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Abstract

Estimating the water balance of a hydrologic badten requires an effective procedure to quantify
the contribution of the ungauged catchments. Is $hidy a regionalizing based procedure is followed
to quantify the flows of the ungauged catchmentth@nLake Tana basin. Linking model parameters
to physical catchment characteristics is a popapproach that enables the application of a
conceptual model to an ungauged site. The HBV slshitbuted conceptual rainfall-runoff model is
selected to simulate runoff of nine gauged catchisnen a daily basis in the period 1994-2003. Some
eight model parameters are selected for model redililm that also are used in the regionalisation
procedure to simulate runoff from ungauged catchsdror nine gauged catchments the optimum
parameter sets are derived through an automatienigption procedure based on Monte Carlo
Simulation. By solving the multi-objective calibi@t problem that measures the different aspect of
the hydrograph: (1) overall water balance (relatisRime error), (2) overall shape of the hydrograph
(Nash-Sutcliffe value). In the calibration proceglufor each catchment and for each single objective
function best and worst values are used for resgab allow comparison. Thus, model performance
is assessed through the use of rescaled objectntidns that serve as criteria for selection beat
parameter set. In regionalisation, optimal modehpeeters are related to selected physical catchment
characteristics (PCCs) that are used to estimatenper values for ungauged catchments. Since
PCCs from ungauged catchments generally differ ftbose of gauged catchments, also model
parameter values will changed. By establishing thktions between values of HBV model
parameters and PCCs, information was transferred fthe gauged catchments to ungauged
catchments. The transferred parameter sets weik tossimulate the runoff from the ungauged
catchments of the Lake Tana basin.

Four parameter regionalization methods (multiplgression, spatial proximity, similarity approach
and sub-basin mean) were tested in this studyatoster model parameter values to the ungauged
catchments. To evaluate the reliability of the datians from the ungauged catchments, a water
balance model of Lake Tana is developed at dailg ttep in the period 1994-2003. This model used
area-volume and elevation-depth relations baseda drathymetric survey to simulate lake level
fluctuations by calculation of the net inflow bytiesating lake areal precipitation, lake areal
evapotranspiration, inflow from gauged catchmenfjoiv from ungauged catchment and lake
outflow. The water balance model of Lake Tana isleated by selected objective functions that are
the Relative Volume Error and Nash-Sutcliffe objpeefunctions as well.

Among nine gauged catchments in Lake Tana basiofdixem are satisfactory calibrated under the
criteria of relative volume error between +5% arasN-Sutcliffe value greater than 0.6 for the period
of 1994-2000. Daily lake level simulation with iofll from ungauged catchment estimated from
regression method shows the best performance withaive volume error of -2.17% and a Nash-
Sutcliffe coefficient of 0.92.

Key words: Regionalization, Water balance, HBV, Mo@arlo Simulation
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UNGAUGED CATCHMENT HYDROLOGY: THE CASE OF LAKE TANA BASIN

1. Introduction

1.1. Background

The most important natural resource required fergtirvival of all living species is water. Water is
limited, scarce, and also not well distributed @&lation to the population needs. Hence proper
management of water resources is essential tofysdltis current demands as well as to maintain
sustainability. Water resources planning and mamagein the 2% century is becoming difficult due
to the conflicting demands from various stakeholgtelups, increasing population, rapid urbanization,
climate change producing shifts in hydrologic cgclBurther variability in runoff in large ungauged
international river basins affects water availapito downstream countries making management of
transboundary water difficult and sometimes caugiegpolitical tension. In most international river
basin systems, the runoff variability of upper bascaused by natural or human interference is a
serious concern in water resources management palian countries. The upper Blue Nile basin is
a typical example. The Blue Nile River Basin anhuabntributes about 60% of runoff to the Nile
River (Conway, 2005) with its 10% areal occupariRgliable runoff information from this region is
of great importance for sustainable managementadémresources as the Ethiopian Highland is the
major contributor to the Blue Nile River Basin.

1.2 Problem definition and importance of the study

A better understanding of the hydrological chanasties of different watersheds in the headwatérs o
the Nile River is of considerable importance beeanfsthe international interest in the utilizatioh

its water resources, the need to improve and aupdeselopment and management activities of these
resources, and the potential for negative impafctdéimate change in the future. Conflicting viewls o
water resource utilization and ownership has beeallenging the development of appropriate
management of the Nile River Basin for the cousttieat depend on its resources including Egypt,
Sudan, and Ethiopia. Egypt’'s agricultural produttand domestic requirements depends primarily
(99%) on the waters of the Nile River and use ofaip5.5 billion cubic meters per year (Gheith and
Sultan, 2002). Sudan’s agriculture also relies iean these waters; while Ethiopia, at the Nile's
headwaters, is interested in further developingwager resources to meet development needs and
attain “water security” through equitable sharimgoag the Nile countries (Arsano and Tamrat,
2005). Only 5% of Ethiopia’s surface water (0.6%tloé Nile Basin’'s water resource) is currently
being utilized by Ethiopia while cyclical droughtsawuse food shortages and intermittent famine
(Arsano and Tamrat, 2005). There is an increasiegiashd for irrigation and hydropower
development in Ethiopia to cope with the recurreinbught and its impacts and to increase
agricultural production to cope with increasing plaggpion. Currently more than 90% of energy use in
Ethiopia depends on the fuel wood (Kebede et @062 This has resulted in extensive vegetation
degradation which by itself effects the hydrologicgles.

Since there is no better infrastructure for wabtepounding systems or reliable irrigation schemes to
compensate for prolonged low rain period, the Uilae Nile River Basin experiences drought and




UNGAUGED CATCHMENT HYDROLOGY: THE CASE OF LAKE TANA BASIN

famine. Further ungauged basins require plannindonfj term strategies such as hydropower
generation, large-scale irrigation schemes andogmal protection as still many people largely
depend on rain-fed agriculture and small-scalgatron. Therefore estimation of runoff is important
in gauged and ungauged catchment to understanethgoral and spatial variability of water yield

for the local economies as well as the downstreaumiries. By scarcity of long term hydrological

and meteorological data on the Upper Blue Nile myasiis study is concentrated only on the Lake
Tana basin which is the source for the Blue NileeRi The basin occupies 10% of the Upper Blue
Nile River basin and contributes 8% of the dischdi¢ebede et al., 2006).

1.3. Scope of the research

Rainfall runoff models are often used to predictain flow in space and time domain for operational
and scientific investigations. By extrapolating areionalization it enables us to simulate the

catchment response of catchments for which timeserre not available (Heuvelmans et al., 2006;
Seibert, 1999; Wagener and Wheater, 2006; Xu, 1998pending on several aspects the prediction
of this discharge regimes in ungauged and gaugéchroants bring along a given degree of

uncertainty. In predicting gauged catchments sévaspect can be considered: different model
structures represent the real world differently aralise some degree of uncertainty, specific
information and data required for these models eaugertainty and the model parameters required
for model calibration also contribute to the unaety issue in predicting stream flows. For better

water management these predictions should be doneaely by reducing the uncertainties. Even

though the prediction of discharge is possible eadtively simple in well gauged catchments, the

prediction of discharge in ungauged catchment mptex and has higher degree of uncertainty. In
gauged catchments the values of model parameterbecaentified by calibrating the model against

observed discharge. In ungauged catchments theveldlsdata are not available or not sufficient for

model calibration. Hence to predict the model patanms in ungauged catchments will depends on
other sources of information.

The reliable estimation of continuous stream flametseries in ungauged catchments has remained a
largely unsolved problem so far (Wagener and Whed@96), but significant insight has been gained
in recent years. The establishment of the PredidgtidJngauged Basins initiative by the Internationa
Association of Hydrological Sciences (IAHS) showstt much has still to be done in this area
(Wagener and Wheater, 2006). Several ways of dhtaithe required information are addressed in
literature. Analyzing the methods that have beeengited to estimate runoff from ungauged
catchment from the previous studies, regionalipatib model parameters, which is the process of
transferring model parameter from comparable cagettsito catchment of interest, was the common
approach. It is possible to acquire necessary nmtion in order to reduce model parameter
uncertainty and uncertainty in predictions of degfe regimes in ungauged catchments.

The problem involved with developing even the sisplmodels lie primarily in data availability.
Most established hydrological models are data Biten yet the Lake Tana basin has limited rain
gauge coverage, few long term temperature rectedsgauged sub-catchments, and very scarce daily
data. The size and complexity of the basin, togethi¢h the lack of data, is therefore a severe
constraint to the application of sophisticated lojalgical models. Application of a physically based
model is practically not feasible because of te@ireme data demand and instead conceptual models
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are selected which have fewer parameters (Wale)26f&nce the HBV model is going to be adopted
for this research with considering the following:
¢+ The large number of application of this model, undarious physiographic and
climatological conditions, has shown that its sfwoe is very robust and general, in spite of
its relative simplicity (Lindstrom et al., 1997).
¢+ The HBV model is a conceptual semi distributed nh@dael a catchment can be partitioned
into sub-basins, elevation zones and land covegsty{Krysanova et al., 1999; Menzel and
Birger, 2002; SMHI, 2006). As the Lake Tana bas#is imountainous topography this
characteristic of HBV is more relevant to this stud
+ It has been commonly proposed that parsimoniousetacate best suited to regionalization
techniques (Crock and Norton, 2000), where HBV mddes limited number of sensitive
parameters and able to simulate the dominant hygical processes.
+ In the HBV model input data have been kept as €ngd possible. This characteristic is
suitable for this study area where data scarcitydata quality are the major problem.

From the Ministry of Water Resources (MoWR) and iblzl Meteorological Agency (NMA),
hydrological and meteorological data has been abklfor nine well gauged catchments and fifteen
meteorological stations in Lake Tana basin respelgti By establishing relationships through the
well gauged data between conceptual model parasneted physical catchment characteristics,
parameters for the HBV model can be determinedowrlg gauged catchments which will lead to a
reduction of parameter uncertainty. Subsequerttlg, reduction of parameter uncertainty will lead to
reduction of uncertainty in prediction of discharggimes.

1.4. Previous studies and applications

A number of methods have been attempted to estithateunoff from ungauged catchments during
the past three decades. A summary of selectedquegtudies (see Table-list of previous studies of
regionalization) shows that regionalization of migolgrameters was the most common approach. It is
clearly indicated that each study used a concepiydtological model and there was no proper guide
line for selection of physical catchment charaster$s. The most common parameter regionalization
method relates hydrologic model parameters withsjglay catchment characteristics (PCCs, hereatfter)
using regression methods. This approach seemstieffein estimating the model parameters of
ungauged basins with limited success (Heuvelmara.,e2006; Kokkonen et al., 2003; Mwakalila,
2003; Yu and Yang, 2000). Several new methods \ase attempted to better regionalize model
parameters. These include the application of dgatiximity (Merz and Bléschl, 2004; Parajka et al.
2005), flow duration curves (Yu and Yang, 2000)sibasimilarity (Parajka et al., 2005), neural
networks (Bastola et al., 2008; Heuvelmans eR806), and regional calibration methods (Fernandez
et al., 2000; Hundecha and Bardossy, 2004). ltndetstood from the previous studies that the
accuracy of estimation of runoff from the ungaugatthment cannot be guarantied by any particular
method, but such depends on the quality of datdade, specific basin responses, hydrological
model and the regionalization method (Kim and Kedghchi, 2008).
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1.5. Objectives

The general objective of this study is to applyydrblogical model and regionalization to simulate
runoff from gauged and ungauged catchment. To aehige above objectives, the following specific
objectives were addressed.

+ To make use of computer codes to incorporate autoraibration in the HBV approach

+ To apply Monte Carlo Simulation (MCS) for modelibghtion and parameter analysis

+ To simulate the water balance of Lake Tana

1.6. Research questions

¢+  What are the appropriate regionalization metho@é tdan be used to extend the observed
hydrologic regimes to ungauged basins?

¢+ Which model parameters are most sensitive in MCS?

+ Which physical catchment characteristics are abkiland suitable to relate to HBV model
parameters?

+ Can accuracy of inflows from ungauged catchmentddfimed?

1.7. Outline of the Thesis

This thesis contains seven chapters and is orghagéollows:

Chapter 1 gives general introduction to the studth vemphasis on water scarcity, problem and
importance of the study and objectives of the sti@lyapter 2 gives brief description of Lake Tana
basin, data availability and the data quality. hater 3 insights is given in hydrological modejlioy
expounding the hydrological processes playing a nolrainfall runoff generation and describe the
different aspect concerning the hydrological madgll Further the approach of regionalization is
described. Chapter 4 describe the methodology adapt model calibration and regionalisation. In
chapter 5 a detailed discussion is raised agaistdasults of model calibration and regionalisation
Chapter 6 present the development of water balanockel and simulation of lake water level. Chapter
7 finally discusses the conclusion and recommeadstby this study.
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2. Study area and data preparation

2.1. Study Area

The Lake Tana basin, one of the important sub basitJpper Blue Nile river basin, located north
western part of Ethiopia, occupies an area of I5Jd€ and drains to the Lake Tana which covers
3,060kni. The basin lies approximately between latitude’3R. and 13.0N and longitude 36.5E and
38.5E. lIts altitude varies from 1784m at the Ladeel to about 3400m of mountain in east of Lake
Tana at the edge of the Ribb catchment. More tlfarivérs feed the lake. Among them are Gilgel-
Abbay, Ribb, Gumera and Magetch that contributeentban 93% of the inflow. The only surface
outflow of the basin is the Blue Nile River, whicomprises 7% of the Blue Nile flow at the Ethio-
Sudanese border (Conway, 2000).
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Figure 2-1: Study Area

The basin is characterised by Lake Tana whichdathm in a wide depression of the Ethiopian Plato
and is surrounded by high hilly and mountainousatar The outflow of the basin is through a narrow
valley at the south-east direction of the lake.
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2.2. Climate

The climate of the region is ‘tropical highland moon’ with one rainy season between June and
September. The seasonal distribution of rainfallcistrolled by the northward and southward
movement of the inter-tropical convergence zoneCH)Y. Moist air masses are driven from the
Atlantic and Indian Oceans during summer (Junepté®aber). During the rest of the year the ITCZ
shifts southwards and dry conditions persists enrtigion between October and May (Kebede et al.,
2006). Even though it is associated with atmospharculation, the topography has also an effect on
the local climate. The air temperature shows laligenal variation but small seasonal changes and is
comparatively uniform throughout the year.

Temperature, precipitation, wind and solar radiaice by far most important meteorological variable
which drives the hydrological processes in a cathtmPrecipitation, temperature and potential
evapotranspiration are the main inputs for the HBddel considered in this research and described
in Chapter 3. Great attention has to be paid ipgmiag and analysing the distribution of these data
within the catchment in rainfall-runoff modellinggetice. It is chosen to apply a lumped soil maistu
routine in the HBV model since no detailed inforimatabout the catchments is available with respect
to geographical location and elevation. Finally farery catchment average areal precipitation,
temperature and potential evapotranspiration isveéras model input.

2.2.1. Precipitation

For this study daily precipitation was collectedrr the National Meteorological Agency (NMA) in
Ethiopia for the period of 1994-2003 of fifteenrrgiauge stations within and close to the study area
shown in Figure 2-2.
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Figure 2-2: Meteorological and gauging stations considered within and dloéeke Tana Basin
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There are missing and suspicious incorrect rairfath for several stations and used most common
methods described by Bras (1990) and Dingman (199dh as normal ratio, weighted average and
regression to fill the missing gaps and Double-mzgyve analysis to analyse the consistency of
suspected stations are used. The calculated aamaedge rainfall for each station from the above

method is shown in Figure 2-3 with respect to tledévation. A detailed description about the gap

filling techniques and determination of the areahfall over the catchment, accompanying issues and
the used observation stations for averaging ismginéAppendix B.
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Figure 2-3: Annual average rainfall in each meteorological station \itgtelevation
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Figure 2-4: Annual average rainfall distribution of Lake Tana basin
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These data series were used for calculating thed eamfall over the catchments. To get insightha
variability of the precipitation across the catclmise the Annual Average Rainfall (mm/year) over the
period 1994-2003 is shown in Figure 2-4.

The southern part of the Lake Tana basin is wétten the western and the northern parts (see Figure
2-4). The rainfall-elevation relation over the emtbasin show poor agreement. While examining the
rainfall-elevation relationship on the southerntsaparately shows acceptable agreement and show
great influence by the effect of elevation. Butthern and eastern part of Lake Tana showed poor
relation and can not explain such effect clearlguFe 2-5 depicts this different of rainfall-eleiat
relation in two parts of the basin.
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Figure 2-5: (A) Rainfall-elevation relation in southern part of Lakaeng. (B) Rainfall-elevation variation in
northern and eastern part of Lake Tana

Analysis of individual stations in the region shothat during the period from June to September it
high rainfall is received and from October to Maylrain. Figure 2-6 depicts the average daily
rainfall distribution over the year for selectedtewological stations in the region.

2.2.2. Temperature

Daily maximum and minimum temperature data wasectdld from NMA and from the archives for
the period of 1994-2003. Data of six meteorologstations within and close to the study area were
chosen for analysis (see Figure 2-6).
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Figure 2-6: Average daily rainfall distribution throughout the year for saveainfall stations in Lake Tana
basin
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The missing gaps of each data set were filled uiegmethods described in section 2.2.1. Areal
temperature for each catchment was estimated bgindhg the weights by inverse distance

interpolation. In order to get insight in the vdildy present across the catchment, the averagg da

temperature (ADT) is shown over the year (see Ei@u¥ [A]).
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Figure 2-7: (A) ADT variation for six different stations over the ydaring 1994-2003. (B) ADT variation of
the stations with its elevation

During the dry period ADT increases gradually frdamuary to April and start to decline while the
rainy season start. The minimum ADT for the respecstation can be observed during July and
August. During this period the basin received higinéensity of rain. Figure 2-7[B] clearly shows
that the temperature of this basin is generallgaéfd by the elevation: lower altitudes have high
temperature and temperature declines while thiudétiincreases. The overall distribution of average
temperature over the catchment shows lower temyrerat southern parts.
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Figure 2-8: ADT distribution over the Lake Tana basin
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2.2.3. Potential evapotranspiration

The last necessary input data for the model isnpiatieevapotranspiration (PE). PE data is not found
from the meteorological station or archives. Herenman-Montheith method was applied to
estimate PE as this method is widely used in hypdioll engineering application. The basic formula
for calculating PE is shown in equation 2-1.

0408A(R,-G)+y——_—_u,(e,—¢e)
T+ 273 Y [2:1]

A+ y(L+ 034u,)

ET, =

where ETo reference evapotranspiration [mni‘flay
Rn net radiation at the crop surface [M3 day']

G soil heat flux density [MJ thday’]

T mean daily air temperature at 2 m height [°C]
u2 wind speed at 2 m height [M]s

es saturation vapour pressure [kPa]

ea actual vapour pressure [kPa]

es-ea  saturation vapour pressure deficit [kPa]

A slope vapour pressure curve [kPa'TC

y psychometric constant [kPa*C

However for calculation PE, many variables are meglisuch as: relative humidity, temperature,
wind speed, altitude and sunshine hours. In masgsao observation stations are found with all data
sets and if they were, most of the time the qualitthe data is insufficient. Many data sets with
missing time series and incorrect data were redladgeéh new values by the procedures described in
Appendix B. Eventually, average areal PE is catealdor each catchment by finding the weight from
each station using interpolation techniques. A itletadescription about determination of the
appropriate dataset of the four variables, accoyipgnissues and the used observation stations for
averaging is also given in Appendix B.

In order to get insight in the variability acro$e tcatchment, the average annual evapotranspiration
(AAE) is shown in Figure 2-9. The minimum averagmaal PE holds a value of 1291 mm whereas
the maximum holds a value of 1448 mm. The distidsubf evapotranspiration over the catchment
shows low values in southern and eastern part archigher in northern parts. By comparing with
ADT, it shows significant effect for the fluctuatimf evapotranspiration.
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Average annual ETo - Lake Tana Basin (1D, m=1)

50 km

Projected Coordinate System: WGS_1984_UTM_Zone_37N

Figure 2-9: Potential evapotranspiration distribution in Lake Tana basin

2.2.4. Hydrological data

Many sub basins are gauged in Lake Tana basin dsometric stations to observe the runoff. The
Lake level is monitored continuously with two leahtions. The measuring devise of these stations
are equipped with staff gauges and are recordediaiigron daily basis. Some gauged catchments
have several other gauging stations upstream tiedtle to analyse runoff correlations. Daily river
discharge data series were collected over the metch from the Ministry of Water Resources
(MoWR) (see Figure 2-2).

According to the Tana Beles Sub-Basin Hydrologigaldy (SMEC, 2007) and Wale (2008) rating
curves of many rivers in the Lake Tana basin aliabie (Gilgel Abbay, Koga, Megech and Kelti).

However some of them are unreliable as the gausfiations are located middle of the flood plain
(e.g. Ribb and Gumara rivers). One of another mpjoblem is the sediment accumulation that
disturbs the stage-discharge relation ship in nlacgtions.

2.2.4.1. Analysing hydrological data

The collected river discharge data was screeneadetatify unreliable and spurious data. Screening
was done graphically by comparison of hydrograplth wub basin hydrographs and double mass
curve analysis with respect to rainfall. Some exiarriver discharge data are described here.

In Figure 2-10A daily discharge data of Gelda Ri#ows unexpected increase without any
significant increase in rainfall The analysis ofube mass curve clearly indicates the sudden
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increment of the discharge during year 98/99, tintathe well behaved relationship with respect to
the rainfall of previous years (Figure 2-10B).
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Figure 2-10: (A) Unexpected river discharge in Gelda river 1998/199% D@uble mass curve for Gelda river
with respect to rainfall for the same period.

Another type of unrealistic river discharge datan ¢# seen in Gilgel Abbay River during the
recession period at the end of 1996. It shows suddsponses even though the nearby Koga river
does not show such response. Further comparistnbagin rainfall also does not show high rainfall
events (Figure 2-11A).
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Figure 2-11: (A) Suspicious River flow data in Gilgel Abbay Rivet #96/1997, (B) Double mass curve of
Gilgel Abey river with respect to rainfall for the saperiod

In several years the peak river discharges of RieRare trimmed and give constant value for a long
period (Figure 2-12). This can be explained fot thaing extreme flooding the gauging station was
submerged and caused difficulties in getting regslior the river overflowed. Some of these errors
are detected and explained also by Wale (2008)
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Figure 2-12: Suspicious river flow data in Ribb river with respect tafall
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2.3. Delineation of gauged and ungauged catchments

A Digital Elevation Model (DEM) of 90m resolutiorrdm Shuttle Radar Topography Mission
(SRTM-version 4) fittp://srtm.csi.cgiar.ory/has been used to delineate the gauged and urthauge
catchments by using hydro-processing tools in ILVil®&l GIS software. A detailed procedure of
delineation of catchment by ILWIS is available ipgendix C. The extracted 9 gauged catchments
and 10 ungauged catchments are shown in Figure 2-13
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Figure 2-13: Gauged and ungauged catchments in Lake Tana basin

Results from catchment delineation, show that amibregnine catchments seven catchments are
partially gauged while catchments in the north-eestpart are completely ungauged. Nine
catchments are selected as gauged catchments draghd availability of runoff data from 1994 to
2003. Representative areas of the gauged and uagi@atchment are in Table 2-1.

13



UNGAUGED CATCHMENT HYDROLOGY: THE CASE OF LAKE TANA BASIN

Table 2-1: Major gauged and ungauged catchment delineated in the Lak& Basin

Gauged catchment Ungauged catchment

Catchment Area (knf) Catchment Area (knf)
Ribb 1407.65 Ungauged Ribb 735.89
Gilgel Abbay 1657.41 Ungauged Gilgel Abbay 2071.95
Gumara 1281.31 Ungauged Gumara 286.63
Megech 531.18 Ungauged Megech 436.78
Koga 297.94 Ungauged Gumero 424.43
Gumero 163.32 Ungauged Garno 364.61
Garno 98.39 Ungauged Gelda 364.37
Gelda 26.13 Ungauged Dema 324.87
Kelti 607.64 Tana west 546.40

Ungauged Gagi Kura 426.80
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3. Hydrological modelling and regionalization

3.1. Hydrological modelling

3.1.1. Hydrological process

At first it is necessary to have insight in hydwittal processes before hydrological modelling can b
performed. The formation of the rainfall into stmedlow involves many and complex hydrological
processes in upstream area of the catchment. T8ig dfagenerating rainfall runoff processes can be
found in the hydrological cycle, which is usuallgsdribed in terms of precipitation, infiltration,
evaporation, transpiration, surface runoff and gdwater flow. The precipitation over the catchment
is the base of generating runoff. However afteiltmation to the soil, the flow path becomes very
unpredictable since the catchment runoff behavi®atosely related to the subsurface physiography,
geometry and geology. Precipitation can be comeobuhe catchment as runoff through: overland
flow, through flow and groundwater flow. For simidm of these processes a wide variety of
hydrological models as well as applications hawnlaeveloped over the past decades.

3.1.2. Classification of hydrological model

Many different types of hydrological models haveebedeveloped. Many of these models share
structural similarities because of underlying agstimms, while some of the models are distinctly
different. Therefore, these models are classifiedoaling to different criteria. Hydrologists
traditionally proposed two kind of modelling appcbas with their strong points and limitations: (1)
physically based and (2) conceptual lumped modrHigsically based models consist of formulations
in terms of physical laws expressed in the formedeinistic conservation equations for mass,
momentum and energy. The equations are solved featieby discretizing the hydrological system
into smaller entities on a square or a polygonatmélowever, accurately modelling of all processes
of the hydrologic cycle becomes very complex, desissan eminent insight in hydrological behaviour
and is very demanding for input data. Due to th@egerties it is a time-consuming and expensive.
An example of such a model is SHE (Abbott et 2384).

As an alternative to physically based distributeatieis, conceptual lumped models are often used as
robust prognostic tools at catchment scale. Theefrstductures of these models are relatively simple
and often are based on a series of interconnee®ewoirs. Further these models are invaluable
instruments for operational water management (egervoir operation, flood forecasting). The
description of the reservoir's behaviour is keph@ie in most structures and their responses are
controlled by parameterizations that are rarelycdbeed in terms of physical principles such as
gravity, piezometric heads or hydraulic conducyivand cannot be measured in the field. They must
be estimated using a calibration procedure whetlebynodel parameters are fined tuned manually or
automatically, by means of optimization algorithmsfil the natural system output and the model
output show an acceptable level of agreement. Hewe@nce environmental forcing conditions (e.g.,
switching from wet to dry conditions) or catchmehfaracteristics (e.g., land cover pattern) change,
the parameters usually need to be recalibratedgieigand Rientjes, 2005). Because of the fact that

15



UNGAUGED CATCHMENT HYDROLOGY: THE CASE OF LAKE TANA BASIN

the required input and output data are usuallylyeasailable, consequently these models are mostly
used in rainfall-runoff modelling. The HBV rainfalinoff model is an example of a conceptual
model (Bergstrém, 1995).

3.1.3. Model selection

The above model classifications must be considevedn selecting the appropriate hydrological
model in order to contribute to the stated objeivAt first sight, physically-based models are the
most appropriate in modelling rainfall-runoff geaon while it is the most elaborate way of
modelling the rainfall-runoff processes. By the idapmprovement of computational power, the
physically based models became practically appkécab the nineties. There has been considerable
discussion regarding the pros and cons of this gpenodel by Beven (1989). In general it is
concluded that physically based distributed hydywial modelling has clear limitations. Further,
these models suffer from extreme data demand,-selaleed problems (e.g. the measurement scales
differ from the process and model scales) and peeameterization. Therefore, in order to predict
rainfall-runoff in gauged and ungauged catchmdmtsdé models mostly are not practically applicable.
Conceptual models normally perform at least as wsllphysically based models in predicting
discharge regimes and furthermore they do not requiuge complexity as physically based models
do. Conceptual models on the contrary can be cereildas a nice compromise between the need for
simplicity on the one hand and the need for a filngsical basis on the other hand. This is dueéo th
fact that these models usually are able to captiweedominating hydrological processes at the
appropriate scale with accompanying formulationd terefore are very suitable when used in the
process of regionalization. Furthermore, the HB\Weidas application in regionalisation (Hundecha
and Bardossy, 2004; Merz and Bloschl, 2004; Seili®@9) and it demonstrated to be effective. The
improved HBV-96 model is used in this researcheisatdibed in the next section.

3.2. HBV Model

The HBV model is a semi-distributed conceptual nh@ahel was originally developed at the Swedish
Meteorological and Hydrological Institute (SMHI) éBystrom and Forsman, 1973). The general
structure of HBV consists of three model componefitssnow accumulation and snow melt, (2) the
simulation of soil moisture and runoff, and (3)esponse and river routing procedure. For the first
two decades, only minor changes in the basic mettacture were made. Experience has shown
however, that the standard version of HBV had sansor drawbacks which are outlined in
Lindstréom et al. (1997). Therefore a re-evaluatias been carried out and a new model version has
been developed. The HBV-96 model is the final riesithis model revision (Lindstrém et al., 1997).
Henceforward when “HBV model” is used, it is refirto the HBV-96 model.

The general water balance model is described as:

P—E—Q=%[SP+ SM+UZ +LZ +laked +ss [3-1]

Where
P - precipitation
E - evapotranspiration
Q - runoff
SP - snow pack
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SM - soil moisture
UZ - upper zone

LZ - lower zone
Lakes - lake volume
ss — sink/source

In HBV model applications the water balance equmati@as simulated as follows. Precipitation over
the catchment is calculated by weighting rain gaomgasurements. The areal precipitation is then
distributed over the elevation zones by correctiiog altitude with a constant lapse rate.
Evapotranspiration is computed as a function of #ml moisture conditions and potential
evapotranspiration. When the soil moisture excees®rage threshold, water would evaporate at the
potential rate. At lower soil moisture values ahn relation between the ratio of evapotranspinatio
and potential evapotranspiration and soil moistsnesed. The general storage variable is formed by
soil moisture storage and storage in the upper@ndr response boxes. Recharge to groundwater is
calculated through a non-linear relation betweenr#tio of recharge and precipitation and the soll
moisture. The high flow of the catchment is desxlitby the outflow from the upper nonlinear
reservoir, while the base flow is governed from kbwer response boxes which receive percolated
water from the upper response box. Runoff fromaatehment is given by the sum of the outflow
from the two response boxes.

In this thesis a HBV model code has been develdmeskd on the HBV-96 model version. The
computer language FORTRAN is used and several msam@ on the basis for this decision. When
using FORTRAN, adjustments to the model can be maklieh are not possible in the regular
interface and such adjustment is the use of MCSrfodel calibration in this study. Booij (2005)
formerly wrote the HBV model in FORTRAN for the Msibasin and adjustments were made to the
model based on the selected catchment, methodsutihg routine, selected model parameters and
model calibration method. A more profound descoiptiof the HBV-96 model is available in
Appendix D.

3.3. Regionalization

Modelling of catchment runoff processes behaviouth wainfall-runoff models that merely are
approximations of the processes taking place atabehment scale. This is also the case for the HBV
model. However, values for model parameters haveet@stablished in order to simulate rainfall-
runoff generation. Since for the HBV model it istnmossible to directly determine the model
parameter values, the parameters are normally a&stinthrough a model calibration process by
fitting the model output to observed discharge ditanany catchments observed discharge data is
not available. Calibration of the model is therefdifficult and prediction of discharge regimes has
high degree of uncertainty. In order to allow potidn of discharge regimes in ungauged catchments,
a method called regionalization is introduced. Thisthod is used in this study to contribute to the
objectives. There are many definitions of regiaradion available in literature, but a generic
definition as stated in Bloschl and Sivapalan ()99%sed most often. Regionalisation is the preces
of transferring information from comparable catclseto the catchment of interest.
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3.3.1. Approach of regionalization

The transfer of catchment information in merelydztheon some sort of similarity between ungauged
and gauged cachments. A number of methods havedpgdied to modelling ungauged basin such as
spatial proximity (Merz and Bloschl, 2004), physiceasoning and statistical approaches (linking
model parameters to PCCs). The spatial proximitthoakis based on the principle of catchments that
are close to each other will likely have a simriamoff regime since climate and catchment condition
will often only vary smoothly in space. So the asption is made that catchments are highly
comparable with respect to topographic and climatioperties and therefore a particular model
approach and with its parameters that calibratedyémged catchments can be used to predict the
discharge regime at the ungauged catchment. Thé coosmon techniques are nearest neighbour
technique and kriging (Vandewiele and Elias, 19%9searchers have concluded that geographical
proximity does not guarantee hydrological similgrand that methods based on physical reasoning
are difficult to realize often due to the differenia scale at which the measurements are madetand a
which the model is applied (Bastola et al., 2008).

Another widely used approach to model ungaugechozats is to link MPs to PCCs. This method is
referred to as a regional model method (Fernantie#.,e2000; Heuvelmans et al., 2006; Seibert,
1999; Wagener and Wheater, 2006). To broaden thdelng of ungauged catchment, many
applications of conceptual rainfall runoff (CRR) deds are based on functional relationships between
MPs and PCCs. However such approaches are somdhsiveedue to the existence of multiple
optima and high interaction between subsets @difIPs (Kuczera and Mroczkowski, 1998). Some
improved versions of conventional statistical apgites such as Weighted Regression, Sequential
Regionalization and Regional calibration (Fernaneeal., 2000), have been discussed to overcome
the problem of poor identification of MPs that mgsbccur in over-parameterized CRR models.
Wagener and Wheater (2006) discussed the uncéetaintd problems of Sequential Regionalization
and Weighted Regression methods for regionalizatidowever this approach considers the
similarities of catchment characteristics and carpewith three steps. First the selected model is
calibrated for a reasonable number of catchmentserev sufficiently long and informative
observations of discharge regimes are availableor®@8y, most commonly used regression equations
are selected, which predict the model parametaregalising one or a combination of PCCs. Each
model parameter is based on a specific equationtlams] a specific regional model is obtained.
Finally, these regional models will be used to reate the parameter values of the ungauged
catchment (Parajka et al., 2005).

3.3.2. Selection of regionalization method

The method based on special proximity can onlydg@ied to ungauged catchments located close to a
well gauged catchment. It requires a well gaugedhraent in the near surrounding that often is

considered as constrain. Kokkonen et al. (2003)timesed that a simple transfer of parameters can
outperform regionalization, even if catchmentstarérologically similar. In contrast to this apprbac

a regional model can be applied to various catclinewen though it requires higher data demand
than the spatial proximity approach. However ie@sy to derive these data rather than finding long
term discharge time series. There were two appexeidresses in literature with respect to the
method of similarity of catchment characteristimeCapproach predicts the discharge regime with a
priori selected relationship between MPs and PA®e major disadvantage of this method is it's
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difficult to identify the firm basis of such relatiships in other studies to apply this study with

sufficient confident. Further studies (Hundecha Baddossy, 2004; Merz and Bléschl, 2004; Seibert,
1999) rejected this method due to absence of aatwsly relationships. Hence in this study first the

model was calibrated with respect to observed diggh and established the relationships between
selected PCCs and MPs. Finally the model paramfgersigauged catchments were determined.

3.4. Model parameter selection

In order to determine the regional model, first logarameters have to be identified by calibrating
the model against observed discharge. The majosesaof difficulty in identification of model
parameters are over parameterization and selecofiparameters in the calibration. With respect to
the HBV model, several modification have been madidne model structure to reduce the amount of
parameters (Lindstrém et al., 1997), even thoughzMed Bloschl (2004) mentioned reduction of
over-parameterization is a critical issue. Howewany studies asses and conclude that HBV model is
parsimonious enough. To establish relationshipadet PCCs all the parameters should not be used
even though HBV model has more than 30 paramefarsh behaviour will induce extra effort in
establishing statistical relationship. Thereforésiimportant to determine the most sensitive model
parameters to be considered in the process ofrralization. In HBV model structure these processes
are conceptualized by appointing appropriate madatines such as soil moisture routine which
comprises the Horton overland flow and saturatiearland flow, the quick runoff routing which
comprises the macro pore flow and perched subsurfloev and the base flow routing which
comprises the unsaturated subsurface flow and dreater flow.

All parameters pertaining in a model routine do affect to the same degree the rainfall-runoff
transformation process. Therefore most sensitivameters have to be identified in model calibration
and subsequently in regionalization. By this analys chance is offered to developed effective
relationships between parameters and PCCs. A nuailstudies used the HBV model approach and
much experience was gained in demonstrating the sessitive parameters. Hence, the parameter
spaces from other studies were evaluated. Selpat@aneters and their spaces are listed in Table 3-1

Table 3-1: Selected model parameters and their priory range

Name Description and unit Prior range Default value
FC Maximum soil moisture content [L] 100-800 Use a valye for

the region
BETA Parameter in soil routine [-] 1-4 1
LP Limit for potential evapotranspiration [L'T 0.1-1 1
ALFA Response box parameter [-] 0.1-3 0.9
KF Recession coefficient upper zone'[T 0.0005-0.15 0.09
KS Recession coefficient lower zone T 0.0005-0.15 0.01
PERC Percolation from upper to lower [L'T 0.1-2.5 0.5
CFLUX  Maximum value of capillary flow [LF] 0.0005 -2 0.5

3.5. Selection of physical catchment characteristics

The next challenge is to derive PCCs in order taldish statistically significant relationship be®n
the model parameters and PCCs. A reasonable nuhlvezll gauged catchments with good quality
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data of climate, hydrology, physiography, lithologiyd geology should be available to derive PCCs.
However prior to selection of PCCs for regionalizaf evaluation has to be done as there may be
inter-dependency or inter-correlation between dififé PCCs. Therefore a preliminary list of PCCs
should be composed based on the available dataéhanghysical meaning of the model parameters.
Then statistical analysis should be performed tniifly the highly correlated PCCs. Correlation
analysis and principle component analysis are #relly used methods to asses the correlations
(Heuvelmans et al., 2006). Another more pragmatfr@ach is to evaluate those PCCs used in other
studies and select them based on hydrological hislidence inter-correlation of the PCCs is also
assessed inherently.

Several studies were evaluated in order to sefgmtoariate PCCs. The detailed list of all the stsdi
is shown in the Appendix A. Eventually the PCCseavevaluated and the selected ones are show in
Table 3-2with the condition of availability of PCCs.

Table 3-2: Selected PCCs

Group Parameter PCC and Unit
Geography and AREA Catchment area [kih
physiography LFP Longest flow path [km]
MDEM DEM mean [m]
HI Hypsometric integral [-]
AVGSLOPE Average slope of catchment [%]
SHAPE Catchment shape [-]
Cl Circularity index [-]
EL Elongation ratio [-]
DD Drainage Density[m/km2]
Land use CROPD Cultivated Dominantly[%]
CROPM Cultivated Moderately[%0]
GL Grassland[%]
URBAN Urban[%]
FOREST Forest[%]
Geology and soil LEP Leptosol area [%)]
NIT Nitosol area [%]
VER Vertisol area [%0]
LUV Luvisol area [%]
Climate SAAR Standard annual average rainfall [mm]
PWET Mean precipitation wet season (Jun. to Sep.) [mm]
PDRY Mean precipitation dry season (Oct. to May) [mm]
PET Mean annual evapotranspiration [mm]

A brief description of each group of the PCC isegivbelow.

1. Geography and physiography
Catchment area:
Area of the catchment is easily derived for eacthefcatchments. The amount of water reaching the

outlet of the catchment mainly depends on its afidee model parametdBETA was reasonably
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related to area according to the studies by Bd206) and Seibert(1999). In the study of Wale
(2008) the area was relatedBRTA FC andLP with high significance level.

Longest flow path:

The longest flow path is one of the outputs in loatent delineation processes in ILWIS. This
indirectly is an indication of time for water toaeh the gauging station. Wale (2008) established a
reasonable relation betweEQ and longest flow path.

DEM mean:

Mean elevation is one of the frequently used PCQ iarobtained as an output in the processes of
delineation of catchment using SRTM DEM. DeckerB0@ mentioned that the elevation is highly
correlated to slope. Thus, necessary attentionldhmimade when establishing a relation between a
certain PCC and elevation as well as slope.

Hypsometric integral:
This indicates the distribution of elevation acrthes catchment and simply calculated as:

HI = Hmean_ Hmin [3_2]
H o — H

max min
where: Hmean— average altitude of the basin above mean sea[l®ay
Hmax— maximum altitude of the basin above mean sesl [y
Hmin — minimum altitude of the basin above mean seal ew]

Average slope:

Slope is one dominant factor that controls the whtev velocity where a high slope result in high
velocities that reduce the travel time of waterdgach the catchment outlet. A percentage slope map
was calculated using the function in ILWIS and gatésed according to the FAO slope classes.

Class a: Level to undulation, dominant slope rag@iom O to 8 percent
Class b: Rolling to hilly, dominant slope rangimgrh 8 to 30 percent
Class c: Steeply dissected to mountainous, domsiape over 30 percent

Catchment shape:
Catchment shape is not a widely used PCC. This BG&Bwever expected to affect the hydrological
processes at the catchment scale (Deckers, 20@6ydtermined through formulae [3-3].

SHAPE= Hiax = Hunin [3-3]

v AREA
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Circularity index:
The circularity index is calculated as the ratigpefimeter square to the catchment area.

2
Cl = L [3-4]
A

where P and A are perimeter [km] and area’[lofithe catchment respectively.

Elongation ratio:
Elongation ration represent how the shape of th@nbdeviates from a circle. It is calculated by
dividing the diameter of a circle with the sameaaas the catchment, by the length of the catchment.

gL =D¢ [3-5]
L

whereDc: is the diameter of the circle with the same ag#he catchmenit,; is the maximum length
of the catchment along a line basically parallgh® main stem.

2. Landuse
The characteristic land cover is one of the most BCCs when establishing a regional model. This

includes land cover type such as forest, grasslamghs and urban etc. It is a general concept that
deforestation increases the soil erosion, sincbanges the soil properties and infiltration rafidse
land cover map, which has been updated by LandBit+Eand evaluated based on field data, used
here was collected from ITC archives.

3. Geology and soil
Sail:

The soil map of the major soil groups of the catehtrtlassified as per the FAO soil group was used
for this study. This map was collected from the @partment of EMWR. The dominant soils are
described below.

Leptosols are extremely gravelly and stony. They can be ssen continuous rock in very shallow
layers. These are azonal soils and common in mmanis regions,

Luvisols are soils that have higher clay content in thessilithan in the topsoil as a result of
pedogenetic processes (especially clay migrateedihg to an argic subsoil horizon. These soilghav
high-active clays throughout the argic horizon.tker these soils have a medium to high storage
capacity for water and nutrients and are well &erat

Nitisols are deep, well-drained, red, tropical soils witfiuse horizon boundaries and a subsurface
horizon with more than 30 percent clay and moda@t&rong angular block structure elements that
easily fall apart into characteristic shiny, polgihie (nutty) elements. These soils have relativegh
content of weathering minerals and surface soil manytain several percent of organic matter, in
particularly under forest or tree crops.

Vertisols are churning, heavy clay soils with high propartaf swelling clays. These soils form deep
wide cracks from the surface downward when theyodity

All the above descriptions are taken from the FAD groups (WRB, 2007).
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4. Climate
Standard annual average rainfall

The most commonly used characteristic is the stahdanual average rainfall (SAAR) with respect
to the climatic PCCs. For this characteristic tladare frequently available. However this is not
commonly applied in other studies but in Decke0@) it proved to be a good indication for climatic
variability.

Mean precipitation wet season and dry season

It is observed that there are two clear seasonprémipitation in the region, with high rainfall idiog
June to September and low rainfall during OctobeMbay. Hence average daily rainfall in the wet
season and the dry season was selected sepaatdimate PCCs.

Average annual evapotranspiration

The average annual evapotranspiration also ha#isan distribution over the catchment and varied
from 1290 to 1450 mm/year. Kim (2008) has used thiaracteristics for the upper Blue Nile river

basin and got reasonable relation with model parenmeaised in his study. In this study average
annual evapotranspiration was used as a PCC.
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4. Methodology

The approach of regionalization was applied tonesie the flow of ungauged catchments. First, the
HBV model was calibrated against observed dischargietermine well performing parameter sets of
gauged catchments. Next, a relationship was manieeba the model parameters (MPs) and physical
catchment characteristics (PCCs) to establish theafled regional model that serves to estimate
model parameters for ungauged catchments. ThenH®¥ model was used to simulate the
discharged for ungauged catchments. Finally, thieemdavel simulation model of Lake Tana was
developed to increase our knowledge of the watkaniba of the Lake with the simulated ungauged
catchments runoff. In the following subsection aatiption of the procedure is given.

4.1. Model Calibration

Any hydrological model must be proven for its rbllay, accuracy and predictive ability. At the
initial run the model probably will not give satistory result as the input data do not reflectréz
world with enough accuracy. Hence every hydroldgitadel requires adjustment of the model
parameter values, hydrological influences and sé®s$n order to tune the model. The reliability of
the model can be improved by fine-tuning termed deiocalibration’ or simply ‘calibration’. The
procedure of adjusting the model input parameteraecessary to match the model output with
measured field data for the selected period andtsin entered to the model (Rientjes, 2007).

4.2. Approach of calibration

The process of model calibration in order to idgrithe optimum model parameter set is done either
by manually or by computer-based automatic proeegun manual calibration, the user adjusts the
parameters interactively in successive model sitimna. As this approach mainly depends on the
user's experience, only intelligent steps will bada through the parameter space that will be an
advantage. Some previous studies proved that thihad demonstrated good model performance
(Lidén and Harlin, 2000). However manual calibratis subjective and the parameter derived may be
prone to be bias due to involvement of user’s erpee. Also the process is very time-consuming
and it does not have clear point at which the cafibn process can be said to be completed. To
overcome these disadvantages, automatic calibreisbeen pursued. In automatic calibration model
parameters are adjusted automatically accordin@ tepecific search algorithm or optimization
algorithm that considers numerical performance messfor the goodness of fit. Further, automatic
calibration is fast with respect to manual caliltmatand the confidence of the model simulation can
be explicitly stated (Madsen, 2000).

In this study calibration of the HBV model was darging Monte Carlo Simulation (MCS) to select a
well performing optimum parameter set based onothjective functions, since the objective of this
study was to establish a robust regional modekratian to optimally calibrate the catchment madels
The MCS is a technique where through numerous neidellations with randomly generated model
parameter sets, an optimum value for the objedtimetion(s) is sought (Booij et al., 2007). For all
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selected parameters a parameter space was detdrthioeigh defining lower and upper boundary
values (Table 3-1).

4.3. Objective functions

In model calibration the model parameters have @ocatjusted until the observed natural system
output and the simulated model output show an daabplevel of agreement. This goodness of fit is
always evaluated through an objective function Whik selected based on several criteria. These
criteria should be selected properly to evaluafierint aspects of the hydrograph. Some critehniat t
were considered in selecting the objective functiothis study are as follows, see (Madsen, 2000):

1. A good agreement between the average simulatedlaeatved catchment runoff volume (i.e.
a good water balance)

2. A good overall agreement of the shape of the hyeiy

Based on these criteria relative volume error (R¥i) the Nash-Sutcliffe (NS) coefficient are used
as objective functions to evaluate model perforreanc

Relative volumeerror
The relative volume error (RVE) criterion is defihas:

n

Z (Qsim,i - Qobsi )

RVE=| -2 x100% [4-1]

; Qobsi

whereQsiny is the simulated flowQ,s is the observed flow; is the time stem: is the total number
of simulation time steps of the calibration peri®VE ranges betweerw-to +o where with a zero
value implies no difference between the simulatedi @bserved discharge. The relative volume error
between +5% and -5% indicate that the model peddrmell while relative volume error between
+5% and +10% or between -5% and -10% indicate rti@del perform reasonably. However, at the
same time the distribution of the discharge thraughthe calibration period can be completely
wrong. Therefore, this criterion should always ts=diin combination with another criterion that
considers the overall shape agreement.

Nash-Sutcliffe coefficient

The Nash-Sutcliffe coefficient (NS) is used to exé the overall agreement of the shape of the
simulated and observed hydrograph. NS measuresffibincy of the model by relating the goodness
of fit of the simulated data to the variance of theasured data. NS coefficient is defined accortting
the following equation:
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n

Z(Qsim,i - obsi)2
NS=1--12 [4-2]

n

Z (Qobs.i - @bs)2

i=1

whereQsim is the simulated flowQ,s is the observed flow(fbs: is the mean of the observed flow,

i: is the time stem: is the total number of time steps used duringhcation. NS can range between —

o and land a value of 1 corresponds to a perfeat@itmodel discharge to the observed discharge.
The NS value goes to 0 indicate that the modeliptieds are as accurate as the mean of the observed
data. When the value is less than 0 (betweerard 0) the observed mean is a better predicter tha
the model. This criterion is used frequently inieas studies and when values range between 0.6 and
0.8, the model performed reasonably. The modehid ® perform very good when the values is
between 0.8 and 0.9 and it perform extremely wédlemwthe value is between 0.9 and 1 (Deckers,
2006).

4.4, Determination of optimum parameter set

The MCS requires a feasible parameter space tondie the values for the objective function while
the HBV model simulates the discharge. Hence asugéed in section 3.4.1 sensible parameters and
the feasible parameter spaces were determined &8 M model calibration. In MCS there are huge
numbers of parameter sets generated randomly aisdnivt know for which parameter values the
model performs best. In order to evaluate whichapeter set performs best over the two selected
criteria, the value of each criterion was scaleerdkieir own range determined through the calibrati
runs. The NS value was scaled based on its minimndh maximum value and scaling was done
through equation [4-3].

CNs,i,n B min(CNs,i,mot)
maX(CNS,i,ntot) - min(CNS,i,ntot)

Clysin= [4-3]

whereC: value for the criterionNS,i NS value for specific catchment; calibration run number,
ntot total calibration runs.

Since RVE varies betweenc-and +o and performance is best at a value of 0, posithlees as well
as negative values may occur. For RVE scaling veterchined through equation [4-4].

- ma>+C RVE,,ntot

- ma>1CRVE,i,ntot

|CRVE,i,n

m|n|CRVEi ,ntot

Clrvein = [4-4]

whereC: value for the criterionRVE,i NS value for specific catchment, calibration run number,
ntot total calibration runs.

After having scaled NS values and RVE values, &mhecalibration run the lowest value among these
two were selected. This is shown in equation [4-5].
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C:Ii,n = min{C'NS,i ,n ’C'RVE,i,n} [4'5]
whereC’: scaled value of the criteria,specific catchmenty: calibration run number

Finally, the optimum parameter set for each catctineedetermined by selecting the highest values
of all selected minimum values as determined thnoeguation [4-5]. The best performed parameter
set was selected by equation [4-6] consideringgetivs criteria.

C. = max{min(C’ o))} [46]
whereC’: scaled value of the criterig,specific catchmentytot total calibration run number.

After determine the feasible parameter range,aétisdo determine the so called optimum run number.
In MCS, at the optimum run number it is assumed tf's examine the entire range of parameter
values. To determine the optimum run number theehegs run for Gilgel Abbay catchment by
increasing the run number starting from 500 rungaup0,000. In the mean time the average of NS
and |RVE] of the best 25 parameter sets was ctdula the decisive scale. The results are plot
against the run number (see Figure 4-1).
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Figure 4-1: Variation of average of best 25 NS and |RVE]| value agaimsnumber

The figure shows while increasing the run numberN$ and |RVE]| value come to a stable value. It
can be concluded that the parameter space is wathieed when the run number reach around
50,000 runs. Harlin and Kung (1992) also state thiaén the mean of the selected criteria shows
stability implies the parameter space is well exsdi Thus, for each calibration run number is fixed
to 60,000 and selected the calibration period fédr®1-1994 to 31-12-2000.

4.5. Establishing the regional model

The relation between HBV model parameters and PO&@vs us to understand and perhaps
quantitatively predict how a change in physicalpamies of a catchment will affect its hydrological
response (Mwakalila, 2003). In order to set upgiomal model to predict the model parameters in
ungauged catchments, a statistically significard hypdrologically meaning full relation should be
established between PCCs and optimized MPs. A#tarohining the MPs through model calibration
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and selection of physical catchment characteristissexplained in section 3.4, a method for
establishing the relationship is applied. The mmsnmonly used approach is through regression
analysis (Bastola et al., 2008; Booij et al., 20Biguvelmans et al., 2006; Kim and Kaluarachchi,
2008; Mwakalila, 2003; Parajka et al., 2005; XuQ2Pand this approach is used in this study as well
A problem in this study is the limited number ofdable gauged catchments. In principle increasing
the number of catchment will increase the religpiéind the efficiency of the regional model. It is

noted that in this study gauged catchments with RVBEetween +5% and -5% and NS value greater
than 0.6 were use to establish the regional model.

4.6. Regression analysis

A regression analysis is the application of a stiatl procedure for determining a relationship
between variables (Haan, 2002). In this procedue \@riable is expressed as a function of another
variable. The variable to be determined is ternfeddependent variable while others are called the
independent variables. In this study MPs were ta®nependent variable and PCCs were taken as
independent variables. With respect to regionabmatwo type of regression methods are applied.
One is simple regression method, which tries temeine a relationship between one independent
variable and a dependent variable. The other typalied multiple regression method, which tries to
assess multiple independent variables to expla&m#épendant variable.

Linear regression analysis

In this study linear regression is performed wigspect to each model parameter. To optimize this
simple relationship between MPs and PCCs the sigmi€e and strength of the relation was tested.
First the correlation coefficient)(was tested and in addition a t-test [eq. 4-7] performed.

rn-2 7
V1-r?

where te: t value of the correlatiom; correlation coefficientn: sample size.

t

_—

co

The following hypothesis was tested. The null hingsisH, and the specific hypothedi are:
Ho: The correlation between the PCC and model paemséet zerop = 0.

Hi: The correlation between the PCC and MP is nai,get 0

If t.or > ter the null-hypothesis is rejected (MP are associaitid PCC in the population)

In order to determine the critical valtig the degree of freedodf and«, a number between 0 and 1
to specify the confident level have to be deternhiiehe default value fat is 0.05 for 95% confident
interval. It must be note that the choice of lasdhrgely subjective. In this study a significéetel of

a = 0.1 was chosen to a two-tail test with n-2 degrefreedom. Using this information, figra value
of 2.132 was found (critical value from t distritant table). In order to determine at what value of
the hypothesis is rejected the test statistic wwhged. Result shows a value of 0.72, thggeater than
0.72 or smaller than -0.72 results in a significatationship.
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Multipleregression analysis

The second method applied was based on the mul@geession analysis to optimize the linear
relation with forward selection or backward remowsthod. Multiple regression is used to predict
MPs from several independent PCCs. The forwardyeagiproach the initially established regression
model, which incorporates the significant best RGICbe extended by forcing a second independent
variable in the regional model. This step will Eepted if the entry statistic (i.e. significanegdl,

a) of both independent variables is not exceedea. Sthtistical tools are used to choose the most
significant independent variable to be added. Fursome more steps are executed, until the last
added independent variable does not significarthtribute to the regression model. This equation is
selected for further use.

The other method is backward elimination method thapplied in the event if all available PCCs
exceed the entry statistic, i.e. at the first stepndependent variable could be added when agplyin
the forward entry method. This will terminate tlegmession analysis and no regression model would
be established. But in the backward removal metilbéxpected PCCs are forced into the model.
Then the statistical tools will assess the rematatistic (i.e. significance levak) and evaluate the
eligibility to remove independent variables frone tmodel. This will continue until the remaining
independent variables do not exceed the exit statidn this way the multiple regression model is
determined.

Ther?, the coefficient of determination, is not the onmgasure to rely on but also the significance of
the relation has to be tested. In order to tessifpaificance, the multiple regression equations loa
tested by a test of significance of individual dméénts or by a test of overall significance.

4.7. Test of significance and strength

A hypothesis test has to be applied in order terdane if the regression equation is significahis |
possible to test several hypotheses. But for east) assumptions have to be made and it is assumed
that the error terms;, are not correlated and normally distributed. Rerrtthey have an average of
zero and a constant variance. In this study thesanaptions were made and two hypothesis tests were
executed in order to test the significant of thgreesion equation. Those are null-hypothesis and
specific hypothesis. Further the strength of thtemieined regression equation is also tested?by r
called coefficient of determination. A detailed dastion of determination of significance of the
regression equation with hypothesis test and tteagth is described in Appendix E.
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5. Results and discussion

5.1. Results of model calibration

Since it is difficult to estimate values of modarameters from the field measurements, all the inode
ranging from parsimonious lumped to complex distidal physically based need to be calibrated. In
order to select an optimum parameter set, in thidysMCS as calibration method was used. The
HBV model was calibrated against the observed diggh by using the predefined parameter ranges
as explained in section 3.4.1. However at theahdalibration, several catchments out of the tofal
nine catchments resulted in poor model performamitk respect to the RVE. By screening the
observed discharge data several unreliable andosisudata are identified for respective catchments.
The methods described in Appendix B were adoptezbtoect those data points and corrected data
has been used for calibration.

After calibrating the model for the period from #9® 2000 best performing parameter set is derived
for each catchment with respect to the water balaand overall shape agreement of the observed
discharge using RVE and NS respectively as objectiinctions (see equation [4-1] and [4-2]).
Further by narrowing the parameter space some pdeasnare well identifiable. It can be observed
that model is most sensitive in small ranges oapeater space for particular model parameters while
model perform insufficient outside this range. Tet @n insight of well identifiable parameters a
scatter plot of decisive scaled values (see equdih]) against a priori selected parameter spdice
each MPs were made and Figure 5-1 shows seleajatl garameters for catchment Gilgel Abbay.
According to the results except fALFA, others are not well identifiable since the mogkiformed
equally well for each parameter value within theriari parameter space. An uneven distribution can
be seen from the scatter plot €, thus it is also defined as poorly identifiabledahe parameter
space remained unchanged for further calibratiothé case oALFA the scatter plot shows that that
model performed well for lower values. Hence theapseter space &LFA can be narrowed.

It is observed that for other gauged catchmentsd¢héer plots show the same coherence and in order
to assess all catchments at the same way the fobjoapproach is chosen to narrow the parameter
spaces:
¢ For each catchment the best 6,000 out of 60,000esabf the decisive scaled values are
derived. This for the reason that it is assumed tittagood model performance will be
realized when using a parameter set belongingptwoser decisive scaled value.
« Hereafter, for every model parameter the respegammeter values are determined from
which the minimum and maximum values of all 6,0@8tlruns are derived.
¢ These minimum and maximum values are used as daendary for the adjusted parameter
space.
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Figure 5-1: Scatter plot of decisive scaled criteria against modeameters

The above procedure is adopted for every catchneenarrow the parameter space. The posterior
parameter spaces for each catchment are showrbla Ga2 in Appendix G. The result showed that if

there is no major change in the parameter spagestaange of parameter space will not help to find

the best performing parameter set. The a prioamater spaces were maintained for further use.

It showed that when the run number is 60,000, tlizecparameter space was defined. But it can be
observed that in different calibration run differevell performed parameter sets can be found. To
reduce this parameter uncertainty, the proceduserepeated 15 times and an optimum set for each
run was defined. This was through a procedure letsag and averaging over the 25 best performing
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sets for each run. In the remaining of the procedtor remove the outliers the variance over the 25
values were defined and parameter values thatdigside the standard deviation were denied.
Graphical results of this procedure depicted iruFggh-2 indicate that parameters are not unique but
somehow converge to an optimal value. Finally thgnaum parameter set was selected again taking
the average of these 15 parameter values.
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This procedure was applied for all the catchmemid aptimum parameter sets were established.
Finally, the model was run and checked weatheNBieand RVE values are in acceptable range. The
model calibration results shown in Table 5-1 inthcthat the model performance of Ribb, Gilgel
Abbay, Gumara, Megech, Koga and Kelti catchmendssatisfactory with RVE within 5% and NS
greater than 0.6. In this case for Ribb and Keltchments rainfall was corrected by 20% and 18%
respectively.
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Table 5-1: Calibrated model parameters for gauged catchments (199432000

Gilgel

Ribb Abbay Gumara Megech Koga Kelti Gumero Garno Gelda
FC 309.03 434.39  349.86 193.04 730.05 196.62  469.23 221.25 141.14
BETA 1.23 2.08 1.31 1.56 1.34 1.60 1.10 2.58 1.20
LP 0.73 0.63 0.87 0.71 0.42 0.62 0.26 0.23 0.86
ALFA 0.31 0.24 0.25 0.29 0.41 0.28 1.08 0.27 0.51
KF 0.07 0.08 0.03 0.03 0.07 0.03 0.03 0.10 0.003
KS 0.10 0.09 0.07 0.09 0.05 0.10 0.13 0.11 0.15
PERC 1.09 1.02 1.44 1.47 1.63 1.53 2.32 161 141
CFLUX 0.60 1.09 0.72 0.79 0.74 0.83 0.39 1.35 1.00
NS 0.78 0.85 0.72 0.61 0.67 0.66 0.16 0.33 0.41
RVE% -1.61 -0.35 -2.44 2.91 -0.06 -2.00 0.01 0.00 -0.06

The result of the calibration was not satisfactimnycatchments with a relatively small area such as
Gumero (163.32kA), Garno (98.39kA) and Gelda (26.13kfh Hence these model parameters were
ignored in establishing the regional model. Walé0O@) mentioned that the time of concentration,
which is define as the length of time takes forewdb travel from hydrologically most remote point
to the outlet is relatively small and it is diffituo capture the quick runoff on daily time stdps
these catchments. Time of concentration is measacedrding to the following equation and the
basin time of concentration is shown in Table 5-2.

(5-1]

038
T, = 0.7[ L lC]

Js

where, T.: is the time of concentration [hrl: is the distance from the outlet to the centrahef
catchment [km],L: is the length of the main stream [km], S: is #iepe of the maximum flow
distance path (Dingman, 2002).

Table 5-2: Time of concentration for selected gauged catchments inLaka basin (Wale, 2008)

Gilgel

Catchment Ribb
atchmen i Ay

Gumara Megech Koga Kelti Gumero Garno Gelda

T [hr] 32.63 28.64 30.15 19.49 16.38 24.29 9.56 8.27 4.66

Further it was mentioned that those gauging stateme not placed at the catchment outlet, but at
some location upstream that has easy road accessuéh it is assumed that rainfall-runoff time
series of those catchments can not be considersthvisrthy. Figure 5-3 shows the model calibration
results of accepted catchments.
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Figure 5-3: Model calibration results of Ribb, Gilgel Abbay, Gumaragéeh, Koga (1994-2000) and Kelti
(1997-2000) catchments

5.2. Model validation

Representing the real world system by a model ambronay not be accurate, since the real world is
too complex. Models therefore are uncertain andeisocannot be stated reliable when only one field
situation is simulated. As such, it may occur thater different hydrologic stress conditions the
model doesn’t accurately represent the real wosthabiors despite the fact that optimal and
calibrated model parameters are used (Rientje)200
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Figure 5-4: Model validation results of Ribb, Gilgel Abbay, Gumara, Még&woga and Kelti catchment (2001-
2003)

The calibrated model is then run for the validatiming the time series of meteorological variables
that were not used for calibration. The model \aliwh period runs from 2001 to 2003 (see Figure
5-4). Table 5-2 shows the model validation resfntism 2001 to 2003.

Table 5-3: Model validation results from year 2001 to 2003

Ribb Gilgel Abbay Gumara Megech Koga Kelti

NS 0.87 0.85 0.79 0.51 0.65 0.67

RVE 3.55 -2.32 -9.87 2.87 -9.83 -5.30
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5.3.

Sensitivity of model parameters

To get a clear understanding of the model behawatir respect to the model outcome (i.e. model

hydrograph) a sensitivity analysis is performedctEaf the eight model parameters contribute to
conceptualizing the rainfall-runoff processes whathtogether result in simulating the hydrograph.

Therefore if we change one of the model paraméterfiydrograph will change. But every parameter
does not contribute the equal amount of changbddydrograph as described in section 3.4. When
trying to establish relationships between modelapeters and PCCs, it is most effective to

investigate the most sensitive model parametengh&umore, it is useful to understand the influence
of change in model parameter values on the hydpbgrenen evaluating the relationships. Figure 5-5
shows the sensitivity analysis for the Gilgel AbpbRibb, Gumara and Koga catchments.
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Kelti catchment
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Figure 5-5: Sensitivity analysis of Gilgel Abbay, Gumara, Ribb and Kalithments

With respect to the NS value, among the 8 modehmpeatersFC, BETA andKF act as the most
sensitive parameter and show non-linear model pedoce to these parametdr®. andALFA show
relatively high sensitivity and also the non-liné@haviour to the model performan&s, PERCand
CFLUX act as less sensitive parameters and show lepsnss to the model performance. The
changes td=C, BETAand LP largely effect the volume of discharge and shoghéi variation in
RVE, but not much effect from the other parametErgther, the change of most of the parameter
values resulted linear variation for RVE performanadicator.

Even though the relation between NS value with eespo the percentage deviation of parameter
values show parabolic shape, it is not symmetrithis can be explained by careful observation and
visual interpretation of the hydrograph produced éach deviation of sensitive parameters (see
Figures in Appendix J). For each model parameteiindication is given for which part of the
hydrograph a specific model parameter is most seesi

It can be observed that small valued=6f result in more responsive model behavidthis is due to
the reduction of storage capacity. This will resalt rapid drop of actual evaporation in dry seaso
as water is quickly release from the system (seearEiJ-1). Thus more water is released from the
system and resulted in positive values for RVE. Wtiee FC increases, the storage capacity will
increase and the model increases the actual evapor&uch causes delays in runoff response time
and also reduces the discharge. This gives negadives to the RVE. Further the model does not
behave the same way while the FC decreases oraseseWhe-C decreases, the model response
very quickly and show significant changes on thdrbgraphs that results in large changes in NS and
RVE values. But not such response is observed Wkkincreases.

Small values oBETA result in more infiltration from the soil moistustate to the quick runoff
reservoir. In this case the potential to generaveendischarge is higher (see Figure J-2). Hence it
shows rapid variation of RVE and NS values whileeduces. But this higher response is not visible
when increasing the value &ETA It responses smoothly and the changes in NS arid &e
relatively small.

It is observed that lower values ldP can result in lower discharges; due to the faatltP is a limit
where above the evapotranspiration reaches itsnfpatesalue. A high soil moisture storage the
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evapotranspiration reaches its potential value iantbtal more precipitation will evaporate (see
Figure J-3). This will give negative values for RMihen the value increases, the actual evaporation
reduces and the model releases more water to 8tensyBut in this case also the reduction and
increase of th&.P value does not result in similar model responsshows a different gradient for
RVE when decreasing and increasing liffevalue. In the decrement side ld? the gradient is low
and in the increment side of the LP the gradientwshsome higher value.

When changing thaLFA this affects the model performance with respe®i$ovalue, but such is not
clearly observed for RVE. When reducing tAEFA value, the model reduces the fast flow (see
Figure J-4) and wheALFA increases it produces quick flow faster. This @fehe shape of the
hydrograph and also affects the NS value.

In changing KF, the NS value shows asymmetricalalpalic variation and RVE shows linear
variation. Even though the variation of KF affetiie NS value considerably, it does not affect much
to the RVE. When reducing KF, the fast flow does nesponse well and also affects the hydrograph
(see Figure J-5) and peaks are not well simuld&at when increasing the KF, it responses well and
peaks are nicely matched. The model response eliffigrwhen reducing and increasing the KF value
and such causes the unsymmetrical curve for thedlifs.

5.4. Effect of land cover changes

In order to assess the sensitivity of the respofisiee catchments to changes in the land use rdifte

land use scenarios were generated and the modelLwassing the same meteorological input used in
the calibration and validation periods while opsed parameters were keep unchanged. Two
hypothetical land use scenarios were establishikd. fifst scenario was generated by reducing the
forest percentage to 10% as uniformly distributedeach catchment to investigate the impact of
deforestation on the runoff generation. The secerghario was used to investigate the effect of
intensified afforestation and it was generateddsuening that the 90% of the catchment was forested.

By visual inspection of simulated hydrographs ttlatarly indicate that strong deforestation has an
effect of increasing the peak flow to a considexadktent. (see Figure 5-6 and 5-7). Although the
peak flow was increased consistently for all rdindaents, the extent to which it was increased was
higher in the wet season than in the dry season.

Intensified forestation will increase the canopyeineption and part of the precipitation will not
contribute to runoff. Further it increases the $g@ration, water holding capacity and increaseaydel
of the quick runoff and overland flow. This willese the reduction of high runoff.
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5.5. Results regionalization
5.5.1. Simple linear regression

The correlation coefficient was established betw®&&8Cs and MPs in order to determine the
significance of each relationship (Table). When ¢berelation coefficient lies outside critical vahi

of -0.72 to 0.72, the corresponding correlatiosignificant. Thus, the null hypothesis is rejectied.
Table 5-4 significant correlation coefficients @resented in bold text.
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Table 5-4: Correlation matrix between model parameters and PCCs6faelected catchments; significant
correlation coefficients are in bold text

FC BETA LP ALFA KF KS PERC CFLUX

[mm]  [] [] [ [1/d]  [vd]  [mm/d]  [mm/d]
AREA -0.18 -0.01 0.49 -0.77 0.13 0.62 -0.82 0.07
LFP -0.17 -0.15 0.53 -0.51 0.25 0.52 -0.74 -0.16
MDEM 0.04 -0.58 0.33 -0.64 -0.11 0.66 -0.51 -0.51
HI -0.81 -0.03 0.77 -0.76 -0.44 0.77 -0.44 -0.07
AVGSLOPE -0.30 -0.48 0.39 -0.75 -0.31 0.92 -0.52 -0.45
SHAPE 0.65 -0.90 -0.42 0.12 -0.29 -0.04 0.43 -0.83
Cl 0.78 -0.37 -0.55 0.58 0.37 -0.46 0.28 -0.37
EL 0.54 -0.59 -0.32 0.59 -0.01 -0.48 0.57 -0.66
DD -0.74 0.23 0.64 -0.35 0.30 0.77 -0.83 0.06
CROPD -0.39 0.77 -0.04 0.35 0.10 -0.36 0.20 0.69
CROPM 0.47 -0.71 0.03 -0.52 -0.22 0.27 -0.16 -0.55
GL -0.18 -0.54 0.36 -0.19 0.08 0.61 -0.42 -0.67
URBAN -0.53 -0.19 0.42 -0.71 -0.72 0.59 -0.05 -0.13
FOREST 0.67 -0.61 -0.60 0.47 0.20 -0.09 0.23 -0.63
LEP -0.50 -0.36 0.20 -0.23 -0.59 0.57 0.14 -0.44
NIT 0.26 -0.31 -0.56 0.26 -0.49 -0.16 0.69 -0.26
VER 0.65 0.07 -0.73 0.81 0.18 -0.88 0.71 0.09
LUV 0.04 0.40 0.30 0.15 0.37 -0.55 -0.08 0.38
SAAR 0.45 0.52 -0.31 0.12 0.75 -0.29 -0.42 0.62
PWET 0.45 0.39 -0.21 0.07 0.73 -0.24 -0.46 0.49
PDRY 0.41 0.69 -0.45 0.20 0.71 -0.36 -0.31 081
PET -0.13 -0.11 -0.23 -0.09 -0.59 0.13 0.43 -0.05
5.5.2. Multiple linear regression

It is assumed that the use of multiple PCCs willegbetter relation than the use of only one.
Therefore relations between PCCs and MPs weresesésough multiple linear regression analysis.
This was done by the forward entry method and bacttwemoval method as described in section 4.6.

FC

FC[mm] corresponds to the maximum basin-wide watédihg capacity of the soil. The value BE

can be estimated based on soil type and the rodémgh of the predominant vegetation and can
further be refined in the calibration process (Hegtth and Bardossy, 2004). The snkdl values
imply shallow hydrologically active soil depths, iwh may be realistic given that bare rock covers a
substantial portion of the catchment areas in thhegéons (Merz and Bloschl, 2004). Zhang and
Lindstrom (1997) showed thaFC is correlated with climate, geological, geographi@and
hydrological conditions of the catchment. Merz @idschl (2004) revealed th&C has a positive
correlation with porous aquifers and tends to iasesthe storage capacity of the catchment. Seibert
(1999) found that there is a strong relation ineetn FC and lake percentage. Wale et al. (2008)
found thatFC has a negative relation with catchment area, leinif@wv path and average elevation of
the catchment.
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In this studyFC showed significant positive correlation with and negative correlation withl and
DD. The highest correlation is withl. The forward entry method was executed withas the initial
variable. There was no other significant varialilattimprove the strength of the relation and the
procedure was terminated. The regression equatandetermined with onlil with R® of 66.3%.
The statistical characteristics are shown in Takie

Table 5-5:; Statistical characteristics for the regression equation FC

FC = ,80 + ,81 [HI
Coefficient p-value ta Std error R
Lo 3520.82 0.0351 3.1317 1124.26 66.3%
e -6651.21 0.0487 -2.8032 2372.70
BETA

The HBV model covers a wide range of soil condiian the runoff generation function with
empirical parameter8ETA and earlier describeBC. BETA describes how the runoff coefficient
increases as the soil moisture approaches its imitater holding capacityBETAis thus more an
index of heterogeneity than of soil propertiesha basin. BETAvalue of zero implies that the basin
is entirely lacking in water-holding capacity inetlsoil, whereas a higBETAvalue indicates such
homogeneous conditions that the whole basin mayrdgarded as buckets that overflow
simultaneously when their field capacity is react@ergstrom and Graham, 1998).

The study done by Seibert (1999) showed BE&TA and catchment area has positive correlation.
Hundecha and Béardossy (2004) showed BT Acorrelated with soil type and land used. Merz and
Bloschl (2004) found thaBETAIs negatively related to elevation and topograptope. In the study
of Deckers (2006) significant relation could not desablished, and a backward elimination method
was used to establish two regressions equatiomsAwvéble, URBAN and URBAN and SAAR . In the
study of Wale (2008BETAhas significant positive correlation with catchrarea.

In this study, BETA was negatively correlatedidAPEand positively correlated 8BROPD As the
highest relation is wittSHAPE the forward entry method was executed includBiAPE as the
initial variable. The results of forward entry methshowed thaBETAis correlated wittBHAPEand
HI with R? of 96.02%. The statistical characteristics araxshim Table 5-6.

Table 5-6: Statistical characteristics for the regression equaB#irA

BETA= f3, + 3, LSHAPE+ 83, [HI

Coefficient p-value ta Std error R
Lo 7.551 0.0100 5.85 1.2918 96.02%
e -8.544 0.0429 -3.39 2.5233
5o -0.036 0.0034 -8.50 0.0043

LP

The next HBV model parameter in the soil moistusatine isLP that defines the minimum soil
moisture at which the full potential evaporatiokdas place from the soil water. By a soil moisture
belowLP the actual evaporation reduces linearly to zetd tive soil drains completely. In the study
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by Hundecha and Bardossy (2004 showed negative correlation with soil type. In tiesults of
Wale (2008)LP has significant relation with catchment area.hlis study LP has significant positive
correlation withHI and negative correlation witER The forward entry method was executed with
highly correlatecHI as the initial variable. This result showed thBtwas correlated téll andLUV
with R? of 91.1%. The statistical characteristics are showTable 5-7.

Table 5-7:; Statistical characteristics for the regression equation LP

LP =B, + B, [HI + 3, [LUV

Coefficient p-value ta Std error 2]
Lo -2.2435 0.0258 -4.13 0.5432 91.1%
e 5.8697 0.0133 5.27 1.1141
5o 0.0027 0.0471 3.26 0.0008

ALFA

In the response routine of HBV moddLFA is the measure of the non-linearity in the upper
reservoir. Booij (2005) indicated that small catelms with steep hills and low permeable soils
generally result in more non-linear behavior in tast flow mechanisms than large sub-basins with
flat terrain and high permeable soils. Hundecha Badlossy (2004) established a positive relation
with soil type and land use. But in the study of [8Vé€2008) and Deckers (2006) any significant
relation withALFA was not found and backward elimination was peréatnwale (2008) established
two regression equations with bare and hilly petage and logarithm of average altitude and bare
land percentage. Deckers (2006) established aiamlatith elevation, hypsometric integral and
permeability percentage. In this study.FA has significant positive correlation witiER and
negative correlation wit\REA, Hland AVGSLOPE. Therefore optimisation of the linealation
with forward entry method was executed initiatinghwariable AREA After adding the catchment
characteristidJRBANthe R? increased up to 95.1% and this regression equatanaccepted. The
statistical characteristics are shown in Table 5-8.

Table 5-8: Statistical characteristics for the regression equation ALFA

ALFA= B, + 3, | AREA+ 3, [URBAN

Coefficient p-value ta Std error R
5o 0.45233 0.0003 18.63 0.02428 95.1%
e -0.00009 0.0251 -4.17 0.00002
5o -0.73650 0.0341 -3.71 0.19865

KF

KF is the recession coefficient of the upper respaaservoir in the quick runoff routine of the HBV
model. The recession coefficient is determinedgi8ibFA and two additional parametédng [mm/d]
andkhq [d™] representing respectively a high flow rate amé@ession coefficient at a corresponding
reservoir volume [mm] (see Appendix D). In thisdstlKF showed significant simple linear relations
with URBAN (-0.72), SAAR(0.75) andPWET (0.73). The forward entry method was executed by
taking SAARas the initial variable. By adding other variabtesthe equation the strength was not
improved and the simple relation wiRf of 56.35% was accepted. The statistical charatiesiare
shown in Table 5-9.
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Table 5-9: Statistical characteristics for the regression equation KF

KF =3, + B, [SAAR

Coefficient p-value ta Std error R
5o -0.06555 0.3095 -1.16 0.05636 56.35%
ye 0.00009 0.0855 2.27 0.00004

KS

KSis the recession coefficient for the base flowtirmiin the HBV model and represents the slope of
linear behaviour of slow-flow of the catchment wittspect to excess water acquired from the quick
runoff routine. In the study of Seibert (199% is highly correlated with percentage of forest and
lake. KS is sensitive to soil type, land use, siad slope of the catchment according to the stodgd
by Hundecha (2004). In the study of Wale (2008)tlfis area any significant relation betwd€dand
catchment characteristics could not be establishedhis study KS has significant simple linear
relation withHI (0.77),AVGSLOPHE0.92) andVER(-0.88). The forward entry method was executed
by adding AVGSLOPE, which is the highest correlatadable, as initial variable. The strength of
the equation could not be improved by addition pteriables and the simple linear relation was
accepted with of 85.25%. The statistical characteristics araxshim Table 5-10.

Table 5-10: Statistical characteristics for the regression equation KS

KS= g, + B, AVGSLOPE

Coefficient p-value ta Std error R
,BO 0.0187 0.2093 1.49 0.0125 85.25%
e 0.0018 0.0086 4.81 0.0004

PERC

In the study of Merz and Bl6schl (2004) it was shathat PERCis negatively related to the river
network density and it was suggested that in catchsnwith few streams a larger portion of water
penetrates deep into the subsurface than is tleefoasatchments with a large river network density
According to Hundecha (2004) percolation is sewsito soil type. In the study of Wale (2008) a
significant simple relation with percentage of Lsols was established. In this stuBfERC has
significant negative relation witAREA(-0.82),LFP (-0.74) andDD (-0.83). By showing the highest
negative simple correlation witbD, that agreed to the arguments made by Merz arnstBI6(2004).
The forward entry method was executed by ad@iBgas the first variable and after includiS§AR,

R? increased up to 89.9%. The statistical charatiesiare shown in Table 5-11.

Table 5-11: Statistical characteristics for the regression equation PERC

PERC= 3, + 3, [DD + 3, [SAAR

Coefficient p-value ta Std error R
,BO 7.4926 0.0088 6.11 1.2266 89.9%
,81 -0.0128 0.0192 -4.61 0.0028

5o -0.0005 0.0864 -2.52 0.0002
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CFLUX

The paramete€FLUX, which also belongs to the soil water routine cdbgs the maximum capillary
flow from the upper response box to the soil maistaone. In this studZFLUX has significant
simple negative correlation wiBHAPE(-0.83) and positive correlation wiDRY (0.81). Therefore
optimisation of the linear relation with the forwlaentry method was executed wBtHAPEas the
initial variable. The results of the stepwise forvantry regression showed tl@ELUX is correlated
with SHAPE PDRY and PET with R? of 99.8%. The statistical characteristics are shawTable
5-12.

Table 5-12: Statistical characteristics for the regression equat@zflUX

CFLUX = f3, + 3, [SHAPE+ 8, [PDRY + B3, [PET

Coefficient p-value ta Std error R
Lo -0.2184 0.2689 -1.52 0.1441 96.27%
e -0.0082 0.0021 -21.86 0.0004
5o 0.3867 0.0019 22.63 0.0171
yés 0.0007 0.0184 7.28 0.0001

5.5.3. Validation of the regional model

The regional model is established to predict tlsettirge from the ungauged catchment. Prior to use,
this regional model is assessed by comparing tedigted and observed discharges from the gauged
test catchments. It is not possible to carry ofdrenal validation process as too limited numbers of
gauged catchments are available in this study. eéfber validation is done with simulated gauged
catchment for the period of 2001 to 2003. Wale 8Q&ed similar procedure to validate the regional
model in his study.

The established regional model was used to estithatmodel parameters of gauged catchment using
their PCCs. Next the discharge was simulated basedhe estimated parameter and the model
performance with respect to NS and RVE was evallafable 5-13 shows the parameters derived
from the regional model and the model performances.

Table 5-13: Validation of the regional model of gauged catchments #0661 to 2003
FC BETA LP ALFA KF KS PERC CFLUX

NS  RVE
[ [%]
Ribb 298.60 1.167 0.699 0.288 0.055 0.098 1.100 0.615 0.85 -1.32

Gilgel Abbay 33293 1989 0.720 0.247 0.086 0.084 1.127 1.099 0.83 0.13

Gumara 306.65 1.482 0.827 0.281 0.057 0.079 1.399 0.712 0.75 -22.77
Megech 201.20 1535 0.700 0.286 0.031 0.085 1.518 0.787 0.54 13.34
Koga 659.31 1.324 0.410 0.425 0.068 0.061 1.626 0.739 0.65 -1.12

Kelti 437.07 2.454 0.724 0.393 0.072 0.054 1.175 1.062 0.53 -42.03

46



UNGAUGED CATCHMENT HYDROLOGY: THE CASE OF LAKE TANA BASIN

5.5.4. Spatial proximity

The regression method is the most widely used nedjimation technique but alternative methods are
in use. The choice of catchments from which infdramais to be transferred is usually based on some
sort of similarity measure, i.e. one tends to ckeab®se catchments that are most similar to tleeosit
interest. One common similarity measure is spatiakimity, based on the rationale that catchments
that are close to each other will have a similaoffiregime as climate and catchment condition$ wil
only vary smoothly in space (Merz and Bldschl, 2004andewiele and Elias (1995) used a similar
approach to estimate parameters of monthly watenba model for 75 catchments from neighboring
catchments. In this approach the complete set afeingarameters is usually transferred from one or
more gauged catchments to ungauged catchmentse whilthe regression the parameters are
regionalized independently from each other. In thiigsdy parameter values derived for gauged
catchment in upstream areas were transferred tnstosam areas of ungauged catchment. Also
catchments which are not gauged or failed to belsit|ad were given parameters from a neighboring
catchment. Figure 5-8 shows the catchment reldgipout based on the spatial proximity method.
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Figure 5-8: Catchment relation layout in spatial proximity method

5.5.5. Area ratio

This method considers only catchment areas by asguthat the catchment area is the dominant
factor that controls the volume of water as produgog rainfall. The simulated annual average runoff
in gauged catchments showed correlation witi 5% for catchment area (Figure 5-9).
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Figure 5-9: Annual average runoff with respect to catchment area for gaugtetiroent from 1994 to 2003

Hence parameter sets of gauged catchments werddrard to ungauged catchments of comparable
area. Figure 5-10 shows the catchment relatiornutalyased on the area ratio.
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Figure 5-10: Catchment relation layout based on the area ratio

5.5.6. Sub-basin mean

The sub-basin mean represents the arithmetic mi€an &nd Kaluarachchi, 2008) of calibrated
parameter set of 6 catchments to simulate the filom ungauged catchment.
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6. Simulating lake water balance

6.1. Water balance

A water balance often leads to an understandirey lofdrological system. Several studies were done
to study the lake water level simulation and wékgance of Lake Tana (Gieske et al., 2008; Kebede
et al., 2006; Wale et al., 2008). Dingman (1994gn®eto a water balance as “the amount of a
conservative quantity entering a control volumeyia defined period minus the amount of quantity

leaving the control volume during the same periqdats the change in the amount of the quantity
stored in the control volume during the same tireeiqul”. The simple water balance equation is

formulated as follows:

A4S = Inflow - Outflow [6-1]

General water balance equation of a lake can btewras:

AS

E = (P + anuged + Qungauged+ GWn )_ (E + Qout + GV\{)ut) +Ss [6'2]

where,P: is lake areal rainfallQg.uged is surface water inflow from gauged catchmeéfgauges iS
surface water inflow from ungauged catchméesi\,: is subsurface water inflovE: is open water
evaporation from the lake surfad@,: is surface water outflowGW,,: is subsurface outflownss is
sink source term.

6.2. Water balance terms from observed data

According to the water balance equation there amynprocesses involved to the lake water balance.
Precipitation, inflow from gauged and ungauged luaent and subsurface inflow contribute to the
total inflow to the lake. Total outflow from thekia consist of open water evaporation, river outflow
from the lake and groundwater recharge. Figuredégicted the water balance component used in the
water level simulation model.

6.2.1. Lake areal rainfall

Seven meteorological stations within and aroundake were selected to calculate the areal rainfall
from 1994 to 2003 (see Figure 6-2). Inverse digtameighting functions were used to interpolate the
daily observation of these station to be convettedbtain areal coverage. A detailed description of
interpolation of rainfall is in Appendix B.
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Figure 6-1: Water balance component used in the water level simulationlmode

6.2.2. Open water evaporation

The main factors influencing evaporation from a ropeater surface are the supply of heat for
vaporization and the process of vapour transportadiway from the evaporative surface. The solar
radiation, wind velocity and the gradient of spiecifumidity in the air above the open water surface
are the major influencing factors. Even though éwaporation is one of the major component of
water balance of a lake, it is difficult to estimafurther direct measurement techniques are not
recommended for routine hydrologic engineering i@ptibns because they imply a time consuming
procedure requiring expensive equipment in orderotdain precise and carefully designed
experiments (John, 2006).

In this study the Penman combination approach basd@enman-Monteith method is applied which
is widely used as a standard method in hydrologicejineering applications to estimate potential
evaporation from open water under varying locatiad climatic condition. The Penman combination
approach is formulated as follows:

A

_ y i
S N [6-3]

whereE,: is potential evaporation that occurs from thes fveater evaporation [mm ddy R, is net
radiation exchange for the free water surface [nayi'ld A: is slope of saturation vapour pressure
curve at air temperature [kP&"] A: is latent heat of vaporization [MJ Kg y. is psychrometric
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constant [kPAC™], Ea: is the drying power of the air given as dydate (mm/day) (Vallet-Coulomb
et al., 2001).
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Figure 6-2: Selected meteorological station in and around Lake Tanatimate the areal rainfall from 1994 to
2003

E, = f(u)(e,-¢) [6-4]

where (e, —€)is the saturation deficit, different between théussted é,) and actual € vapour

pressure (mbars), f(u) is Penman'’s function of wanan by:
f(u) = 026(1+ 054U,) [6-5]
whereU, is the wind speed measured at 2m height (Valletk@ob et al., 2001).

Penman’s equation does not include heat exchartpetivé ground, and the deep energy loss G (from
the water surface into the bottom sediments) angecibn term have been ignored here. This
assumption is acceptable for monthly or daily eations in practical hydrological applications (Jphn
2006). To estimate the net radiati®,the following simplified equations are used.

R =R(-a)-R [6-6]

where,Rs: is short wave radiation: is surface AlbeddR.: is long wave radiation
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R, = ( 025+ 0.5%)& [6-7]

where,N: is maximum possible duration of sunshine houmufh n: is actual duration of sunshine
[hour], Ry is extraterrestrial radiation [MJ hday’].

Generally in calculating surface evapotranspirattmvalue of albedo, which represents the fraction
of incoming radiation that is reflected back to #tenosphere, is taken as 0.23 (FAO-56). However
river water is much more absorbent and less réflectThis will result in more solar radiation
absorbed by the water that as such will warm arapesate the water. The Albedo can be estimated
from a number of satellite sensors and Wale (2088} landsat ETM+ images to estimate the albedo
of the lake within the range of 0.05 to 0.062.

In this study Terra MODIS Level 1 product was acedifor the year 2000 and 2002 from the
LAADS Web (ttp://ladsweb.nascom.nasa.gov/data/search.ramdl used Surface Energy Balance
System (SEBS) in ILWIS to estimate the albedo. faitied description of the procedure of estimation
of albedo is annexed in Appendix F. Figure 6-3 shtlve variation of average albedo during the year
lies between 0.08 and 0.16. Other meteorologictd deas used from the Bahir Dar meteorological
station to estimate the open water evaporationduaton [6-3]. The results shows annual average
evaporation over the Lake Tana is 1563mm. If tHaesaf albedo is used as 0.06 through out the year
the evaporation will be 1670mm/year.
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Figure 6-3: Average albedo variation during the year

6.2.3. Surface water inflow

The water coming through rivers, streams and cuea Flows are considered as surface water inflow
to the Lake. There are four major gauged riversidating surface inflow contributing more than
93% of the total inflow (Kebede et al., 2006; W&608). The flow data from the gauged catchments
with reliable continuous daily flow data are comsigd directly to the simulation of the water baknc
and related lake level. The inflow from the ungaligatchment is considered separately for each
regionalisation method.
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6.2.4. Groundwater inflow and outflow

In the vicinity of the Lake Tana there is no growater monitoring data, hence the groundwater flow
from the lake and towards the lake is uncertainwéler, since the lake is located in a wide
depression of plato, it seems to have slight grouater flow towards the lake. In the report of SMEC
(2007) it is mentioned that some 80m thick clayetaynderlies the lake floor that prevents inflow or
outflow through the lake bottom. By considering titmove fact the groundwater component of the
water balance is assumed to be negligible anchizrégl in this study.

6.2.5. Lake out-flow

Daily water levels of the Abbay station at BahirrDare obtained from a database of the Hydrology
Department of MOWR and cover the period 1994 to320the daily outflow discharge data is also
obtained from the same way for the same period.

6.3. Model development

The above water balance components are integratsading to the equation [6-2] and Lake level is
simulated by area-volume and elevation-volume iaiahip determined by Wale (2008) and
Pietangeli (1990) referred by SMEC (2007). A compuwdtode was developed to simulate the water
level of the Lake by calculating the water balanoeponent in terms of volume. The initial volume
of the lake was fixed according to the observea Ievel and the initial lake area was calculated
accordingly. This area is used to calculate the kateal precipitation and open water evaporation as
both of them are defined as a function of lakeastefarea.

Viakeiy = Viakeiog TAS [6-8]
Viake(y— Lake volume at day i
Viakei-1y— Lake volume at day i-1
AS — Change in storage at day i

E =P+ anuged + Qungauged_ E- Qout [6-9]

Following equations (6-10 and 6-11) shows the lattyic relation derived in the previous studies.
Polynomial fitted bathymetry by Pietrangeli (1996ads:

E =108x107°V? + 388x10™*V +177558

[6-10]
A=62x10"°V? +172x107%V + 25163
Polynomial fitted bathymetry by Wale (2008) reads:
E=121x10"V? - 102x10°V? + 62x107V +177463 (6-11]

A=793x10™V?® - 581x107°V? + 165x107V +114751

The schematic view of the water balance simulatimael is shown in Figure 6-4.
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Figure 6-4: Schematic view of lake water level simulation model
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6.4. Results of water balance

Based on the above mentioned procedure the watrdéthe Lake Tana was simulated based on the
bathymetric relation and the river discharges tlstimated from ungauged catchment by

regionalization. Figure 6-5 shows comparison o€llvel simulation based on Pietrangeli (1990) and
Wale (2008). Results are shown in Table 6-1.

Table 6-1: Results of NS and RVE for selected bathymetric relation

NS RVE (%)
Wale (2008) 0.92 -2.17
Pietrangeli (1990) 0.60 -3.21
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These results shows that the bathymetric relatenveld by Wale (2008) give good results that as
such used to evaluate the reliability of differeggjionalization techniques.
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Figure 6-5: Lake level simulation based on bathymetric relation ddrfvem Pietrangeli (1990) and Wale
(2008)

One of the uncertain components of the Lake Tan@maalance is the discharge from ungauged
catchments. The discharges of ungauged catchmenestimated using four different regionalization
techniques that are used to simulate the watet femgtuation using the result of Wale’s interpaedt
bathymetry (see Figure 6-6). Among the four redi@ation techniques, regression method gave the
best results and the worst was by sub-basin me#moohe
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Figure 6-6: Comparison of simulated lake level in different regionaliratechniques

Except for the regression method, other regionttimatechniques show large deviation with
observed lake level and simulated, that graduallygase over the simulated period. Hence the result
from the regression method is used to calculate_tke Tana water balance component and results
are shown in Table 6-2. It shows that the balahasuce term is as large as 85mm. This error of the
water balance is 2.7% of the total lake inflow ahd lake relative volume error is 2.17%. These
errors may be due to uncertainty in lake-groundmiateraction, uncertainty in estimating open water
evaporation and lake areal rainfall, runoff fronuged and ungauged catchments.
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Table 6-2: Lake Tana water balance components simulated from 1994 to 2003

Water balance components mm/year MCM/year
Lake areal rainfall +1347 +4104
Gauged river inflow +1254 +3821
Ungauged river inflow +527 +1605
Lake evaporation -1563 -4762
River outflow -1480 -4508

Closure term +85 +260
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7. Conclusion and recommendation

7.1. Conclusion

The main objective of this study is predicting tiages at the ungauged catchments as accurate as
possible. Therefore, the research has been exeasiad classical approaches of regionalization
techniques with the following steps:
+ First best performing model parameter values weeatified by calibrating the HBV model
against observed discharge in daily time stepgdoiged catchments.
+ Secondly select regionalization techniques werelieghpto transfer model parameter to
ungauged catchment by
o Establishing relationship between calibrated mogatameters with climatic and
physiographic data: jointly call the regional model
o Transferring model parameters based on the spatidhrity of the catchment
o Transferring model parameter based on the sinylafiarea.
0 Taking overall basin average of model parameters.
¢+ Next the model parameter values at the ungaugetiroents were estimated.
¢+ Finally daily water level fluctuations of Lake Tamere simulated in order to get insight
which regionalization method performs best to medischarges from ungauged catchments.

To determine the optimum parameter set, an appnevashintroduced which comprehends application
of Monte Carlo simulations using a composed mudtipbjective function (MOF). In order to assess
the model performance, two single objective funwidSOFs) were incorporated in the MOF with
each evaluating a particular aspect of the hydpigrahe two selected SOFs are the commonly used
Nash-Sutcliffe coefficient (NS) and the RelativelMae Error (RVE).

A review of previous studies was carried out taeesehppropriate model parameters for calibration
since in this study it is tried to establish a rstoregional model which addresses all aspectsef th
hydrograph. As such efficient and effective modatameters have to be selected. Based on the
gained information, in total 8 model parameterssaiected which aré&:C, BETA, ALFA, LP, KIKS
PERCandCFLUX Based on the sensitivity analysis on this st§@ PERCand CFLUX show not
much effect to the model performance with respedidth NS and RVE performance indicatdf€.,
BETAandLP show significant effect to the model with respecboth performance indicators. Hence
in case of establishing regional model more atbentvas paid to the sensitive parameters.

Among the 17 river gauging stations in Lake Tansirhad of them have continuous river discharge
data for 10 years from 1994 to 2003 and have arealpancy of 40.2% of the basin. Out of these
nine gauged rivers, only six of them have repregest river flow data that can be simulated with a
reasonable performance of NS value greater thamd6RVE within +5%. These catchments cover
38.3% of Lake Tana basin.
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Four regionalization methods were used to estirtfegeriver discharge from ungauged catchments.
Those are regression method, spatial proximity otktlcatchment area ratio method and sub-basin
mean method. Through application of single lineegression analysis and subsequently multiple
linear regression analysis, for each model paraneetggnificant and relatively strong relationship
was established. Simulation of lake level showssfaitory results for discharge predicted by
regression method with 2.17% relative volume eamd 0.92 NS value. The results of water balance
simulation show gauged catchment river inflow ob4&m/year, ungauged catchment river inflow of
527mml/year, lake areal rainfall of 1347mm/yearglalpen water evaporation of 1563mm/year and
lake outflow of 1480mm/year. The closure term isagied as 85mm/year and it is 2.7% of the total
annual lake inflow from rainfall and river inflow.

It is observed that effect of land used changescoasiderable effect to the peak runoff and it is
concluded that intensive forest in a catchmenteigrgffects reduction of flooding event.

7.2.

Recommendations

To further enhance the result of the regionalizatamd the subsequent lake level simulation the
following recommendations are formulated.

It is observed that the parameters PERC and CFLU¥is study do not show significant
effect to the model performance and it can be igdovhen applying the HBV model to
another regionalization study.

The various causes of rainfall in Ethiopia leadatevide range of rainfall distributions in
space and time. Available rainfall stations howeater not well distributed to represent these
rainfall events. As such the use of remote sendatg to estimate areal rainfall should be
further explored.

Remote sensing is often claimed to be effective dalibration purposes in hydrological
modelling and more specific in stream flow modeli this respect to make use of observed
soil moisture by remote sensing for model calilmatpurposes the HBV computer code can
easily be adjusted.

A study of more advanced automatic model calibretéxhniques is recommended.
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List of Acronyms

AAE Annual average evapotranspiration

ADT Average daily temperature

ALFA Parameter defining the non-linearity of thaaurunoff reservoir in the HBV model

ALFA Response box parameter

BETA Parameter in soil moisture routing in the HBdel

DEM Digital elevation model

FAO Food and agriculture organization

F-test Value which indicates the significance lesfethe regression equation

HBY Hydrologiska Byrans Vattenbalansavdelning (HydrataBureau Water balance
section)

IAHS International Association of Hydrological Seaes

ID Inverse distance

ITCZ Inter-Tropical Convergence Zone

KF Recession coefficient upper zone

KS Recession coefficient lower zone

LP Limit for potential evapotranspiration

MCS Monte Carlo Simulation

MOF Multi objective function

MoWR Ministry of water resources

MP Model parameter

NMA National Meteorological Agency

NS Nash-Sutcliffe coefficient

PCC Physical catchment characteristics

PE Potential evapotranspiration

PERC Percolation from upper to lower zone

PUB Prediction in ungauged basin

RVE Relative volume error

SMHI Swedish meteorological and hydrological ingtt

SOF Single objective function

SRTM Shuttle Radar Topography Mission

Statistical hypothesis test in which the test st has a student’s t distribution if the

T-test .
null hypothesis is true
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Appendix A: List of previous studies

Table A-1: A list of previous studies related to parameter ediionain ungauged basins, after Kim (2008)

Study Year Mode? PCCP M ethod
Jarboe and Haan 1974NYM 6, 10, 11 Regression
Magette et al. 1976 KWM 2,6,8 Regression
Lall and Olds 1987 Mass Balance 1,3,4,5,6 Regression
Hughes 1989 OSE2 7,9, 10 Regression
Servat and Dezetter 199REC, GR3 3,10 Regression
Vandewiele and Elias 1995MWB Proximity, Transfer
Xu 1999 MWB 7,9, 10 Regression
Fernandez et al. 2000Abcd 9 11 Regression, Regional calibration
Yu and Yang 2000 HBV 1 Flow duration curve
Yokoo et al. 2001 TANK 1,9, 10,11 Regression
Kokkonen et al. 2003 IHACRES 2,57 Mean, Regression, Transfer
Mwakalila 2003 DBM 1,3,6,7,9, 10 Regression
Xu 2003 NOPEX 9,10 Regression
Hundecha and
Bardossy 2004 HBV 1,2,7,9,10 Optimization of transfer funetio
Mean, Preset, Regression,
Merz and Bloschl 2004 HBV 3,5 7,9 Transfer, Proximity
Mean, Proximity, Regression,
Parajka et al. 2005HBV 5,6,7,9,10, 11 Similarity
Heuvelmans et al. 2006SWAT 6,7,9, 10,11 Regression, Neural networks
Wagener and
Wheater 2006 RRMT 3,7,9 Various regressions
Bardossy 2007 HBV 1,2,7,9,10 Transfer
Boughton and Chiew 2007AWBM 3,4,5,10,1 Regression
Global mean, Sub-basin mean,
Multiple regression,
Regional calibration, Aggregate
Kim and Two layer WB 1, 2, 3, 4, 5, calibration, Volume fraction,
Kaluarachchi 2008 model 7,8,9, 10 Lumped calibration
1,2,3,5,6, Multiple linear regression
Bastola 2008 TOPMODEL 11 Neural network

®See the reference for further details
PPCCs selected for the regional relationships irréierences. 1=Drainage area, 2=Basin shape,
3=Precipitation, 4=Temperature, 5=Basin elevatsrChannel density or length, 7=Basin slope,
8=Channel slope, 9=Soil type, 10=Land use, 11=Ggolo

64



UNGAUGED CATCHMENT HYDROLOGY: THE CASE OF LAKE TANA BASIN

Appendix B: Data assimilation

Precipitation, evapotranspiration and temperatueetfee input variables for the HBV model. These
data are gathered from National Meteorological Age(NMA) in Ethiopia and ITC archives. The
observation stations and the observed durationshtenen in Table B-1.

Table B-1: Meteorological stations and the available time series of meskedata

Wind Speed
Rainfall RH Sunshine Tmax Tmin [2m]
Adet 1994-2003  1994-20031994-2003 1994-2003 1994-2003  1994-2003
Sekela 1994-2003
Dangila 1994-2003 1994-20031995-2003 1994-2003 1994-2003  1994-2003
BahirDar 1994-2003 1994-20031994-2003 1994-2003 1994-2003  1994-2003
Zege 1995-2003 1995-2003  1995-2003
D_Estifanos 1994-2003 1998-2003  1998-2003
Delgi 1994-2003
Aykel 1994-2003 2001-2003 1994-2003 1994-2003 2001-2002
Gorgora 1994-2003
Gondar 1994-2003
Enfiraz 1994-2002 2004-2006  2004-2006
AddisZemen 1997-2006 2004-2006  2004-2006
D_Tabor 1994-2003 1994-20031994-1997 1994-2003 1994-2003 2004-2006
N_Mewicha 1994-2003  1994-20031995-2003  1994-2003 1994-2003  1995-2002
1994-1995,
1997,

Ayehu 1994-2003 2002-20032002-2003 2001-2006  2001-2006 1995-2003
Yetmen 1994-2003 1998-2003  1998-2003
Enjebara 1994-2006

Among these observation, data series were preparethe input variable as per the following
procedures since those data sets include manymgiasd incorrect information.

B.1-Precipitation

Among these stations 16 stations were selected-diogoto the availability of observed data for the
period of 1994-2003. Each data series was congistimissing data for one day to several weeks.
Following three methods were used to calculatenissing values for each data series.
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B-1.1 Station-average method
In this approach, As computed as the simple average of the valudeatearby gauges.

Py O

== B-1 2

Po =5 ; P, [B-1] S
Po
where.py: missing gauged reading, O o
pig surrounding gauged stations Pe Ps

P4
Q

Figure B - 1 Map showing gauge location

B-1.2 Normal-ratio method
In this approach the value was estimated at thegeghuwith missing data by weighting the
observations at the G gauges by their respectinaaraverage values, Pg

G

15k
== -2 B-2
Po G; PP [B-2]
where, p0: missing gauged reading, PO: the annwerbbge precipitation at the gauge with missing

value, Pg: the annual average precipitation

B-1.3 Regression
Linear regression relation was established withatberage rainfall Vs rainfall of the missing statio

Po =5+ :816 [B-3]

where. p: missing gauged readin@y, B1: regression constant calculated by conventioragtiequares

regression methodf): average rainfall of surrounding stations.

B-1.4 Rainfall interpolation

Areal rainfall over the catchments is estimatediryerse distance weighting method. The rainfall
intensity at a point P(x,y) out of the rain gauged work is inversely proportional to distance. The
power parameter m controls how the weighting faotdiuces as the distance from the reference point
increases.

01
=P

P

1
Zar

i=1

[B-4]

where, P is areal average rainfall, Ps: is rainfall meaduat sub region, di: is distance of station
from the region centre, m: is distance weightsmumber of meteorological stations.

66



UNGAUGED CATCHMENT HYDROLOGY: THE CASE OF LAKE TANA BASIN

B-2 Evapotranspiration and mean temperature

In order to calculate potential evapotranspiratt@mman-Monteith formula was used with variables:
maximum and minimum temperature, relative humiditind speed and sunshine hours. Among the
available meteorological stations 6 stations wellected according to the data availability for the
duration of 1994-2003. There were large amount iskimg data exist for these four variables. The
method described in section A-1.3 was used to ksitad regression model for each variable, thus to
predict the missing value accordingly. Several comions were tested to get the highest correlation
and that equation was used to calculate the misgahges. Figure A-2 showing the relationship
between average temperature of surrounding statindsmissing station. This experiment was done
for the other variables as well and regression nads established in order to calculate the missing
values. The outliers were detected by potting #wduals with respect to the mean of the data set.
Again these outliers were corrected according ¢éorétgression equation.
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Figure B - 2 Correlation between average temperature and station teatyre
Mean temperature is calculated by the followingatiun:

Tmean = %(Tmax +Tmin)
[B-4]

B-3 Observed dischar ge data

An important variable for the HBV model is obsenadidcharge data. These discharges are used to

calibrate the model parameters. These data setscaissist of missing observations. The following

procedures were applied to fill certain gaps ofdhserved discharge data.

B-3.1 Interpolating discharge gaps for short duration
Unlike rainfall, stream flow shows strong seriatredation; the value on one day is closely related
the value on the previous and following days espcduring periods of low flow or recession.
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When the gaps in the records are shorts (less2hdays), during the period of low flows, a linear
interpolation technique was used to fill gaps befwthe last value before the gap and the firstevalu
after it. During this operation rainfall values wealso examined to check weather there are any
significant change occurred during these days.heuarthe hydrograph of that station was inspected
graphically with the neighbouring station to enstinat there are no discontinuities in the flow
sequence over the gap.

B-3.2 Interpolating gaps during recession

During the period of recession the flow merely defseon surface and sub-surface storage rather than
rainfall. On this period the flow exhibits a pattesf exponential decay curve. When the gaps exist
during the long recession periods, interpolatiors wlane between the logarithmically transformed
points before and after the gaps.

The slope of the logarithmically transformed flogcessiong (also called a reaction factor) from the
last value before the gap QtO at time tO to thst flalue after the gap Qtl at time t1 is shown in
equation [B-5].

INQ, -InQ,
a = 0 1
Lt [B-5]
The reservoir coefficient k is defined as ke1/
Hence discharge Qt at time t within the gap isuated by equation [B-6]
t-t
Q= Qt0 exp(- 0)
k [B-6]

B-3.3 Detecting unreliable and spurious data

Screening was done in order to identify the unbddisand spurious data in the observed discharge
time series. The visually identifiable unreliabledaspurious data sets were described in sectioa 2.2
in Chapter 2. Further analysis is described heiidentify the outliers and unreliable individualtda
points during the high rainfall period.

First the incremental or decremental differencepretipitation AP) and observed discharged) is
calculated for each consecutive time steps accgriirthe equation [B-5] and [B-6]. Then the ratio

AP

E was plotted against the time for the entire dora{il994-2003) (Figure B-3 and Figure B-4).

[B-5]
AQ = Qt _Qt—l [B-6]
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AP
The majority of value for rati(iA—Q| lies within certain interval (this interval mayarige from basin

to basin) commonly the ratios are close to zerbsbme points are appeared as outliers. Thesespoint
are selected and observed in the time series véfipect to the rainfall events and adjusted
accordingly.
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Figure B -3: Showing the4P|/4Q ration during 1994-2003 for Ribb catchment
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Figure B -4: Showing the4P|/4Q ratio during 1994-2003 for Gilgel Abbay catchment
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Appendix C: General procedurein DEM hydro processing

SRTM DEM Version 4.0 90m
resolution can be downloaded

from http://srtm.csi.cgiar.org/ — E
SELECTION/inputCoord.asp

Removes local depressions of
single or multiple pixels from a
DEM

Determines into which
neighboring pixel any water in a

Fill sink

»

Local
depression free

A

central pixel will flow naturally.
Calculation can be done based on
steepest slope or lowest height
method

Performs a cumulative count of
the number of pixels that —
naturally drain into outlets

Threshold map

Extracts a basic drainage network

Maximum
drainage length

1. Examines all drainage lines in
the drainage network map, 2.
Finds the nodes where two or
more streams meet, 3. Assigns a
unique ID to each stream in
between these nodes

Catchment will be calculated for
each stream found in the output
map of the Drainage network

ordering operation. The operation
uses a Flow direction map to

determine the flow path of each
stream

Merge adjacent catchments, as
found by the Catchment
extraction operation. In fact, new

Flow direction

map

0

Flow direction

< map

Flow accumulation

»

0

Flow
accumulation

Drainage network
extraction

map

0

Drainage map

Raster drainage

v

Drainage network
ordaring

network ordering

Segment drainage

.| Attribute table

network ordering

-

Catchment

Catchment extraction

raster map

Catchment

utlet location

point or Shreve

or Strahler
arder.

»| Atribute table

polygon map

\/_\

catchments will be created on the
basis of the Drainage network
ordering map and its attribute
table

Catchment merge

attribute table

Longest flow path
segment map &

Legend

owa ||

Document

Manual input

link attribute

Masked stream
network map &

attribute

atchment raster,
N polygon map &

Ensured that a flow direction will
be found for every pixel in the
map, and water in any pixel will be
discharged into outlets towards the
edges of the map

The output map contains flow
directions as N (to the North), NE
(to the North East) etc,

Contains cumulative hydrologic
flow values that represent the
number of input pixels which
contribute any water to any
outlets: the outlets of the largest
streams, rivers etc. will have the
largest values.

Shows the basic drainage as pixels
with value True, while other
pixels have value False

Every stream segment obtain its
own ID. Attribute table contain
various characteristic of the
stream line.

Every polygon obtain its own ID.
Attribute table contain area and
perimeter of the catchment, total
upstream area.

Raster and polygon map of
merged catchments. Optionally
Longest flow path segment map
and Extract stream segment and
attribute relevant to merged
catchment
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Appendix D: HBV model setup

The HBV hydrological model has a long history anel imodel has found applications in more than 50
countries. Its first application dates back toehaely 1970s. Originally the HBV model is develoed
the Swedish Meteorological and Hydrological Inggt(SMHI) for runoff simulation and hydrological
forecasting, but the scope of applications hassmed steadily. For instance it has also beenfased
studies about the effects of climate change. Théeaibas also been subjected to modifications over
time, so more specific situations could be addiksse

Experience has shown however, that the standasioveof HBV had some major drawbacks which
are outlined in Lindstrom et al. (1997). Therefaree-evaluation has been carried out and a new
model version has been developed. The HBV-96 maddhe final result of this model revision
(Lindstrém et al., 1997).

However, the HBV model is not used in the interfegleased by the SMHI. The computer language
FORTRAN and MATHLAB is used and several reasonsenpith this decision. When using computer

codes, adjustments to the model can be made whighnat possible in the regular interface.

Adjustments which benefits this study such as thethod used for calibrating the model and

evaluating the performance of the model. Monte &€&imulation (MCS) was embedded in the

computer code in order to perform automatic calibra Previously written computer code by M.J.

Booij was adjusted to suit the catchment topologyl aelevant analysis as the catchment are
calibrated individually and no routing routine iskiedded since the catchment are not connected.

The model consists of 6 modules, which are:

Precipitation accounting, representing rainfalpwraccumulation and melt;
Soil moisture routine, representing actual evapsjpaation;

Quick runoff routine, representing quick flow;

Base flow routine, representing slow flow;

Transformation function, representing slow flowajednd attenuation;
Routing routine, representing flow through riveackes.

o gk whE

In HBV model runoff is generated using three mettamgical forcing such as precipitation,
temperature and potential evapotranspiration. Tlelet's basis is referred to catchment that by
themselves can be divided in a number of sub-caaltsn The model is semi-distribute, since
differences can be made between areas with diffextitudes and geographical zones in terms of
forest or field.

D-1 Precipitation accounting

Precipitation is one of the main inputs for the HBNbdel out of the three main variables in
simulating runoff processes. Other two variablese amean temperature and potential
evapotranspiration. Daily time step of data sewese used for all the input variables in this study
but if desirable even smaller time step can alssdbe
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Precipitation

Evapotranspiration

A
Snow melt:
Py, =CFMAX(T-TT) [D-1]
Precipitation — Snow — Snowmelt-p»| Water
Accounting Refreczing:
_Ar | P,=CFR.CFMAX (TT-T) [D-2]
Ea = (SM/LP.FC)Ep [D-6] L — — —Refreezing— — — 1
Direct runoff Infiltration IN=P~-DR [D-4]
DR =max{(SM+P—-F(C),0} [D-3]
v
Soil moisture
routing — Soil moisture storage
Capillary rise Seepage
Cf= CFLUX(FC-SM/FC) [D-8]
. Quick flow reservoir —
Q0= Ky UZ"H 9]
A 4
Base flow .
routirg Base flow reservoir —
Qs 0/=K,.LZ [D-11]
A 4
Q,+Q, weight Q
Transformation
MAXBAS
time " axbas  time time
v
Routing
routine LAG/DAMP

A

Sub basin streams
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Figure D-1: Schematisation of HBV model structure
The temperature is used for calculations of snogumtlation and melt, but when desired it can be
used to adjust the potential evaporation (Lindstetral, 1997; IHMS, 1997). In order to define
precipitation as rainfall or snow, a threshold eais used, TT°C]. When temperature, T°C],
becomes smaller than the threshold value, raidfkeolves to snow. Interaction between these two
components takes place through snowmelt and réfigzespectively shown in equation [D-1] and
[D-2].

P, = CFMAXx (T =TT) [D-1]
P = CFRxCFMAXX(TT -T) [0-2]
where, CFMAX: melting factor [nmt°C?], CFR: refreezing factor [-]

D-2 Soil moistureroutine

One of the main parts in the HBV approach is thié moisture routine that controls the runoff

formation. Three main output components are geeérfiom this routine. Those are direct runoff,

indirect runoff and actual evapotranspiration. Fe@mch sub-catchment the runoff is generated
independently as they have specific parameter safae soil moisture accounting procedure and
response function.

Direct runoff

The unsaturated top soil layer is represented bysthil moisture reservoir and the volume of thé soi
moisture,SM[mm] in the catchment is computed using the precipita’[mm/d] as an input which
is supplied by the precipitation accounting progedwntil the maximum soil moisture storage,
FC[mm], is not exceeded, the precipitation infiltrate®ithe soil moisture reservoir. If the maximum
soil moisture value is exceeded then precipitatwihdirectly contribute to the runoff)R[mm/d] as
shown in equation [D-3]:

DR =max{(SM+ P -FC)0} [D-3]

The volume of infiltrating watedN[mm/d] is calculated from the output of equation [D-3kown
by the equation [D-4]

IN = P-DR [D-4]

I ndirect runoff

The infiltrated water generally separated into temnponents. It can be replenished the soil moisture
state or it will seep through the soil layer, whistparameterized by rechardggimm/d] This indirect
runoff, R through the soil layer is determined by the amainfiltrated water,IN and the soil
moisture contentSM through a power relationship with parame®&TA[-]. This relation is shown in
equation [D-5].
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BETA
R=IN (S—Mj [D-5]
FC

This relation between the parameters state thanwthere in no infiltration occurs, no indirect
discharge is generated. Further while increasimgsitil moisture content the indirect discharge is
increase and when its come up to field capacitthallinfiltration will contribute to the recharge.

Evapotranspiration

In the soil moisture routine actual evapotransmratEJ/mm/d] is related to the measured potential
evapotranspiration, soil moisture content and patarhP which is a soil moisture limit lies between
0 and 1, beyond that value the actual evapotraamtsmir occurs at potential rate. This relation is
shown in equation [D-6] and [D-7].

E, = _SM_ e if SM < (LP.FC) [D-6]
LPxFC) "

E,=E, if SM> (LP.FC) [D-7]

D-3 Quick runoff routing

The runoff generation routing is represented asspanse function which transform excess water
from the soil moisture zone to runoff. In the mod&iucture upper non-linear and lower linear
reservoirs are included to represent this respéumsetions. The quick flow and the slow flow are

represented by these reservoirs. The upper noarlineservoir is managed by the quick runoff
routine. Generally three components can be disishgd in this reservoir. Those are percolation to
the slow flow reservoir, capillary rise back to #@l moisture reservoir and quick runoff.

Percolation

The direct runoff,DR and indirect dischargé® will entered together to the quick runoff reservoi
from which a specific amount transfer to the unged base flow runoff reservoir is called
percolation,PERC[mm/d].Percolation will only occur when there is excesger available in quick
runoff reservoir.

Capillaryrise

The next component in the quick runoff routineapitlary flow, C; through which water return again
to soil moisture routine due to capillary actioruimsaturated zone. This capillary flow dependshen t
amount of water stored in soil moisture reservdine maximum value for capillary flow,
CFLUX[mm/d] is a parameter in this model and determines thdiion for capillary flow. The
capillary flow mainly depends on the soil moistdeficit (FC-SM) There will be no capillary rise if
there is no soil moisture deficit. Otherwise, afian of theCFLUX will flow capillary upward. This
is shown in the equation [D-8].

C, = cm.ux.(wj [D-g]
FC
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Quick runoff

The last component is quick runoffo[mm/d] which will occur when the recharge from the soil
moisture routine is higher th&#ERCandC; allows and when there is excess water availabteen
quick runoff reservoir. Th&, is determined by the equation [D-9].

QO - Kf Iqu(l+ALFA) [D'g]

WhereUZ[mm]: is the storage in the quick runoff reservéit,FA[-]: is a measurement of the non-
linearity of the reservoirKf[1/d]: is recession coefficient. The recession coefficis formulated
according to the following equation:

k h q(l+ ALFA)
W

where, parametehg[mm/d] and khq[1/d] represent respectively a high flow rate and assoce
coefficient at a corresponding resenjomm].

K, = [D-10]

D-4 Base flow routine

The base flow routine, which represents the slaw ffrom a catchment, transforms recharge water
from the quick runoff routine. This is represenbgdequation [D-11].

Q =K,ILZ [D-11]

S
where K{1/d]: is the recession coefficietZ[mm]: is the water level in the reservoir.
D-5 Transformation function

The runoff generated from the response routi@Qe=(Q, + Q) is routed through a transformation
function in order to smooth the shape of the hydiply at the outlet of the sub-basin. The
transformation function is a simple filter technéqwith a triangular distribution of the weights, as
shown in Figure D-2. The generated runoff of omeetistep is redistributed over the following days
using one free parameteMAXBAS. A value of higher than 1 foMAXBASwill redistribute the
runoff over longer period of time. As a result,sthwill lead to a delay in the sub-catchment’s
discharge.
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04 — . " runoff before
P transformation

= S runoff after
o .
5 0.2 — S — transformation
= 14

0.0 ‘ ‘ ‘ ‘ | TTTT ‘ T 1T ‘ I'TTT | T 1T ‘ 1

1 2 3 4 5 0 5 10 15 20
Time [d] Time [d]

Figure D-2;: Example of transformation function with MAXBAS = 5 (Sejl2902)

D-6 Routing routine

The routing function also combines runoff dischafigeseparate sub-catchment. If there is an inflow
of water from a sub-catchment this will be addedh® local runoff computed by the model. The
inflow from other sub-catchments is assumed to ftbvough a river channel from the outlet of the
upstream sub-basin to the outlet of the currenttadin where the local runoff is added. If there ar

inflows from several other sub-catchmets, eachhefrt is supposed to flow through its own river
channel to the outlet.
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Appendix E: Testing significance of regression equation
E-1 Null-hypothesis
In null-hypothesis, f-test is used to assess tipgifsgtance of the total regression equation.

The general multiple regression equation is showaguation [E-1].
YI:ﬂO+IBlX1+ﬂ2X2+ﬂ3x3+"'18pxp+£ [E-1]

whereY’ : the estimated dependent variable by the regnessjuationf, : the interceptf,, : the
regression weights,: error term.

HO,generai Pri=p2=pB3=...... =:Bp =0
Ha generai @t least one regression weight is not equal to ze

Ho generaiS rejected when

F>F 1-a,p-1,n-p

F —_ MSreg

where, =
MSI’ES

» Fiapanp: can be determine from the F-table.

The mean sums of squared for regression and résidei@alculated by dividing the sums of squares
through the degree of freedom.

SS
Msreg = p_i [E'Z]
SS
MS = Zfes -
Ses - p [E-3]

The equations for calculating the sum of squaresegression and residuals are shown respectively
by [E-4] and [E-5]n: number of observationp; number of regression coefficient

SSeg = z (Y] I_V)Z [E'4]
j

SSes = Z(YJ _Ylj )2 [E'S]
j

where,SG4 sum of squares for regressioBs.s sun of squares for residual$,: estimated value by

the regression equation belong to catchme¥t pbserved value belongs to catchmeﬁ?j,average
of all observed values. These statistical charesties are presented in an ANOVA (analysis of
variance) table.
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In determiningF...p-1,n-p fOr F-table it depends anwhich is applied significance level and the degree
of freedom, df regarding the residual and the regression equafitie number of independent
variables attributed in the regression equatiohafiect this value.

E-2 Specific hypothesis

In specific hypothesis t-test, based on the tdtlistion is used to test each of the independent
variable, weather they significantly contributethe total regression equation. A t-distribution ursc
when the number of observations is smaller thanirBéhis study these conditions are satisfied and
the specific hypothesis can be stated as follows:

HO,specifié p1=0
HO,specifié p=0
HO,specifié ,83 =0

HO,specifié ,Bp =0

B
If t.|>—,
| °| SE
where,t.: critical t-value determined from t-table (Davi3(2) depending on the degree of freeddm,
and chosen significance level,SE: standard error which can be taken from th€©XN table.

Ho.specificiS rejected for the specific regression coeffitsen

E-3 Strength
With respect to the data set, the goodness off fih@ regression equation is measuredyalled
coefficient of determination is shown in equati&d].

2 = SSeg
SSu

r [E-6]

where, SS¢ sum of squared for regression [E-8%., the total sum of squares is taken from the
ANOVA table and calculated from equation [E-7].

SS, =D (Y, -Y)? [E-7]
j

where, S, total sum of squares for regressioiyj: observed value belongs to catchmenh_(j;
average of all observed values.

Whenr? is approaching a value of 1, the regression lina good estimator of the data. Then the
regression equation explains 100% of the totalwvené present in the data set.
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Appendix F: Albedo calculation from MODI Simages

Surface Energy Balance System (SEBS) in ILWIS 3p&iOsource provides a set of routine for bio-
graphical parameter extraction with the use ofli&tearth observation data. These routine derived
the evaporation fraction, net radiation and soihth8ux parameters etc, in combination with
meteorological information as inputs. This routimas used in this study to derive the albedo of the
lake in order to calculate the open water evapamdti water balance study.

F-1Imageacquiring

Terra or Agua MODIS images can be acquired fromelLel and Atmosphere Archive and
Distribution system (LAADS Web) products search sith (ttp://ladsweb.nascom.nasa.gov/data/
search.htn)l In this study MODIS Level 1B Calibrated Radian@50m, 500m and 1km cloud free
products and MODO03 Geolocation 1km products forstime day were selected and acquired for the
year 2000 and 2002 over the study area. Terra pteduere selected by concerning the image
capturing time and the position with respect toltimation of the study area.

F-2 MODIS Level-1B data conversion

Here, ENVI software was used to process the MOBI®8It1 products, which were received as HDF
file format, into the GeoTIFF format ready for IL®/Ilimporting. First select the desired band to
process. By default all the bands in the inputdile selected. But in this case we wish to extraot

1to 7 and Band 31 and 32. After that the Geoloodiie was selected and process in order to conver
the satellite and solar zenith and azimuth angtel®and height band into GeoTIFF format. Next use
the GDAL file-import tool in ILWIS to import the GEIFF files to ILWIS. While processing in
ENVI, the raw data will converted to reflectancetlnis case and no need to do pre processing in
ILWIS again.

Note: If one uses ModisSwath Tool to process thveligé product file, the pre-processing routine
should be applied to convert the raw to radiancesfiectance. The required calibration coefficient
(scale and offset) provided in the HDF headerdda be read with the help of ‘HDFView’ software.

F-3 Atmospheric correction

SMAC tool in SEBS routine in ILWIS is used to caréhe atmospheric effect for visible and near
visible bands of MODIS images. Figure F-1 shows rbguired input data for atmospheric effect
correction in SMAC. Derivation of atmospheric catien factors are described bellow.

Optical thickness:

The option button can be checked on atmospherecietforrection dialog box if the map of optical
thickness (depth) value is available. Otherwisalaescan be entered that will be applied to alefsix
The Level 2.0 quality assured Aerosol Optical Thieés (AOT) data can be obtained from the
AERONET (AErosol RObotic NETwork) (http://aeronetfg.nasa.gov/new_web/aerosols.html) web
site by selecting AOT in AERONET data type. Firsarest site to the study area should be selected
on the map and then choose the image acquisiti trathis study no site is situated close to the
Lake Tana basin, hence a average value was obtaoradhe surrounding stations (Nairobi, Kibale,
DMN_Maine_Soroa and Bodele). Further the records raot available for the particular dates of
image acquired on 2000 and the 2002. Thereforeageeyearly value was computed. In the SMAC
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algorithm a value of AOT is used at wave lengttb®0nm. But in the records AOT is not provided
for a wavelength of 550nm. By plotting the given A@alue (see Figure F-2) against wavelength and
by polynomial fitting (see Figure 3) required AOdr fwavelength of 550nm can be calculated. The
unit of the value is ium, and the value range is between 0.05 and 0.8 eStimate value was 0.31
um for this study.

&8 Atmospheric Effect Correction (SMAC)

Top atmo. reflectance chanrnel |ﬁ 1_band_1 j
Coefficient file for sensor | coef MODIS1_DES |
Atmozphenc corection data [source)
[ Optical thickness map [rhm)
[ Water vapor content map(g.cm™-2)
[ Dzone content map [atm.cm]
[ Surface pressure map [hpa)
Sun/zatellite angle data [source]
[¥ Solar zenith angle map (degree) |ﬁ 274 j
v Solar azimut angle map [degree] |ﬁ . j
v Sensar zenith angle map [degree) |m vza j
¥ Sensar azimut angle map [deares) |m vaa j
Output Raster Map |smac_band1 |
Description:
|
Shiow | Define | Cancel |

Figure F-1: Input data for atmospheric effect correction in SMAC tool

Water vapour content:

The option button can be checked if one wishesd® a map of water pressure content value.
Otherwise one value can be given and that will fppglied to all the pixels. These values also can be
obtained from the above described AERONET web lsjteselecting ‘water vapour’ in AERONET
data type and choosing the image acquisition datthis study the average value was computed by
selecting surrounding site as there is no neaieststhe study area. The unit of the value isrgra
cm-2, and the value range is between 0 and 6. Jtmated value for this study is 2.3 grams cm-2.

Ozone content:

The option button can be checked if one wishes$® @ map containing ozone content value.
Otherwise one value can be provided that will bgliad to entire image. This value can be obtained
by using data from the Ozone Monitoring Instrum@MI) on the Aura spacecraft at NASA Total
Ozone Mapping Spectrometer web site just entering katitude and longitude and date.
(http://jwocky.gsfc.nasa.gov/teacher/ozone_overhe@uhtml).
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Figure F-2: Average aerosol optical thickness value for year 20Q6aimobi

0.3

0.25

.
02 \\ y = 24.914x08%

' &0.9864
'_
0 0.15 d
< \\
L2
0.1

—

0.05

0 T T T T T
0 200 400 600 800 1000 1200

Wave length [nm]

¢ 2006 —— Power (2006)

Figure F-3: The plotting of the AOT measured at different wavelengttpahghomial fitting

Surface pressure:

The option button can be checked if one wishesst aipressure map. Otherwise one value can be
provided that will be applied to entire image. Tpeessure can be calculated according to the
following equation which is employed in FAO 56.

526
P =101 293-0.006%
293

where P: is the atmospheric pressure [kPa], hastevation above sea level [m]
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Solar zenith and azimuth angle map and sensortzand azimuth angle map can be acquired with the
respective MODIS images. With the use of aboveofacatmospheric correction can be done for band
lto7.

F-4 Land surface albedo computation
The procedure for land surface albedo calculasasifollowed:
» Select Operations, SEBS Tools, Pre-processing, karfdce albedo computation. (see Figure
F-4)
» Select sensor type MODIS
* Provide the input bands (the atmospheric correctap in the previous operation)
» Execute the operation by giving the proper outpatrfame.
The albedo over the Lake Tana was calculated far 60 and 2002 by this procedure (see Figure F-
5)

@& Compute Land Surface Albedo

Senzar l MODIS j
Band! |ERband _smac R
Eand2 | BB band2_smac =l
Band3 |ﬁ band3_smac L!
Band4 |@ bandd_smac j
Bands |@ band5_smac j
Band? |ﬁ band?_smac lJ
COutput Raster Map |a|bedd |
Description:

| |

Show ! Define I Cancel |

Figure F-4: Input data for land surface albedo computation
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Figure F-5: Albedo variation over the Lake Tana
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Table H-3: Weights of ET stations by inverse distance interpolatogdéuged catchments

Adet Bahir Dar ?252: Dangila Gondar Ml\(le(\a/rlziicshea
Gelda 0.65 0.35
Koga 0.45 0.28 0.27
Gumero 0.25 0.75
Garno 0.4 0.6
Kelti 1.00
Megech 1.00
G.Abay 0.40 0.60
Gumara 0.17 0.65 0.17
Ribb 0.80 0.20

Table H-4: Weights of ET stations by inverse distance interpoldtbonngauged catchments

Adet Bahir Dar _?SE;T Dangila Gondar
Ungauged Ribb 0.4 0.6
Ungauged Gilgel.Abbay 0.27 0.43 0.3
Ungauged Garno 0.47 0.53
Ungauged Gelda 0.78 0.22
Ungauged Gumara 0.63 0.37
Ungauged Gumero 1.0
Ungauged Megech 1.0
Ungauged Dema 1.0
Ungauged Tanawest 0.49 0.51

Ungauged Gabikura 1.0
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Appendix |: Result of sensitivity analysis
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The effect of parameter sensitivity

Appendix J
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Figure J-1: Sensitivity of FC for Gilgel Abbay catchment. Left hand stlibws variation of simulated
hydrograph at each deviation of FC. Right hand side showedtiation of Actual evaporation at each

deviation of FC.
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Corrédation of catchment characteristics

Appendix K
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ICS

Physical catchment characterist

Appendix L
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