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Abstract

Lake Tana Basin which is found in Northwest higamf Ethiopia has high potential for
irrigation agriculture, hydroelectric power devatognt and ecotourism. This basin has been
identified as one of the economic growth corridofsthe country and several hydropower
and irrigation projects are being implemented. Heticere is an increasing demand of water
utilization and the water resource systems showatians in their accumulated flow,
distribution and overall storage volume with tifiée basic objective of this research was to
estimate the daily and seasonal evapotranspirationana basin and mapping its spatial
distribution in different land use and land covepds. The Surface Energy Balance
Algorithm for Land (SEBAL Model) was applied to #& Landsat TM satellite images
corresponding to November 18 and 27, 2011 to pmdstimates of instantaneous actual
evapotranspiration at 30x30m resolution for theelbt over pass time. Then, the
instantaneous actual evapotranspiration was extiegabto the daily ET value and seasonal
accumulated ET values using the evaporative fraatibich derived from the satellite images
and the Penman Monteith reference evapotranspiratizat was computed from
meteorological data of the basin. The daily PeniManteith reference evapotranspiration
ETo which calculated from meteorological data of theibavas found as 4.3 mm/day. The
actual evapotranspiration of the basin computedguSEBAL model ranges from 0 to 4.3
mm/day that observed on bare lands and water badidse basin, respectively. The large
portion of the basin has the range of evapotraaspir between 1.3 to 2.3 mm/day which
covered by agricultural crops and grasslands. Thieselason evapotranspiration of the basin
also measured between 20 to 439 mm depth of wdtke spatial distribution of
evapotranspiration is related to the distributidrvegetation in the basin. The eastern and
western parts of the basin show lower evapotraaspir corresponding to their little or no
vegetation cover while the downstream of the Lalie felatively higher evapotranspiration
due to its relatively dense vegetation cover. Fynahe daily SEBAL ET was compared to
the Penman Monteith daily reference ET and thealimegression analysis shows that daily
ET of the SEBAL model has a strong relationshiphwRenman-Monteith reference

evapotranspiration of the study area.

Key Words: Evapotranspiration, Remote Sensing, Surface BnBejance, SEBAL Model
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CHAPTER 1 : INTRODUCTION

1.1. Background

Water is the most precious resource in all its ®oi(re. rainwater, aquifers, streams, lakes,
rivers and water vapour). It plays a vital rolebdath environment and human life which

provides a number of uses i.e. domestic usesatroig water for agriculture, hydroelectric

power generation, transportation, tourism and egme (Ateawung, 2010; Urama and Ozor,
2010).

Water is unevenly distributed resource both sggatetd temporally on the Earth and some
areas have plenty of water while others have spertd water. The shortage of water is one
of the main problems resulting from combined eBecf climate change and increase in
water demands for agricultural food production,amization and industries (IPCC, 1998
The climate system has both direct and indirectaictg on the availability and spatial
distribution of water resources and any change$enclimate system cause changes in the
hydrologic system of a basin. Hence, the understgnaf the natural water resource systems
and the physical laws that govern the process efhydrologic cycle has fundamental
importance in the planning and implementation otewaesource management strategies
(Latha et al., 2010).

Water use has been growing twice more than theafapopulation growth with 70% for
irrigation agriculture, 22% for industry and 8% f@omestic use (Blumenfeld et al., 2009).
According to the UN Comprehensive Assessment o$tFWater Resources of the World,
about 31 countries are facing water stress anccisgcand over one billion people lack
adequate access to clean drinking water (Barlo1R0The problem is more serious in
Africa where the greater part of the populatioredily depends on agriculture as a source of
livelihood and managing water resources has becomee essential in the continent
(Ateawung, 2010).

Ethiopia has high water resource potentials whialed the “Water Towers of Northeast
Africa” due to the existence of a number of peri@ahnivers which drains from highlands to
lowlands and neighbouring countries (Alemayehu, 20BIcCornick et al., 2003). The
country has twelve river basins with an annual fleelume of 122 billion m3 (BMC) of
water and an estimated 2.6 up to 6.5 BMC of grouater potential (Azeze, 2014). Of these,



Abbay basin accounts the major part of irrigatiod &ydropower potential of the country. It
has an irrigation potential of 815,581ha and a bydwer potential of 78,820 GWhly
(Awlachew et al., 2007). However, there is spatald temporal scarcity of water for
irrigation agriculture, domestic and municipal ukes to lack of water storage infrastructure
and high space and time variations in rainfall. Ogiothe country has a substantial amount of
water resources little has been developed for drgnkvater supply, hydropower, irrigation
agriculture and other purposes and not generabiagequired amount of income from its

available surface and ground water resources.

Sustainable management of water resources reqetaileti study of the hydrological

elements such as precipitation, rate of infiltmatie@vapotranspiration, runoff and other
parameters in relation to a specific basin or velted. Of these, the precipitation,
evapotranspiration and runoff are the principal ponents of water balance studies and
information on these hydrological variables is ubkdbr river basin hydrological studies,

irrigation project planning and water rights redgua. Evapotranspiration can be measured
using experimental weighing lysimeters directlytbe field. However, these methods require
high cost, time consuming and labour intensive aad only provide information on a

specific location and the use of remotely sensad dfam satellites provide an excellent
means for determining and mapping the spatial antporal structure of evapotranspiration

from pixel to entire region (Oberg and Melesse,8)00

The Surface Energy Balance Algorithm for Land (SEB¥odel), Surface Energy Balance
System (SEBS) and the Soil Vegetation Atmospheendfer (SVAT Model) are some of
evapotranspiration estimation models using thegserEnergy Balance method (Courault et
al., 2005). The main purpose of this study is tarabterize the spatial distribution of
evapotranspiration of Lake Tana Basin in the ndnighlands of Ethiopia using Surface
Energy Balance Algorithm for Land (SEBAL) model Wwitandsat satellite images and

meteorological data of the study area.



1.2. Statement of the Problem

Water resources are limited in many parts of thddwdue to fast growing world population
and impact of climate change that devastating \tersi lakes, vegetation and ecosystems
(Hassan et al., 2008). The changes in flow magaijtudriability and timing of the main flow
events are among the most frequently cited hydrcdbgssues. The impacts of climate
change has adverse effects on water resource hnd smcio-economic developments of all
nations and the problem is severe on developingitdes like Ethiopia due to their nature
dependent agriculture which is not capable of dmojgsto such drastic changes (Taddele,
2009).

Lake Tana Basin is one of the major subbasin©\@fAbbay River Basin found in North

westhighlands of Ethiopia. This basin has the kBgdgke in Ethiopia (lake Tana) and it is
characterized by plenty of natural resources (famthflora). However, the existing land and
water resources system of the basin is adverstédgtatl by the rapid growth of population,
deforestation, surface erosion and sediment trahspuwd the available land and water
resources are not utilized effectively to improke tivelihood and socioeconomic conditions
of the people (Setegne et al., 2008). In additidne to its high irrigation, hydropower

generation, recreation and fishing potential theran increasing demand for irrigation and
hydropower development in Tana basin (Wale, 20B8@nce, this basin has been identified
as one of the economic growth corridors of thentiguby the Federal Democratic Republic
of Ethiopia and several hydropower and irrigatiomjgcts are being implemented and

planned to implement in the basin (McCartney, 2010)

Despite of the enormous untapped potentials ob#sin, the water resource systems show
variations in their accumulated flow, distributiand overall storage volume with time and
there is a need for research on the Tana Basin dliat support improved catchment
management programs and safeguarding the fastieto of the basin water resources.
Several hydrological studies were conducted inkhsin. However, they have their own
limitations on spatial resolution and mapping tphatsl distribution of the evapotranspiration
of the basin. Therefore, this research was desigmestimate the evapotranspiration of the
basin by using surface energy balance model (SEBwUdel) from high resoulution (30m
x30m) Landsat satellite images which has a siggmite role in understanding and mapping

of the spatial distribution of evapotranspiratidiana Basin.



1.3. Research Objectives

1.3.1. General Objectives

The main objective of this study was to determine ¢vapotranspiration rate of the basin
through satellite remote sensing and geographarnmdtion system using the Surface Energy
Balance Algorithm for Land (SEBAL Model).

1.3.2. Specific Objectives

The specific objectives of the research were to:
1. determine the reference evapotranspiration of t&nbfrom meteorological data
using Penman Monteith method,
2. determine the daily and seasonal evapotranspirafitimee basin using SEBAL Model
and
3. mapping the spatial distribution of evapotransprapf the basin with the different

land use types and land cover classes.

1.4. Research Questions

The main research questions of this research were:
1. How can satellite base remote sensing used tordieterthe actual and seasonal
evapotranspiration in a basin scale?
2. What is the current evapotranspiration of the Ldkana Basin and its spatial
distribution over the different basin land use a¢e®e
3. How can SEBAL Model used to determine evapotraasipin of the Lake Tana

basin?



1.5. Significance of the Study

The sustainable use and planning of managemenégitta of water resources require well
understanding of governing principles and gatherthg available information. The
determination of water resource system elementgssential part of water resources
management. Both the surface and subsurface hgitalqparameters such as precipitation,
infiltration, percolation, ground water rechargeagotranspiration, surface and subsurface
runoff and other basin characteristic are valuablbydrological and water balance studies
and this research was conducted to determine thpo#nanspiration of Lake Tana Basin
from satellite remote sensing images using thea8arEnergy Balance Algorithm for Land
(SEBAL) model. Hence, it will use as a guide linar fwater balance studies, drought
prediction and monitoring, water consumption ratd arigation effectiveness in Lake Tana

Basin and use as an indicator for ecological camdbf the basin.



CHAPTER 2 : REVIEW OF LITERATURES

2.1. Global Water Budget and Hydrological Cycle

Water exists on the Earth with the three statewatter as solid ice crystals, liquid water and
gaseous water vapour. The total amount of watetherearth is estimated about 1.4 X 10
km3. About 97.5% of this water is found in the ateaOnly about 2.5% is fresh water and
out of this water, about 70% is frozen permaneintithe polar ice caps and glaciers of the
world (Shiklomanov, 1998). The remaining 30% isrfdun the lakes, reservoirs, rivers, and
atmosphere and in the aquifers underground. Tted foesh water available to human
consumption and ecosystem is 0.27% of the gloleahfivater which accounts only 0.008%
of the earth water budget (Blumenfeld et al., 2009)

Water circulates continuously between the oceams surface and atmosphere of the Earth
(figure 2.1). The solar heat of the sun evaporatger form land and ocean surfaces and the
vapour gets into the atmosphere. The upliftingadaur to higher altitude causes the loss of
its temperature (cooling) and forms precipitatibattfalls back to the Earth’s surface. This

continuous transfer and circulation of water betwtee Earth’s surface and the atmosphere

is known aswvater cycle or hydrologic cycle (Miralles, 2011).

EvEporation

@& 2007 Thomson Higher Education

Figure 2.1. Hydrologic cycle



The global hydrological cycle involves different ngponents such as precipitation,
interception, infiltration, surface and subsurfageoff and evapotranspiration. Precipitation
is the main source of water found in land surfatesrs, lakes and underground aquifers.
Annually, about 458,000 kirof rain falls as atmospheric precipitation on teeans and
119,000 km on land surfaces. Similarly, evapotranspiratiomrisimportant and the second
large component of the hydrological cycle next tecpitation (Iffendi, 2012). Every year
about 577,000 kihwater evaporates from the Earth surface which@®2kn? from ocean
and 74,200 krhfrom land surfaces. The difference between pr&tipn and evaporation
from the land surface (44,800Rfyear) represents the total runoff of the Earthiens
(42,700 knilyear) and direct groundwater runoff to the oceafknt/year. These are the

principal sources of fresh water to support lifetlo@ Earth (Shiklomanov, 1998).

The hydrological cycle influences the variabilitiywater resources and has a strong impact
on every human life and ecological processes. Tlost msignificant parameters of the
hydrologic cycle that control water availability ircatchments are precipitation,
evapotranspiration and surface & subsurface rui@ffthese, evapotranspiration and runoff
respond largely to local climatic and land surfaoaditions, and have a strong local control
on water balance since they reduce the total dlailaater of a basin (Aduah et al., 2011).
Therefore, detailed analysis and studies of therdigdic system in river basin has a
paramount importance for proper planning, develagmend implementation of water

management strategies, climate modelling, hydrobdgnd water balance studies.

2.2. Basic Concepts and Process of Evapotranspirati

Evapotranspiration refers to the combination of sgparate processes whereby water is lost
from the soil surface by evaporation and from thegetation surface by transpiration.
Evaporation and transpiration occur simultaneoualyd there is no easy way to
distinguishing between the two processes. It ispimgsical process of conversion of water
from its liquid state to the vapour state due ®dkiailable latent heat of vaporization (2.45 x
10PJ/kg). Evapotranspiration is the largest compoireenergy and hydrologic cycles that an
average of about 50% of the absorbed solar enengy68% of the total precipitation
received to the Earth surface is lost to the atmesprespectively (Miralles, 2011; Yan et al.,
2012).



The rate of evapotranspiration from the evaporasimdaces such as water bodies, soil and
plant surfaces depend up on the different climtators and the availability of moisture.
Energy is required to change the state of the mtdscof water from liquid to vapour. The
direct solar radiation of the sun provide this hatieeat of vaporization which is equvalent to
2.45 x 16J/kg. The driving force to remove water vapour frifva evaporating surface is the
difference between the water vapour pressure atetta@orating surface and that of the
surrounding atmosphere. Hence, solar radiatiorieaiperature, air humidity and wind speed
are the main climatological parameters that affieetevapotranspiration process. In addition,
the vegetation characteristics, management practoel environmental aspects also affect

the rate of evapotranspiration (Allen et al., 1998)

2.3. Types of Evapotranspiration

Evapotranspiration is the term used to expressldbe of water from the surface to the
atmosphere under different circumstances. Variohysipal and climatic parameters
influence the rate of evapotranspiration, and thewnt and available fraction of these
parameters control the rate and process of evaysptration. Therefore, depending upon
these conditions, evapotranspiration can be diviaed three different classes and the

following definitions explain the basic types ofagotranspiration (Weligepolage, 2005).

|. Reference Evapotranspiration

Reference Evapotranspiration (ETo) is the rate afewloss from a standard green grass
(hypothetical surface) under the availability okgdate soil moisture. The reference surface
represents extensive surface of green, well-watgrasis of uniform height (15cm), actively
growing and completely shading the ground. Siheeg is no shortage of soil moisture only
the influence of climatic parameters considered amterence evapotranspiration is
introduced to measure the evaporative demand ddtthesphere regardless of the crop type,
crop development and management practices (Allah,e1998).

Il. Potential Evapotranspiration

Potential Evapotranspiration (PET) is the maximwsgible rate at which evapotranspiration
would occur from a large area completely and umfgrcovered with actively growing

vegetation without the shortage of water undewvamatmospheric condition.



[ll. Actual Evapotranspiration

Actual Evapotranspiration (AET) is the rate of em@mpnspiration occurs under a given
atmospheric condition and actual available soil stuse present within the soil. It can be
directly derived from satellite images using suefaenergy balance models. In SEBAL
model, instantaneous actual evapotranspirationbeacomputed using equation 3.33 for the

satellite overpass time.

2.4. Methods of Estimating Evapotranspiration

The measurement of evapotranspiration is difficalia field and it requires the accurate
measurement of different physical and climatic pweters that control the rate of
evapotranspiration (Miralles, 2011). Dalton was thest person attempts to estimate
evaporation from atmospheric information in theibeing of 19" century (1802). He points
out the relationship of vapour pressure deficii {eg) of the near surface air to the
evaporation rate of water. Consequently, with usideding of the governing factors of
evapotranspiration, several empirical equations ewedeveloped to estimate

evapotranspiration depend on other climatic vaesifVinukollu et al., 2011).

According to Allen et al. (2006), Penman derivedesuation to compute evaporation of
open water surface from standard climatologicabm@s of sunshine, temperature, humidity
and wind speed in 1948 by combining the energyrcal@quation and mass transfer method.
His equation did not consider the land conditioffecing evaporation and the process is
only based on the control of atmospheric factoende¢, Penman’s equation is not important
to estimate evaporation of moisture limited arels.1964, Monteith developed a modified
version of the Penman equation through introdutiegsurface and canopy resistance on the
process of evapotranspiration and currently usedaawell known Penman-Montieth
combination equation. It remains the most accuaatephysically based approach to estimate
land surface evaporation. However, the main disatdge of the method is its dependence on
a large variety of observations that requires im@tion on wind speed, surface roughness,

available energy, vapour pressure and temperature.

currently, several evapotranspiration estimatingthods (i.e. weighting lysimeter, eddy
correlation system, Bowen ratio, scintillation amnote sensing) exist and those methods
that have been currently applied for estimatingpetanspiration on global, regional and
local scales can be classified into three maingeates as (i) direct measurement methods,
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(i) hydrological or water balance methods ang ¢(@mote sensing methods or modeling the

energy balance at the land surface (Iffendi, 2&iL2kura, 2011).

2.4.1. Direct Measurement Methods

Direct measurement of evapotranspiration is veffycdit and complex that requires specific
instruments, site specific measurements and waahéd personnel (Wang et al., 2011). The
accurate measurement of various climatic and phlygiarameters or the soil water balance
components are required to determine evapotramgpirdn practical applications, there is
still no specific way to directly measure the attd@ over a watershed. Conventional ET
estimation techniques such as pan-measurement, rBoate, eddy correlation system,
weighing lysimeter and scintillometer are consider@s direct estimation methods of
evapotranspiration which mainly based on site djieheasurements of physical parameters.
These methods can provide relatively accurate astsnof ET over a homogeneous area, but
have limited use since they are dependent on a euoflphysical and land parameters such
as air temperature, wind speed, vapour pressuaaeference height, surface roughness etc,
which are difficult to obtain over large scale &nrareas and difficult to be extrapolated or
interpolated to various temporal and spatial scaldéis the required level of accuracy (Li et
al., 2009).

Lysimeter

Lysimeters are devices or tanks filled with soilldouried in the ground to measure the direct
loss of water from the soil and crop surfaces agpetranspiration. This method involves
growing of crops in the lysimeter installed in criplds and measuring the water balance
components (input and output of water i.e. preafmh, soil moisture storage and deep

percolation) of the lysimeter (Weligepolage, 2005).

There are two main types of lysimeters, the draregd the weighing types. In the first case,
potential evapotranspiration is obtained as thiedihce between applied and drained water
guantity. In the second case, changes in the wagght of the soil sample are measured and
the actual evapotranspiration is determined bydf@nges in weight as water evaporates
(Burnett, 2007). Lysimeters are the most accuraté direct measurement methods of
estimating evapotranspiration. Therefore, they banused as a standard measurement
method for evaluating the performance of other gajly based evapotranspiration models.
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Eddy Covariance Method

Eddy covariance method is a micrometeorologicairi@pie that allows to measure directly
the exchange of mass and energy (i.e. sensiblelagatt heat, KD vapour and other gases)
between the atmosphere and underlying surface @@oukt al.,, 1996). This approach
considers the vertical movement of small parcelsaof called eddies above a large
homogeneous surface. In eddy covariance methodiuitteations of vertical wind speed are
correlated with fluctuations of water vapour densit atmosphere. The eddies transport
water vapour and energy from the evaporating sarfadhe atmosphere, and can be used to
estimate the amount of evapotranspirtion from #mellor canopy surface to the atmosphere.
The main disadvantages of these methods are ofkgensive, require accuracy of
measurements and well trained research personrehdWt al., 2011). It can be calculated

using the following equation (Brusaert, 1982).

where, E is evapotranspiration, w’ is vertical wisigeed and g’ is specific humidity (kg of

water per kg of air).
Bowen Ratio Method @8)

The eddy covariance technique is considered asntbst accurate method to estimate the
surface fluxes of sensible and latent heat. Howewezquires high cost sensors and accurate
measurements, and restricts its use to basic msestudies (Adediji et al.,, 2007).
Accordingly, it is common to use other methods like Bowen ratio method to estimate

these surface fluxes indirectly from temperature lammidity meteorological data.

Bowen assumed that the availability of both eneaggt moisture are the limiting factors of
evapotranspiration and the transport mechanismens$ible heat and water vapour to the
atmosphere are similar. Consequently, he derivedptbportionality coefficient of sensible

heat and latent heat fluxes by rearranging thegsniealance equation. The Bowen ratio is

expressed as (Perez et al., 1999).

where, is Bowen ration, H is sensible heat flux (WJmM.E is latent heat flux (W/A). Then,

by rearranging the above equation (Verma et al.819
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where, B is Bowen ration;y is psychometric constant,s Bnd T, are the surface and air
temperature ,q@and g are the saturation and actual vapour pressurpectgely.

2.4.2. Water Balance Methods

The water balance study of a lake, watershed @rves has a great role to understand the
hydrologic processes taking place in the water baaly it helps to plan & implement the
required development and management activities i@thod involves the estimation of all
the water inflow and outflow components of a lak@tershed or water reservoir for a given
period of time (Mulushewa, 2013). The water balamethod involves applying the water
balance equation to the catchment area of interest a time period\T and solving the
equation for evapotranspiration as (Kurkura, 2011).

ET=P+Q + Gn-Qout— Gout = ASeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeand (2.4)

where, ET is evapotranspiration, P is precipitati@, is surface inflow water, g is surface
outflow water, G, is inflow ground water, G is outflow ground water andlS is change in

stored water over the time period.

2.5. Remote Sensing Methods

Remote Sensing (RS) is defined as the sciencequiirary information about an object, area
or phenomena through the analysis of data obtayead device (sensors) that is not in
physical contact with the target object under itigasion. Target objects in remote sensing
images may be any feature, object or phenomenahwdan be observed and distinguished

from other features in the image (Bakker et alQ®0
2.5.1. Basic Principles of Remote Sensing

Remote sensing of the earth surface involves sgrsid recording of the reflected or emitted
energy (electromagnetic radiation) from the surfate¢he target object, and processing &
analysing it as a source of information. All obgeutith surface temperature above absolute
zero (Gk, -273¢) radiate electromagnetic energy due to molecdgation, and regardless
of the black body, when electromagnetic radiatitnkes their surface all objects of the

earth’s surface have their own spectral reflectaratare that can be used in remote sensing

12



to distinguish one object or event from the otfdrerefore, remotely sensed images record
the interaction of electromagnetic energy with #dath's surface (Harvey, 2008; Reddy,
2008).

Remotely sensed data can be collected using deNkeesensors, films, digital cameras and
video recorders from a various platforms such a&sllgas, aircrafts, vehicles and handheld
radiometers. Sensors that can be used to measateoehagnetic radiation are classified as
passive and active sensors. Sensors without thersource of radiation and only which are
sensitive to radiation from a natural source arsspa sensors (i.e. satellite sensors) and
sensors with their own energy source or flash atweasensors. The most familiar example
of active remote sensing is RADAR (Radio Detecaaoid Ranging) that emits its own energy
in the microwave region of electromagnetic spectri®@mote sensors are designed to
measure energy in wide ranges of electromagnegctgpn i.e. short wave, visible light,
infrared and thermal bands (Kurkura, 2011).

Remotely sensed data can be represented eithenalogae or digital format. Images
displayed in a pictorial or photograph type aramalogue format, but images represented in
computer arrays of digital numbers corresponding fmxel that representing the brightness

level of that pixel in the image are in digital rfimat.
2.5.2. History of Remote Sensing

Remote sensing of the earth surface has a longrislating to the first discovery of a
photograph image by Niepce and Daguerre in 183@. gitotographic camera became the
first practical remote sensing device around 18B0early 1859, photographs taken from
balloons and pigeons were used for military appbces and following the invention of the
aircraft in 1903, aerial photography were used odiarge scale for photo reconnaissance
during World War first in Europe. It was the finstethod of remote sensing and even used
today in the era of satellite and electronic scasngerial photography remains still the most
widely used type of remote sensing (Konecny, 2@3owengerdt, 2007).

The period from 1960 to 1980 has experienced som@jernchanges in the field of remote
sensing. Among these, the term remote sensingsisused instead of aerial photography in
1960, sensor platforms has changed from air plemesatellites and remotely sensed analog

data has changed to digital data format due toatheancement and availability of small
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micro-computers to display and analyze satellitageries (Baumann, 2009). The first
meteorological satellite called TIROS was lounchird1960. The first remote sensing
satellite, Earth Resources Technology SatelliteT&R) later called Landsat 1 lounched in
1972 by NASA, the National Aeronautics and Spaceiistration of the United States with

a spatial resolution of 80m pixels in four spectvalible and near infrared channels. In
subsequent years both spatial and spectral resolafithe first Landsat were improved and
Landsat 3 launched in 1982 with six visible andrnefrared channels at 30m pixels and one
thermal channel at 120m pixels. Higher spatial lte&m was achieved by the French Spot
satellites launched since 1986 with panchromatielpsizes of 10m and multispectral

resolution at 20m pixels (Konecny, 2003). Consdyembany countries including Canada,
India, Israel, Japan, South Korea and Taiwan, andtimational agencies such as the
European Space Agency (ESA) now operate remoténgesgstems (Schowengerdt, 2007).

2.5.3. Application of GIS and Remote Sensing for Naral Resource Mapping

Remote Sensing technology has highly significargabdities to provide information on
natural resources such as crop, land use, soitestfcetc on regular basis. Similarly,
Geographic Information Systems (GIS) are the latesls available to store, retrieve and
analyze different types of data for management afumal resources. GIS facilitates
systematic handling of data to generate informatioa devised format. Thus, it plays an

important role in evolving alternate scenariosrfatural resources management.

RS data and GIS play a rapidly increasing roléhanfteld of hydrology and water resources
development. Although very few remotely sensed databe directly applied in hydrology,
such information is of great value since many hiayical relevant data can be derived from
remote sensing information. One of the greatesamidges of using RS data for hydrological
modelling and monitoring is its ability to generatdormation in spatial and temporal
domain, which is very crucial for successful modelalysis, prediction and validation.
However, the use of RS technology involves largewm of spatial data management and
requires an efficient system to handle such date GIS technology provides suitable

alternatives for efficient management of large aochplex databases.

Image data have been used as a primary sourcewbheesources information in thematic
mapping, which in turn is utilized in various hytirgical studies (Seth et al., 1996). The
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remote sensing data provides synoptic view of gelarea in the narrow and discrete bands
of the electromagnetic spectrum at regular intasrvdlhe space borne multispectral data
enable generating timely, reliable and cost eféecinformation on various natural resources,
namely surface water, ground water, land use/cos@tf, forest cover and environmental

hazards, namely water logging, salinity and alksljrsoil erosion by water etc.
2.5.4. Remote Sensing Models to Estimate Evapotrapigation

Evapotranspiration is the most important compomebbth global energy and water budgets
of the Earth. It requires relatively large amouwsftenergy in the form of latent heat or radiant
energy. Hence, the process of evapotranspiratigoverned by the exchange of energy at
the land and vegetation surface and it is limitgdthe amount of energy available. Since
evapotranspiration is the single parameter th&sligilobal energy and water budgets of the
earth, it is possible to predict the regional alctyapotranspiration by applying the principle
of energy conservation (Weligepolage, 2005).

Among the several ET estimation methods, remotesisgnis one of the most reliable
methods of estimating actual evapotranspiratiorthas surface energy balance equation. It
provides the possibilities to quantify surface gyefluxes from consistent recording and
analysis of spectral reflectance and emittanceadfation over a large surface. The use of
remote sensing is the recent development to reslésehallenge of the spatial distribution of
evapotranspiration. Its capability of observing amiber of physical characteristics of the
earth’s surface has been found useful for the petenzation of models for regional ET

estimation using remote sensing technique (Kurk20al).

Remote Sensing approach can provide more effigiedteconomically feasible outputs with
relatively high spatial and temporal resolutionrtimint measurements for evaluation of both
surface and atmospheric processes including ewapsgiration (Almhab, 2009; Burnett,

2007; Li et al., 2009).

15



2.6. Previous Studies on the Study Area

This section presents a general review of hydroklgand water balance studies conducted in
Lake Tana basin to characterize its hydrology amdrenment. As reviewed in different
literatures, several studies were conducted in LEkea basin by different researchers and
scientists. Those earlier bathymetric surveys okeLdana and the recently conducted
hydrological and water balance studies provideflatéscription and help to understand the
hydrological characteristics of the basin. Somé¢heke are Melkamu (2005) 1655mm/year,
Kebede et al. (2006) 1478 mm/year, Yohannes (2QG§6mm/year, SMEC (2008)
1675mm/year and Abeyou (2008) 1690 mm/year. Howawest of these researches are
conducted by using the hydrological models and whttance method of the basin. The
above studies are mainly characterized by the atihm of water balance of the basin from
flow gauging stations and simulation of the ungaugeatchments by analysis of
meteorological data. In these approaches, data treed both gauging and ungauged
catchments has its own limitation to show the spadiistribution of the hydrological

variables over the surface area of the basin.

The evapotranspiration and water balance of Lake&aTasin was studied by Pelgrum and
Bastiaanssen (2006) by means of advanced remasangdrchnologies. The surface energy
balance algorithm for land (SEBAL model) was usedntap the spatial distribution of
evapotranspiration of the Tana Beles sub-basins fiee MODIS (Moderate Resolution
Imaging Spectroradiometer) satellite image whichalimut 250m x250m pixel resolution.
According to Molla (2009) Landsat satellites witighn spatial ground resolution (e.g. 30 m x
30 m) can provide more accurate shape and speb@edcteristics of the ground objects as a
result of their relatively small pixel size thanogie of MODIS or the NOAA (AVHRR)
satellites which have pixels of 1000 m x 1000 m &h@80 m x 1100 m, respectively. As a
result, the study of evapotranspiration of Lake & drasin by using the surface energy
balance model (i.e. SEBAL model) from high resaantLandsat satellite images is the other

relatively accurate estimation of evapotranspiratidth its spatial distribution.
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CHAPTER 3 : MATERIALS AND METHODS

3.1. Description of the Study Area

Lake Tana basin is the source of the Blue Nile Rared located in the north-west highlands
of Ethiopia. It has a total drainage area of apjmately 15,000 krh (Figure 3.1) including
the lake area of 3,156 Krand an altitude of 1,786m above mean sea level bBkin extends
with length of 200km north to south and width obkf east to west. It lies between 16.95
and 12.78N latitude and 36.8%nd 38.28E longitude.

Lake Tana is the largest lake in Ethiopia and thedtlargest in Nile Basin. It is

approximately 84km long and 66km wide which is tecain the north-west highlands of
11.62 to 12.3%N latitude and 37.F1to 37.64E longitude and 564 kms away from Addis
Ababa. The lake is a natural freshwater with a meah maximum depth of 9m and 14m

respectively.
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Figure 3.1. Location map of the study area
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3.2. Climatic Condition of Lake Tana Basin

The climate of Ethiopia is mainly controlled by topographic nature of the country and the
seasonal movement of the Inter-tropical Convergelwee (ITCZ) rather than its latitudinal
location. The extreme high elevation differenceneein the highland and lowland areas of
Ethiopia makes diversified climatic regions of tbeuntry. The climatic condition of the
country is ranging semi-arid desert type in theléma rift valley and humid type in the
southwest parts to mountain highlands of the cquitebede et al., 2006; Wale, 2008).

The climate of Lake Tana basin is dominated byitaphighland monsoon climate type
mainly with three recognized seasons. First, timernsar season (kremt) exists generally from
June to September during which south-west wet wimdgy moisture from the Atlantic and
Indian oceans. The maximum amount of rainfall (80%)received during this season.
Second, the dry season (Bega) lasts from Octobdanoiary during which the north-east
Himalayan dry winds flow towards the Atlantic amdlian oceans which are associated with
clear skies, maximum sunshine, high daily tempeeatariation, and low relative humidity.
Third, the minor rainy season (Belg) lasts fromrgaby to May during which south-east wet
winds bring the small amount of moisture from théaAtic and Indian oceans. The climatic
condition of Lake Tana Basin also shows high valitglboth in space and time within the
basin. The southern part of the basin is charae@rby high rain fall while the upper

northern part of the basin receives relatively loammount of rainfall.

3.2.1. Temperature and Rainfall

Lake Tana Basin has relatively uniform temperatinmeught the year with slight incease
during march, april and may as shown in table Bdwever, it has high diurnal difference.
The annual average daily maximum and minimum tetepra at Bahir Dar station are 2%7
and 13.1% respectively. Table 3.2 shows the mean annugbeesture of Tana Basin from
2003 to 2012 years.
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Table 3.1. Mean monthly temperature of Tana BE®3-2012)

Monthly Temperature
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Table 3.2. Mean annual temperature of Tana B2883-2012)
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The annual rainfall of Lake Tana Basin ranges betwil91.9 to 1525.8 mm with an average
of 1352.24 mm at Bahir Dar station as shown ing&hB and 978.1 to 1238.9 mm with an
average of 1108.5 mm at Gondar. Rainfall showsatian in space and time within the basin.
The southern part of Tana basin relatively receligh rainfall than the north part of the

basin.

Table 3.3. Annual rainfall of Tana Basin (2003-2012

Annual Rainfall
2000
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1500 |1332.3 1405.4 14284 | o1 13421 157 5 13963 1587 5 13615
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3.3. Topography and Soils

The Lake Tana basin is characterized by a largeditea to very gently sloping plain
bordering the lake on the north and east and amsie area of rolling to hilly uplands on
the south with 1672 m and 4090 m minimum and marin@levations respectively. Figure

3.2 shows the elevation characterstics of TananBasi

Soils in most of the Tana Basin are derived fromweathered basalt profiles and are highly
variable. In low lying areas particularly north agaist of Lake Tana and along parts of Gilgel
Abay, soil have been developed on alluvial sedisieiihe major soil types in the area
includes chromic luvisols, eutric cambisols, euthiwisols, eutric leptosols, eutric regosols,,

eutric vertisols, haplic luvisols, haplic alisatgplic nitisols, and lithic leptosols (Dile, 2009).
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Figure 3.2. Digital elevation model ofritaBasin
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3.4. Drainage System of Tana Basin

About 40 seasonal and perennial rivers feed the &aid Gilgel Abbay, Gumera, Ribb and
Megech Rivers are the main inflows of Lake Tanaca@kding to Kebede et al. (2006) those
four rivers contribute 93% of the lake inflow. Theater level of the lake rises gradually
during the rainy season to reach its maximum l@vebeptember at the end of the rainy
season and after which it slowly falls to reachmiaimum water level in June. The only river
flowing out of Lake Tana is the Abbay River thantrdoutes 7% of the Blue Nile River
water. Figure 3.3 shows the drainage system of Basa.
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Figure 3.3. Drainage system of Tana Basin
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3.5. Data Sources and Collection Methods

In this research, both remote sensing and grousddbdata were collected for estimation of
evapotranspiration of Tana Basin using SEBAL mod&he remote sensing data includes
satellite images, digital elevation model and imhagader files.

3.5.1. Remote Sensing Data

The Landsat satellite images of the basin and 3080m Digital Elevation Model were

collected to map evapotranspiration of Tana baeEne basin lies on three Landsat satellite
images of 170/051 and 170/052 and 169/052 pathamsl respectively. Table 3.4 shows the
Landsat satellite images which used for mappingitily and seasonal evapotranspiration of

Tana basin.

Table 3.4. Remote sensing data characteristics

Path and o

No Type of sensor | Acquision date
Row

1 169/052 TM Landsat 5 27/11/2011

2 170/051 TM Landsat 5 18/11/2011

3 170/052 TM Landsat 5 18/11/2011

3.5.2. Meteorological Data

For the determination of evapotranspiration oflthsin by satellite remote sensing, both the
raw and daily weather data of the area such asmmimi and maximum temperature, wind
speed at two meter height, humidity, length of &umes hours and rain fall data were

collected from the Ethiopian National Meteorologidgency.
3.5.3. Ground Field Survey Data

Satellite based GPS provides accurate geo-refetgmustional locations and boundaries. It
has different applications such as land use langtrcanapping, effective navigation for a
particular site, transportation and communicati@PS based field observation and post
verification is conducted to check the informatiom satellite images to the ground actual

information.
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3.6. Methods of Data Pre-processing and Analysis

Remote sensing data are available in digital formwadl digital image processing is a

technique to improve the quality of an image fdfedent application. Satellite image pre-

processing operations are those operations don¢h@nmage before the analysis and
interpretation process begins to increase the acyguof information that can be extracted

from the satellite image (Lillesand and Kiefer, QD0 According to Moulich and Ghosha

(2013) all satellite image processing operations lma grouped into three categories: Image
Rectification and Restoration, Enhancement andrimédion Extraction.

3.6.1. Geometric and Radiometric Corrections

Raw digital image cannot be used without geomaeinidt radiometric correction. The process
of both geometrical and radiometric corrections rafv digital images is known as
rectification. Raw digital images can be correctedth either corrected image or
georeferenced topographic map of the same areallegiing ground control points (GCPs),
which are clearly identifiable features such asdroannection, river connection and other
permanent features on both correct image and thstdmage (Lillesand and Kiefer, 2004).
For this study, the raw satellite images were ogbitified in projected coordinate system
with the image source company using nearest neighbod resampling technique and

image coordinate transformation was done to gedugajordinate system.

Radiometric distortion is caused by scene illumorgt atmospheric conditions (include
absorptions, scattering, emissions) and instrumesgonse characteristics and it is difficult
to avoid the noise but it has been reduced thetdifem the raw data. SEBAL model is more
appropriate and gives good result in relativelplgtaatmospheric conditions. Hence, satellite
images were pre-processed before the final appitator the model and appropriate

atmospheric corrections such as masking cloud sovere applied to the satellite images.
3.6.2. Image Enhancement

Image Enhancement procedures were performed for ith@ge to improve visual
interpretability of the image by increasing cleantast among various features view. These
operations was completed in ERDAS imagine softwspecifically by nose removal

techniques. Contrast stretching and spatial filgerare some good examples of image
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enhancement where contrast stretching increasdsrhédistinction among various featu

in a scene and spatial filtering enhances spesyfitial patterns in an ima

3.6.3.Research Methodolog

The general methodology of the study is schem#&fickscribed in Figure 3.4 as a step
step SEBAL processing procedt
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Figure 3.4 General flow chart of researmethodology

3.7.Basic Principles and Procedures of SEBAL Mod:

SEBAL Model which stands for the Surface EnergyaBak Algorithm for Land is th
characterization and quantification of the surfanergy fluxes based on the spectral sate
measurements. It is an imagecessing model that calculates the actual ETo#imer energ)
exchanges between land and atmosphere (Bastiaansssal., 1998a; 2000)SEBAL
calculates evapotranspiration in a series of coatjuis that generate surface fl

parametes such as net radiation, soil heat flux and sémdibat flux to the air. This mod

24



computes a complete radiation and energy balamcg avith the resistances for momentum,
heat and water vapour transport for every indiviqaieel. The resistances are a function of

state conditions such as level of soil moisturedrgpeed and air temperature.

In SEBAL model, evapotranspiration can be compudtech satellite images and weather
data using the surface energy balance. It requiresther data parameters such as wind
speed, humidity, solar radiation and air tempegatiithe area of interest. A land use map for
the area of interest is also helpful. SEBAL usesuisible, near infrared and thermal spectral
input data from the multispectral satellite imagseriand computes the instantaneous
evapotranspiration flux for the satellite over pdisse as the residual energy flux of the

surface energy budget equation (Giridhar and Sugeéah).

RN Z G H AAET oottt ettt eeee e e e s s en e (3.1)

2
Where, R is the net radiation flux at the surface (VfYnG is the soil heat flux (W/my H is

2
the sensible heat flux to the air (W)jrandAET is the latent heat flux (W/h

In the above equation, the soil heat and sensied fluxes are subtracted from the net
radiant flux at the surface to compute the resicarargy available for evapotranspiration
(AET). Soil heat flux is empirically computed usinggetation indices, surface temperature
and surface albedo. Sensible heat flux is compuisidg the wind speed observation,
estimated surface roughness and surface to aireteupe differences. SEBAL uses an
iterative process to correct for atmospheric initgllue to the buoyancy effects of surface
heating (Giridhar and Suneel, 2014).

Rn H ET
\. i

AET=R_ -G - H

Figure 3.5. Surface energy balance
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In remote sensing estimation of evapotranspiratitnrst the satellite radiance converts into
land surface characteristics such as surface aldedb area index, vegetation index and
surface temperature. Then, indiviual surface enéityes such as the net radiation, soil haet
flux, sensible heat flux and the avialable latezatithat evaporates water from the surface are
computed using the ERDAS model builder. Finaly,tantaneous evapotranspiration is
computed which is extrapolated to daily and longeniods. A comprehensive description of
SEBAL is available from Bastiaansssen et al. (192888b).

3.7.1. Conversion of DN to Spectral Radiance

The spectral radiance of the band is the amourduggoing radiation energy of the band
detected at the top of the atmosphere by the gat€ellhe satellite sensor captures the heat
energy units come from the surface and store tificgration as a digital number (DN) with
the range of 0 to 255. The DN values of each bamyerted to the spectral radiance units
before the computation of the reflectivity of ealslnd. It can be calculated using the

following equation.

Lmax—Lmin

LA = ( ) % (DN — Qcalmin) + LIMiN «.ooveeeeoeeeeeeeeeeeeeeeeeeee (3.2)

Qcalmax—Qcalmin

Where; DN is the digital number of each pixel, LMAXd LMIN are calibration constants of

each band as shown in table 3.5, QCALMAX and QCANMdre the highest and lowest
2

range of values for rescaled radiance in DN. Thesdar L, are W/m/srjum. For the NLPS

generating system, the QCALMIN is 0 and for the ISP@enerating system, the QCALMIN
is 1. The values of the LMAX, LMIN, QCALMAX and QQAMIN of each band can be

found from the satellite image header file.

Table 3.5. LMAX and LMIN of Landsat 5 TM satelli(fenage header file)

Band 1| Band 2| Band 3| Band 4| Band 5| Band 6| Band 7
LMIN |-1.52 -2.84 -1.17 -1.51 -0.37 1.238 -0.1%
LMAX | 193 365 264 221 30.2 15.303 16.5

3.7.2. Reflectivity of Bands at the Top of Atmosphe

The reflectivity of an object is defined as theigabf the reflected radiation flux to the

incident radiation flux. The reflectivity of eaclatd p2) is the ratio of reflected radiation
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flux to the incident radiation flux measured at thp of the atmosphere by the satellite sensor
(for a single band) and it describes the combiratheatmosphere behaviour with respect to

the reflected solar radiation. It is computed usheyfollowing equation.

X . LA
PA = ESUNA=COSO+dr

Where, L is the spectral radiance for each band, ESldNhe mean solar exo-atmospheric

2
irradiance for each band (W/mm), cos6 is the cosine of the solar incidence angle (from

nadir), and dis the inverse squared relative Earth-sun distafibe. cosined is computed
0
using the sun elevation ang[® (vhered = (90 - B) for the flat areas.

The qis the relative distance between the earth andstlein astronomical units. is

computed using the following equation (Allen et &4B98).
dr =1+ 0.033C0S0(DOY * 222 w.reoovovrcorsonssosssossossossssssoesossos (3.4)

Where, DOY is the sequential Julian day of the yaadt the angle (DOY *#@365) is in
radians. Values for dange from 0.97 to 1.03 and are dimensionless.

Table 3.6. ESUN for Landsat 5 TM satellite

Sensor Band 1| Band 2| Band 3| Band 4| Band 5| Band 6| Band 7
TM5 | 1957 1829 1557 1047 219.3 - 74.52

The combined albedo for all bands at the top ofaimeosphereop) which is not adjusted
for the transmissivity of the atmosphere also dated from the reflectivity of each band at
the top of the atmosphere and their correspondieigiwed coefficient using the following

equation.

Otop = 2im1 (0 % Py5) wrevrererniiiseinieieiee s (3.5)

Where,op is the albedo at the top of the atmospheyeis the weighted coefficient of band

one and, is the reflectivity of band one.

Table 3.7. Weighting coefficients of Landsat 5 Tadedlite

Sensor Band 1| Band 2| Band 3| Band 4| Band 5| Band 6| Band 7
TM5 | 0.293 | 0.274 | 0.233| 0.1577 0.038 - 0.011
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3.7.3. Surface Albedo

Surface albedo is the ratio of reflected solaratin to the incident solar radiation at the
ground surface of the Earth. It is a non-dimendiand unitless quantity that indicates how a
surface reflects solar energy. Surface albedo sabgéveen 0 and 1 at which 0 meaning a
black object that absorbs all the incoming enengy & meaning a white object that reflects
all incoming energy. The surface albedo is compénau the albedo of top atmospheog)
that derived from the reflectivity of each bandthpeadiance and transmissivity of the
atmosphere using equation 3.6. Figure 3.5 showsuh@ace albedo of Tana Basin which

ranges from 0.32 to 0.45.

Otop —OUpath_radiance
D e ettt bbbt (3.6)

Tsw

Where;a Is the average portion of the incoming solar ragimacross all bands that

path radianc

is back-scattered to the satellite before it resctiee earth’s surface, andSW is the

atmospheric transmissivity.

The values fom, ange between 0.025 and 0.04 and for SEBAL a vafu®03 is

path raoliancer

recommended based on Bastiaanssen (2000). Atmasgrersmissivity is defined as the
fraction of incident radiation that is transmitteégt the atmosphere and it represents the
effects of absorption and reflection occurring witthe atmosphere. This effect occurs to

incoming radiation and to outgoing radiation andincludes transmissivity of both direct

solar beam radiation and diffuses (scattered) tiadido the surface. Assuming clear sky and
relatively dry conditions using an elevation-basethtionship (FAO, 2006), it can be
computed as:

-5
T, = 0.75 4 2% 10 * Z woovurvermneeessseesessessesseesss s (B.7

Where; z is the elevation above sea level (m) apilesents the elevation of the weather
station.
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Figure 3.6. Surface albedo
3.7.4. Incoming Shortwave Radiation

A relatively constant amount of solar radiationateas to the horizontal outer surface of the
atmosphere with average distance between the sithanearth. This radiation possesses
different process such as absorbed, reflectedddhased by the atmospheric particles and
finally reaches to the earth surface. This dirext diffuse solar radiation flux that actually
reaches to the earth surface is the incoming sheswadiation (w/rf). The incoming

shortwave radiation (gf) is computed using the solar constant, the soleidénce angle, a

relative earth-sun distance, and a computed atneospinansmissivity. By assuming a clear
sky conditions for the imaging time, it can be cédted as:
S I TS ol o0 a0 | S (3.8)
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2
Where, G_is the solar constant (1367 Wimncos0 is the cosine of the solar incidence angle,

d is the inverse squared relative earth-sun distamux_ is the atmospheric transmissivity.

3.7.5. Biophysical Parameters

The biophysical parameters derived from the netrared band and red band reflectance’s
that provide information to characterise the vety@mtaand land cover status of the surface.
These three major vegetation indices are the NasthlDifference Vegetation Index
(NDVI), the Soil Adjusted vegetation Index (SAVIzé Leaf Area Index (LAI).

3.7.5.1. Normalized Difference Vegetation | ndex

The Normalized Difference Vegetation Index (ND\A)ratio of the differences in reflectivity
of the near-infrared bang,)) and the red banc to their sum. It is the measure of the

amount and vigorsity of vegetation surfaces. Thacgle behind the NDVI is that green
leaves absorb radiation at red wavelengths (640u&j@lue to the presence of chlorophyll
pigments. The magnitude of NDVI is related to tbeel of photosynthesis activity of the
observed vegetation. In general, higher NDVI valmescate greater vigour and amounts of
vegetation. Values for NDVI range between -1 andGtken surfaces have a NDVI between
0 and 1 and water and cloud have negative NDVle&alés the NDVI of the basin (figure
3.7) image shows, the water bodies (i.e. Lake emghtion dams) have negative NDVI value

which ranges between -0.59 to 0 and the vegetatwar has about 0.76 NDVI value.

NV = 288 e (3.9)

Where;p, andp,are reflectivities of the near-infrared band arelrted band respectively.
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Figure 3.7. Normal difference vegetatimtex
3.7.5.2. Soil Adjusted Vegetation | ndex

SAVI is the Soil Adjusted vegetation Index thateaipts to “subtract” the effects of
background soil from NDVI and the impacts of soégtmess reduced in the index. It can be
computed as:

SAVI = By e (3.10)

(L+pytp3)
Where, L is a non-dimensional correction factor ekhranges from 0 for high vegetation
cover to 1 for very low vegetation cover. The megtely used value is 0.5 which represents
an intermediate vegetation densities or known d9jp&s. The SAVI of the basin ranges
between -0.24 to 0.57 as shown in figure 3.8.
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Figure 3.8. Soil adjusted vegetation index
3.7.5.3. Leaf Area I ndex

Leaf Area Index is the ratio of the total area lbfemves on a plant to the area of the ground
covered by the plant. It represents the total beswd the plant and an indicator of crop yield

and canopy resistance to heat flux. LAl can be adegpusing the following equation.

In (0.69—SAVI /0.59)

LAl = R (3.11)

Where, SAVI is the soil adjusted vegetation index
3.7.5.4. Surface Emissivity

Surface emissivityg] is the rate of thermal energy radiation of a acefwith related to the
black body radiation at the same temperature.rhtis of the thermal energy radiated by the
surface to the thermal energy radiated by a blacky lat the same surface temperature. There

are two types of surface thermal energy emisssitiehese are the narrow band 6 (10.4 to
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12.5um) surface thermal emission,f) and the broad band 6 (6 to j#h) surface thermal
emission §,) and the first used to calculate the surface teatpee (Ts) and the later used to
calculate the total longwave radiation (Remission of the surface. Surface emissivities can
compute using the vegetation indexes (NDVI and L&ljhe surface based on the following

equations.

When NDVI > 0 and LAI < 3, then:

€nb= 0.97 + 0.0033 LA ... (3.12)
€6 = 0.95 + 0.01 LAI ..vvieeeeeeeeeeeeeeeeeeeeee oottt n s e eeeea, (3.13)

For water bodies the NDVI < 0 arnd< 0.47 and the surface emisssivitie becepge= 0.99
andaO: 0.985.

3.7.6. Surface Temperature

Instantaneous surface temperature is derived flarspectral radiance of the thermal band

using the thermal emissivity behaviour of the stef@,).

T.= K2
S In{(enp*K1/Re)+1}

Where, Ts is the surface temperature in Kelvip,akd K are the thermal band calibration
constants of Landsat image shown in table &8,is the narrow band thermal emissivity of
the surface and Rc is the corrected thermal radidram the surface using the spectral
radiance of the thermal band. The surface temperatiithe basin that extracted from the
image ranges between 289 to % 5nd figure 3.9 shows the surface temperaturehef t

basin.

Table 3.8. Thermal band calibration constants ofdsat 5 TM satellite

Satellite K1 K2
Landsat5 TM 607.76 1260.56
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Figure 3.9. Surface temperature
3.7.7. Outgoing Longwave Radiation

The process of emission of long wave radiation ftbmearth surface to the atmosphere and
outer space plays a vital role in surface tempegategulation of the Earth. This long wave
radiation emitted from the earth is the total leveye radiation lost from the earth surface. It
is the function of the thermal emission potentfaihe surface and temperature of the surface.

It is computed using the Stefan Boltzmann equation.
Rt S E0% 0% TS ittt (3.15)
Where;e is the “broad-band” surface emissivity (dimensiss)es is the Stefan Boltzmann

-8 2 4
constant (5.67 x 10W/m /K ), and Tis the surface temperature (K).
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3.7.8. Incoming Longwave Radiation

The radiation that emit from the solar system cotoethe atmosphere and the earth surface
in a wider wavelengths including both the shortwawnel long wave radiation. For SEBAL
the incoming long wave radiation is the downwarerthal radiation flux originated from the

atmosphere. The incoming long wave radiatio[llXHs computed using a modified Stefan-

Boltzmann equation with atmospheric transmissivatlyd a selected surface reference
temperature.
R €2 0 % Tt eeeee et eeeee et et e e et e et e e et e e e et e ee et e e e et e e e e e e e e 18)

Where;e, is the atmospheric emissivity (dimensionlessjs the Stefan-Boltzmann constant

-8 2 4
(5.67 x 10 W/m/K'), and T is the near surface air temperature (K). According

Bastiaanssen (1998)e following equation is applied fes.

Where, 1oy is the atmospheric transmissivity and by substitutof equation (3.17) to

equation (16):
RL| = 0.85 * (-INTsp) * 0 * T coltherrrrrrerereesmmmmmemeeeesinirnereeessasnneeessnsssseeesesssnssneees (3.18)

Where, sy, is the atmospheric transmissivity anghdis the substitution of the cold pixel
temperature for Ta and it is considered as thenasiton of the coming long radiation for a
green standard surface alfalfa.

3.8. Surface Energy Balance Calculations

The Earth is relatively close to an energy balaystem which implies an equal amount of
energy enters into the Earth system and releasesfat (Liou and Kar, 2014). Surface
energy balance is the balance among energy absarbiéetted and emitted by the earth

surface.
3.8.1. Net Radiation Flux

According to the physical laws of radiation balgnte net radiation can be considered as a
balance between incoming and outgoing short wavklamg wave radiation on the Earth
surface. The net radiation flux at the surface (Represents the actual radiant energy

available at the surface for warming the soil,aaid evaporating water from soil, vegetation
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and water bodies. It can be computed by subtraclhgutgoing radiant fluxes from all
incoming radiant fluxes.
R.=(1-a) RS+R - RLT- 0 (3.19)

2
Where, Fgl is the incoming shortwave radiation (Whn o is the surface albedo
2
(dimensionless), 5 is the incoming long wave radiation (W/m Ru is the outgoing long

2
wave radiation (W/m), ande_is the surface thermal emissivity (dimensionle$gp term (1-
£,) RLi represents the fraction of incoming long wave atdn that is lost from the surface

due to reflection.

The amount of short wave radiation that remainslable at the surface is a function of the
surface albedo. Surface albedo is the reflecti@fficoent defined as the ratio of the reflected
radiant flux to the incident radiant flux over th@ar spectrum. It is calculated using satellite
image information on spectral radiance for eacleléa band. The incoming shortwave

radiation is computed using the solar constant, dbkar incidence angle, relative earth
distance and computed atmospheric transmissivihe ihcoming long wave radiation is

computed using the modified Stefan-Boltzmann equatvith atmospheric transmissivity

and a selected surface reference temperature. @gtdong wave radiation is computed

using the Stefan-Boltzmann equation with a caledlasurface emissivity and surface
temperature. The surface temperature is computed the satellite image information on

thermal radiance. The surface emissivity is therat the actual radiation emitted by the
surface to that emitted by a black body at the sannface temperature. In SEBAL Model,

surface emissivity is computed as a function ofetation index (Giridhar and Suneel, 2014).
For the computation of the above surface radiatialance equation (3.19) SEBAL Model

uses series of steps (Figure 3.10) using the ERMA&e| Maker.
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Figure 3.10Method of solving net radiaticflux modified from Mendonca et al. (20:

3.8.2. Soil Heat Flux

Soil heat flux (G) is the part of r radiation energy lost to heat the ground surfaoé é&nd
vegetation) by conduction. It is high dependentlanavailable soil moisture and vegetai
cover of the surface. Soil heat flux is usually swead with sensors that can measure ra
heat caductivity nature of the soil. In remote sensindsinot possible to measure the dit
soil heat flux and it is indirectly calculated ugimegetation indices, surface temperature,

surface albedoBastiaanssen, 20(.

G =R, () * (0.0038a + 0.00740%) * (1 = 0.98NDVI*) .occcoccvorrrrrre (3.

Where, G is soil heat flux, Rn is the net radiatids is the surface temperature in Keha
is the surface albedo and NDVI is the normalizeteince vegetation index. The soil h
flux that used tavarm the soil of the basin ranges between 0 to &@\ds shown in figur
3.11.
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Figure 3.11. Soil heat flux
3.8.3. Sensible Heat Flux

Sensible heat flux (H) is the rate of heat enexpgs|from surface to the atmosphere via
conduction process due to the temperature differebetween the surface and lower
atmosphere. The rate of sensible heat transferejerdient on the wind speed, surface
roughness length and surface to air temperatufereifces. It is computed using the heat and

momentum transport equation.

H = Py Cp # () st (321

lah

3
Where; p,ir is air density (kg/m), c, is air specific heat (1004 J/kg/K), Ts is the scefa

temperature, Jis the air temperature ang is the aerodynamic resistance to heat transport
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(s/m). The above equation is difficult to solve daghe unknown values of the temperature
difference (Ts - Ta) between the two heightsafad z) and the aerodynamic resistance (rah)

for heat and vapour transport to the atmosphere.

36°40'0"E 37°3'0"E 37°300"E 37°550"E 38T200'E
1 1 1 1 1

12°400"N
1
T
12°40'"N

12°20'0"N
1

T
12°20'0"N

12°0'0"N
12°0'0"N

11°%40'0"N
T
11°40'0"N

Sensible Heat Flux

o2
[ ]30-s3 -
[ ]s4-ss8
B s0-62
B s: 64
[ ] Masked Cloud B

1] 15 30 60 Coordinate System: GCS
I N Fm Datum: WGS_1984

11°20'0"N
11°200"N

11°0'0"N
11°00"N

1 T 1 1 T
36°40'0"E 3T°50"E 37°300"E FIE0ME 38°200"E

Figure 3.12. Sensible heat flux
3.8.3.1. Temperature Difference

In SEBAL model, the evapotranspiration of the eimeage is computed based up on the two
extreme conditions found within the image. Firstireme high evapotranspiration pixel
assumed that all available energy is consumedl@®gm@t heat without limitation of moisture
and the loss of energy as a sensible heat is amesidis negligible (i.e. cold pixel). The cold
pixel has the lowest surface temperature valueinvitie image and found on the deep water
bodies or relatively on a well saturated alfalfaaggr land. Second, extreme low
evapotranspiration pixel assumed that all the atsé8l energy is lost as a sensible heat and
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loss of energy as latent heat is considered asdiggdo the absence of moisture (dry pixel).
The dry pixel has the highest surface temperatuti@irwthe image and found on fully dry

bare land. The selection of these two anchor pikets cold/wet and hot/dry) requires a
serious attention and practice. The full guidelore the selection of the anchor pixels is
available on Allen et al. (2001).

For the computation of the sensible heat flux,rtear surface temperature difference for each
pixel needs to be defined. However, the air tenpegaat each pixel is unknown and SEBAL
uses the two anchor pixels (i.e. cold pixel andtbepixel) where the reliable values of H
can be predicted and dt can estimate. After thecgeh of these anchor pixels, the surface
energy flux parameters such as net radiation, lsedt flux, aerodynamic resistance and
surface temperature values are recorded that wsedmipute the temperature difference at
these pixels (see equation 3.23 and 3.24). Finaylysing the temperature difference at these
anchor pixels and their corresponding surface teatpes, the correlation coefficients that
determine the linear relationship between the serfand air temperatures "a" and "b" are

computed as described below.

SEBAL computes dT for each pixel by assuming adinelationship between dT and the

surface temperature T
(o = I o RSO (3.22)

Where Ts is the surface temperature and "a" andaf®'the correlation coeffients obtained

from the "anchor" pixels (Bastiaanssen, 1995).

The anchor pixels represent conditions of extreraperative behaviour within the image.
The cold pixel represents the lower surface temperaon the image that indicates wet
condition. In cold pixel, most of the available sme (Rn-G) is consumed by
evapotranspiration and the sensible heat flux (i) @mear surface air temperature difference
(dT) assumed to be near zero. However, the senbidd¢ flux at the cold pixel can be

calculated as;

Heold = Rntois — Geold — AE Tl @nd the near surface temperature difference atdtte pixel
can be computed as;

dT = Heold*Tahcold __ (RNeold—Geold=AE Tcold)*Ran cold (323
cold — -
pcold*cp pcold*CP
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Where, Hoa, Rneod, Geoig, aNd ETEqig are values of sensible heat, net radiation, st flux,

and evapotranspiration, respectively, for the qetl.

Based on research experience, most cold pixel dgretultural fields) have an ET rate about
5% larger than the reference ET tBnd ET.g assumed to be 1.05*ETo (Allen et,al.
2011). Similarly, the "dry pixel" represents thagdiwith high surface temperature and lack
of available moisture for evapotranspiration. Thame ETh. is assumed to be zero for a dry
agricultural field having no green vegetation anthwlry soil surface layer. As result, all the
available energy is considered as directly condeidesensible heat and lost as conduction to
the atmosphere. Hence, the sensible heat flux earaloulated as; {d= Rt — Giot and the

near surface temperature difference also can beutat as;

dTh __ Hnhot*Rannhot __ (RMhot—Ghot*Ran hot (3 24)
ot — - .
Phot*Cp Phot*Cp

Where, Ho,Rmo, EThot and Gt are sensible heat flux, net radiation, evapotraaspn and
soil heat flux respectively for the hot pixel. Rigathe correlation coefficients a and b can be
calculated as;

_ dThot_choId

= and b = dThOt — aTS IOL *+orrrmrrnrrnre e (325)
Ts_hot_Ts_cold -

where, dTt and dToq are dT values of hot and cold pixels respectiaglyg Tso: and Tgoig

are the corresponding surface temperature valuestbé hot and cold pixels respectively.
3.8.3.2. Momentum Roughness Length

Surface roughness refers to the unevenness andatedimature of the earth surface due to
the natural processes like topography and vegatabio human activities such as the
construction of buildings, power lines. It can lefided as the aerodynamic roughness length
(height) above the surface at which the wind peaBlassumed to be zero. Surface roughness
affects the transfer of heat and vapour from the¢hesurface to the atmosphere and it is
considered as the measure of drag and skin fricfotme surface for the layer of air that
interacts with surface. It is important input tdimste the wind speed, friction velocity and
aerodynamic resistance (rah). It can be estimated the average vegetation height (m) of
the area of interest using the following equation.

Zom = 0.12 N e e e ennnr e e (3.26)
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The above equation requires the known heights gétetion cover of the area of interest and
not appropriate for wider areas i.e. regional sthé characterized by various land cover
types which are difficult to estimate the averagéghts of all vegetations. According to
Bastiaanssen (2000), the surface roughness lesgéistimated more accurately using the
NDVI and surface albedo of the area that deriveenfremotely sensing data. The use of
surface albedooj helps to distinguish between some tall and shegetation types that may
have similar NDVI values. For this research, theghness length of the basincemputed

from the NDVI and surface albedo using the follogvampirical equation:

2= erp{(222)

Where, a and b are correlation constants derivea fa plot of In(4,) versus NDVIé for

+ b} ............................................................................... (3.27)

two or more sample pixels representing specificetatipn types.
3.8.3.3. Friction Velocity

Friction velocity (m/s) is the area-average win@ep at the blending height that quantifies
the turbulent velocity fluctuation in the air. Thdending height is the height above the
weather station at 200m elevation that one camasswo effect of surface roughness on heat
and momentum transfer. The wind speed increasdg Wia friction velocity deceases with
height due to the reduction of the effect of suefemughness. The wind speed at the blending
height that assumed to be constant for all pixete@image is used since it is not affected by
the surface features. Friction velocity at the dlag height is important to calculate the

aerodynamic resistance to heat transfer betweesuiffi@ce and atmosphere.

The friction velocity at 2 meter height that dedvieom the wind data of weather stations
used to calculate the wind speed at the blendinghhend it can computed using the

following equation:

U = Kuy
In(2/zom)

Where; k is von Karman'’s constant,isi the wind speed (m/s) at 2 meter height, ands

the momentum roughness length. Using the fricti@oasity computed from the above
equation, wind speed at the blending height cacobgputed using the following equation:

In(200,
U200 = U* w ....................................................................................... (329)
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Where, U is wind speed at blending height of 200m, ig*the friction velocity at the
weather station. Friction velocity is computed gsthe logarithmic wind law for neutral
atmospheric conditions through rearranging the atemuation.

« _  Kupog

u = (200 ) 77T s

Where; k is von Karman’s constant, tis the wind speed (m/s) at the blending height of

200m, and z is the momentum roughness length.

3.8.3.4. Aerodynamic Resistance

Aerodynamic resistance refers to the effects ofufes above the surface and the over
flowing air (i.e. advection and air turbulent) onettransfer of heat and vapour to the
atmosphere. According to FAO (2006) the term taste includes two factors of surface
resistance and aerodynamic resistance. The foresmmbles the bulk resistance which
describes the resistance of vapour and heat flooutfin stomata openings, total leaf area and
soil surface and the later describes the resistaooe the vegetation upward and involves
friction from air flowing over vegetative surfaces he temperature gradient between two
known heights above the surface éhd %) and the aerodynamic resistance to heat transport
between this heights used to compute the sensisde¢ thux in surface energy balance

algorithms. It can be computed using the followaagiation.

In(zo/z1)
Rap = uik LR 3.31)

Where, z and z are the heights above the surface where the tatypergradient is defined,

U* is friction velocity (m/s) and k is the Karmarcenstant (0.41).

A series of iterations is required to determinetakie for rah for each period that considers
the impacts of instability (i.e., buoyancy) on rahd H. Assuming neutral atmospheric
conditions, an initial ¥ is computed using Equation (3.30) i& the height just above the

zero plane displacement £€d0.67 x height of vegetation) for the surface apccanopy and
z,is some distance above the zero plane displacerenbelow the height of the surface

boundary layer. Based on experienced analysisgsaifi0.1 meter for,zand 2.0 meters for

z,are assigned.
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3.8.4. Latent Heat Flux

Latent heat flux (vapor transference to the atmesgphwas computed by the simple
difference between the net radiation, soil heat #ind sensible heat flux. It was computed
by rearranging equation 3.1 as follows:

AET = RN =G —Hoooi ettt n s (3.32)

where:AET represents the latent heat flux, Rn is the agiation and G is the soil heat
flux, all expressed in W/fn

3.9. Hourly Actual Evapotranspiration

Hourly actual evapotranspiration is the combingéd ot water loss occur both from the soil
and vegetation surface under the existing availstilemoisture and weather condition. It has
been computed as a residual in water balance eqgsatby computing the potential
evapotranspiration (ETo) or indirectly from fieldeasurements. Actual field measurements
and calculations based up on standard meteorolatpta were explained by FAO (2006).

Hourly actual evapotranspiration can be obtainadgusatellite remote sensing techniques.
These methods provide a powerful means to estithatdifferent surface energy fluxes and
to compute actual evapotranspiration from pixehmoentire basin scale. The Surface Energy
Balance Algorithm for Land (SEBAL Model) is one tfe widely used surface energy
balance model that provides accurate estimatioactfal evapotranspiration using satellite

imagery and meteorological data for the satelitergass time.

After the computation of the latent heat flux foetsatellite over pass time, the equivalent

instantaneous (hourly) evapotranspiration is comgbusing the following equation:

ETinst = 3800 0 sttt (3.33)

Where, ETst is the instantaneous ET (mm/hr), 3600 is the wmeversion from seconds to

hours and. is the latent heat of vaporization which equivater2.4518 J/kg.
3.10. Reference Evapotranspiration

The reference evapotranspiration (ETo) is the oatevapotranspiration from a hypothetical
growing green grass which actively growing and clengby cover the ground in a well water

saturated field under a given climatic conditiont. i the average or standard
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evapotranspiration rate of water from a represemtagurface. It provides the evaporative
demand of the atmosphere independently of the tyymgy growth and development stage and
management practices. The only factors affecting &E climatic parameters. Consequently,
ETo is a climatic parameter and can be computech fweather data. ETo expresses the
evaporating power of the atmosphere at a specifation and time of the year and does not

consider the crop characteristics and soil factors.

The FAO Penman-Monteith method is recommended asste method for determining

ETo. The method has been selected because it\clgeioximates grass ETo at the location
evaluated, is physically based, and explicitly mpovates both physiological and

aerodynamic parameters. Moreover, procedures hase leveloped for estimating missing
climatic parameters and it is considered as a atanthethod of computing the refernce
evapotranspiration. In this study, FAO Penman Mahtimethod is used to compute the
refence evapotranspiration (ETo) using the follayaguation.

900
_ 0408A(Rn—G)+77 702(6s— )

o A+y(1+0.34Uy)

Where, ETo is refernce evapotranspiration, Rn tsraéiation at the surface, G is the soil
heat flux, T is the mean daily air temperaturgjdxthe wind speed at 2 meter height, es is the
saturation vapor pressure, ea is the actual vapmssre, es - ea is the saturation vapour
pressere deficitA is the slope of the vapour pressure curve @nd the psychrometic

constant.

The computation of all parameters put in above ggu#ollowed the method and procedure
given in FAO Irrigation and Drainage Paper 56 anthputed with spreadsheet. Daily ETo
were computed by the FAO Penman—-Monteith formulaebaon the weather data i.e.

temperature, sunshine hours, wind speed and relatimidity of the weather stations.
3.11. Evapotranspiration Fraction

Evaporative Fraction is the ratio of the computestantaneous ET (E) for each pixel to

the reference ET (ETo) computed from weather diates similar to a well known crop
coefficient and used to extrapolate ET from thegmg time to 24 hour or longer periods.
Generally, ETrF values range from 0 to 1 and assutebe constant during the day
depending up on the self preservation process in suaface energy balance components on
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the daily basis. At a totally dry pixel, ET =add ETrF = 0. A pixel in a well established
field of alfalfa or corn can occasionally have ah #ightly greater than ETand therefore
ETrF > 1, perhaps up to 1.1. However, EEnerally represents an upper bound on ET for
large expanses of well-watered vegetation. The @atipe fraction can be computed using

the following equation.

_ ETinst
ETrF= Ty s (3.35)

Where ETrF is the evaporative fraction, i&Tis the actual and ETo is the reference
evapotranspirations respectively for the sateifitaging time.

The evaporative fraction also can be computed usiagelationship between the latent heat
flux, net radiation and soil heat flux in the absenof instantaneous reference
evapotranspiration data of the required area usiagollowing empirical equation (Allen et
al., 2011).

AET

Where EF is the evaporative fracti@igT is the latent heat flux, Rn is the net radiatond G
is the solil heat flux corresponding to the satlhiver pass time.

3.12. Daily Evapotranspiration

The daily evapotranspiration is the depth of watem/day) lost as a vapour to the
atmosphere during the 24 hours of a day from tilewater and vegetation surfaces. SEBAL
computes the instantaneous energy fluxes and easmgpiration for the satellite overpass
time. These instantaneous values then extrapotatddily and long period values by using
the evaporative fraction. Assuming the instantasesxaporative fraction is equivalent to its
daily average value, R can be calculated by using the evaporative fractind reference

evapotranspiration (ETo) using the following eqoat{Allen et al., 2011).
ETos = ETIF*x ETO 04 cvvviiiiiiiiici e (3.37)

Where, ED4 is the daily evapotranspiration, ETrF is the dalyerage evaporative fraction

and ETo 24 is the daily reference evapotranspiration.
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3.13. Seasonal Evapotranspiration

The determination of monthly and seasonal water asheinis important in full or
supplementary irrigation agriculture and for otheater resource management systems. In
conventional application methods, it can computeg multiplying the reference
evapotranspiration (ETo) that represent the evdiperalemand of the atmosphere of the
place with the individual crop characteristics (K8)milarly, in remote sensing methods, the
seasonal evapotranspiration of the required argacthver the enter growing season can be
computed with the multiplication of the evaporativaction (ETrF) derived from the satellite
images and assumed to be equivalent to crop cmeffic(Kc) with the reference
evapotranspiration (ETo) computed from weather .d&ékee evaporative fraction computed
for the time of the image is also assumed to besteo for the entire growing season and
shows the spatial variation in actual evapotraasipin of the study area in relation to the

actual variation in land use and land cover charatics.

The seasonal evapotranspiration is computed byiptyittg the ETrF of the time of image

with the sum of daily ETwealues of the required season period.
ETseason= (ETIF* XL1ETO0,,) oo (3.38)

Where, ETeasoniS the seasonal evapotranspiration in mm deptiwater, ETrFis the
evaporative fraction of the image, Ebgis the daily ETo in mm/day and n represent the

number of days in the season.
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CHAPTER 4 : RESULTS AND DISCUSSION

4.1. Spatial Distribution of Vegetation Cover in tke Basin

The land use and land cover of Tana basin wasiféasasing three Landsat satellite images.
The basin images were classified using supervisghe classification method by taking
sample training points from each land use clasgedstlae maximum likelihood parametric

rule is used to calculate the probability of eantelpto assign in the right class value.

The land use cover map of the basin also compaitbdhe previous studies conducted in the
study area and relatively similar result was oladinrable 4.1 shows that most of the basin is
covered with crop land 41.9%, water body 19.9%ukhand woody savanna grasslands
30.6% and few scattered forest areas which acanintabout 0.8% of the total basin area.
Table 4.1. Land use and land cover classes andaiesl coverage

No. Land Use Classes Area (ha) Percent (%)
1 Crop land 634939.6 41.9

2 Savanna 462854.1 30.6

3 Water Body 301851 20.0

4 Forest areas 11648.3 0.8

5 Grass Lands 15676.7 1

6 Urban areas 2912.1 0.2

7 Bare Land 26160.8 1.7

8 Masked cloud 58601.9 3.8

9 Total Basin Area 15,14644 100

The vegetation cover is unevenly distributed to Iblasin and the southern part is covered
with vegetation relative to the northern and eastearts of the basin. The northern and
eastern parts of the basin are characterized bgudtgral farming areas with a few scattered
bushes and woody savanna grass lands. The restitts olassified land use and land cover

map of the basin are shown in Figure 4.1.
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Figure 4.1. Land use and land cover mapaoia Basin
4.2. Spatial Distribution of Evapotranspiration in the Basin

The daily actual evapotranspirtaion of the basis @erived from the satellite images as the
residual energy flux of the surface energy budgetagon using the surface energy balance
algorithm for land (SEBAL Model). The Penman-Motitemethod of estimating reference
evapotranspiration had also been carried out ity @d monthly bases for deriving actual

daily and seasonal evapotranspiration.

4.2.1. Daily Evapotranspiration

The daily actual evapotranspiration @I is more useful than the instantaneous
evapotranspiration to adjust the rate of water gonion and for hydrological, ecological
and environmental studies. The reference evapgiati®sn computed from meteorological
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data and evaporative fraction derived from satellitages used to calculate the daily actual
evapotranspirtaion of the basin. The evaporatiagtion is assumed as equivalent to its
average daily value depending on the self pregervaif the main daily energy balance

components (Allen et al., 2011).

As the different studies (Allen et al., 2007; Ayen003) have proven that SEBAL can give
good estimation of daily evapotranspiration ovdfedent land use and land cover classes.
The actual evapotranspiration of the basin ranges D to 4.3 mm/day that observed on bare
lands and water bodies of the basin, respectivéig.large portion of the basin has the range
of evapotranspiration between 1.3 to 2.3 mm/daycwluovered by agricultural crops and
grasslands. The actual evapotranspiration is meddwtween 2.4 to 2.8mm/day in woody
savanna grass lands. The maximum amount of dadlgavanspiration is measured on forest

lands and water bodies of the basin which is aBduto 4.3 mm/day.

The spatial distribution of basin evapotranspimi®related to the vegetation distribution as
shown in figure 4.2. The eastern and western paftsthe basin show lower

evapotranspiration corresponding to their littlenorvegetation cover. However, the southern
part of the basin has Eucalyptus plantations anddycsavanna bush lands. Hence, the
southern (downstream) of the lake shows higher @vapspiration due to the existing dense

vegetation cover.
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Figure 4.2. Daily evapotranspiration

4.2.2. Seasonal Evapotranspiration

Seasonal evapotranspiration is equivalent to tted ggnount of consumptive water required
to satisfy the water demand of a crop for its grbwing season and often used to quantify
the total water consumption for agriculture (Alleet al., 2007). The seasonal
evapotranspiration map of the basin is generatedhbymultiplication of the evaporative
fraction (EF) derived from the satellite imageshmhe daily reference evapotranspiration
(ETo) computed from meteorological data for theurszgfl season. The evaporative fraction
computed for the time of the image is also assutnele constant for the entire growing

season.

The total dry season (i.e. October to January) @vapspiration of the basin ranges between

20 to 439 mm that observed on bare lands and Wwates of the basin respectively. Figure
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4.3 shows that the dominant part of the basin bias $easonal ET value range from 263 mm
to 351 mm depth of water that is covered with adtical crops and grasslands. The water

bodies and forest areas have the maximum ET vélakaut 439 mm depth of water.
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Figure 4.3. Seasonal evapotranspiration
4.3. Comparison of Surface Flux Parameters
The main purpose of comparison is to deteriminerétationship exist between the surface
flux parameters and to show the influence of oneampater on the other. Hence, the
comparison of surface flux model results againstheather and against ground based

measurements provide information for model valmatind helps to draw conclusion depend
up the model results.
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4.3.1. Surface Temperature and Daily Evapotranspiréon

Evapotranspiration is the function of surface amdeanperatures, solar radiation, humidity
and wind condition which affect the process of etegmnspiration. Moreover, temperature
affects evapotranspiration by increasing the vagmiding capacity of the air. Hence, low

evapotranspiration occurs in a condition of low penature (Kosa, 2011).

The results of the model (i.e. surface temperatamd daily evapotranspiration) were
compared to show the effect of surface temperatnrine occurence of daily ET as shown in
figure 4.4. The result of the line graph showst titeere is a linear relationship between

surface temperature and daily evapotranspiration.
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Figure 4.4. Line graph of surface temperature anly évapotranspiration

4.3.2. NDVI and Daily Evapotranspiration

The spatial distribution of vegetation cover withime basin has a direct control on the
distribution of both daily and seasonal evapotraaipn of the basin. The Normal
Difference Vegetation Index was compared againsthéo daily evapotranspiration of the
basin to show the effect of vegetation on spatistridution of daily evapotranspiration as
shown in figure 4.5. The result of both the linegr and linear scatter plot shows the direct
relationship between the NDVI and daily ET with theear regression coefficient fRvalue

of 0.67.
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Figure 4.6. Scatter plot of NDVI and daily evapoispiration

4.4. Validation of SEBAL Daily ET with Penman-Montdth Daily ETo

The Surface Energy Balance Algorithm for Land (SEBAodel) gives a satisfactory result
on different countries due to its internal calibat for the different satellite images.
According to Bastiaanssen et al. (2005) SEBAL mdds been validated under a range of
soil wetness and plant community conditions andtyipécal accuracy at field scale is 85%
for a day basis and it increases to 95% on a sahdmasis. The accuracy of annual

evapotranspiration of large watersheds was fourek96% on average.

54



4.4.1. SEBAL Daily ET with Penman-Monteith Referene ET

Despite of the ground truth data of actual ET watsavailable for validation, the comparison
made between Penman-Monteith daily reference ETSBBAL daily ET results for this
study. The line graph trend analysis of Penman-kitintreference ET and SEBAL daily
evapotranspiration (see figures 4.7, 4.9 and 4sklibw the direct relationship between
observed and simulated evapotranspiration valuesthef basin. Similarly, the linear
regression analysis between the Penman-Monteidhereée evapotranspiration and SEBAL
daily ET gives a strong relationship between obegrand simulated evapotranspiration
values with the linear regression coefficient)(Bf 0.85, 0.8 and 0.77 as shown on figure 4.8,

4.10 and 4.12 respectively.
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Figure 4.7. Line graph of SEBAL daily ET and PenrMmnteith ETo at Gonder station
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Figure 4.8. Scatter plot between SEBAL daily ET d@ehman-Monteith ETo at Gonder
station
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Figure 4.9. Line graph of SEBAL daily ET and PenrMonteith ETo at Debre Tabore
station
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Figure 4.10. Scatter plot between SEBAL daily ET d@enman-Monteith ETo at Debre
Tabore station
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CHAPTER 5 : CONCLUSION AND RECOMMENDATIONS

5.1. Conclusion

The fresh water used for domestic, irrigation agtice and industry is scarce resource that
needs to planned management and wise use in ansidéamanner. Lake Tana basin which
found in northwest highland of Ethiopia has hightgmtial for irrigation agriculture,
hydroelectric power development and ecotourism. él@x, there is high water demand both
by the government as well as the stockholders efoidssin. Due to this, the water resource
systems of the basin show variations in their aedatad flow, distribution and overall
storage volume with time. The basic objective a$ tiesearch was to estimate the daily and
seasonal evapotranspiration of Tana basin and m@pgs spatial distribution in different
land use and land cover types. The Surface EneedgnBe Algorithm for Land (SEBAL
Model) was applied to three Landsat TM satellitages corresponding to November 18 and
27, 2011 to produce estimates of the actual evapspiration at 30x30m resolution for the
satellite over pass time. Once the instantanedus&s generated, it was extrapolated to the
daily ET value and seasonal accumulated ET valsagyuhe evaporative fraction and the

Penman Monteith reference evapotranspiration.

The daily Penman-Monteith reference evapotranspiratET, which calculated from
meteorological data of the basin was found as 48day. The actual evapotranspiration of
the basin computed using SEBAL model ranges fram £3 mm/day that observed on bare
lands and water bodies of the basin, respectivigig. large portion of the basin has the range
of evapotranspiration between 1.3 to 2.3 mm/daychitovered by agricultural crops and
grasslands. The woody savanna grass lands haval astapotranspiration of 2.4 to 2.8
mm/day and the maximum amount of daily actual etrapspiration was measured on forest
lands and water bodies of the basin which is al®@tto 4.3 mm/day. The dry season

evapotranspiration of the basin also measured leet®6 to 439 mm depth of water.

The spatial distribution of evapotranspirationetated to the distribution of vegetation in the
basin. The eastern and western parts of the basow slower evapotranspiration

corresponding to their little or no vegetation aowdowever, the (southern) downstream of
the Lake has relatively higher evapotranspiratioa t its relatively dense vegetation cover.
Finally, the daily SEBAL ET was compared to the ian Monteith daily reference ET and
the linear regression analysis shows that daily &Tthe SEBAL model has a strong

relationship with Penman-Monteith reference evapwpiration of the study area.
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5.2. Recommendations

Remote Sensing approach can provide more effieisdteconomically feasible outputs with
relatively high spatial and temporal resolutionrtip@int measurements for evaluation of both
surface and atmospheric processes including exapsgiration. Based on the present study,
the following important recommendations are made the future researches those will
conduct in the study area:

+ Additional researches are essential with the itgn of two or more surface energy
balance models and some ground based models lidetilktion method, eddy
covariacne method and Bown ratio methods to magkarate estimation of the basin
evapotranspiration.

+ The evapotranspiration of the basin should be estidhbased on long time series
meteorological and remote sensing data.

+ The basin evapotranspiration should be estimatied tnsgh resolution satellite imges
of such as SPOT, IKONOS etc.
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Appendix

Coordinate System: Projected, UTM , Zone 37N

Datum: WGS 1984

Table 1. Sample GPS points in the Tana Basin

No. Longitude (m) Latitude (m) Land Use Type
1 333518 1376456 Cultivated land
2 336831 1376836 forest land
3 333904 1376841 Cultivated land
4 334262 1377571 Cultivated land
5 334459 1378136 Bare land
6 334633 1378683 Bare land
7 335385 1378695 Cultivated land
8 333416 1381049 Cultivated land
9 330895 1391887 forest land
10 330881 1391917 forest land
11 330969 1392154 forest land
12 332852 1393279 Gonder town
13 333979 1394918 Gonder town
14 348130 1324859 Plantation
15 348051 1325022 Plantation
16 348061 1325133 Plantation
17 348235 1325737 Cultivated
18 349076 1325800 Bare land
19 348877 1325939 Bare land
20 342690 1302454 Hamusit
21 347978 1360093 forest land

22 348076 1360557 forest land

23 347992 1361332 forest land

24 346722 1362906 Cultivated land

25 345823 1363783 Cultivated land
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