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Abstract

Evaporation is the major component of the water and energy budget of the water bodies. The
Evaporation process needs special attention for a better allocation and management of water
resources. The main objective of this study was to compare evaporation estimates based on
conventional and Remote Sensing approach. Different methods have been developed and
implemented to estimate total evaporation, including meteorological ground-based point data,
field measurements and spatially explicit remotely sensed data. Surface Energy Balance System
(SEBS) was employed to estimate the Lake Hawassa evaporation and other energy balance
components. The SEBS results were compared with meteorological methods results (Debruine-
Keigeman, BREB method, and Penman), using Pan Evaporation as a reference. Nash-Sutcliffe,
efficiency coefficient (E), Wilmott’s index (dr) for evaporation estimates, and Root Mean Square
Deviation (RMSD) were used as a statistical performance measures for energy balance
component estimates. The SEBS results indicate that the Lake Hawassa average evaporation
estimate is 1.16 mm/day in September and 5.2 mm/day in February. Using Pan Evaporation
measurements as a tool; evaporation estimates of SEBS perform better than any other
metrological method, with Nash-Sutcliffe, efficiency coefficient (E) = 0.48 and Wilmott’s index
(dr) = 0.48 as well. Penman and BREB methods perform poor in evaporation estimation from
Lake Hawassa. SEBS heat fluxes RMSD from the meteorological based estimation were
15.01W/m? for Net Radiation (Ry), 13.7 W/m? for Stored Heat Flux (Go) and 11.54 W/m? for
Sensible Heat Flux (H). Generally it was concluded that the SEBS remote sensing algorithm is

applicable for evaporation and other energy balance components estimation on Lake Hawassa.

Key Words; Evaporation, Lake Hawassa, Remote Sensing, Pan Evaporation, Heat Fluxes
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1 Introduction

1.1 Background

Our planet earth comprises over 70% of water bodies of its capacity, but only small amount is
considered to be fresh. It has been suggested by scholars that, managing such a scarce resource is
the key for survival of human being. Surface water bodies include oceans, lakes, dam, and large
rivers and in developing countries lakes contain the most accessible water available for human
consumption and ecosystems. These water bodies attribute to 0.27 % of global fresh water and
0.008% of the earth water budget (Chow, et.al, 1988). Lakes and dams are the main sources for
urban water supply, irrigated agriculture and hydropower but evaporation loss from these surface

waters is not properly accounted for.

Ethiopia ‘the water tower of East Africa’ has been ranked among the first ones in fresh water
resources worldwide. The country’s annual renewable fresh water resources amount to some 122
BCMl/yr in the twelve river basins, and Ethiopian Rift Valley Basin is among these basins
(ETCOLD, 2014). Lake Hawassa, which situated in southern part of the country, is among fresh
water resources (Belete, 2013; Gebreegziabher, 2004). The lake is a part of Ethiopian rift valley
basin and it is considered the livelihood of millions of people, directly and indirectly. Many
studies have been carried out on the lake regarding, its water level, amount, pollution status,
sedimentation, water balance, etc. Lake evaporation, which is considered to be the main lose
from water bodies, has been studied under different kinds of researches (e.g. Yibeltal et.al, 2015;
Brook and Deganovsky, 2008; Belete, 2013; Gebreegziabher, 2004).

Evaporation is one of the major components of the water budget of open water bodies and also
one of the main components of energy budget of open water bodies. Because of the variability of
region and seasons, water resources managers who are responsible for planning and adjudicating
the distribution of water resources need to have a thorough understanding of the Water loses and
knowledge about the spatial and temporal rates of evapotranspiration or evaporation Process
Duan, (2014).

The advancement of evaporation estimation techniques, now a days is unguestionably

appreciable at a global scale. Application of remote sensing in hydrology is playing the key role
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in evaporation estimation process. Many studies have been carried out regarding finding out the
best estimation method for a certain area. The best estimation method is the one which correlated
reasonably with the direct field measurement data. However, many study areas in the world have
only the traditional evaporation estimation tool as a direct measurement device (e.g. Pan
Evaporation). Application of more advanced evaporation estimation system (e.g. Eddy
Covariance and Bowen Ratio), require strong finance and more sophisticated technical ability to
install, operate and maintain the overall instrumentation (Duan, and Bastiaanssen, 2015). Even
though the cost and technical aspect remain a constraint for the advanced direct measurements,
they have been used as a validating tool for application of remote sensing for evapotranspiration
and open water evaporation. As the validation results reveal, application of remote sensing for
open water evaporation estimation is promising. In Ethiopia Abraham (2009) makes use of
satellite images to determine evaporation and driving variables from Lake Tana, and validated
the results with the advanced ground based estimates. This study is aiming at comparing the

conventional versus remote sensing based evaporation estimation of Lake Hawassa.

1.2 Statement of the Problem

Attaining improved management of planet’s fresh water can’t be realized without monitoring the
Earth’s water vapor cycle. Evaporation is an important component of the water and energy
balance of lakes and reservoirs. Duan, (2014) also pointed out that this component is
considered as a consumptive use of water for the services (i.e. domestic, industrial, irrigation,
hydropower, wetlands, recreational, and environmental water use sectors, among others,) that
this water provides. Brutsaert, (1982), indicated that the annual evaporation from entire Earth’s
land surfaces accounts approximately 65% of annual precipitation. It is clear that this percent of
value would increase on open water sources. Even though determining evaporation from open
water sources is crucial, it is costly and difficult to install or implement direct measurements. To
compensate the gap, lake evaporation needs to be computed using indirect methods, such as the
water balance methods, mass transfer methods and energy balance methods (Finch and Hall,
2001). Most of previous studies on the lake regarding evaporation estimation were conducted on
the basis of pan-evaporation time series data and meteorological data based model (e.g. Lemlem,

2007; Gebreegziabher, 2004). Only few studies were used Remote Sensing as a tool (e.g.



Yibeltal et.al, 2015). The previous application of remote sensing on Lake Hawassa is based on

SEBAL algorithm, which is considered to be poor in application for homogeneous areas.

Assefa et.al, (2009) used Land sat imageries of the 1986 and 2000 to estimate monthly Lake ET
and comparing the estimate with the Simple Abtew Method (i.e. which is developed and named
by Wossenu Abetew) and Penman Methods. In the analysis it has been proved that, Remote
Sensing and surface energy balance approach was promising on large scale applications to
understand the spatial variation of the latent heat flux. After all, it is clear that, Remote Sensing
and Surface Energy Balance approach has the power to assess the reliability of the ground based
data if any exists. Ground based estimates have uncertainties and do not have a capability to be
used in large scale area of interest (Evans, 2009). The uncertainties are resulted on the cause that,
the estimates are based on extrapolation of point measurements. Additionally, evaporation
estimation is crucial due to the fact that lake evaporation facilitates disappearance of lakes after

in-lake sedimentation, therefore more emphasis should be given to lake evaporation.
1.3 Objective

Main objective of this study is to compare the remote sensing approach with conventional
method for the estimation of evaporation on Lake Hawassa.

Specific objectives of the study are:

e To compute the rate of evaporation from Lake Hawassa with the surface energy balance
application.

e To estimate the other energy balance components, net radiation flux (Rn), heat storage
flux (G), and sensible heat flux (H) with the aid of remote sensing application.

e To generate maps showing spatial and temporal variation of evaporation and the other
energy balance components on Lake Hawassa.

e To compare the remote sensing application results with conventional methods (i.e.
Penman, De bruin-Keijman, Pan Evaporation, Bowen Ratio Energy Balance (BREB) and

other empirical methods.



1.4 Research Questions

1. How does remote sensing approach perform to estimate evaporation from Lake Hawassa
compared with conventional methods?

2. Can remote sensing approach estimate evaporation from Lake Hawassa reasonably?

3. Can remote sensing approach give reasonable estimates of other energy balance
components on Lake Hawassa?

4. How does look like the spatial and temporal maps of the evaporation and other energy

balance components on Lake Hawassa?



2 Literature Review

2.1 Evaporation Process from Open Water Bodies

Total evaporation is defined as a summation of evaporation from different surfaces, including
interception (1), transpiration (T), surface evaporation (Es) and open water bodies (Eo) (Savenije
,2004). Evaporation is the slow transformation from the liquid to the gaseous phase below the
boiling point. Boiling differs from evaporation in that; during boiling, vapor is formed on the
surface and inside the liquid, then vapor bubbles go upward. Evaporation come about at different
temperature at different rates, but boiling takes place only at the temperature at which the
pressure of the saturated vapor in the liquid and atmospheric pressure attain the same value
(Vuglinsky, 2002).

Evaporation forms a major segment of the hydrologic cycle combined with precipitation; it links
the earth’s major water bodies (ocean-atmosphere-mainland). Evaporation occurs during each
stage of the hydrologic cycle. It even occurs during precipitation, before the rain reaches the
earth. A portion of the rain is intercepted by vegetation (predominantly by leaves) and
evaporated directly back into the atmosphere (Interception). A portion of the water infiltrated
into the ground is absorbed by plant roots and eventually discharged back into the atmosphere
(transpiration). Another share of water evaporates from soil and open water bodies (evaporation).
The combined total loss from the drainage basin is termed evapotranspiration. The term free
water evaporation (ETo), is used for evaporation from open/free water surface (lakes, reservoirs,
river channels) (Xu et.al, 2006).

Evaporation is characterized by three interconnected phases: evaporation of molecules from the
evaporating surface; migration of some molecules to the evaporating surface; diffusion of the
remaining molecules into the surrounding space. Molecules in the inner water layers move
irregularly in any direction, because they are affected by the attraction of the surrounding
molecules, which is similar on average. Meanwhile molecules in the surface water layer are
affected by less attraction of the air molecules than the molecular attraction in the inner water

layers due to the lower concentration of the air molecules. The rates of molecular motion are



different; those molecules which reach the evaporating surface at high speeds and at big angles,
overcome the attraction of other water molecules and, when separating from the evaporating

surface, they escape into vapor (Vuglinsky, 2002).
2.2 Factors Affecting Evaporation Rates from Fresh Water Bodies

There are a number of factors that can affect the evaporation rates, notably the climate (Solar
Radiation, Temperature, Wind Velocity, Relative Humidity, and Atmospheric Pressure) and
physiography (mainly Heat Storage Capacity and Albedo)of the water body and its surroundings
(Harbeck, 1962). The rate of evaporation is, however, fundamentally controlled by the available
energy and the ease with which water vapor diffuses into the atmosphere. In addition, the water
has the potential to transport stored heat within the water body itself and into and out of it
(Brutsaert, 1982).

For sustainability of the evaporation process from open water bodies, there are three main
influencing factors; supply of energy to provide latent heat of vaporization, ability to transport
the vapor away from the water surface, and continuous supply of moisture at water surface
(Brutsaert, 1982). Sources of heat include solar (short-wave) radiation, thermal (long-wave)
radiation and inflows of water into the body of water (advection). Thus, evaporation is the
difference between two rates, a vaporization rate determined by the temperature of the water,
and a condensation rate determined by vapor pressure (Finch and Hall, 2001).

Turbulence and convection facilitates evaporation process, by combining the air near the water
surface with the air above the water surface. Higher magnitude of wind resulted in vigorous and
effective turbulent mixing. The difference between the temperatures of the surface and

overlaying air is directly proportional to convective mixing process (Finch and Hall, 2001).
2.2.1 Solar Radiation

Incoming solar radiation is the dominant source of heat and affects evaporation amounts over the
surface of the earth based on latitude and season. This source of energy for evaporation at the

Earth's surface is solar radiation and is governed by the following laws and factors:



Three basic laws govern radiation and complete descriptions of these laws are beyond the scope

of this study but are summarized as follows (Bras, 1990):

» Kirchoff's Law which states that at thermal equilibrium the amount of radiation absorbed by the
atmosphere at a particular wavelength is equal to the amount of radiation emitted at the same

wavelength.

* Planck's Law which states that the intensity emitted from a black body changes at 14 different

wavelengths and temperatures.

* The Stefan-Boltzmann Law which states that the radiation of a black body is proportional to the

fourth power of the absolute temperature (degrees Kelvin) of the body.
Atmospheric Effects on Solar Radiation

Radiation comes directly from the Sun or indirectly from the surrounding atmosphere. The rate
at which solar radiation reaches the upper limits of the earth's atmosphere on a surface normal to
the incident radiation at the earth's mean distance from the sun is known as the solar constant and
is 1353 W/m? (Igbal, 1983). The solar constant, sun's altitude, latitude, season, time of day and
atmospheric conditions determine the amount of solar radiation reaching the earth's surface. The
sun transmits light and other radiation at different wavelengths, but only a fraction of this energy
reaches the Earth's surface. Approximately half of the total energy emitted by the sun is in the
visible light range, with wavelengths ranging from 0.4 to 0.7pum and the rest reaches the earth as
ultraviolet or infrared wavelengths from 0.15 to 4.0um. The maximum rate of the sun's emission

occurs at 0.5um wavelength in the visible light range and is 10,500 KW/m? (Bras, 1990).

As solar radiation passes through the atmosphere there is a loss of energy known as attenuation
and is a function of three (3) main components: scattering, absorption and reflection. About 9%
of incoming radiation is scattered back into space through collisions with molecules of air or
water vapor. Another 16%is also scattered, but reaches the Earth as diffuse radiation giving the
sky a blue appearance. Approximately 15%of solar radiation is absorbed by the gases of the
atmosphere, particularly by the ozone, water vapor and carbon dioxide. On average, 33%of solar
radiation is reflected from clouds and the ground back into space. The amount depends on the
albedo or reflectivity of the surfaces.



Thus, as a result of the various atmospheric losses, approximately 43% of solar radiation reaches
and heats the earth's surface (Igbal, 1983). However, the earth itself radiates energy in the long-
wave range and this long-wave radiation is readily absorbed by the atmosphere. The net radiation
may then be determined from the incoming and reflected short-wave radiation plus the incoming,

reflected and radiated long-wave radiation.
2.2.2 Latent Heat of VVaporization

The energy required to convert liquid water into gaseous water vapor at the same temperature is
known as the latent heat of vaporization (Bedient et.al, 1992). This latent heat is the amount of
heat absorbed by a unit mass of a substance, with no change in temperature, while passing from
the liquid to the vapor state. For continuous occurrence of evaporation, a latent heat of
vaporization must be available and a vapor pressure deficit between the air and surface water
must exist. The difference between the vapor pressure of the liquid and the pressure of

the atmosphere decides how much water evaporated.
2.2.3 Temperature

Evaporation from lakes can be enhanced when cold air overlays a warm water surface. As a
result, temperature of both air and the evaporating water surface is important in determining the
amount of surface water evaporation. Temperature is dependent on the sun, latitude, and season,
time of day, cloud cover and wind speed and is a measure of the thermal energy that a body
possesses. As air temperature increases, the amount of water vapor it can hold increases and the
surface water temperature also increases. This increase in surface water temperature causes the
kinetic energy of water molecules to become more active and more readily transformed into the
vaporized state. For this reason, the warmer the water, the greater the evaporation rate be (kettle
et. al 2004).

2.2.4 Vapor Pressure Deficit and Relative Humidity

The rate of evaporation is also affected by the vapor pressure of the water vapor in the air which
indicates the amount of additional water vapor the air can absorb if the vapor pressure is less
than the maximum or saturated value. This additional amount of water vapor that the air can hold

at the temperature before becoming saturated is known as the vapor pressure or saturation deficit
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(VPD) and, according to Dalton's Law, the greater this deficit the greater the rate of evaporation
and vice-versa. This deficit varies with height above the water surface and is the difference
between the saturation vapor pressure at air temperature, Ta, and the vapor pressure represented
by the saturation vapor pressure at the dew point temperature, Td. Dew point temperature, Td' is
the temperature at which a mass of unsaturated air becomes saturated when cooled, with constant
pressure. Corresponding saturation vapor pressure, es' represents the amount of water vapor or
moisture in the air. Therefore, the higher the dew point temperature, the higher the moisture
content is for air at a given temperature. Relative humidity is a useful tool in determining the
vapor pressure of the air and can be expressed as the ratio of the vapor pressure to the saturated

vapor pressure (Bedient et.al, 1992).
2.2.5 Wind Speed

Wind speed at the water surface is another important factor in evaporation because; the wind
above the water body determines the movement of water molecules from the water surface into
the air. As water evaporates, the air above the evaporating surface gradually becomes more
humid until it become saturated and is unable to hold more vapors. However, when the air is
moving, the amount of evaporation increases as air with lower moisture content replaces the
saturated air mass. For low wind speeds, less water will evaporate because of the relatively
higher vapor content of the overlying air mass while strong wind speeds cause waves and
turbulence at the water surface which causes an increase in surface area and an increase in
evaporation. Wind speed varies with the height above the water surface is the wind speed

(meters/sec) at the height (meters) of the anemometer (McCuen, 1989).
2.2.6 Atmospheric Pressure

Atmospheric pressure can be defined as the downward force on a unit horizontal area resulting
from the action of gravity on the mass of air vertically above (Singh, 1992). Evaporation is
higher at lower atmospheric pressures than at higher atmospheric pressures because there are
fewer air molecules for escaping water molecules to collide with even though air temperature is
decreased. Thus, evaporation is higher at higher altitudes as atmospheric pressure decreases with
altitude.



2.2.7 Albedo

‘Albedo’ is Latin, meaning whiteness. The albedo of a surface is the fraction of the incident
sunlight that the surface reflects. Radiation that is not reflected is absorbed by the surface. The
absorbed energy raises the surface temperature, evaporates water, melts and sublimates snow and
ice, and energizes the turbulent heat exchange between the surface and the lowest layer of the
atmosphere. The surface albedo is a key ingredient in the remote sensing of surface and
atmospheric properties from space. The spectral and angular dependence of reflected sunlight is
used to infer surface properties such as the extent and nature of vegetation cover. It must also be
allowed for when determining atmospheric composition such as the amount, size, and optical

properties of haze particles (McCormick and Meadows, 1988).

Over continents, the largest component of the reflected sunlight under cloud-free conditions is
due to reflection by the surface. Consequently, the determination of atmospheric composition
from reflected sunlight requires accurate knowledge of the contribution made by the reflecting
surface. Different surfaces have different albedo values. Oceans, lakes, and forests reflect
relatively small fractions of the incident sunlight and have low albedo values. Snow, sea ice, and
deserts reflect relatively large fractions of the incident sunlight and have large albedo values. An
albedo is not an intrinsic property of a surface. Instead, for any surface, the albedo depends on
the spectral and angular distributions of the incident light, which in turn are governed by

atmospheric composition and the direction of the beam of light from the sun (Cogley, 1979).

There are a number of factors which affect the albedo, the solar angle, with water turbidity, wave
height and the ratio of diffuse to total solar radiation. The proportion of direct to diffuse solar
radiation matters because the albedo is a function of the elevation angle of the incoming solar
radiation: the values of albedo are relatively constant, at a low value, at elevation angles greater
than 37°. However as the elevation angle decreases below this value, the albedo of water
increases exponentially. Thus, on a cloudy day when the downward solar radiation is entirely
diffuse, the albedo of the lake, averaged over a day, will have a higher albedo than on a sunny

day when the direct downward solar radiation will be dominant (Finch and Calver, 2008).
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2.2.8 Heat Storage Change

The water heat storage change is often termed as water heat flux density at water-atmosphere
interface. It is not only controlled by conduction and solar radiation, but is also governed by all
heat convective flows inside the water body (Duan, and Bastiaanssen, 2015).

Seasonal variations in the evaporation rate can be significantly affected by the heat storage
capacity of the water body which is, to a large extent, determined by its depth. In higher
latitudes, where there is a strong seasonal variation in the sun’s elevation at noon, the increasing
incoming solar radiation serves to warm the water body during the colder seasons. During the
colder seasons, as the incoming solar radiation decreases, the water body cools as the stored
energy is released. The result is that the evaporation rate can be de-coupled in time from the net
radiation. It is generally considered that the effect can be ignored for water bodies with a depth
less than 0.5 m. and that the effect reaches a maximum (i.e. the seasonal evaporation ceases to
change) once the depth increases beyond 4.5 m (because little of the incoming solar radiation
penetrates below this depth). The situation becomes more complex if a water body becomes
thermally stratified. Stratification occurs in large, deep water bodies (at mid and high latitudes)
and may accentuate the time lag between the net radiation and the evaporation rate. The
temperature dependence of the density of water is a key factor (the maximum density occurs at a
temperature of 40 C) (Finch and Calver, 2008).

A survey of water temperature profile is the common procedure to estimate the change in heat
storage in lakes. Although this procedure is considered the most accurate method to estimate the
change in heat stored in lakes, it is very costly and time and labor consuming. Moreover, the
accuracy of this method decreases rapidly for short periods. In the Lake Hefner, Oklahoma
studies, Anderson (1954) showed that with all the components measured with great care and
when the measurements periods were weeks or longer, accuracy of evaporation estimates
approached £5%. In another study, the accuracy of evaporation estimates was determined to

approach +10% at Lake Mead, Nevada for biweekly measurement periods (Koberg, 1958).

Many researchers tried to evaluate the impact of using fewer measurement sites in the accuracy
of lake heat storage estimation. Rosenberry et.al, (2007) reported only a 2% deviation from

evaporation best estimates, when using one location rather than 16 locations to estimate lake heat
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storage, from William Lake (maximum depth is 9.8 m), Minnesota. Similar results were
concluded during the Lake Hefner (average depth is about 10m) studies (Anderson, 1954; Crow
and Hottman, 1973).

2.3 Open Water Evaporation Estimation Methods

Different methods have been developed and put into practice to estimate total evaporation,
including meteorological ground-based point data, field measurements and spatially explicit
remotely sensed data. Total evaporation is estimated either directly, when it is measured by an
instrument, or indirectly, when it is derived by means of its relationship with other parameters, as
well as using reference total evaporation (Rana and Katerji, 2000). Depending on data
availability and the purpose of estimating total evaporation, different methods can be used.
Nevertheless, some methods are more appropriate than others in terms of accuracy, availability
and cost, while others are suitable for a particular given space and time-scale. Direct
measurements of total evaporation are rarely available and estimates are often derived from

reference evaporation estimates (Chen et.al, 2005; Sumner and Jacobs, 2005).
2.3.1 Meteorological Methods

Meteorological methods are based on a point measurement of meteorological conditions to
estimate reference evaporation, which can be used to derive total evaporation (Sumner and
Jacobs, 2005). Reference evaporation is defined by Chen et.al, (2005) as the atmospheric
demand for water from vegetation and soil, without the influence of vegetation characteristics or
soil management. McMahon et.al, (2012) define reference evaporation as the loss of water from
a prescribed reference surface, where water is abundantly available and soil factors have no
effect. It includes evaporation from vegetated surfaces, such as grass or alfalfa, and
measurements from free water, such as an evaporation pan or the British standard tank (S- tank).
Therefore, the potential evaporation from a grassed surface, pan or tank provides a reference for

the estimation of total evaporation for other surfaces.
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Table 2.1:Summary of the Data Requirements by Different Meteorological-based Methods

Method

Reference

Meteorological variables

required

Empirical Group

Blaney- Criddle

(1962)

(Fooladmand, 2011 ; Lee et.al,
2004)

Daily temperature, wind speed,
relative humidity, sunshine hours

Hargreaves (1956)

(Lu et.al, 2005)

Daily temperature, radiation.
Latitude, day of the year

(Maeda et.al, 2011; Pereira and

Mean daily temperature Daytime

Thornthwaite (1948) | Pruitt, 2004) length, latitude

Mean daily temperature,
Makkink (1957) (Lu et.al, 2005) radiation
Dalton/Mass Transfer Group

Mean monthly wind speed,
Mayer (1942) (Safavi, 2009) relative humidity

Mean monthly wind speed,
Rohver (1931) (Dingman, 2008) relative humidity, air pressure

Energy Balance Group

Priestley—Taylor
(1972)

(Mosner and Aulenbach, 2003;
Rasmussen et.al, 1995)

Mean daily temperature,
radiation, calibration constant

Debruin-Keijman
(1979)

(Winter, et.al, 1995; Mosner and
Aulenbach, 2003)

Mean daily temperature,
radiation, calibration constant

Combination (Mass Transfer and Energy Balance) Group

Penman (1948)

(Penman, 1948;  Mosner and
Aulenbach, 2003; Rosenberry et.
al, 2007)

Daily temperature, radiation,
wind speed, atmospheric
pressure, relative humidity
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Winter et.al, (1995) compared eleven well-known methods with the energy budget method over
Williams Lake, and proposed a ranking based on performance from best to worst. They ranked
these methods as Penman, DeBruin-Keijman, Makkink, first to third. Rosenberry et.al, (2007)
evaluated 15 methods in comparison with the energy budget method. Rasmussen et.al, (1995)
compared seven methods used in lake temperature modeling. Four methods of Priestley-Taylor,
deBruin-Keijman, Papadakis and Penman were compared with energy budget method by Mosner
and Aulenbach (2003) and, the Priestley-Taylor method results performed the best among the
four methods.

Several studies were carried out in order to compare and assess evapotranspiration methods for
land surfaces or estimate of required parameters in limited data conditions around the world. On
the contrary, a few studies have been conducted to find the most appropriate methods to estimate
lake evaporation in the conditions that long term data required are not available. Therefore, there
is no clear consensus on which methods are better to employ when lacking important long term
measured data such as temperature profile, radiation and heat fluxes as is the case in Lake

Hawassa.

Although meteorological-based methods have been used, literature shows that they have
limitations in mapping the spatial variations of total evaporation. It has been noted that these
methods are based on meteorological stations, which are unevenly distributed spatially (Lee et.al,
2004; Maeda et.al, 2011) and reference evaporation is derived from the interpolation of point-
based estimates. Interpolation introduces errors, especially in areas characterized by varying

climatic conditions and land cover types (Gibson et. al, 2013).

Total evaporation can also be estimated using micro-meteorological techniques (see Table 2.2).
All the methods are used to derive total evaporation directly, except for the A-pan or British
Standard tank (S-tank), which estimate reference evaporation and use coefficients to derive total
evaporation (Chen et.al, 2005). Brutsaert (2013) highlights that total evaporation from the
surrounding area is proportional to the measured pan evaporation, using pan coefficients which
vary, due to spatial variations of vegetation characteristics, as well as the environmental

conditions (Brutsaert, 2013; Chen et.al, 2005). Micro-meteorological methods have been applied
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across the globe for various land cover types, including agricultural fields and natural ecosystems

(Water Bodies, Forests, mountains etc), with useful estimates.

Table 2.2: Summary of micro-meteorological methods to estimate total evaporation

Method

Application

Reference

A-pan / S-tank

Estimates reference evaporation and
then total evaporation is estimated using

pan coefficients

(Brutsaert ,2013;McMahon et.al,
,2012)

Bowen ratio

Estimates total evaporation at a point

(Elsawwaf and Willems, 2012;
Hicks and Hess, 1977)

Eddy covariance

Estimates total evaporation at a point

(Mengistu and Savage ,2010;
Abraham 2009)

Scintillometer

Estimates total evaporation along a

transect

(McJannet et.al, 2011;
Hemakumara et.al, 2003)

Surface renewal

Estimates total evaporation at a point

(Spano et.al, 2000; Mengistu and
Savage , 2010)

Micro-meteorological techniques have limitations in estimating total evaporation (Jarmain et.al,

2009). With the exception of scintillometry, micro-meteorological methods are not representative

of the spatial variability of total evaporation within the landscape, because their estimates are

based on point measurements (Gibson et.al, 2013; Jarmain et.al, 2009). On the other hand,

scintillometry estimates total evaporation as the average of the fluxes along a defined transect

(Meijninger and de Bruin, 2000), which allows the detection of ground-based areal total

evaporation variations for a defined path, usually not more than ten kilometers (Hoedjes et.al,
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2007). According to Meijninger and de Bruin (2000), scintillometry is a reliable method and an
intermediate scale of measurement between ground-based point measurements and the spatial
estimates from remotely-sensed data. It has a better spatial representation of total evaporation,
when compared to point-based methods. Scintillometry has been successfully applied in open
water bodies and landscapes with mixed land cover types (McJannet et.al, 2011; Hemkumara
et.al, 2003). The method has also been used to validate remote sensing-based total evaporation
estimates (Bastiaanssen, 2000). Although scintillometry has been widely-used, Hoedjes et.al,
(2007) highlighted that it is more applicable in homogenous areas, such as agricultural fields and

large open water bodies.

In conclusion, the use of point-based and micro-meteorological methods in estimating the spatial
variations of total evaporation remains a challenge. Remote sensing is gaining acceptability in
the spatial mapping and monitoring of natural resources at different spatial scales.

2.3.2 Remote Sensing Algorithms

Remotely sensed data has been used as an input for different field of studies, and it has been
widely applied in estimation of evapotranspiration and evaporation for open water bodies, wet
lands and lands. The advent and advancement in remote sensing enables the spatial monitoring
of total evaporation over large areas. The increased availability and advancement of satellite data
products provides an opportunity to monitor variations of total evaporation at different spatial
and temporal scales (Ruhoff et.al, 2012) and allows the monitoring of inaccessible areas (Li et.al,
2009). In addition, Gibson et.al, (2013) highlight that remote sensing technology holds great
promise for the long-term monitoring of water resources on a relatively large scale and in a cost

effective manner.

Methods based on the use of remote sensing data are therefore well-suited for the spatial
variations of total evaporation over time. The methods include the use of vegetation indices and
the energy balance models, such as the Surface Energy Balance Index (SEBI), the Simplified
Surface Energy Balance Index (S-SEBI), the Surface Energy Balance System (SEBS), the
Surface Energy Balance Algorithm for Land (SEBAL) and Mapping Evapo-Transpiration at
High Resolution with Internalized Calibration (METRIC). Energy balance models are based on

the energy balance approach, since total evaporation requires energy in order to occur.
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Table 2.3: Different Remote Sensing Evapotranspiration Algorithms

Input
Algorithms | Parameters Merits Demerits
<T>pbl, hpbl, v, | Relating the effects of Ts and ra Requires ground based
SEBI Ts,Rn, G directly on LE Measurement
Uncertainty in SEBS from Ts and
meteorological parameters can
partially be solved; Roughness height | Requires too many
for heat transfer is computed parameters; Relatively
Tar, ha, Vv, Ts, | explicitly instead of using fixed complex derivation of
SEBS Rn, G values turbulent heat fluxes
Ground based measurements are not | Extreme temperatures are
S-SEBI Ts, as, Rn, G required location specific
Requires minimum Ground based Applied over plain
measurements; Equipped with surfaces; Possesses
automatic internal calibration; Exact | uncertainties in the
v, ha,Ts, VI, Rn, | atmospheric corrections are not determination of anchor
SEBAL G required pixels
Possesses uncertainties in
Similar to SEBAL, but surface slope and | the determination of anchor
METRIC v, hy, T, VI, R, G [ aspect can be considered pixels
(1) Includes the view geometry; (2) (1) Many ground
v, ha, Ts, VI, Rn, | Eliminates the need of empirical measurements and
TSM G corrections for the “excess resistance” components are needed

2.3.2.1 Surface Energy Balance Index

According to van den Hurk (2001), SEBI is a modified Crop Water Stress Index (CWSI). The
SEBI model computes total evaporation by combining remotely sensed inputs and
meteorological data. SEBI derives total evaporation and the evaporative fraction, based on land
surface dry and wet limits, which are characterized by maximum surface temperature, with low
or no evaporation, and minimum surface temperature, with high or maximum evaporation,
respectively (Li et.al, 2009). In the SEBI model, the evaporative fraction is estimated from
minimum and maximum surface temperatures and from the aerodynamic roughness length or
roughness height of heat transfer, to derive latent heat flux (Li et.al, 2009). However, van den

Hurk (2001) highlighted that the SEBI roughness height is poorly computed for estimating total
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evaporation; hence the SEBI model needs further testing and verification against ground-based
estimates under various bio-physical and climatic regions. Menent et.al, (2003) has demonstrated
the applicability of the SEBI model in France, Spain, Italy, China and the United States of
America. Their results agreed well with estimates derived from the ground-based scintillometer
(Menenti et.al, 2003). Roerinket et.al, (2000) highlighted that total evaporation can be accurately
estimated in wet or humid areas (e.g. England) and in extremely dry areas, such as the Sahara

Desert, using the SEBI model, where the S-SEBI is inapplicable.
2.3.2.2 Simplified Surface Energy Balance Index

The S-SEBI model estimates instantaneous evaporation, using surface temperature, albedo and
NDVI derived from remote sensing (Roerink et.al, 2000). The major strength of S-SEBI is,
simple, does not need additional meteorological data, which is ideal in inaccessible areas, nor
does it need the vegetation height for heat transfer, like SEBS. The model computes total
evaporation and the evaporative fraction, by assuming a constant atmospheric forcing (i.e.
constant global radiation and air temperature). Under constant atmospheric forcing, surface

temperature is correlated with surface reflectance.

To date, a number of international studies have estimated total evaporation, using the S-SEBI
method (Boronina and Ramillien, 2008; Roerink et.al, 2000; Sobrino et.al, 2007). In the Alpilles
Province of France, Gomez et.al, (2005) estimated the total evaporation from agricultural fields
(i.e. corn, maize, wheat and alfalfa) and the results were validated, using ground-based Bowen
ratio estimates. Their results show that the derived S-SEBI total evaporation estimates were in
agreement with the crop development stages in the fields and also close to ground-based Bowen
ratio estimates. In addition, Sobrino et.al, (2007) estimated the total evaporation in the Iberian
Peninsula, using S-SEBI (derived from AVHRR images) for different land cover types, namely,
rice fields, olive trees, vineyard, forests and non-irrigated agricultural area. From the results,
estimated total evaporation coincided well with surface characteristics, where high estimates of
total evaporation were obtained from vegetated areas. The effect of incoming radiation and
seasonal variations on total evaporation was also indicated, where higher estimates were

obtained during summer and spring, while low estimates were obtained during the winter and
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autumn seasons. Boronina and Ramillien (2008), using AVHRR-derived S-SEBI, observed

similar seasonal patterns of total evaporation estimates over the Lake Chad Basin.

The major limitations of S-SEBI include its assumption of constant atmospheric forcing and its
requirement of extreme surface temperature values, which are not always available on every
remote sensing image (Roerink et.al, 2000; Sobrino et.al, 2007). Global radiation and air
temperature are not always constant, especially in mountainous areas. Moreover, unlike SEBI,
this model performs poorly in humid areas, as it prefers dry pixels, as well as in extremely dry
conditions, such as the Sahara Desert, and over larger continental areas, where atmospheric
conditions are not constant (Roerink et.al, 2000). S-SEBI yields low estimates, when using
coarse resolution images, due to mixed land cover spectral features in a single pixel. Further, the
selection of extreme temperatures, representing the dry and wet conditions of the area, are
derived by means of the image feature space (relationship between reflectance and surface
temperature), without the use of location specific conditions. This introduces errors and

uncertainties in the estimation of total evaporation.
2.3.2.3 Surface Energy Balance System for Land

SEBAL is a model, which was developed by Bastiaanssen et.al, (1998) for computing turbulent
fluxes or energy exchanges between land and the atmosphere using remote sensing data and
meteorological data. Remote sensing inputs include vegetation indices, albedo and surface
temperature, whereas meteorological inputs include temperature, wind speed, humidity and solar
radiation. A detailed explanation of how all the energy balance components are derived to
compute evaporation, using SEBAL is provided by Bastiaanssen et.al, (1998). In brief, SEBAL
uses the aerodynamic roughness length or roughness height of heat transfer (Li et.al, 2009) in
estimating latent heat flux. SEBAL has been widely-used internationally under varying climatic

conditions in agriculture and natural forests.

In Africa, Mutiga et.al, (2010) used SEBAL to estimate total evaporation for a catchment in
Kenya and their results showed that the model is effective in estimating the spatial variation of
total evaporation for water resources management. In South Africa, Kongo and Jewitt (2006)
used SEBAL-derived total evaporation estimates to examine the hydrological effects of rain

water harvesting within a catchment. Their results indicated that SEBAL underestimated sensible
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heat flux, when compared with measurements from eddy covariance. Hellegers et.al, (2009) used
SEBAL to estimate total evaporation for the Inkomati Catchment and their results showed the
variation of total evaporation between different vegetation types. They concluded that SEBAL,
when combined with biomass production and rainfall data, shows the spatial distribution of water
availability, consumption and surplus, based on different land cover types. Furthermore, Jarmain
et.al, (2009) also used SEBAL in estimating total evaporation from Landsat images over
different climatic regions and with varying land cover types, in the KwaZulu-Natal and Eastern
Cape provinces. They concluded that the SEBAL model agrees well with ground-based
measurements, especially with regard to net radiation. They further highlighted that SEBAL
agrees well with the other energy balance models (SEBS, METRIC and VITT), which were
used.

The algorithm has also been adopted for different total evaporation estimation from different
water bodies (lakes) around the world. Ahmed and Bastiaanssen (2000) adopted the SEBAL
technology in combination with remote sensing data to estimate evaporation for Lake Naivasha,
Kenya; they compared daily evaporation rate based on evaporative fraction method and the
surface energy balance approach with pan data based average evaporation estimation, for the
period of thirty years. Comparison between the two approaches to estimate evaporation showed
reasonable results. Mohamed Hassan (2013) also adopted the SEBAL technology in combination
with remote sensing data to estimate evaporation for Lake Nasser, Egypt. The study compared
daily evaporation rate based on evaporative fraction method and the surface energy balance
approach with different conventional evaporation estimation approaches. In the above studies,
daily estimation of evaporation was estimated using Landsat Thematic Mapper (TM) spectral
data. The Landsat TM based estimation was compared with the other methods estimated average
evaporation on the same date.

Even though SEBAL has been successfully applied, a further understanding of the model and the
impact of surface heterogeneity on heat fluxes at watershed or regional scales is required (Long
et.al, 2011). Despite its usefulness in understanding the spatial variations of total evaporation,
SEBAL has some drawbacks. Gibson et.al, (2013) state that the SEBAL model is protected by
intellectual property. SEBAL is also difficult to apply at large spatial scales (van den Hurk,
2001). In addition, if the SEBAL model is applied, its surface roughness parameter is poorly
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defined and its use of fixed temperature values for the dry and wet conditions of evaporation is
problematic (Li et.al, 2009).

2.3.2.4 Mapping Evapotranspiration at High Resolution with Internalized Calibration

The METRIC model (Allen et.al, 2007) was developed based on the SEBAL model and it
computes the spatial variations of total evaporation, based on remotely sensed data and reference
evaporation (Li et.al, 2009). The model also requires solar radiation, air temperature dew point
temperature and wind speed (Hankerson et.al, 2012). METRIC computes and shows the
estimated total evaporation as a fraction of the reference evaporation (Hankerson et.al, 2012)
independent of vegetation type. METRIC differs from SEBAL in its use of meteorological-based
reference evaporation and it also incorporates the soil moisture balance from meteorological-
based data, to determine wet and dry limits for estimating evaporative fraction. The METRIC
model has been widely-used in United States under varying climatic and land cover types for
various applications (Allen et.al, 2007). The model-based results also agreed well with ground-

based (lysimeter) measurements.

The METRIC model was also used in South Africa (Jarmain et.al, 2009) to estimate total
evaporation for different sites under varying climatic conditions. The results showed that
METRIC agreed well with other energy balance models, as well as with ground-based

measurements, especially with regard to the estimation of net radiation.

Although METRIC has been used extensively, much of its utility has been shown in the United
States (where the model was developed), with Landsat images, or images with similar spatial
resolution. Allen et.al, (2011) also highlighted that the disadvantage of the METRIC model is
that it requires trained experts or specialized personnel, high quality weather data and it relies
highly on the ability of the operator to select the appropriate cold and hot pixels for the accurate

estimation of total evaporation.
2.3.2.5 Surface Energy Balance System

The SEBS model, which was developed by, Su (2002), estimates heat fluxes, using remotely
sensed data (i.e. land surface temperature, albedo, emissivity, fractional vegetation cover, leaf
area index, NDVI) and meteorological data (i.e. temperature, humidity, wind speed and pressure)
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at a reference height. SEBS also requires solar radiation, which can be directly measured on the

ground or it can be modeled from remote sensing data (Su, 2002).

SEBS uses the Monin-Obukhov Similarity Theory (MOST) to estimate the sensible heat (H) and
latent heat (AE) fluxes. MOST relates surface fluxes to surface variables and variables in the
Atmospheric Surface Layer (ASL), a detailed explanation of which is given by Su (2002). Unlike
other energy balance models, SEBS computes the aerodynamic resistance of heat transfer more
explicitly, instead of using fixed values, like SEBI and SEBAL (Li et.al, 2009). Aerodynamic
resistance varies with environmental conditions for different surface types, hence it has an effect
on the estimation of heat fluxes, and subsequently, on total evaporation (Sugita and Kishii,
2002). Liu et.al, (2006) highlight the importance of aerodynamic resistance when estimating total
evaporation, using remotely sensed-based methods. SEBS is part of the open source freeware
Integrated Land and Water Information System (ILWIS) package available free of charge
(http://www.52north.org), unlike SEBAL, which is protected by intellectual property (Gibson
et.al, 2013).

SEBS has been used internationally to estimate total evaporation for different land cover types,
using different remote sensing sensors and yields reliable estimates. Su et.al, (2007) evaluated
the accuracy of total evaporation estimates from SEBS, using MODIS data, against ground-based
measurements in the grasslands of Netherlands and Germany, the croplands of the United States,
the rainforests of Brazil and the Canadian forests. Their results showed a close agreement
between SEBS-based estimates and ground-based measurements, as well as the feasibility of
using SEBS to estimate heat fluxes over inaccessible areas, where in-situ data are not readily
available. However, there were uncertainties, due to satellite spatial resolution in capturing the
spatial heterogeneity of the land cover types; hence, they recommended the use of medium
resolution Landsat imagery. This is also supported by Vinukollu et.al, (2011), who noted a
disparity between total evaporation estimates derived using remote sensing data and ground-
based measurements using eddy covariance system. They highlighted that the coarse spatial

resolution MODIS data did not capture the heterogeneity of the surface (Vinukollu et.al, 2011).

In the African context, Elhag et.al, (2011) used SEBS to estimate total evaporation for the Nile

Delta agricultural production zone of Egypt from Advanced Along-Track Scanning Radiometer
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(AATSR) images. SEBS showed a very high correlation, with ground-based measurements and
its applicability in estimating daily total evaporation over agricultural areas was demonstrated.
Rwasoka et.al, (2011) used SEBS to estimate the spatial variation of total evaporation of a
catchment in Zimbabwe, using MODIS data. The results showed that SEBS is a valuable model
for determining the spatial variations of total evaporation and for managing water resources.
However, Rwasoka et.al, (2011) concluded that there is also a need for further research to
determine the best approach for arid and semi-arid areas characterized by various land cover
types. Gibson et.al, (2013) highlight the applicability of SEBS in estimating total evaporation in
the heterogeneous catchment of the Piketberg region, in South Africa, based on MODIS data.
Their results show that SEBS is very sensitive to temperature gradient. Recently, Gibson et.al,
(2013) reviewed the estimation of total evaporation using SEBS and they concluded that the
model did not yield accurate daily evaporation results at the MODIS spatial resolution. They
recommended that any further research, using the SEBS model in South Africa, should be
limited to fully vegetated areas or agricultural areas, and should also consider the potential of
high resolution images. The SEBS model was also applied by Mengistu et.al, (2014) to provide
accurate estimates of total evaporation from agricultural fields in KwaZulu-Natal, South Africa.
These estimates were based on images from MODIS, Landsat 7 ETM+ and Landsat 8 satellites.
The results showed that Landsat provided better total evaporation estimates, when compared to

MODIS, possibly because of their spatial resolution (30 m, compared to 1000 m).

There are also a number of applications of SEBS algorithm over open water evaporation
estimation. Ahmed et.al (2016) has adopted SEBS algorithm to estimate evaporation from saline
and fresh water bodies (AquaSEBS). The study compares the AquaSEBS estimates with the in-
situ measurements and found a good agreement. Mohamed (2013) investigates the use of
remotely sensed imagery data MODIS L1B within Surface Energy Balance System (SEBS) to
estimate daily evaporation rates from Nasser Lake. The study compares the SEBS algorithm with
other seven conventional methods, and approves good correlation except with water budget and
Papadakis method. On Lake Mutirikwi, Zimbabwe, Chenyepe (2010) also makes use of MODIS
L1B within SEBS algorithm. The study, after comparing the SEBS results with the locally
available Pan Evaporation data, concludes that SEBS is an applicable method of estimating

spatial distribution of evaporation over open water bodies.
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In Ethiopia application of remote sensing for estimation of evaporation, is limited or only small
number of studies have been carried out regarding the issue. Fortunately, the country’s rift valley
is may be the most studied basin as far as evaporation is concerned. Ayenew, (2003) has studied
evapotranspiration from the Ethiopian rift and from adjacent highlands, applying satellite image.
Assefa et.al (2009) has also makes use of remote sensing data while comparing different models
for estimating evapotranspiration from three rift valley lakes. Yibeltal and Binyam (2015), make
use of this algorithm to estimate evaporation loss from Lake Hawassa, Ethiopia. Daily estimation
of evaporation was estimated using Moderate Resolution Imaging Spectro-radiometer (MODIS)

spectral data. They have stated that evaporation rate is highly coupled with sedimentation.

Abreham (2009) has carried out satellite based estimation of evaporation estimation on Lake
Tana, and he makes use of MODIS instrument. The study makes use of remote sensing as a tool
to show that the effect of spatial and temporal variability on monthly evaporation estimate. Duan,
(2014), assessed twenty two lakes of the world (Lake Tana was among these Lakes) using
remote sensing products. The study uses the new hysteresis model of its own to estimate main
surface energy balance equation component, and compares the estimated values with the
measured ones. Even though the first stage (i.e. acquiring the satellite image and preprocessing
to some extent) is the same for all remote sensing applications, there is slight to huge difference

in their interpretation or in their method of analysis (i.e. input parameters and assumptions).
2.4 Moderate Resolution Imaging Spectro-radiometer (MODIS)

The Moderate Resolution Imaging Spectro-radiometer (MODIS) is one of the research facility
instruments designed as part of NASA’s Earth Observing System (EOS) to provide long-term
global surveillance of the Earth’s land, ocean, and atmospheric properties (Asrar and Dokken,
1993). MODIS was built upon the occurrence of Advanced Very High Resolution Radiometer
(AVHRR) and the Landsat Thematic Mapper (TM). It was designed not only for providing
continual (high temporal resolution) global observations, but also as a new generation of sensor
with an increased combination of spectral, spatial, radiometric, and temporal resolutions. In
addition to improvement in sensor instrument, the MODIS mission also emphasized the
development of operational data processing algorithms to generate global remote sensing

spectral datasets and a variety of value added products spanning both the optical and biophysical
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domains. The motivation was to provide MODIS standard products to the general scientific

community to support both theoretical and applied applications.

Two MODIS instruments were initially scheduled for launch on the EOS-AM (EOS-Terra) and
EOS-PM (EOS-Aqua) Plat forms in June 1998 and December 2000, respectively (Running et.al,
1994). The actual launch dates were December 18, 1999 (EOS-Terra) and May 4, 2002 (EOS-
Aqua). Terra MODIS data have been available since February 2000. Both EOS-Terra and EOS-
Aqua are polar orbiting sun-synchronous platforms. The orbit height of EOS platforms are 705
km at the Equator. Terra’s equatorial crossing time (descending) is at 10:30am local time;
approximately 30 minutes later than the Landsat 7 satellite. Aqua crosses (ascending) the equator
at approximately 1:30 pm. Each MODIS instrument has a two-sided scan mirror that operates
perpendicular to the spacecraft track. The mirror scanning extends 55° at either side of nadir,
providing a nominal swath of 2330 km (whisk-broom). The wide swath allows the nearly global
coverage to be obtained by each instrument every 1-2 days. A total of 36 spectral bands were
carefully positioned across the 0.412—14.235 um spectral region. Among the 36 spectral bands,
the first two bands are located in the red (0.648 pm) and near-infrared (0.858 pum) with a spatial
resolution of 250 m. There are five additional bands (bands 3-7: 0.470 um, 0.555 pum, 1.240 um,
1.640 pm, and 2.13 um) with a spatial resolution of 500 m located in the visible to short-wave
infrared (SWIR) spectral regions. The remaining 29 spectral bands (bands 8-36) have 1000 m
spatial resolution, and are located in the middle and long-wave thermal infrared regions (TIR).
The MODIS instrument also has a 12-bit radiometric resolution with advanced onboard
calibration subsystem that ensures high calibration accuracy (Guenther et.al, 1998; Justice et.al,
1998). Table 2.5 provides the technical specifications of MODIS data set which have been
employed in this study; including primary use, band numbers, band widths, spectral radiance,
and spatial resolutions.

Muira, et.al, (2008) carried out comparative accuracy assessment between of ASTER and
MODIS standard products; and from the results it has been suggested that the performance of the
ASTER atmospheric correction algorithm was not as good as that of MODIS. MODIS data sets
have also been employed and evaluated for different hydrological (specifically evaporation)
applications and have showed a good performance (Yibeltal and Binyam, 2015; Mohamed, 2013;
Chenyepe, 2010; Aberham, 2009; Su, 2002).
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Table 2.4: MODIS Technical Specifications

. Spectral Spatial
Elirr]r?ber Primary Use zﬁ? Width 223?;2?' Rgdiaglce Rgsolu.tion
(W/m®-um) | at Nadir (m)
1| Land/Cloud 0.620-0.670 | Red 21.8 250
2 | Boundaries 0.841-0.876 | NIR 24.7
3 0.459-0.479 | Blue 35.3
4 0.545-0.565 | Green 29
5 | Land/Cloud 1.230-1.250 | NIR 54| 500
Properties
6 1.628-1.652 | SWIR 7.3
7 2.105-2.155 | SWIR 1
17 At her 0.89-0.920 | NIR 10
18 Wgt‘gf%aeg('ﬁ 0.931-0.941 | NIR 3.6
19 0.915-0.965 | NIR 15 1000
31 | Surface/Cloud 10.78-11.28 | LWIR 9.55
32 | Temperature 11.770-12.27 | LWIR 8.94

2.5 Evaporation on Lake Hawassa

Evaporation is typically computed as the residual loss from storage or estimated through the use
of a surrogate such as evaporation pan (Evans, 2009). And many studies which have been carried
out on Lake Hawassa prove the above statement. Gebreegziabher, (2004), while assessing water
balance of the lake, he estimated Evaporation as component using Penman (combination
approach) and Pan Evaporation. In the study, the values obtained using both methods were
presented in comparative manner and, it has been observed that, the two values gives almost the
same monthly value. But annual values for Penman (combination approach) and Pan
Evaporation were, 1375 mm year(132 Mm®) and 1567 mm year™(150.432 Mm®) respectively.
For the penman method he carried out sensitivity analysis and it has been found out that,
evaporation from the lake was more sensitive to shortwave radiation. It has been also stated by
the author that, 1% increase or decrease in evaporation could lead to 5¢cm increase or decrease in
lake level. Brook and Deganovsky, (2008), have assessed water balance and level regime of
Ethiopian lakes. And on their water balance result, long term average annual evaporation from
Lake Hawassa was found to be, 1440 mm (138.24 Mm?®). Which is exactly the same as the long

term average annual inflow value, and it was computed from the result that, evaporation accounts
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for almost 33 percent of the total water balance. Ayenew, (2004), makes use of ground water
models to determine water balance components and found out that, evaporation is the major
water balance component of the lake with the long term annual value of 132Mm?®. From the
study result it has been computed that, evaporation accounts for about 35 percent of total water
budget. Lemlem, (2007), has also estimated the mean annual potential evapotranspiration of the
lake catchment (i.e. not the water body itself) using pan evaporation data from the metrology,
and the result was found to be 1581mm (151.776 Mm?®). Shewangizaw, (2010), determined the
lake evaporation as 178.93 Mm?® per annum, which was greatest among other water balance

components.
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Figure 2.1:Monthly Average Pan Evaporation (2013-2017)

From figure 2.1 it can be observed that, March followed by April, January and February,
experiences the highest evaporation rate through the year. There is increasing evaporation trend
from January to March, and decreasing pattern from March to September, again the increasing
pattern continues from October to December. The lowest pan evaporation rate is observed at the

month of September.
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3 Materials and Methods

3.1 Description of the Study Area

3.1.1 Location and Topography

Lake Hawassa watershed is located in the Central Main Ethiopia Rift valley (MER) and lies
between latitude 6°48°45”-7°14’49”N, and longitude 38°16°347-38°43°26”E and the Lake
Hawassa lies between 6°59°0”-7°7°45”N, and longitude 38°24°0”-38°28°40”. The lake watershed
falls in two administrative regions, Oromia and Southern Nations Nationalities and Peoples
Region (SNNPR) and has a total area of 1407.23 Km? of which 112.78 Km? (around 8.1% of the
total area) is the Lake surface. Elevation of the area generally ranges from 1680m.a.s.l. to
2940m.a.s.l. comprising escarpments, ridges, plateau, undulating to rolling and dissected plains,

depressions, and swamps.

Lake Hawassa is a Closed-watershed Lake with no surface water outflow. It is located at about
275Km from the capital city Addis Ababa in SNNPR bordering the capital of the region
Hawassa in the west. It stretches 16 km NE-SW (the longest axis) and 6 km NW-SE (the shortest
axis) with a maximum depth of 21 meter at its NE part and decrease in depth to the shores
(Gebreegziabher, 2004). The lake is fed both by few ephemeral streams on the north-west and
western side of the catchment and by the Tikur Wuha River, which is the only perennial river,
enters Lake Hawassa draining the Cheleleka swamp on the northeast side. Cheleleka swamp
receives surface runoff from the headwaters of the eastern rift escarpment and from groundwater
upstream. Lake Hawassa Watershed is a result of volcano-tectonic depression (caldera) as a
result its drainage pattern is radial, where rivers flow in all directions away from a raised feature,
which is volcano. Surface and sub-surface fracture intensities, rock and soil formation,

topography and climate are the governing factors for the drainage density and pattern.

The lake watershed mainly is characterized by a flat-lying topography with scattered small hills.
Elevation of the rift escarpments and ridges in the east and west of the watershed range from
2000 to the maximum of 2940 m.a.s.l. It is known that the uplands on either side of the flat
lowlands are deforested and denudated. The steeply sloping and deforested uplands are likely to
produce high runoff to the lowlands shortly after individual storms. The continuous erosion
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process on the eastern highlands have resulted on filling Cheleleka Lake with sediment load and

transformed it to a swamp (Gebreegziabher, 2004).

Location Map of Lake Hawassa
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Figure 3.1: Lake Hawassa Watershed Location Map. Source: (Orkodjo, 2014)
3.1.2 Climate

The watershed is characterized by three main seasons (Kiremt, Bega and Belg). The long rainy
season in the summer from June-September is known locally as Kiremt and is primarily
controlled by the seasonal migration of the inter-tropical convergence zone (ITCZ), which lies to
the north of Ethiopia at this period Legesse et.al, (2003). The wet period (locally named as
Kiremt) represents 50% of the mean annual total rainfall. The dry period (locally named as Bega)
extends between October and February when the ITCZ lies to the south of Ethiopia (Legesse
et.al, 2004), this season contributes only 20% of the mean annual total rainfall. During between

March and May, season (locally named as Belg) about 30% of the annual rainfall falls.

The climate in the area varies from dry to sub-humid according to the Thornthwaite’s system of
defining climate or moisture regions (Dessie, 1995). The mean annual rainfall on basis of 30
years of record of rainfall station which situated 1km from the lake contribute to the catchment
is estimated to be 954mm. The wettest months are, May July and August, presented in the

following chart.
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Figure 3.2: Long-term mean monthly rainfall (1987-2016)

From the long-term (i.e. 30 years) temperature data, the mean annual air temperature in the area
is 20.3 °C. The hottest months are, March, February, and January, with highest values of
maximum air temperature of 29.98 °C, 29.96 °C, and 28.96 °C respectively. The coldest months
are November and December, with lowest values of minimum air temperature of 10.6 °C and
10.4 °C respectively. The long term mean monthly air temperature values are presented in the

following figure.
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Figure 3.3: Long-term mean monthly air temperature (1987-2016)

30




At a station in Hawassa town relative humidity has been measured three times (at 6:00 AM, 6:00
PM and 12 PM) in 24 hrs, since 1972. The Relative humidity records show the mean minimum

monthly of 50% in February and reaches maximum 73% in September.
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Figure 3.4: Long-term mean monthly Relative Humidity (1987-2016)

Through the recording period of 1989 up to 2016, the highest long term mean monthly wind
speed in June about 0.995m/s and the lowest long term mean monthly wind speed in October
about 0.566m/s.

1.2
—
£
§/10 —
D
3 0.8
73
= 06
=
0.4
% i Monthly
202 Wind
) Speed
=
Z 0.0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 3.5: Long-term mean monthly Wind Speed (1989-2016)
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From the records of Hawassa Station, it has been observed that, the value of wind speed is

decreasing with time. Wind speed record of 28 years shows that, a decrease of average annual

wind speed from 1.011 m/s in 1989 to 0.557 m/s in 2016 with some fluctuations in between. The

decreasing trend is mainly due to deforestation and building of construction around the lake
(Gebreegziabher, 2004).
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Figure 3.6: Long-term Average Annual Wind Speed (1989-2016)

The sunshine hours vary from minimum of 4.84 hrs in July to a maximum value of about 9.31

hrs in December through the period of 1987 up to 2016.
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Figure 3.7: Long-term Mean Monthly Sunshine Duration (1989-2016)
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3.1.3 Land use and land cover

The land cover changes in the Hawassa Lake Watershed take place as a result of changes in the
purpose of land utilization. Human factors play dominant roles in influencing the changes that
take place over a period of time. Due to increase in population and demand for fire wood and
construction materials, dense woodland and bushy woodland have been changed to open bush
land, open grass land and cultivated land by about 70% as compared to the situation of the lake
watershed in 30 years of period (WWDSE, 2001).The main land cover of the catchment is
dominated by the intensive smallholder cultivation. It covers an area of 88,021ha which is
61.27% of the watershed and 65.53% of the watershed’s land area. Water covers an area of
9324ha which is 6.49% of the. Bare eroded land with scattered vegetation covers an area of 7913
ha which is 5.51% of the watershed and 5.89% of the watershed’s land area. Open shrub land,
shrub land, wood land, grass land, forests, marsh land and bare rock cover the remaining
watershed’s area (MoOWR, 2010).

3.1.4 Hydrology and Morphology

Telford, (1998) developed a steady state water balance for Lake Hawassa, and he found out that
direct precipitation and runoff accounted for 56% and 44% of the total input to the lake
respectively. The main source of the runoff water is Tikurwuha River sub-catchment which is
about 52% of the Hawassa Lake watershed. Tikurwuha River, a channel connecting L. Cheleleka
and L. Hawassa, is gauged at Tikurwuha and Datovillages. Following the rainfall trend, the
runoff is higher in between August and December the runoff is maximum during this period and
minimum runoff amount is recorded between February and May. All gauged rivers are perennial

even if they have low discharge in dry period.

Evaporation dominates water losses from the lake (93%), and the rest percent of water loss is
accounted by some ground water seepage (7%), which supposed to flow to other low lying lakes.
Groundwater outflow is considered as the main responsible factor for the fresh nature of the
closed Lake Hawassa Telford (1998), Lamb et.al, (2002). When we compare the elevation of
Lake Hawassa (1680 m) with Lake Ziway (1636 m), Langano (1585 m), Abiyata (1578 m),
Shalla (1550 m) and Abaya and Chamo (~1180m) (Geberegiziabher, 2004), it is possible for
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ground water to flow from Lake Hawassa to low lying lakes when hydro-geological condition

permits.
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Figure 3.8: Long-term Mean Monthly Flow at Gauge near Dato Village (1980-2015)

As it can be observed from the chart, the highest long term mean monthly flow to the lake is in
October. The inflow increasing trend starts from May up to October; whereas, the decreasing

trend starts from November to April. The overall trend follows the climatic condition of the

catchment.
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Figure 3.9: Long-term Mean Monthly Lake Water Level above Local Benchmark (1980-2015)
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According to Belete (2013), the maximum depth of the lake is 23.4 m and an average depth of
13.3 m. As extracted from satellite imagery, the length of north-to-south axis is 16 km and the
east-west axis is 8 km with lake surface area of 96 km®. The water storage capacity of the lake is
1.36 km3 (Ayenew et.al, 2007). The Hawassa Lake level has been monitored since 1969 by the
Ministry of Water Resources, department of hydrology. The lake level shows a general
increasing trend. During the period of lake level observation starting from 1981, the level was
fluctuating at an average of 1.3m until 1988 since then the lake level was never been below its
base period average 1.94m with the exception of the years 1991, 1992 and 1995 with a 1.6m,
1.4m and 1.8m record, respectively (MoWR, 2010).
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Figure 3.10: Mean Annual Lake Water Level Trend above Local Benchmark (1980-2015)
3.2 Lake Evaporation Estimation

Lake evaporation and energy balance components (lake heat fluxes) estimation involves
meteorological and remote sensing approach. Based on previous literatures, meteorological
methods (Penman and Debruine-Keijman methods) with good performance were selected for
estimation and comparison with the remote sensing approach The Bowen Ratio Energy Balance
(BREB) method was also made use to estimate evaporation from Lake Hawassa. The BREB
method has been widely evaluated and indicated to be very accurate in most cases and is often
considered as a standard method particularly where other methods are validated or calibrated
(Winter et.al, 1995; Lenters et.al, 2005; Rosenberry et.al, 2007; Finch and Calver 2008). Based
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on availability and previous studies results the SEBS algorithm in ILWIS was employed as a
remote sensing approach. Pan evaporation method was used as a reference to compare
conventional methods with remote sensing approach; because it is the only available direct
evaporation measurement on Lake Hawassa. Figure 3.11 presents the overall estimation process

in the form of flow chart.

[ Evaporation and Heat Fluxes Estimation ]
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Figure 3.11: Overall Evaporation and Energy Balance Components Estimation Process
3.2.1 Data available

The available data used to compute the evaporation estimate using the meteorological and micro
meteorological methods is taken based on the available satellite data, for the sake of the
comparative assessment. For instance, there was meteorological and micro meteorological data
representing the month of June, July, and August, but the satellite data couldn’t be retrieved due
to data quality. Therefore, the meteorological and micro meteorological data considered
unavailable for the months. Utilized available data are presented in table 3.1.
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Table 3.1: Available Data (Utilized Data)

Recording | Satellite | Julianday | Pan Solar RH | Air Sunshine | Wind

Date Overpass | Number Evaporation | Radiation | (%) | Temp | Duration | Speed
Time (mm/day) | (w/m? Cc) | (Hn (m/s)

6-Jan-17 1:30:00 |6 5.10 267.30 30 |[15.20 | 9.90 0.79
AM

3-Feb-17 1:55:00 |34 6.10 251.50 41 2450 | 9.70 0.74
AM

11-Mar-17 | 1:30:00 |70 5.93 290.60 34 2210 |9.00 0.72
AM

1-Apr-17 1:50:00 |91 5.90 269.50 39 |[22.10 |7.00 0.55
AM

10-May-17 | 1:55:00 | 130 3.00 260.10 44 | 22.50 | 10.20 0.60
AM

1-Sep-17 1:45:00 | 244 1.20 159.60 71 | 2230 | 3.60 0.72
AM

3-Oct-17 1:55:00 | 274 2.80 257.90 68 |19.30 | 2.00 0.47
AM

9-Nov-17 | 1:00:00 | 313 5.40 265.60 64 |19.90 | 10.30 0.67
AM

1-Dec-17 | 1:25:00 | 335 4.30 239.20 44 119.00 | 10.80 0.62
AM

3.3 Pan Evaporation

The daily evaporation was estimated using the pan evaporation method. The nearly present pan
was found 1km away from the lake. The pan was class A pan; covered with the wire mesh to
keep away interference of birds and other animals and it was placed in short green cropped area
(annex 1). The pan station is characterized by light wind speed and medium relative humidity.
The nearest fence to the pan is about 15 to 20 meters; Table 3.2 presents coefficients for class A
pan for different pan sitting and environment, and different levels of mean relative humidity and
wind speed.

A pan-coefficient of 0.75 was used based on FAO irrigation and drainage paper 24, and as
recommended by Ayenew and Gebreegziagher (2006), Legesse et.al, (2003), and Ayenew
(2002). The daily evaporation measured from the pan multiplied by the pan coefficient gives the
daily pan evaporation of the lake. The daily evaporation calculation was computed for the days,

which coincide with the date the MODIS satellite image is obtained.
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Table 3.2: Coefficients for class A pan (FAO Irrigation and Drainage Paper No. 241)

Class A Pan Case A: Pan Placed in short green cropped | Case B: Pan Placed in dry fallow area
Low |Medium |High Low |Medium |High
RH (%) — <40 |40-70 >70 <40 |40-70 >70
Windward side Windward side
Wind Speed (m/S) |distance of distance of
green crop (m) green crop (m)
Light <2 1| 0.55 0.65| 0.75 1| 0.70 0.80f 0.85
10 0.65 0.75| 0.85 10 0.60 0.70f 0.80
100| 0.70 0.80| 0.85 100{ 0.55 0.65| 0.75
1000f 0.75 0.85| 0.85 1000( 0.50 0.60f 0.70
Moderate 2-5 1| 0.50 0.60f 0.65 1| 0.65 0.75| 0.80
10| 0.60 0.70| 0.75 10| 0.55 0.65| 0.70
100| 0.65 0.75| 0.80 100 0.50 0.60] 0.65
1000( 0.70 0.80f 0.80 1000( 0.45 0.55| 0.60
Strong 5-8 1| 0.45 0.50f 0.60 1| 0.60 0.65| 0.70
10| 0.55 0.60| 0.65 10| 0.50 0.55| 0.65
100| 0.60 0.65| 0.70 100( 0.45 0.50] 0.60
1000( 0.65 0.70| 0.75 1000( 0.40 0.45| 0.55
Very Strong >8 1| 0.40 0.45| 0.60 1| 0.50 0.60| 0.65
10| 0.45 0.55| 0.60 10| 0.45 0.50] 0.55
100| 0.50 0.60| 0.65 100 0.40 0.45| 0.50
1000| 0.55 0.60{ 0.65 1000| 0.35 0.40f 0.45

3.4 Meteorological Data Based Methods

Bowen Ratio Energy Budget method (BERB), generally considered being among the most robust

and most accurate method for determining open water evaporation (Sturrock et.al, 1992; Lenters

et.al, 2005), BREB-determined evaporation estimates are assumed to be within 10% of true

values when averaged over a season and within 15% when averaged over a month. The energy

budget method after direct measurement of evaporation is considered to be the most accurate

method to determine the open water evaporation (Lenters et.al, 2005). And many previous

studies have used the method to evaluate other evaporation estimation methods (Winter et.al,
1995; Rasmussen et.al, 1995; Rosenberry et.al, 2007).
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The surface energy balance at the land-air interface can be written as Equation (1) as follows and
the net radiation is considered as a residual of the soil heat flux, the sensible heat flux, and the

latent heat flux.

In the above equation, all parameters of energy are (W/m?), AE is latent energy used by
evaporation of lake water. And A is the latent heat of vaporization (J/Kg). E is the evaporation
(mm), Reet is net radiation (W/m?), H is sensible heat transfer from lake surface to atmosphere
(W/m?), and Gyac is the change of heat stored in the lake (W/m?) (due to temperature changes)

during the period.

The sensible heat term can be expressed as H = B- A E, where B is the mean Bowen ratio for the

period. Equation (1) is rewritten as

Rn—-G ake
Ts—Ta
B = %2?@ (Eqn 33)

Where; v is psychometric constant (-), n is the number of days in a period, i is any day within a
period, Ts and T, are daily mean temperature (°C) of lake surface and air above the lake
respectively, es and ea are saturated vapor pressure (Pa) at the lake surface and air temperatures.
(es —ea) is deficit of saturated vapor pressure as following.

16.78T-116.9 Rp
7T 1160) ) _ K

(6s-€a) = [exp( T+273.3 100) (Eqn. 3.4)

Where; T and Rn are daily mean temperature (°C) and relative humidity (%)

The biggest problem of this method is that it requires measurement of surface temperature,
which is costly and not available for the Lake Hawassa. Therefore, using regression coefficients
determined from different twenty two lakes around the world including Lake Tana has been

employed (Duan, and Bastiaanssen, 2015); the lake surface temperature has been computed as:
Ts=0.83T, +4.27% (Eqn. 3.5)
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Various methods for estimating evaporation from lakes have been tested before by for instance
(Winter et.al, 1995; and Rosenberry et.al, 2007). Based on their comprehensive comparisons,
Priestley-Taylor (PT) (Priestley and Taylor, 1972), Penman (Penman, 1948), and the De Bruin-
Keijman (DK) (De Bruin and Keijman, 1979) models were generally found to generate
reasonable and relatively accurate evaporation values. The DK model is actually a modification
of the PT model based on net radiation and air temperature. Duan, and Bastiaanssen, (2015) have
proved that, DK method performed better than PT model tested on different five lakes around the
world. Therefore, Penman (Penman, 1948), and the DeBruin-Keijman (DK) (De Bruin and
Keijman, 1979) methods were selected among other meteorological methods to estimate

evaporation from Lake Hawassa.

A (Rn—Glake) | Cpp,(es—ea)

4.721n(ZZ—‘(‘:)
a= (1+0.536UZp,) (Egn. 3.7)
AEpk= M (Eqn 38)

(0.85A+0.63y)

Where; AE is the latent heat flux, Rn is the net all wave radiation, and Gq iS the heat storage
changes of the lake, all three terms are in the unit of W m-2; A is the slope of the saturated vapor
pressure-temperature curve at air temperature (kPa °C™); y is the psychrometric constant (kPa
°C™) that varies with the atmospheric pressure (P, kPa) that is a function of altitude (m), r, is
aerodynamic resistance to heat transport between the surface and the reference level; pa is the
density of air (kg m-3) cp is the specific heat of air (1.00035kJ kg™°C™). es is the saturated vapor
pressure at the air temperature (kPa); ea is the vapor pressure at the air temperature (kPa).Uz is
the wind speed U at z meter above the water surface, Ta is air temperature, Z, is the roughness
length (m), taken in this study as 0.00137 m (Duan, and Bastiaanssen, 2015), Zm is the height of

wind speed measurements. Uzm is the wind speed at zm above the water surface (m/s).
3.4.1 Netall wave radiation (Rn):

Net radiation Rn is a sum of net short wave radiation and net long wave radiation. Net radiation

is a key term in the energy balance equation because it stands for the energy that must be
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balanced by the thermodynamic equilibrium of the other terms. In this study the net radiation

value was computed using the slob’s equation as;
R, = (1 — 0)R,- 110% (Eqgn. 3.9)
Re=(0.24 + 0.593).11a (Egn. 3.10)

Where; R,, is net daily radiation [W.m-2], R is incoming short wave solar radiation [W.m-2],
R,is Daily Extra-terrestrial short wave solar radiation [W.m-2], a is albedo of the lake surface is

0.05 (Duan ,2014), N is Maximum possible sunshine hours, n is Sunshine hours.
3.4.2 Water heat flux density (Glake)

The heat balance at water surfaces works very differently than at land surfaces. Generally, albedo
values for clear water are very small (less than .05) when the sun angle is more than 10° above
the horizon. Shortwave radiation penetrates into a water body according to the transparency of
the water and is absorbed at a range of depths below the surface where it is converted into heat
(G). For oceans and rivers, a large amount of energy is transferred horizontally with the currents,

and the vertical heat balance equation is no longer consistent. Hence, the equation for G/R for a
water surface is difficult to define. The function for G/R_that is most suited for a specific water

surface must be evaluated. Jensen et.al, (2005) estimated G)a. for three lakes with average depth

of 8m to 40m, based on, net short wave and long wave radiation.

Giake = 0.5(1 — )R — 0.8110:2, for Day of year <180 and (Eqn. 3.11)

Giake = 0.5(1 — 0)Rg — 1.3110%, for Day of year >180 (Eqn. 3.12)

3.4.3 Sensible heat Flux (H)

Sensible heat is heat energy transferred between the surface and air when there is difference in
temperature between them (Su, 2002). The surface temperature is usually much higher than the
air temperature during the day. Therefore the sensible heat flux is normally directed upwards

during the day. During the night the situation may be reversed Sensible heat transport takes place
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mostly by diffusive processes near the surface, but after a distance, surface turbulent transport

becomes more vital. The formula for sensible heat (Su, 2002) is given below.

_ PaCp)/es—ea
H = Rn—G]ake 1(+2a )( Y ) (Eqn 313)
Y

Where; A=Slope of saturated vapor pressure curve (-)
3.5 Remote Sensing Approach

The surface energy balance system (SEBS) is developed for the estimation of atmospheric
turbulent fluxes evaporative fractions, instant and daily evaporation rate. The SEBS model
requires three sets of information or data. The first set of data consists of land surface albedo,
emissivity, temperature, Normalized Difference Vegetation Index (NDVI) fractional vegetation
coverage (FVC) leaf area index (LAI), and the height of the vegetation. If vegetation information
is not available, the NDVI is used as a surrogate. These input data can be derived from remote
sensing data in conjunction with other information about the surface of interest. The second set
includes meteorological data, such as air pressure, temperature, humidity, and wind speed at a
reference height. These meteorological variables can be estimated by large scale meteorological
models. The third set includes downward solar radiation, which can either be measured or
estimated as model output or parameterization (Su, 2002). The overall remote sensing approach

estimation process is provided in figure 3.12 in a flow chart form.
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Figure 3.12: Remote Sensing Approach (SEBS Algoritm) Overall Process
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3.5.1 Meteorological and Solar Radiation Data Inputs

Meteorological data used in the SEBS model included daily mean temperature, wind speed,
humidity, pressure (calculated), sunshine duration and solar radiation (2014-2017). These data
sets were recorded from meteorological station, which is about 1km away from the east side of
the lake. The data from this station were acquired from National Meteorological Agency,
SNNPR Meteorological Service Center, Hawassa. The data presented are only for the selected

few days in which the SEBS model was run for the corresponding MODIS images.
3.5.2 Remote Sensing Data Inputs
3.5.2.1 Surface Albedo

Surface albedo represents cumulative reflectivity of a certain surface. And it will be computed
from the MODIS reflectance bands (bandl-7, except band 6), which are atmospherically
corrected in SMAC tool. The process was executed in the Compute Land surface Albedo dialog

box. The formula for albedo computation used is;
Albedo = 0.160r1 + 0.291r2 + 0.243r3 + 0.116r4 + 0.112r5 + 0.01r7-0.0015 (Eqgn. 3.14)

Where; r1, r2, r3, r4, r5, r7 are the MODIS surface reflectance bands.

ik Compute Land Surface Albedo @

Sensor LI
Bandl fFh band1_smac LJ
Band2 [ERband2_smac ~|
Band3 | band3_smac _:J
Bandd |ER band4_smac ~|
BandS | R band5_smac |
Band? ) band7_smac -
Dutput Raster Map  [albedo |
Description:

| I

Show | Define l Cancel I
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Figure 3.13: Surface Albedo Computation Dialog Box in ILWIS
3.5.2.2 Surface Emissivity and NDVI

The process uses atmospherically corrected surface reflectance in the red and NIR bands
(Sobrino et.al, 2003). The emissivity for water pixels has been assigned a value of 0.995. Here
assume that an albedo value < 0.035. The NDVI values will be calculated with the equation

based on the atmospherically corrected surface reflectance as shown below:
NDVI= (Bnir-Bred)/ (Bred+Bnir) (Egn. 3.15)

Using atmospherically corrected Band 1, Band 2, and Albedo map as an input, Emissivity map
will be generated and optionally, NDVI, Emissivity difference map, and Vegetation map can be

generated. The process is carried out in the Compute Surface Emissivity dialog box.

21 Compute Surface Emissivity X |
Sensar | MODIS ﬂ
Input Bed Map |ﬁ bandl_zmac ﬂ
Input Mear [nfrared M ap |ﬁ bandZ_zmac ﬂ
v |nput &lbedo Map |ﬁ albedo ﬂ
Qutput R azter kMap |emis |
Description:

[v Create MDY Map |ndvi |
Iv Create Emizsivity Difference Map |emis_|:|iﬂ |

| Create Yegetation Proportion Map

Shiow | Define | Cancel |

Figure 3.14: Surface Emissivity Computation Dialog Box in ILWIS
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3.5.2.3 Surface Temperature

This operation computes the surface temperature using a Split Window Technigque (SWT). The
advantage of the SWT is the cancellation of the effect of the atmospheric components, with
exception of the atmospheric water column. The equation is given below:

ST = btm2 + (1.97 + 0.2 W) (btm2 - btm1) — (0.26 — 0.08 W) sqrt(btm2 - btm1) + (0.02 —
0.67 W) + (64.5 — 7.35 W)(1 — e) — (119 — 20.4 W) de (Eqn. 3.16)

Where; ST= Surface temperature, btm31=brightness temperature obtained from MODIS band 31
using brightness temperature computation, btm32=brightness temperature obtained from MODIS
band 32 using brightness temperature computation, W= water vapor content, e = Surface
emissivity, and de= surface emissivity difference. The computation process is carried out in

Compute Land Surface Temperature dialog box.

Eﬁ Compute Land Surface Temperature

Sensor | MODIS
Brightness Temperature Band3 |[ﬂ]j3T31
Brightness Temperature Band3z |[[[HBT32
surface Emissivity |[ﬂ:nemis
Emissivity Difference |[[m9mi5_dif

KNI EN ) KN KN [ENNEN @

v “Waterwvapor content mapig.cm™-2) |[[’mvatewapur

Dutput Raster Map |LST

Diescription:

Land surface temperature] |

S hom ‘ Define | Cancel ‘

Figure 3.15: Surface Temperature Computation Dialog Box in ILWIS
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3.5.3 MODIS Satellite Image Preprocessing

Preprocessing MODIS satellite data involves; re-projecting the row data, importing to the GIS
environment, calibration, water vapor content estimation brightness temperature computation,
and atmospheric correction. The whole process made use of three different program
softwaresintegrated Land and Water Information System (ILWIS), Hierarchical Data Format
Viewer (HDF View), and MODIS Re-projection Tool (MRT).

3.5.3.1 Remote Sensing Data Acquisition:

The satellite images were downloaded from NASA's Level 1 and Atmospheric Archive and
Distribution System (LAADS) website. In selecting the images the following coordinates were
entered in the LAADS web window of MODIS Terra, 1km spatial resolution images 7°.12N, 7S,
38.40W and 38.50E. Clear daily images were selected and ordered after checking for cloud
cover. The data acquisition process is presented in the form of flow chart (see figure 3.14). For

the one year period, based on its quality one MODIS image per month was obtained.

Downlkoading MODIS Level 1B Images from the Mational Aeronautics and Space
Agency [ MASA) Website | http: /fladawveb. nascom nesa gov/data/search. htmil)

¥

o - /_i_\ J

Product selection Temporal Collection g Collection N

* Satellite: Terra Selection Selection Selection

MODIS Image 5-MIODIS Spatial Selection

* Group: Terra acquisinon collections 3- * Latitude

Level 1 Products Starting and L1, Amos Lengitude

* Products: end date wers and Land Coordinate System

MODO21KM inserted inserted.

BAODH3, .~ # SIJa:':ifE,-'s,p;l;tial

2 P =x tent of sdvy ara
hG,ﬂlmauun 1KM _/r,. l.\\_ |_ j,-'
I
¥

Image file was checled if it covers the study area, the image files and their
respeciive Geolecation files were added, byinserfing email through which the
order number and link to download the filez were received.

¥
[ Download the files in EDF format |

Figure 3.16: Remote Sensing Data Acquisition Overall Process
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3.5.3.2 Re-projecting MODIS Level-1B Data:

The extracted MODIS L1B data are in swath (orbit based) format, therefore in this part, the data
will be re-projected to a standard projection and format compatible with GIS software. The
MODIS Re-projection Swath Tool, downloaded from,http://gcmd.nasa.gov/records/MRT/.html

allows the user to transform MODIS L1B data from swath format to other widely supported
projections and formats for GIS applications. Both the MODIS Level-1B and Geo-location
products were re-projected and converted to TIFF/GeoTIFF format, and re-projected to the
Geographic projection ready for importing into ILWIS. Other than format conversion, image
spatial subset was specified; resampling was executed using Nearest Neighbor. In addition

geographic coordinates were assigned and the output pixel size was fixed to 0.01 in degrees.
3.5.3.3 Importing GEOTIFF Files into ILWIS:

After the image is re-projected, the next step is importing the GEOTIFF files into ILWIS raster
via Geospatial Data Abstraction Library (GDAL). To obtain the desired ILWIS raster file the
output file name was specified. Final step in importing the data was verifying that if all images
have been correctly imported (checking the coordinate system and geo-reference, if they are
affected in the import process).

3.5.3.4 Calibration:

SEBS4ILWIS provides the tools to convert the imported MODIS channels from raw digital
number (DN) into radiances or reflectance. This will be done by obtaining and applying the
proper calibration coefficients. The calibration coefficients consist of a radiance scale,
reflectance scale, and offset are provided in the HDF header file of the original MODIS image.

They will be obtained using http://www.hdfgroup.org/hdf-java-html/hdfview/software.Each raw

data/ band/channel will be calibrated. This will involve feeding the calibration coefficients into
the Raw to radiance/reflectance (MODIS) dialog box, and the output fill will be raster file.
Certain bands will use radiance scale and offset value and some will use reflectance scale and
offset coefficients. Band-2 will use both reflectance and radiance scale and offset coefficients,
for further analysis. The Geo-location products will also be calibrated using map calculation

dialog box. The value range for the solar zenith and satellite/sensor azimuth angles were set as
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minimum 0 and maximum 90. And the value range for the solar azimuth and satellite/sensor
zenith angles were set as minimum 0 and maximum 360. Precision value for all Geo-location

calibration was set as 0.01.
3.5.3.5 Water vapor content estimation:

Water vapor content is estimated using the radiance values of MODIS bands 2, 17, 18, and 19.
These input bands are radiance bands. The output raster data name was defined, for the use of
atmospheric correction. This task was executed in the Compute Atmospheric Water Vapor
Dialog Box.

3.5.3.6 Brightness temperature computation:

This procedure is about converting the bands 31 and 32 of MODIS from radiance to blackbody
temperatures. The conversion is done in the Compute Brightness Temperature dialog box, by
applying the well-known Planck equation;

— Co
T. = Tog S 1] (Egn. 3.14)

A2nLg

Where; T.= brightness temperature, A= the sensor’s central wave length, C; and C, are black
body constants.

Radiance bands of 31 and 32 were used as input, and the proper name for the output file was

specified. The output file will be used for land surface temperature calculation.
3.5.3.7 Atmospheric Correction (SMAC)

The calibrated raster images are atmospherically corrected using the SMAC. SMAC is a tool for
the atmospheric effect correction of the visible and near visible bands of different sensors
MODIS is among them. The tool can't be applied for solar zenith angles greater than 60 degrees
and/or satellite zenith angles greater than 50 degrees. The set of input for SMAC tool are;
Aerosol Optical Thickness (AOT), water vapor content map, Ozone Content, Surface pressure,
and sun/satellite angle data. AOT (evaluated at 550 nm wavelengths): The value ranges from

0.05 to 0.8. Aerosol in the atmosphere has an extreme dynamic behavior. To evaluate a
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reasonable value of aerosols in case that a station is located close to the area of interest, use

could be made of the aero-net service http://aeronet.gsfc.nasa.gov/ Ozone content can be also

measured in DU (Dobson Units. 1000 DU = 1 g.atm.cm). Ozone content is less dynamic than the
AOT component (changes during days or weeks). Ozone is monitored quite intensively from
satellites and other ground resources. A good source of ozone content on the internet is

http://mascuv.gsfc.nasa.govfrom Earth-Probe sensor. SMAC model has in-built standard

coefficients for different sensors and two atmospheres (desert and continental). SMAC for
ILWIS allows the user to select from this list. The procedure of atmospheric correction was

repeated seven times (one for each visible channel).
3.5.4 Main SEBS Output Data

As part of the process of estimating total evaporation the SEBS model also produces estimates of
the other energy balance components or energy fluxes, which include net radiation flux (Rn),
heat storage flux (Go), sensible heat flux (H) and latent heat flux (LE).

3.5.4.1 Net Radiation Flux (Rn)

Net radiation Rn is a sum of net short wave radiation and net long wave radiation. Net radiation
is a key term in the energy balance equation because it stands for the energy that must be

balanced by the thermodynamic equilibrium of the other terms. SEBS calculates net radiation as;
Rn=Rs!—-RsT+RI|{—-RI!{ (Eqn. 3.17)

The net short-wave radiation (W/m?) can be written as follows:

YRS= (1—-a)RS ! = (1 —a) (Sccosbdrra) (Eqgn. 3.18)

Where; a is the surface albedo, Sc is the solar constant (W-mz2), 0 is the solar incident angle, dr is

the relative Earth-Sun distance, and ta is the atmospheric transmissivity.

The incoming long-wave radiation is the downward thermal radiation flux from the atmosphere.
The air emissivity can be estimated by a function of the vapor, pressure, and temperature in the

cloudless atmosphere:
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Rl | = &g, 0Ts (Eqgn. 3.19)
Rl T=¢gy0T4 (Eqgn. 3.20)

Where; g is the surface emissivity and Ts is the surface temperature (K) &gy IS the air emissivity,

o is the Stefan-Boltzmann equation.
3.5.4.2 Stored Heat Flux (Go)

Gy represents the energy used to heat the ground. Over land, G is calculated as a function of the

surface properties. In many SEBS applications, ground and water cover is not differentiated.
GO =r.+ (1 —f)(rg — 1) (Egn. 3.21)

in which it is assumed that the ratio of soil heat flux to net radiation I'c = 0.05 for full vegetation
canopy and I's = 0.315 for bare soil An interpolation is then performed between these limiting

cases using the fractional canopy coverage, f..
3.5.4.3 Sensible Heat Flux (H)

The sensible heat flux is the exchange of heat between the atmosphere and the surface through
air molecules, resulting from the vertical temperature gradient between the water surface and the
atmosphere. The friction velocity, the sensible heat flux and the Obukhov stability length are
obtained by solving the system of non-linear Equations of the Monin-Obukhov Similarity
(MOS). Derivation of the sensible heat flux using Equations requires only the wind speed and
temperature at the reference height as well as the surface temperature and is independent of other
surface energy balance terms.

Ux Z-d Z—d Zom
U =gl - ¥ (522) + P ()] (Eqn. 3.22)
H Z—-d Z—d Z
0=0, = oo [In( %) - Py (550) + v (2] (Eqn. 3.23)
_ pCpreV

et (Egn. 3.24)
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Where; u is the velocity of air (m. s™); u« is the friction velocity (m. s™%); k is the von Karman’s
constant (k = 0.4 (-);” z is the reference height above the water surface (m); do is the zero plane
displacement (m); Zom is the surface roughness length for momentum transfer (m); L is the
Monin-Obukhov length (m); 0, is the potential temperature of the water surface (K); 6,is the
potential temperature of air at reference height z (K); Zoy, is the surface roughness length for heat
transfer (m); Wm and Wh are the stability correction functions for momentum and sensible heat
transfer, respectively; p is the air density (kg.m™); cp is the specific heat of air at constant

pressure (J. kg?.K™): and is the gravitational acceleration g = 9.81 (m.s™).
3.5.4.4 Latent Heat Flux (AE)

The latent heat is the energy needed for evaporation. SEBS calculates the latent heat using the
evaporative fraction term (A) and the actual sensible heat Su (2002). Evaporative fraction is the

ratio between the latent heat and the available energy at the water surface.

The actual sensible heat flux value is constrained between the dry (minimum latent heat flux)
and wet (minimum sensible heat) conditions. The terms are coming from land application, where
the sensible heat in dry conditions is equal to the difference between the net radiation and the
ground heat flux, i.e., there is no water available for evaporation, and the soil moisture is at
wilting point. In wet conditions, when there is no water limitation, the sensible heat flux reaches
its minimum; and evaporation will occur at the potential (maximum) rate. SEBS estimates the

total energy used for evaporation in a day-based evaporative fraction term (A).
AEqaity = 8.64 X 10'A (R, + Go) (Eqgn. 3.25)

Finally, this total daily energy is converted into daily evaporation estimates by considering the

latent heat of vaporization (A):

MEdaj
E daily = X‘:} ly (Eqgn. 3.26)

Where; Eqaiy is the daily evaporation (mm.day™); py is the water density (kg.m™).
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3.6 Statistical Analysis

To assess the performances of selected methods, dimensionless statistic Nash-Sutcliffe efficiency
coefficient (E) (Nash and Sutcliffe, 1970) is used. (E) is computed as shown in equation (3.27).

_ 1 _ X1(0i-pi)?
E=1 ST oot (Egn. 3.27)
Where; Oi is the observed Ep at time t = i; P; is simulated Ep at time i; O; mean observed Ep and
n is the number of observations. Values of (E) between 0.0 and 1.0 are generally viewed as
acceptable levels of performance, whereas values less than 0.0 indicate unacceptable

performance. (E) is recommended for two major reasons: (i) it is recommended by (Legates and
McCabe, 1999), and (ii) it provides extensive information on reported values.

The refined Willmott’s index (willmott, et.al, 2012) method is applied to quantify the degree to
which observed values of evaporation are captured by the selected methods? The refined
Willmott’s index (dr) is expressed as shown in equation (3.28).

dr=1— X1(0i—p)?

Xi(0i—0)* ' when X¥lo; — pil < 2X¥|o; — 0y

dr =210P)" _ 1 \vhen Y7o, — pi| > 2 Y7 o; — o) (Eqn. 3.28)

S (01—00)? , 110; — Pi 110i L - 9.
The range of (dr) is from -1.0 to 1.0. A (dr) of 1.0 indicates perfect agreement between model
and observation, and a (dr) of -1.0 indicates either lack of agreement between the model and

observation or insufficient variation in observations to adequately test the model.

Here it should be noted that the Pan Evaporation method is used as an observed value. The
performance of other selected methods (BREB, Penman, DK, and Remote Sensing) estimates are
evaluated as per the above two methods.

Root Mean Square Deviation and relative Root Mean Square Deviation are applied to compare
the remote sensing based energy balance fluxes with meteorologically determined energy

balance components.
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RMSD = |Z=a®ui=Xz0 (Eqn. 3.29)

n

Where; X3 and X, are the two data series, and n is sample size.

rRMSD = — =452 (Eqn. 3.30)

Xl,mu.x—X1 min

Where; X1 maxand Xy min are the reference estimates.
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4 Results and Discussions

4.1 Evaporation Estimation

The remote sensing and meteorological based daily evaporation estimates were compared and
evaluated using Pan Evaporation method as a bench mark. The graphical and tabular
representation of the result uses average and correlation coefficient as additional statistical

measurements of comparison.

Table 4.1: Daily Evaporation Comparison using E_Pan as a Benchmark

E pan | E BREB |E_ DK |E PM | E_SEBS

6-Jan-17 | 3.83 5.23 4.20 3.29 4.33

3-Feb-17 | 4.58 4.25 4.08 3.27 5.20

11-Mar-17 | 4.45 3.00 2.79 2.23 5.13

1-Apr-17 | 4.43 2.06 1.91 1.53 4.30

10-May-17 | 2.25 1.71 1.59 1.28 4.04

1-Sep-17 | 0.90 1.36 1.24 1.00 1.16

3-Oct-17 | 1.88 3.28 2.94 2.34 3.76

9-Nov-17 | 4.05 4.71 4.09 3.24 4.34

1-Dec-17 | 3.23 5.36 4.66 3.68 4.19

Aerage 3.29 3.44 3.06 2.43 4.05

Correlation Coefficient 0.48 0.52 0.53 0.86
Nash-Sutcliffe efficiency

coefficient (E) -0.23 0.35 -0.55 0.48

Willmott’s index (dr) -0.23 0.35 -0.55 0.48

Rank 3 2 4 1

Using E_Pan as benchmark the E_SEBS (Remote Sensing approach) estimates show the highest
correlation coefficient followed by E_PM (Penman) and E_DK (DeBruin-Keijman) estimates,
the E_BREB estimates show the worst correlation. The Nash-Sutcliffe efficiency coefficient (E)
of the E_SEBS (Remote Sensing approach) and E_DK (DeBruin-Keijman) estimates show a
performance, which are in the acceptable range of efficiency. According to this statistical
measurement E_PM (Penman) method performed unacceptable efficiency. The Willmott’s index
(dr) checks the other estimates agreement with the E_Pan. In all the above time series data the

criteria follow }.7|o; — pil < 2X7%lo; —0,], which is almost the same as Nash-Sutcliffe
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efficiency coefficient (E) estimates. As it can be observed in the table the E_SEBS method
agrees well with the benchmark followed by E_DK. The E_PM (Penman) estimates show
unacceptable agreement with the benchmark estimates. The E_BREB method estimates also
show a poor agreement with the pan E_Pan estimates. Generally as per statistical measurements
and using E_Pan as a reference tool, E_SEBS estimates ranked first amongst other conventional
methods. Except the Debruene-Keijman method meteorological methods were failed to give a

good estimates of evaporation on Lake Hawassa.

X # E_BREB
P
—  —

E_PM

0 X E_SEBS

Evaporation (mm/day)
w

[y
B\

0 1 2 3 4 5
E_Pan (mm/day)

Figure 4.1: Scatter plots of E_Pan against other methods

As it can be seen from figure 4.1, the remote sensing approach estimate points are distributed far
well ahead of the other two meteorological based estimates. And except for the month of
September all the SEBS estimates are lay above the conventional estimates, also its trend line is
above all the other trend lines. The lowest trend line is E_PM trend line laying below all the

other.

Figure 4.2 presents spatial distribution of daily evaporation rates in the middle of Lake Hawassa
on different days of the year.
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Figure 4.2: Evaporation Spatio-Temporal Distribution on Lake Hawassa
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The evaporation maps showed that there is high evaporation loses going to the middle of the lake
than the shore line. This is due to the fact that, there is high surface area in the main lake exposed
to the direct sun energy compared with the vegetated lake edges. Furthermore, low evaporation
along the Lake shore might be due to high turbidity and salinity resulted from relatively high
sediment loads. Some parts of the lake shore show no evaporation at all that part of the lake

shore is considered as a rock, that it can’t hold any moisture in it.

Generally, according to Pan Evaporation measurement the remote sensing approach is the best
among penman and De Bruin and Keijman methods. The average of the remote sensing

estimates is a little exaggerated than all the other methods estimates.

Evaporation estimates of almost all the previous studies on Lake Hawassa were presented in the
annual basis. When dividing the annual values for the number of days of the year, the values
range from 3.7 mm/day to 5.1 mm/day on average (Brook and Deganovsky, (2008); Ayenew
(2004); Lemlem, (2007); Shewangizaw, (2010)). Most of the methods utilized were Water
Balance, Penman, and Pan Evaporation methods. In this study the mean value ranges from 2.427
mm/day to 4.05 mm/day. The minimum value of the average daily lake evaporation is under
estimated; and it was the result from the worst performing method (Penman). According to
Gebregziabher, (2004) the lowest evaporation estimate was in September month (excluding June,
July, and August). Lake evaporation estimate shows decreasing trend from March to September
and an increasing trend from September to December, as in the case of this study. Evaporation is
mainly affected by shortwave radiation followed by relative humidity and it is least sensitive to
wind speed. In this study also, lowest estimate of evaporation was observed in September month
using all methods; this is due to the fact that, low air temperature, high relative humidity small
sunshine duration, and most of all solar radiation. However for the other months, the factors
which affect evaporation may not be as severe as the month of September. The highest pan
evaporation estimate (4.58 mm/day) was recorded on February which corresponds to the highest
air (297.6 k) and surface temperature (297.71K).
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4.2 Comparison of RS-estimated G, with Meteorological estimated Gqe

The maps which show the spatio-temporal distributions of heat storage estimates are presented in
annex4. The maximum estimate is at 11-March-2017 which is 68.077 W/m?and the minimum
estimate at 1-Sept-2017 which is 20.742 W/m?.

Table 4.2: Heat Storage Flux Estimates Comparison

SEBS G (W/m2) | Meteorological G (W/m?)

6-Jan-17 54.71 43.72
3-Feb-17 48.83 30.92
11-Mar-17 68.08 40.65
1-Apr-17 48.07 38.41
10-May-17 35.58 33.62
1-Sep-17 20.74 21.89
3-Oct-17 49.15 37.28
9-Nov-17 48.14 34.08
1-Dec-17 53.44 45.80
Max 68.08 45.80
Min 20.74 21.89
Average 47.42 36.26
Correlation Coefficient 0.81

Correlation Slope 1.46

RMSD 13.70

rRMSD 29%

The remote sensing heat storage flux estimates were compared with meteorological heat storage
flux estimates using different statistical measurements. There is a considerable difference
between the two averages (i.e. 47.416W/m?for the SEBS estimates and 36.263W/m? for the
meteorological estimates) for the provided sample size. The correlation coefficient and
correlation slope were 0.806 and 1.461 (i.e. that was within the acceptable range). Therefore the

two samples were correlated well. The root mean square deviation and the relative mean square

deviation were 13.701 W/m? and 29% respectively.

Therefore for the given sample size, the performance of the SEBS heat storage flux estimates

was moderate when compared with the meteorological heat flux estimates. As per the graph,
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except for the minimum and the maximum values, all the points are scattered near by the trend

line. This indicates that, the two samples are in good agreement.
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Figure 4.3: Scatter Plot of Heat Storage Flux Estimates

Lake Stored heat flux is mainly affected by the lake water depth (Finch and Calver, 2008). Since
for shallow water bodies the stored heat flux is not considered, the values at the lake offshore
should be ignored. The Lake Hawassa water depth long term data series shows increasing trend
from September to December, and a decreasing trend from January to April (see figure 3.9). The

temporal trend of Lake Hawassa water depth and stored heat flux shows opposite direction.

The maximum and minimum values of stored heat flux (G) do not always coincide with the
maximum and minimum values of net radiation (Rn) due to the fact that, the water body has a
thermal inertia and phase shifts induce a hysteresis effect. But the maximum and minimum
values of stored heat flux (G) depend mainly on the time rate of change of lake surface
temperature (Duan, and Bastiaanssen, 2015). But in this study, the stored heat flux estimates
graph follows the same trend as that of the net radiation flux (Rn). Figure 4.5 presents the

relationship between the stored heat flux and net radiation.
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Figure 4.4: Stored Heat Flux Relation with Net Radiation

For large water bodies like Lake Hawassa the stored heat flux can be a significant component of

the energy balance. Duan, and Bastiaanssen (2017) conducted a study which investigates the

effect of stored heat on evaporation estimation, and the study showed that ignoring such

component leads to a poor evaporation estimation performance. The RMSD of estimated stored

heat flux from measured stored heat flux for different five lakes were, 9.3 W/m2 to 17.2 W/m2

on monthly time scale. In the case of this study, the SEBS remote sensing algorithm in ILWIS

automatically considers or accounts for stored heat flux of the lake.
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4.3 Comparison of RS-based R,, with Slob’s estimated R,

Table 4.3: Net Radiation Flux Estimates Comparison

SEBS R, (W/m2) | Slob's R, (W/m2)

Jan6 191.79 181.60
Feb3 173.49 149.55
Marll 243.92 237.86
Aprl 170.45 186.00
May10 150.00 163.62
Sepl 84.96 97.36
Oct3 172.52 165.48
Nov9 183.13 159.59
Decl 201.73 190.42
Min 84.96 97.36
Max 243.92 237.86
Average 174.67 170.16
Correlation Coefficient 0.94

Correlation Slope 1.06

RMSD 15.01

rRMSD 9%

The remote sensing net radiation flux estimates were compared with the meteorological net
radiation flux estimates using different statistical measurements. There is a considerable
agreement between the two averages (i.e. 174.67 W/m?*for the SEBS estimates and 170.16W/m?
for the meteorological estimates) for the provided sample size. The correlation coefficient and
correlation slope were 0.94 and 1.06 (i.e. that is within the acceptable range). Therefore the two

samples were correlated well. The root mean square deviation and the relative mean square
deviation were 15 W/m? and 9% respectively. Therefore for the given sample size, the

performance of the SEBS net radiation estimates was very good using meteorological net
radiation estimates as a bench mark. As shown on the graph, the points are scattered near by the

trend line. This indicates that, the two samples are in good agreement.
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Figure 4.5: Scatter Plot of Net Radiation Flux Estimates

Radiation emitted from the surface is a function of the water surface temperature, and incident
atmospheric radiation was determined primarily from the air temperature and solar radiation
(humidity was least important) (Jan, 1976).In the case of Lake Hawassa the net radiation
estimates from remote sensing trend mainly follows the trend of solar radiation data from
meteorological observation; as it can be observed from figure 4.6 the two graphs are identical.
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Figure 4.6: Net Radiation Flux Relation with Solar Radiation
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Duan, and Bastiaanssen (2015), made use of Slob’s equation(using satellite derived short wave
radiation) to estimate the net radiation (Rn); and compare it with in-situ measurements found a
good agreement (with R%above 0.9 and RMSD of below 25 W/m?).

4.4 Comparison of RS-based H with Meteorological based H

Table 4.4: Sensible Heat Flux Estimate Comparison

SEBSH

(W/m2) Meteorological H(W/m?2)
6-Jan-17 35.831 37.954
3-Feb-17 37.757 45.453
11-Mar-17 56.697 27.546
1-Apr-17 29.316 21.205
10-May-17 22.449 14.604
1-Sep-17 14.466 11.958
3-Oct-17 31.312 25.938
9-Nov-17 19.587 11.441
1-Dec-17 42.154 34.659
Min 14.466 45.453
Max 56.697 11.441
Average 32.794 26.15
Correlation Coefficient 0.673
Correlation Slope 0.719
RMSD 11.54
rRMSD 27%

The remote sensing sensible heat flux estimates were compared with the meteorological sensible
heat flux estimates using different statistical measurements. There is a considerable disagreement
between the two averages (i.e. 32.794 W/m?for the SEBS estimates and 26.150 W/m? for the
meteorological estimates) for the provided sample size. The correlation coefficient and
correlation slope were 0.673 and 0.719 (i.e. that was within the acceptable range). Therefore the
two samples were correlated well. The root mean square deviation and the relative mean square
deviation were 11.54W/m? and 27% respectively. Therefore for the given sample size, the
performance of the SEBS sensible heat flux estimates was well using meteorological sensible
heat flux estimates as a bench mark. The biggest deviation was found at Mar-11-2017, SEBS
estimate of 56.697W/m? and meteorological estimate of 27.546W/m?.
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Figure 4.7: Scatter Plot of Sensible Flux Estimates

The sensible heat flux estimate and evaporation rate is mainly controlled by Bowen ratio. Water
vapor deficit or humidity and temperature also alter the result of sensible heat estimation
(McJannet, et.al, 2011). Nadeau et al., 2009, stated that sensible heat flux is also sensitive to
surface conditions from which energy is being released. Evaporation is also affected primarily by
variations in meteorological conditions. This is also supported by the findings of Zhang et.al,
(2007) and Xu et.al, (2006), who demonstrated that the spatial variations in climatic variables

influence the temporal spatial trends of reference evaporation.

Annexes 3 through Annex 5, spatio-temporal distribution of the three energy balance
components are provided. For all energy balance components, the evaporation estimate spatial
distribution increases to the middle of the lake. And going to the offshore the decreasing trend is
observed. MODIS Level 1B products show the same spatial distribution of energy fluxes as
Landsat 8 images at uMgeni catchment, South Africa (Shoko, 2014).
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5 Conclusions and Recommendations

5.1 Conclusions

The Surface Energy Balance System (SEBS) to estimate daily lake evaporation rate was applied
for a Lake Hawassa in Southern Ethiopia. Latent heat flux, the main driving force for
evaporation, is estimated as a residual in net radiation flux Rn, sensible heat flux H, change in
stored heat flux Go. The algorithm is applied to MODIS spectral data for the lake. Daily
evaporation rates are estimated on nine different dates, representing the whole months through
the year (except June, July, and August). Daily evaporation values of three conventional methods
(with good performance in the literatures) were compared with the SEBS values at the Hawassa
weather meteorological station. For the comparison the Pan Evaporation data were used as a
reference or as a benchmark. While using Pan Evaporation data as a comparison tool, the remote
sensing approach SEBS, performs better than any other conventional meteorological based
methods. As per statistical measurements only Debruine-Keijman method was able to perform

well in estimating evaporation rate from Lake Hawassa, among other empirical methods.

The remote sensing application SEBS also utilized to estimate the energy balance terms, (i.e.net
radiation flux Rn, sensible heat flux H, change in stored heat flux Gg). The results were
compared with meteorological based estimates, and have shown a good relation. Maps showing
spatial and temporal variations of evaporation and other energy balance components were

generated successfully.

Generally application of the remote sensing algorithm SEBS for Lake Hawassa evaporation and

lake heat fluxes was feasible.
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5.2 Recommendations

e For future there have to be flux measurements over the lake, from which other estimating
methods are evaluated.

e The pan evaporation by itself is about 1km away from the lake, which hardly represent
the real time condition of the lake; if floating pan is provided for the lake it would be
better.

e Also surface temperature measurement and temperature profile measurement is helpful in
estimating a reliable heat storage flux and sensible heat flux.

e For future, there is a possibility of application of high spatial and temporal resolution
remote sensing data, for the better quality of estimates.

e Implementing remote sensing data in to the deBruin-Keijman meteorological model

should also be foresighted in the future studies for the better accuracy of estimates.
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Annex 2: Standard Micro-Meteorological Expressions for Evaporation

Calculations

17.27 (Ta — 273)
(Ta-273)+237.3

es= 6.11exp
Where; T= Air temperature at observation height [K]
es= Saturated vapor pressure [mbar]
e,= e XRH
Where; e, is actual vapor pressure [mbar]
RH is Relative Humidity [-]

D=es-€,

Where; D- vapor pressure deficit

A=4098 [ S

(Ta—273)+237.3]2

Where; A=Slope of saturated vapor pressure curve

—_&s
Py T xa61

Where; p = actual vapor density [Kg.m-g]

_ P-eq
Pq T, X 2.87

Where; p, = dry air density [Kg.m-3], P = total pressure [mbar]

Pa =P, +Pq

Where; p, = Moist air density [Kg. m-3]



_ (293-0.0065Z)5-26
P=1004 T, X 2.87

Where; P = total pressure [mbar] , Z= Elevation [m]
L =[2.501—0.002361(T — 273)] X 10°

Where; A = Latent heat of vaporization [J. Kg-1], T = average of surface and air temperature [K]
= 1630 d

Ve n

Where; y= Psychrometric Constant [mbar. K-1]

§ = 0.4095in(0.0172 ] — 1.39)

Where; & = Solar declination [rad], J = day number of the year [-], sin = sine function which

should be in radian mod

 [2n(J — 93.5)
ds =14 0.0167sin T

E(=1+0.033co0s(0.0172])

Where; ds = relative distance between earth and sun [AU], Eo= Eccentricity correction factor of

the earth orbit [-], cos = cosine function which should be in radian mode
w=cos~1(— tan(lat) tan )

Where; w= Solar hour angle representing the 24 hour solar radiation [rad]
R, = 435.2 XEyX (wsin(lat) sin 4 + cos(lat) cos d sinw

Where; R,= Daily Extra-terrestrial short wave solar radiation [W.m-2]
N=7.64w

Where; N = Maximum possible sunshine hours
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R¢= (0.24 + 0.59 n/N).R,

Where; R = incoming short wave solar radiation [W.m-2]
Rs
R,=(01- a)RS-lloR—

Where; a = albedo of the surface, R,, = net daily radiation
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Annex 3: Heat Storage Flux Spatio-Temporal Distribution
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Annex 4: Net Radiation Flux Spatio-Temporal Distribution
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Annex 5: Sensible Heat Flux Spatio-Temporal Distribution
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Annex 6: SEBS Input Maps
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