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Abstract

The successful application of hydrologic moddispends not only on the model structure, th
different time and space scale associated, Botai the accuracy of the simulated discharge. The
key issue for operational users of hydrologic medelwhether physically-based distributed models
perform sufficiently better than conceptual modselgistify the increased time and effort required f
their application. The main objective of the reshawvas comparison of two modelling approaches
using on one hand quasi-semi-distributed conceptuadel HBV-Light and on the other hand
spatially distributed hydrologic model ArcSWAT. eemodels were applied to five test catchments
representing wide variability in geographic locatioclimatic condition, areal extent and

physiographical characteristics located in the Wiiglee Nile River Basin.

The automatic calibration methodology, which isduse this study, applied a hierarchy of three
techniques, namely screening, parameterization, pamadmeter sensitivity analysis, at the parameter
identification stage of model calibration. Opergtim continuous river-flow simulation mode, to
demonstrate their effectivenesssplit-sampletestwas applied to the test catchments using a nuofber

performance evaluation criteria.

The monthly Auto-calibration and Validation resustsow that with increasingly secured efficiency
the two models can equivalently capture monthly seesonal flow patterns. This finding justifiesttha
there is no significant benefit in applying the tegdly-distributed model and that the simpler cqotoal
models would provide acceptably better simulatifmmsmonthly and seasonal flows. From calibration
and validation results on daily time step, the penlance of the SWAT is clearly not as good as the
HBV model. In the case of SWAT daily discharge geflg, however, showed less accurate
simulation with some major discrepancies, whichaiommon attribute shared by many other
studies, and r2 of only less than 0.6 and Nashh8atefficiency Nsg of only less than 0.5
automatically were observed for all test catchmemtss study confirms that simpler models for
continuous river-flow simulation can surpass tlegimplex counterparts in performance. There is a
strong justification, therefore, for the claim thatreasing the model complexity, thereby incregsin
the number of parameters, does not necessarilynealtae model performance. It is suggested that,
in practical hydrology, the simpler models, “badayely on exercises in pattern recognition and
curve fitting, through analysis of the availablgadgO’Connor, 1998), can still play a significant
role as effective simulation tools, and that perfance enhancement is not guaranteed by the

adoption of complex model structures.
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1. Introduction

1.1. Water Resources Issues in the Blue Nile River

Water resource management concerns have passadjtihdifferent phases that led to the
current state of dealing with equally important aextlusively priority water demand and

environmental aspects. The increasing populati@wtr, economic development and climate
change have been proved to be causes of the nisitey demand, necessity of improving flood
protection systems and water scarcity. Being onthefrivers which started to be developed in
the ancient period the Nile River is also subjectetonomic and environmental challenges
emanating from the need to balance availabilityvater with the demand for water (Conway
and Hulme, 1996). Under the challenge program faté//and Food, the improved water and
land management in the Ethiopian highlands has dbtpositive and negative impacts on

downstream stakeholders dependent on the Blue Nile.
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The Nile Basin is shared by ten riparian countrigsrundi, Egypt, Eritrea, Ethiopia, Kenya,
Rwanda, Sudan, Tanzania, Uganda, and the DemoBrpiablic of the Congo. Due to increased
hydropower, food and agricultural need generatedhey rapidly growing population in the
riparian states, water demand in the basin becarnediicting issue. In order to “achieve
sustainable socio-economic development throughethutable utilization of, and benefit from,
the common Nile Basin water resources”, the govemtsi of Nile River riparian countries

established what is called NBI aimed at meetingstiaed vision.

The Blue Nile is located between 280N and 7840’ N latitude, and 3230’ E and 3949’ E
longitude and has an estimated area of 311,43kmgFrom its source Gish Abbay in West
Gojam, Abay flows northward as the Gilgel Abbayoihiake Tana. The Blue Nile River (also
called Abbay River in Ethiopia) exits from the doeg@st of Lake Tana and flows south and then
westwards cutting a deep gorge towards the wegtarnof Ethiopia. Among the eight major
sub-basins of the Nile Basin, the Blue Nile cdnites more than 80% flow of the Nile during
the wet season (Conway and Hulme, 1993; Mishrd ,e2@03; Rozanski et al., 2000) and 64 %
of the water that reaches Aswan in Egypt (ElI-Khgd2003). From Lake Tana, the river
stretches over a length of around 900 km to theaSuadrder and 1700 km to Khartoum. Despite
its high contribution to the Nile River system, tiue Nile has suffered from limited
hydrological and climatic data availability, whiblampers an in-depth study of the hydrology of
the basin.

Through the emerging cooperation of Nile Basin nigga countries, various development
projects are planned in the Blue Nile Basin. Impeamation of those projects needs
understanding the catchment hydrology very well.rédwer, absence of sufficient data and
published literature together with the size and glexity of the sub-basins (Conway, 2000;
Kebede et al., 2006) demands putting a lot of etilmrcome across appropriate methodologies

and tools to make optimal use of water resourceldpment alternatives.

1.2.Background

Along the channel system of a stream, it is comm@atice to observe concentrated population
and their economics; and nowadays, damages aneslagdives are increasing due to severe
floods. This shows that the problem of flood regsiimore attention in both flood forecast and

flood protection in short and long term. To be atdedeal with these water problems, it is



common to make use of hydrological models. Thecassful application of such models
depends not only on the model structure, ifferdnt time and space scale associated, but
also on the accuracy of the observed and simulatgaebff as the main output. In recent
decades, the advent of increasingly efficient camgutechnology has provided hydrologists
with exciting new tools for the mathematical modgliof hydrological systems including, but
extending far beyond, the more traditional rivenflforecasting applications.

Elaborate physically-based distributed modelingd a&hegant mathematical techniques using
Artificial Neural Networks, Fuzzy systems Wavelett;. are being used, all with high levels of
complexity, but not necessarily with increased lew efficiency attainment, particularly in the
context of flow forecasting. Most such exercisesertainly significant from a research point of
view, as they attempt to throw more light on thggital processes involved, but data demands,
lack of parsimony in model parameters, and stratttomplexity can still be a major deterrent
when it comes to applying these models in realgi@lem solving. In the discharge forecasting
context, even simple black-box type system-theorstodels, or physically-inspired lumped
conceptual models, can produce better and morabtelidischarge forecasting results than

complex distributed models (Misgana, 2004).

But, in many developing countries such asidpia, and specifically in the Blue Nile
basin, the stream flow observation networkretatively sparse. Up to now, this situation
is not improved and the main reason is ek of funding in developing countries that
have more immediate economic issues. However,gbenomic and social development of
each country to some extent depends on tadahility of water resources. As a way out

in the absence of stream gauging stations, model®e an alternative to estimate the flow.

Catchment modeling can be used to assess the matairce potential and needs choosing the
appropriate modeling approach. Uhlenbrook et &042 indicated that applicability of lumped,
physically based and conceptual model approachesestrained by various factors. Use of
lumped type modeling approach is mired in its iratality to extrapolate output for future
change in model variables. On the one hand, theé fogevast data and the sub-grid variability of
model parameters make the use of physically bastdbdted modeling approach difficult for
basins of larger sizes than experimental headwatdttsough the availability of input data and

their simplicity make conceptual rainfall-runoff awls handier than the other two approaches,
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indistinct relation between the model parameterd #re catchment properties necessitate
checking the performance of models. Spatial andpteai variability and complexity of
hydrological processes and limited availability apatially and temporally distributed
hydrologic, climatologic, geologic, and land usaedacover data challenge the ability to design
and forecast.

It is essential that a model used in water-ressupianning and management be sufficiently
accurate for its intended purpose. Because a misdal simplified depiction of the natural
system, its accuracy is subject to question untiv@n. The acceptability of a model can only be
determined by a confrontation with observation. réf@e, the existence of a model does not
obviate the need for data from the watercourse, ibufact imposes additional needs and
requirements on the data base.

Various research works have been conducted itugdper Blue Nile catchments to understand
hydrologic functioning of the catchment using a aeptual HBV and a Conceptual physically
based semi-distributed model SWAT (e.g. Misgan®42@shenafi, 2007; Rahel, 2007; Irena,
2007; Abdo , 2008; Abeyou, 2008; Perera, 2009; dgbett al., 2008; Mecca, 2009; Yihun,
2009). Nevertheless; the optimized parameters, twrepresents the hydrologic system varies
from one study to another study in both models. édwer; lack of detail model parameter
identifiability and uncertainty assessment in mogatameters and model structure leads to
multiple models, which ultimately gives a good hyghaph fit with less understanding of the

realistic representation of the hydrologic system.

1.3.Statement of the Problem

In the past few decades several project studiesr@sehrch activities have been conducted on
Upper Blue Nile Basin by different internationalnsaoltants and academia. With all these
previous studies carried out the performance ointbdels question still persists while the need
for a better description of hydro-system raisest@nother hand. The choice of a hydrological
model depends on the purpose of the applicatibimyvadays, thereis a lot of discussion on
the pro and con’s of using lumped or distidol models. Beven (2001) pointed out that
if the sole objective is to simulate thenfall- runoff processes and to predict discharges

the outlet of the catchment, then simpler modelsifled and semi-distributed) are adequate.
On the other hand, Refsgaard et al. (1996) arta¢ there are many modelling objectives
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such as prediction of effects of land useng®e, groundwater abstraction, simulation of
water quality, and soil erosion for whichstdbuted models are the only solution. For
finding mitigation measures to this and other eflaguestions, the conceptual (HBV-Light) and
spatially distributed (ArcSWAT) models are chosersimulate the discharges at the outlet of
five selected catchments in the Upper Blue NileilB&s order to come in to general consensus
which model performs better in this Basin. Therefdhis thesis work bases at answering the
core question that asks “which rainfall-runoff mbdere adequately estimate runoff generated
in these catchments, within acceptable accuracy.

1.4.0bjectives and Research Questions
1.4.1.0bjectives

The main objective of this research work is to carepwo modelling approaches using on one
hand a conceptual HBV model and on the other hambreeptual physically based semi-
distributed SWAT model to investigate the hydrotadjiprocesses of five selected catchments in
the Upper Blue Nile River Basin.

Specific objectives:

e Calibration and validation of the two models foretlselected catchments, and

identification of parameters that greatly affectotf estimation.

* To gain an insight on the benefit associated wiitrdasing catchment data using

application of hydrological models.

1.4.2.Research Questions

Based on the above objectives, the following redequestions are formulated:

* Which hydrological model (HBV or SWAT) outperforrmrssimulating the discharge
at the outlet of a catchment when various catchrsiges are considered?

* Is the performance of models in these catchmentsagteed by increasing the
required input data or model complexity?



1.5.Delimitation

ArcSWAT documentation (Winchell et al., 2007) recoends a baseline period of at least 20
years should be used to simulate runoff using iWAS model so as to get better output from it.
However, due to limitation on to data availabilitys study considered the period from 1990 to
2005, which ought to be from 1986 to 2005.

Operational validation according to Klemes (1986dwdd include four levels of testing: (1)
split-sample test, (2) proxy-basin test, (3) diéfetial split-simple test, and (4) proxy-basin
differential split sample test in order of increascomplexity. However, this study limited to the
first split-sample test due to insufficient dataaiability and because of numbers of test

catchments were many, which requires a prolongssareh time.

1.6.Structure of the Thesis
This thesis contains seven chapters organizedlasvéo

Chapter one gives a general introduction to thdystuith emphasis on a general over view of
water resources issues of the Nile River Basink@pazind, statement of the problem, research
guestion, objectives and delimitation of the studhapter two gives a brief description of the
study area and data availability. Literature revigwart, involving hydrologic model
classification and previous works in the study are@ompiled and presented in Chapter three.
Chapter four discuses the methodology adopted dinojuhydrometreological and hydrological
data analysis. Chapter five deals with setting-fighe test catchments for both HBV and
SWAT hydrologic model environments. Comparativef@enance evaluation of the models and
discussion of the results obtained were compiled presented in chapter six. Chapter seven

ends with conclusion and recommendations of thidyst



2. Study Area and Data Availability

2.1 Study Area

2.2.1. Geographic Location

The Ethiopia part of Blue Nile also called Abay Bam Ethiopia is located in the northwestern
region of Ethiopia betweerf 20’ N and 12 51’ N latitude, and 3425’ E and 3849’ E longitude
and covers an area of approximately 199,812 krshares a boundary with the Tekeze basin to the
north, the Awash basin to the east and south ts@s©mo-Gibe basin to the south, and the Baro-
Akobo basin to the south wegtster &et. al.,2009) . The Upper Blue Nile Rivertexrom the
south east of Lake Tana, which is the country'gdat freshwater lake; and flows south and then

westwards cutting a deep gorge towards the wegtetrof Ethiopia.

Five test catchments such as Gilgel-Abay, Chemblgger, Guder and Didessa, which represent
wide variability in geographic location, climaticomditions, areal extent and various
physiographical characteristics in the Upper Blude NRiver Basin have been selected. The

locations of these catchments are shown in Talle 2.

Table 2.1 Facts and figures of the five study areas.

Study Area Sub-basin Latitude Longitude Total Sub- Study

of (North) (Bast) Ziggsq. km) gfetg(]srg?rlz:n)
Gilgel Abay Tane 10°56' to 11°51 36°44'to 37°2: 15,05¢ 166¢
Chemaog: South Gojar  10°15' to 10°38 37°45' to 37°5 16,76 364
Muger Mugel 10°56' to 11°51 38°34' to 3°53 8,18¢ 48¢
Guder Gude 8°41." to8%58 37°30' to 37°C 7,011 524
Didessa Didessi 7°47' to9°1( 36°4' to 37¢ 19,630 9981
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2.1.2. Topography

The topography of the Abay basin signifies two ididt features; the highlands, ragged
mountainous areas in the center and eastern ptré ddasin and the lowlands in the western part
of the basin. The altitude in the basin ranges fd898m +MSL in the lowlands up to 4261m
+MSL in the highlands. The Ethiopian highlands agtédrom 1500 m+MSL up to as high as
4260 m +MSL, with a slope of greater than 25 peraethe eastern part. Whereas the Ethiopian
lowlands flatten 1000m+MSL to 500m +MSL with a sopf less than 7 percent, in Dinder and
Rahad sub basins. The map in Figure 2.2 showdékliat®n and the slope of the basin.
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Figure 2.2 Topography of the Upper Blue Nile River Basin (Swe:Atlas of the Blue Nile Basin; Aster &et.
al.,2009)

Gilgel Abay catchment is located south of Lake T&noh-basin. Rugged mountainous topography
characterizes the southern part, along its peryahehe west and southeast of the catchment whiles
the remaining portion of the catchment is typicédiy laying plateau. The elevation ranges from
1787 m to 3524 m +MSL. From the slope map, aroul®do of the catchment area falls in the
slope range from 0-8% and 25% of the ares ifalthe slope range of 8-30%. The remaining

5% of the area has slope greater than 30%.



Topography of Chemoga catchment is dominated biléngls of high altitude, greater than
2200 m +MSL up to 3930m +MSL. The excessive slapa af the watershed lies in the north

and decrease southwestwards.

The altitude in Muger sub-basin ranges between 988I8L and 3550m +MSL. The highlands in
the eastern and southern part of the sub basinigtrer in altitude, greater than 2600 meters up to
3550 meters. The lowlands along the Muger RivereHawer altitude less than 1700m+MSL.

Generally, this catchment is characterized by stdparying range.

Guder sub-basin has an elevation range of apprésiynbetween 953m+MSL and 3301m+MSL.
The highlands in the southern part of the sub-basrhigher in altitude, greater than 2400 meters

up to 3300 meters. The lowlands along the riveehawer altitude less than 1800m+MSL.

The altitude in Didessa sub-basin ranges approglspnéietween 630m+MSL and 3130m+MSL.
The highlands in the southern part of the sub-basrhigher in altitude, greater than 2100m+MSL
up to 3127 m+MSL. The lowlands have lower altitlekes than 1100m+MSL in the northern parts

of the sub-basin.

2.1.3. Climate

The climate of Ethiopia is mainly controlled by seaal migration of Intertropical Convergence
Zone (ITCZ) and its associated atmosphericutdtion, but the topography has also anceffe
on the local climate. The traditional climatkassification of the country is based atitude
and temperature shows the presence of five éirmahes namely: Wurch (cold climate at more
than 3000 m altitude), Dega (temperate like clevtaghland with 2500-3000 m altitude), Woina
Dega ( warm-1500-2500 m altitude), Kola (hot and type, less than 1500 m in altitude), and
Berha (hot and hyper-arid type) climate (NM2Q01).

In the Upper Blue Nile River Basin, rainfall randgestween 787 mm and 2200 mm per year; The
Ethiopian highlands having highest rainfall rangingm 1500 to 2200 mm, whereas lowlands
have rainfall less than 1500 mm. The lowest raimtadorded less than 1000 mm per annum in
the Beshelo, Welaka, Jemma, Muger, Guder, and phBsder and Rahad. There is high spatial

and temporal variation of rainfall in the studyaf@ster &et. al.,2009).
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The highest temperature observed in the north wepgt of the Abay basin with the maximum
temperature being &8 - 38C and minimum temperature 6 — 20°C. Lower temperature
observed in the highlands of Ethiopia in the cdrara eastern part of the basin with maximum
and minimum temperature ranges from°C2— 20°C and -iC to 8C respectively (Aster &et.
al.,2009).

Potential Evatpotranspiration (PET) in the basinges between 1056 mm and 2232 mm per
year. High PET is observed between 1800 mm and &#82er year in North Western parts of
the basin, in Dinder, Rahad, and parts of Belesladdssa sub-basins. The Eastern and southern
parts having lower PET ranging between 1200 an® 186 per year and the lowest PET below
1200 mm per year observed in the parts of the aigld. This is highly correlated with the

temperature.
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Figure 2.3 Rainfall Distribution, Maximum Temperature, Mininum Temperature and Potential
Evapotranspiration in the Upper Blue Nile River Bas(Source: Atlas of the Blue Nile Basin; Aster Dekew &
et. al., 2009)
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Based on the monthly rainfall distribution (figlRof Gilgel Abay catchment, July and August are

the wettest months of the year which gets monthilyfall amounts larger than 300mm. The year

can be divided into two seasons: a rainy seasomlynaentered on the months of June to

September, and a dry season from October to M@&mchual Rainfall distribution ranges from

964 mm up to 2000 mm in this basin. The maximumpterature recorded at Bahirdar station

varies between 2@ and 36C and the minimum temperature varies betwe€na@d 15C.
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In Chemoga Catchment the hydrologic year can ba&elivinto two seasons: a rainy season
mainly centered on the months of June to Septenalpera dry season from October to March.
The maximum temperature recorded at Debre Markasoast varies between 18 €4 and
25.3*C and the minimum temperature varies betweeilC&fd 11.9%.
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The Muger sub-basin has an annual rainfall rangetgveen 833 mm and 1326 mm. July and
August are the wettest months of the year which geinthly rainfall amounts larger than 250mm.

The annual maximum and minimum temperature in thel&asin varies between °05- 31.5C
and 3C -16.5C respectively.
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Guder subbasin has an annual rainfall ranging V@91 mm and 1650 mm. June, July and
August are the wettest months of the year which geinthly rainfall amounts larger than 200mm.
The annual maximum and minimum temperature in thek&asin varies between°C3- 31.5C
and BC - 16.5C respectively. Temperature is higher along therrivith a maximum of 28 -
31.5C and minimum of 1€ -16.5C
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Didessa sub-basin has an annual rainfall rangibgesn 1200 mm and 2200 mm. The year can
be divided into two seasons: a rainy season magmyered on the months of March to October,
and a dry season from November to April. The anmuakimum and minimum temperature in

this basin varies between*@0- 33C and 6.%C - 19C respectively.
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2.1.4. Drainage Network

From its source Gish Abbay in West Gojam, Abay 8averthward as the Gilgel Abay into Lake
Tana. The Blue Nile River (also called Abay RiveiGthiopia) exits from the south east of Lake
Tana and flows south and then westwards cuttingep dyorge towards the western part of
Ethiopia. A number of tributaries joined this River Ethiopia: Beshilo, Derame, Jema, Muger,
Finchaa, Didessa and Dabus from the east and samdhthe Suha, Chemoga, Keshem, Dera and
Beles from the north. The Dinder and Rahad risthéowest of Lake Tana and flow westwards
across the border joining the Blue Nile below SennEhe Upper Blue Nile Basin is subdivided
into 16 sub-basins based on the major rivers ités, the Abbay River and its tributaries (Figure
2.1).

The Gilgel Abbay catchment is the largest of the fmain sub-basins of Lake Tana Basin. It drains
the southern part of Lake Tana basin to perenriiefig Gilgel Abay River which empties itself in
Lake Tana, and covers an area of 3156. kbm its way downstream, the river receives inffoom
several rivers and streams: such as Koga, Kiltie@eAreb till it reaches to the outlet at Lake dan
The total drainage area of the river is atb#t100 krhand the longest flow path of river

from source to the outlet of the catchmisntaround 163.2 km (Abeyou, 2008).

The Muger River is a north-flowing tributary of tAday River in central Ethiopia, which is notable
for its deep gorge. Its confluence with the Abayti9°54N 37°56E9.9°N 37.933°E9.9; 37.933
Coordinates: Tributaries of the Muger include tlablhu. The Muger has a drainage area of about

8,188 square kilometers.

The Guder is a river of central Ethiopia, and & isibutary of the Upper Blue Nile on the leftesid
tributaries of the Guder include the Dabissa aedTifranta. The Guder has a drainage area about

7,011 square kilometers in size.

The Didessa River is a river in western EthiopiatriButary of the Abay River, it rises in the
mountains of Gomma, flowing in a northwestern digecto its confluence where the course of the
Abay has curved to its southernmost point beformirig northwards at about 9°BF
35°41E9.95°N 35.683°E Coordinates: The Didessa's dreiaagga is about 19,630 knzovering

portions of the Benishangul-Gumuz Region and theeMMWelega Zone of the Oromia Region.
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Tributaries on the right bank include the Enaréyet, Wama, and the Angar rivers; on the left side

the most important tributary is the Dobana River.

2.1.5. Geology, Soil and Land Cover

The geology of the whole Abay basin signifies dife formations such as Basalt, Alluvium,
Lacustrine deposit, sand stone, granite and marfiles dominant rock is Basalt (Tarmaber
basalt, followed by Ashange basalt, and Amba Aiselt). The major dominant soil types in the
basin are Alisols and Leptisols, followed by NitlssoVertisols, Cambrisols, Fluvisols and
Luvisols. The land cover for the Abay basin is matharacterized by dominantly cultivated, in
the eastern part, and grass land, wood lands, @mdtfto the western part according to the

Ethiopian Ministry of Water Resources land covessification.

The geology of the Gilgel Abay catchment is donmedaby quaternary volcanic rocks overlay
the older Tertiary volcanic. The Quaternary vaolca sequence comprises blocky and
fractured vesicular basalt, some basaltic bascand tuffs perhaps as much as 200-300 m
thick (SMEC, 2007). Major soil types identified the watershed are Luvisols, Vertisols,
Nitisols, Alisols and Regosols. The most dominanit type is Haplic Luvisols. The main land
covers in the Gilgel Abay catchment are grasslandrshland, cultivated land, forest and

grassland with frequent patches of shrubs, wooddraes.

The geology of Muger sub-basin is mainly dominabsdBasalt and Sandstone. There are
alluvium deposits in southern and eastern parte@basin. Dominant soil types identified in the
gauged watershed are Leptosols, Luvisols, Vertisamsl Cambisols. The most dominant soill
types are Leptosols and Luvisols respectively. THmel use in Muger basin is dominated by
Agro-pastoral and Agriculture while Pastoral larsdalso observed in some parts of the sub
basin.

The geology of Guder catchment is mainly dominaigdAdigrat Sand Stone and Basalt. A
scattered deposit of Alluvium is also availabletie basin. The dominant soil types in the
gauged part of the catchment are Leptosols, Véstidgmvisols, Nitisols and Alisols. The land

use in Guder sub basin is dominated by Agro-pastord Agriculture. Pastoral lands are also

observed in some parts of the sub-basin.
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Figure 2.9 Geology, Soil, and Land Use and Covers maps of Ulae Nile River Basin. (Source: Ministry of

Water Resources of Ethiopia).

The geology of Didessa sub-basin is mainly domuhdig Basalt and volcanics. There are also

granite, colluvium and alluvium deposits. The doamtn soils in the basin are Alisols, and
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Acrisols, with the occurence of Vertisols and Naiss The Didessa sub basin is dominated by

woodlands. The central and southern parts of thebasin are cultivated.

2.2. Data Availability

2.2.1. Metrological Data

Meteorological data was required for two purposethis research. First the data was used as
input to the two models in hydrological mbd#evelopment; second the data was used
for performance evaluation (verification) of the aets outputs. Based on these objectives,
meteorological data was collected from théidftian National Meteorological Agency in
Addis Ababa. Since there are few meteoroldgisttions which have relatively long
period of record inside the selected catchmefas was also collected from the stations

surrounding the catchments as shown in Figuréh2zctigh Figure 2.8.

The number of meteorological variables collectedegafrom station to station depending on the
class of the stations that are grouped into thfée. first groups of stations, which are called
Class-1, contain only rainfall data, Class-2 stegimclude maximum and minimum temperature
in addition to rainfall data; and that of Classt&tiens contains variables like humidity, sunshine

hours, and wind speed in addition to rainfall, maxm temperature and minimum temperature.

Table 2.2 List of station, location and metrological variatde
Catchment  No Station Latitude Longitude Rain Max. Min. Relative  Wind Sun

Name (Degrees) (Degrees) fall Temp Temp Humid Speed shine
Hours

Bahir Dar

Wetet Abay

GilgelAbbay

Kidmaja

Gundil

Debre Elias

Rob Gebya
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14 AA Observatory 9.03 38.75 v v v v v

16 Sululta 9.183

Ambo . v v v v

Tikur Inchini v
Arjo v v v v
Seko . v

Yafna

Limu Genet

2.2.2. Hydrological Data

The stream flows of the respective rivers were iregufor calibrating and validating the models.
The gauging stations for each catchment which helatively long continuous periods of record
were selected; and therefore, daily stream flonadat these stations were collected from

Hydrology Department of Ethiopian Ministry of Wateesources as shown in table below.

Table 2.3 Steam flow gauging stations
River Gauge Station Location Period of Recorc collectec

Gilgel Abbay Near Meraw 1990 to 200

Muger Near Chanct . . 1992 to 200
Didessa Near Arjc 1990 to 204




3. Literature Review

This chapter describes the literature review rdlatethe objectives of this study. First of all, a
description of hydrologic rainfall-runoff modellingnd evaluation of models performance is
given to demonstrate how a model performs adequadekthe intended application. Next, some

previous research works done in the study areeearewed.

3.1.Hydrologic Rainfall-Runoff Modelling

Understanding the rainfall-runoff relation has be@esubject of hydrological research for a long
time see (E.g. Misgana, 2004; Ashenafi, 2007; R&@07; Lijalem, 2007; Irena, 2007; Abdo ,
2008; Abeyou, 2008; Perera, 2009; Setegn et aD8;2Mecca, 2009; Yihun, 2009). These
studies concluded that runoff occurs due to a cerpiteraction between surface, unsaturated,
and saturated flow.

Up to now, there are large ranges of hydrologicatlebs that have been developed, which are
classified in different ways. Based on the way there spatial representation of the study region
models are classified as lumped and distributedhped type models represent a catchment as a
point and require only one representative valueaadth model input for the whole catchment.
Alternatively, distributed models allow dividingdttatchment in to two or more sub-catchments
and require one representative value of each moget variable per sub-catchment. Further
classification of hydrological models as physicdipsed or conceptual is on the basis of the
level of complexity and physical completeness ia tbrmulation of structure (Bergstrom and
Graham, 1998). Physically-based models simulatesfland storage by using equations derived
from the conservation laws of physics, whereas eptual models use reasonable a priori
relationship to simulate flows and storages (Dingm2002). Physically-based hydrological
models are theoretically better process-based ¢baneptual models but require extensive data
and need less tuning of parameters. Nonetheledls,their less data demanding character the
principle on which conceptual rainfall-runoff mogddased is sufficient to produce reasonably
accurate output. Especially in condition where éhisrscarce of data in the study area, which is a
common situation in many developing countries (Astiie 2007), conceptual models are
essential tools. However, Bergstrom and Graham §19¥iscussed that, nowadays both
physically-based and conceptual models are apgiiedlividing large catchments into sub-

catchments (fig. 3.3)
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Figure 3.1 Simplified flow chart of hydrological model classifation (Source: Sirak, 2008)
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3.2. Evaluation of Model Performance

3.2.1. Concept of Operational Validation

The issues of model validation can be confusingriodel developers and model users. Firstly,
the terms verification and validation have beendusgerchangeably by some researchers but
also have been distinctly defined by others. RYykE96) defines model verification as a
demonstration that the computer model is a cormeqtlementation of the logical model.
Validation has been defined as a demonstration @ahatodel performs adequately for the
intended application. As there is no set of stamdarthe hydrological modelling definition of
these terms, | used the terms interchangeably fey te the models' ability to simulate an
independent data set other than from which it vedibrated although the usage may differ from

that promoted by some hydrologic modellers.

Secondly, it is important to distinguish betweeremapional validation, used in this study, and
conceptual validity, which concerns a model's tagoal basis. An operationally validated
model may work well for a specific use but may mat conceptually valid, i.e. a correct
representation of the real system (Rykiel, 199@). &ample, many simulation models are
developed to meet practical management needs. Theskels are usually validated by
comparing simulated to observed values to determmiodel performance. The ambiguity arises
when inferences about the model's ability to repeedreality are made from the validation
results. A model's output may agree with observath,dbut this correspondence does not
guarantee that its internal structure is able ppaguce the actual processes operating in the real
system. Any inferences made regarding the scienbifisis of the model would be scientific

hypothesis testing and not model validation.

Operational validation means that a model is aat#tfor its intended purpose since it meets
specified performance requirements (Rykiel, 198@)lidation does not require that the model
applies to more than one condition unless thaesdn is part of the validation requirement.
Good predictions do not have to be obtained ordynfa model that is entirely mechanistically
correct and, conversely, invalidation does not ymihlat the scientific content of a model is

wrong.
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The models used in this study were operationallijdated by simulating entire observed
hydrographs of rainfall-runoff events for the pwspoof model comparison. In this study,
Klemes' (1986) split-sample test evaluation schemeoduced in the following section, and

graphical and numerical criteria were used fordperational validation of the models.

3.2.2. Klemes' Hierarchical Approach to Operational Testing

Klemes (1986) proposed a hierarchical method fa tomparison of different types of
hydrological models. The system is hierarchicatsithe modelling tasks are ordered according

to their increasing complexity and demands on modphbility.

Klemes' system includes tests for geographic aimgatk transposability. Transposability refers
to a model's ability to perform satisfactorily whapplied to other catchments or climatic
conditions for which it was not calibrated. Modelrtsposability has long been recognized as the
major aim and the most difficult aspect of hydratad) simulation models (Klemes, 1986). In
many countries, especially in the developing wablakic data for water assessment are sparse or
in some cases almost non-existent. This lack ofaMa data is one reason why it is important to
develop realistic models that can be applied tcauggd catchments where a historical record of
streamflow is not available. Despite this factatekly little effort has been expended on the
testing of the transposability of existing modgbayg in comparison to the number of published

papers on hydrologic modelling.

The procedure recommended by Klemes consists ofiéoals of testing and aims to test (1) not
only a model's ability to simulate current condiBdn a given catchment (split-sample test), but
also (2) its geographic transposability to othdclmments within the same region (proxy-basin
test). The proxy-basin test for transposabilitycrsicial when dealing with the problem of
rainfall-runoff modelling on ungauged basins. A ra&l transposability within a catchment (3)
is also tested in how well it would reflect changesclimatic inputs or land use (differential
split-simple test). The differential split-sampést can also be used to evaluate a model's ability
to predict unusually large or rare events that matybe represented in the record runoff data.
The highest level of testing involves evaluating delo performance when testing for (4)
geographic and climatic transposability simultarsipuproxy-basin differential split sample
test). Such universal transposability is the ultengoal of hydrological modelling, a goal that
may not be attained in decades to come (Klemes5)19®wever, models with this capability
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are in high demand and hydrologists are being eaged to develop them despite the fact that

so far even the much easier problem of simple ggagcal transposability within a region has

not yet been satisfactorily resolved (e.g., Chient BicMahon, 1994; Karnieli et. al., 1994). It is

important to implement a standard testing frameveuth as Klemes proposed so as to raise the

level of operational credibility given to simulationodels, to discourage exaggerated claims of

model performance and to encourage research letmimgfter models

3.3. Previous Works in the Study Area

Various study works have been conducted in Uppae Blile Basin to investigate hydrological

processes with computer assisted models, and sbmleich previously conducted in the basin

are tabulated in Table 3.1.

Table 3.1 Previouslydone researches on application of Hydrological Made Rainfall-runoff processes

Investigator

Ashenafi Seifu, (2007

Abeyou ,(2008)

Irena, (2007)

Sirak Tekleab, (2008)

Abdo, (20(8)

Mecca Selman, (200t

Research Topic
Model

Catchment Modeling and Preliming

Application of Isotopes for Model Validatiol HBV-light

in Upper Blue Nile Basin, Lake Tana,

Ethiopia

Hydrological Water balance of Lake T HBV-96
Upper Blue Nile Basin, Ethiopia

Rainfall estimation by Remote Sensing! | HBV-96
conceptual rainfall-runoff modeling in the = SAC-SMA
Upper Blue Nile basin

Watershed Modelling of Lake Tana Ba

Using SWAT AVSWAT
Assessment of Climate Change Impact: = HBV-9€
the Hydrology of Gilgel Abbay Catchment

in Lake Tana Basin, Ethiopia

Water Balance Modelling for Reservi HBV-96

Planning in Ribb Catchment, Ethiopia

Implemented

Investigated
Catchment

-Gilgel-Abbay

-Lake Tan
-Gilgel-Abbay
-Rib

-Koga

-Gumera
Gumero within
in Jemma

-Lake Tan
-Gumera

-Rib

-Megech
-Gilgel-Abbay
Gilgel-Abbay

Rib
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Rainfall Estimation by Remote Sensing for ConceptlRainfall-Runoff modelling in the Upper Blue
Nile River Basin (Irena, 2007) The objectives of this study are: estimation ahfall from
satellite imagery and assessing the performancerafeptual rainfall-runoff model using ground
truth and satellite data as input. This work didimke into account the issues associated with
calibrating satellite data, but with the direct e$@vailable rainfall data as input to hydrologjica
models. Secondly, two conceptual models SAC-SMA &1BV-96 are chosen to test their
performance by applying two different inputital in Gumero sub-catchment. Based on
ground truth input data, both models arebcaled by adjusting the parameters manually.
Considering both quantitatively and qualitativeldgment, the performance of the model was
not as satisfactory as expected. The satellite da¢a applied to the models to see how they
perform, and the models responded to the m&twand satellite data, although some
deviations are observed. These deviations ralated to the results established from RS,
which have direct impact to the hydrologicahodel. Thus, further study in rainfall

estimation from satellite should be carried out.

Catchment Modeling and Preliminary Application osbtopes for Model Validation in Upper Blue Nile
Basin, Lake Tana, Ethiopia (Ashenafi Seifu, 2007)n this study the catchment modeling was
conducted with the object of understanding hydnalofyinctioning and runoff generation
mechanisms of Gilgel Abay catchment and correlatregponse pattern of Gilgel-Abay
catchment with the inter-annual water level vaoiatof Lake Tana by using stable isotopes,
catchment modeling was carried out by using the HiBdel. The catchment was divided in to
two gauged (Upper Gilgel Abay Sub-catchment (UGA8Q) Koga Sub-catchment (KSC)) and
one ungauged sub-catchments. Manual calibratigheofiaily time step models for all the three
catchment representations (CRs) (lumped, lumpetl mltiple vegetation zones and semi-
distributed) showed good {R> 0.75) and satisfactory {R> 0.6) efficiencies in UGASC and
KSC, respectively. But the fifteen days time stedeis demonstrated good model performance
in both sub-catchments. Model parameter transfiggalést conducted on the daily time step
models showed poor performance in both sub-catctanerhereas the fifteen days time step
model showed high & values. However, on the basis of subjective evmndransferability of
the model parameters was not favored. As a resultrming 1000000 Monte Carlo simulations
(per CR), the dissimilar hydrologic behaviors of M&C and KSC explained the unfeasibility of

transferring model parameter set values betweetwiisub-catchments.
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Hydrological Balance of Lake Tana Upper Blue NileaBin, Ethiopia (Abeyou, 2008)Daily flows

from ungauged catchments are estimated by tramgjemnodel parameters from gauged
catchments using a regionalization procedure, tiasgmoximity procedure and catchment area
ratio's methods. In regionalization gauged catchimmodel parameters of the conceptual
rainfall-runoff model HBV are transferred to ungadgcatchments based on catchment
characteristics to allow for runoff simulation. proximity procedure model parameters of
gauged catchments are transferred to neighborirgaugeg catchment. In area ratio model

parameter set of gauged catchments are transfertetjauged catchments of comparable area.

Assessment of Climate Change Impacts on the Hydgglof Gilgel Abay Catcment in the Lake Tana
Basin, Ethiopia (Abdo, 2008)This report presents the results of a study onndoaling large
scale atmospheric variables simulated with Geéné&mculation Models (GCMs, which are
considered as the most advance tools fommashg future climate change scenarios
operate on a coarse scale) to meteorologiaiables at local scale in order to
investigate the hydrological impact of possibiuture climate change in Gilgel Abbay
catchment. Statistical Down Scaling Model (SDSMas employed to convert the GCM
output into daily meteorological variables appiate for hydrological impact studies. The
meteorological variables (minimum temperatuneaximum temperature and precipitation)
downscaled from SDSM were used as inputthe® HBV hydrological model which was
calibrated (R=0.86) and validated (R0.76) with historical data to investigate thessible
impact of climate change in the catchment. Thalte®btained from this investigation indicate
that there is significant variation in the seasarad monthly flow. In the main rainy season
(June-September) the runoff will be reduced 1B% in the 2080s. The result from
synthetic (incremental) scenario also indicateat the catchment is sensitive to climate
change. As much as 33% of the seasonal and arumuaif will be reduced if an increment of

2°C in temperature and reduction of 20% rainfall s&imultaneously in the catchment.

Water Balance Modelling for Reservoir Planning iniBb Catchment, Ethiopia (Mecca Selman, 2008):

For the case of runoff assessment per land covgrthe catchment area has been classified into
five land cover units (bareland, crops, forest,sgl@nd and water) using Landsat images.
Catchment extraction was established from ASTERgema@levation data and the catchment is

divided in to three subbasins. The HBV-96 model ajglied to simulate the runoff from Ribb

28



River using daily hydrometeorological data. The IN&sitcliff efficiency between observed and
simulated of calibration and validation of the miosleows that R= 0.8 for calibration and &=

0.81 for validation.

Watershed Modelling of Lake Tana Basin Using SWA[SIirak Tekleab, 2008)in this study work
due emphasis have been given for the estimationuidff contribution from gauged and
ungauged catchments to Lake Tana using semi diggdomodel known as SWAT. The model
was calibrated and validated over the gauged ug@ehes of major catchments of Gilgel Abay,
Koga, Gumera, Rib and Megech. The model was caédibréor the period from 1996-2001 and
validated for the period from 2002-2004. The perfance of the model was evaluated on the
basis of performance rating criteria, coefficiehtietermination, Nash & Sutcliff efficiency, and
percent deviation. The overall performance of thedeh appears satisfactory. The fBr all
catchments vary between 0.69 to 0.89 during caidrand 0.81 to 0.86 during validation. The
hydrograph fit between the estimated and obsersealso adequately represented except the
underestimated, which stands out for Gilgel Abaynt@ra and Megech catchments for the year
2003. The year 2003 has been underestimated dumatoy missed rainfall data of the
surrounding stations. The Curve Number (CN) has feend the most sensitive parameters in
all the catchments indicating the importance of frameter during modeling and fine tuning.
However, the level of sensitivity of this parametiffers from catchment to catchment. The
calibrated parameters were transferred to un-gasgedhments to estimate the ungauged flow

contribution based on similarity of the hydrologésponse unit (HRUS).
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4. Methodology
4.1. Hydrometeorological and Hydrological Data Anay}sis

Hydrological modelling to a large extent dependsgdrometeorological (precipitation, temperature
and potential evapotranspiration) and hydrologi@aler discharge and lake water level) data.
Reliability of the collected raw hydrometeorolodiand hydrological data significantly affects
quality of the model input data and, consequeritig, model simulation (Ashenafi, 2007). This
portion sequentially presents, rough data screenintaw hydrometeorological and hydrological
data, completion of identified missing data, andlgsis done to check consistency and homogeneity

of the data sets.

4.1.1. Data Screening

4.1.1.1. Rainfall data

Rough rainfall data screening of all meteorologsiaitions in the study area was first done by
visual inspection of daily rainfall data. Becaudelang breaks in rainfall records of some

stations and absence of lengthy overlapping peofocecord this inspection was done in the
records of the hydrologic years from 1990 to 200Bual assessment of the tabulated daily
rainfall data records for existence of misplacedimal points and non-numeric figures were

conducted. To detect consistency of daily obsemai the meteorological stations were

grouped in to five regions based on their respeatatchment (see Appendix C).

Beside the visual and graphical data comparis@gesasnent of spatial homogeneity of the daily
rainfall data indicated good correlation betweecords of all meteorological stations with the
exception of Merawi. Despite the noticeable rainfahount variation pattern in the areas,
computation of correlation coefficient on the daigords between January 1990 and December
2005 showed values between 0.2 and 0.6. This ibabfor a daily rainfall data series.

4.1.1.2. River Discharge

The initial step taken during the river dischargagadscreening as suggested by Gordon et al.
(1992) was quick visual scan of the data time sdnealetect gross errors such as erroneous peak
flow, missed recordings, and flows of constant.rétdelped to detect years with magnitude

change in the data, long periods of missing rec@xd short-term missing data.
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4.1.2. Missing Data Completion

Missing data is a common problem in hydrology. Terferm hydrological analysis and
simulation using data of long time series, fillimymissing data is very important. The missing
data can be completed by using meteorological andiydrological stations located in the
nearby, provided that the stations are located imy@drologically homogenous region. Joint
application of the regression analysis and simali® techniques made possible completing short

and long period breaks in data series for givereoretogical and stream flow gauging stations.

4.2. Hydrological Model Selections

Many investigations were done in the past twecadles on the application of hydrological
model for simulation of runoff on variety oWater resource issues. These investigations
can range from the evaluation of annual and seastreamflow variation using simple water-
balance models to the evaluation of variationsurface and groundwater quantity, quality and
timing using complex distributed-parameter niotleat simulate a wide range of water,
energy and biochemical processes. The chofcgsmodel for a particular case study depend
on many factors, the purpose of the study aondehavailability being the dominant ones
(Irena, 2007).

For detailed assessment of surface flow, concephaalels were applied in many parts of the
world. One of the more frequently used conceptuadieh for discharge estimation is the HBV
model. Even if HBV is a simple model, its applicati under various physiographic and
climatological conditions has proved its strengtid ayenerality of its structure (Lindstrom,
1997). HBV was applied in the Baltic Sea basin (B&om & et al., 1998), its performance was
analyzed in four large river basins located inetéht climatic zones in Africa, Europe and South
America (Liden and Harlin, 2000) and according &rdstrom and Graham (1998) it has been
applied to several hundred catchments in more 4ifacountries world-wide. In conclusion, the
HBV model is selected for this study because offdtlewing reason:

1. the input data requirement is moderate;

2. the model simulate the major hydrological procesthé catchments;

3. the model was tested for the runoff simulatiorhgdrological study in different parts

of the world and

4. the availability of the model
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Many comprehensive spatially distributed hydrologiodels have been developed in the past
decade due to advances in hydrologic sciences, rggoigal Information System (GIS), and
remote sensing. Among the many hydrologic model®ldged in the past decade, the Soil and
Water Assessment Tool (SWAT), developed by Arnaldle(1993), has been used extensively
by researchers. SWAT has been integrated with GR&$S (Srinivasan and Arnold 1994;
Srinivasan et al. 1998) and with ArcView GIS (DiZiol et al. 2002), and the hydrologic
components of the model have been validated for enous watersheds under varying
hydrologic conditions (Arnold and Allen 1996; Ardokt al. 1998; Misgana,2004; Lijalem,
2006; Rahel 2007; Sirak, 2008; Yihun, 2009. Ineordo optimally calibrate the model
parameters, especially for large-scale modelingaato-calibration routine has been added to
SWAT (Eckhardt and Arnold, 2001; Van Griensven ah@l., 2002). SWAT has been used by

many investigators since it

(1) Uses readily available inputs for weather, soiigdlaand topography,
(2) Allows considerable spatial detail for basin scat®eling, and

(3) Itis capable of simulating crop growth and landhagement scenarios.

A conceptual HBV model and a physically based sdistributed SWAT model were used in

this study. For completeness, brief descriptionthe$e models are provided in this section.

4.3. HBV-Light Model

The HBV model is a conceptual hydrological modeldontinuous simulation of runoff. It was
originally developed at the Swedish Meteorologiaatl Hydrological Institute (SMHI) in the
early 70’s to assist hydropower operations (Bebgstand Graham, 1998) by providing
hydrological forecasts. The model was named afterabbreviation of Hydrologiska Byrans

Vattenbalans-avdelning (Hydrological Bureau Watknbhee-section).

4.3.1. HBV Model Structure

The HBV model is a conceptual model of catchmemnlrblpgy which simulates daily discharge
using as input variables: daily rainfall and tengpere and monthly estimates of potential
evaporation. The model consists of subroutinessfmw accumulation and melt, soil moisture

accounting procedure where groundwater rechargeaatuhl evapotranspiration are coupled,
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routines for response and transformation functionréinoff generation and finally, a simple
routing procedure. Further descriptions of the rhade be found elsewhere (Bergstrom, 1992,
1995; Harlin & Kung, 1992; Seibert, 1997). The wensof the model used in this study, “HBV
light 1.2” (Seibert, 1997), corresponds to the mer$1BV-96 described by Bergstrom (1992).

PRECIPITATION

Snow routine

Soil moisture routine

Response function —— | Routing routine |—— RUNOFF

Figure 4.1 Routes in the HBV model.

Figure 4.2 Schematic presentation of the HBV model (IHMS, 2906
Where
SF: Snow fall, RF: Rainfall, El: EvapotranspiratidN: Infiltration, EA: Actual evaporation, FC: Manum soil
moisture storage, SM: Compound soil moistureutine, CF: Capillary rise, R: Seepage, UZ: Uppsone
reservoir, Qo: Direct runoff from upper resery&L: lake evaporation, PERC: percolation cafyat.Z: Lower

zone reservoir and Q1: Base flow lower reservoateNall units are in mm.
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As shown in the figure 4.3, overland flow is notenporated which is mostly a case in Eur
not in Ethiopia opposed to the actual procHowever, in this studyperformancecomparisons
were made based avperational validity not that of conceptual valditimodel’s theoretice
basis.

4.3.1.1. Soil Moisture Routine
The soil moisture accounting routine is the mairt pantrolling runoff formation. Tis routine
is based on the three parame

* FC = maximum soil moisture storage (mi

* LP = soil moisture value above which 5treaches Ef: (mm) and that o

* BETA= parameter that determines the relative cbation to runoff from rain or snowme

()

’ y
Fraction of rain to sail // act.evaporation/ /

orsnowmelt moisture / pot. evaporation /

storage

; groundwater //
h /
// recharge /
0 _/ o |/
— b FC .
Soil moisture (mm) FC*LP EC
Soil moisture (mm)
(a)
(b}
BETA
recharge (Ssm)
_recharge _ (Sm) " s S— S— 4.1

P FC (4.1)

Figure 4.3 (a) Contributions from rainfall or snowmelt to the ail moisture storage and to the upp
groundwater zone; (bActual evaporation as affecd by soil moisture contenin relation to threshold level fo
EA=Er (source: Seibert, 2005).

Where: Snis computedsoil moisture storage; and note that FC is a mpdehameter and n

necessarily equal to measured values of ‘field cigye

4.3.1.2. Response Routine

The model of a single linear reservoir is a sing#scription of a catchment where the rur

Q(t) at time t is supposed to be proportional to theewstorage S(1
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Q=K5

Figure 4.4: A realization of a single linear reservoir is a baxith a porous outlet, thus obtaining Equation (4.1
from Darcy's law.
Where S = storage (mm), Q = outflow (mm daytBtime (day) and k = storage (or recession) dciefit (day')

Q(t) =k .S(t ) SRR (4.2)

The water balance equation of a catchmBft) = E(t) + Q(t)di—(tt) and ignoring precipitation

and evapotranspiration together with equation 44 differential equitation gives solution
function

Q(t) = Q(ty). et Ko . (4.3)

recharge 1

Qo=Ko.(SUZ-UZL) —

Q1=K1.5UZ —_ =

T rerc |

s5LE

Q2=K2.5LF ﬂ

—=  runoff
Figure 4.5 Response function and Response routine of the HBdYdwal

Where; recharge = input from soil rout{men day')
SUZ = storage in upper zamenj and has no upper limit.
SLZ = storage in lower zonex)
UZL = threshold parameter jmm
PERC = max. Percolation toédo zone (mm daj)
K= Recession coefficient (day

(= runoff component (mm day

Note that SUZ has no upper limit, Qan never exceed PERC, and SLZ can never exceed
PERC/K2
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If InQ is plotted against time during a dry peritige slopes of the hydrograph at different runoff

values provide good first estimates of the respduasetion parameter

In Q 9mm/day)

Intermediate

time (days)

Figure 4.6. Schematic shape of recession in relation to thefeliént parameter
Slope of the recession: -Peaks: KO + K1 + K2 wilitteshold€Q(T1) < PERC+K1UZL and Q(T2¥

PERC
-Intermediate: KK2
-Baseflow: K2

4.3.1.3. Routing Routine and Transformation Function
The generated runoff of one time step is distridute the following days using one free

parameter, MAXBAS, which determines the base ieguilateral triangular weighting function.

Qo+l Weight

time MAXBAS time time

Figure 4.7 The transformation function (IHMS, 2006)

4.3.2. HBV Model Inputs

Daily values of areal rainfall and areal tempematand mean daily or monthly estimates of

potential evapotranspiration are main input datéghef model. Besides, in the absence of daily
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potential evapotranspiration data, long-term daiBan temperature data was put as an input data

to correct the long-term mean evaporation (Seil2&@2).

Table 4.1 Input-output relationships
Submodel Input data Output data

Snow routine ' Precipitation, Temperature Snow pack, snow-melt

Soil routine PET, Precipitation, AET, 'soil moisture', groundwater recharge
snowmelt

Response function Groundwater recharge, Runoff, '‘Groundwater
(PET) level'

Routing routine Runoff Simulated runoff

Precipitation
The areal average precipitation Parea is calculasedeighted mean of precipitation stations in
and around the catchment.

Parea=XCi Pi -- (4.4)

The weight Ci of station i can be determined...

... Subjectively

... by Thiessetygons

... by the isohajedr the hypsometric method
The catchment can be divided into different el@rationes. For each zone the precipitation will
be corrected according to its increase with elematibove sea level (usually 10-20% per 100 m,
parameter PCALT).

PCALT(h—h,)
10000

P(h) =P, [1+

Where, R= areal rainfall [mm/day], Bpoint rainfall measurement at station i [mm/dd&/](h)=areal rainfall at the
center of elevation zone [mm/day], h=height of ate&an zone amsl [m], ho-height of rainfall obsermatams| [m],

PCALT-rate of rainfall increase over 100 m.

Temperature

Temperature data is to calculate weighted meartatibas in and around the catchment. When
different elevation zones are used temperature hvlicorrected for elevation above sea level
with usually -0.6C per 100 m (parameter TCALT)

T(h) =To|1+22C o)., S — (4.6)



Where, To= mean daily areal temperat@][ h=height of elevation zone amsl [m], T (h)=dreaperature at the
center of elevation zoné(], ho-height of temperature observation ams| [RGALT=rate of temperature decrease

over 100 m.

Potential evaporation

Estimates of the potential evaporation may be piediby calculations using, for instance, the
Penman formula or measurements by evaporimetersm@lly monthly mean values are

assumed to be sufficient. The long-term mean ewjoor can be corrected by using the

deviations of the temperature from its long-termame

Epot(t) = [1 + CET(T(t) - TM)]Epot,m """"" T T (47)
(BUT: 2p(EM > Epot (t)z O)

Where Epot(t)= potential evaporation at day t [mfh d
CET correction factor [°C-1]
T(t)= temperature at day t [°C]
Tw=long-term mean temperature for this day of ther yeC]

Eotm IONg-term mean evaporation for this day of ther yean &

Catchment Data

Watershed delineation is the first step in hydraalgmodeling and is followed by discretization
of the catchment into hydrologic response unitgvéalion zones were considered as primary
hydrological units of the catchment and were digideo different vegetation zones. The version
of HBV model used for this study allows dividingetisatchment up to 20 elevation zones and
into three vegetation zones per elevation zonebgBgi2002). The zonings were completely

done based on elevation and land cover data afréees using ArcGIS.

4.4. ArcSWAT Model

The Soil and Water Assessment Tool (SWAT) modeh{a et al., 1998; Arnold and Fohrer,
2005) has proven to be an effective tool for assgswater resource and non point source
pollution problems for a wide range of scales andirenmental conditions across the globe.
SWAT is a basin scale, continuous time model tipatrates on a daily time step and is designed
to predict the impact of management on water, sedipand agricultural chemical yields in un-

gauged watersheds.
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4.4.1. SWAT Model Structure

Watersheds can be subdivided into subwatershedduatiebr into hydrologic response units
(HRUSs) to account for differences in soils, lan@,usrops, topography, weather, etc. The model
has a weather generator that generates daily valtigwecipitation, air temperature, solar
radiation, wind speed, and relative humidity frotatistical parameters derived from average
monthly values. The model computes surface runalfime either by using modified SCS curve
number method or the Green & Ampt infiltration nedh Flow is routed through the channel
using a variable storage coefficient method orNluskingum routing method. SWAT has three
options for estimating potential evapotranspiratiBlargreaves, Priestley-Taylor, and Penman-
Monteith. The model also includes controlled resgreperation and groundwater flow model.
A complete description of the SWAT model componeastound in Arnold et al. (1998) and
Neitsch et al. (2002). A brief description of thé&/8T hydrologic component is given here.

4.4.1.1. Hydrologic Water Balance

Water balance is the driving force behind everyhiimat happens in the watershed. In SWAT
simulation of hydrology of the watershed can beasaied in to two major divisions. The first

division is the land phase of hydrologic cycle cols the amount of water, sediment, nutrient
and pesticide loadings in to the main channel ichesub basin. The second division is the
routing phase of hydrological cycle which can béndsl as the movement of water, sediments,
etc through the channel network of the watershetthéooutlet. As far as this research work is
concerned the hydrologic cycle largely dealt withtbe movement of water, which is the runoff

generation.

The land phase of the hydrologic processes (figu#® is simulated based on water balance
equation:
SWy = SW, + Zgzl[Rday - qurf —E;— Vvseep] """" - -- (4.8)

Where: SWt is the final soil water content (mm water),

SWis the initial soil water content on day (mm water)

tis the time (days),

Rday is the amount of precipdaton day i (mm water),

Qsurf is the amount of surfaceoffion day i (mm water),

Ea is the amount of evapotrardmn on day i (mm water),

Wseep is the amount of percofatiad bypass flow exiting the soil profile bottomaay i (mm
water).
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4.4.1.2. Weather Generator

Lack of full and realistic long period climatic dats the problem of developing countries.
Weather generators solve this problem by generalatg having the same statistical properties
as the actual ones (Danuso 2002). SWAT requirdyg dalues of precipitation, maximum and
minimum temperature, solar radiation, relative hditgi and wind speed. The climatic data
collected from the twenty-nine meteorological stasi in the study areas have; however, too
many missing data. Since SWAT has a built in waatfemerator called WGEN (Richardsen

al., 1984) that is used to fill the gaps, all the migsvalues were filled with a missing data
identifier, -99.

The weather generator first independently genenattesipitation for the day. Maximum and
minimum temperature, solar radiation and relativentdlity are then generated based on the
presence or absence of rain for the day while vgipeked is finally generated independently.
For the sake of data generation, weather parameters developed by using the weather
parameter calculator pcpSTAT and dew point tempegatalculator DEWO02 (Liersch, 2003),
which were downloaded from the SWAT website

(http://www.brc.tamus.edu/swat/soft_links.hjnmThe pcpSTAT program reads daily values of

rainfall, then it calculates monthly daily averagesl standard deviations of all variables as
well as probability of wet and dry days, skew cméght, and average number of precipitation
days in the month. The DEWO02 programs reads dadllpyes of relative humidity, and
maximum and minimum temperature values and caksilahonthly average dew point
temperatures. The weather generator parametersirusied study and their values are shown

in Appendix A.

The daily precipitation generator is a Markov chsikewed (Nicks, 1974) or Markov chain
exponential model (Williams, 1995). A first-orderakkov chain is used to define the day as wet
or dry. When a wet day is generated, a skewedlalision or exponential distribution is used to
generate the precipitation amount. In this reseavolk an exponential distribution has been

used.

4.4.1.3. Sub watershed Discretization and Determination of HRUS.
The sub watershed discretization divides the whé&stsnto sub-basins based on topographic

features of the watershed. This technique presetivesnatural flow paths, boundaries, and
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channels required for realistic routing of wateglisnent and chemicals. All of the GIS interfaces
developed for SWAT use the sub watershed disctetizéo divide a watershed. The number of
sub-basins chosen to model the watershed depentie size of the watershed, the spatial detail
of available input data and the amount of detajuned to meet the goals of the project. When
subdividing the watershed, topographic attributdspe, slope length, channel length, channel
width, etc.) are calculated or summarized at thelsasin level. The-sub basin delineation should

be detailed enough to capture significant topogapdriability within the watershed.

The subbasin delineation was followed by the deteation of HRUs, which are unique soil and
land use combinations within a subbasin modellggnaiess of their spatial positioning. This
describes better hydrologic water balance and asa® the accuracy of load predictions (Luzio
et al. 2002). SWAT predicts the land phases of the hydjolaycle separately for each HRU

and routes to obtain the total loadings of the saatbvghed.

The HRUs can be determined either by assigning amg HRU for each subwatershed
considering the dominant soil/landuse combinatiarsby assigning multiple HRUs for each
subwatershed considering the sensitivity of therblgdjic process based on a certain threshold
values of soil/landuse/slope combinations. For #tigly, the latter method was adopted as it
better describes the heterogeneity within the whed and as it accurately simulates the
hydrologic processes. The ArcSWAT manual (Luetoal. 2002) recommends the threshold
levels for multiple HRUs to be set based on thgeatogoal and the amount of detail desired.
Default threshold values of 20% landuse, 10% swd 20% slope type are recommended to be

adequate for most applications.

4.4.1.4. Surface Runoff Simulation

a) Surface Runoff Volume

SWAT provides two methods for estimating surfaceofti the SCS curve number method

(SCS) and the Green & Ampt infiltration method. Bvibough the latter method is better in

estimating runoff volume accurately, its sub-daihge step data requirement makes it difficult to
be used for this study. Hence, the SCS curve numisthod was adopted. The method is an
empirical model, which is based on the followingiatpn:
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(Rday_la)2

Qsurs= el (X))

(R—Ig+5)

Where: Q..is accumulated runoff or rainfall excess (mm water),
Ry is rainfall depth for the day (mm water),
la isn initial abstraction which includes surface sgeranterception and infiltration
prior to runoff (mm wate8,is aretention parameter (mm water).

The retention parameter varies spatially due tmgbsa in soils, land use, management and slope,

and temporally due to changes in soil water conterg mathematically expressed as:

S =254« (1§1°V° — 10) S—T0)!

Where: CNis the curve number for the day which is f (lane,ugractice, soil permeability, soil hydrologic
group)

For the definition of the soil hydrologic group$iet model uses the U.S. Natural Resource
Conservation Service (NRCS) classification, whitdssifies soils into four hydrologic groups
(A, B, C, & D) based on infiltration characterigtiof the soils. Group A, B, C and D soils have
high, moderate, slow, and very low infiltration e@stwith low, moderate, high, and very high
runoff potential, respectively. The initial abstian, la, is commonly approximated as $&nhd

the equation becomes:

(Rday_o'zs)z

Qsury= Y )

(Raay+0.8S)

b) Peak Discharge

The peak discharge or the peak surface runoffigatiee maximum volume flow rate passing a
particular location during a storm event. SWAT oédtes the peak runoff rate with a modified
rational method. In rational method it assumed #hedinfall of intensityl begins at timeé = 0
and continues indefinitely, the rate of runoff witicrease until the time of concentratidns

tconc The modified rational method is mathematicallpressed as:

QAec*QsurfrArea

Apeak = T - T T - (4- 12)

3.6xtconc

Where: gpeakis the peak runoff rate (m3/s),
atcis the fraction of daily rainfall that occurs dugithe time of concentration,
Qsurfis the surface runoff (mm),
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Area is the sub-basin area (km?),
¢onc is the time of concentration (hr), and 3.8 nversion factor.

SWAT estimates the value efusing the following equation:

e = 1 — exp[2 * toone * IN(1 — ag5)]------- el L K<)

Whereaq sis the fraction of daily rain falling in the halbhr highest intensity rainfall.

Time of Concentration
The time of concentratiortconc,is a time within which the entire subbasin arediseharging at
the outlet point. It is calculated by summing ughbthe overland flow time of the furthest point
in the subbasin to reach a stream channél #nd the upstream channel flow time needed to
reach the outlet pointcf):

teonc = toy + ten==- e (4.14)

The overland flow time ) is computed as:

Lstp — 1Y

t =
OV " 3600V,

Where: Lslpis the average subbasin slope length (m),
Vovs the overland flow velocity (m/s), and 3600 isrdt conversion factor.

The overland flow velocity for a unit width alonlget slope is calculated by using the Manning’s

equation:

Qov®C*slp®3

v, = S — /W T'.)

105

Where: qovis the average overland flow rate¥(s),
slps the average slope of the subbasin (m/m),
ris Manning’s roughness coefficient of the subbasin.

Assuming an average flow rate of 6.35 mm/hr andsitulbing the equation d¥ov into tov, the

simplified equation of the overland flow becomes:

Ls 0'6*710'5
toy = 1lg*slp0_3 T - T T (4.17)
Channel flow time is computed as:
Lc
ton = et (4.18)
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Where: Lcis the average flow channel length (km),
Vgs the average flow velocity (m/s), and 3.6 is & aanversion factor.

The average flow channel length is calculated as:

Y R p— S — (4.19)

Where: L is the channel length from the furthest point @ slabbasin outlet (km),

[cenis the distance along the channel to the subbasitraid (km).
AssumingLcen= 0.9_, and using the Manning’s equation for a trapezoidal channel with
side slope of 2:1 and bottom width to depth rafia@1, channel flow time becomes:

0.62%L*n075

tCh = 0.375 T T T T o (4'20)

T Area®125xsipyy,

Where:tchis the time of concentration for channel flow (hr),
Lis channel length from the most distant point ]vs¢hb basin outlet (km),
ris Manning’s roughness coefficient for the channel,
Areas the sub basin area (km2), and
$chis the channel slope (m/m).

Surface Runoff Lag

In large subbasins with a time of concentratioraggethan 1 day, only a portion of the surface
runoff will reach the main channel on the day itgsnerated. SWAT incorporates a surface
runoff storage feature to lag a part of the surfac®ff release to the main channel. Once surface

runoff is calculated, the amount of surface rumeféased to the main channel is calculated as:

—-surlag

qutf = (Q;urf + Qstor,i—l) * [1 — exp ]' T T (4-21)

tconc

Where: Qsurfis amount of surface runoff discharged to main cleam a day (mm),
Gurfis amount of surface runoff generated in a subnbiasa day (mm),
Qstorsl is the surface runoff stored or lagged frompghevious day (mm),
surlags the surface runoff lag coefficient, and
tconts the time of concentration for the sub-basin)thrs

4.4.1.5. Potential Evapotranspiration (PET)
According to Penman (1956), PET is defined & “amount of water transpired by a short
green crop, completely shading the ground, of umfbdeight and never short of wateEven

though, there are numerous methods for PET estma8WAT provides threalternatives for
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its calculation: Penman-Monteith (Monteith 1965)efl 1986, Allenet al. 1989), Priestley-
Taylor (Priestley and Taylor 1972), and Hargreafléargreavest al. 1985) methods. As an
option, measured values can also be used as andatau Thanethods have various needs for a
number and type of climate variables: Penman-Mdnteiethod requires solar radiation, air
temperature, relative humidity and wind speedestley-Taylor method requires solar radiation,
air temperature and relative humidity; whereas Haages method requires air temperature only.

In this study Penman-Monteithethod was considered for PET estimation.

Penman-Monteith Method
The Penman-Monteith equation combines componeatsattount for energy needed to sustain
evaporation, the strength of the mechanism requaedmove the water vapor and aerodynamic

and surface resistance terms. The penman-Montgithtien is:

_ Ax(Hpet—G)+pair+Cp*lef—ezl/Tq
A+yx(1+7c/1g

AE

S W2)

Where: 1 E is the latent heat flux density (MJ m-2 d-1) sEHe depth rate evaporation (mm d4l)s the slope of
the saturation vapor pressure-temperature curvdTd&Pa °C-1), Hnet is the net radiation (MJ m-2)dG is the
heat flux density to the ground (MJ m-2 d-b)air is the air density (kg m-3), Cp is the specHi&at at constant
pressure (MJ kg-1 °C-1), is the saturation vapesgure of air at height z (kPajz eez is the water vapor pressure
of air at height z (kPa)y is the psychrometric constant (kPa °C-1), rc ispglaat canopy resistance (s m-1), and ra

is the diffusion resistance of the air layer (agr@imic resistance) (s m-1).

For well-watered plants under neutral atmosphetabikty and assuming logarithmic wind

profiles, the Penman-Monteith equation may be amifensen et al., 1990):

Ax(Hpet—G)+y*Kq *(0.622*1*!)‘1%)*[e§—ez]/ra

AE, = S—— )

A+y*(14rc/1g

Where: Lis the latent heat of vaporization (MJ kg-1), Ethie maximum transpiration rate (mm d-1), i€ a
dimension coefficient needed to ensure the two ¢admthe numerator have the same units (for uz isrIn K1 =
8.64 x 104), and P is the atmospheric pressure)(kPa

4.4.1.6. Soil Water - Percolation, Bypass Flow, and Lateral Flow
Soil water may follow different paths of movemewgrtically upward (plant uptake), vertically

downward (percolation), or laterally-contributirgggtream flow. The vertical movement as plant
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uptake removes the largest portion of water thaersenthe soil profile. Percolation is the
downward movement of water in the soil. SWAT cadtes percolation for each soil layer in the
profile. Water is allowed to percolate if only thvater content exceeds the field capacity of that
layer (Neitschet al.(A) 2002).

Bypass flow is the vertical movement of free watkmg macropores through unsaturated soil
horizons and occurs in areas dominated by Vertils sthen the rate of rainfall or irrigation
exceeds the vertical infiltration rate. While siaithg the bypass flow, SWAT calculates the
crack volume of the soil matrix for each day of gliation by layer. On days in which
precipitation events occur, infiltration and sudawnoff are first calculated for the soil peds.
Part of the surface runoff equivalent to the craaiisime enters the soil profile as bypass flow,
and the rest remains overland flow. Cracks aredilin accordance with their presence in the
consecutive layers: those at the bottom layeréilieé first (Neitschet al. (A) 2002).

Lateral flow is common in areas with high hydrautienductivities in surface layers and an
impermeable or semi-permeable layer at a shallgthdd€Rainfall will percolate vertically up to

the impermeable layer and develops a saturated immed above this layer. This is called a
perched water table, which is the source of watelateral subsurface flow. SWAT incorporates

a kinematic storage model for subsurface flow (dodiet al. (A) 2002).

4.4.1.7. Groundwater System

SWAT assumes two layers of aquifers while simutatthe groundwater balance; namely a
shallow unconfined aquifer, and a deep-confinedifaquThe unconfined shallow aquifer is
contributes to flow in the main channel or reachthe# sub-basin, whereas the deep confined

aquifer assumed to contribute to stream flows dette watershed (Arnokt al. 1993).

The volume of water available in the shallow aquiegoverned by the recharge from the top
soil profile (recharge), the flow into the main estm channels or reach (base flow), the
movement into the overlying unsaturated zone (rgvapd the flow to the deep aquifer (deep
percolation). The details of the methodology arescdbed in the SWAT Theoretical

Documentation, version 2000 (Neitseh al. (A) 2002). Evaporation, pumping withdrawals,
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seepage to the deep aquifer, and water uptaketfrershallow aquifer by deep rooted plants are

also components of the groundwater.

Shallow Aquifer
The water balance for a shallow aquifer in SWATakulated with:

aqsnh,i = Aqsh,i-1 + Wychrg — ng — Wrevap — Wdeep - Wpump,sh """"""""" (424)

Where:agsh,iis the amount of water stored in the shallow aguifedayi (mm),

agsh,i-1s the amount of water stored in the shallow agwfedayi-1 (mm),

wrchrgs the amount of recharge entering the aquiferan ¢dmm),

Qgwis the groundwater flow, base flow, into the maiamrnel on day (mm),

wrevajs the amount of water moving into the soil zonegsponse to water deficiencies
on ddaymm),

wdeefs the amount of water percolating from the shalkmwifer into the deep aquifer on
day(mm), and

wpump,sis the amount of water removed from the shallowifagiy pumping on day (mm).

Deep Aquifer

The water balance for the deep aquifer is:

aqap,i = Aap,i-1 + Wdeep - Wpump,dp"" B - (4-25)

Wheregdp, i is the amount of water stored in the deapfagon day i (mm),
aqdp, i-1 isthe amount of water siidrethe deep aquifer on day i-1 (mm),
wdeep is the amount of water peraudgtrom the shallow aquifer into the deep aquderday i (mm), and
wpump,dp is the amount of water reatbfrom the deep aquifer by pumping on day | (mm).
Base flow occurs only when the amount of waterestoin the shallow aquifer exceeds a
threshold volume of water. Similarly, deep perdolathappens only when the amount of water

stored in the shallow aquifer exceeds a threshaldev

4.4.1.8. Channel Routing

The second phase of the SWAT hydrologic simulatithe routing phase, consists of the
movement of water, sediment and other constitugnts nutrients, pesticides) in the stream
network. As an optional process, the change in méladimensions with time due to down

cutting and widening is also included.
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Similar to the case for the overland flow, the rael velocity of flow is calculated by using the
Manning’s equation. The main channels or reachesassumed to have a trapezoidal shape by
the model. Two options are available to route toevfin the channel networks: the variable
storage and Muskingum methods. Both are variatminghe kinematic wave model. While
calculating the water balance in the channel flthe, transmission and evaporation are also well

considered by the model.

The variable storage method uses a simple congimgtiation in routing the storage volume,
whereas the Muskingum routing method models theagéovolume in a channel length as a
combination of wedge and prism storages. In therdatethod, when a flood wave advances into
a reach segment, inflow exceeds outflow and a weflgéorage is produced. As the flood wave
recedes, outflow exceeds inflow in the reach segmaed a negative wedge is produced. In
addition to the wedge storage, the reach segmemdios a prism of storage formed by a volume

of constant cross-section along the reach length.

For this research, the variable storage method adapted. The method was developed by
Williams (1969) and used in ROTO (Arnaddal. 1995) models. Storage routing is based on the
continuity equation:

AVstored = Vin = Vout—- - - T T - (426)

Where:V,, is the volume of inflow during the time step*(mater),
Vouts the volume of outflow during the time step®(water), and
AVstoredis the change in volume of storage during the ste@ (ni water).

This equation can also be detailed as follows:

_ Qin1tqin,2 dout,1t9out,2
Vstored,z — Vstored,1 — At * [ 5 ] — At = [ 2 ]" - (4-27)

Where:4t is the length of the time step (s),
@..is the inflow rate at the beginning of the timepstar/s),
@.is the inflow rate at the end of the time step/én
g1 1S the outflow rate at the beginning of the timepst/s),
Qui2is the outflow rate at the end of the time stef/{n
Voreq1 IS the storage volume at the beginning of the Ste@ (ni water),and
Vstored2 1S the storage volume at the end of the time stépvater).

Travel time is computed by dividing the volume ddter in the channel by the flow rate.

|4 Vstored Vstored,2
TT — stored — store ,1 __ Vstored, (428)
dout dout,1 dout,2
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Where:TTis the travel time (s),
Vstorésl the storage volume fwater), and
qoig the discharge rate {fa)

4.4.2. SWAT Model Inputs

Digital Elevation Model

The digital elevation model (DEM) data was useddglineate the sub-watersheds in the
ArcSWAT interface. DEM of the study areas were nealskrom Ehio-DEM with datum
GCS_WGS 1984 and format type of USGSDEM. Before DiteM data was loaded in to
ArcSWAT interface, it was projected into coordinatestem parameters of Ethiopia (study area)
is: UTM-WGS 1984-UTM zone 37N.prj.

Land Use/Land Cover

The land use/land cover map of the study area wiected from MoWR GIS department which
was obtained in shape file format. The land usedco\ata reclassified according to the SWAT
land use/cover type. A look up table that identifibe 4-letter SWAT code for the different
categories of land cover/land use were preparedssio relate the grid values to SWAT land

cover/land use classes; and SWAT calculated tree@reered by each land use.

Soil Data

Soil data was also collected from the Ethiopian MOWIS department; however, this data was
only in shape file format and the characteristitshe soils needed by the SWAT couldn’t be
found. The soil data used for this study was irkteallected from the Master Plan of Abbay
Basin which is available at MOWR. The basic chamastics of the soils and the look up table
which links the grid size with the soil type wagpared to make understandable by SWAT. The

characteristic soil parameter values were encloségpendix B

Meteorological Data

Meteorological data is needed by the SWAT modsirnaulate the hydrological conditions of the
basin. The meteorological data required for thislgtwere collected from the Ethiopian National
Meteorological Services Agency (NMSA). The meteogital data collected were precipitation,

maximum and minimum temperature, relative humiditynd speed and sunshine hours. Data
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from twenty-nine principal and nonclass-1 statiomkich are within and around the study area,
were collected.

Hydrological Data

The hydrological data was required for performiegsstivity analysis, calibration and validation
of the model. The hydrological data was also ctdiédrom the Ethiopian MoOWR hydrological
section for the selected five catchments: Gilgeb@jy Chemoga, Muger, Guder and Didessa
stream flows.. For calibration of simulated flowise total gauged stream flow data should be
separated into surface and base flow components. alitomated base flow separation and
recession analysis techniques (Arneldal. 1999), and the Web-based Hydrograph Analysis
Tool (WHAT) (http://pasture.ecn.purdue.edu/~whare among the several methods available to

separate base flows. However, due to its simplitity former technique was applied.

7http://www.brc.tamus.edu/swat/soft_baseflow.html

4.5. Sensitivity Analysis

Sensitivity analysis is a simple technique for ass® the effect of uncertainty on the system
performance. It is also a measure of the effeathainge of one parameter on another. While
there are a number of techniques available for gotirdly SA (Saltelli, 2000), all can be broadly
grouped as local and global approaches (Saltellalet1999). In local techniques, output
responses are determined by sequentially varyioly efthe input factors and by fixing all other
factors to constant nominal values. The furthergbsgurbation moves away from the nominal
value, the less reliable the analysis results bec@elton, 1993). Also, the more nonlinear the
relationship between inputs and output variabléschvis typical in hydrologic models, the more
difficult and unreliable it is to employ local tedljues. Furthermore, since sampling is
performed for one input at a time by fixing all ethinputs at constant values, local approaches
do not account for any interaction between inpiiteny exists. Unlike the local techniques,
global SA methods explore the entire range of infaators, and all input factors can be
simultaneously varied, allowing investigation otjut variation as a result of all inputs and their
possible interaction (i.e. output uncertainty iseraged over all input factors). Therefore

sensitivity analysis as an instrument for the aswest of the input parameters with respect to

51



their impact on model output is useful not only fapndel development, but also for model

validation and reduction of uncertainty (Hamby, 4@&ed in Lenharet al.2002).

The sensitivity analysis was undertaken by usibgil-in tool in SWAT2005 that uses the Latin
Hypercube One-factor-At-a-Time (LH-OAT) design nedihof Morris (1991). The OAT design
appeared to be a very useful method for SWAT maodedis it is able to analyze sensitivity on
high number of parameters. The LHOAT sensitivityalggis method combines thus the
robustness of the Latin Hypercube sampling thatiexssthat the full range of all parameters has
been sampled with the precision of an OAT desigssigng that the changes in the output in
each model run can be unambiguously attributechéoinput changed in such a simulation
leading to a robust and efficient sensitivity as@ymethod. Using the built in tool in SWAT
model sensitivity analysis has been performed llogauged stream flow and the result is found

in modeling section of this report.

In HBV modelling, unlike swat model it has no bdiitprogram for sensitivity analysis, local
sensitivity technique was applied that output resps are determined by sequentially varying
each of the input parameters and by fixing all ofiaetors to constant nominal values; and the
sensitivity result is found in modeling sectiontlois report.

4.6. Models Calibration

Calibration is a major aspect of hydrological maugland is aimed at fitting the simulated
outputs of the model to the observed outputs ofstaiershed by adjusting the model parameters.
A measure of the fit between the simulated and vesleoutputs is called calibration. The goal
of calibration is to find those values for the miogarameters that minimize (Maximize) the

specified calibration criterion.

Parameter estimation follows the decision of whpdrameters of the simulation model to
calibrate. Manual calibration and automatic calibra are two types of parameter estimation
approaches. There are three calibration approasigdy used by the scientific community.
These are the manual calibration, automatic cdldireand a combination of the two. Manual
calibration is by far the most widely used approtmhcomplex models, including those of the
distributed type (Refsgaard and Knudsen, 1996;deeisl, 1997; Senarath et al., 2000). Manual
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calibration, however, is time consuming and verlgjsctive, and its success highly depends on
the experience of the modeler and their knowledgth® study watershed, along with model
assumptions and its algorithms. Automatic calilrainvolves the use of a search algorithm to
determine best-fit parameters, and it offers a remad advantages over the manual approach.
Automatic calibration is fast, it is less subjeetiand since it makes an extensive search of the
existing parameter possibilities, it is highly likehat results would be better than that which
could be manually obtained. Senarath et al. (2G0@) Eckhardt and Arnold (2001) have

implemented automatic calibration for distributeddals.

4.6.1. HBV-Light Model Parameter Estimation

HBV-Light has built-in Monte-Carlo calibration tadlhe Monte-Carlo autocalibration technique
is used to obtain an optimal fit of process paransetvhich is based on the coefficient of
efficiency, Ry.

_ YQsim (£)=Qobs ()] . . _ L
L e Qons (0=Gonel? (4.29)

Resr =

Rest compares the prediction by the model with the $stpossible prediction, a constant value
of the observed mean value over the entire period.

Where:Ry = 1 Perfect fit, @u(t)= Qupdt) t
R¢= 0 Simulation as good (or poor) as the constahtevarediction
Ry < 0 Very poor fit

The calibration period should include a varietyhgéirological events and normally 5 to 10 years

sufficient to calibrate the HBV model.

4.6.2. ArcSWAT Model Parameter Estimation

SWAT has two built-in calibration tools: the manuaalibration helper and the autocalibration.
The manual calibration approach helps to comparertbasured and simulated values, and then
to use the expert judgment to determine which béei#o adjust, how much to adjust them, and
ultimately assess when reasonable results have di#gamed. The autocalibration technique is
used to obtain an optimal fit of process parametenich is based on a multi-objective

calibration and incorporates the Shuffled Complerl&tion Method algorithms (Green and van
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Griensven, 2007). In this study both of the tecbhagwere employed to get the best model

parameters.

First, the manual calibration was performed andmtie model evaluation parameters reached
to an unchanged level, the model was run autonligtiézgarameter changes in SWAT affecting
hydrology were done in a distributed way for seddcsub-basins and HRU’s. They were
modified by replacement, by addition of an absoktliange and by multiplication of a relative
change depending on the nature of the parametevetty, a parameter was never allowed to go
beyond the predefined parameter ranges duringatiteation process. In the manual calibration,
first the water balance was calibrated followedtdéayporal flow calibration. SWAT developers
in Santhi et.al, (2001) assumed an acceptableratibh for hydrology with coefficient of
determination (B >0.6 and Nash-Sutcliffe efficiency ¥§>0.5 and these values were also

considered in this study as adequate statistidabgdor acceptable calibration.

4.7. Models Validation

The predictions of the model are directly compangith measurements for two purposes. First,
most water Resource models include "free paramkétegs variables used in the mathematical
formulation for which direct measurements do nasexrhese can be estimated by adjusting
their values until the resulting model predictigrees with measurements, a process referred to
as model "calibration." Second, the model is ogerainder the same external conditions as
encountered during collection of a set of fieldadatnd the model predictions compared to the
field measurements, without any adjustment or ififitt of the model, to evaluate the
performance of the model, a process referred tmadel "verification." (Ward, G., Benamen,
1999).

Once calibration has been conducted to estimateb#s¢ values for model parameters, the
outcome needs to be verified to determine if theults provide adequate information for
answering the questions that face decision-makiras; validation is the process of testing
model performance of the calibrated model paransgteagainst an independent set of measured
data. For this research work an independent uadidgeriod was taken as 5 years beginning
Jan. %, 2001 to Dec. 31, 2005 for both HBV and SWAT medel
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4.8. Model Efficiency Evaluation Criteria Used

No single index of goodness-of-fit is suitable fdescribing how well a particular model
performs. Therefore, | used a number of quantgaiindices for model evaluation. Over seven

performance evaluation criteria have been considieréne study:
» The coefficient of efficiency [Nash and Sutcliffe/0], is defined by the dimensionless
expression

NSE = 1 — () e LX< )

With Fo = = ¥[(Qo)i — Qo? ; and
NSE = <[(Qo)i — (Qs)i]?

Where: MSE being the mean square error, (Qo)i is the alesedischarge and (Qs)i the simulated
discharge at the ith time step, N is the total nemtdf discharge values, aQ@ is the mean of the (Qo)i
series over the calibration or verification period.

* The index of agreement, 10A, is defined as [Willnm@B81]

1 YN[(Q0)i—(Qs)i]?
loA =1 »N . {1(Q0)i—Qo|+/(Qs)i—Qo}? (4.31)

In which the numerator is N times the MSE and tkaaininator is called the potential error. The other
symbols have the same meaning as for Nash andfgutcl

« The coefficient of determinatiorf, iis given by

. — 2
2 {ZN(Q0)-Q0)(Qs-Qs)} e
B = N (Q0-Q0)? EN \(Q5-Q5)2 (4.39

Where:all symbols have the same meanings as given above.

» The index of volumetric fit, IVF, the ratio of thetal volume of (Qs)i to the total volume
of (Qo)i, is

_Ih.ei o
IVF = SN Qo (4.33)

* The relative error of the peak (RE) is defined as

RE = [(Qp)s—(Qp)ol|
(Qp)o

N — (4.34)



In which (Qp)o and (Qp)s being the observed andiksitad peak flows respectively

» Efficiency using In

14 ¥ (InQo-InQs)? . . B . )
lOgReff =1 Z(anO—W)Z (435)

* Mean Difference

meandiff = 22" 365 (4.35)

No of days

* Percentage of Deviation

D= 100[% (Zin:lqsi _Zinzlqoi )} --- --- --- (4.36)
Zinzlq"i

Table 4.2 Objective functions

Y(Qo — Qs)? it
; NSE=1———"—"—
Nash and Sutcliffe ¥ Qo — Qo0)2
R —2
Coefficient of 2 _ (Zin(Q0) ~ Q0)(@s ~ Qs)} .
Determination iin(Qo — Q0)? TN (Qs — Qs)?
ToA = — Y1[(Qo)i — (Qs)i]? it
Ve A e X, (1(Qo)i — QoI + 1(@)i — QoI
{11(Qs)i 1
Index of Volumetric IVF = SN Qo)
Fit =1
e 1(Qp)s — (Qp)ol 0
Relative Error of the - (Qp)
Qp)o
Peak
loaR o = 1 Y (InQo — InQs)? 1
Ln Efficiency 09%err = 1T S (nQo — InQo)?
. X(Qo—Qs) 0
Mean Difference meandiff =5 of days 365
0
% Deviation D = 100. i, va— ~1Q0)
Zi=1 Qo
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5. Modelling of the Gauged Catchments

5.1. Modelling of Catchments with HBV

Input data for HBV model are daily rainfall, datlgmperature Jong-term monthly evaporation and daily
river flow data for calibration.

Hydrometrological Data

A total of twenty-nine stations inside and aroumel jauged catchments are used to estimate anafallrai
by Thiessen polygon method.

Table 5.1 Weights of rainfall stations by Thiessen polygon thed for the respective catchments.

Catchmets Metrgiwal Stations
Gilgel Abbay Dangila Bahir Dar Abay Sheleko Wetet Abay Kidmaja
0.138 0.324 0.018 0.292 0.228
Chemoga Debre Markos | Rob Gebya
0.240 0.760
Muger A.A Observatory Sululta Shola Gebya
0.250 0.500 0.250
Guder Ambo Guder Tikur Inchini
0.110 0.110 0.780
Didessa Arjo Nekemte Seko Yafna Jimma | Limu Genet
0.260 0.094 0.213 0.237 0.089 0.107
—@—Dangila
=>~Debre Markos
=#=A.A Observatory
Eto (mm/t}ay o
0 s Arjo
% % § 5 g % £l § % ‘8 % § —=Nekemte
- L g < s <%; w O Z A

Figure 5.1 Long-term monthly potential evapotranspiration imm/day (1990-2005)
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Catchment Data

The model was set up by using elevation and vegatatover data. Elevation zones were
considered as primary hydrological units of theckatent and were divided into different
vegetation zones. The version of HBV model usedHi study allows dividing the catchment
up to 20 elevation zones and into three vegetatoes per elevation zone (Seibert, 2002). The
zonings were completely done based on elevationarticover data of the area using ArcGIS

as presented in Table 5.2.

Table 5.2 Semi-distributed representation of the five catchmt®in to various elevation and vegetation
zones

Catchment Elevation Zone Mean

Elevation Vegetation Zone (%)

CEIEEINAGIEVAN Very Low Elev. 0.1525 0.1575

Medium Elev. 0.0713 0.1528

Very High Elev. 0.0029 0.0332

Very Low Elev. 2416.5 0.3402 0.0003 0.1015
Chemoga Medium Elev. 2998.0 0.1325 0.0 0.0005
Very High Elev. 3710.0 0.0067 0.0001 0.0797

Very Low Elev. 0.0775 0.2907 0.0
Muger Medium Elev. 0.1642 0.0657 0.0311
Very High Elev. 0.0 0.0176 0.0031
Very Low Elev. 0.0269 0.0431 0.0246
Guder Medium Elev. 0.0011 0.2474 0.0002
Very High Elev. 0.0 0.0445 0.0
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Very Low Elev. 1425.0 0.0869 0.2866 0.0044

Medium Elev. 1922.5

Didessa

Very High Elev. 2730.5

5.2. Modelling of Catchments with SWAT

5.2.1. Modelling Gilgel Abay Catchment

In order to model this gauged river using SWAT, $patial input which is shown in Figure 5.1
have been used. For modelling purpose a catchnsepaititioned in to a number of sub-
watersheds. According to (Luzet al. 2002) user manual, the threshold levels set fottiptel
HRUs is a function of the project goal and the amiai detail desired by the modeler. For most
applications, the settings for land use thresh@®@ %) and soil threshold (10 %) and slope
threshold (20%) are adequate and applied in tlseareh work. In the delineation process this
catchment is partitioned in to sixteen sub-wateish®y taking a threshold value of 20% for land
use, 10 % for soil and 20% for slope; and 51 HRbéwe been derived from the overlay

analysis.

Table 5.3 Soil typeof Upper Gilgel Abbay catchment as per FAO-UNESCAQIl £lassification system

No. Soil Type Soil Classes defined in SWAT Coverageaea (Km?) % of Total Area
1 Halpic Luvisols H. Luvisols 13.50 0.81

2 Halpic Alisols H. Alisols 31.57 1.90

8 Eutric vertisols E.vertisols 672.33 40.40

4 Halpic Nitisols H. Nitisols 937.09 56.32

5 Eutric Rigosols E.Rigosols 9.51 0.57

Total 1664 100

Table 5.4 Land use classification of Upper Gilgel Abbay catolent used in SWAT

No. Land use SWAT Land use Class Coverage Area (Kin % of Total Area
1 Agriculture AGRC 620.83 37.31

2 Agro-pastoral SPAS 1018.30 61.20

3 Agro-sylvicultural AGRL 24.87 1.49

Total 1664 100
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Figure 5.2 SWAT model Spatial inputs data for Upper Gilgel Ab&atchment.

5.2.2. Modelling Chemoga Catchment
It has a catchment area of 364 :kamd the elevation ranging from 2246-3956 m +MSL.

Modelling work has been carried out to delineatedhtchment, the first spatial input DEM grid

was processed by SWAT; and the watershed isipagd in to nine HRU units.
Table 5.5 Soil type of Gauged Chemoga catchment as per FAORECO soil classification system

No. Soil Type Soil Classes defined in SWAT Covega Area (Knt) % of Total Area
1 Eutric Cambisols E. Cambisols 13.29 3.65

2 Eutric Leptosols E. Leptosols 49.38 13.56

8 Eutric Vertisols E. Vertisols 43.09 11.84

4 Haplic Alisols H.c Alisols 144.22 39.62

5 Haplic Luvisols H. Luvisols 114.04 31.33

Total 364 100
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Table 5.6 Land use classification of Gauged Chemoga catchmeséd in SWAT

No. Land use SWAT Land use Class Coverage Area (Kin % of Total Area
Agriculture AGRC 0.05 0.01
Agro-pastoral SPAS 280.33 77.01
Agro-sylvicultural AGRL 2.10 0.58
Pastoral PAST 81.52 22.40

Total 364 100
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Figure 5.3 SWAT model Spatial input data for Gauged Chemogactenent

5.2.3. Modelling Muger Catchment

Taking the recommendations (Luzei al. 2002) in to consideration, 20%, 10%, and 20%

threshold levels for the land use, soil and slojasses were applied, respectively so as to

encompass most of spatial details; and thirty-oR&Jslwere produced.

Table 5.7 Soil type of Gauged Muger catchment as per FAO-UNES soil classification system

No. Soil Type Soil Classes defined in SWAT Coveraggea (Km?) % of Total Area
1 Chromic Luvisols C. Luvisols 95.82 19.60

2 Eutric Cambisols E. Cambisols 156.02 31.91

5 Eutric Leptosols E. Leptosols 59.52 12.17
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4 Eutric Vertisols E. Vertisols 177.64 36.33
Total 489 100
Table 5.8 Land use classification of Gauged Muger catchmersadl in SWAT
No. Land use SWAT Land use Class Coverage Area (Kin % of Total Area
1 Agriculture AGRC 185.66 37.97
2 Agro-pastoral SPAS 89.87 18.38
3 Pastoral PAST 159.92 32.70
4 Sylvicultural AGRL 53.55 10.95
Total 489 100
]
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Figure 5.4: SWAT model spatial input data for Gauged Muger Wisteed.

5.2.4. Modelling Guder Catchment
To simulate the runoff at the outlet of this catemty DEM, land use and Soil map of the
watershed used are clearly shown here below irbfigand table 5.9 & 5.10. The threshold
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values of 20%, 10%, and 20% (Luzo al. 2002) for the land use, soil and slope classes were

applied, respectively to divide the watershed iB2dHRUSs.

Table 5.9 Soil type of Gauged Guder catchment as per FAO-UNEES soil classification system

No. Soil Type Soil Classes defined in SWAT ~ Covege Area (Knt) | % of Total Area
1 Calcic Vertisols C. Vertisols 0.82 0.16

2 Chromic Luvisols C. Luvisols 92.84 17.72

3 Eutric Fluvisols E. Fluvisols 152.06 29.02

4 Eutric Leptosols E. Leptosols 3.09 0.59

5 Eutric Vertisols E. Vertisols 20.62 3.94

6 Haplic Alisols H. Alisols 192.62 36.76

7 Haplic Luvisols H. Luvisols 47.34 9.03

8 Haplic Nitisols H. Nitisols 12.84 2.45

9 Urban Urban Land 1.77 0.34

Total 524 100

Table 5.10 Land use classification of Gauged part Guder catcant used in SWAT

No. Land use SWAT Land use Class Coverage Area (Kin| % of Total Area
1 Agriculture AGRC 14.03 2.68

2 Agro-pastoral SPAS 291.57 55.64

3 Agro-sylvicultural AGRL 103.16 19.69

4 Pastoral PAST 33.48 6.39

5 Sylvo-pastoral WPAS 78.77 15.03

6 Urban URLD 2.98 0.57

Total 524 100
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Figure 5.5 SWAT model Spatial input data for Gauged Guder Catrent.

5.2.4. Modelling Didessa Catchment
The threshold values of 20%, 10%, and 20% (Lwtial.2002) for the land use, soil and slope

classes were applied, respectively to get 295 HRUSs.

Table 5.11 Soil type of Gauged Didessa catchment as per FAOEEBCO soil classification system

No. Soil Type Soil Classes defined in SWAT  Covege Area (Knt) | % of Total Area
1 Eutric Fluvisols C. Vertisols 86.11 0.86

2 Eutric Leptosols C. Luvisols 7.14 0.07

3 Eutric Regosols E. Fluvisols 3.37 0.03

4 Eutric Vertisols E. Leptosols 1355.38 13.58

5 Haplic Acrisols E. Vertisols 1120.76 11.23
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6 Haplic Alisols H. Alisols 6334.21 63.46
7 Haplic Nitisols H. Luvisols 835.90 8.37
8 Rhodic Nitisols H. Nitisols 238.14 2.39
Total 9981 100

Table 5.12 Land use classification of Gauged Didessa catchmesed in SWAT

No. Land use SWAT Land use Class Coverage Area (Kin % of Total Area
1 Agriculture AGRC 3116.78 31.23
2 Agro-pastoral SPAS 24.78 0.25
3 Agro-sylvicultural AGRL 2316.21 23.21
4 Pastoral PAST 292.07 2.93
5 State Farm AGRR 29.44 0.29
6 Sylvicultural AGRL 1385.76 13.88
7 Sylvo-pastoral WPAS 2807.13 28.12
8 Urban URLD 8.83 0.09
Total 9981 100
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Figure 5.6 SWAT model Spatial input data for Gauged Didessaté/ahed.
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5.3. Parameter Identification

As a distributed model, SWAT allows for subdivisioha watershed into smaller subwatersheds
and HBV-Light also allows partition of watershedtindifferent elevation and vegetation zones.
Each of these subbasins and vegetation zones areseated by a number of parameters that
could be derived by calibration. Determining partenevalues that are both realistic and
‘optimal’ for such a large number of parameteraos feasible, calling for a necessary reduction
of the number of calibrable parameters. In thiglgtihree hierarchical methods are applied to

achieve this reduction.

5.3.1. Screening

Screening, as applied in this study, refers to tifleation of model parameters that could be
estimated with reasonable accuracy based on fiald dlone. A detailed investigation of the

literature related to HBV and SWAT has assisteidantifying the parameters in Tables 5.13
and 5.14 that are integrally related to the mod&feamflow prediction; whose estimation from

readily available data alone may pose significanteutainty; and for which there exists

insufficient information from which the parametecsuld be directly estimated. Thus, if

screening is the only parameter reduction mechaogsed, the parameter estimation algorithm is
left to identify best-fit values for over one thamsl parameters, which is still quite a daunting
task (Misgana, 2004).

Table 5.13 Swat model parameters involved in the streamflowdgtiction procesgvan Griensven, 2002)

No. | Parameter Description Range of Value
Min Max

1 Alpha_Bf | Base flow alpha factor (days) 0 1

2 Biomix Biological mixing efficiency 0 1

3 Blai Maximum potential leaf area index 0 1

4 Canmx Maximum canopy storage [mm] 0 10

5 Ch_K2 Channel effective hydraulic conductivity [/ 0 150

6 Ch_N2 Manning's n value for main channel 0 1

7 Cn2 Initial SCS CN Il value 35 98

8 Epco Plant uptake compensation factor 0 1

9 Esco Soil evaporation compensation factor 0 1

10 | Gw_Delay | Groundwater delay [days] 0 50
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11 | Gw_Revap | Groundwater "revap" coefficient 0.02 0.2
12 | Gwgmn Threshold water depth in the shallow aquifer fomfllmm] 0 5000
13 | Revapmn Threshold water depth in the shallow aqtdfe"revap” [mm] 0 500
14 | Sftmp Snowfall temperature [°C] 0 5

15 | Slope Average slope steepness [m/m] 0 1
16 | Slsubbsn | Average slope length [m] 10 150
17 | Smfmn Melt factor for snow on June 21 [mm H20/°Gda 0 10
18 | Smfmx Melt factor for snow on December 21 [mm H20/°C-day] 0 10
19 | Smtmp Snow melt base temperature [°C] 0 5
20 | Sol_Alb Moist soil albedo 0 0.25
21 | Sol_Awc Available water capacity [mm H20/mm soil] 0 1

22 | Sol_K Saturated hydraulic conductivity [mm/hr] 0 100
23 | Sol_z Soil depth [mm] 0 3000
24 | Surlag Surface runoff lag time (days) 0 10
25 | Timp Snow pack temperature lag factor 0 1
26 | Tlaps Temperature lapse rate [°C/km] 0 10

Table 5.14 HBV model parameters involved in the streamflow gietion procesgSeibert, 2005)

No. | Parameter Description Range of Value
Min Max

1 FC Max. soil moisture storage (mm) 50 1500

2 LP soil moisture value above which Edreaches EJ; (mm) 0.3 1

3 BETA parameter that determines the relative couatidn to runoff from| 1 6

rain or snowmelt (-)

4 PERC Max. Percolation to lower zone (mm day 0 6

5 UZL threshold parameter (mm) 0 100

6 Ko Recession coefficient (day 0.05 0.5

7 K1 Recession coefficient (day 0.01 0.3

8 K2 Recession coefficient (day 0.01 0.1

9 MAXBAS | Routing, length of weighting function 1 5

In an attempt to further reduce the number of calile parameters, some spatially varying
inputs (e.g. ground water flow parameters) are édréo assume uniform values over the
watershed and some others (e.g. Manning’s coeiffid@ channels) are broadly grouped. For

several other parameters, including the Curve Numbkanning's roughness coefficient for
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overland flow, and maximum water holding capacitg ®oil, a concept referred to in this study

as parameterization was applied.

5.3.2. Parameterization

Parameters affecting hydrology can be changed reithea lumped way (over the entire
catchment), or in a distributed way (for selectedbbmsins or HRU's).Parameterization is a
technique for transferring model parameters ofvemispatial unit to other spatial units in the
watershed. For this study, a ‘representative subbigsselected, upon which the model assumes
homogeneity of parameters and variables. A relalignbetween required parameters of this
representative modeling unit and corresponding rpatars of other homogeneous units (e.g.
subbasins) is developed using available informaabtout the parameters. In this way, the
definition of variables in the representative sudivaenables determination of a corresponding
parameter in other subbasins. For parameterizatidhe Curve Number, CN, for example, a
hypothetical subbasin covered with pasture lands ifigrown under treatment conditions and
soil group ‘A’ was considered to be representatideen, the relationship between the CN of the
representative virtual subbasin and other subbdhetshave the same land use and treatment
conditions as the representative subbasin, buingelg to a different soil group, were derived
based on CN values recommended in the literatwes@ne parameters were allowed to vary

spatially and others assume uniform values ovewtitersheds.

Parameter changes in SWAT affecting hydrology wawae in a distributed way for selected
sub-basins and HRU’s while in HBV lumped parametbanges were applied for various

elevation and vegetation zones.

A combination of the screening and parameterizatemuced the number of parameters that
need to be calibrated. Yet, it may still not beessary or wise to apply a search algorithm to all
remaining parameters. Particularly for watershdds tack long years of recorded data, it is
essential to reduce the number of calibrable paemas much as possible. Fortunately, model
outputs are not equally sensitive to all parametéra model. If an output is not appreciably

sensitive to certain parameters, it would be realslento assign nominal estimates for those
parameters and consider only the parameters tohwtiie model is sensitive during the

calibration effort, calling for a parameter sengty analysis.
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5.3.3.Parameter Sensitivity Analysis

Sensitivity analysis is one of valuable tools fdentifying important parameters of the model
which has significant impact on model responseraddces the computational time of the model
run. It is also important to assess parameter iitlntity and sources of uncertainty (Muleta and
Nicklow, 2005; Sieber and Uhlenbrook, 2005). The AAWmodel sensitivity analysis was
undertaken by using a built-in tool in ArcSwat thises the Latin Hypercube One-factor-At-a-
Time (LH-OAT) design method of Morris (1991). Ddsaof this method are explained in
Huisman et al. (2004). After the analysis, the medative sensitivity (MRS) of the parameters
was used to rank the parameters, and their catedagnsitivity was also defined based on the
Lenhart et al. (2002) classification. He divideshsgvity into four classes: small to negligible
(0£MRS<0.05), medium (0.68%RS<0.2), high (0.20MRS<1.0), and very high (MR8.0).
Dilnesaw (2006) indicated that there can be a Bggmt variation of hydrological processes
between individual watersheds; therefore, thigfjestthe need for the sensitivity analysis made

to each of the five watersheds in the study area.

The SWAT sensitivity analysis had been carried fautall modelled watershedyenerally,
sensitivity of parameters varies (table 5.5) froatchment to catchment in Upper Blue Nile
Basin. CN is the most sensitive parameter in dthoaents, indicating the importance of this
parameter during calibration. Threshold water daptthe shallow aquifer for flow (Gwgmn)
was the second highest sensitive parameter whicergs the base flow in Gilgel Abbay,
Chemoga and Muger catchments. This is an indicdliahthese three catchments have highest
ground water contribution to the flow. While Soland Esco are the second most sensitive

parameters in Guder and Didessa catchments, resggct

Table 5.15 Result of SWAT parameter sensitivity analysis avil in test watersheds.

Rank | Parameter Lower Bound | Upper Bound Sensitivity
MRS Value Sensitivity
Class
Gilgel Abbay
1 Cn2 35 98 0.56 Highly sensitive
2 Gwgmn 0 5000 0.22 Highly sensitive
3 Canmx 0 10 0.16 Medium
4 Blai 0 1 0.15 Medium
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Unlike swat model, HBV has no built-in program tdof sensitivity analysis, local sensitivity

technique was applied that output responses aezndieied by sequentially varying each of the
input parameters by fixing all other factors to stamt nominal values; and fig. 5.7; thus,
displays the result of HBV sensitivity analysis.eTgraph demonstrates that LP, BETA and FC,

in that order, are the most sensitive parametall icatchments.
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Figure 5.7: Result of HBV parameter sensitivity analysis of fldn test watersheds
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6. Results and Discussion

Both the basic models are applied to each of te tiest catchments, operating in continuous
river-flow simulation mode, involving the use oflibaation and verification periods (about two-
thirds for calibration and one-third for verificat) (Seibert, 2005). In terms of increasing
complexity, the HBV is the simplest, followed byet®WAT. Both HBV-Light and ArcSWAT
models have built-in auto-calibration tools (seethmdology section for more detail);
henceforth, automatic searching algorithms wered use determine best parameters and to

estimate the simulations.

6.1. Monthly Auto-Calibration and Validation

The best basis for judging model performance isomparison of model estimates with
observations both quantitatively (numerically) agdalitatively (visually) (Willmott, 1984).
Even if a model is based on the best available kewye, comparison of the results with

observations is the only way of establishing caeriick in the simulation.

Table 6.1 Monthly time step goodness-of-fit indices of theohaubstantive models.
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Gilgel Abay
The calibrations of the models were performed fewen years including warming up period
(1990 to 2000) and validation for a period of fiyears (2001-2005) using Gilgel Abay river

flow data at Merawi stream gauging station. Aftemtily calibration of models parameters, the

simulation showed good results for the monthly agerdischarge values with a slope of the
simulated versus measured values close to uniti, high coefficient of determinatiof, Nash-
Sutcliffe efficiency Ne and Index of Agreement |oA for both models. Asicatied in calibration
and validation results:?r Nsg and oA values for the monthly stream flow of daliion and
calibration ranges from 0.851 - 0.9, 0.754-0.89d @r908-0.969 respectively. According to the
model evaluation guide lines, both models simulatieel stream flow very good in both
calibration and validation period. Both HBV and SWAnodels; therefore, able to capture
monthly and seasonal patterns with increasinglyurset performance. For catchments
characterized by strong seasonality, such as Gid®day, the SWAT, with its inherent
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component of seasonal variation, equivalently atigpms the HBV. The calibrated parameters

for both models are reported in Appendix-D.

.
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Figure 6.1 Monthly Auto- Calibration and Validation results ofipper Gilgel Abay River gauged near Merawi. (a)@bged and
simulated flow hydrograph for both models during ldaration. (b) Scatter plot of simulated versus avsed discharge during
calibration period. (c) Validation of observed arsiimulated flow hydrographs.
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Chemoga

From the performance results for this catchmenblgte.1), it is clear that the simulation

performance of the SWAT is, in each case, infetmthat of the HBV model, which is an

indication of the poor performance of the SWAT mloals the size of the catchment gets smaller

a behavior shared by other studies (e.g. Yared9)20he validation and calibration results of

HBV demonstrate that’r Nsg and 10A for monthly stream flow values ranges fror693 to

0.901. Based on the model performance criteriaHt¥iB model simulated the stream flow trend

as good to very good performance. HBV model; tleeefable to handle monthly and seasonal

patterns with better efficiency than the SWAT moldelthe Chemoga watershed. For relatively

smaller catchments, however, such as Chemoga anderviuhe HBV model performs

consistently better than the SWAT model.

lck

- SWAT

—Fainfall imm) —Obsarved Discharge —— Simulated Dischargs

(a)

= Rainfall ——OBseryed Dischaige —— Simudated Cischadje

{c)

Figure 6.2 Graphical representations of monthly Auto- Calibfiah and Validation results of Chemoga River gaugedar
Debre Markos. (a)Observed and simulated flow hydmaygh for both models during calibration. (b) Scatteplot of
simulated versus observed discharge during calibvatperiod. (c) Validation of observed and simuldtéow hydrographs.
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Muger

The calibration results show that there is a goget@ment between the simulated and gauged
monthly flows in both two models. This is demonidaby the correlation coefficient and the
Nash-Suttcliffe simulation efficiency ddvalues. The results fulfilled the requirements ssged

by Santhi & et al. (2001) for r2 >0.6 angd\> 0.5.Comparable tahe calibration runs, the two
models performed sufficiently in terms of efficigncriteria’s whenvalidated, with the quasi-
semi-distributed HBV model simulating the overatdhograph better thathe physically based
distributed SWAT model in this catchment. Though 8WAT model can sufficiently handle the
monthly hydrological patterns of Muger, in the ca§smaller catchments, such as Chemoga and
Muger, the HBV performs better than SWAT model.

HBV SWAT

EmRainfall ——ObservedDischarge —Simulated Discharge

[SiILI
‘_..-"'
-

(b} (b}

mmmfRanfall — Observed Discharge  —— Simutated Discharge
[ {]

Figure 6.3 Monthly Auto- Calibration and Validation results oMuger River. (a)Observed and simulated flow hydragh
for both models during calibration. (b) Scatter glof simulated versus observed discharge duringilwation period. (c)
Validation of observed and simulated flow hydrogtap
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Guder

The calibrations of the models were performed fewen years including warming up period

(1990 to 2000) and validation for a period of fiyears (2001-2005) using Guder stream flow
data at Guder instantaneous steam flow gaugingistalhen calibrated, the two models fit the
observed values efficiently in terms of the ovemd|l Nsg and IoA values; although the

conceptual HBV model yielded a slightly betterfdit this catchment. Both HBV and SWAT

models; therefore, able to capture monthly andasedsatterns with good efficiency for this

catchment.

{b) - {b)

I | o mEn L
F A \
Tl | Y A \
dH i\
EmRaintall ——Cbserved Discharge ——Simulated Disharge mmRanfal =——Cbsanved Discharge = Simulated Dschargs
() ()

Figure 6.4 Monthly Auto- Calibration and Validation results ofGuder River. (a)Observed and simulated flow
hydrograph for both models during calibration. (I§catter plot of simulated versus observed dischallgeng calibration
period. (c) Validation of observed and simulatedwl hydrographs.
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Didessa

In the case of large catchments such as Gilgel ptimving a catchment area 1664°k@WAT
performs nearly equal to HBV model. However; Didedsaving a catchment area of 998%km
and characterized by physiographical and hydro-onetegical variability, the SWAT, with its
inherent component of seasonal variation, can uiicently simulate monthly discharges with
nice performance rating criteria (table 6.1). Tlydrbgraphs (Figure 6.4) allow for a graphical
comparison of simulated to observed monthly disgpharates for the calibration and the
validation data sets within each catchment. The SWwWodel provided a better fit of the
hydrograph in calibration period than that of vatidn. The simulated peak values were too
high, but the peak positions were generally corré€bts may be due to unreliable precipitation,
soil, landuse and other data given as an inputhé rhodel or gauged flow used for the
calibration. From the shape of hydrograph of HBWvés noticed that systematic and dynamic
errors emanating from unknown catchment respongerpaunaccounted by structure of the
HBV model were very less. As indicated in calibmatand validation results for HBV modet; r
Nsgand IoA values for the monthly stream flow of validn and calibration ranges from 0.786 -
0.891, 0.784-0.852 and 0.938-0.960 respectivelgoAding to the model evaluation guide lines,
HBV model simulated the stream flow very good inthbagalibration and validation period.
Therefore, unlike the SWAT model, this model aldecapture monthly and seasonal patterns

with secured performance in the Didessa catchment.
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SWAT
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Figure 6.5 Graphical representations of monthly Auto- Calibiah and Validation results of Didessa River gauged
near Arjo. (a) Observed and simulated flow hydrogtafor both models during calibration. (b) Scattetot of simulated
versus observed discharge during calibration peridd) Validation of observed and simulated flow hgdraphs.

6.2. Daily Auto-Calibration and Validation

From calibration and validation results on dailynéi step (table 6.2), the performance of the
SWAT is clearly inferior to that of the HBV moddh the case of SWAT daily discharge
generally, however, showed less accurate simulatitihn some major discrepancies, which is a
common attribute shared by many other studies (aregy 2009; Yared, 2010) and r2 of only
less than 0.6 and Nash-Sutcliffe efficiencyeNof only less than 0.5 automatically were
determined for all the test catchments. The pe&legavere at times too high or too low, but the

peak positions were generally correct. The SWAiIhaaigh characterized by a large number of
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Table 6.2 Daily time step Calibration and verification resliof the two substantive models




weights (parameters), does not generally perforttebthan the simpler conceptual model HBV.
The HBV model variants, having eighth, nine or teswrameters, adequately simulate the
hydrological behavior of the small to large catchtseon daily time step. These results indicate
the simpler HBV model, involving fewer parametersa@ights to be evaluated are often better
in discharge forecasting than the SWAT model whiololve a significantly larger number of

parameters or weights to be evaluated and whighorecomplex mathematical computations.

82



SWAT

W8 Rainfall {mm) == Chserved Discharge = Simuilated ischarge [N, it {men ) — Otseveed Discharge — Simulatid Discharge
(a)

(a)

: |
] il

==
- -
-

ERznfd —Observed Distharge —Simulated Disharge
(c)

ERandl —CbservedDischarge  —Simulated Disharge

fc)
Figure 6.6: Daily Auto- Calibration and Validation results of pper Gilgel Abay River gauged near Merawi. (a)Obsed

and simulated flow hydrograph for both models dugncalibration. (b) Scatter plot of simulated versubserved
discharge during calibration period. (c) Validatioof observed and simulated flow hydrographs.
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HBV SWAT

mmRaintall (mm} ==Observed Discharge = Simulated Discharge Rl mm | ==Obsarvad Discharge = Simulsted Discharge

(al (a)

(b} (b)

EmRainfal ——OCbserved Discharge ——Simulated Disharge mmRanal —Cbserved Discharge — Simulsied Disharge

d) e}

Figure 6.7 Graphical representations of daily Auto- Calibrian and Validation results of Chemoga River gaugeear
Debre Markos. (a)Observed and simulated flow hydaggh for both models during calibration. (b) Scattelot of
simulated versus observed discharge during calibyat period. (c) Validation of observed and simuldteflow
hydrographs.
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Figure 6.8 Daily Auto- Calibration and Validation results of Mger River. (a)Observed and simulated flow
hydrograph for both models during calibration. (bycatter plot of simulated versus observed dischadyging
calibration period. (c) Validation of observed arsimulated flow hydrographs.
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Figure 6.9: Daily Auto- Calibration and Validation results of Gder River. (a)Observed and simulated flow
hydrograph for both models during calibration. (Kcatter plot of simulated versus observed dischadgeing
calibration period. (c) Validation of observed amsimulated flow hydrographs.
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Figure 6.1Q Daily Auto- Calibration and Validation results of [bessa River. (a)Observed and simulated flow
hydrograph for both models during calibration. (bycatter plot of simulated versus observed dischady&ing
calibration period. (c) Validation of observed arsimulated flow hydrographs.
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7. Conclusions and Recommendations

It was somewhat difficult to get high quality inpidta to perform the modelling works; however
every single effort was exerted to produce googututA cascade of models was used in this
study and the result was satisfactory. Howevergtlage some uncertainties due to unavoidable
assumptions takeriThe catchments modelling were conducted with thah of understanding
hydrologic functioning and basically for performanevaluation of the twsubstantivenodels; and

the following conclusions were drawn.

7.1. Conclusions

» The result of HBV model parameter sensitivity asayshowed that LP, BETA and FC,
in that order, are the most sensitive parameteallncatchments. SWAT sensitivity
analysis revealed CN is the most sensitive paranietall catchments. Except CN, the
rest parameters level of sensitivity to runoff eif from one catchment to another
catchment. Thus, this is an indication that therblgdjical processes in the basin differ
from one catchment to another catchment. In mo#tefjauged part of catchments after
calibration it can be seen that base flow contrdsutis more; and this also a clear
indication of the ground water component is theadadominant hydrological process in
the basin.

» The values of three performance evaluation critem@mely: the coefficient of
determination, the coefficient of efficiency [Naahd Sutcliffe, 1970] and the Index of
Agreement are very consistent especially in casemohthly auto-calibration and
validation. The Index of Volumetric Fit, the Relagierror of Peak, The Mean Difference
and % Deviation auxiliary indices were used, whan performances of two models are
indistinguishable on the basis of the first three.

» The verification exercise of the ArcSWAT model icaled good performance on
simulating average monthly and seasonal dischargkes. model is able to capture
monthly and seasonal patterns, especially in sashscof the study area where rainfall is
bimodal in nature and temporal variability is qusignificant. The two rainfall seasons,
Kiremt and Belg, which contribute the largest share of the totahfedi, are well
explained. Efficiency evaluation criteria valuestasbed proved this fact. However,
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SWAT exhibits, on daily time step, poor efficienof the calibrated model for
streamflow, a behavior shared by other researclksv@.g Lewarne, 2009; Yared, 2010).
Factors of this could be that the model is phybicélased, but remains full of
assumptions and some of the parameters requiredft@n not measurable, or hardly so.
These make very strong assumptions of the systaferunvestigation because of the
lack of options to describe variability. This mogerforms, generally, better for large
catchments than smalls. Hence, it can be concludad SWAT can able to reliably
explain the monthly and seasonal hydrological dtarestics of the larger watersheds

(having an area of apporoximately 450km2) in the Abbay Basin with sufficient

evaluation efficiencies.

» According to the auto-calibration and validatiomalysis carried out, HBV-Light has
proved to very well simulate daily and monthly diaoyes; therefore, the model is able to

capture daily, monthly and seasonal patterns vatisfactory performance rating criteria.

» In conclusion, the performance of the ArcSWAT isatly inferior to that of HBV-Light
hydrologic model; and this study confirms that denpnodels for continuous river-flow
simulation can surpass their complex counterpartpdrformance. There is a strong
justification, therefore, for the claim that incsgagy the model complexity, thereby
increasing the number of parameters, does not sa&gls enhance the model
performance. It is suggested that, in practicalrblpd)y, the simpler models, “based
largely on exercises in pattern recognition andveuitting, through analysis of the
available data” (O’Connor, 1998), can still plagignificant role as effective simulation
tools, and that performance enhancement is notagtegd by the adoption of complex

model structures.

7.2. Recommendations

Based on the findings and limitations noted whitdeng this study, the following outlooks

towards the direction of future works and a modgpat are suggested:

> It is believed that the results of this study gaveclue and increase awareness on the

possible lower performance of complex models thHaartsimple counterparts. Hence,
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such studies should continue at its kernel on wffe Abbay watersheds for better
representation of hydrological processes in Upplere BNile River Basin by a given
rainfall-runoff model. This will contribute partlp the long-way towards sustainability if
best models output are considered at all levelem(frplanning to execution and
management) of water resource development projastead of simply implementing

one available model.

The study did, however, rely upon a relatively shuration of recorded data due to the
lack of availability of sufficient data for the sty watersheds. The capability of the
automatic calibration algorithm and the uncertaamyalysis methodology, as well as the
behavior of the simulation model could be more aifely tested if the calibration and

the verification analysis efforts could be applied ‘data rich’ watershed.

The result of any model depends on the qualityhef input data. Input data should,
therefore, be checked for missing and unrealistices in order to come up with good
results. Lack of reliable land-use and soil chamastic parameter data were one of the
challenges in this study; hence, responsible bodiesild give due attention to the

acquisition and recording of reliable data.

In addition to increasing the number of modelset@sind the number of tests used; an
increase in the number of catchments used in #tew¢ewould provide an improvement
to model comparison studies. Testing the modelsnore than five catchments, if
possible, would be beneficial. With regard to operal modelling, more rigorous
analysis should be done on larger watersheds siiosé engineering hydrology decisions

are on larger catchments

Future studies should include the evaluation of @@t all four levels of testing, as
opposed to just the first or second level, esplgcighen evaluating new models against
existing models. Future research should extendhteearchical testing approach with
statistical testing, providing a better relativemparison. These models should be of
varying complexity and type so that more informati® collected regarding where future

model development efforts could be concentrated.
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» The SWAT documentation is a vast growing collectadrknowledge built up over the
time that the software has been developed. Googlosugxists for user groups in Europe
and America, but Ethiopia still has a small useseband is not well supported due to lack
of direct contact with regular users and suppooupgs. It has been one of the largest
obstacles to overcome in this study. Supposing @hkrger user and support base for
SWAT is developed in Ethiopia, it would be viabteihvestigate the possibility of an
integrated modelling suite, with SWAT at its end.

» The study recommends that SWAT is more useful fongarative scenarios than for
absolute results. One reason for this is that wheing the SCS method, the curve
number remains constant for all simulations, alenth the retention factor (F). The
conditions in the test catchments and the partiqui@ablems needing focused study will
require that SWAT be used in conjunction with otkeftware, for instance, to assess
groundwater and surface water interaction in gred¢ail. This research found that the
most useful results from SWAT were for monthly asdsonal estimations, but for daily

analyses the results are increasingly less secure.

» Due to less number of model parameter requiremémsHBY model can be used for
Ethiopian conditions with data usually less avddabithout too much calibration work
for simulating and predicting the daily, monthlydamannual discharge. This study
eventually recommends, HBV model has be to chettedxtending runoff data series
(or filling gaps), for data quality control, for moff forecasting (flood warning and

reservoir operation), and also to simulate disoh&mgm ungauged catchments.
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Appendix-A: Weather generator (WGN) parameters used by the SWAT Model
Table —A-1

Legend of the parameters used in the weather gerera

Symbol Description
A TMPMX Average or mean daily maximum air temperature fonth (°C).
B TMPMN Average or mean daily minimum air temperature fonth (°C).
C TMPSTDMX Standard deviation for daily maximum air temperatiarmonth (°C).
D TMPSTDMN Standard deviation for daily minimum air temperatumr month (°C).
E PCPMM Average or mean total monthly precipitation (mm H20
F PCPSTD Standard deviation for daily precipitation in moifithm H20/day).
G PCPSKW Skew coefficient for daily precipitation in month.
H PR_W1 Probability of a wet day following a dry day in thenth.
I PR_W2 Probability of a wet day following a wet day in timnth.
J PCPD Average number of days of precipitation in month.
K SOLARAV Average daily solar radiation for month (MJ/m2/day)
L DEWPT Average daily dew point temperature in month (°C).
M WNDAV Average daily wind speed in month (m/s).

TMPMX (mon): Average or mean daily maximum air tempeefor month (°C). Calculated based on following

formula:

Zme,mon

— d=1
menon - N

Where: gmax,on is the mean daily maximum temperature for the imafi€), Tmx,monis the daily maximum

temperature on recomin monthmon (°C), andN is the total number of daily maximum temperatureords for

monthmon

TMPMN (mon): Average or mean daily minimum air temperatfor month (°C).Calculated based on following

formula:

ZTmn,mon

— d=1
:Umnmon N

Where: tmnyo, is the mean daily minimum temperature for the mo(?lb), Tmnmon IS the daily minimum
temperature on recomin monthmon (°C), andN is the total number of daily minimum temperatureorels for

monthmon
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TMPSTDMX (mon): Standard deviation for daily maximum aimpeerature in month (°C) Calculated based on

following formula:

N
D" (Tmon = HMX,00) 2
d=1
N-1

arnxmon =

Where: emx,o, is the standard deviation for daily maximum tempeein monthmon (°C), Ty moniS the daily
maximum temperature on recoddn monthmon (°C), Hmx, moniS the average daily maximum temperature for the

month fC), andN is the total number of daily maximum temperatucrds for montmon

TMPSTDMN (mon): Standard deviation for daily minimum air fenature in month (°C). Calculated based on

following formula:

N
Z (Tmn,mon - :l'lrnnmon)2

d=1

om =
ann N _1

Where:omn,,q, is the standard deviation for daily minimum tempera in monthmon (°C), Tmn,monis the daily
minimum temperature on recoddin monthmon (°C), smnmonis the average daily minimum temperature for the

month®C), andN is the total number of daily minimum temperatureorels for monttmon

N
. ; Rday,mon
Rmon =4

yrs
PCPMM (mon): Average or mean total monthly precipitatioom H20). Calculated based on following formula:

Where: ﬁmonis the mean monthly precipitation (mm H2®)ay monis the daily precipitations for recoctin month

mon(mm H20),N is the total number of records in momiionused to calculate the average, gmglis the number

of years of daily precipitation records used ircakdtion.

PCPSTD(mon): Standard deviation for daily precipitationmonth (mm H20O/day ).Calculated based on follayin

formula:

N J—
Z (Rday,mon - Rmon )2
d=1

mon N _1
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Where:omon is the standard deviation for daily precipitationmonthmon (mm HZO)ﬁmonis the mean monthly

precipitation (mm H20)Ryay,monis the daily precipiation for record in month mon (mm H20),N is the total
number of records in monthonused to calculate the average, gnslis the number of years of daily precipitation

records used in calculation.

PCPSKW(mon): Skew coefficient for daily precipitation mmonth. Calculated based on following formula:

N D (Rayin ~ R’
(N-)UN-2) {7,

ngI’] =

Where: gonis the skew coefficient for precipitation in the mtio, N is the total number of daily precipitation records
for monthmon RyaymoniS the amount of precipitation for recoddn monthmon(mm H20), ﬁmon is the average

precipitation for the month (mm H20O), ang,, is the standard deviation for daily precipitatiaormonthmon(mm
H20).

PR_W1 (mon : Probability of a wet day following a dry daytime month. Calculated based on following formula:

daysy o,

RW/D)=- 8
ry,i

Where:Pi(W/D)is the probability of a wet day following a dry deymonthi, daysyp,is the number of times a wet
day followed a dry day in monthfor the entire period of record, ad@ysy, is the number of dry days in monith
during the entire period of record. A dry day iday with 0 mm of precipitation. A wet day is a daigh > 0 mm

precipitation.

PR_W2(mon) : Probability of a wet day following a wedydin the month. Calculated based on following folan

daysyw,

RO W) ==t

Where:Pi(W/W)is the probability of a wet day following a wet d@ymonthi, daysyw,i is the number of times a
wet day followed a wet day in monihfor the entire period of record, amdys.:;is the number of wet days in
monthi during the entire period of record. A dry day idegy with 0 mm of precipitation. A wet day is a deiyh >

0 mm precipitation.
PCPD (mon): Average number of days of precipitatiomianth. Calculated based on following formula:
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_ da .
dwet i — y%vem
! yrs

Where: 6

weti » IS the average number of days of precipitatiomionthi, days.iis the number of wet days in

monthi during the entire period of record, ayrd is the number of years of record.

SOLARAV (mon): Average daily solar radiation for monthJfh2/day). Calculated based on following formula:

N
z H day,mon

ad,,, =+——
M mon N

Where: zradmon is the mean daily solar radiation for the month /kfiday), Haay,monis the total solar radiation
reaching the earth’s surface for dhin monthmon(MJ/mf/day), andN is the total number of daily solar radiation

records for montimon

DEWPT (mon): Average daily dew point temperature in thoC). Calculated based on following formula:

N
Z Tdewmon

e —d=1
m V\(non N

Where:udew,onis the mean daily dew point temperature for the tm@?C), Tdew,moris the dew point temperature

for dayd in monthmon(°C), andN is the total number of daily dew point recordsdmnthmon

WNDAYV (mon): Average daily wind speed in month (m/s)lcGkted based on following formula:

N
z tuwnd,mon
d=1

NOpon = ————
MN mon N

Where: avndyon is the mean daily wind speed for the month (me&)a moniS the average wind speed for dhin

monthmon(m/s), andN is the total number of daily wind speed recordsnionthmon

The numbers 1 through 12 in the following tablggesent the months from January to December andlphabets

A, B, C....M, indicate the description of weather getor parameters as per in appendix-A, Table A-1.

Table —A-2

100



RAIN

STATION LAT LONG ELEV Al A2 A3 A4 A5 A6 A7 A8
YEARS
Bahirdar 1160 37.42 1770 16.00 26.77 2841 2939 2995 29.30 27.05 2436 24.39
Dangila 1112 36.90 | 2140 16.00 25.88 | 27.02 2749 2752 2587 | 23.43  21.66 @ 21.88
Markos 10.333 37.667 2515 16.00 2399 25.30 2531 2498 2441 21.04 1884 18.97
Arjo 8.750 @ 36.500 2565 16.00 21.38 | 21.95 2211 2166 21.27 | 20.02 | 19.19 @ 19.27
Nekemte 9.083 36.450 2080 16.00 2590 27.29 2725 26.24 2460 2224 2092 21.16
Ambo 8.97 37.87 | 2130 16.00 26.68 | 27.47 2745 2723 26.95| 2529 | 24.15 @ 24.09
Fitche 9.80 38.70 2750 14.00 19.96 21.55 2184 2215 2269 21.88 1786 17.53
Addis Ababa| 9.033 | 38.75 @ 2408 14.00 2413 | 25.65 25,60 25.12 2548 23.61 2131 21.18
STATION A7 A8 A9 Al10 All Al12 B1 B2 B3 B4 B5 B6
Bahirdar 2436 2439 2563 @ 26.59 26.76  26.74 9.11 10.98 13.28 15.27 1548 14.88
Dangila 2166 2188 @ 2287 | 23.22 23.76 | 24.53 4.65 6.10 8.10 @ 10.24 H10.90 | 11.26
Markos 18.84 1897 2051  21.78 22.85 23.49 9.06 10.18 11.14 11.93 11.78 10.80
Arjo 19.19 19.27 | 1980 | 20.61 20.77 | 21.08 10.85 11.20 1158 1141 11.18 | 10.78
Nekemte 2092 2116 2253 @ 23.69 2436 25.18 1229 1325 1399 1430 13.78 1282
Ambo 2415 2409 2481 | 2574 26.25 | 26.27 11.34 1192 1252 1252 1185 | 11.64
Fitche 1786 1753 1849 19.16 19.38 19.79 7.25 7.93 9.09 955 9.84 9.55
Addis Ababa| 21.31 21.18 | 22.02 | 23.12 23.40 | 23.63 9.24 9.95 11.65 1231 @ 12.46 | 11.49
STATION B7 B8 B9 B10 B11 B12 C1 c2 C3 Cc4 C5 C6
Bahirdar 1449 1436 13.78 13.73 1182 9.67 1.55 181 174 1.99 1.92 1.69
Dangila 11.32 11.20 | 10.05 @ 9.36 6.95 4.74 1.34 1.80 189 231 2.25 1.58
Markos 1096 1091 10.19 981 8.98 8.60 1.25 1.49 184 217 2.38 1.97
Arjo 10.60 10.72 | 10.81 10.94 10.97 | 10.96 1.24 1.94 176 174 1.63 121
Nekemte 1262 1273 12.69 12.82 1265 1231 141 1.85 191 230 2.08 1.53
Ambo 1182 1175 | 11.17 10.80 10.62 | 10.87 1.18 1.77 217 184 1.61 151
Fitche 9.19 9.34 8.86 6.87 5.84 6.12 1.23 1.56 181 1.83 1.86 2.03
Addis Ababa| 11.44 1167 @ 11.36 10.27 8.71 8.12 1.56 1.90 182 215 1.97 2.24
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STATION C7 C8 C9 C10 Ci1 Ci12 D1 D2 D3 D4 D5 D6
Bahirdar 1.50 1.43 1.28 1.18 1.05 1.16 2.18 2.35 270 245 1.83 1.25
Dangila 1.74 1.63 1.74 2.28 2.61 2.75 2.40 2.94 3.04 265 2.14 1.75
Markos 1.48 1.44 1.33 1.27 1.29 1.01 1.68 1.72 1.60 1.60 1.49 1.06
Arjo 1.92 1.79 131 0.79 0.88 0.94 0.85 0.87 117  0.97 0.90 0.80
Nekemte 1.77 1.73 1.33 1.39 1.39 117 143 1.58 137 137 121 0.75
Ambo 2.07 2.12 1.48 0.95 0.86 1.36 1.71 1.55 153 157 1.35 1.04
Fitche 1.86 1.44 1.09 0.96 1.04 0.93 1.75 1.80 152 1.36 1.13 0.93
Addis Ababa| 1.65 1.64 1.46 1.35 1.30 1.20 2.06 1.93 158  1.23 1.24 1.04
STATION D7 D8 D9 D10 D11 D12 El E2 E3 E4 ES5 E6
Bahirdar 1.03 1.06 113 1.53 211 2.29 2.52 3.29 20.45 33.06 75.29 204.67
Dangila 1.57 1.59 221 1.93 2.19 2.06 18.96 1859 @ 41.47 51.92 @ 139.61 255.07
Markos 0.85 0.95 1.15 1.38 1.57 154 16.56 1190 50.86 88.45 9572 171.90
Arjo 0.78 0.64 0.61 0.44 0.53 0.56 2258 2355 83.04| 109.99 184.92 294.77
Nekemte 0.75 0.73 0.74 0.86 1.10 1.09 1694 11.79 61.17 101.31 230.70 392.20
Ambo 0.95 1.00 1.18 1.75 1.96 1.79 49.19 4562 58.38 75.71 | 79.95 | 123.78
Fitche 0.88 0.89 1.02 1.80 1.88 1.87 2163 3106 63.00 66.96 4214 9554
Addis Ababa| 0.91 1.04 1.34 1.88 1.95 1.84 18.14 2543 63.29  88.21 |H 82.50 | 154.86
STATION E7 E8 E9 E10 E11 E12 F1 F2 F3 F4 F5 F6
Bahirdar 420.88 378.74 192.3 | 94.93 1351 311 0.62 1.09 311 3.70 6.65 11.23
Dangila 329.64 341.25 238.6 127.01 | 46.95  15.22 151 1.57 3.90 @ 4.02 7.00 9.61
Markos 277.72 310.58 220.7 102.51 32.68 28.99 2.64 1.88 3.54 6.00 5.87 6.66
Arjo 320.84 300.19 235.7 121.15 # 54.86  47.04 2.27 2.84 545 | 7.66 8.51 10.73
Nekemte 420.75 397.27 269.8 150.83 44.16 16.79 2.32 1.74 548 7.25 11.32 14.87
Ambo 153.14 146.41  89.9 56.72 33.04 | 38.64 3.19 4.36 3.48 | 456 4.44 5.30
Fitche 335.59 326.13 124.7 19.64 5.89 8.98 2.85 4.52 515 5.52 3.29 6.84
Addis Ababa| 275.50 283.00 1759 | 38.57 6.57 9.43 2.85 3.99 6.79 | 7.26 6.60 6.72
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STATION F7 F8 F9 F10 F11 F12 G1 G2 G3 G4 G5 G6
Bahirdar 16.18 15.04 10.00 7.13 2.33 0.79 9.10 1438 1329 5.78 5.05 2.70
Dangila 10.36 10.12 | 8.84 7.49 4.14 1.78 0.02 0.03 0.09 0.14 0.28 0.60
Markos 1161 10.67 9.12 7.34 3.37 3.41 8.37 7.03 339 3.76 3.10 2.16
Arjo 1151 9.87 9.99 7.75 4.36 3.04 5.90 6.24 3.09 290 1.82 2.07
Nekemte 16.20 13.81 10.88  9.00 4.69 2.70 7.88 5.70 440 3.46 257 242
Ambo 6.65 5.62 3.95 4.00 1.50 1.47 7.47 8.48 5.07  4.39 5.13 3.84
Fitche 10.61 1095 7.88 3.00 1.23 1.87 5.64 6.34 410 537 3.61 5.26
Addis Ababa| 9.23 9.97 9.48 5.99 1.84 3.30 6.95 5.73 7.72 | 415 3.50 2.29
STATION G7 G8 G9 G10 G11 G12 H1 H2 H3 H4 H5 H6
Bahirdar 2.33 2.63 2.77 3.29 7.16 9.79 0.01 0.03 0.08 0.10 0.20 0.48
Dangila 0.93 0.87 0.67 0.31 0.11 0.03 0.02 0.03 0.09 0.14 0.28 0.60
Markos 7.23 2.64 221 3.67 5.76 6.32 0.07 0.06 0.19 0.25 0.24 0.63
Arjo 2.16 1.42 1.44 3.89 3.97 3.67 0.08 0.05 0.24 | 0.20 0.35 0.68
Nekemte 191 1.67 1.89 2.73 4.68 8.10 0.07 0.06 0.17 0.23 0.37 0.88
Ambo 3.55 2.23 3.24 6.59 1.64 1.39 0.09 0.09 0.20  0.26 0.20 0.61
Fitche 131 1.30 4.48 8.52 9.54 10.84 0.09 0.11 0.22 0.26 0.17 0.37
Addis Ababa| 1.57 2.16 2.43 8.52 10.65 | 14.21 0.06 0.05 0.16  0.25 0.22 0.54
STATION H7 H8 H9 H10 H11 H12 11 12 13 14 15 16
Bahirdar 0.81 0.83 0.58 0.22 0.05 0.03 0.38 0.39 059 0.60 0.63 0.76
Dangila 0.93 0.87 0.67 0.30 0.11 0.03 0.84 0.82 0.74 | 0.69 0.79 0.90
Markos 0.85 0.83 0.57 0.14 0.10 0.08 0.48 0.45 064 0.71 0.73 0.88
Arjo 0.82 0.75 0.51 0.20 0.12 0.09 0.59 0.70 0.58 | 0.64 0.71 0.84
Nekemte 0.87 0.81 0.70 0.34 0.14 0.07 0.47 0.46 0.63 0.69 0.80 0.89
Ambo 0.73 0.71 0.51 0.11 0.04 0.04 0.87 0.83 0.79 | 0.80 0.85 0.88
Fitche 0.90 0.78 0.39 0.07 0.04 0.05 0.45 0.47 051 0.60 0.61 0.71
Addis Ababa| 0.90 0.76 0.37 0.11 0.02 0.02 0.32 0.45 0.52  0.56 0.50 0.75
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STATION 17 18 19 110 111 112 Ji J2 J3 Ja J5 J6
Bahirdar 0.92 0.90 0.78 0.58 0.33 0.18 0.81 1.13 531 6.19 11.56 20.81
Dangila 0.94 0.94 0.87 0.73 0.63 0.71 4.63 4.75 8.44 | 9.75 18.81 | 27.00
Markos 0.93 0.93 0.83 0.76 0.59 0.61 3.63 3.19 11.50 1456 1519 26.25
Arjo 0.82 0.86 0.75 0.73 0.65 0.76 5.31 431 11.81 11.06 @ 17.63 | 25.31
Nekemte 0.90 0.90 0.86 0.73 0.47 0.31 3.63 3.38 1025 13.13 20.94 27.50
Ambo 0.86 0.87 0.82 0.84 0.91 0.93 1456 1219 16.19 | 17.75 19.88 | 26.00
Fitche 0.89 0.88 0.71 0.51 0.36 0.43 4.69 5.56 10.25 1238 10.13 17.38
Addis Ababa| 0.85 0.83 0.72 0.39 0.29 0.09 2.64 3.00 7.86 @ 11.29 | 10.07 | 21.07
STATION J7 J8 J9 J10 J11 J12 K1 K2 K3 K4 K5 K6
Bahirdar 29.38 2838 2294 1150 2.63 11 2114 2149 2162 2138 2128 20.64
Dangila 30.06 30.06 @ 26.38 17.63 8.19 3.19 19.45 19.44 19.44 | 1847 1853 | 1824
Markos 29.75 2956 2444 1281 6.69 5.50 20.6 20.9 198 215 19.5 17.9
Arjo 26.19 2731 21.25 14.63 8.69 9.19 19.80 20.50 2150 2140 21.00 | 16.50
Nekemte 28.56 28.75 26.00 18.19 6.94 3.25 2050 2190 21.20 2120 21.20 15.30
Ambo 2725 27.13 @ 23.38 15.06 12.31 | 14.56 18.30 19.40 20.20 | 20.20 @ 19.90 | 18.80
Fitche 2844 2794 1850 431 2.06 231 2040 2220 20.90 24.70 23.10 22.20
Addis Ababa| 27.36 = 26.29 & 18.21 | 5.36 1.00 0.79 1780 22.40 20.20 2250 @ 18.70 | 13.40
STATION K7 K8 K9 K10 K11 K12 L1 L2 L3 L4 L5 L6
Bahirdar 20.09 20.09 20.71 | 20.83 20.93 20.71 9.88 9.24 9.94 10.88 1277 15.24
Dangila 16.43 1447 | 16.61 16.73 18.66 | 19.24 10.65 11.10 11.25| 11.88 @ 12.88 | 14.08
Markos 14.5 14.2 18.3 17.5 22.1 22.4 4.93 3.69 6.24 8.25 9.17 11.56
Arjo 13.80 15.00 | 1540 | 23.30 20.40 | 21.20 5.89 3.30 6.04 522 6.85 11.14
Nekemte 1450 14.10 16.20 19.40 20.40 19.80 6.51 4.50 7.83 991 11.59 14.26
Ambo 18.10 18.40 | 18.90 19.70 18.60 | 17.90 10.28 9.27 10.63 11.76 | 11.76 | 12.73
Fitche 18.70 21.30 21.30  23.30 2250 18.70 5.69 4.46 7.63 8.35 7.57 9.05
Addis Ababa| 21.80 @ 13.90 | 17.00 | 23.00 21.70 | 15.80 4.71 3.21 6.09 | 7.66 7.50 10.10
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STATION L7 L8 L9 L10 L11 L12 M1 M2 M3 M4 M5 M6
Bahirdar 1555 1587 15.34 13.93 11.87 10.32 0.46 0.53 0.63 0.70 0.65 0.70
Dangila 1344 1393 | 13.72 13.19 11.93  10.66 0.95 1.07 116 @ 1.13 1.30 1.20
Markos 12.02 1227 11.52 8.84 6.65 5.10 1.37 1.61 1.80 2.05 1.95 1.43
Arjo 11.84 1230 | 13.30 12.21 11.83  10.61 1.29 1.53 1.65 1.89 1.80 1.52
Nekemte 14.24 1452 14.58 13.11 10.70 11.04 0.92 0.92 094 1.06 1.09 0.90
Ambo 12.11  13.17 | 13.30 11.78 10.34 9.10 2.40 2.40 240 240 2.40 2.40
Fitche 1126 1124 10.05 7.29 5.47 4.69 1.03 1.38 112 152 1.49 1.35
Addis Ababa| 11.50 11.94 | 10.08 5.35 3.61 3.32 0.83 0.87 0.70 | 0.88 0.50 0.41
STATION M7 M8 M9 M10 M11 M12
Bahirdar 0.59 0.60 0.60 0.60 051  0.46
Dangila 1.15 111 0.99 0.97 0.76 0.82
Markos 1.33 1.32 1.05 1.37 1.34 1.39
Arjo 1.55 1.43 1.22 1.05 1.09 1.06
Nekemte 0.84 0.94 0.87 0.76 0.86  0.81
Ambo 2.40 2.40 2.40 2.40 2.40 2.40
Fitche 1.09 0.94 1.12 1.32 1.18 0.90
Addis Ababa| 0.27 0.28 0.46 0.72 0.74 0.64
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Appendix-B: Soil parameters used by the SWAT Model
Table —-B-1

Legend of the parameters used in Soil

Symbol Description
1| SNAM Soil name
2 | NLAYERS Number of layers in the soll
3 | HYDGRP Soil Hydrologic Group
4 | SOL_ZMX Maximum rooting depth of soil profile
5| SOL_z Depth from soil surface to bottom of layer
6 | SOL_BD Moist bulk density
7| AWC Available water capacity of the soil layer
8 | SOL_CBN Organic carbon content
9| SOL_K Saturated hydraulic conductivity
10| CLAY Clay content
11| SILT Silt content
12 | SAND Sand content
13| ROCK Rock fragment content
14| SOL_ALB Moist soil Albedo
15| USLE K USLE equation soil erodibilty (K) factor
16| SOL_EC Electrical conductivity

The numbers 1 through 16 in the following tableiéate soil parameters as per in appendix-B, Table B

Table —B-2
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

(m) (mm) (g/cm) mm/mm (%) (mm/hr) (%) (%) (%) (%) (dS/)

H.Alisols 1 C 2000 150 1.33 06 23 9.17 51 34 15 2 013 0.128 0.02
2 C 2000 350 1.32 06 14 9.17 63 18 19 2 013 0.109 0.02

3 C 2000 400 1.32 06 1.1 15.8 61 20 19 2 013 0.122 0.02

4 C 2000 700 1.32 06 0.6 15.8 75 16 5 2 013 0.176 0.02

5 C 2000 550 1.32 06 04 15.8 79 14 7 2 0.13 0.149 0.02

E.Fluvisols 1 C 2000 150 1.39 06 24 0.83 59 38 3 2 013 0.220 0.3
2 C 2000 500 1.39 06 09 0.83 57 35 8 2 013 0197 02

3 C 2000 750 1.39 06 0.5 3.75 50 41 9 2 013 0215 0.2

4 C 2000 600 1.39 06 0.5 3.75 27 13 60 2 013 0.140 0.3

H.Luvisols 1 C 2000 200 1.38 06 24 14.6 41 42 17 2 0.13 0.138 0.06
2 C 2000 400 1.33 06 0.9 14.6 67 20 13 2 013 0.134 0.02

3 C 2000 500 1.33 06 0.5 14.2 83 16 7 2 013 0.152 0.01
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2000 900 1.33 06 05 14.2 45 12 5 0.13 0.184 0.06
C.Luvisols 2000 250 1.38 06 26 14.6 49 29 22 0.13 0.115 01
2000 450 1.33 06 1.1 14.6 65 21 14 0.13 0.128 0.1
2000 450 1.33 06 0.7 14.2 71 20 9 0.13 0.152 0.1
2000 750 1.33 06 04 14.2 70 19 11 0.13 0.144 0.04
E.Vertisols 2000 150 1.22 06 3.7 0.83 52 34 14 0.13 0.130 0.03
2000 250 1.21 06 1.1 0.83 72 18 10 0.13 0.131 0.02
2000 500 1.21 06 0.9 3.75 74 20 6 0.13 0.170 0.02
2000 900 1.21 06 0.5 3.75 72 18 10 0.13 0.144 01
C.Vertisols 2000 200 1.22 0.6 2 0.83 51 36 13 0.13 0.138 0.1
2000 600 1.21 06 1.7 0.83 69 17 17 0.13 0.100 0.1
2000 500 1.21 06 0.9 3.75 67 22 22 0.13 0.126 0.2
2000 700 1.21 06 03 3.75 63 23 14 0.13 0.147 0.2
E.Leptosols 2000 300 1.42 0.6 0.39 14 73 25 5 0.13 0.209 01
H.Nitisols 2000 200 1.24 0.6 2 9.17 50 34 17 0.13 0.126 0.14
2000 700 1.2 06 15 9.17 23 51 27 0.13 0.153 15
2000 100 1.2 06 13 15.8 62 25 14 0.13 0.129 13
2000 100 1.2 06 05 15.8 71 19 9 0.13 0.153 05
E.Regosols 2000 200 1.43 06 1.1 14 54 35 11 0.13 0.168 0.1
E.Cambisols 2000 250 1.34 06 243 0.83 88 11 1 0.13 0171 01
2000 550 1.33 0.6 1.08 0.83 85 14 1 0.13 0221 0.1
2000 750 1.33 06 0.7 3.75 73 23 4 0.13 0.213 0.33
2000 450 1.33 06 0.5 3.75 87 13 04 0.13 0254 0.2
Acrisols 2000 300 1.4 0.6 0.81 0.83 25 19 56 0.13 0.148 0
2000 700 1.33 0.6 0.35 0.83 36 17 47 0.13 0.141 0
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Appendix-C: Correlation Coefficient and Consistency of Metrological Stations

Graph —C-IDouble Mass Curve Analysis

(a)for Gilgel Abbay Catchment (a} for Chemoga Catchment

(c)for Muger Catchment {d)for GuderCatchment

(e} for Guder Catchment
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Table —C-2

Correlation Coefficient between Metrological Staibns

For Gigel Bahir Dar Dangila Abbay Shelekd Wetet Abbay Kidanaj
Abbay  "Bahir Dar 1.00 0.43 0.34 0.50 0.34
Dangila 0.35 0.36 0.45
Abbay Sheleko 1.00 0.75 0.32
Wetet Abbay 1.00 0.43
Kidmaja 1.00
For Debre Markos Debre Elias Yejube

Chemoga | Debre Markos 1.00 0.71 0.68
Debre Elias 1.00 0.42
yejube 1.00

For Muger A.A. Observatory Shola Fitche Sululta
A.A. Observatory 1.00 0.43 0.41 0.25
Shola 1.00 0.48 0.28
Fitche 1.00 0.32
Sululta 1.00

For Guder Ambo Guder Tikur Asgori
Ambo 1.00 0.36 0.52 0.26
Guder 1.00 0.30 0.24
Tikur 1.00 0.28
Asgori 1.00

For Arjo Nekemte | Sekqg Yafna Jimma Limu Genet
Didessa | Arjo 1.00 0.38 0.20 0.28 0.24 0.30

Nekemte 1.00 0.2 0.30 0.26 0.35
Seko 1.00 0.18 0.15 0.19
Yafna 1.00 0.24 0.34
Jimma 1.00 0.41
Limu Genet 1.00
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Appendix-D: HBV Model Auto Calibration Best Parameter Values

Table —D-1
HBV Monthly Auto-Calibration Best Parameters
FC, LP; | BETA; | PERC | UZL MAXBAS | FG, LP, | BETA, | FC; BETA;
Gilgel
Abbay 254.45 0.98 1.60 4.98 71.4 D5 1.95 1759 0.99| 2.72 260.51 0.98 2.99
Chemogal 1102.2¢ | 0.4€ | 1.84 0.1C 19.4¢ 2.64 250.4f | 0.8€ | 2.5¢ 291.0¢ 5.6€
Muger 191.71 0.97| 341 4.19 31.8 .10 3.64 1260 0.83 | 5.83 1486.8 0.73 1.06
Guder 368.86 0.62| 5.20 0.63 97.9 6 1.47 4800 0.66 | 1.06 0.36 1.67
Didessa | 638.7¢ | 0.4z | 5.52 5.5C 73.9¢ 1.32 183.7¢ | 0.54 | 5.54 483.9: 2.6(C
HBV Daily Auto-Calibration Best Parameters
FC, LP; | BETA; | PERC | UZL MAXBAS | FG, LP, | BETA, | FC; BETA;
Gilgel
Abbay 246.81 0.97| 1.53 4.89 69.95 O. 13 .05 2.89 341, 0.98| 2.69 252.68 97 2.96
Chemogal 1459.49| 0.55 2.08 0.31 79.84 0. 119 .07 2.78 3.509 0.36| 3.14 72.17 0.60 2.89
Muger 280.00 0.63] 5.95 0.86 85.21 O. .22 .09 2.79 52330.86 | 1.19 372.93 096 4.78
Guder 181.52 0.65| 4.44 1.08 20.56 0. .03 .07 3.49 7867 0.67 | 1.31 893.97 0.40 1.15
Didessa | 638.79 0.42| 5.52 5.50 73.93 0. 13 .06 1.32 .78330.54 | 554 483.91 0.69 2.60
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Appendix-E: SWAT Model Auto Calibration Best Parameter Values

Table —-E-1
SWAT Monthly Auto-Calibration Best Parameters
x Gilgel Abbay Chemoga Muger Guder Didessa
g
x — — — —_ —_
2 C 23 [ < 23| < 33| g 23| S 232
| & |¥Tig| & |%Ele| & |R§|le| & |EFg|le| & |%E
1 cn2 -20.25 | 1 cn2 4.14 1 cn2 23794 1 cn2 -18.6| 1 cn2 -24.47
2 Gwgmn 998.8 | 2 Gwgmn 1000 | 2 Gwgmn 189.64 2 Sol 7 18.42 2 Esco 0.91
3 Canm 9.72 3 Esce 0.03 3 Esce 0.70| 3 Esce 0.21| 3 Gwgmr 1000
4 Blai 0.10 4 Sol 7 24.16| 4 Blai 10 | 4 Gwgmn 996.4 4 Sol_ Awc -25.0
5 Sol. 7 1672 |5 oo 238 | 5 | canmx 860 5 | g 10 |5 Sol 7 15.24
6 Sol_Awc 1988 | 6 Sol_Awc -24.71) 6 Sol 7 25016 | canmx 07116 Blai 1.0
! Escc 0.01 ! Blai 039 |7 Gw_Reva 0041 7 Sol_Awc =25 | 7 Alpha_Bf 0.01
8 Gw_Revap | 0.04 8 Gw_Revap | 0.03 8 Epco 0.99 8 Gw_Revap 004] 8 Gw_Revap 0.04
° Ch_K2 2636 {9 Slope -18.04 9 Alpha_Bf 0.79 9 Epco 0691 9 Canmx 10
10 Epcc 0.54 10 Sol Awc -25.0| 10 Cch Kz 1124 10 Ch K2 86.13
1 Alpha_Bf 0.26 1 Ch_K2 37.09 11 Alpha_Bf 00 | 11 Epco 0.64
SWAT Daily Auto-Calibration Best Parameters
x Gilgel Abbay Chemoga Muger Guder Didessa
S
x — — — — —
2 < 33 [E < 23| < 33| S 33| < S 2.3
7 g EE g g g L2 & S| e & <3
1 cnz 35.0 1 cns 4.14 1 cns 2479 1 cnz 414 | 1 cns -27.97
2 Gwgmn 2858.8| 2 Gwgmn 1000 | 2 Gwgmn 62.394 2 Sol 7 24.14 2 Esco 0.73
3 Canm 8.90 3 Esce 0.03 3 Esce 099 3 Esce 0.03| 3 Gwgmr 717.5¢
4 Blai 0.56 4 Sol 7 24.16| 4 Blai 0.01| 4 Gwgmn 1000| 4 Sol_ Awc -25.0
5 Sol Z 20 5 Canmp 238 | 5 Canmp 0 5 Blai 039) 5 Sol z 0.67
6 Sol_Awc 20.9 6 Sol_Awc -24.71) 6 Sol 7 2496 | Canmx 238| 6 Blai 059
7 Esco 0.94 7 Blai 039 |7 Gw_Revap 0.03| 7 Sol_Awc 247 7 Alpha_Bf 0
8 Gw_Reva] | 0.2C 8 Gw_Reval | 0.0Z 8 Epcc 0.4: 8 Gw_Reva 003 8 Gw_Reva 0.03
9 Ch_K2 361.07] 9 Slope -18.04 9 Alpha_Bf 0.97 9 Epco 09419 Canmx 322
10 [ gpec 0.89 10 [ soi awe | 12210 [ cp ke 142110 | oy 74.35
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| 11 | Alpha_Bf ‘ 0.03 |

| 11 | Ch_K2

| 1o.o| 11 | Alpha, B |o.01| 11

| Epco

| 0.12 |

Appendix-F: Time Series Data of Observed and Simulated Stream Flow with HBV

The results presented were average daily riverdlimma month in rs. Qo and Qs represents

Observed and Simulated flow repectively.

HBV Results
Gilgel Abbay River Chemoga River Muger River GuBeérer Didessa River
Qo Qs Qo Qs Qo Qs Qo Qs Qo Qs
Month-year | (m¥sec) | (msec)| (m’sec) | (m’sec)| (m¥sec)| (m¥sec)| (m’sec) | (m’lsec) | (m’sec)| (m*sec)
Jan-1991] 3.69 0.770 0.16 0.126 0.64 0.64 19.97 2.310
Fel-91 | 2.5 0.19: 0.21 0.04: 0.62 0.62 12.42 1.15¢
Mar-91 | 2.05 0.000 0.3 0.253 0.86 0.86 12.62 1.155
Apr-91| 4.4 0.385 0.39 0.295 0.43 0.43 235 2.310
May-91 | 8.8€ 0.19: 1.12 0.29¢ 0.7: 0.7: 15.7 8.08¢
Jur-91 | 55.3¢ 27.73: 5.7¢ 1.30¢ 2.0€ 2.0€ 57.7¢ 41.58¢
Jul-91| 190.64 270.015 375 9.900 14.31 14.31 202.87 165.195
Aug-91 | 217.3 176.800 50.31 23.003 52.29 52.29 426.67 248.37(
Ser-91 | 162.7¢ 163.12¢ 14.6¢ 16.43: 34.3¢ 34.3¢€ 236.1: 181.36¢
Oct-91| 42.12 78.770 1.3 2.907 3.97 3.97 56.58 62.381
Nov-91| 11.05 18.874 0.57 0.758 0.96 0.96 26.27 17.328
Dec-91| 6.32 4.237 0.75 1.180 0.73 0.73 14.23 5.776
Jar-92 | 4.1¢ 0.96: 0.2¢ 0.333 0.87 0.87 9.14 2.31(
Fek-92 | 2.94 0.19: 0.6€ 0.29¢ 1.1€ 1.1€ 9.5E 2.31(
Mar-92 | 2.28 0.000 0.71 0.211 0.81 0.81 5.13 2.310
Apr-92 | 3.78 0.578 0.5 0.506 0.62 0.62 7.99 4.621
May-92 | 6.62 3.081 0.3¢€ 0.80( 2.04 2.04 21.0¢ 33.50!
Jun-92| 30.55 5.778 0.53 1.601 13.72 13.72 61.98 86.641
Jul-92| 12141 44.874 8.39 4,929 48.47 48.47 137.36 198.696
Aug-92 | 195.58 110.548 22.29 14.113 56.77 56.77 307.83 337.321
Sep-92| 145.13 79.348 23.3 15.799 40.74 40.74 217.78 336.166
Oct-92 | 89.7¢ 49.11: 3.6€ 10.57¢ 10.0: 10.0: 300.9° 236.81¢
Nov-92 | 29.42 22.726 1.86 2.781 2.18 2.18 63.31 103.969
Dec-92| 10.91 7.511 0.58 0.674 1.13 1.13 27.4 28.880
Jar-93 | 5.51 1.92¢ 0.47 0.33i 0.81 0.81 15.8¢ 8.08¢
Feb-93| 3.77 0.578 0.45 0.295 0.200 0.000 0.8 0.8 5211 3.466
Mar-93 | 3.17 0.38¢ 0.1¢ 0.29¢ 0.17( 0.17( 0.4¢ 0.4¢ 9.11 2.31(
Apr-93 | 5.02 1.926 1.83 2.233 0.110 0.226 1.28 1.28 | 21.11 18.483
May-93 | 8.98 15.985 4.51 3.328 0.360 0.340 2.78 2.78 | 39.28 39.277
Jur-93 | 74.92 70.68: 9.32 7.62¢ 0.47( 0.28: 31.21 31.2] 120.4: 166.35(
Jul-93| 187.94 131.156 21.09 30.207 1.250 13.187 7838. | 38.78 223.86 250.680)
Aug-93 | 179.3¢ 174.29¢ | 39.1: 28.31. 30.44( 31.35¢ 49.¢ 49.¢ 432.6: 317.68:.
Sep-93| 154.84 126.148 28.57 31.218 63.750 19.583 .2446 | 46.24 243.33 251.835
Oct-93| 89.74 68.178 6.21 19.506 42.930 2.490 146| 461 151.95 180.213
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Nov-93 | 22.97 29.85: 1.54 1.30¢ 5.32( 0.22¢ 5.2¢ 5.2¢ 68.27 76.24¢
Dec-93| 8.19 7.319 0.56 0.253 0.760 0.057 1.39 1.39 | 23.65 15.018
Jan-94| 4.8 1.733 0.24 0.295 0.350 0.000 0.87 0.87 4.581 2.310
Feb-94| 3.38 0.385 0.13 0.126 0.230 0.113 0.62 0.62 | 8.09 1.155
Mar-94 | 2.44 0.193 0.03 0.295 0.110 0.170 0.82 0.82 | 5.78 0.000
Apr-94 | 2.11 0.19% 0.11 0.29¢ 0.14( 0.67¢ 0.6% 0.6% 6.0¢5 1.15¢
May-94 | 7.17 8.281 0.31 1.138 0.190 0.623 12 1.2 222 17.328
Jun-94| 61.54 51.422 05 2.064 0.160 0.283 5.95 5.95 | 84.95 73.933
Jul-94 | 147.62 101.304| 7.69 11.965 0.910 16.470 438.0| 38.04 199.44 201.006
Aug-94 | 177.61 141.748] 19.52 19.506 19.61( 39.278 5641 | 41.56 455.86 269.164
Sef-94 | 118.6¢ 104.57¢ | 0.8 19.63: 39.31( 19.017 32.1¢ 32.1¢ 331.0¢ 265.69¢
Oct-94| 23.38 39.289 0.36 0.843 20.500 1.698 3.92| 923. 58.38 79.709
Nov-94 | 10.46 10.978 0.04 0.590 2.280 0.057 1.32 213 26.26 31.191
Dec-94| 6.36 3.852 0 0.211 0.530 0.057 0.81 0.81 7913. | 6.931
Jan-95| 3.57 0.963 0 0.084 0.300 0.170 0.62 0.62 7.6 | 1.155
Fel-95 | 2.52 0.19¢ 0.0¢ 0.04: 0.16( 0.057% 0.5t 0.5¢ 5.0€ 0.00(
Mar-95| 1.88 0.385 0.07 0.084 0.190 0.283 0.48 0.48 | 5.53 0.000
Apr-95 | 1.9t 1.15¢ 0.32 0.29¢ 0.15(C 0.73¢ 1.01 1.01 7.5 3.46¢
May-95| 11.07 7.126 0.94 0.716 0.380 1.528 145 145 | 14.28 11.552
Jun-95| 45.21 44.874 0.44 1.348 0.330 8.207 3.1 3.1 32.02 30.035
Jul-9E | 92.6¢ 124.41t | 9.7¢ 6.867 0.36( 27.84¢ 20.3¢ 20.3¢ 84 110.90(
Aug-95| 198.98 163.126] 21.22 20.222 14.56( 46.740 2244 | 44.22 212.42 202.161
Sef-95 | 131.7% 95.33¢ 10.1 14.53¢ 36.13( 20.09: 29.32 29.32 187.4¢ 232.19°
Oct-95| 25.43 37.748 1.36 2.907 11.630 3.509 4.18 18 4. 58.32 103.969
Nov-95| 10.22 13.289 0.35 0.463 1.280 0.170 121 11.2 23.12 27.725
Dec-95| 5.64 3.467 0.77 1475 0.390 0.000 0.86 0.86 | 15.39 6.931
Jan-96| 3.58 0.963 0.94 0.421 0.270 0.057 0.92 092 | 76 4.621
Fel-9€ | 2.27 0.19: 0.42 0.211 0.17( 0.11: 0.5t 0.5t 5.0¢ 1.15¢
Mar-96 | 4.08 4.237 0.31 0.379 0.200 0.113 2.45 2.45 | 24.07 2.310
Apr-96 | 3.91 8.667 2.16 0.927 0.230 0.396 2.16 216 | 11.72 4.621
May-96 | 19.74 22.341 3.93 2.612 0.290 0.170 6.74 46.7 52.95 36.967
Jun-96| 85.19 78.770 5.75 11.881 0.260 0.453 29.46 9.462 143.96 132.849
Jul-9€ | 202.9¢ 132.31. | 17.3¢ 15.71¢ 0.30( 14.43: 39.4¢ 39.4¢ 270.0¢ 270.31¢
Aug-96 | 223.52 198.370) 22.09 25.910 20.39( 27506 .8145 | 45.81 319.01 299.199
Sef-9€ | 141 148.68. | 11.0Z 15.46: 42.97( 9.16¢ 26.4¢ 26.4¢ 230.5¢ 204.47:.
Oct-96| 85.51 67.793 1.85 4.508 10.070 1.755 9.74| 7409. 128.59 135.159
Nov-96 | 68.07 20.993 0.87 1.432 0.910 1.302 2.04 420 55.16 34.656
Dec-96 | 47.8¢ 6.35¢ 0.51 0.84: 0.27( 0.22¢ 1.0¢€ 1.0€ 32.5¢ 11.55:
Jan-97| 2.94 1.348 0.3 0.253 0.160 0.113 1.65 1.65 5.461 3.466
Fet-97 | 1.92 0.38¢ 0.0t 0.12¢ 0.11( 0.057% 0.6t 0.6t 7.87 1.15¢
Mar-97| 1.75 0.578 0.05 0.295 0.070 0.226 1.68 1.68 | 5.53 1.155
Apr-97 | 1.67 0.963 0.18 0.843 0.060 0.170 154 154 |75 6.931
May-97 | 18.3¢ 31.58¢ 0.24 1.18(C 0.11( 0.50¢ 1.32 1.32 14.2¢ 30.03¢
Jun-97| 60.79 72.800 1.46 4.508 0.060 0.283 10.9 9 10. 32.02 157.108
Jul-97 | 160.8¢ 118.05¢ | 12.17 14.19¢ 0.19(C 9.50¢ 36.0¢ 36.0¢ 84 276.09!
Aug-97 | 196.73 154.652] 21.16 23.845 12.26( 42.052 .0337 37.03 212.42 270.319
Sep-97] 125.08 96.296 7.55 16.810, 28.64 25.639 918.2| 18.29 187.46 172.126
Oct-97| 63.56 80.311 3.96 10.827 9.450 6.792 8.77 77 8. 58.32 166.350
Nov-97 | 35.67 51.230 2.9 6.067 0.780 0.623 3.74 3.74 | 23.12 136.315
Dec-97 | 10.5¢ 15.60( 0.9¢ 0.46% 0.39( 0.00(¢ 2.2 2.2 15.3¢ 34.65¢
Jan-98| 4.48 3.659 0.52 0.211 0.190 0.057 135 1.35 | 15.88 9.242
Fek-98 | 2.52 0.77(C 0.2 0.08¢ 0.20( 0.00(¢ 0.77 0.77 11.5Z 2.31(
Mar-98 | 1.85 0.385 0.2 0.169 0.100 0.057 1.29 1.29 19 2.310
Apr-98 | 1.28 0.385 0.03 0.126 0.080 0.057 2.06 206 |21.11 2.310
May-98 | 10.1% 11.17( 0.c 0.92% 0.07( 0.057% 0.9¢ 0.9¢ 39.2¢ 10.39:
Jun-98| 64.3 49.111 1.39 1.222 0.200 0.170 6.98 6.98 | 120.42 61.226
Jul-98 | 142.7 146.560 | 14.7 4.63¢ 0.71( 18.84" 32.7 32.7 223.8¢ 204.47:
Aug-98 | 184.56 171.022] 17.26 15.040 24.71( 51.900 445 | 45.44 432.62 311.906
Sep-98] 153.73 135.393 13.47 17.357 55.920 18.281 .3933 | 33.39 243.33 243.749
Oct-9€ | 96.1¢ 86.08¢ 13.4¢ 16.76¢ 25.67( 3.84¢ 22.5¢ 22.5¢ 151.9¢ 222.95!
Nov-98 | 18.32 31.200 1.24 1.264 7.960 0.509 3.11 131 68.27 105.124
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Dec-98 | 6.5¢ 8.281 0.2¢ 0.211 0.83( 0.057 1.0€ 1.0€ 23.6¢ 19.63¢
Jan-99] 3.72 1.926 0.21 1.180 0.290 0.000 0.8 0.8 8815 | 4.621
Feb-99| 2.14 0.578 0.06 0.084 0.180 0.000 0.45 0.45 | 11.52 1.155
Mar-99 | 1.43 0.193 0.01 0.042 0.050 0.000 0.47 047 |9.11 0.000
Apr-99 | 1.71 0.193 0.01 0.042 0.070 0.170 0.33 0.33 [ 2111 0.000
May-9¢ | 8.91 10.78: 0.0¢ 0.25: 0.05( 0.45: 1.47 1.47 39.2¢ 15.01¢
Jun-99| 57.74 59.511 1.08 1.095 0.060 0.226 10.84 .8810 120.42 83.175
Jul-99| 163.04 149.644] 15.45 8.721 0.290 13.81p 33.2] 33.2 223.86 161.729
Aug-99 | 186.86 203.378] 29.41 22.287 12.67( 40.071L 4644 | 44.46 432.62 239.128
Sep-99] 127.08 151.956) 12.49 12.765 57.18D 20.262 5332 | 32.53 243.33 240.283
Oct-9¢ | 122.5: 116.90: | 13.4¢ 13.77¢ 18.35( 5.83( 23.4¢ 23.4¢ 151.9: 304.97!
Nov-99 | 19.66 41.407 1 0.362 3.910 0.736 3.15 3.15 68.27 86.641
Dec-99| 7.6 10.593 0.36 0.590 0.560 0.113 1.4 1.4 23.65 13.863
Jan-00] 3.42 2.504 0.17 0.126 0.230 0.000 0.97 097 |76 2.310
Feb-00| 2.03 0.578 0.05 0.042 0.130 0.057 0.67 0.67 | 5.05 0.000
Mar-00| 1.49 0.193 0.1 0.042 0.060 0.509 0.56 056 | 7 5 0.000
Apr-00 | 3.1 7.319 0.1 0.716 0.030 0.453 1.43 1.43 887. 1.155
May-0C | 6.0¢ 15.98¢ 0.3¢ 0.54¢ 0.07¢ 0.79: 2.1 2.1 14.3¢ 16.17:
Jur-0C | 49.0¢ 65.28¢ 1.0¢ 1.34¢ 0.13( 1.41F 9.5¢ 9.5¢ 34.1¢ 101.65!
Jul-00| 146.03 152.148| 15.45 8.889 0.220 30110  421.4| 21.44 85.43 189.454
Aug-00 | 203.22 222.444| 29.41 15.799 9.780 36.050 241. | 41.2 214.28 249.525
Sep-0C | 134.1¢ 124.03( | 23.4¢ 16.17¢ 51.53( 14.77: | 46.1¢ 46.1¢ 184.3¢ 231.04.
Oct-0C | 126.9¢ 120.75¢ | 11.4¢ 22.03¢ 14.93( 1.41F 21.51 21.51 141.1¢ 151.33:
Nov-00 | 36.71 54.696 4 2.612 2.790 0.057 6.03 6.03 | 3.3® 58.916
Dec-00| 8.95 14.830 0.67 0.843 0.560 0 2.21 2.21 650. | 12.707
Jan-01| 3.83 0.040 0.24 0.169 0.260 0.01 1.2 31.77 2.310
Fet-01 | 2.3t 0.01( 0.1¢ 0.08¢ 0.16( 0.1 0.8¢ 0.54¢ 24.61 1.15¢
Mar-01| 1.8 0.000 0.22 0.463 0.080 0.08 2.42 3.700 | 4.6@ 1.155
Apr-01 | 1.79 0.020 0.16 0.716 0.180 0.15 1.9 2487 | 2.02 5.776
May-01| 6 0.010 0.42 1.475 0.130 0.27 3.25 5.822 8917. | 21.949
Jun-01| 67.17 1.440 2.46 3.834 0.330 5.63 27.99 126.3 | 154.65 131.694
Jul-01 | 150.9; 14.02( 22.0¢ 16.64: 3.41( 6.1¢ 41.07 38.20¢ 276. 257.61
Aug-01 | 205.9 9.180 32.84 22.076 30.450 2.48 37.11 5.358 390.27 255.301
Sep-01| 128.7 8.470 6.26 12.597 38.12( 0.23 31.11 .7883 387.87 248.370
Oct-01 | 41.1¢ 4.09( 1.6€ 5.77: 13.69C | 0.01 11.9¢ 13.82¢ 251.6¢ 180.21:
Nov-01 | 13.8¢ 0.98( 0.4¢ 0.37¢ 1.00¢ 0 2.4¢ 1573 82.¢ 63.53¢
Dec-01| 5.39 0.220 0.28 0.126 0.310 0.02 1.21 0.606| 41.71 13.863
Jan-02| 3.08 0.050 0.6 0.632 0.180 0.01 1.11 1.759| 6.963 5.776
Fek-02 | 1.7¢ 0.01( 0.11 0.12¢ 0.16( 0.11 0.7¢ 0.661 23.6¢ 1.15¢
Mar-02 | 1.41 0.000 0.49 0.421 0.080 0.09 0.79 1.213 | 20.63 1.155
Apr-02 | 1.03 0.030 0.45 0.969 0.110 0.04 6.77 4.306 | 24.47 2.310
May-02 | 1.01 0.160 0.07 0.253 0.110 0.12 7.3 5337 | 7.22 3.466
Jun-02| 38.22 0.300 0.95 1.180 0.070 2.81 6.44 B3.34| 674 34.656
Jul-02 | 144.9: 2.33( 14.0¢ 6.951 0.20( 8.1¢ 34.7¢ 41.66¢ 170 135.15!
Aug-02 | 168.36 5.740 29.41 15.883 21.47( 3.09 345| 3.486 220.65 167.505
Sep-02| 99.7 4.120 12.49 15.756 44.04( 0.26 22.11 .6587 222.87 185.989
Oct-02 | 28.9¢ 2.55( 13.4¢ 1.76¢ 12.48( | 0.01 4.0¢ 2.48i 78.6¢ 91.26:
Nov-02 | 10.1¢ 1.18( 1 0.16¢ 0.40( 0.01 1.2 0.30: 44 4¢ 25.41¢
Dec-02| 4.18 0.390 0.36 0.969 0.380 0.02 0.98 0.243| 31.31 8.086
Jan-03| 2.22 0.100 0.200 0.02 0.89 0.849 21.05 2.310
Fet-03 | 1.5 0.03( 0.12( 0.0% 0.7 0.84¢ 14.9¢ 1.15¢
Mar-03 | 1.1¢ 0.02( 0.06( 0.1¢€ 1.3; 1.75¢ 20.9i 2.31(
Apr-03 | 0.67 0.100 0.080 0.17 1.54 11.281 28.68 3.466
May-03 | 0.89 0.830 0.150 0.16 0.67 5.762 17.91 2.310
Jur-03 | 43.4¢ 3.67( 0.07¢ 7.52 3.7¢ 14.07( 46.3¢ 27.72
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Jul-032 | 178.4: 6.81( 0.62( 9.6 30.1¢ 42.39: 185.3¢ 150.17
Aug-03 | 184.22 9.050 41.400 5.52 41.05 23.228 243.49 277.25
Sep-03| 173.78 6.550 48.840 1.07 34.26 19.468 219.63 273.79
Oct-03| 32.72 3.540 36.420 0.05 7.81 6.307 78.66 139.78
Nov-03 | 10.19 1.550 3.430 0.03 1.49 0.849 44.45 30.035
Dec-03 | 4.02 0.38( 0.29( 0.02 1.07 0.78¢ 31.31 6.931
Jan-04| 2.31 0.090 0.170 0.02 0.86 0.667 19.51 1.155
Feb-04| 1.39 0.020 0.100 0.02 0.63 0.910 16.03 0.000
Mar-04 | 0.9: 0.01( 0.06( 0.1€ 0.6¢ 1.09: 11.2 0.00(
Apr-04 | 2.2¢ 0.01( 0.03( 0.1 1.4z 6.18¢ 11.0¢ 1.15¢
May-04 | 1.15 0.430 0.220 0.71 1.09 2.790 24.33 4.621
Jun-04| 27.45 2.670 0.090 9.67 4.87 13.888 77.9 49.674
Jul04 | 137.3¢ 5.26( 0.56( 8.1z 24 5¢ 36.87: 196.5: 184.83:
Aug-04 | 165.9; 7.36( 19.88( 3.1¢ 37.0¢ 23.95¢ 238.5: 289.95
Sep-04| 137.67 5.430 52.700 0.98 35.32 38.694 247.88 251.83
Oct-04| 64.01 2.040 18.760 0.08 16.29 16.496 200.91 174.43
Nov-04 | 11.42 0.570 1.600 0.01 1.48 1.213 54.1 63.536
Dec-04 | 5.0¢ 0.20( 0.31( 0.63( 0.8¢ 0.78¢ 34.3¢ 16.17¢
Jar-05 | 2.62 0.05( 0.7¢ 1.031
Feb-05| 1.46 0.010 0.32 0.546
Mar-05 | 1.64 0.020 0.72 1.334
Apr-05 | 1.04 0.060 1.09 2.911
May-05 | 1.71 0.37( 2.1¢ 5.701
Jun-05| 33.68 2.330 7.45 11.766
Jul-05| 130.93 6.460 ) 30.11 28.747
Aug-05 | 118.2¢ 8.47( 39.3¢ 44.33:
Ser-05 | 120.2: 4.95( 29.01 28.14:
Oct-05| 50.29 1.960 10.91 8.673
Nov-05 | 15.79 0.690 1.78 2.183
Dec-05 | 14.17 0.18( 0.7 0.54¢
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Appendix-G: Time Series Data of Observed and Simulated Stream Flow with SWAT

The results presented were average daily riverdlimaa month in rs. Qo and Qs represents

Observed and Simulated flow repectively.

SWAT Results

Gilgel Abbay River Chemoga River Muger River GuReéver Didessa River
Qo Qs Qo Qs Qo Qs Qo Qs Qo Qs
Month-year | (m¥/sec) | (m®sec)| (m’sec) | (m¥sec)| (m¥sec)| (m¥sec)| (msec) | (m’sec) | (msec)| (m¥sec)
Jan-92| 4,19 9.688 0.28 0.87 0.870 9.55 3.870
Feb-92| 2.94 5.679 0.66 0.330 1.16 1.160 5.13 0.758
Mar-92 | 2 28 4.176 0.71 0.108 0.81 0.810 7.99 22.180
Apr-92 | 3.7¢ 15.10( 0.5 1.11¢ 0.62 0.62( 21.0¢ 42 94(
May-92 | 6.62 17.180 0.39 1.946 2.04 2.040 61.98 80.170
Jun-92| 30,55 50.440 0.53 2.643 13.72 13.720 137.36 190.90(
Jul-92| 121 4: 132.50( | 8.3¢ 6.41¢€ 48.47 48.47( 307.8: 210.10(
Aug-92 | 195 5¢ 149.60( | 22.2¢ 19.57( 56.71 56.77( 217.7¢ 301.80(
Sep-92| 145.13 86.320 23.3 20.360 40.74 40.740 300.97 252.40(
Oct-92| 89.78 46.150 3.66 16.260 10.03 10.030 63.31 261.40(
Nov-92 | 29 4: 16.36( 1.8€ 10.33( 2.1¢€ 2.18( 27.4 122.20(
Dec-92| 10.91 3.026 0.58 3.944 1.13 1.130 15.88 57.460
Jan-93| 551 0.068 0.47 0.839 0.81 0.810 11.52 18.480
Feb-93| 3.77 0.017 0.45 0.346 0.200 0.723 0.8 0.800 9.11| 98%.
Mar-93| 3.17 11.610 0.19 0.366 0.170 0.097 0.49 0.490 21.11 3.590
Apr-93 | 5.0z 14.55( 1.82 4.19: 0.11¢ 16.28( 1.2¢ 1.28( 39.2¢ 102.70(
May-93 | 8.98 55.390 451 7.131 0.360 7.488 2.78 2.780 220.4 98.080
Jun-93| 74.92 83.240 9.32 12.440 0.470 2.266 31.21 31.21¢ 23.8B 242.400
Jul-93| 187.9: 145.80( | 21.0¢ 42.67( 1.25( 14.52( 38.7¢ 38.78( 432.6: 289.10(
Aug-93 | 179.3¢ 211.20( | 39.1¢ 27.64( 30.44( 65.02( 49.¢ 49.80( 243.3: 371.10(
Sep-93| 154.84 117.500| 28.57 32.760 63.750) 47.730 46.24 2486. | 151.95 274.900
Oct-93| 89.74 37.520 6.21 26.850 42.930 25.43( 14.6 14.600 68.27 203.400
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Nov-93 | 22.9: 5.46: 1.5¢ 11.83( 5.32( 8.82¢ 5.2¢ 5.23( 23.6¢ 127.50(
Dec-93| 8.19 0.394 0.56 5.393 0.760 2.752 1.39 1.390 14.58 58.260
Jan-94| 4.8 0.000 0.24 1.056 0.350 0.763 0.87 0.870 8.09 .8009
Feb-94| 3.38 0.154 0.13 0.339 0.230 0.079 0.62 0.620 578 | .1514
Mar-94 | 2 44 0.097 0.03 0.280 0.110 0.343 0.82 0.820 6.05| .8974
Apr-94 | 211 1.75¢ 0.11 0.20¢ 0.14C 0.25¢ 0.6° 0.63( 22.2¢ 6.707
May-94 | 7.17 23.320 0.31 1.677 0.190 0.146 1.2 1.200 84.99 40.780
Jun-94| 61.54 56.070 0.5 1.344 0.160 0.171 5.95 5.950 199.4 108.400
Jul-94 | 147 6. 57.54( 7.6¢ 10.94( 0.91( 0.17¢ 16.47( 38.04( 455.8¢ 194.00(
Aug-94 | 177.6: 112.20( | 19.52 25.80( 19.61( 0.37¢ 39.27¢ 41.56( 331.0° 330.30(
Sep-94| 118.65 59.720 0.8 23.830 39.310 0.260 19.01y 32.16() 58.38 324.100
Oct-94| 23.38 32.010 0.36 12.200 20.500 0.526 1.698 3.920| 6.262 125.700
Nov-94 | 10.4¢ 4.331 0.0¢ 6.15¢ 2.28( 0.04¢ 0.057 1.32( 13.7¢ 71.37(
Dec-94| 6.3¢ 0.42¢ 0 2.20¢ 0.53( 0.01: 0.81 0.81( 7.6 22.95(
Jan-95| 3,57 0.000 0 0.400 0.300 0.008 0.62 0.620 5.06 44.78
Feb-95| 252 0.000 0.06 0.139 0.160 0.066 0.53 0.530 5.53| .0951
Mar-95 | 1.88 6.206 0.07 0.103 0.190 0.436 0.48 0.480 7.5 67P1
Apr-95 | 1 9ot 5.661 0.3z 0.33( 0.15( 0.14¢ 1.01 1.01( 14.2¢ 32.30(
May-95 | 11.07 29.56( 0.9¢ 1.191 0.38( 0.52¢ 1.4¢ 1.45( 32.0: 22.06(
Jun-95| 4521 58.680 0.44 2.303 0.330 0.337 3.1 3.100 84 6163
Jul-95| 92,64 99.270 9.75 7.560 0.360 0.538 20.33 20.330 2.421 | 147.900
Aug-95 | 198.98 129.400| 21.22 23.060 14.560 4777 44.27 204.2 | 187.46 236.900
Sep-95| 131.7; 60.41( 10.1 20.77( 36.13( 14.56( 29.3: 29.32( 58.3: 194.50(
Oct-95| 2543 23.460 1.36 11.930 11.630 8.619 4.18 4.180| .1223 | 136.300
Nov-95 | 10.22 4.665 0.35 5.675 1.280 2.480 1.21 1.210 15.39 60.750
Dec-95| 564 1.03¢ 0.77 3.83¢ 0.39( 0.50¢ 0.8¢ 0.86( 7.6 26.85(
Jan-96| 3.5¢ 0.00( 0.9¢ 0.701 0.27( 0.08¢ 0.92 0.92( 5.0F 17.20(
Feb-96| 2.27 0.000 0.43 0.230 0.170 0.263 0.55 0.550 24.07 1.434
Mar-96 | 4.08 17.390 0.31 0.325 0.200 0.036 2.45 2.450 11.72 28.590
Apr-96 | 3.91 11.29( 2.1€ 1.08¢ 0.23( 0.07¢ 2.1€ 2.16( 52.9¢ 40.45(
May-96 | 19.74 34.880 3.93 8.724 0.290 0.130 6.74 6.740 9843.| 99.110
Jun-96| 85.19 71.020 5.75 21.250 0.260 0.168 29.46 29.46(Q 70.03 291.300
Jul-96 | 202.98 148.000| 17.38 20.800 0.300 1.552 39.48 89.48| 319.01 353.900
Aug-96 | 223,52 166.100 | 22.09 35.640 20.390 18.51( 4581 8185. | 230.58 257.900
Sep-96| 1415 130.80( | 11.0: 22.15( 42.97( 29.07( 26.4¢ 26.49( 128.5¢ 193.40(
Oct-96 | 85.51 35.360 1.85 14.180 10.070 20.31( 9.74 9.740| 5.165 122.200
Nov-96 | 68.07 9.739 0.87 7.432 0.910 6.788 2.04 2.040 32.54 48.190
Dec-96| 47.8¢ 0.267 0.51 2.70% 0.27( 2.021 1.0¢ 1.08( 15.4¢ 32.17(
Jan-97| 2.9¢ 0.67¢ 0.3 0.51¢ 0.16( 0.481 1.6¢ 1.65( 7.87 4.01¢
Feb-97| 1.93 0.002 0.05 0.177 0.110 0.029 0.65 0.650 5.53| .9900
Mar-97 | 1.75 2.658 0.05 0.155 0.070 0.060 1.68 1.680 7.5 0084,
Apr-97 | 1.67 7.27¢ 0.1€ 0.41: 0.06( 0.161 1.5¢ 1.54( 14.2¢ 77.73(
May-97 | 18.3¢ 34.07( 0.24 0.687 0.11¢ 1.32¢ 1.32 1.32( 32.0: 130.70(
Jun-97{ 60.79 79.140 1.46 3.135 0.060 4.655 10.9 10.900 84 | 189.200
Jul-97| 160.86 95.590 12.17 14.440 0.190 11.15 36.05 86.05| 212.42 304.700
Aug-97 | 196.7: 131.80( | 21.1¢ 29.69( 12.26( 32.63( 37.0¢ 37.03( 187.4¢ 239.10(
Sep-97| 125.0¢ 82.76( 7.55 25.75( 28.64( 36.84( 18.2¢ 18.29( 58.3: 174.40(
Oct-97 | 63.56 72.420 3.96 21.350 9.450 20.76( 8.77 8.770 1223 | 224.600
Nov-97 | 35,67 25.420 2.9 12.250 0.780 6.705 3.74 3.740 915.3| 106.900
Dec-97| 10.5¢ 1.57¢ 0.9¢ 5.161 0.39( 2.01¢ 2.2 2.20( 15.8¢ 46.99(
Jan-98| 4.48 0.023 0.52 1.524 0.190 0.503 1.35 1.350 11.52 14.470
Feb-98| 253 0.000 0.2 0.366 0.200 0.311 0.77 0.770 9.11 5404
Mar-98 | 1.85 3.381 0.2 0.171 0.100 0.076 1.29 1.290 21.11 1.40D
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Apr-98 | 1 2¢ 1.59] 0.0¢ 0.05¢ 0.08( 0.36: 2.0€ 2.06( 39.2¢ 1.24(
May-98 | 10.13 30.010 0.9 0.869 0.070 0.507 0.98 0.980 20.4 33.350
Jun-98| 64.3 74.640 1.39 1.928 0.200 0.214 6.98 6.980 $23.8 210.700
Jul-98 | 1427 119.600 | 14.7 6.188 0.710 7.284 32.7 32.700 2.623 | 214.200
Aug-98 | 184.56 141.700 | 17.26 16.100 24.710 19.16( 4544  4485. | 243.33 273.700
Sep-98| 153.7¢ 116.000 | 13.47 21.42( 55.92( 39.02( 33.3¢ 33.39( 151.9¢ 274.20(
Oct-98| 96.14 72.010 13.49 29.010 25.670 30.57 22.55 P2.55| 68.27 205.700
Nov-98 | 18.32 17.680 1.24 14.820 7.960 10.76( 3.11 3.110| .6523 | 106.500
Dec-98| 6.5¢ 1.26¢ 0.2¢ 7.48: 0.83( 3.44 1.0€ 1.06( 15.8¢ 58.38(
Jan-99| 3.7: 1.49] 0.21 4.56¢ 0.29( 0.96¢ 0.8 0.80( 11.5: 30.32(
Feb-99| 2.14 0.000 0.06 0.574 0.180 0.081 0.45 0.450 9.11| .8857
Mar-99 | 1.43 0.000 0.01 0.195 0.050 0.035 0.47 0.470 21.11 2.830
Apr-99 | 171 5.43¢ 0.01 0.22¢ 0.07¢ 0.03¢ 0.3¢ 0.33( 39.2¢ 8.44¢
May-99 | 8.91 44.12( 0.0t 0.27¢ 0.05( 0.29¢ 1.47 1.47( 120.4: 93.90(
Jun-99| 57,74 90.940 1.08 2.168 0.060 0.149 10.88 10.880 3.882 | 150.400
Jul-991 163.04 133500 | 15.45 9.127 0.290 0.330 33.2 33.200 432.62 197.700
Aug-99 | 186.86 166.900 | 29.41 28.010 12.670 6.808 44.46 604.4 | 243.33 268.900
Sep-99| 127.0¢ 127.400 | 12.4¢ 22.88( 57.18( 35.64( 32.5¢ 32.53( 151.9¢ 273.60(
Oct-99| 122 5; 109.60( | 13.4¢ 24.08( 18.35( 19.82( 23.4¢ 23.48( 68.27 251.50(
Nov-99 | 19.66 18.770 1 11.830 3.910 7.037 3.15 3.150 23.6% 100.700
Dec-99| 7.6 4.262 0.36 5.950 0.560 4.161 1.4 1.400 7.6 818.6
Jan-00| 3.42 0.050 0.17 0.113 0.230 1.637 0.97 0.970 5.05| 0.63D
Feb-00| 2 0z 0.32¢ 0.0t 0.00¢ 0.13( 2.18¢ 0.67 0.67( 5.7 2.21¢
Mar-00 | 1.49 0.149 0.1 0.000 0.060 0.763 0.56 0.560 7.88 | 3260.
Apr-00 | 3.1 37.220 0.1 0.272 0.030 0.067 1.43 1.430 143 4714
May-00 | 6.0¢ 31.15( 0.3¢ 0.147 0.07¢ 0.311 2.1 2.10( 34.1¢ 33.23(
Jun-00| 49.0¢ 99.60( 1.0¢ 0.46: 0.13( 5.51¢ 9.5¢ 9.58( 85.4: 167.30(
Jul-00| 146.03 136.600 | 15.45 3.137 0.220 7.966 21.44 21.440 214.28 289.600
Aug-00 | 203.22 182.400 | 29.41 4.031 9.780 26.10( 41.2 41.200 184.38 318.700
Sep-00] 134.1¢ 105.90( | 23.4¢ 6.01( 51.53( 40.99( 46.1¢ 46.16( 141.1¢ 306.80(
Oct-00| 126.98 109.800 | 11.46 10.820 14.930 32.11( 2151 51P1. 93.37 217.700
Nov-00 | 36.71 23.520 4 7.917 2.790 14.510 6.03 6.030 50.65 130.100
Dec-00| 8.95 1.738 0.67 5.106 0.560 4.974 2.21 2.210 31.771 52.340
Jar-01 | 3.87 0.82( 0.2¢ 1.03¢ 0.26( 1.57¢ 1.2 1.60¢ 24.6] 3.87(
Fet-01 | 2.32 0.26¢ 0.1¢ 0.01¢ 0.16( 0.08¢ 0.87 1.61¢ 24.6€ 0.75¢
Mar-01| 1.8 1.027 0.22 0.097 0.080 0.022 2.42 5.147 | 22.07 22.180
Apr-01| 1.79 4.272 0.16 0.387 0.180 0.094 1.9 3.119 | 47.89 42.940
May-01 | 6 22.57( 0.4z 0.32¢ 0.13( 0.01¢ 3.2¢ 6.25¢ 154.6¢ 80.17(
Jun-01| 67.17 72.410 2.46 0.802 0.330 0.147 27.99 .9005 276.4 190.900
Jul-01| 150.91 90.460 22.04 6.727 3.410 1.182 41.07 44.470 390.27 210.100
Aug-01 | 205.9 85.490 32.84 16.210 30.450 16.10p  137.1| 45.700 387.87 301.800
Sep-01| 128.7 82.680 6.26 16.070 38.12( 40.460 31.1] 58.460 251.66 252.400
Oct-01 | 41.1¢ 32.70( 1.6€ 10.62( 13.69( 33.46( 11.9¢ 33.03( 82.¢ 261.40(
Nov-01 | 13.86 5.286 0.48 4.758 1.000 16.47( 2.48 85I8B. 41.71 122.200
Dec-01| 5.39 1.582 0.28 0.192 0.310 5.699 1.21 9.232| 36.96 57.460
Jar-02 | 3.0¢ 1.157 0.6 0.18¢ 0.18( 1.68: 1.11 2.28F 23.6¢ 18.48(
Fet-02 | 1.7¢ 0.21: 0.11 0.051 0.16( 0.08¢ 0.7¢ 0.75¢ 20.6¢ 5.98¢
Mar-02 | 1.41 0.271 0.49 0.134 0.080 0.000 0.79 1.286 | 24.47 3.590
Apr-02 | 1.03 3.329 0.45 0.464 0.110 0.004 6.77 6.066 | 17.27 102.700
May-02 | 1.01 5.687 0.07 0.06: 0.11( 0.241 7.3 5.33¢ 67.4 98.08(
Jur-02 | 38.2¢ 49.12( 0.9t 0.30¢ 0.07( 0.481 6.4¢ 15.93( 170.7 242.40(
Jul-02| 144.92 110.400| 14.06 2.022 0.200 0.907, 34.79 52.780 220.65 289.100
Aug-02 | 168.36 112.400| 29.41 7.843 21.470 10.99D 5 34. | 51.100 222.87 371.100
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Sef-02 | 99.7 48.85( 12.4¢ 12.56( 44.04( 38.25( 2211 42.66( 78.6¢€ 274.90(
Oct-02| 28.95 30.130 13.48 11.280 12.48(@ 34.61D 4.08] 23.720 44.45 203.400
Nov-02 | 10.15 12.950 1 5.969 0.400 14.13( 12 11.880 31.31 127.500
Dec-02| 4.18 1.501 0.36 0.794 0.380 4.636 0.98 4.211| 21.05 58.260
Jan-03| 2.22 0.207 0.200 1.363 0.89 1.181 14.98 19.800
Fet-03 | 1.5 0.28¢ 0.12( 0.07¢ 0.7 0.48( 20.97 4.151
Mar-03| 1.19 1.663 0.060 0.000 132 1.090 28.68 4.897
Apr-03 | 0.67 0.413 0.080 0.708 154 12.160 17.91 6.707
May-03 | 0.8¢ 2.72¢ 0.15(C 1.30¢ 0.67 5.75( 46.3¢ 40.78(
Jur-03 | 43.4¢ 90.12( 0.07( 0.92¢ 3.7¢ 21.26( 185.3¢ 108.40(
Jul-03| 178.43 102.500 0.620 3.592 30.19 47.330 243.49 194.000
Aug-03 | 184.22 102.400 41.400 15.720 41.05 36.970 219.63 330.300
Sef-03 | 173.7¢ 102.70( 48.84( 24.88( 34.2¢ 31.15( 78.6¢€ 324.10(
Oct-02 | 32.72 38.99( 36.42( 19.54( 7.81 20.65( 44.4F 125.70(
Nov-03 | 10.19 15.210 3.430 6.318 1.49 9.799 3131 71.370Q
Dec-03| 4.03 3.000 0.290 1.609 1.07 2.972 19.51 22.950
Jan-04| 2.31 1.661 0.170 0.268 0.86 0.849 16.03 4.784
Fel-04 | 1.3¢ 0.132 0.10(C 0.14( 0.6¢ 0.372 11.2 1.09¢
Mar-04 | 0.9¢ 0.131 0.06( 0.082 0.6¢ 2.03¢ 11.0¢ 21.67(
Apr-04 | 2.26 10.060 0.030 0.506 142 9.257 24.33 32.300
May-04 | 1.15 9.347 0.220 0.303 1.09 0.860 77.9 22.060
Jun-04| 27.45 56.070 0.090 0.087 4.87 16.630 196.51 53.610
Jul-04 | 137.3¢ 112.20( 0.56( 0.72¢ 24.5¢ 37.53( 238.5! 147.90(
Aug-04 | 165.97 105.200 19.880 4.020 37.08 34.280 247.88 236.900
Sep-04] 137.67 91.350 52.700 19.050 35.32 51.650 200.91 194.500
Oci-04 | 64.01 46.95( 18.76( 18.04( 16.2¢ 34.84( 54.1 136.30(
Nov-04 | 11.42 15.96( 1.60( 5.991 1.4¢ 18.64( 34.3¢ 60.75(
Dec-04| 5.09 4.119 0.310 1.615 0.84 9.004 34.5 26.850
Jan-05| 2.62 0.256 0.47 0471 0.72 2.610

Fel-05 | 1.4¢€ 0.20% 0.32 0.62¢

Mar-05| 1.64 7.856 0.72 1.734

Apr-05| 1.04 1.527 1.09 1.934
May-05] 1.71 14.770 2.19 2371

Jun-05| 33.68 72.180 7.45 10.960

Jul-0E | 130.9¢ 98.03( 30.11 35.32(
Aug-05| 118.25 112.400 39.36 52.440

Sep-05] 120.23 115.800 29.01 45.330

Oct-0€ | 50.2¢ 42.18( 10.91 30.77(

Nov-05 | 15.7¢ 17.36( 1.7¢ 14.91(

Dec-05| 14.17 2.585 0.7 6.567
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