was tested to determine its sensitivity to the input data. This is 

performed by increasing or decreasing the value of one model input while others are fixed, the effect 

of the change in the input was measured by change of lake level.  

 

Sensitivity of the lake level is done by increasing or decreasing the model inputs by 5% on the lake 

areal rainfall, gauged river inflow, ungauged river inflow, open water evaporation, Lake Basin areal 

rainfall and river outflow (ungauged plus gauged river inflow). Sensitivity analysis of basin areal 

rainfall is done by increasing lake areal rainfall by inflows of gauged and ungauged river flows. To 

consider the rainfall change in the river inflow, all gauged and ungauged HBV models will be 

simulated by changing the precipitation correction factor parameter Pcorr of HBV model in a total of 

16 catchments (5 gauged and 11 ungauged catchments). 
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Figure  6-4: Sensitivity of water balance components 
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The result of lake level sensitivity analysis shows that lake level is most sensitive to inflow term of 

basin areal rainfall and outflow terms of open water evaporation. For a 5% increase in areal rainfall 

on the basin the lake level will increase by 52 cm and for 5% decrease in areal rainfall of the basin the 

lake level will decrease by 55 cm. For 5% increase in open water evaporation the lake level will 

decrease by 22 cm and increase by 22 cm for 5% decrease in open water evaporation. 

 

Sensitivity of the lake level shows a linear relation between a 10% increase and decrease for the 

inflow terms lake areal rainfall, gauged river inflows and ungauged river inflows. A linear relation is 

also shown for the outflow term open water evaporation for a 5% increase and decrease. A non linear 

relation is shown for basin rainfall and the total river inflow. 
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7.  Conclusion and Recommendation 

7.1. Conclusion 

In this study daily water balance of Lake Tana was simulated giving due emphasizing for ungauged 

river inflows. River flow from ungauged catchment is estimated by transferring model parameters of 

gauged catchments by regionalization, spatial proximity and area ration in addition default parameter 

set of HBV model and default parameter set combined with average of highly sensitive model 

parameters. Based on the study conducted the following conclusions are drawn.  

� In the Lake Tana Basin there are 17 river gauging stations covering 47% of the area, where 9 of 

them have continuous river flow data from 1992 to 2003. Out of these nine gauged rivers that 

cover  39% of the basin only five of them have representative river flow data that only have been 

simulated with a reasonable performance RVE smaller than +5% or −5% and NS greater than 0.6 

the area covers only 32% of Lake Tana Basin contributing on average 3970 MCM/year from 

1995 to 2000.  

� The area-volume and elevation-volume relations extracted from the bathymetric row data 

collected by Kaba (2007) has been modified by including 455 control points around the lake 

shore and islands boundary. Results are compared to the previous study conducted by Studio 

Pietrangeli (1990) referred by (SMEC, 2007) and showed an increased performance of lake level 

simulation for NS that changed from 89 to 0.9 and for RVE that changed from 1.85% to 1.6%. 

� River flow from ungauged catchments are estimated by regionalization, spatial proximity, 

catchment area ratio, default parameter set of HBV model and default parameter set plus average 

of highly sensitive parameters of simulated catchments. The result of ungauged flow simulation 

shows contributions of 55% of the total river inflow by the default parameter set, 47.5% by 

spatial proximity simulation, 46.4% by area ratio simulation, 45.4% by default parameter set 

with average of sensitive model parameters (FC, KHQ and LP) and 41% by regionalization. 

� Simulation of lake level shows a satisfactory performance compared to the observed lake level 

for ungauged catchment parameters estimated by regionalization with 1.6% of relative volume 

error and 0.9 Nash-Sutcliffe coefficients.  The result of water balance simulation shows areal 

rainfall of 1220mm/year, gauged river inflow of 1280mm/year from Gilgel Abay, Megech, 

Gumara, Ribb and Kelti rivers, river inflow from ungauged catchments of 880mm/year, river 

outflow of 1520mm/year, open water evaporation of 1690mm/year. By lake level simulations a 

closure term of 170mm/year is defined. The water balance closure is some 5% of the total annual 

lake inflow by rainfall and river inflows. 

� Sensitivity analysis shows the lake level to be sensitive to all water balance components and 

most sensitive to inflow term basin areal rainfall and outflow term lake evaporation.  
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7.2. Recommendation  

To further enhance the results of lake level simulation and regionalization the following 

recommendations are formulated: 

� It has been observed that rainfall on the island and south shore of the lake is very high 

compared with stations located in the north shore of the lake and it is assumed the lake by itself 

is able to create its own rainfall by lake breezing effect. This indicates that land-based rainfall 

estimation is not representative of rainfall over the lake. In order to derive a better 

representation on lake areal rainfall it will be better to apply satellite data to estimate areal 

rainfall of the lake. 

� Some of the gauging stations are located close to the main road for the purpose of easy access 

and are not located on the outlet and as such a large portion of the catchment is downstream of 

gauging stations. Traditionally manual daily gauging stations have to be positioned by 

considering the time of concentration to observe the peak flow, else the flow data recorded will 

not be representative for further study.  

� Lake level simulations shows a miss match on dry seasons which can be an indication of 

surface and groundwater interaction, therefore a further study has to be initiated on the lake-

groundwater interaction. 

� It is observed that HBV model parameters Alfa and K4 have negligible effect on the shape and 

volume of the hydrograph. For regionalization study those parameters can be kept as default or 

constant. 
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Appendix A: List of Acronmys 

Alfa  Parameter defining the non-linearity of the quick runoff reservoir in the HBV model 

ANOVA              Analysis of variance 

Beta   Parameter in soil moisture routine in the HBV model 

DEM  Digital elevation model 

EA  Actual evapotranspiration in the HBV model 

EELPA  Ethiopian electric light and power authority 

EMA  Ethiopian meteorological agency 

EMWR  Ethiopian ministry of water resources 

EP   Potential evapotranspiration  

ESUN  Band dependent mean solar exoatmospheric irradiance 

FAO  Food and Agriculture Organization 

F-test   Value which indicates the significance level of the regression equation 

FC   Parameter defining the maximum soil moisture storage in the HBV model 

GPS  Global positioning system 

HBV Hydrologiska Byråns Vattenbalansavdelning (Hydrological Bureau Water balance 

section) 

Hq   Parameter representing the high flow rate in the HBV model 

KHQ Parameter representing a recession coefficient at a corresponding reservoir volume 

in the HBV model 

K4   Recession coefficient for lower response box 

LP   parameter defining a limit where above the actual evapotranspiration reaches the 

measured potential evapotranspiration in the HBV model 

PERC  Percolation from upper to the lower response box [mm/day] 

PUB  Prediction in Ungauged Basins 

SHMI  Swedish Meteorological and Hydrologic Institute 

SRTM  Shuttle Radar Topography Mission 

T-test Statistical hypothesis test in which the test statistic has a Student's t distribution if 

the null hypothesis is true 

R2 Coefficient of determination 

RVE Relative volume error 

NS Nash-Sutcliffe coefficient  
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Appendix B: List of meteorological  and hydrological stations 

List of hydrological station in Lake Tana Basin  

RIVER/LAKE SITE LAT. LON. AREA Km 2 

Lake Tana  At Bahir Dar 11o36'N 37o23'E 3060 

Abay At Bahir Dar 11o35'N 37o24'E E 
E 

1546 

Gelgel Abay Near. Marawi 11o22'N 37oo2'E 1656.2 

Koga At Merawi 11o22'N 37oo3'E 299.8 

Ribb Near Addis Zemen 12ooo'N 37o43'E 1302.6 

Gumara Near Bahir Dar 11o5o'N 37o38'E 1283.4 

Megech Near Azezo 12o29'N 37o27'E 513.5 

Upper Ribb  Near Debre Tabor  12oo3'N 37o59'E 839.3 

Angareb Near Gonder 12o38'N 37o29'E 41 

Zufil Near Debre Tabor 11o5o'N 38oo5'E 45 

Kelti Near Delgi 11o29’N 36o57’ 606.8 

Gelda Near Ambessame 11o42'N 37o38'E 26.8 

Ribb Near Gasai 11o48'N 38oo9'E 53.7 

Gemero Near Maksegnit 12o23'N 37o33'E 164.9 

Fegoda Near Arb Gebeya 11o38'N 37o46'E 29 

Garno Near Infranz 12o14'N 37o37'E 98.14 

Bered At Merewi 11o25'N 37o1o'E 81.3 

Amen At Dangila 11o16'N 36o52'E 89 

Quashini Near Addis 
Kidame 

11o12'N 36o52'E 42 
 

Meteorological stations available on Lake Tana Basin 

Location Station code Name 

Lat Lon 

Elevation 
m amsl 

Station 
Code 

GNADDI13 Addis Zemen  12.12 37.87 2117 3 

GNAYKE11 Aykel 12.53 37.05 2160 1 

GNDEBR11 Debre Tabor  11.85 38.01 2714 1 

GNDELG14 Delgi 12.23 37.03 1865 4 

GNENFR13 Enfranz 12.18 37.68 1889 3 

GNGOND12 Gondar  12.55 37.42 2074 1 

GOBAHI41 Bahir Dar 11.60 37.42 1828 1 

GODEKE13 Deke Istifanos 11.90 37.27 1799 2 

GODANG11 Dangila 11.26 36.85 2126 1 

GNCHEW14 Chewahit 12.33 37.22 1889 4 

GNGASS13 Gassay 11.80 38.08 2809 3 

GOSEKE14 Sekela 11.00 37.22 2584 4 

GOZEGE13 Zege 11.68 37.32 1786 3 

GOENJA14 Engebara 11.0 36.9 2580 4 
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Appendix C: Albedo calculation from landsat  ETM+ 

1. Radiometric calibration  
Radiometric calibration is used to assign a physical meaning to the digital value of each pixel, by 

relating it to a reference value called radiance at the top of the atmosphere (expressed in W.m-2.sr-

1.mm-1) by means of an absolute calibration coefficients.  

( ) minλmin
minmax

minλmaxλ
λ LQCALDN*

QCALQCAL

LL
L +−









−
−

=     

Lminλ: is minimum radiance (in Wm-2sr-1µm-1), Lmaxλ: is maximum radiance (in Wm-2sr-1µm-1), 

QCALmax: is maximum DN value possible 255, QCALmin: is minimum DN value possible 0 or 1 and 

DN : is digital number of each pixel in the image 

 
LMAX  , LMIN   and ESUN values for Landsat 7 ETM+ (dated 09/12/1999, 10/23/1999 and 11/15/1999) 

 

Band LMIN LMAX ESUN 

Band1 -6.20 191.60 1969 

Band2 -6.40 196.50 1840 

Band3 -5.00 152.90 1551 

Band4 -5.10 157.40 1044 

Band5 -1.00 31.06 225.7 

Band61 0.00 17.04 - 

Band62 3.20 12.65 - 

Band7 -0.35 10.80 82.07 

Band8 -4.70 243.10 1368 

 

//script of radiometric correction 

TopRadia_Bone:=197.8/254*(R_bone-1) + 6.2 

TopRadia_Bthree:=157.9/254*(R_bthree-1) + 5 

TopRadia_Bfour:=162.5/254*(R_bfour-1) + 5.1 

TopRadia_Bfive:=32.06/254*(R_bfive-1) + 1 

TopRadia_Bseven:=11.15/254*(R_bseven-1) + 4.7 

 
2. Top of the atmosphere reflectance 
When the emitted or reflected electro-magnetic energy is observed by a sensor on board an aircraft or 

spacecraft, the observed energy does not coincide with the energy emitted or reflected from the same 

object observed from a short distance. Remotely sensed data is usually affected by the solar incidence 

angle, solar azimuth, earth-sun distance, viewing angle, atmospheric effects, the effect of bidirectional 

reflectance distribution function (BRDF) of the sensed surface, and sensor band spectral response 

functions (Danaher and Wu, 2000).Therefore, in order to obtain the real irradiance or reflectance, 

those radiometric distortions must be corrected. 

EnergyIncomming

EnergyMeasured
ρ =  

zλ

2
λ

CosθESUN

πdL
ρ =     
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λL : is minimum radiance (in Wm-2sr-1µm-1), d2: is Earth-sun Distance (AU) 0.97 to 1.03 /1.01/, zθ : 

is solar zenith angle and ESUNλ: is band dependant exoatmospheric irradiance (in Wm-2sr-1µm-1) 

 

//script of reflectance top of the atmosphere reflectance 

r=1.01 

SUN_ELEVATION = 57.581deg=0.566039 

Ref_RBone:=topradia_bone*22/7*1.01^2/(1969*cos(0.566039)) 

Ref_RBthree:=topradia_bthree*22/7*1.01^2/(1551*cos(0.566039)) 

Ref_RBfour:=topradia_bfour*22/7*1.01^2/(1044*cos(0.566039)) 

Ref_RBfive:=topradia_bfive*22/7*1.01^2/(225.7*cos(0.566039)) 

Ref_RBseven:=topradia_bseven*22/7*1.01^2/(82.07*cos(0.566039)) 

 
3. Atmospheric correction 
The remote sensing from satellite or airborne platform of land or sea surface in visible and near 

infrared is strongly affected by the presence of atmosphere on the sun-target-sensor path (Vermote 

and Tanre, 1997). The objective of atmospheric correction is to retrieve the surface reflectance (that 

characterizes the surface properties) from remotely sensed imagery by removing the atmospheric 

effects. Atmospheric correction has been shown to significantly improve the accuracy of image 

classification. The 6S (second simulation of the satellite signal in the solar spectrum), code enables 

simulation of the above problem; where the code predicts the satellite signal from 0.25 to 4.0 microns 

assuming cloudless atmosphere.  The main atmospheric effects (gaseous absorption   by water vapor, 

carbon dioxide, oxygen and ozone; scattering by molecules and aerosols) are taken into account. 

Applying atmospheric correction on the top of atmosphere reflectance the ground surface narrow band 

albedo will be determined.  Broadband surface albedo can be computed from surface reflectance value 

of landsat band 1, 3 to 5 and 7 narrow band surface reflectance as shown in Equation [3-18] (Liang, 

2001). 

0.00180.072α0.085α0.373α0.13α0.356αα 75431 −++++=   

6S4U is pre-processor software developed for this study; it is used to prepare text input data for 6S 

atmospheric model can be accessed on http://www2.webng.com/bahirdarab/ page. 
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Interface of 6S4U pre-processor software. 

 

 
 

Atmospheric Model: tropical model atmosphere to read pressure, temperature, water vapour and 

ozone concentrations as a function of the altitude. at approximately 23°30' (23.5°) N latitude , and the 

Tropic of Capricorn in the southern hemisphere at 23°30' (23.5°) S latitude. 

Aerosol model: aerosols act to scatter and/or absorb solar and terrestrial radiation. Maritime model 
Visibility:   

Visibility at Bahir Dar station 

Date 09/12/1999 10/23/1999 11/15/1999 

Visibility km 15 24 28 
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Appendix D: Long-term monthly lake areal rainfall map (1992-2003) 
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Long-term monthly lake areal rainfall map (1992-2003) 
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Appendix E: Bathymetric cross-section with and without control points 

Bathymetric cross-section interpolated by with and without control points.  
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Appendix F: General procedure to obtain relevant information from DEM 

General procedure to obtain relevant hydrological information from SRTM DEM 
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Appendix G: Catchment characteristics for gauged catchments 

Catchment characteristics of gauged catchments 

Sub 
Catchments 

Circularity 
Index 

% of  
Luvisols 

% of 
Leptosols 

% of 
Nitisols 

% of 
Vertisols 

% of 
Fluvisols 

Elongation 
Ration 

Gilgel Abay  29.5 56.5 40.2 1.33 1.98 0.00 1.82 

Ribb AZ 38.7 39.7 36.3 0.08 0.00 23.95 2.41 

Gumara 35.9 85.0 8.2 0.00 3.35 3.41 2.14 

Megech 24.1 4.9 82.5 9.42 3.21 0.00 1.67 

Kelti 32.7 91.4 0.2 0.00 8.46 0.00 2.19 

Koga 46.5 54.4 24.8 8.62 12.15 0.00 2.39 

Gumero 32.4 6.7 70.7 6.74 15.87 0.00 1.56 

Garno 25.6 0.0 75.3 16.32 8.43 0.00 1.43 

Gelda 23.1 100.0 0.0 0.00 0.00 0.00 1.43 

 

 
Catchment characteristics of gauged catchments 

Sub 
Catchments 

Climate 
index 

Average 
Altitude 
m amsl 

% Bare 
Land 

% Crop 
Land 

% 
Forest 

% Grass 
Land 

% Woody 
Savannah 

% Urban 
and Built-

Up 

Gilgel Abay  1.39 2673.0 0.04 71.1 1.71 7.73 19.4 0.03 

Ribb AZ 1.13 2914.0 1.79 70.5 1.06 15.28 11.3 0.07 

Gumara 1.05 2721.0 0.53 71.1 0.81 10.17 17.3 0.07 

Megech 0.79 2416.0 0.24 79.6 2.42 14.67 1.9 1.15 

Kelti 1.22 2234.0 0.68 69.7 0.62 2.33 26.6 0.06 

Koga 1.30 2427.0 0.02 68.7 1.20 15.86 14.2 0.01 

Gumero 0.76 2363.0 1.56 78.4 2.34 11.23 6.3 0.10 

Garno 0.75 2351.0 2.14 42.2 2.63 43.34 9.3 0.31 

Gelda 0.76 2246.0 0.84 74.4 1.23 5.42 18.0 0.09 

 

 



 

90 

Appendix H: Sensitivity analysis of HBV model parameters and optimum 
parameter space 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sensitivity analysis of FC Sensitivity analysis of PERC 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sensitivity analysis of K4 Sensitivity analysis of KHQ 

 

Optimum parameter range of simulated catchments 

Catchment Alfa Beta FC K4 KHQ LP PERC 
Gilgel Abay 0.5 - 1.1 1.8 – 2.5 150 - 400 0.001 – 0.1 0.03 – 0.11 0.75 – 0.98 0.5 – 1.55 

Gumara 0.5 – 1.1 1.0 – 2.4 100 - 380 0.001 – 0.1 0.085 – 0.18 0.8 – 1.0 0.3 – 0.8 

Ribb 0.5 – 1.1 1.0 – 2.4 100 - 450 0.001 – 0.1 0.09 – 0.15 0.55 – 0.72 0.12 – 0.32 

Megech 0.5 – 1.1 1.0 – 2.4 680 - 1000 0.001 – 0.1 0.09 – 0.13 0.30 – 0.50 0.08 – 0.15 

Kelti 0.5 – 1.1 1.0 – 1.8 1000 - 1300 0.001 – 0.1 0.1 – 0.16 0.2 – 0.4 0.1 – 1.0 
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Appendix I: Correlation of catchment characteristics  

 Area 
Km2 

Length  
longest 

flow 
 path km 

Drainage  
Density  
(m/km2) 

Hypsomet-
ric Integral 

Avrage 
Slope 
(%) 

%  
Le-
vel 

%  
Hilly 

%  
Stee-
ply 

Circula-
rity  

Index 

% 
For-
est 

Area Km2 1.00                   
Length of longest 
 flow path km 

0.86 1.00                 

drainage density 
 (m/km2) 

0.52 0.57 1.00               

Hypsometric 
Integral 

-0.57 -0.38 0.33 1.00             

Average Slope of  
Catchment % 

0.49 0.41 -0.19 -0.92 1.00           

% Level 0.08 0.13 0.84 0.75 -0.69 1.00         
% Hilly 0.03 0.01 -0.82 -0.72 0.55 -0.94 1.00       
% Steepy -0.20 -0.25 -0.74 -0.67 0.74 -0.92 0.72 1.00     
Circularity Index 0.45 0.84 0.48 0.02 0.07 0.23 -0.07 -0.37 1.00   
% of Forest 0.78 0.53 0.50 -0.57 0.66 0.04 -0.16 0.10 0.05 1.00 
% of  Luvisols 0.21 0.35 0.52 0.54 -0.68 0.70 -0.40 -0.92 0.54 -0.29 
% of Leptosols -0.20 -0.44 -0.55 -0.54 0.62 -0.67 0.40 0.87 -0.69 0.30 
% of Nitisols -0.56 -0.78 -0.77 -0.25 0.25 -0.63 0.42 0.77 -0.85 -0.13 
% of Vertisols -0.63 -0.56 0.05 0.91 -0.98 0.59 -0.49 -0.61 -0.20 -0.72 
% of Fluvisols 0.30 0.66 0.25 -0.30 0.58 -0.18 0.09 0.25 0.71 0.33 
Elongation Ration 0.21 0.68 0.49 0.24 -0.07 0.31 -0.21 -0.38 0.96 -0.09 
Climate index 0.65 0.55 0.94 0.22 -0.21 0.81 -0.72 -0.78 0.35 0.54 
Average Altitude m 
amsl 

0.79 0.86 0.17 -0.77 0.81 -0.37 0.40 0.28 0.59 0.62 

% Bare Land 0.07 0.53 0.27 0.01 0.28 -0.01 -0.05 0.08 0.77 0.05 
% Crop Land -0.53 -0.73 -0.84 -0.33 0.30 -0.73 0.54 0.82 -0.79 -0.17 
% Forest          -0.15 -0.51 -0.53 -0.51 0.50 -0.58 0.35 0.75 -0.82 0.31 
% Grass Land 0.08 0.13 -0.53 -0.79 0.89 -0.88 0.73 0.92 0.00 0.26 
% Woody Savanna   0.22 0.29 0.74 0.65 -0.72 0.91 -0.71 -1.00 0.40 -0.09 
% Urban and Built-
Up 

-0.64 -0.79 -0.83 -0.21 0.22 -0.67 0.47 0.80 -0.78 -0.26 

 

Correlation of catchment characteristics 

 % of 
Luvisols 

% of 
Leptosols 

% of 
Nitisols 

% of 
Vertisols 

% of 
Fluvisols 

Elongation 
Ratio 

Climate 
index 

Average 
Altitude 
m amsl 

% 
Bare 
Land 

% 
Crop 
Land 

% of  Luvisols 1.00          
% of Leptosols -0.98 1.00         
% of Nitisols -0.83 0.89 1.00        
% of Vertisols 0.55 -0.48 -0.08 1.00       
% of Fluvisols -0.19 -0.01 -0.34 -0.62 1.00      
Elongation 
Ration 

0.50 -0.68 -0.79 -0.04 0.73 1.00     

Climate index 0.59 -0.55 -0.74 0.06 0.00 0.28 1.00    
Average 
Altitude m 
amsl 

-0.14 0.04 -0.35 -0.89 0.73 0.41 0.15 1.00   

% Bare Land 0.00 -0.22 -0.42 -0.32 0.94 0.86 -0.02 0.50 1.00  
% Crop Land -0.82 0.88 0.99 -0.13 -0.30 -0.75 -0.81 -0.27 -0.39 1.00 
% Forest -0.88 0.96 0.89 -0.37 -0.26 -0.85 -0.45 -0.07 -0.47 0.87 
% Grass Land -0.79 0.69 0.47 -0.82 0.57 -0.06 -0.62 0.61 0.36 0.54 
% Woody 
Savanna 

0.93 -0.89 -0.80 0.58 -0.23 0.41 0.79 -0.24 -0.06 -0.84 

% Urban and 
Built-Up 

-0.80 0.84 0.99 -0.04 -0.27 -0.69 -0.84 -0.36 -0.32 0.99 
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Correlation of catchment characteristics 

 % Forest         % Grass  
Land 

% Woody  
Savannah 

% Urban and  
Built-Up 

% of  Luvisols     
% of Leptosols     
% of Nitisols     
% of Vertisols     
% of Fluvisols     
Elongation Ration     
Climate index     
Average Altitude m amsl     
% Bare Land     
% Crop Land     
% Forest 1.00    
% Grass Land 0.52 1.00   
% Woody Savannah -0.77 -0.91 1.00  
% Urban and Built-Up 0.82 0.50 -0.82 1.00 
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Appendix J: Ungauged catchment characteristics 

Sub Catchment Area km2 Hypsometric 
Integral 

Average 
Slope % 

% 
Level 

% 
Hilly 

% 
Steeply 

Avg. 
Elev 

Gelda 400.00 0.48 17.91 69.64 29.23 1.13 2116.00 

Gumara D/S 485.15 0.39 17.29 79.04 20.28 0.69 2010.00 

Ribb D/S 710.60 0.46 35.19 64.29 27.15 8.56 2421.00 

Garno 359.37 0.46 37.65 28.89 41.03 30.08 2337.00 

Gumero 547.37 0.50 34.04 52.56 31.13 16.30 2313.00 

Megech D/S 477.12 0.43 18.03 76.72 22.30 0.98 2237.00 

Derma 377.05 0.48 16.60 72.78 26.46 0.76 2144.00 

Gabi Kura 376.38 0.49 14.53 84.18 15.45 0.37 2002.00 

Tana West 628.90 0.49 20.91 59.87 38.11 2.02 2038.00 

Upper Gilgel 939.75 0.44 23.04 85.69 12.62 1.70 2380.00 

Down Gilgel 1354.09 0.47 16.82 93.98 5.80 0.23 1993.00 

 

Ungauged catchment characteristics 

Sub Catchment % of 
Leptosols 

% of 
Nitisols 

% of 
Luvisols 

% of 
Vertisols 

% of 
Fluvisols 

Elongation 
Ratio 

Length of 
longest 

Gelda 0.74 0.00 96.74 2.52 0.00 1.88 42.42 

Gumara D/S 0.30 0.00 50.32 26.82 22.56 0.60 14.83 

Ribb D/S 28.56 0.56 9.08 14.46 47.35 0.58 17.53 

Garno 59.51 6.64 2.95 21.53 9.37 1.73 37.03 

Gumero 42.33 2.04 13.68 41.12 0.83 1.67 44.12 

Megech D/S 17.48 0.00 12.40 50.09 20.02 1.42 34.93 

Derma 23.39 0.00 5.11 69.39 2.11 2.07 45.38 

Gabi Kura 1.32 0.00 11.87 69.04 17.78 1.44 31.54 

Tana West 0.10 0.00 39.21 2.79 57.89 0.72 20.34 

Upper Gilgel 18.64 3.70 65.89 11.77 0.00 2.31 79.88 

Down Gilgel 26.35 6.21 42.86 14.76 9.81 1.78 74.04 
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Appendix K: Area-volume and elevation-volume relation comparison of 
Pietrangeli (1990), Kaba (2007) and the result from this thesis work  
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