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Abstract

Lake Tana is the largest natural reservoir of figaker resources in Ethiopia. It is the source loeB
Nile River and is located in the north-western mdrthe country. It has a surface area of 3008 km
with an elevation of 1786m above sea level. Wagsources management in Lake Tana and its
surroundings is an issue of high significance bseaof great socio-cultural, ecological and
economical values.

Evaporation is one of the main components of thiemaudget of lakes. Accurate estimates of lake
evaporation are necessary for water and energyebugtgdies, lake level forecasts, water quality
surveys, water management and planning of hydragitstructions. Evaporation from open water
remains a difficult process to measure or estinmEie. major source of difficulty is the fact thaeth
required meteorological parameters are rarely medsover the water surfaces, and the thermal lag
between the water and land surfaces renders theeblased measurements less effective in the
parameterization of open water evaporation. Theaisemotely-sensed data provides a means of
obtaining useful information about the evaporataier surface.

This study examines open water evaporation logees fhe lake by different climatic methods and
remotely sensed spectral data. The long-term dadteorological (1995-2007) data from the nearby
station of the lake is used as well as the anry@é of albedo on a monthly time steps producethfro
Terra MODIS satellite image products. In situ meements of instantaneous energy balance
components was collected from the surface of tke lesing 3D sonic anemometer and four channel
radiometer and also the temperature profile ofvilager during the field campaign to calibrate and
validate remote sensing data analysis.

A daily evaporation map is produced from combirmatdd in situ measurements and satellite remote
sensing data (Terra MODIS) using the evaporatigetion approach. The average daily evaporation
from the lake calculated for a cloud free day of 7 September 2008 is obtained as 4.94 mm/day
with standard deviation of 0.20 mm/day.

The surface temperature exhibits a strong diurmalability that cannot be captured from polar
orbiting satellites that sample each location apipnately twice a day. Geostationary satellites
provide diurnal coverage, and allow derivation loé tsurface temperature cycle. In this study four
channels and split-window algorithms are used toene the surface temperature of the lake from
MSG/SEVIRI images. The four channel method givéghsly better results than the split window

algorithm.

Key Words: Lake Tana, Evaporation, Energy balance, Rematsisg (RS), MODIS, MSG, Surface
temperature
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OPEN WATER EVAPORATION ESTIMATION USING GROUND MEASUREMENT AND SATELLITE REMOTE SENSING

1. Introduction

1.1. Background

The most accessible water available for human aopson and the ecosystems are contained in
lakes and rivers. The volume in these water bodiesesponding to 0.27% of the global fresh water
and only 0.008% of the earth water budget (Chowal.et1988). Being a scarce resource strained by
computing demands it has become crucial to develog improve the techniques to serve the
temporal and spatial variations in water volumedabes, rivers and wetlands. Quantification of
hydrological fluxes, including evaporation, is vémportant to address issues related to water tyyali
recreations, and ecological processes.

Evaporation is one of the largest components ofathter budget of lakes. Evaporation is also one of
the main components of the energy budget of lakesperhaps the most difficult (along with the
sensible heat flux) to estimate. Accurate estimafelske evaporation are necessary for water and
energy budget studies, lake level forecasts, wgiality surveys, water management and planning of
hydraulic constructions. Moreover, with the recehainges in climate, and the relationship between
variations in climate and lake size fluctuationsmathod for estimating evaporation rates under
different climate regimes is required.

For management of lake water volumes a proper sssgg of different component of the
hydrological cycle is very important. An accurateasurement of evaporation is required as part of a
long-term study of hydrological and ecological m@sses on the lake. Therefore in this study one of
the components of the water balance, evaporatan the lake is addressed.

1.2. Statement of the problem

Water resources management in Lake Tana and iteusulings is an issue of high significance
because of great socio-cultural, ecological anchewical values. Under Nile Basin Initiative, the
Eastern Nile Committee of Ministers have agreed imitiate a number of projects in
irrigation/drainage, watershed development, floagppredness and early warning and power
interconnection in a fast track mode. In additibe Ministers are also looking for opportunities éor
large multi-purpose development. Some of the fastkt projects in Ethiopia focus on the Lake Tana
region and its surrounding environment. However tlake Tana Water balance is not well
understood. This is a source of uncertainty tosistainable development and usage of the limited
storages. Therefore it is very important to underdtand study different components of the lake
water balance.

Research on lake evaporation is needed becauseicahpiethods to estimate evaporation are not
necessarily correct. The uncertainty related taouar empirical methods can be best evaluated by
comparison with a physically based solution suchhasenergy balance method. On the other hand
one of the most important parameters which corttrel physical and chemical processes in lake is
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surface temperature of the water. However therenarany monitoring or continuous measurements
of water temperature for Lake Tana.

1.3. Previous studies

Previous studies have been conducted to estimafgoeation from the land and water body of the
Tana basin. However, due to lack of sufficient dristal data and well established meteorological
stations the figures published by different authars not reliable. Abeyou (2008) estimated the
evaporation from the lake using Penman open waigroach, similarly Kebede et al. (2006) used the
same approach to estimate the evaporation fromattee However the data he took for shortwave
radiation calculation is from Addis Ababa which585km far away from the lake. Remote sensing
studies of Tana-Beles sub basins conducted by Waiteh (2006) under Nile basin initiative project
presented an annual and monthly evaporation ofatte In the hydrological study of the Tana-Beles
sub-basin by SMEC (2007) the evaporation from #he lestimated using Penman and energy balance
approaches. However most of the previous studigh@take were based on the meteorological data
on the land surface but also the empirical formalad constants were adopted without calibration. As
a result there is uncertainty and inconsistenci vagard to the estimation of lake evaporation.

1.4. Objectives and research questions

The main objective of the study is to estimate opater evaporation from the lake using satellite
remote sensing data combined with in situ measurtsme

The specific objectives are:

» Tounderstand and estimate turbulent heat flux el lake.

e To calculate the annual cycle of albedo on a mgrithie step.

« To make a comparison between different methodsgen water evaporation estimation.

« To retrieve surface temperature of the lake fromate sensing at high temporal scale
and validate with in situ measurements.

In order to achieve the objectives of the study important to address the following questions:

« How large is the contribution of the water heakfin the energy balance of the lake?
« How does the surface temperature of the lake chduageg day time?

« Is there spatio-temporal variability of albedo be take?

* How sensitive are the meteorological parametelsksevaporation estimation?

1.5. Hypothesis

* The daytime sensible heat flux above the lakess than 10% of the net radiation.
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1.6. Thesis outline

The focus of this study is to make use of remotssisg observations combined with ground or in situ
measurements for the estimation of open water ea#ipa.

Chapter two describes the literature review andudises the principle of open water evaporation and
the available methods for its estimation. The dbations of satellite remote sensing in hydrologica

studies as well as direct method of measuring tartme heat flux are presented in this chapter.

Chapter three describes the characteristics oftindy area with respect to its geographic location,
climate, hydrological setting and drainage.

The fourth chapter discusses the instrumentatiah data collected from the field work. The fifth
chapter briefly describes the satellite imagerydused its pre-processing.

The methodology applied to fulfil the general apedfic objectives of the study is discussed under
chapter six.

Data processing, discussion and presentation afethdt for microclimatological, in situ and remote
sensing data are described in chapter seven antregpectively.

Conclusions and recommendations are presentedtexhnine.
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2. Literature review

2.1.  Principles of evaporation processes

Evaporation is the primary process of water transfehe hydrological cycle. Water is transformed
into vapour and transported to the atmosphere. &easipn plus transpiration from a vegetated
surface with unlimited water supply is known asgmbial evaporation or potential evapotranspiration
(PE) and it constitutes the maximum possible rate @ the prevailing meteorological conditions.
Thus PE is the maximum value of the actual evapordE) and PE is equal to E when water supply
is unlimited.

Actual daily evaporation is the amount of water ethis evaporated on a normal day which means
that if for instance the soil runs out of wateg tictual evaporation is the amount of water whiah h
been evaporated, and not the amount of water witald have been evaporated if the soil had had an
infinite amount of water to evaporate. Because h& variability of region and seasons, water
managers who are responsible for planning and adjtidg the distribution of water resources need
to have a thorough understanding of the evapotnaigm process and knowledge about the spatial
and temporal rates of evapotranspiration.

With respect to evaporation, open water bodiesqare different from land surfaces. According to
the study in Lake Elephant Butte, USA (Eichingerlet 2003), the solar energy penetrates the water
to depths of as much as 30 m in clear water, somelgks in turbid water, and is stored throughout
the water column. The water column is mixed by agfmotion and becomes the source of energy
that drives evaporation. Because of the large sieaage capacity of water (1X¥L0ni%), and the fact
that water is approximately 1000 times more dehse tair, the temperature of deep, clear, water
bodies does not change considerably throughowtafievhen compared to the atmosphere.

The various methods for estimating evapotranspinatiave been developed for specific surface and
energy —exchange situation determined by the fatigwonditions:

» Types of surface

* Availability of water

e Stored energy use

» Water advected energy use

Additional considerations in choosing a methodu®e in a given circumstance are:

» The purpose of the analysis (determination of timeuwnt of evapotranspiration that has
actually occurred in a given situations, incorpmgtin a hydrologic model, reservoir
design, general water-resource assessment, etc.)

« The available data (particularly meteorological gmaeters measured and weather
measurements were made at the area of interest estimated regional values)

» The time period of interest (hour, day month, yelimatic average).
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2.2. Estimation of open water evaporation

In natural water bodies, water-advected heat aadgdin heat storage may play a substantial role in
the energy balance. The magnitude of these compoirea particular case depends in large part on
the area, volume, and residence time of waterendke relatively to the time period of the anaysi
Because of available importance of these non-melegical factors in the energy balance, it is not
generally possible to develop equation for predicthe evaporation for a particular open water body
such as a lake from meteorological data alone.rdieroto develop general methods for estimating
evaporation from surface —water bodies, hydro-nmretegists have formulated the theoretical
concepts of free-water evaporation: evaporation wwald occur from an open water- surface in the
absence of advection and changes in heat storagiewaith thus depends only on regionally
continuous meteorological or climatic conditionsake evaporation is determined by adjusting
mapped or computed free-water evaporation to adcfmunadvection and heat-storage effects in a
given actual water body.

According to Dingman (2002), depending on the amlity, accuracy and cost of the data it is
possible to estimate open water evaporation using:

« Water-balance approach

e Mass-transfer approach

e Eddy- correlation approach

« Energy-balance approach

¢ Penman or combination approach.
« Pan-evaporation approach.

Yet evaporation from open water remains a diffiquiticess to measure or estimate. The major source
of difficulty is the fact that the required metelmgical parameters are rarely measured over therwat
surfaces, and the thermal lag between the water land surfaces renders the land-based
measurements ineffective in the parameterizatioopefn water evaporation. The use of remotely-
sensed data provides a means of obtaining usdfuiniation about the evaporating water surface;
however, an appropriate formulation of the trangfmcesses occurring in the advective boundary
layer is required.

Granger and Hedstrom (2005) showed that lake ew#ipar is largely uncoupled from (or
unsynchronized with) the land surface evapotrantipm. The land surface processes follow closely
the pattern of energy supply, the partitioninghed het radiation is straightforward; the soil hidat
tends to be relatively small for most situationd &me turbulent fluxes of sensible and latent hieat,
the most part, behave in a similar manner. Thetaring of energy at a lake surface, on the other
hand, is more complex. Because of radiation petetraheat storage effects could be enormous
(Mobley, 1994). The turbulent fluxes of sensibl@ datent heat are not necessarily in phase with the
energy supply, but are governed by the gradienteroperature and humidity in the boundary layer.
These gradients are controlled both by water sarfemmperatures (affected by radiation and
intermittent mixing of the water) and by the praess occurring at the upwind land surface (heating
of the air and evapotranspiration). For these msstand surface data alone are insufficient to
parameterize the lake evaporation.
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2.3. Application of remote sensing in hydrological studies

The extraction of data from remotely sensed imaggs tremendously increased in the last three
decades. It has also increased our understanditigedémporal and spatial variation of the retrieve
information. Retrieval of data like sea surface &t surface temperatures from radiances leaving
the earth’s surface (signatures from the thernfahiad regions of the electromagnetic radiatiorg) an
measured on sensors on board satellites are gemapées of this aspect.

Remote sensing techniques provide a means of mimgtand measuring hydrological state variables
over large areas. And it has become a powerful itoils advantage of capturing spatial as well as
temporal distribution of the variables within priaat accuracy. Hydrologic variables such as rainfal
and evaporation, which are used as major input ocoeqts of hydrological analysis for water
assessment can be estimated or measured diredtidiogctly by the use of remote sensing systems
and techniques, supplementing the already exidéingliar method of estimation and measurements
(Maidment, 1993)

Remote sensing is probably the only technique taet provide representative measurements of
several relevant physical parameters at scales &gooint to the whole globe. Techniques using
remote sensing information to estimate atmospheriobulent fluxes are therefore essential when
dealing with processes that cannot be represemigdog point measurements. In developing remote
sensing algorithms for the estimation of atmosghtribulent fluxes, two basic physical principles,
the conservation of energy and turbulent transpoust be considered. The former is the basis of the
energy balance approach, and the major challengeeisbility to determine the various physical
guantities involved with the required accuracy. Tagonale behind the energy balance approach is
that evaporation is a change of state of wateredsgahding a supply of energy for vaporization. The
whole problem then reduces to determine all otlwerrces and sinks for energy such as to leave
evaporation as the only unknown. The latter recagthe importance of wind in transporting vapour
away from the evaporating surface and, when suftdegsoviding a direct estimate to evaporation.
This is often called the aerodynamic approach angl@ys, typically, gradients of wind velocity,
temperature, and water vapour density in the nedace atmosphere where the measurements of
these gradients are available. Since the energgdbde., available energy to the surface lesstile

or water heat flux) in the energy balance approsdds to be distributed between sensible heat and
latent heat fluxes, which involves, again, the @pte of turbulent transport, a complete treatmant
both the conservation of energy and turbulent prartsprocesses becomes necessary for developing
relevant remote sensing algorithms for these flugesrently there are many surface energy balance
(SEB) algorithms which have been developed by diffe authors (Bastiaanssen et al., 1998a;
Bastiaanssen et al., 1998b; Su, 2002) and othesst bf the algorithms make use of remote sensing
data combined with ancillary ground measurements dstimation of surface energy balance
components.
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2.4. Eddy covariance system

Flux can be defined as an amount of a quantity phases through a closed surface per unit of time
and area. If net flux is away from the surface,ghgace may be called a source. For example a lake
surface is a source of water released into the sgihreye in the process of evaporation. If the op@osi

is true, the surface is called a sink. For examplgreen canopy may be a sink of Ql0ring daytime,
because green leaves would uptake €@m the atmosphere in the process of photosyighes

Air flow can be imagined as flow of numerous ratgteddies. Each eddy has three 3D components,
including vertical movement of the air. The sitoatiooks chaotic at first, but these components can
be measured from the tower. The physical meaninpefddy covariance is that one physical point
on the tower, at timel, eddyl moves parcel of aidawn at the speed;wThen, at time2, eddy2
moves parcel cup at the speed wEach parcel has a concentration, temperature harmddity. If
these factors, along with the speed are known, amedetermine the flux. For example, if one knew
how many molecules of water went up with eddiesimél, and how many molecules went down
with eddies at time2, at the same point, one coaldulate the vertical flux of water at this poiver

this time. So, vertical flux can be presented asowariance of the vertical wind velocity and the
concentration of the quantity studied.

Eddy covariance method calculates only turbulemticad flux, involves a lot of assumptions, and
requires high-end instruments. On the other hangkovides nearly direct flux measurements if the
assumptions are satisfied. Some of these assuraptiepend on the proper site selection and
experimental setup (Gieske, 2006; Kaimal and Fiaimjd.994).

Major assumptions in eddy covariance techniques:

« Measurements at a point can represent footpriat are

¢ Measurements are done inside the boundary layieterest

« Fetch/footprint is adequate — fluxes are measunbdai area of interest

¢ Fluxis fully turbulent — most of the net vertidednsfer is done by eddies

« Terrain is horizontal and uniform: average of fuations is zero; density fluctuations
negligible; flow convergence & divergence negligibl

« Instruments can detect very small changes at vigtyfrequency

Measurements are of course never perfect, becdusssomptions, instrumental problems, physical
phenomena, and specifics of the particular terrAma result, there are a number of potential flux
errors as explained by different authors (Schotaatue., 1983; Twine et al., 2000) and presented as
follows:
« Time response errors; occur because instrumentsnialge fast enough to catch all the
rapid changes that result from the eddy transport.
« Sensor separation error; happens because of phgsjgaration between the places where
wind speed and concentration are measured, soiaoearis computed for parameters
that were not measured at the same point.
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» Error due to spikes and noise; high frequency matzeous data will have occasional
spikes due to both electronic noise and some philyst@asons (such as rainfall, birds or
insects).

e Error due to unlevelled instrumentation: Sonic aoewters are used to determine the
vertical fluxes of momentum and scalars in the afheric surface layers. In practice the
coordinate systems of the sonic anemometers arslitfece will not be perfectly aligned
such that a tilt —correction for these small dewiz of the anemometer coordinates is
needed. These options are available; (i) to usevkn(e.g. measured) angles, (ii) to
impose requirements on the means and stressesamiglveraging period, (iii) to assume
that the mean flow over a certain period, as olegtby the sonic, is in a plane parallel to
the surface (planner fit) method. The reader cderrenore on coordinate rotation
especially 2D coordinate transformation approacexasained by Gieske (2006)

* Error due to humidity fluctuations; sonic correcti@pplies to a sensible heat flux
measured with sonic anemometer - thermometers. othpensates for humidity
fluctuations and momentum flux affecting sonic temgiure measurements.

In the measurement of eddy fluxes it is generalgommended to sample at a rate twice the
frequency of physical significance of the data void aliasing. Sampling at a rate of 10 or 20 Hz is
usually adequate for most land applications, whilgher frequencies may be required for airborne
applications and in special circumstances (e.geat low heights).

The minimum essential requirements for Eddy Cowaeainstruments include the following:
instruments need to sample fast enough to coveegliired frequency ranges, while at the same time,
they need to be very sensitive to small changebenquantities of interest; instruments should not
break large eddies by having a bulky structure, strald be smooth enough to measure well at low
heights; they also should not average small eddiassing large sensing volumes.

Flux data quality control

Removing bad data is an important part of the dataity control process. It ensures that results do
not have a bias or errors due to some obvious mnun reasons. As a first step, bad data are usually
removed for one of the following causes: instrunmaatfunctions, processing/mathematical artefacts,
ambient conditions not satisfying Eddy Covariancethud, winds are not from the footprint of
interest, and heavy precipitation. In general, hawethe quality control procedure is very much a
site-specific and instrument-specific activity (Bokand Wichura, 1996) , except for these common
steps. Thus, it is important not to overdo bad detaoval at one study site based on past experience
with a different study site.

For example, the tolerance thresholds for sensieé flux data will differ greatly between an open-
water flux measurement, (which will have generaiyall sensible heat fluxes), and a desert
measurement that has high heat fluxes. Thus, appbyiteria developed for open water fluxes would
probably eliminate many good data points if apptietheasurements taken over the desert.
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3. Description of the study area

3.1. General

Lake Tana sub-basin is part of the Blue Nile basi&thiopia. It comprises Lake Tana which has a
surface area of 3000 Krwith an elevation of 1786m above sea level andstheounding sub-basins
abutting the lake. The lake is fed by over 40 gvand streams flowing from the Simien Mountains to
the north, the large central plateau to the eadttl@ gentler sloping land to the west. An impadrtan
development to improve management of Lake Tanarwatource includes the construction of the
water level regulation weir at the outlet of thekkan 1996. The weir enables to regulate the owtflo
of water for the Tis Abbay | and Il hydroelectriover plant some 32km downstream of Lake Tana.
Some details of Lake summarized as in table 2.1.

Table 3-1: Facts and figures of Lake Tana

No. Description Data
1 Location 12° OO'N, 3715'E
2 Altitude 1786m amsl
3 Surface area Approximately 3000 krh
4 Catchment area Approximately 15000 kfn
5 Depth 7.2m mean and 14m maximum
6 Volume Approximately 28 krfiat 1786m
7 Maximum length 84 km
8 Maximum width 64 km
9 Major influent rivers Gilgel Abbay, Ribb, Kelti,Guara and MegechH
10 Effluent rivers Abbay (Blue Nile) River

Lake Tana sub-basin is characterized by enormotenpal for development of irrigated agriculture,
hydropower, tourism, bio-diversity and recreatiofsr this reason, it is one of the richest subsbasi
concerning water resource.

3.2. Location and accessibility

Lake Tana basin is found in North West part of &b in Amhara administrative region covering
eight Woreda regions (smaller administrative unid®mbia and Gondar Zuria in the northern part of
the sub-basin; Libo Kemkem, Fogera, Farta and Dethae eastern part of the basin, Achefer and
Alefa-Bechigne on the western part and with Bakdr Buria on the southern part of the basin.

One major road originating from Addis Ababa passesoss the basin connecting the major
cities/towns namely Merowi, Wetet Abbay, Bahir D@fpreta, Addis Zemen and Gondar. This Sub-
basin can also be accessed by another secondahthataoriginates from Weldiya passing through
the towns Debre Tabor and Nefas Mewcha and joiesnthin road in Jiggna. Two International
airports are located inside this basin, i.e. iniBBfar and Gondar Cities.

11
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Lake Tan
&

Figure 3-1: Location of the study area, Lake Taiads¢ colour composite of LANDSAT7 image,
October 2003)

3.3.  Climate of the study area

Based on the rainfall pattern, the year is divided two seasons: a rainy season mainly centred on
the months of June to September, and a dry seagon@ctober to March. In the southern parts of
the basin the months of April and May are an inetiate season where minor rains often occur. Of
the total annual rainfall, 70% to 90% occurs in flime to September rainy season. There is a high
spatial variation of rainfall within the basin. Theean annual rainfall at Bahir Dar (south portidn o
the basin) is 1450mm and 1050 mm at Gondar Air Rateorological station (northern portion).
Rainfall distribution, both in time and space, d&ses northwards in the basin. The weighted mean
annual rainfall depth over the basin is estimateloet 1341.6 mm.

According to the study by Yohannes (2007) the spatiriation of temperature is fairly constant in
the middle and upper part of the catchment whictyea within the limits of 19°C to 20°C. On the
other hand, a small portion with about 10% by atethe lowest most part of the basin is observed to
have a higher temperature record with average valu®3°C. Total weighted basin average
temperature is estimated to 20°C. The average texhpariation ranges from 7.5°C down to 3°C
within a year as we go to the southern portionhef $ub-basin. The mean annual relative humidity
(1994-2004) at Bahir Dar is 58% and Gondar is 52.7% foeeethe sub-basin is characterized as
humid climate.
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Bahir Dar station
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Figure 3-2: Long-term average meteorological obatgons at Bahir Dar and Gondar stations

3.4. Hydrological setting of the area

The lake has more than 40 tributary rivers, butriggor rivers feeding the lake are Gilgel Abbay
from the south, Ribb and Gumara from the east aaddith river from the north, while there are no
large rivers that flows from the western side & thake. According to Kebede et al.(2006) those four
major rivers contribute 93% of the lake inflow. Tiater level of the lake rises gradually during the
rainy season to reach its maximum level in Septerabthe end of rainy season, after which it slowly
falls to reach its minimum water level in June. Tdrnual water level variation is approximately
1.6m, while the historical maximum water level wid88 amsl| (September 21, 1998) and minimum
water level 1784 amsl (June 30, 2003) as reponeiddhannes (2007). The outflow from the lake
joins the head of the Blue Nile. The natural anrudflow from the lake ranges from a minimum of

1075Mn7 (in 1984 ) to maximum of 6181Mh{ in 1964) with an average of 3732 M(from 1976-
20086).
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Figure 3-3: Lake Tana basin (source: Ethiopian stipiof water recourses)

3.5. Lake bathymetry

Bathymetry is the measure of the depth of wateidsoftom the water surface. Early techniques used
pre-measured heavy ropes or cable lowered oveipé ide. The data to make bathymetric maps
this days typically comes from an echo-sounder rremibeneath or over the side of boat, sending a
beam of sound downward at the seafloor or from teraensing systems. The amount of time it takes
for the sound or light to travel trough the wateounce off the seafloor, and return to the sounder
makes it possible to determine the depth to the'saliottom. The first bathymetric survey of thedak
was made in 1937 by ltalian researchers (MorandiB40) and the lake area was estimated to be 3156
km? and its elevation was quoted as 1829m amsl. 16 20®athymetry survey was conducted by
Kaba (2007) and later Abeyou (2008) has modifiesl hthymetry survey of Kaba by using some
additional control points and found out the surfamea of the lake varies between 3000-3158 km
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4. Instrumentation and data availability

4.1. General

Hydro-meteorological data are the main input talgtthe water resources potential of an area for
operational and planning purposes. As part of nggaech work a field campaign was carried out
from September 04 to October 02/2008. The fieldknad its associated activities can be explained
in two phases. The first phase was historical dali@ction from different ministries and officesh&@
second phase mainly consisted of in situ measuresnaélifferent parameters and variables.

4.2, Historical data

Hydro-meteorological data was collected from thenistry of Water Resources and National
Meteorological Service. The stream flow data cdesi$ all gauged catchments in Lake Tana basin.
Two stations (Bahir Dar and Gondar) were seleatecbtlect the meteorological data. These stations
are near the lake and are also class | statioresd@ta collected are:

* Rainfall

e Maximum and minimum temperature

* Relative humidity

* Wind speed

* Sunshine hours

» Piche evaporation
The description of those data are shown in appeDdix
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Figure 4-1: Meteorological stations around Laked an
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4.3. Automatic weather data

Recently an automatic weather station was instalkat Woreta about 20 km to the shore of the lake
by Dr. A.S.M. Gieske and Dr.Ing. T.H.M. RientjesT@) in June 2008 (Temesgen, 2009). This
favourable condition encourages the ongoing rekearthe basin. The parameters that are measured
on the weather station are:

e Air temperature

¢ Relative humidity

¢ Wind speed

« Water content and temperature profile of the ddiheee depth

« Solar radiation
The description of those data are shown in appeBndix

4.4, In situ measurement

Instantaneous measurements of eddy flux and radiatere carried out on the land surface as well as
on the lake during the field campaign. But alsotamperature, relative humidity and temperature
profile on the lake was collected.

4.4.1. Instruments used

In situ measurements on the land and water sumage collected with different equipments. The
description of the instruments is presented as\id|

i Radiation sensors:

The radiation sensor used during data collectios ®aIR1. The CNR1 (Kipp and Zonen, Delft,
Holland) net radiometer is intended for the analygdithe radiation of solar and far infrared raidiat
The most common application is the measurementbftotal) radiation at the earth’s surface. The
CNR1 design is such that both the upward-facing dodnward facing instrument measure the
energy that is received from the whole hemisphd®0 (degrees field of view). The output is
expressed in Wih The spectral range that is measured is rougbiy 8.3 to 50um. This spectral
range covers both the solar Radiation, 0.3 in3and the far infrared radiation, 5 to jof.

The design of CNR1 is such that solar radiation fandnfrared radiation are measured separately.
Solar radiation is measured by two CM3 pyranometeng for measuring incoming solar radiation

from the sky, and the other, which faces downwirdmeasuring the reflected solar radiation. From
these two pyranometers, albedo, the ratio of reftband incoming radiation, can also be determined.
Far infrared radiation is measured by two CG3 pymgeters, one for measuring the far infrared

radiation from the sky, the other from the earusface.
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Figure 4-2: CNR1 net radiometer sensor (source:gbathscientific users manual)

ii. Eddy Flux sensors:

Eddy flux measurements require very sophisticatedriumentation, because turbulent fluctuations
happen very quickly; changes in concentration, itheres temperature are small, and need to be
measured very fast and with great accuracy. Thiguiment used during the field campaign was
CSAT3.

The CSAT3 is a three-dimensional sonic anemométereasures wind speed and the speed of sound
on three non-orthogonal axes. From these measutemernthogonal wind speed and sonic
temperature can be computed. Errors caused by blowing normal to the sonic path have to be
corrected before the wind speed is transformed itihogonal coordinates. The three wind
components are defined by a right handed orthogepatdinate system. In general, point the
anemometer into the prevailing wind to minimize #maount of data that is contaminated by the
anemometer's arms and other supporting structures.
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Figure 4-3: CSAT, 3-D sonic anemometer (source: @zt scientific users manual)

The measurements of wind speed and air temperaging the CSAT3 underlie some limitations.
These limitations can be summarized as follows:

= Operating temperature range: 280to +50C

=  Speed of sound: 300 to 366 M#east significant bit is 1 mrils

= No data can be recorded during rain.
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During the field campaign using 3D sonic anemomeiterthree directional wind speed,(U,, U,) at
height of 2.60m above the water surface was medsuth a temporal resolution of 20 Hz .

iii. Air temperature and relative humidity sensor:

During the field campaign air temperature and netatumidity was measured by two different

sensors operates by Campbell Scientific and HoboeWiata loggers. The HMP45C, relative

humidity/ temperature probe combines a high acguhagnidity sensor and temperature sensors into
one compact units produced by Campbell Scientiftee probe must be housed inside a radiation
shield when used in the field. The 41003-5 radiathbield is used to block direct and reflected rsola

radiation, yet permits easy passage of air andeattached with tripod/mast/tower leg. The rarfge o
measurement is from -50 °C to 50 °C and from 0@0 % for temperature and relative humidity

probes respectively. The accuracy of the measureimeh 0.3 °C for temperature and + 2% for

relative humidity.

iv. Temperature probe:

The TMC6-HOBO temperature probe with 1.8m lead wesed for temperatures profile
measurements at four depths in the water. Temperaansors for use with HOBO external —channel
data loggers, this model measures temperaturesinithwater, or soil.

Before an intensive measurement of water tempergpoofiles it very important to calibrate the
sensors for offset and response times. Duringitld €ampaign calibration of sensors was done at
Bahir Dar University, Engineering faculty. In order calibrate the temperature probe for offset
(correction) and response time, we have used adatdnthermometer from the water quality
laboratory of Bahir Dar University. To determitiee response time we have modelled the measured
temperature (J) as:

T,=T+(,-T)e" 4-1
Where: T = Temperature at any time t

T, = Initial temperature

a = Alfa (Decaying parameter)

t = Time in sec

Table 4-1: Response time and offset of temperaitoke

Temperaturd T_average| Standard dey. Offset Alfa Response
sensor (°C) (°C) (°C) (sech time(1/alfa)
H1 22.5 0.07 -0.027 0.23 4.44
H2 22.6 0.06 -0.056 0.29 3.47
H3 22.5 0.06 -0.024 0.13 8.03
H4 22.5 0.04 0.035 0.12 8.19
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4.4.2. Data Collection on land
Radiation and 3D sonic anemometer measurements takea near to the Woreta weather station
from September 22/2008 to September 29/2008. Figufe(a and b) shows installation of the

instruments on the field and downloading the daienfthe logger to the laptop.

Figure 4-4: Setting up of instruments for dataexdion at Woreta (22/09/08)

4.4.3. Datacollection on the Lake

The in situ measurements on the lake were madesimg dast and slow response sensors for two
days. As shown in figure 4-5 the two sensors wietdfat height of 2.6 m above the wateg #40.85
and H =1.75). The first day of measurements was on 22008 from 7:46 to 18:20 local time and
the second day of measurements on 30/09/208 fr@ttd: 16:59 local time. Description of the data
measured by these two sensors is given in Appebdix

Slow response Sensors

Fast response Sensors Data logger

H1

= —b/%

Figure 4-5: Schematic representation of instrunisensors) mounted on the boat
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Figure 4-6: Sampling points on the lake (LANDSATTage, December 2003)

(a): Radiation measurements ( 4 component) (b): 3D-sonic anemometer measurements

(c) Temperature profile measurements (d) Temperature profile measurement

Figure 4-7: Measurements of different parametertherake (27/09/08)
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5. Satellite Imagery

In addition to the data collected during the fiekmpaign, satellite imagery from Terra/MODIS and
MSG/SEVIRI are used for this study.

5.1. Terra/MODIS

MODIS (or Moderate Resolution Imaging Spectroraditen) is a key instrument onboard of the
Terra (EOS AM) and Aqua (EOS PM) satellites. Tésrat an altitude of 705km and has a cross track
and along track swath of 2330 and 10km, respegtivarra's orbit around the Earth is timed so that
passes from north to south across the equatoreinmibrning (10:30 local time), while Aqua passes
south to north over the equator in the afternodh3@ local time). Terra MODIS and Aqua MODIS
are viewing the entire Earth's surface every 1 tays, acquiring data in 36 spectral bands, orggou
of wavelengths (see MODIS Technical Specificatiofi$lese data will improve our understanding of
global dynamics and processes occurring on the, lemthe oceans, and in the lower atmosphere
(King et al., 1992; Running et al., 1994; Salomensbal., 1989). MODIS is playing a vital role in
the development of validated, global, interactivaatk system models able to predict global change
accurately enough to assist policy makers in makund decisions concerning the protection of our
environment.

Table 5-1: MODIS visible and thermal infrared bandsd in this study
Bands Band width(um)  IFOV/m

1 0.620 0.670 250
2 0.841 0.876 250
3 0.459 0.479 500
4 0.545 0.565 500
5 1.230 1.250 500
7 2.105 2.155 500
31 10.780 11.280 1000
32 11.770 12.270 1000

MODIS data is available free of charge and can teessed from NASA website. In order to
download levell use the link: http://ladsweb.nasc@®a.gov/data/search.html. Atmospheric products
can also obtain from the same site. ModisSwathMaodisTool are software that can be used to pre-
process raw and products of MODIS images respégtifde MODIS products also can be accessed
from https://lpdaac.usgs.gov/lpdaac/products. Mustducts from level 1b up are in HDF format
either in "swath" or integrated sinusoidal projentso that we can use the MODIS reprojection tool
to convert to the required format and to createsffatial subset of the area.
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5.2. MSG/SEVIRI

The first satellite of a new series of Europeanstgmnary meteorological satellites, Meteosat
Second Generation (MSG-1), launched on 28 Augu82 2ihd followed by the launch of MSG-2 on
21 December 2005. The twelve channel imager, cdlE¥IRI (Spinning Enhanced Visible and
Infrared Imager) observes the full disk of the Bavith an unprecedented repeat cycle of 15 minutes.
SEVIRI has eight channels in the thermal infrar®) @t 3.9, 6.2, 7.3, 8.7, 9.7, 10.8, 12.0 and 13.4
um, three channels in the solar spectrum at 0.6,1068um and a broad-band high resolution visible.
The high resolution visible channel has a spatsblution of 1.67 km at nadir; pixels are over
sampled with a factor of 1.67 corresponding to angieng distance of 1 km at nadir. The
corresponding values for the eight thermal IR dmal dther three solar channels are 4.8 km spatial
resolution at nadir and an over sampling factot.6f which corresponds to a sampling distance of 3
km at nadir.

Table 5-2: Spectral channel characteristics of $&#VI

Channel no. Characteristics of spectral ~ Main gaseous

Band(um) absorber or window
)\cen )\min )\max

1 VISO0.6 0.64 0.56 0.71 Window

2 VISO0.8 0.81 0.74 0.88 Window

3 NIR1.6 1.64 1.50 1.78 Window

4 IR3.9 3.90 3.48 4.36 Window

5 WV6.2 6.25 5.35 7.15 Water Vapor

6 WV7.3 7.35 6.85 7.85 Water vapor

7 IR8.7 8.70 8.30 9.10 Window

8 IR9.7 9.66 9.38 9.94 Ozone

9 IR10.8 10.80 9.80 11.80 Window

10 IR12.0 12.00 11.00 13.00 Window

11 IR13.4 13.40 12.40 14.40 Carbon dioxide

12 HRV Broadband (about 0.4-1.1) Window/water vapor

The Spinning Enhance Visible and Infrared Imagé&t\(RI) sensor onboard MSG satellite provides
data to EUMETSAT at Darmstadt (Germany) which iscessed and then uplink to HOTBIRD-6 in
wavelet compressed format (Gieske et al., 2005¢ iftmges are received and archived at ITC in
compressed form on external drivers which are finteethe ITC network and hence accessed trough
ordinary personal computers. The images are gedcae radiometrically calibrated. The data is not
atmospherically corrected. Therefore direct groabdervation(s) can only be related to the satellite
observation(s) (at the required resolution) afteragpheric correction of images.

The retrieval of MSG data is straightforward usimgport utilities developed. External batch files
were created using the MSG data Retriever softdaveloped and available at ITC. Figure 5.1 shows
data Retriever window with the command line indiogitall parameters that are to be retrieved from
MSG images.
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f Meteosat Second Generation Data Retriever = ] 3
File  Help

—Date / Time range [LITC) - Channels— W Lse bounding boj

From: | 9/22/2003 vﬂ 00:00 'i 15006
To: [10/ 272008 ~|[z345 =] [ v1s008
CIiR_0ts

Repiat Interval (min): 15 = IR_039
v _062
— Ser w073
™ Multiple Charrels in o File :E—Eg;
I Multiple Times in one File IFI:1 i}
~Comwersion—————————————— Lt
- e : JIR_134
Original DM Yalues CHRv
" 8 hits Walues

£ Radiomstic (iwmadsdona) | | —sot |
£ Badiometic M ma2 7 srAumm) Files: T Lat I‘Tl—u?—wﬁs

I

& Beflectance / Temperature [K) WE: W Lan 36.5E | 38.5E 1984)

— Output ¥ lanore Enors
Format: IGenT\FF j Projection ILathn 'i [~ Show Console
File prefis: |Lake_tana I Simple Filenarne ™ Pisel sizes I

Execute
Falder; |D:\MSG_Data Browse... |
Show command ling I _Eﬂt_l

Figure 5-1: MSG Data Retriever window (courtesyTdaE)

While using MSG data Retriever the executed comma&ad be saved as a text file and therefore any

time a different image is required the changeoahg done using a text editor saved as a batchirfile
ILWIS software. In this study, only bands 4, 7, ®dal0 (3.9am, 8.7Qm, 10.8Qum and 12.0m

respectively) were used in surface temperatureexet:

In order to retrieve the required information froemote sensing data we should keep in mind that the

area of interest necessarily be near to the centitee scene to reduce geometric distortion as all

free of cloud cover to avoid contamination of radi@ measurement on the sensor.

Table 5-3: Satellite imagery used for the study

Satellite/Sensor| Date of acquisitipn  Satellit¢ Temporal [Cloud conditions of th
overpass timg resolution area

TERRA/MODIS 27/09/08 11:15 daily clear sky during day
time and cloudy durin

the night
MSG/SEVIRI 27/09/08 geostationary every 15 clear sky during day
minute  time and cloudy durin

the night

5.3. Image pre-processing

In order to get the required surface parametems fremote sensing data for evaporation estimation
requires the routine processing of images. Imageppocessing commonly comprises a series of
sequential operations, including atmospheric cdioec or normalization, image registration,
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geometric correction, and masking (e.g., for cloudster, irrelevant features). Geometric
rectifications of the imagery resample or change pixel grid to fit that of a map projection or
another reference image. This becomes especialpriant when scene to scene comparisons of
individual pixels in applications such as changedions are being sought.

5.3.1. Solar and Satellite zenith angles for MSG data processing

For many applications corrections to the pixelsehtov be applied based on satellite or sun azimuth
and zenith angles. A Java applet has been usedwalmvs computation of MSG satellite and sun
azimuth and zenith angles based on date and tiewer@ting MSG satellite and sun angles was done
by creating a batch file which could be adopted doy date and time in case new angles were
required. This particular applet, which can be eked into an active directory, works in a java
environment which must be installed in the syst&mnerated angles were imported into ILWIS for
further processing. Figure 5.2 shows the flow cfargenerating the satellite and solar angles.

Create MSG and Solar zenith angles
( In java environment)

A

Import satellite and solar zenith angles
into ILWIS

A

Add MSG geo-reference

Resample the satellite and solar angles
into required georeference

Calculate secant angles of the satellite
and solar

A

Satellite Solar secant
secant angle angle

Figure 5-2: Generation of MSG satellite and sotagles

24



OPEN WATER EVAPORATION ESTIMATION USING GROUND MEASUREMENT AND SATELLITE REMOTE SENSING

5.3.2. MODIS products

A large number of products are available for land atmospheric parameters. In this study | make
use of 8 days composite reflectance for monthlgddbcalculation and daily surface temperature for
the estimation of long wave radiation.

Table 5-4: MODIS land surface products used instaey

Product name Band used Spatial Temporal Name /coding
resolution resolution
Surface reflectance  Bandl to band7 500 m 8 days- MODO09A1
composite
Surface temperatureBand 31 and 32 1000 m daily MOD11A1

and emissivity

The MODIS surface reflectance products provide stimate of the surface spectral reflectance as it
would be measured at ground level in the absene¢nadspheric scattering or absorption. Low-level
data are corrected for atmospheric gases and dergsdding a level-2 basis for several higheresrd
gridded level-2 (L2G) and level-3 products. MODO9grbvides Bands 1-7 at 500-meter resolution in
an 8-day gridded level-3 product in the Sinusoftajection. Each MODO9A1 pixel contains the best
possible L2G observation during an 8-day periodsekected on the basis of high observation
coverage, low view angle, the absence of clouddaurd shadow, and aerosol loading. Science data
sets provided for this product include reflectamatues for bands 1-7, quality assessment, and the
day of the year for the pixel along with solar,wjeand zenith angles.

The level-3 MODIS global Land Surface Temperatw®T) and emissivity daily data include values
generated in a Sinusoidal projected tile by mappireglevel-2 LST product on 1-kilometer (actual
0.928-km) grids. MYD11A1 is comprised of daytimedanight-time LSTs, quality assessment,
observation times, view angles, clear sky coveragd emissivities estimated in Bands 31 and 32
from land cover types.

Most products from level 1b up are in HDF formather in "swath" or integrated sinusoidal
projection. One of the tools which use to procdsssé¢ products is MODIS Reprojection Tool
available in public domain. The MODIS Reprojectidnol (MRT) is software designed to help
individuals work with MODIS data by reprojecting NDOS images (Level-2G, Level-3, and Level-4
land data products) into more standard map praesti If desired, the user may reproject only
selected portions of the image (spatial subsettng)only selected image bands (spectral subskgtting
The software produces MODIS data in file formatst thre supported by existing software packages
(raw binary and GeoTIFF) as well as HDF-EOS.

5.3.3. MODIS level-1B data conversion

The MODIS level-1b and geolocation files are avad#ahrough the GSFC DAAC as the MODO02 and
MODO03, for Terra, MYD02 and MYDO03 for Aqua produatsspectively. From these data we can
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select the required bands as well as band heightr genith, solar azimuth, sensor zenith, sensor
azimuth.

The MODIS Swath Reprojection Tool (MRTSwath) prasdthe capability to transform MODIS
Level-1B and Level-2 land products from HDF-EOS #wiarmat to a uniformly gridded image that
is geographically referenced according to userifipdcprojection and resampling parameters and
then we can import to ILWIS as Geotiff format farther pre-processing.

5.3.4. Calibration and atmospheric correction of MODIS data

Pre-processing of MODIS images was done by toolt bo ILWIS software for SEBS operation.
The step by step procedure of these pre-procepsasgnted as follows.

1. Digital number (DN) to radiance/reflectance: It yices the tool to convert the imported MODIS
Channels in digital number into radiance or refiece, which is done by applying the proper
calibration coefficients. The calibration coeffiote consist of a scale and offset and are provided
in the HDF header file of the raw data. The coéfits can be read by using of HDFView
software.

2. Brightness temperature computation: This procegueides the options to convert the bands 31
and 32 of MODIS from radiance to blackbody tempes. This conversion is done by applying
the well-known Planck equation.

C,

T, = (5.1)
A Iog[/‘;;;_ +1J
Cc S
Where:
T. = Brightness temperature, from a central wavele(ig)
Ac = the sensor’s central wavelength (um)
Ls = the sensor’s radiance (W8r" um)
CL = first radiation constant (3.741775x10-22 \himm*)
C = second radiation constant (0.0143877 pmK)

3. Atmospheric Correction (AC): The accurate retrieghlsurface reflectance and temperature is
very important in deriving land surface biophysiparameters and in determination of fluxes. In
mapping of the surface physical properties from gy sensed spectral data, the surface
information is highly affected by atmospheric ifiéeence.

The atmospheric effects include scattering by adsoand absorption by gases, such as water
vapour, ozone, and oxygen. The AC method is anndatgart to improve the analysis of the
remote sensing data in many ways:
=  Multi-temporal scenes recorded under differentcaspineric conditions can better be
compared after atmospheric correction. Changesradibevill be due to changes on the
earth’s surface and not due to different atmosphamnditions.
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» For comparison of vegetation condition and surfadghtness between and among
years of selected time periods.

» For quantitative remote sensing applications likdaxe vegetation atmosphere transfer
(SVAT) modelling.

Therefore, methods of atmospheric correction (A@ meeded to correct the radiances for the
atmospheric disturbances, in order to allow theieeal of pure ground radiance from target. The
correction methods can be grouped according tofithed product required by the application.
Generally the methods are grouped into two:

i Relative atmospheric methods: These methods indtu@eiant object, histogram matching, and
dark object analysis. For details of the discussibtihese methods the reader is referred to Liang
(2001b).

i Absolute atmospheric correction methods: These odsthrequire a description of the
components in the atmospheric profile. Detailedcspheric information can only be obtained
through atmospheric sounding procedures, consistirg series of instruments able to sample
the atmosphere at fixed intervals while transpoviedically by a balloon. This kind of profiling
is carried out daily at the some atmospheric cenittefixed times, regardless of the satellite
overpass time. The output of these methods is agenthat matches the reflectance of the
ground pixels with a maximum estimated error of 10P@atmospheric profiling is adequate
enough (Kerle et al., 2004). Some typical exampfaadiative transfer models used for absolute
atmospheric correction are: MODTRAN and SMAC (Siifigdl Method for Atmospheric
Correction). These methods are producing some atecvesults but they need the acquisition of
atmospheric parameters like aerosol properties)y@and water vapour content.

Due to lack of direct measurement of atmospherdfiler variables for the study area and also its
simplicity | applied the SMAC atmospheric correctimethod in this study. SMAC is a simplified
version of Code 5S and 6S. It was originally destyfor NOAA AVHRR imagery, and has been
extended to include some high resolution satelliidé®e main advantage of the method is that it is
several hundred times faster than more detaileidtrad transfer models like 5S and that it does not
require pre-calculated look-up tables. The metisogspecially useful for correcting the huge amounts
of data acquired by large-field-of-view high-repigBly sensors, like the ones on board polar arbiti
and geostationary meteorological satellites. It giquires information of ozone, aerosol and water
vapour, but adapted to total amounts in verticiimos of atmosphere, while detailed profile are not
necessary. This information is extracted from MODISatmospheric  products
(http://ladsweb.nascom.nasa.gov/data/search.htifig table below shows the atmospheric data
obtained from MODIS product for day 27/09/2008.

Table 5-5: Atmospheric correction data for SMACY@31, year 2008)

Atmospheric correction data Value
Optical thickness (Aerosol) (nm) 0.2
Water vapour (gcif) 2.8
Ozone content (atm.cm) 0.268
Surface pressure (hpa) Raster map produced frorhtheig

information of geolocation file.
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6. Methodology

6.1. Evaporation estimates using climate data

Most of the methods proposed to estimate lake ea#ipa when available meteorological

observations are limited, derive evaporation eitfrem the aerodynamic principle, the energy
balance, or a combination of both (Cahoon et #9111 Morton, 1983; Rosenberry et al., 1993;
Vardavas and Fountoulakis, 1996). In this resedhehtwo widely used methods, i.e. the energy
balance and Penman open water approach are agbli@dlaily time steps for annual evaporation
estimates.

6.1.1. The lake energy balance

The lake energy balance method is one of the bestads for inferring evaporation (Ashfaque, 1999;
Assouline and Mahrer, 1993; Gianniou and AntonopeuR007; Keijman, 1974; Vallet-Coulomb et
al., 2001; Yin and Nicholson, 1998). It does najuiee wind speed data. A general expression of the
energy balance is:

R,=H+AE+AS 6-1

WhereR, is the net radiation,E the latent heat fluxi(the latent heat of vaporization in J'k@ndE
the evaporation rate in kg sn?), H the sensible heat flux, ani® the change of energy storage in the
lake fluxes (all terms expressed in Vi)

The net radiationR,) results from the balance between short wave amgl\Wave radiation:

R, =R(-a)+R 6-2

WhereR; is the incoming short wave radiatidR, is the net long wave radiation (Winando is the
surface albedo.

In the absence of direct radiation measuremently,idaoming shortwave radiation can be calculated
with the Angstrom formula, which relates solar editin to extraterrestrial radiation and relative
sunshine durations:

_ n
Rs—(as’fbsﬂ)'?a 6-3

Wheren is actual duration of sunshine [houN,is the maximum possible duration of sunshine or
daylight hours [hour]R, extraterrestrial radiation [Wfh, as and k are regression constants.

Depending on the atmospheric conditions (humiditist) and solar declination (latitude and month),
the Angstrom constants will vary. Where no actualas radiation data are available and no
calibration has been carried out for improwwgaandbs parameters, the values= 0.25 andbs= 0.50
are usually recommended.
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Land surface broadband albedo is one of the magsbritant physical parameters for climate models

in determination of net short wave radiation aswshan Equation 6-2, because it governs the

exchange of radiation between the land surfacetl@ditmosphere. It depends on the atmospheric
conditions through downward fluxes. Satellite reeneensing techniques provide a more accurate
pixel-level estimation of surface albedo than tiiadal field measurements. However, the accurate
determination of land surface broadband albedo faprof atmosphere (TOA) observations requires

the knowledge of the atmospheric conditions andaser characteristics, which can be monitored

effectively only by multispectral sensors.

In this study attempt has made to estimate thaad@et well as temporal map of lake surface albedo
from TERRA/MODIS reflectance product which is frgehvailable and downloaded from
https://Ipdaac.usgs.gov/lpdaac/products.

The surface albedo can be computed from visiblerszad IR bands of MODIS sensor. The formula
developed by Liang et al. (2001a) has used.

@ = 0.160r, + 0.291r, + 0.243r, + 0.116r, + 0.112r, + 0.018r, - 0.0015 6-4

Where §, Iy, I3, I, Is, I7 are surface reflectance derived from MODIS bandlof,3,4,5 and 7
respectively.
The daily net long wave radiation as recommendddO 56 manual (Allen et al., 1998) as follows:

4 4
R, = a[ﬁ} (034- 014/fe, )(135 — 035) 6-5
2 Ry
Where
o = Stefan-Boltzmann’s constant [4.903°10J K* m? day']
T max = maximum temperature during the 24-hour period
T mmin = minimum absolute temperature during the 24-heuiog
€, = actualvapour pressure [kPa]
RJ/Rse = relative shortwave radiation (limitedtd)
Rs = measured or calculated solar radiation
Reo = calculated clear-sky radiation

The changes in stored energys) may be important in deep lakes subject to laggesonal variations
in air temperature (Hostetler and Bartlein, 1998s0mi, 2005; Vassiljev et al., 1995). In this study
owing to the shallowness of the lake and to thekvgsmsonal variation in air temperature, this term
could be neglected without introducing a considieradrror in the annual evaporation estimate.
Equation 6-1 further can be simplified by introchgiBowen ratio, i.e. the ratio of sensible to laten
heat flux.
E= L 6-6
A(B+])
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Considering the transport coefficients (inverseaefodynamic resistance) are equalHoand/E,
can be expressed as:

6-7

ﬁ_i _ T =T+ (2, - 2)]
= =y
AE e, €
WhereT; [K] and e; [mbar] are air temperature and vapour pressureightz; [m] and T, [K] and e,
[mbar] are air temperature and vapour pressureeihhz, [m], v is the psychometric constant
[mbar.K'] andT is the adiabatic lapse rate, generally taken @365, Kni'. I’ can be neglected if the
distance between the Bowen ratio measurement Iseightss than 2m. So the final equation used for
interpolation of field measurements is:
g = i — y[Tz - T 6-8
AE e -g
For a lake surface, the Bowen ratio is generaltyimeged from measurement of air temperature, air
humidity and water —surface temperature at a titep, vhich can vary from less than an hour to a
month. Due to lake of long term recorded of wateface temperature in this case we can estimate
from a comparable environment. For example, an @naverage Bowen ratio of 0.2 was taken in
water and energy balance models developed for Mag®ria (Yin and Nicholson, 1998and most
recently a research on Lake Ziway of Ethiopia (¢&foulomb et al., 2001) have used a value of
0.15.

6.1.2. Penman open water approach

In 1948, Penman combined the energy balance witmidiss transfer method and derived an equation
to compare the evaporation from an open water sgirfeom standard climatic records of daily
sunshine hours, temperature, humidity, altitude &l speed. This so-called combination method
was further developed and modified by many resesiscfAllen et al., 1998; Maidment, 1993; Vallet-
Coulomb et al., 2001).

The Penman combination equation for open watertexgugiven by:

_AR-G)+pc (e -8/,

E (Allen et al., 1998) 6-9
A+y
E=(R,-G) A, E. 4 (Vallet-Coulomb et al., 2001) 6-10
A+y A+y
+
g=_2 y 6431+0538),)D (Maidment, 1993) 6-11

L, (R-GHA)

A A+y A
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Where:
E = is evaporation that occurs from free water exatpan [mmday}]
Rn = is the radiation exchange for the free watefaser[mmday]
An = is energy advected to the water body [mm pet day
U, = is wind speed measured at 2 mfins
D = is average vapour pressure deficit, [KPa]
A = is the latent heat of vaporization [MJKg
= is psychometric constant [KFG]
ra = is aerodynamic resistance
A = is slope of saturation vapour pressure cunaraemperature [KP&™]
Ea = is the drying power of air and given by:
E, =026(1+054J)(e, —¢€) 6-12

6.2. Turbulent heat flux estimation

The eddy-covariance technique (EC) is broadly cameidl to be today’s reference method for the
estimation of turbulent heat fluxes (Kaimal and riigan, 1994). The technique is also used
extensively for verification and tuning of globdinsate models, mesoscale and weather models,
complex biogeochemical and ecological models, ardote sensing estimates from satellites and
aircraft. The technique is mathematically complex] aequires considerable care in setting up and
processing data. To date, there is no uniform tewiagy or a single methodology for the eddy

covariance technique, but much effort is being mad#éux measurement networks.

The fluxes that can be directly measured using edggriance principles are:
1. Sensible heat flux: estimated as mean air densititigtied by the covariance between

deviations in instantaneous vertical wind speed t@miperature, and converted to energy
units using the specific heat.

H=pCWT 6-13

WhereH [Wm?] is the sensible heat flup, [kgm®] is the mean air density,,Gs the heat
capacity of air, w [m§] the vertical wind speed and T is the sonic terapee [K]

2. Latent heat flux: computed in a similar manner usuager vapour, and later also converted to
energy units.

M./M,

AE = A= o.We 6-14
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WhereAE [Wm?] is the latent heat flux, [ ] heat of vaporization of watep, [kgm] is the mean air
density, M, is molecular weight of water, w [fisthe vertical wind speed, e[mbar] water vapour.

3. Carbon dioxide flux: presented as the mean covegidetween deviations in instantaneous
vertical wind speed and density of the £4®the air

FC = \N'p(': 6-15

Where E [Wm?] is the carbon dioxide flux, w [m/s] the verticaind speed, p. [Kgm™] is
the mean density of carbon dioxide in the air.

In general the software requirement in eddy cowaBameasurement can be grouped into data
collection (e.g. loggernet) and data processingnEwugh researchers often write their own software
to process specific data, recently, comprehensata grocessing packages have became available
from flux networks, research groups and instrunmeahufacturers (Mauder and Foken, 2004). One
example of such a package is ECPack. It is an oparcs FORTRAN library developed by the
Meteorology and Air Quality group, Wageningen Umgrgy, containing all relevant EC-routines and
an interface to raw measurements stored in NetGQidfdt. ECPack can be downloaded for free from
the JEP-site http://www.met.wau.nl/projects/JERntitml, together with the report that explains the
theory and all practical steps. The library hasnbeait into functionally different groups of ronés
(mathematics, corrections, general physics, IOCR&). From the name of a routine one can see to
which group it belongs. With a set of integratedtirees one can take collections of steps in tha dat
processing in one call. The separate routines csity d@e added by people to their existing programs
to incorporate new functionality. The integratedtioes, with a sample program, give an efficient
tool for the processing of EC-data.
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EC
Measurement

A

Download the data from
the logger using loggernet

A

Convert the raw data file
into NetCDF format

l

Create an interval file for
the whole measurement
period to be used in the

ECPack | Setup calibration parameters
for the measurement
! Setup the corrections to be
performed for tilt angle, sonic
Preprocessing the input temperature, frequency
for EcPack software g response, linear trend

A

Calculate sensible heat Calculate the mean wind
flux (H) using ECPack

"I speed and sonic temperature

software

A

Import the .dat file to
excel and interpret the
result

Figure 6-1: Flowchart showing how to calculate sgeslux using ECPack Software
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6.3. Satellite Remote sensing for evaporation estimation

Remote sensing-based evapotranspiration (ET) estingatising the surface energy budget equation
are proving to be one of the most recently accepgetiniques for aerial ET estimation covering

larger areas. The energy balance method for edtignavaporation from the Lake and reservoirs is
considered by many to be the most accurate meteltlaux et al., 2007; dos Reis and Dias, 1998;
Gianniou and Antonopoulos, 2007; Vallet-Coulomlalet2001; Winter et al., 2003) .

The latent heat flux can be computed as residuslidéce energy balance equation given as:

JE=R -G-H 6-16

Where)E is the latent heat flux [Wrj, E is evaporation anklis the latent heat of vaporization, B
net radiation flux [Wrif] at the water surface, G is water heat flux  [#rgpositive if the water
surface is warmer than the lower part and via Jemsa H is sensible heat flux [Wihfrom water
surface to air (positive if air is warmer than waamd via versa). The net radiation, ;Rhe water
heats flux (G) and the sensible heat flux (H) carcalculated as follows:

6.3.1. Net radiation from MODIS

The amount of radiation received at the Earth’sagrfinfluences the latent heat flux of vaporization
the energy balance, the level of soil moistureustathe water available for plants, the air, swefand

soil temperature, and also affects the suppressiophytoplankton productivity (Hurtado and
Sobrino, 2001; Wang et al., 2000). Therefore, kndgieon net radiation flux is of great interest in
agriculture, hydrology, climatology and ecosystems&bulent exchanges at the surface are governed
by the net radiation, so it is necessary that gasameter is accurate. The net radiation can be
expressed as the sum of the four major componiesits,

R, =R 1 R 1 +R | R 1 6-17

Where R| is the downward shortwave radiation from the Soidh atmosphere, R is the reflected
shortwave radiation by the surface| B the long wave radiation emitted from the atniasp toward
the surface and,Ris the long wave radiation emitted from the suefatdo the atmosphere. To get the
net radiation, the net long wave radiation and tsteore radiation should first be obtained.

The methods span a range of complexity from sirsfdéstical, empirical to theoretical and physical.
Xue et al.(2000) calculated shortwave net radiatimm ATSR data in three different ways.
Combining Landsat-5 TM and digital elevation mod&&ng et al.(2000) estimated surface net solar
radiation over an experimental site which covetd &y 17 km area near Manhattan, Kansas. Hurtado
and Sobrino (2001) obtained shortwave radiatior fhom the solar global radiation flux and the
albedo map.
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Long wave radiation

The difference between the earth’s surface emisaiaithe counter radiation of the atmosphere is the
net long wave radiation neglecting incoming longvev@adiation from the Sun. The value of the net
long wave radiation depends on air temperature,idiyncloudiness, and the vertical gradients of
temperature and moisture in the atmosphere. Inideguhe long wave radiation, Berliand (1960)
proposed an expression for the dependence of shkgamet long wave radiation upon the temperature
and humidity of air. Besides the temperature anchitiity of the air, net long wave radiation is
considerably influenced by cloudiness and by ad smrface temperatures. For a cloudless sky, the
net long wave radiation,Rcan be expressed as:

Ry=R | -R1 6-18

Where R| is the long wave radiation emitted from the atnmesp toward the surface, Rk the long
wave radiation emitted from the surface into theasphere. The incoming and outgoing long wave
radiations are interdependent. Xue et al. (1998ldped a relation ship between these two terms as:

- 4 - 3(T. -
R, = &0T, (039~ 005,/&(T,)/100) + 40T (T, -T,) 6-19

Wheree is the surface emissivity is the Stefan-Boltzmann constant  (5.67%0n°K™) and e
(Ty) is the vapour pressure (Pa) of the air.

Oberhuber (1988) gave an expression fog)e(@hich is,

e(T,) = 611 x10 7.5(T,-273 16 ) /(T,-35 .86 ) 20

T, can be obtained from local meteorological stati®o, to obtain the net long wave radiation, the
retrieval accuracy of surface temperaturgahnd emissivitye from remotely sensed data is very

important. The linear formula to convert from narrtmabroad band emissivity using channel 31 and
32 of MODIS given by Shunlin (2004) as:

£ = 0261+ 0314, + 0411k, 6-21

Shortwave radiation

The sun emits the shortwave radiation within theveviength of interval of 0.3 and 3 pm. When
measured at the earth surface, solar radiatiomdes! both direct and diffused shortwave radiation
and their sum may be called global radiation. Thewrh of incoming solar radiation (B which

reaches the earth’'s surface can be determined &ximaterrestrial solar radiation, atmospheric
conditions or cloudiness factor and by earth serfaanfiguration. The outgoing shortwave radiation
Ri1, is the portion of the visible energy, which ifleeted back to the atmosphere. The difference
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between the downward shortwave radiation from tine &1d atmosphere and the reflected shortwave
radiation by the surface is shortwave net radiatfmearly as several decades ago a high correlatio
between satellite observations of reflected shoréwfbuxes at the top of the atmosphere and ground
measurements of shortwave fluxes was reported éPiikal., 1995). In the following decade the first
guantitative estimates of these fluxes were derivd eventually improved methodologies that
allowed global-scale implementation were develoggmsed on equations from Xue and Cracknell
(1995), the net shortwave radiation can be expdease

Rs=(@1-a)SCcosf=R | -R1 6-22

Wherea is the Earth surface albedo, 8 the solar constant (1367Win C, is the atmospheric
transmittance in the visible spectrum (typically®), and the solar zenith angle (dscan be
obtained from MODIS product or calculated as:

€cosf = sindsing + coso cosg cost) 6-23

Wheresd is the solar declination and is the angular velocity of rotation of the Eartfp.is the local
latitude which can be obtained from MODIS data. tSmbtain shortwave radiation, the Earth surface
albedoa is a key issue. The surface albedo can be obtdipexmbining the narrow band spectral
reflectance.

6.3.2. Water heat flux, G

The water heat flux, G, is the energy that is z#ii in heating the water. G is positive when theewa

is warming and negative when the water is cooliffge involvement of G in the energy balance of
water bodies has to be considered from shortetafiteneous) to larger (seasonal) time sale. Oy dail
basis many studies inferred that G can be neglditeduse the energy gained during day time is lost
at night. However it is very important to analyze tperiodic change of water temperature to
understand the contribution of G on seasonal bdassing MSG-2 data analysis Gieske (2008)
reported that minimum change in water temperataceis around December-January on Lake Tana.

When we want to use remote sensing data in theygredance equation, all components of energy
balance has to be acquired at the instantaneoesstiale. Hence, there should be a way to calculate
instantaneous G from ground observations. Mosthef @vailable mathematical expressions are
developed for soil heat fluxes estimation, therefcaire has to taken when we want to apply for water
surfaces because the energy balance dynamics ef adlies and soil are different (Anthony et al.,
2000). The instantaneous rate of heat storage esgelat any depth z can be expressed by:

drT,
G=, Tw

dz 6-24
Where, ), is the thermal conductivity of water which is 0z6&ni'K™(at 25 C), dT, /dzis the

gradient of temperature in the watey, i$ the temperature of water [K], z in meter. Timaitation of
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this method is that the thermal conductivity of evas very difficult to estimate because every titne
can be affected by mixing due to turbulence actldence this method is mainly recommended for
stagnant water body.

G can be also estimated from the change in tempergirofile with respect to time, mathematical
written as:

G=rC, .f A%tdz
70 6-25

Wherep is the density of water [kgf, C, is the specific heat capacity of water [3Kg'], AT / At is

the change in temperature with two consecutive oreasents [K3]. The limitation of this method is
the measurements have to be done on specific doctditrack the change in water temperature with
time.

In the presence of all measurements of energy bal@aomponents the water heat flux can also
estimated as a residual of energy balance equasion

G=R,-H-JE 6-26

Where H is the sensible heat flux estimated frompterature gradiendE is the sensible heat flux
and related with sensible heat flux using Boweiorg). Then the above equation simplified as:

G=Rn—H(1+%) 6-27

6.3.3. Sensible heat flux, H

Studies addressing the scientific issues of clinchtinge and variability have discussed the need to
guantitatively measure and better understand sewftmosphere exchange processes. In addition,
having reliable measurements of the magnitude awihility of surface sensible and latent heat
fluxes is important for the development of regionlinate models and the verification of regional
climate simulations because of the significancikodél processes on the kind and intensity of waathe
experienced in a region.

Sensible heat is heat energy transferred betwemrsutface and air when there is a difference in
temperature between them. A change in temperattgedistance is called a "temperature gradient".
In this case, it is a vertical temperature gradieat, between the surface and the air above. &gk f
the transfer of sensible heat as a rise or fathntemperature of the air. Heat is initially trimsed
into the air by conduction as air molecules colligith those of the surface. As the air warms it
circulates upwards via convection. Thus the transfesensible heat is accomplished in a two-step
process. Because air is such a poor conductoratf hés convection that is the most efficient wy
transferring sensible heat into the air. Mathenadliiche sensible heat flux can be expressed as:

c
H=PCe 1) 6-28

ah
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Where:p, is air density [ kg, ¢, is specific heat of moist air, 1004 [JkgG"] , ran is aerodynamic
resistance to heat transport [§trto is water surface temperature [K], andsthe air temperature at
observation height [K].

The calculation of 4 can not obtained without difficulty. It varies Witvind speed and the intensity
and the direction of H itself. The aerodynamic s&sice to heat transport between the surface &nd th
reference height z can be estimated by:

L =k—lu[ln(zz_—d]—wm}{ln(zz_d)—%} 6-29
2 om oh

Where, d is zero plane displacement, k is Von Karmeonstant (=0.41), u is velocity of air [f}sz

is observation height,,z is surface roughness length for momentum trarisfigr zo, is the surface
roughness length for sensible heat transfer {nglandysm are the integrated stability functions for
describing effect of buoyancy or stability betweba surface and height z on the sensible heat and
momentum transfer. For neutral conditionsy€T,, hence H=0)ys, = ws,= 0 and for simplicity one
can assume.& Zom= Z. This assumptions gives comparatively small ermorsombination formula
(Thom, 1972) . So the above equation can be siraglds:

1 z
r.=——[In(-—)]? 6-30
ah k2u[ (ZO)]

For water surface, d=0,z0.0001m (Allen et al., 1996; Brutsaert, 1982) gasjed a value forz=
0.00023m over typical water surface whereas Peremaomes a roughness lengih0z0013m. As
Penman equation was developed to estimate openr watgporation, | took roughness length
Z,=0.0013 for calculation ogg

6.3.4. Daily Total from instantaneous evaporation

In order to calculate the daily total evaporatiooni instantaneous latent heat flux, Brutsaert and
Sugita(1992) used evaporative fraction approacte éaporative fractio is computed from the
instantaneous surface energy balance at sateligass on a pixel-by-pixel basis. The instantaseou
latent heat flux,AE, is the calculated residual term of the energygbtidand it is then used to
compute the instantaneous evaporative fragétion

_JE _ JE
Ainst - -
AE+H R, -G

6-31

Although the sensible heat and latent heat fluxedflactuating strongly on daily basis, evaporation
fraction behaves steadily during daytime (Bastiaanset al., 1998a; Crago, 1996) as result
instantaneous and the integrated daily evapor&totion can be hold similar.
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/\24hours = /\inst 6-32
The difference between the instantaneous evaperdtiaction at satellite overpass and the
evaporative fraction derived from the 24-hour im&gd energy balance is marginal and may be
neglected. At daily timescales,Emmday’) can be computed as:

_ 86400 10°
24 Ap

w

Ay (Rigs = Gyy) 6-33

Where: R.. (Wm?®) is the 24-h averaged net radiatianJkg"] is the latent heat of vaporization, and
pw [ kgm?] is the density of water, &is the net 24 hour water heat fij¢m™).

6.4. Surface temperature retrieval from MSG

6.4.1. Background

One of the most important parameters in all surtgdo@sphere interactions and energy fluxes
between the ground and the atmosphere is landceutéanperature (LST). It is also a good indicator
of the energy balance at the Earth's surface. As, 41T is used as a parameter for a wide variety of
scientific studies and agricultural applicationsag€lles and Sobrino, 1989; Kimura and Shimizu,
1994; Vining and Blad, 1992). On the other handewatirface temperature is the result of the energy
balance at the water surface and heat transporhanesns within the water body. Therefore,
knowledge of it is required to characterize proessa# the water surface. Water surface temperature
is an important water quality parameter relatedbitodiversity in the marine, coastal, and lake
environments. Moreover, water temperatures areyackeatologic parameter. Nowadays thanks to
the advancement in remote sensing observationpbssible to track this parameter at the required
accuracy.

Experiments in retrieving LST have been carried @imgi different sensors. Most studies focus on
the use of polar orbiting satellites because aof thigh spatial resolution (about 1 km). Examples ar

the National Oceanic and Atmospheric Administratimvanced Very High-Resolution Radiometer
(NOAA-AVHRR) (Coll et al., 1994; Price, 1983), tiidong-Track Scanning Radiometer (ATSR)

(Sobrino et al., 1996), and the Moderate Resolutinaging Spectroradiometer (MODIS) (Liang,

2001b; Wan and Dozier, 1996).

LST exhibits a strong diurnal variability that cahrfo® captured from polar orbiting satellites that
sample each location approximately twice a day.sGeionary satellites provide diurnal coverage,
and allow derivation of the LST diurnal (LSTD) cycldence MSG/SEVIRI having spatial resolution
of 3 km for the visible and infrared channels agmhporal resolution of 15 min is an improvement.

6.4.2. Method and material used

In estimation of LST from satellite thermal datag thigital numberNp) of image pixels needs to be

converted into spectral radiance using the senalifsration data. However, the radiance converted
from digital number does not represent a true sertemperature but a mixed signal or the sum of
different fractions of energy. These fractions inld the energy emitted from the ground, upwelling
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radiance from the atmosphere, as well as the dollingieadiance from the sky integrated over the
hemisphere above the surface. Therefore, the effelabth surface emissivity and atmosphere must
be corrected in the accurate estimation of LST.

Methods used to correct radiometric surface tentpexeor atmospheric interference fall basically
into two categories as discussed in AHAS (AVHRR Hyolgical Analysis System) by Parodi (2002).
= Direct methods use radiation transfer models, sacH OWTRAN and MODTRAN
together with atmospheric radio soundings, saellivertical sounders, and
climatologically data.
» Indirect methods are based on split-window or in ®@mperature observations.

i Split window technique

When two channels, or more, corresponding to diffeatmospheric transmission, are available, it is
possible to use the differential absorption toreate the atmospheric contribution to the signalsThi
method is known the split window technique (SWThds the advantage of being suitable for global
applications and can be run operationally with smphisticated ancillary data hence the method used
by many researchers. The SWT relies on the diffeabsbrption characteristics of the atmosphere
with two different but close wavelengths. The aidjon consists simply of a linear combination of the
thermal channels, which gives a surface temperapseudo-corrected for the atmospheric
contribution. A typical split-window algorithm cdre written as:

T.=a,+aT, +a,T, 6-34
Where T, and T, are the brightness temperatures at the top oattsphere in the two adjacent
infrared bands (in the region of 10.5-12r). The coefficients;are suggested by different authors.
The main difference between the top of atmosplampératures is directly linked to the difference in
water vapour absorption, assuming the surface etiss in the two channels are really identicél. |
these assumptions are correct, extracting suréanpdrature is rather straightforward. The problem is
usually much more complicated as land surface cheniatics are often not the same in the two
bands. For water surface many studies showed thesiity is not wavelength dependent in the
thermal region hence we can apply the method withmwrring considerable error. The emissivity of
the surface can be calibrated from in situ measentsn

Becker and Li (1990) applied a substantial effortiétermine the split window coefficients from the
actual emissivity values of the two channels amgé¢hare given in the following equations.

a,=1276
a, = 363+ 2.068@ +189242¢ 6-35
£
a, =—263- 1.912@ ~19.4062% 6-36
£

Whereg,ggande;,, are emissivity at channel 10.8 and 12 of SEVIRIBA®spectively.
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E=(Epgtép) 2 and As =€ 53— €, 6-37

il Four channel algorithm

The conventional SWT use two adjacent channelsdoumnt the effect of atmospheric interference in
the retrieval of surface temperature. The thearkbackground behind four channel algorithm is that
because of the middle infrared (MIR) 2@ channel has low atmospheric absorption and atem

it can be used to improve the atmospheric correcmn and Pinker (2003) clearly explained that to
fully utilize this characteristics, under the hypesis adding another pair of brightness temperature
difference between the 3.9 and 8uh window channels Gly-Tg;) could further correct the
atmospheric effects, in addition to the use oftthditional brightness temperature difference betwe
the 10.8 and 12m split window channels (§¢T1). In this study the equation formulated by Sun
and Pinker (2007) using four thermal channel of M&S been applied and then validated with in situ
measurements.

Ts =a0+a1T10A8 ta, (TlO.B - T12Ao) ta, (T3.9 - T&?) +a, (T 10A8_T 12 -0)2
+a.(secd -1)

6-38

Where T is the surface temperature, T is the brightnespéeature, Subscripts 3.9, 8.7, 10.8, and
12.0 represent SEVIRI IR window channels 3.9, 80.81and 12.0um, respectively ;aare the
regression coefficients dependent on surface typesd is the secant of satellite viewing angle.
While using the (MIR) 3.9 mm channel care has tddken because it contains solar signals during
the daytime, which need to be accounted for. Tloeee& solar zenith angle correctid®) (for the
MIR 3.9 mm channel during the daytime has to berperated and the above equation modified as:

TS :a0+alTlO.8 + a2 (T10.8 - T12.0) + a3 (T3.9 - T8.7) + 6—39
a,(T,,,-T12.0)*> +a,(sec & -1) + a,T,, cos &,

The regression coefficientsy, &, &, &, &, & and g in the above equations are calibrated based on
the land cover type (Sun and Pinker, 2007). Thessinity effects are now considered through the
surface type. The coefficients for water surfacegias below:

Table 6-1: Coefficients for four channel algorithm

Coefficients Day time Night Time

2 -29.2629 -20.8035
a 1.1054 1.0907
a 2.2502 1.8823
a 0.1322 0.3357
ay 0.1889 0.2987
a 464.1204 350.8949
3 5.75E-05 -
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7. Microclimatology and in situ data analysis

7.1. In situ data analysis

A field campaign has been carried out to colleffedent microclimatological data and in situ
measurements in and around the lake. The anafgsigit and discussion of the measurements are
presented as follows:

7.1.1. Radiation budget

The incoming and outgoing short wave radiation wmagasured by using net radiometer and from this
measurement we can calculate the surface albedelaas net short wave radiation. As shown from
the graph (see Figure 7-2) the first day was cdsr However the second day was very cloudy. For
validation of remote sensing analysis the first dayneasurements was a golden day. For the sake of
comparison between two sensors, the incoming sathation was also measured on the land surface
near the lake at Woreta weather stations. The sathations measured by the two sensors have good
correlation (see Appendix E, Figure E-3)
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Figure 7-1: Albedo of Lake Tana on"™2af September 2008

The albedo of the water surface is estimated frieenihbcoming and outgoing short wave radiation.
Generally the albedo of a surface depends on lathrdflective properties of that surface and on
atmospheric parameters which can alter the spedis@dibution of incident irradiance. As can be
noted from the graph (Figure 7-1) the albedo of wreer surface is not constant. In particular it
depends upon the angle at which the direct beakestthe surface. With cloudless skies and higher
solar altitude, water is one of the most absorlingaces. When the sun is close near sunrise or
sunset the reflection is specular. Under cloudgskie diffused solar radiation forms a large parti

of incoming solar radiation and the effect of s@#vation angle is completely damped. The altitude
dependence is also modified by the roughness ok éter surface (wave action)
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Figure 7-2: Net shortwave radiation measured dha2idl 29" of September 2008

Net radiative flux is dominated by incident soladiation, modulated by surface albedo and cloud
cover. It is also dependent on downward long waadiation as a function of atmospheric
temperature, humidity, and cloud cover, and onasgrftemperature-dependent upward long wave
radiation. As we can see clearly from Figure 7-8 tfet radiation is dominated by net shortwave
radiation. The net long wave radiation for the wlays as shown in the figure below is more or less
constant throughout the day which implies the s@féaemperature of the lake does not vary
considerably. The satellite overpass time for T8@DIS is at 11:15 local time indicated in the
figure below on September 27, 2008.
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Figure 7-3: Net radiation measured on SeptembéuR)rand 29 (down), 2008

Figure 7-4 shows the relative humidity and air temapure measurement on the lake using HMP45C
sensor. Relative humidity is usually high at midrignd early in the morning, drops rapidly aftex th
sun rises, until it is lowest just after midday.Wéwver the temperature behaves the other way round.
The reason behind inverse relation between RH aréraperature is that warm air has the potential
to hold more water vapour than cool air. By defanit RH is the ratio of amount of moisture to
maximum amount that could be contained hence ifntioésture in the air remains unchanged and
temperature rises, the maximum amount of moistuaé the air could hold increases. However the
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absolute humidity calculated using Equation showAppendix B is directly proportional to the air
temperature and it does not fluctuate too much.
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Figure 7-4: Relative humidity and air temperatueasurements using HMP45C

7.1.2. Bowen ratio

A Bowen ratio is a dimensionless quantity which swas the ratio of the turbulent flux densities of
sensible heat to latent heat. Such a quantity poitant to understand because knowledge of this
variable quantifies the relative magnitudes of acef energy expenditure to heat the air and to
evaporate water, and has been widely used in eaporestimation. In this study the Bowen ratio is
calculated for day time periods from in situ measugnts of air temperature, surface temperature, and
vapour pressure deficit. The scatter plot of Bowagio for the two days of measurements shown in
Figure 7-5. The Bowen ratio is higher in morninguf® this is because the temperature difference
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between the surface and the air was higher duhioget periods. In the afternoon it is getting lower
even negative because the air become wormer tleasutiace and also the temperature difference
was minimal.

Bowen ratio
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Figure 7-5: Scatter plot of Bowen ratio for dayeimn September Z7and 24 of 2008.

7.1.3. Turbulent heat flux

The contribution of sensible heat flux in the eyebglance of the surface is estimated from eddy
covariance measurement as explained in Chaptereéio8 6.2. From EC data processing and
ECPack calculation it can obtain wind speed in eéhogthogonal directions along with friction
velocity, sonic temperature and sensible heat fline outputs of ECPack daytime sensible heat flux
for 27" September 2008 are presented in the appendix Ge T&l. The interval files used in the
ECPack software are annexed in appendix G_II. Veeage of vertical wind speed for each interval
is close to zero which fulfils one of the assummi@f eddy covariance principles. The diurnal cycle
of aerodynamic resistance is calculated using Egu#&-30 from mean wind speed measurements of
sonic anemometer. The scatter plot of sensiblefheats on 2% of September 2008 shown in Figure
7-6. The calculated sensible heat flux as comptrete net radiation is very low which implies the
net radiation is mainly consumed by the latent fieat and also used to heat up the water as water
heat flux.
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Figure 7-6: Scatter plot of diurnal cycle of setesibeat flux on 2% of September 2008.
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The latent heat flux can be estimated directly fl8@hdata measurement. However during the field
campaign we didn’t collect krypton hygrometer meaments of water vapour density, hence the
latent heat flux is estimated from Bowen ratio. Ta&ulated latent heat fluxes are shown in the
appendix E, Table E-3 and E-5 for the first andbseadays respectively.

7.1.4. Water heat flux

The analysis of heat transport in the water bodkesiires detailed spatial and temporal temperature
data. However these data are lacking for Lake Bdrhe required spatial and temporal scale. During
field campaign temperature profile measurementshenlake was taken for two days. The first day

(27" of September 2008) is shown in Figure 7-8. Tharéigevealed that temperature variation in all

measurement periods hardly vary except at the ngiddae temperature of the water body increases
from morning to midday and again decreases in ftegreoon time and comes to the same morning
temperature. Temperature measurements were also &dla depth of 3 m using diver (see Figure 7-
7). The measurements show that water temperatdeaérlis constant through out the day hence there
is no heat storage at lower depth detectable atdhyg time scale.
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Figure 7-7: Temperature of water at 3 m depth fthensurface
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Figure 7-8: Temperature profile at different looas on the lake (refer Figure 4-2 to see the lopati
of sampling points)
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Due to the limitations of available data to apgpilg formula presented in Chapter six (Equation 6-24
and 6-25), it is difficult to calculate the instaneous water heat flux from temperature profile
observation. However since the net radiation, ®dmsheat flux and Bowen ratio are already
calculated, it is possible to estimate the instaeas water heat flux as a residual of energy balan
(see Equation 6-27). The calculated water heaefiiace plotted on Figure 7-9 and 7-10 for the first
and second days respectively. Heating and cookingatur on an annual scale (Gieske et al., 2008).

However the effect is too small to detect on tiroales of one day.
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Figure 7-9: Scatter plot of water heat flux ori'®f September 2008
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Figure 7-10: Scatter plot of water heat flux off'  September 2008.
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7.2. Long-term average estimate of daily evaporation

In order to calculate long-term average daily, rhbnbr seasonal variation of evaporation, timeeseri
measurements of meteorological data are required the lake surface. However there are no direct
(over water) meteorological measurements for Lakealhence data from the lakeshore station (Bahir
Dar) are used. Daily meteorological was collectedthe period of 1995 to 2007 and processed for
missing and inconsistent data.

The long-term trend of meteorological data at Bébar station shown in Figure 7-11.The incoming
solar radiation is the major source of energy f@p®ration processes which depends on cloud cover
and day of the year. The cloud cover also affeutsdifference between maximum and minimum
temperature in such a way that on a cloudy days (&sishine hours) it has a lower value than on
sunny days (higher sunshine hours).

40 40
351 r 35
—— Solar rad at TOA
301 —— Solar rad at surface r 30
Tmax-Tmin PR

25 | Sunshine hours losad
R =
g 22
o 20 20 o =
S £ 8_
= @ E
S5 15 -15 5 2
8 @
©
& 10 1 - 10

5 r5

0 T T T T T T T T T T T 0

1-Jan 1-Feb 3-Mar 3-Apr 4-May 4-Jun 5-Jul 5-Aug 5-Sep 6-OctiNo§ 7-Dec
Time (Days)

Figure 7-11: Long term average (1995-2007) trenchefeorological data (Bahir Dar station)

In order to calculate the net short wave radiatienneed to have the surface albedo. Due to the fact
that albedo is one of the most important parametethe energy balance of the surface hence it is
very important to track the spatial as well as terapvariability. However using point observatian i

is difficult to map the spatial variability. The atfal as well as temporal variability can be dedlive
from satellite observation. In this study | reteelvthe annual cycle of albedo from MODIS/Terra
surface reflectance products (from October 200G eéptember 2008) as explained in Chapter 6,
Section 6.1.1.
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Figure 7-12: Albedo of Lake Tana on October 2007

One interesting observation from the annual cy€lellmedo is that there is clear temporal and spatia
variability which shows the surface characterist€the water in the lake. The temporal variability
can be explained by the occurrence of rainy seastime area (June-September) is associated with
flash flood entering the lake which increase thgpsnded sediments abruptly and result in a sharp
increase on the reflectance (from 0.07 to 0.16)hef water. The average albedo during in situ
measurement on 27%f September 2008 as shown in Figure 7-1 is G®8ch is in the range of the
calculated annual cycle of albedo.
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Figure 7-13: Annual cycle of albedo for Lake TaR@(q7/2008)

The daily evaporation from long-term average metlegical data for Lake Tana was estimated by
four different methods, (Vallet-Coulomb et al., 200Penman-Monteith, Bowen ratio energy balance,
and Maidment,1993.
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Vallet-Coulomb et al. (2001) used the Penman coathliin approach as described in Chapter six and
the Penman’s functions of wind speed estimated geafly from wind speed and vapor pressure
deficit. In Penman-Monteith (Allen et al., 1998gtinod, the stomata resistancg for open water is
zero as well as & is 0.00137and the aerodynamic resistance calculaggng Equation 6-30. The
Penman combination formula after Maidment (see Eoueb-11) can also be used for open water
evaporation estimates. However this method ovenastis evaporation for large lakes by 10-15%
(Maidment, 1993) as can be seen from Table 7-thidght be better suited for evaporation pan and
small ponds.

The lake energy balance method is one of the be#itads for lake evaporation estimation as inferred
by different authors. After simplification of thake energy balance equation the daily evaporation
can be estimated from net radiation and Bowen r@éfer to Equation 6-6). For a lake surface, the
Bowen ratio is generally estimated from measuremeitair temperature, humidity, water surface

temperature at the required time steps. Howevetesthere is no long-term record of surface

temperature measurement for Lake Tana, it is diffim come up with good estimate of Bowen ratio.

Researches shown that in a given environment, tiveeB ratio is generally controlled by the water

availability of the surface, since this is notmiting factor in the lake surface; it is possilbeassume

a value from similar studies of lake evaporatiorcahstant Bowen ratio of 0.2 for Lake Tana is used
for annual evaporation estimation.

Previous studies on Lake Tana (Abeyou, 2008; Kelet@k, 2006) used a constant albedo of 0.06 for
annual evaporation estimation, however in this asge monthly albedo from MODIS satellite

imagery are calculated and used. The variationsofgumonthly albedo and constant albedo of 0.06
are presented in Table 7-1. The effect of usingstaot albedo is to over-estimate evaporation during
rainy season as shown in Figure 7-14. However dawgrto this research the albedo of the lake
during rainy season is higher than 0.06 which redwyaporation from the lake during those periods.

Table 7-1: Monthly evaporation by different methods

Method

Vallet-Coulomb Maidment Penman-Monteith Energy baéanc

Month | monthly a| constant a | monthly a| constant a | monthly a| constant a | monthly a | constant a
Jan 131.87 131.87 164.12 164.12 128.70 128.70 151.66 151.66
feb 138.97 140.94 176.09 178.06 135.39 137.35 154.67 156.93
Mar 160.40 162.45 203.69 205.73 156.30 158.34 174.65 176.95
Apr 160.65 158.70 202.05 200.10 156.80 154.85 172.82 170.66
May 159.61 162.30 195.33 198.01 156.25 158.94 172.68 175.67
Jun 120.81 140.13 143.42 162.73 118.69 138.01 134.12 156.02
Jul 108.60 123.60 124.93 139.93 107.04 122.05 123.47 140.82
Aug 110.93 121.13 125.89 136.09 109.49 119.69 126.56 138.37
Sep 127.93 134.54 145.86 152.48 126.20 132.81 145.15 152.77
Oct 143.97 145.84 169.29 171.16 141.55 143.41 161.46 163.60
Nov 131.32 131.20 159.06 158.94 128.63 128.51 148.74 148.59
Dec 132.31 128.63 162.34 158.66 129.35 125.67 152.09 147.75
Total 1627.37 1681.32 1972.07 2026.02 1594.39 1648.34 1818.08 1879.79
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Figure 7-14: Monthly evaporation by Vallet-Coulomigthod

7.3.  Sensitivity analysis of annual lake evaporation

To understand the significance of different metkmgical parameters used in open water evaporation
estimation methods a sensitivity analysis has pewd. Rigorous uncertainty calculations would be

unrealistic because all methods include assumptiodsempirical equations and coefficients whose
associated errors are difficult or impossible tdinestes as well as uncertainties on measured
parameters are unknown. However, the consistentieeafesult can be discussed through sensitivity
analysis of the energy and Penman open water netiootheir respective input variables: measured
data (air temperature (T_air), relative humidityHjiR and wind seed (WS)), short wave radiation

(inferred from measurements of daily sunshine doma¢SH) and local calibrated parameters) and
Bowen ratio.

The influence of individual input variables on ewegtion estimates for each method is analyzed by
increasing or decreasing of 10% of its value. Thalysis shows that both energy balance and
Penman are most sensitive to shortwave radiatitmchwis the energy source of evaporation. The
energy balance method is more sensitive to thiarpeter. The change in evaporation rates induced
by a 10 % change of shortwave radiation is 4.96rb 468 % for energy balance and Penman
methods respectively. The incoming shortwave razhatuncertainty comes from both the
measurement of daily sunshine duration and frometigirical coefficients used in Equation 6-3.
Variation in relative humidity influence evaporatioates calculated with Penman method (through
the saturation deficit) which is up to 1.28%. Takinto account the fact that the relative humidity
data are measured on land based meteorologicabrstatind the uncertainty associated with
measurement, its sensitivity to the method is igriicant. Uncertainties on wind speed data affect
the Penman evaporation rate, but this variabledtagr low influence.
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Figure 7-15: Sensitivity analysis of annual lakepyration using E-B and P-M.

Air temperature is also a variable common to bo#tthmds. In the energy balance method, it appears
only through the calculation of long-wave radiati@®e Equation 6-5) and it doe not significantly
influence the evaporation rate (1.2%). In the Penmathod it appears, in addition to the calculation
of the slope of saturation vapour pressure butialsbe vapour pressure deficit and the sensitiofty
this method to temperature is relatively large ¥4).1A 10% variation of the Bowen ratio, used in the
energy balance method, only slightly changes tmanevaporation estimates (1.7%). However, the
Bowen ratio was not measured for the entire peoioithe year and uncertainty greater than 10 % can
be suspected. Assuming that its value ranges rebgometween 0.14 and 0.26 (+x 30 %), the
associated error in the evaporation rate wouldebg than 5%.
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8. Remote sensing data analysis and result

8.1 Net radiation from MODIS

Net radiation is the difference between the incgramd outgoing radiation fluxes including both
long-and shortwave radiation at the surface ofaheh. Remote sensing provides an unparalleled
spatial and temporal coverage of land surfacebatts, thus several studies have attempted to
estimate net radiation (or its components) by coinliremote sensing observations with surface and
atmospheric data. In this study the method destribbehapter 6, section 6.3 applied to estimates th
net radiation from Terra MODIS satellite.

The earth surface albedo is the most importantnpeter to estimate short wave radiation. It can be
obtained by combining the narrow band spectrabotdince as explained in section 6.1.1. Figure 8-
1(left) shows the retrieved albedo map for Lake aTam 27 of September 2008. From this
instantaneous observation the albedo of lake vémédseen 0.05 and 0.07. However in a very few
parts of the lake the albedo values are highertalwboudy pixels. The net short wave radiation was
estimated using Equation 6-22. The solar cons@&hiof 1367Wn¥, the atmospheric transmittance of
in the visible spectrum (T is calculated from the diurnal cycle of in situeasurement of
instantaneous incoming solar radiation and extmesérial short wave radiation (see Appendix E,
Figure E-6).The atmospheric transmissivity at theetof satellite overpass obtained as 0.77 whige th
average of the day is 0.8. Higher value of atmospheansmissivity is due to high elevation of the
area. The solar zenith angle obtained from MODI&Jpct or it can be calculated using standard
procedure shown in Appendix B.
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Figure 8-1: Instantaneous albedo (left) and nettshave radiation (W) (right)

The net long-wave radiation is a balance betweenldhg wave radiation from the atmosphere
towards the surface and the long wave radiationttedhifrom the surface into the atmosphere.
However the two components are difficult to semartbom each other, which mean they are
interdependent. The net long wave radiation cancéleulated from the local meteorological
observation and remotely sensed data. Therefasbtton the net long wave radiation, the retrievial o
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surface temperaturesand emissivitye from remotely sensed data is very important. Ia #tudy |
make use of an emissivity product from TERRA/MODILS, narrow band emissivity of band 31 and
32 to calculate the broad band emissivity and @urtfor retrieval of surface temperature. Daily
surface temperature product (MOD11A1) of Septen2®r2008 is used for computation of net long-
wave radiation. The method presented in Chapt8e6tion 6.3 is used for calculating net long wave
radiation. The formula requires air temperaturefase emissivity, and vapour pressure of air and
surface temperature which can be obtained fromtin reeasurements. The air temperature during
satellite overpass (11:15 local time) is obtainesnf ground measurement on the lake during field
campaign (7=295.18 K) and assumed homogenous over the lakasskty of the water is
calculated from in situ measurements of outgoingglavave radiation and surface temperature
measurements as well as from MODIS narrow bandsévitis products (see Appendix E, Table E-1
and Figure E-3)

272500 360500
271500 360500
oy 1366500 4366500 1366500

| .r
v I
[ | '!-.. -2
By T (K) (Wm?
s L7 e 301.66 101.02
ey o
300.22 92.74
: 298.79 84.47
297.35 76.19
- 205.92 67.92
- [ — — ] "
0 25 km L 204.48 0 25 km 59.64

1278500 1278500 1275500 1275500
272500 360500 271500 360500

Figure 8-2: Surface temperature (K) (left) andlnag-wave radiation (Wif) (right)

An area of 4 x 4 pixels has been taken around thet pbservation of in situ measurements and
comparison was made between the results of remeokgrg) data analysis as shown in Table 8-1. As
presented in Figure 7-3 (27of September 2008) the instantaneous net radiatinn situ
measurements during satellite overpass is 777°Wfrom remote sensing data analysis the pixel
value which corresponds to the in situ measureiiser@l Wn¥.

Table 8-1: Comparison of instantaneous in situ omegsents with remote sensing

Paramter In situ Remote sensing Unit
Mean | STDEV

Albedo 0.09 0.06 0.00 [1
Surface temperature 298 299 0.36 K

Net long-wave radiation 130 87 2.06 wm?

Net short-wave radiation 907 877 2.10 wm?

Net radiation 777 791 2.82 wm?

Sensible heat flux 44 39 3.58 wWm?

Latent heat flux 315 327 6.22 wm?
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The comparison of in situ measurement of net loagesadiation with remote sensing data shows
some difference. This is because the accuracy g Mave radiation calculated from satellite
measurements depends on the accuracy of surfageit@iure and also empirical constants used in
the model.

The sensible heat flux on the lake directly estedatrom EC data analysis. The spatial map of
sensible heat flux is produced from combinationgobund measurements and remote sensing
observations. To solve Equation 6-28 the surfaogégature retrieved from remote sensing is used.
The aerodynamic resistance calculated using Equ&t80 from wind speed at measurement height
and water surface roughness,, af 0.00137 is taken.

The latent heat flux calculated from in situ measwents of sensible heat flux and Bowen ratio
compared with the residual of energy balance fremate sensing data analysis. The instantaneous
water heat flux during satellite overpass fromito sneasurements was 423 Witsee Appendix E,
Table E-3) used in the energy balance equatiostimate latent heat flux.
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Figure 8-3: Net radiation ( WA) on 27" of September 2008 at 11:15 local time

8.2 Daily evaporation from MODIS and in situ measurements

Many agricultural applications and water balancelet® need daily evaporation estimates instead of
instantaneous. To find the daily total evaporatioom the instantaneous latent heat flux, the
evaporative fraction approach was used. Evapordtaetion is the ratio of energy used for the
evaporation processes and the total amount of greemjlable for evaporation. Therefore in order to
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calculate instantaneous evaporative fraction eammponents of the energy balance has to be
determined in advance.
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Figure 8-4: Instantaneous latent heat flux (#ifleft) and evaporative fraction (right)

Since the net radiation, sensible heat flux anémnla¢at flux are already estimated. The instaniaeo
latent heat flux can be calculated as the residliahergy balance as shown in the Figure 8-4 (left)
The instantaneous evaporative fractidn.g) shown in figure 8-4 (right) derived from the ratid
energy used for the evaporation processes to thkamount of energy available for evaporation.

The daily (orA,s) evaporative fraction estimated from the assumptd instantaneous and the
integrated daily evaporative fraction holds sim#édthough the sensible and the latent heat flures a
fluctuating strongly on a daily basis. The dailyaporation, ks is calculated using equation 6-33
presented in chapter six. The daily net radiatmm2f’" of September, 2008 calculated from standard
meteorological measurements using equation showppendix B.

Figure 8-5 shows the daily evaporation map of Ldlkma calculated using evaporative fraction
approach on 27of September 2008 and its mean and standard iteviate 4.94 mm/day and 0.20

mm/day respectively. The daily evaporation estimhateom remote sensing observation can be
compared with the daily long term average evapaomatialculated by four different methods as
presented in table 8-2. The comparison providdadination of the amount of confidence that can be
given to the values of daily evaporation derivemirfremote sensing.
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Figure 8-5: Daily evaporation of Lake Tana off' 27 September 2008

Table 8-2: Long-term average evaporation estimait&eptember 27

1276500
363500

bd

Year Vallet-Coulomb et al. 20Q1 (Maidment, 19p3) Pensivbonteith| Energy balance meth
27-Sep-1995 5.31 5.99 5.24 5.76
27-Sep-1996 4.68 5.34 4.62 5.07
27-Sep-1997 4.67 5.43 4.60 5.01
27-Sep-1998 4.68 5.23 4.63 5.12
27-Sep-1999 5.03 5.72 4.96 5.43
27-Sep-2000 5.13 5.87 5.06 5.52
27-Sep-2001 4.50 5.01 4.46 4.90
27-Sep-2002 4.82 5.41 4.76 5.24
27-Sep-2003 4.55 5.12 4.49 4.90
27-Sep-2004 3.94 4.60 3.87 4.22
27-Sep-2005 4.15 4.74 4.10 4.52
27-Sep-2006 3.83 4.82 3.74 4.16
27-Sep-2007 4.86 5.38 4.81 5.42
27-Sep-2008 4.83 5.44 477 5.30

Average 4.63 5.28 4.56 5.02

STDV 0.44 0.42 0.44 0.49
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8.3 Diurnal cycle of lake surface temperature

The high temporal resolution of Meteosat secondeg®ion satellite images availability (every 15
minute) can be used to track the diurnal cycle wfage temperature. Water temperature has a
profound influence on the entire aquatic ecosystamgell as on a wide range of human activities
located around water bodies. Lake Tana containgfiient large volume and aerial extent of water
to exert a considerable influence on local weatiadterns. In addition, monitoring of climatologigal
temperature conditions, temporal and spatial @istion of lake surface temperature can be extremely
valuable for different applications. Up to now, rinés no area-wide consistent temperature data set
for the Lake Tana available. In this study in stisasurement on the lake was collected and used to
compare and validate the surface temperature vetti'|om remote sensing.

In order to retrieve the surface temperature fro®@YSEVIRI two methods are proposed in this
study as described on chapter six, section 6.4lI2th& required thermal channels of brightness
temperature were downloaded from ITC data base keipeat interval of 30 minute. However the
night time images of the area strongly influencgdclouds, hence the analysis and validation is
mainly focused on day time images. The in situ aagftemperature measurements of the lake on
September 272008 were used to validate the result of rematsisg analysis. Figure 8-6 shows the
surface temperature retrieved by using the two augtlat a local time of 13:00. Although it is haod t
differentiate between them but if we take the puweder pixel on the lake the variation can easy
detected and compared with in situ measurements.

Four channel algorithm Backer and Li algorithm
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Figure 8-6: Surface temperature calculated by twdets on 27/09/08, 13:00 local time.

Figure 8-7 shows the diurnal cycle of lake surfesaperature retrieved by the two methods and also
in situ measurements. As we can see from the fithaesurface temperature increases gradually in the
morning and drops sharply in the afternoon. Thidus to turbulent mixing of the surface layers as a
result of wind on the lake which most of the timecwrs late in the afternoon. Validation of the
surface temperature with in situ measurements tedghat four channel algorithms of give better
result with a root mean square error (RMSE) of &5 compared with Becker and Li (19900 (split
window techniques) having RMSE 0.78 K. The cotiefaof in situ measurements with remote
sensing as in Figure 8-8 also shows four chanmgridhm performs well in retrieving the surface
temperature of the lake.
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Figure 8-7: The diurnal cycle of lake surface terapgre for day time on September 27, 2008
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9. Conclusions and recommendations

9.1. Conclusions

Because of the economic, recreational, and esthetloe of Lake Tana, a firm scientific
understanding of the physical, chemical, and bicklgorocesses therein is warranted. Many of these
processes affect and are affected by atmosphenditamns. Unfortunately, however, direct
measurements of all atmospheric variables of ingmae have not been done at all on the surface of
Lake Tana. Examples of such measurements are dfict®rt and long wave radiation, wind speed,
direct humidity transport, air temperature abowe [dke and lake temperature at various depths. The
magnitudes of various components of the surfaceggrigalance depend on many factors, including
the type of surface and its characteristics, gewgcalocation, time of the year, time of the dagan
weather.

The incoming solar radiation is the major sourceeotrgy for evaporation processes which is
modulated by surface albedo to quantify how mudarsenergy is left on the surface. Hence it is very
important to track the spatial as well as temporatiability of albedo. However using point
observation it is difficult to map the spatial \ability. The spatial as well as temporal variapitian

be derived from satellite observation. In this gtudretrieved the annual cycle of albedo from
MODIS/Terra surface reflectance products on a mgriime steps. One interesting observation from
the annual cycle of albedo is that there is cleanpioral and spatial variability which shows the
surface characteristics of the water in the lakee 'emporal variability is more pronounced than the
spatial variability. The temporal variability cae bxplained by the occurrence of rainy seasondn th
area (June-September) is associated with flashl fladering the lake which increases the suspended
sediments abruptly. Previous studies on Lake Tane fbeen using a constant albedo of 0.06 for
annual evaporation estimation, however in this aege monthly albedo from MODIS satellite
imagery are calculated and used. The effect ofgusionstant albedo is that it over-estimates
evaporation during rainy season.

The result of lake surface data analysis showetl ttiea contribution of sensible heat flux on the
energy balance of the lake is in the order of 38a&Vm? around the noon, which is less than 10% of
the net radiation. From instantaneous estimatiorersdrgy balance components most of the net
radiation goes to heat up the water as water heatSimilar studies (Brutsaert, 2005) also conédn
that the water heat flux is at higher order of nitagte for open water bodies than for land surfaces.

For long-term average evaporation calculation,ediht climatic approaches were applied at a daily
time steps for annual evaporation estimates of Oakea. The result showed the Penman combination
approach after Maidment over-estimates evaporaiyri0-15% for large lake. It might be better
suited for evaporation pan and small ponds. Withtinaous and long-term measurement of surface
water temperature of the lake the Bowen ratio gnbajance method would give reasonable result for
lake evaporation estimation.
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It was not possible to assign error values to tifferént evaporation results in a rigorous way.

However the influence of individual input variables evaporation estimates for each climatic
method is analyzed by increasing or decreasing)®é bf its value. From this analysis, both energy
balance and Penman methods are most sensitiveitiwalre radiation, which is the energy source of
evaporation. The incoming shortwave radiation uiadety comes from both the measurement of
daily sunshine duration and from the empirical oefnts used. Air temperature is more sensitive to
Penman methods than energy balance. Uncertaintiewiod speed data affect the Penman
evaporation rate, but this variable has rather iloluence. The energy balance method is generally
considered as a reference method and the resulataf analysis show that the method is weakly
sensitive to the value of Bowen ratio.

The climatic methods which are used to calculatepexation are suffering from the difficulty to
show the spatial variability at the required scalomwever this problem is overcome by the
magnificent potential of satellite remote sensiregad Daily evaporation map is calculated using
evaporation fraction approach from combination d@MS/Terra imagery and in situ measurements
for a cloud free day of September 27, 2008. Theaaeedaily evaporation obtained from this analysis
is 4.94 mm/day with a standard deviation of 0.20/day and this value compared with the long term
daily evaporation calculated from meteorologicaiaday different methods. The Bowen ratio energy
balance method gives fairly closer result as coegbawith the daily evaporation calculated from
evaporative fraction approach.

The spatial and temporal variability of surface penature of the lake is tracked from MSG/SEVIRI
satellite imagery data and validated with in siteasurements. Two methods have been proposed to
retrieve the surface temperature. The four chaalgelrithm gives fairly good result compared with in
situ measurements. This algorithm depends on localibrated coefficients which can be estimated
from radiative transfer model provided that suffiti data set is available to run the radiativestfiem
model. The diurnal cycle of lake surface tempegmstlrows that the increase in surface temperature is
gradual until it reaches to the maximum aroundrthéday and then starts to drops rapidly. This is
due to turbulent mixing of the surface layer agsult of wind on the lake which occurs most of the
time late in the afternoon.
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9.2. Recommendations

To improve the results of open water evaporatidimesion from the lake and for further
hydrological study of the lake the following recoemadations are worth noting:

= Land based meteorological data for estimating enatjmm over the lake may not be
reliable enough. An independent and long term owvater meteorological data is
mandatory for better estimates of open water exajmor from the lake.

= The study could re-establish the fact that, thdiegion of remote sending brings a
marvellous contribution to estimation of spatiablaemporal evaporation. However,
direct measurement method for different componehenergy balance are always very
important, especially in verifying the results offfekent remote sensing based
approaches. In this research, the sonic anemordatarand net radiometer data are
vital in this regard.

= Direct measurements of water vapour flux with infichgas analyzer (open or closed
path) may also be useful to establish the latermt lieix directly. However these
instruments are very costly.

= Calibration and pre-field work demonstration of sosophisticated equipments is very
important to avoid error on data collection durfiedd campaigning. For example the
relative humidity sensor which is the most difficaind liable for error at the field
measurements.

= Further study on heat content of the lake on dadflywell as seasonal basis has to be
addressed to improve long term evaporation estimdtom the lake.

= The sharp increase in albedo of the lake duringdiey season revealed that there is
sedimentation problem on the lake hence detailashsfic research on sedimentation
of the lake is very important for sustainable aige use of the resource.
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Annex

Appendix A: List of acronyms

AC
AVHRR
CNR
CSAT3
DEM
DN
EC
EOS
EUMETSAT
FAO
GCP
IFOV
ILWIS
IR
LST
MIR
MODIS
MSG
NIR
NOAA
PE
RH
RMSE
SEBAL
SEBS
SEVIRI
SMAC
SMEC
SRTM
SWT
TOA
UTM
VIS

Atmospheric Correction

Advanced Very High Resolution Radiometer
Net radiometer (Kipp and Zonen, Delft, Holland
3D-sonic anemometer

Digital Elevation Model

Digital number

Eddy covariance

Earth Observation Systems

European Organization for the Exploitatiaf Meteorological Satellites
Food and Agriculture Organization

Ground control points

Instantaneous Field-of-View

Integrated Land and Water Information System
Infra-red

Land surface temperature

Mid-infra red

Moderate-resolution Imaging Spectroradiomete
Meteosat Second Generation

Near Infra-red

National Oceanic and Atmospheric Administoati
Potential Evapotranspiration

Relative humidity

Root Mean Square Error

Surface energy balance algorithm for land
Surface Energy Balance Systems

Spinning Enhanced Visible and Infrared Imiag
Simplified Method for the Atmospheric Corriect
Snowy Mountains Engineering Corporation
Shuttle Radar Topographic Mission
Split-window technique

Top of atmosphere

Universal Transverse Mercator

Visible
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Appendix B: Standard micro-meterological expressions for evaporation
calculation

1. Saturated vapour pressure

1727x (T, - 27316)

e, = 61lexp
(T, —27316) + 2373
Where
Ta = air temperature at observation height [K]
& = saturated vapour pressure [mbar]

2. Actual vapour pressure
ea = es(wet) - y(Tdry _Twet) = RH X es [mbar]

3. Vapour pressure deficit

D=¢e -¢,

Where,

D = Vapour pressure deficit [mbar]

€, = actual vapour pressure [mbar]

Ewey = saturated vapour pressure at wet bulb temperfiulvar]
Tary = dry bulb temperature [K]

Twet = wet bulb temperature [K]

Y = Psychometric constant [mbarK-1]

RH = Relative humidity [ ]

4. Slope of saturated vapour pressure curve

A =40 S [mbark!]

98 .
{(T, -27316) + 2373}

5. Vapour density

j— ea
S T
Where,
P = actual vapour density [kgth
€ = actual vapour pressure [mbar]
Ta = air temperature at observation height [K]

6. Dry air density

—_ P B ea
P4 =T, x 287
Where
Pd = dry air density kgm?]
P = Total pressure [mbar]
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7. Moist air density
Pa=pdatpy

Where
Pa

moist air density [kg i

8. Total air pressure

p= 1004293— 0.0062) 526
29z
Where
P = Total pressure [mbar]
Z = Elevation [m]

9. Latent heat of vaporization
A ={2.501- 0.0032QT —27316)} x10°

Where
A = Latent heat of vaporization [JKp
T = average of surface and air temperature [K]

10. Psychometric constant
P

y= 1630;
Where
Y = Psychometric constant [mbar]
P Total pressure [mbar]

RADIATION

1. Solar declination
0 =0.409sin(0.0172) - 139)

Where

) = Solar declination [rad]

J = day number of the year [ ]

Sin = sin function which should be in radian mode

2. Solar distance

d =1+ o.0167sin[2”(‘]—_33'5)]

-

E, =1+ 0.033c0s0.0172))

Where

ds = relative distance between earth and sun [AU]
Eo = Eccentricity correction factor of the earth [ ]
Cos = cosine function which should be in radian enod

3. Solar hour angle

a = arccost tan(at) tano)
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@, =n(2- Localtime) /12

Where

® = Solar hour angle representing the 24 hour saldiation [rad]
Oq = Instantaneous Solar hour angle [rad]

Lat = latitude [rad]

) = Solar declination [rad]

4. Extra-terrestrial shortwave solar radiation

R, =4352x E, x(asin(at)sind + cos(at) cosdsina)
Where
Ra = daily extra-terrestrial short wave solar ridia[Wm?]

For instantaneous extra-terrestrial short waver satdiation, R;
R, =1367x E, x(sin(at) sind + cos(at) coso cosa,)
=1367xsin((at) sind + cos(at) cosd cosw, )/ d’
=1367xcosg,)/d?

Where ¢, = solar zenith angle [rad]

5. Maximum possible sunshine hour

N = 764a
Where, N = maximum possible sunshine hours

6. At surface incoming short wave solar radiation

K 1= (026+ 0480/ N)R,

Where

Kl = incoming shortwave solar radiation

Ra = Extra-terrestrial short wave solar radiation [lm
N = maximum possible sunshine hours

n = actual hours of sunshine [hours]

7. Daily net radiation

R, =@-a,)Ky ! _110M [wWm?]

4a

Wherea is albedo of the surface []
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Appendix C: Description of in situ data measured on the field

Table C-1: Instruments used during field work

Instrument Height above the watef Measurements

CSAT, sonic- 2.60m Wind speed, direction,
anemometer turbulent quantities
Temperature- 2.60m Atmospheric temperature and
humidity Probe humidity

Net radiometer, 2.63m Incoming and outgoing sort a
NCR1 long wave radiation
Temperature probe 0, 5, 30 and 70 cm Lake temperature at various
(for profile ) depths depths.

Infrared gun - Radiant temperature of watgr
EC meter - Contact temperature of water
Wind vane - Wind speed on the lake

Table C-2: Sampling point on the lake (27/09/08)

Measuremen Location Start end Remark
point X | v

No measuremnts for temperature, relative humidity
and long wave radiation

M1 320544.211297889.27  6:55 7:14
Wind speed measurement was not taken

M2 316418.64 1306139.7 8:14 8:40

M3 1320844.17  10:37 10:56 Wind speed measurement was not taken
321549.94

M4 1314558.34 11:44 12:03 Wind speed measurement was not taken
314407.02

M5 317125.691310633.45 15:13 15:31

M6 323009.781305766.65 16:04 16:20

M7 323822 1297493.06 17:02 17:18
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Table C-3: Data collected by slow response sensors

Element Unit | Temporal resolutipn Remark
Incoming sort wave radiation  \\/m? 1 min
(CNR1_Avg(1))
Outgoing sort wave radiation  \\/m? 1 min
(CNR1_Avg(2))
Incoming longwave radiation  \\/m? 1 min
(CNR1_Avg(3))
Outgoing longwave radiation  \W/m? 1 min
(CNR1_Avg(4))
Temperature of sensors °C 1 min Error from 7:44
(PT100_Avg) to 8:04
Temperature of air (PT1002_Avg) °C 1 min
Relative humidity % 1 min Error from 7:46
to 8:0¢

Appendix D: Description of meteorological data

A. Historical data:
Meteorological data collected from Ethiopian metdogical agency, Addis Ababa, main office
Station: Bahir Dar

Location: Lat: 1282685.25
Long: 327729.6
Table D-1: Meteorological data at Bahir Dar station

Element Year Temporal Scalg Remark
Rainfall 1995-2003 Daily
T_max 1995-2003 Daily
T_min 1995-2003 Daily
Relative humidity ~ 1995-2003 Daily
Wind speed 1995-2003 Daily
Sunshine hours 1995-2003 Daily
Piche evaporation 1986-1993 Daily
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Station: Gondar
Location: Lat; 1387762.74
Long: 328335.91
Table D-2: Meteorological data at Gondar station

Element Year Temporal Scalp Remark
Rainfall 1995-2003 Daily
T_max 1995-2002 Daily
T_min 1995-2002 Daily
Relative humidity =~ 1995-1999 Daily
Wind speed - Daily
Sunshine hours 1985-1991 Daily
Piche evaporation 1984-1990 Daily A lot of missingadgt

ii.  Meteorological data collected from Ethiopian metéogical agency, Bahir Dar, Branch office
Station: Bahir Dar
Location: Lat: 1282685.25
Long: 327729.6

Meteorological data at Bahir Dar station

Element Year Temporal Scalp Remark
Rainfall 2004-10/09/2008 Daily
T_max 2004-10/09/2008 Daily
T_min 2004-10/09/2008 Daily
Relative humidity = 2004-10/09/2008 Daily
Wind speed 2004-10/09/2008 Daily
Sunshine hours 2004-10/09/2008 Daily
Piche evaporation 2002-2006 Daily
Station: Gondar
Location: Lat: 1387762.74
Long: 328335.91
Meteorological data at Gondar station
Element Year Temporal Scalp Remark
Rainfall 2003-10/09/2008 Daily
T_max 2003-10/09/2008 Daily
T_min 2003-10/09/2008 Daily
Relative humidity =~ 2004-10/09/2008 Daily
Wind speed 2004-10/09/2008 Daily
Sunshine hours 2004-10/09/2008 Daily
Piche evaporation 2001-2004 Daily
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B. Automatic weather data

Location: Woreta
Lat: 357392.85,
Long: 1316517.70

Starting date: 23/06/2008

Last date: 29/09/2008 (up to the end of the fietatky

Table D-3: Weather data collected at Woreta station

Element Unit Temporal resolution Remark
Air temperature °C 5 min
Relative humidity % 5 min
Pressure mbar 5 min
Wind speed m/s 5 min
Guest speed m/s 5 min
Wind direction angle) 5 min
Water content at ---cm mé/m® 5 min
Water content at ---cm m/me 5 min
Water content at ---cm mé/m? 5 min
Solar radiation wW/m? 5 min
Temperature at 5 cm °C 5 min
Temperature at 10 cm °C 5 min
Temperature at 20 cm °C 5 min
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Appendix E: In situ data analysis
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Table E-1: Emissivity of the water from infraredngand long wave radiation measurements

(Septembel"272008)
Local time |Radiant temperature |outgoing longwave radiation |Emissivity
[ hr] [K] W/m?
8:09 295.00 no data
9:27 298.29 442.19 0.99
11:46 302.42 461.67 0.97
12:53 303.71 475.10 0.98
16:22 300.55 453.01 0.98
17:12 298.73 443.85 0.98
18:10 298.60 445.41 0.99
Average 0.98
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Table E-2: Surface and atmospheric variable medsumghe lake (27/09/08)

Local Wind T air| T_watef RH Saturated vgp. Actual aplop8 of sat
Time speed pressure pressufje  vap preg
[ hr] [m/s] [K] [K] [%] [mbar] [mbar] (mbarkK?)

9:05 1.25 295.08 297.50 86.62 30.46 22.80 1.39
9:20 2.06 295.39 29759 87.41 30.62 23.45 1.43
9:35 2.55 294.52 297.46  88.86 30.38 22.61 1.38
9:44 0.51 294.01 29798 89.11 31.36 21.97 1.35
10:00 2.25 295.76 29794 85.85 31.28 23.55 1.43
10:15 2.47 29545 29796 86.28 31.30 23.22 1.41
10:30 417 296.13 298.35 85.47 32.05 23.97 1.45
10:45 413 294.40 298.59 87.56 32.52 22.10 1.36
11:00 2.36 294.89 298.77 85.82 32.86 22.33 1.36
11:15 3.07 295.18 298.15 75.32 31.66 19.94 1.22
11:30 2.79 297.87 299.60 80.74 34.52 25.14 1.50
11:45 3.17 297.34 300.45 75.03 36.28 22.63 1.36
12:00 3.44 296.63 300.76 76.30 36.94 22.06 1.33
12:15 0.63 296.76 301.11 76.02 37.70 22.15 1.33
12:30 0.88 297.86 30155 75,51 38.69 23.50 1.40
12:45 1.25 298.31 302.62 75.96 41.14 24.29 1.45
13:00 3.34 298.00 30241 75.69 40.65 23.75 1.42
13:15 455 297.69 301.35 74.76 38.24 23.03 1.38
13:30 0.19 297.73 301.60 75.20 38.80 23.23 1.39
15:30 0.65 300.12 301.32 70.44 38.16 25.06 1.47
15:45 1.47 300.91 27.75 70.49 37.17 26.26 1.53
16:00 2.86 300.31 27.15 71.32 35.13 25.66 1.50
16:15 0.70 299.65 26.49 72.05 33.44 24.93 1.47
16:30 0.52 299.63 26.47 72.61 34.78 25.10 1.48
16:45 2.65 298.86 25.70 74.24 33.06 24.52 1.45
17:00 2.85 298.72 25.56 75.87 31.31 24.85 1.47
17:15 3.62 298.78 25.62 75.36 30.59 24.78 1.47
17:30 2.25 298.69 25.53 75.29 31.64 24.62 1.46
17:45 2.49 298.77 25.61 74.44 32.29 24.46 1.45

sure
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Table E-3: Calculation of different components néryy balance from in situ data (27/09/08)

Local Latent heat of P_atin Psychomefric Bowegn- sdémsibLatent Net Water
Time vaporatzation constant Ratig) { heat fluq heat flux Radiatign heat flu
[hr] [Ikg'] [mbar]| (mbark®) [1 | wm? | wm?| [wm? | [wm?

9:05 2441590.76  823.38 0.55 0.18 20.22 115.42 480.01 344,38
9:20 2441373.94 823.35 0.55 0.17 21.27 125.08 525.44 379,08
9:35 2441690.24 823.55 0.55 0.21 12.06 57.68 570.11 500{38
9:44 2440424.63 823.55 0.55 0.23 7090 302.63 607.62 234,09
10:00 2440526.58 823.42 0.55 0.16 52.26 332.94 642.05 254.8
10:15 2440490.10 823.28 0.55 0.17 21.44 124.36 680.21 8344
10:30 2439538.11 823.18 0.55 0.15 23.41 152.88 707.32 8310
10:45 2438958.74 823.12 0.55 0.22 25.39 113.84 739.81 800.5
11:00 2438534.25 823.02 0.55 0.20 33.07 162.13 767.69 8724
11:15 2440034.64 822.72 0.55 0.14 44.22 315.01 782.15 4229
11:30 2436532.22 822.45 0.55 0.10 26.85 25956 785.20 298.7
11:45 2434504.84 822.15 0.55 0.13 30.70 242.34  790.74 61717
12:00 2433756.92 821.85 0.55 0.15 33.03 214.77 810.17 %62.3
12:15 2432926.20 821.65 0.55 0.15 27.65 178.45 812.82 606.7
12:30 2431852.55 821.35 0.55 0.13 79.68 590.47 810.76 140.6
12:45 2429301.35 821.12 0.55 0.14 38.00 268.38 791.65 485.2
13:00 2429801.64 820.98 0.55 0.14 23.97 165.70 782.36 9926
13:15 2432340.06 820.82 0.55 0.13 47.15 353.17 778.25 3779
13:30 2431739.54 820.48 0.55 0.14 4855 352.78 749.92 8485
15:30 2432420.29 819.18 0.55 0.05 16.17 314.76 445,53 Q146
15:45 2433507.33 819.12 0.55 0.01 56.60 366.65 390.30 532|9
16:00 2435817.89 819.15 0.55 0.02 34.63 225.66 417.60 1573
16:15 2437823.41 819.05 0.55 0.04 9.11 61.91  428.94 257192
16:30 2436231.95 818.95 0.55 0.01 -7.87 -47.11  320.23 275{2
16:45 2438282.15 819.12 0.55 0.03 3.18 32.26 50.22 14.yY8
17:00 2440480.23 819.12 0.55 -0.06 2.63 -42.61 52.84 92.82
17:15 2441417.78 819.18 0.55 -0.11 4.12 -36.94 49.39 82.P0
17:30 2440064.75 819.18 0.55 -0.04 11.62 -71.13 24.45 83.p7
17:45 2439242.97 819.18 0.55 -0.02 -3.07 163.83 -26.67 .4B87
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Table E-4: Surface and atmospheric variable medsumghe lake (29/09/08)

Local Wind T air| T _watef RH| Saturatedvap. Actual apop® of sat
Time speed pressure pressufe  vap preg
[hr] [m/s] [K] [K] [%] [mbar] [mbar] (mbarK-1)

7:25 1.85 293.66 294.13 89.15 24.84 21.51 1.33
7:40 2.00 293.73 295.72 89.49 27.36 21.68 1.34
7:55 0.64 293.83 295.67 88.50 27.29 21.58 1.33
8:10 0.55 293.57 295.62 88.46 27.19 21.22 1.31
8:25 3.72 293.79 295.80 88.62 27.50 21.55 1.33
8:40 3.11 293.84 296.33 88.48 28.40 21.59 1.33
8:55 1.37 294,92 296.69 86.50 29.02 22.55 1.38
9:10 0.87 294,72 296.47 86.34 28.64 22.23 1.36
9:25 1.94 29490 296.39 87.05 28.49 22.66 1.38
9:40 2.51 29451 296.44 87.17 28.58 22.15 1.36
9:55 1.40 295.40 296.84 85.94 29.27 23.06 1.40
10:10 1.91 295.98 296.86 84.58 29.31 23.51 1.42
10:25 3.10 295.66 297.52 85.54 30.51 23.32 1.42
10:40 2.92 295.90 29791 84.21 31.22 23.30 1.41
10:55 0.86 296.47 298.07 81.51 31.51 23.34 1.41
11:10 0.49 298.62 299.20 79.37 33.70 25.85 1.53
11:25 1.12 297.80 299.32 80.68 33.94 25.03 1.49
12:25 4.08 297.33 302.64 80.43 41.20 24.25 1.45
12:40 3.80 297.21 301.92 79.38 39.53 23.76 1.43
12:55 3.67 297.47 301.66 80.31 38.94 24.43 1.46
13:10 2.83 298.64 300.89 79.47 37.22 25.90 1.54
13:25 1.69 298.64 300.38 80.93 36.12 26.38 1.57
13:40 1.08 299.07 300.32 80.44 36.01 26.90 1.59
13:55 2.52 297.87 301.21 81.77 37.91 25.47 1.52
14:10 251 298.48 302.13 76.31 40.01 24.64 1.46
14:25 1.25 299.43 302.57 71.35 41.02 24.38 1.44
14:40 0.76 300.84 302.48 71.13 40.82 26.40 1.54
14:55 2.66 298.89 301.82 74.50 39.29 24.66 1.46
15:10 2.92 298.32 301.22 75.31 37.95 24.09 1.43
15:25 1.89 298.36 300.50 76.37 36.38 24.49 1.46
15:40 1.94  298.64 299.67 74.45 34.65 24.28 1.44
15:55 2.23 298.67 299.84 74.57 35.01 24.36 1.45
16:10 3.96 298.43 299.66 76.41 34.63 24.60 1.46
16:25 3.61 298.34 298.82 78.66 32.96 25.20 1.50
16:40 5.05 296.56 297.36 80.99 30.22 23.32 1.41]

sure
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Table E-5: Calculation of different components néeyy balance from in situ data (29/09/08)

Local Latent heat P_ath Psychomefric Bowep- sensiple aterit Net L Water

Time | of vaporatzatiop constant Rati®) (| heat flux | heat flux|] Radiatio heat flu

[hr] [Jkg-1] [mbar]] (mbarK-1) [] [Wm-2] [Wm-2] [Wm-2] | Wm-2]

7:25 2449666.80  822.65 0.55 0.08 32.75 400.37 -1.11 -484.23
7:40 2445857.66  822.75 0.55 0.19 25.43 130.64 125.69 -80.37
7:55 2445968.80  822.75 0.55 0.18 37.92 211.49 222.10 -p7.31
8:10 2446106.45  822.78 0.55 0.19 49.62 260.55 313.85 3.69
8:25 2445664.76  822.78 0.55 0.19 15.28 81.29 275.52 1y8.95
8:40 2444388.98  822.95 0.55 0.20 18.32 90.38 205.94 D7.25
8:55 2443526.05  823.05 0.55 0.15 55.82 366.92 479.97 b7.22
9:10 2444046.93  823.08 0.55 0.15 36.31 238.28 242.16 B32.42
9:25 2444254.42  823.22 0.55 0.14 16.42 115.42 268.34 186.50
9:40 2444130.40 823.25 0.55 0.17 13.93 83.26 318.18 2p0.99
9:55 2443179.12  823.22 0.55 0.13 26.58 205.38 280.07

10:10 2443123.44  823.25 0.55 0.09 17.59 205.10 392.89

10:25 2441525.86  823.25 0.55 0.14 17.25 119.41 512.83

10:40 2440596.12  823.08 0.55 0.14 18.75 132.69 484.03

10:55 2440220.91  822.95 0.55 0.11 50.93 466.85 595.68

11:10 2437512.33  822.72 0.55 0.04 7.60 180.04 830.62

11:25 2437219.67 822.52 0.55 0.10 15.79 165.86 670.36

12:25 2429239.20 821.48 0.55 0.17 36.00 207.32 796.36

12:40 2430964.20 821.32 0.55 0.17 24.58 148.38 783.02

12:55 2431590.88  821.05 0.55 0.16 30.16 188.60 781.24

13:10 2433445.63  820.75 0.55 0.11 26.00 234.63 778.82

13:25 2434680.83  820.52 0.55 0.10 20.36 204.48 788.69

13:40 2434811.10 820.52 0.55 0.08 46.16 596.91 761.09

13:55 2432691.77  820.48 0.55 0.15 59.26 399.32 711.36

14:10 2430464.55 820.82 0.55 0.13 40.61 307.96 603.53

14:25 2429420.20  820.52 0.55 0.10 36.32 347.12 609.02

14:40 2429624.16  820.52 0.55 0.06 95.20 1497.59 488.06

14:55 2431211.31  820.08 0.55 0.11 41.83 376.71 115.54

15:10 2432653.91  819.92 0.55 0.12 22.72 195.55 33.97

15:25 2434385.30  819.95 0.55 0.10 31.40 314.01 37.20

15:40 2436381.86  820.02 0.55 0.06 17.84 321.29 73.60

15:55 2435958.28  819.72 0.55 0.06 14.56 236.10 67.61

16:10 2436398.48  819.55 0.55 0.07 11.19 162.62 88.00

16:25 2438411.55  819.65 0.55 0.04 3.04 85.15 147.99

16:40 2441910.94 819.85 0.55 0.07 25.80 391.30 66.48
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Appendix F: Daily evaporation estimation by different methods
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Evaporation (mm/da
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Appendix G: Eddy flux data analysis

Appendix G_I: Steps to calculate the eddy covariance fluxes

The following steps are used to calculate the exddyriance fluxes in ECPack software

Create the file ‘convert.bat’

Run ‘convert’ in the dos prompt
Create the file ‘intTana.txt’

Run ‘ec_ncdf < confTana.con’

Open the flux file and check the data

aprwbdPE

Sep 1.

The data first have to be converted from TOB or TioAnat (the format that the datalogger uses) to
NetCDF format (the format that the software useBhis is carried out with the program
‘csi2ncdf.exe’. You can write a short file, callabnvert.bat’, in which you specify the name of the
raw data file (from the logger), and the name ef dltput file (the NetCDF file). There is already a
example ‘convert.bat’, all you need to do is tor@j@the names of the input and output file, an@ sav
it.

Sep 2.
The next step is to run the conversion. You caheeitto this by double clicking on the file
‘convert.bat’. If this does not work, you do théldaving:
- In Windows, go to START, Run..., and type in: ‘comrdarenter
- Navigate to the directory where the software ighia case: ‘d:\’ enter, cd Ethiopia\software’
- Type in: ‘convert’, enter
Now the output file should appear in the data.

Sep 3

Next the fluxes are calculated with ECPack. Thiststwith creating an interval file. In the intekva

file, you specify the time intervals over which ycalculate the fluxes. This can be half-hourly 6r 1

minute intervals, or any other interval you likealfhhourly and 10-min are usually ok, shorter or
longer time steps are not recommended).

The interval file starts with a blank line, follod/dy two lines with the following columns:
Day of the year of the start of the interval

Hour of the day of the start of the interval

Minutes of the hour of the start of the interval

Day of the year of the end of the interval

Hour of the day of the end of the interval

Minutes of the hour of the day of the end of therival

water vapour density in kg m-3 from a slow sensor

Atmospheric pressure in Pa

Name of the NetCDF data file where the data are in

©oNo R~ WDE

88



OPEN WATER EVAPORATION ESTIMATION USING GROUND MEASUREMENT AND SATELLITE REMOTE SENSING

10. Name of a file for intermediate output
The vapour density and atmospheric pressure yofragatthe meteo data.
Other files that can be changed:

ParamT: here you can specify which correctionswant to apply
ConfTana: here you specify where the data arewdnatte the parameter files are

Appendix G_II: Interval files used in ECPack software for dayl

271 07 04 271 07 20 .0151 82285 EC080927a. nc
271 07 20 271 07 35 .0148 82285 EC080927a. nc
271 07 35 271 07 50 .0167 82305 EC080927a. nc
271 07 50 271 08 05 .0170 82322 EC080927a. nc
271 08 05 271 08 20 .0172 82328 EC080927a. nc
271 08 20 271 08 35 .0177 82338 EC080927a. nc
271 08 35 271 08 44 .0170 82335 EC080927a. nc
271 08 44 271 09 00 .0165 82355 EC080927b. nc
271 09 00 271 09 15 .0177 82355 EC080927b. nc
271 09 15 271 09 30 .0175 82342 EC080927b. nc
271 09 30 271 09 45 .0181 82328 EC080927b. nc
271 09 45 271 10 00 .0166 82318 EC080927b. nc
271 10 00 271 10 15 .0168 82312 EC080927b. nc
271 10 15 271 10 30 .0172 82302 EC080927b. nc
271 10 30 271 10 45 .0182 82272 EC080927b. nc
271 10 45 271 11 00 .0192 82245 EC080927b. nc
271 11 00 271 11 15 .0166 82215 EC080927b. nc
271 11 15 271 11 30 .0167 82185 EC080927b. nc
271 11 30 271 11 45 .0177 82165 EC080927b. nc
271 11 45 271 12 00 .0183 82135 EC080927b. nc
271 12 00 271 12 15 .0179 82112 EC080927b. nc
271 12 15 271 12 30 .0173 82098 EC080927b. nc
271 12 30 271 12 45 .0175 82082 EC080927b. nc
271 12 45 271 13 00 .0176 82048 EC080927b. nc
271 13 00 271 13 15 .0174 82018 EC080927b. nc
271 13 15 271 13 30 .0171 82002 EC080927b. nc
271 13 30 271 13 45 .0175 81982 EC080927b. nc
271 13 45 271 14 00 .0178 81968 EC080927b. nc
271 14 00 271 14 15 .0181 81945 EC080927b. nc
271 14 15 271 14 30 .0180 81948 EC080927b. nc
271 14 30 271 14 45 .0189 81932 EC080927b. nc
271 14 45 271 15 00 .0198 81918 EC080927b. nc
271 15 00 271 15 15 .0193 81912 EC080927b. nc
271 15 15 271 15 30 .0188 81915 EC080927b. nc
271 15 30 271 15 45 .0189 81905 EC080927b. nc
271 15 45 271 16 00 .0185 81895 EC080927b. nc
271 16 00 271 16 15 .0187 81912 EC080927b. nc
271 16 15 271 16 30 .0187 81912 EC080927b. nc
271 16 30 271 16 45 .0186 81918 EC080927b. nc
271 16 45 271 17 00 .0184 81918 EC080927b. nc
271 17 00 271 17 20 .0183 81918 EC080927b. nc

nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er mned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er mned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er med. dat
nt er mned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat
nt er ned. dat




Appendix G_III: Interval files used in ECPack software for day2

274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274

274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274
274

. 0162
. 0163
. 0162
. 0160
. 0162
. 0162
. 0170
. 0167
. 0171
. 0167
. 0174
. 0177
. 0176
. 0175
. 0176
. 0195
. 0189
. 0183
. 0177
. 0175
. 0183
. 0179
. 0184
. 0195
. 0199
. 0203
. 0192
. 0186
. 0184
. 0199
. 0186
. 0181
. 0185
. 0183
. 0184
. 0185
. 0190
. 0176

82265
82275
82275
82278
82278
82295
82305
82308
82322
82325
82322
82325
82325
82308
82295
82272
82252
82232
82218
82185
82148
82132
82105
82075
82052
82052
82048
82082
82052
82052
82008
81992
81995
82002
81972
81955
81965
81985

EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.
EC080930.

nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc
nc

nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.
nt er med.

dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
dat
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Table G-1: Output of ECPack for sensible heat lakulation on 27 of September 2008

Horizontal Vertical Friction |Aerodynamic|  Sonic Covariance Sensible

Local wind speed wind speed | velocity | resistance |temperature| of Tson and w | heat flux

Interval |Time Mean(u) Mean(v) Mean(w) Ustar fan Mean(Tson)| Cov(Tson*w) Hsonic

No. Hr [m/s] [m/s] [m/s] [m/s] (s/m) [K] [Kms™] Wm?]

1 8:05 0.84  -1.79E-17  -3.52E-16 3.86 403.74 294.87 1.86E-02 18.04
2 8:20 1.56 1.69E-15 1.22E-16 2.92 216.95 294.99 2.90E-02 28.07
3 8:35 4.14 -2.03E-16 3.17E-17 1.42 81.92 294.49 2.15E-02 20.80
4 8:50 3.74 1.03E-15 2.69E-17 1.04 90.59 294.66 1.62E-02 15.71
5 9:00 0.33 1.16E-16 5.54E-17 3.01 145.66 295.32 3.13E-02 30.22
6 9:05 1.25 4.48E-16 1.77E-16 2.33 272.21 295.12 2.09E-02 20.22
7 9:20 2.06 -2.17E-16 1.57E-16 8.33 164.46 295.47 2.20E-02 21.27
8 9:35 2.55 1.08E-15 1.74E-17 2.75 132.91 295.42 1.25E-02 12.06
9 9:44 0.51 5.04E-16 2.67E-16 7.65 659.43 295.89 7.35E-02 70.90
10 10:00 0.25 2.36E-16 -2.20E-17 5.98 150.95 296.12 5.42E-02 52.26
11 10:15 247  -1.63E-15 -1.59E-16 2.02 137.09 295.57 2.22E-02 21.44
12 10:30 4.17 7.00E-16 -2.28E-18 1.56 81.21 295.71 2.43E-02 23.41
13 10:45 4.13 3.69E-15 4.21E-16 1.50 82.04 295.95 2.63E-02 25.39
14 11:00 2.36 9.80E-15 1.07E-15 2.27 143.88 296.35 3.44E-02 33.07
15 11:15 0.57 5.45E-17  -1.74E-18 5.91 119.55 296.46 4.60E-02 44.22
16 11:30 0.79 1.20E-15 2.43E-17 3.29 121.56 296.69 2.80E-02 26.85
17 11:45 3.17 8.65E-16 1.08E-16 2.17 106.84 297.00 3.20E-02 30.70
18 12:00 3.44 4.22E-15 4.87E-16 2.24 98.40 297.42 3.45E-02 33.03
19 12:15 0.63 2.78E-16 -5.47E-17 5.67 538.57 298.10 2.90E-02 27.65
20 12:30 0.88 -4.16E-16  -8.84E-17 9.32 385.28 298.61 8.36E-02 79.68
21 12:45 1.25 5.04E-17 5.19E-17 8.88 272.17 299.24 1.35E-01 128.14
22 13:00 3.34 4.82E-16 2.88E-16 1.94 101.62 298.54 2.52E-02 23.97
23 13:15 4.55 3.95E-15 3.81E-16 6.40 74.47 298.81 4.95E-02 47.15
24 13:30 0.19 -7.72E-17 -5.53E-17 13.13 1786.35 300.23 5.13E-02 48.55
25 13:45 0.15 2.51E-16 1.24E-16 14.84 2284.41 300.17 7.21E-02 68.29
26 14:00 0.33 1.55E-16 -1.69E-16 9.12 1027.12 300.23 7.00E-02 66.24
27 14:15 0.41 6.78E-16  -1.94E-16 5.33 817.84 300.33 3.37E-02 31.84
28 14:30 0.33 7.12E-17 4.20E-17 8.12 1038.96 300.57 6.01E-02 56.77
29 14:45 0.22 3.98E-17 9.34E-18 12.44 1551.87 301.02 5.21E-02 49.14
30 15:00 0.89 -1.31E-16 4.00E-17 11.37 382.87 301.24 7.45E-02 70.24
31 15:15 1.32 9.73E-16 1.81E-16 1.32 256.46 300.14 9.10E-03 8.60
32 15:30 0.65 1.86E-16 6.54E-17 2.18 518.06 300.30 1.71E-02 16.17
33 15:45 1.47 2.88E-15  -3.97E-17 3.95 230.38 300.45 6.00E-02 56.60
34 16:00 2.86 1.10E-15 2.30E-16 3.84 118.67 300.22 3.67E-02 34.63
35 16:15 0.70 1.29E-15  -3.89E-17 3.58 486.74 301.07 9.68E-03 9.11
36 16:30 0.52 1.05E-16  -5.20E-17 2.00 654.77 300.79 -8.35E-03 -7.87
37 16:45 2.65 -4.70E-16 -8.95E-18 1.85 128.11 300.19 4.43E-03 4.18
38 17:00 2.85 -4.67E-16 -1.83E-16 1.43 118.89 300.17 2.78E-03 2.63
39 17:15 3.62 3.14E-16  -4.93E-17 0.86 93.60 300.42 4.37E-03 4.12
40 17:30 2.25 8.08E-16 5.08E-16 1.20 150.78 300.58 1.23E-02 11.62
41 17:45 2.49 6.20E-15 1.34E-15 0.71 135.91 300.58 -3.26E-03 -3.07
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Appendix H: Albedo map from MODIS surface reflectance product
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Appendix I: ILWIS script for zenith angle calculation from MSG

Rem: Calculate satellite, sun zenith angle andetewation / illumination condition, for MSG
projection

Rem: The output georeference should be availaips ifhport using the data retriever the required
MSG images

Rem: Call external batch file, called generate englat
I generateangles.bat

Copy satzen*.* msgzen

Copy sunzen*.* solzen

msgzen:=map(‘msgzen’,genras,Convert,378,0,ReabpBytes)
solzen:=map('solzen',genras,Convert,378,0,RealghBwtes)

setgrf msgzen.mpr angle

setgrf solzen.mpr angle

msg_zenres.mpr{dom=value.dom;vr=-1000:1000:0.00 MapResample(msgzen.mpr,%1,bicubic)
calc msg_zenres.mpr
sec_msgzen.mpr{dom=value.dom;vr=0:10:0.001}:=(1¢(degrad(msg_zenres))))

calc sec_msgzen.mpr
sol_zenres.mpr{dom=value.dom;vr=-1000:1000:0.00\tapResample(solzen.mpr,%1,bicubic)
calc sol_zenres.mpr
sec_solzen.mpr{dom=value.dom;vr=0:10:0.001}:=(1&(ckmgrad(sol_zenres))))

calc cos_solzen.mpr

sun_elev.mpr{dom=value.dom;vr=-1000:1000:0.001}.=@0 zenres

calc sun_elev.mpr

Rem: Definition of illumination condition threshaléccording to Meteo France
illum_cond%2.mpr{dom=illum_cond} :=iff(sun_elev<-Right",iff(sun_elev<10,"twillight","day"))
calc illum_cond%2.mpr

Rem: delete obsolete and temporary maps

rem del msg_zenres.mpr -force
rem del sol_zenres.mpr -force
rem del sec_solzen.mpr -force
rem del sun_elev.mpr -force
rem del msgzen.mpr -force
rem del solzen.mpr -force

closeall
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Appendix J: ILWIS script for daily evaporation calculation

albedo_sebs.mpr{dom=value.dom;vr=0:1:0.01}.=MapAlbgband1l_smac.mpr,band2_smac.mpr,
modis,band3_smac.mpr,band4_smac.mpr,band5_smagamg@y, smac.mpr)

RS_net.mpr{dom=value.dom;vr=0:1200:0.01}:=(1-albesebs)*1367*0.75*cos(sza*3.14/180)
Rem: sza is the solar zenith angle obtained fromisnoroduct

RI_net.mpr{dom=value.dom;vr=0:300:0.01}:=0.98*0.@DW0567*295.18"4*(0.39-
0.05*SQRT(2648)/100)+4*0.988*0.0000000567*(295.1813t_corr1-295.18)

R_net.mpr{dom=value.dom;vr=0:1000:0.01}:=RS_net2kdt

Rem: RS_net2 is the resampled map of RS_net
H_flux.mpr{dom=value.dom;vr=0:200:0.01}:=1.2*1004%{_corr1-295.18)/120
L_flux.mpr{dom=value.dom;vr=0:500:0.01}:=R_net-Hul-422.92

Rem: L_flux=R_net-H_flux-G, where G is 422.92
Evap_frac.mpr{dom=value.dom;vr=0:1:0.01}:=I_flux/(Ret-422.92)

Rem: evap_fraction= L_flux/(R_net-G)

Rem: Daily evaporation is calcualted from evapemfraction and daily net radiation

Daily_E.mpr{dom=value.dom;vr=0:7:0.01}:=(8.64*10"#¥ap_frac*150.3424)/(2.45*1076*1000)
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Appendix K: ILWIS script for surface temperature retrieval from MSG data

Four channel algorithm

Rem: Four channel algorithms can be used to cakslaface temperature form MSG thermal bands.
Rem: The formula used to calculate for day timdasigr temperature is given by: a0+
al*T_10.8+a2*(T_10.8-T_12) +a3*(T_3.9-T_8.7) +a4*(0.8-T_12)"2+a5*(secteta_sat-1)
+a6*T_3.9*cos(teta_sol).

Rem: the regression coefficients are dependindnerand cover type.

T_day_4c_0300:=-29.2629+1.1054*t_200809270300_B+2®@502*(t_200809270300_ir_108-
t 200809270300 _ir_120)+0.1322*(t 200809270300 _i®-03

t 200809270300_ir_087)+0.1889*(t_200809270300_i8-10

t 200809270300 _ir_120)"2+464.1204*(sec_Tmsgzenb-ITPp1*10"-5*(1/sec_solzenl)

T_day 4c_0330:=-29.2629+1.1054*t_200809270330_B+2@502*(t_200809270330_ir_108-
t 200809270330 _ir_120)+0.1322*(t_200809270330_i®-03

t 200809270330_ir_087)+0.1889*(t_200809270330_i8-10

t 200809270330 _ir_120)"2+464.1204*(sec_Tmsgzen3.IPA*10"-5*(1/sec_solzen?2)
T_day_4c_0400:=-29.2629+1.1054*t_200809270400_B+2@502*(t_200809270400_ir_108-
t 200809270400 _ir_120)+0.1322*(t_200809270400_i®-03

t 200809270400 _ir_087)+0.1889*(t_200809270400_i8-10

t 200809270400 _ir_120)"2+464.1204*(sec_Tmsgzen3-ITPp1*10"-5*(1/sec_solzen3)

T_day 4c_0430:=-29.2629+1.1054*t_ 200809270430 _B+2@502*(t_200809270430_ir_108-
t 200809270430 _ir_120)+0.1322*(t 200809270430 _i®-03

t 200809270430_ir_087)+0.1889*(t_200809270430_i8-10

t 200809270430 _ir_120)"2+464.1204*(sec_Tmsgzen&-IPA*10"-5*(1/sec_solzen4)
T_day_4c_0500:=-29.2629+1.1054*t_ 200809270500 _B+2@502*(t_200809270500_ir_108-
t 200809270500 _ir_120)+0.1322*(t_200809270500_i®-03

t 200809270500 _ir_087)+0.1889*(t_200809270500_i8-10

t 200809270500 ir_120)"2+464.1204*(sec_Tmsgzen5-ITPA*10"-5*(1/sec_solzenb)
T_day_4c_0530:=-29.2629+1.1054*t_200809270530_B+2@502*(t_200809270530_ir_108-
t 200809270530 _ir_120)+0.1322*(t 200809270530 _i®-03

t 200809270530_ir_087)+0.1889*(t_200809270530_i8-10

t 200809270530 _ir_120)"2+464.1204*(sec_Tmsgzen&-ITP1*10"-5*(1/sec_solzen6)
T_day_4c_0600:=-29.2629+1.1054*t_ 200809270600 _B+2@502*(t_200809270600_ir_108-
t 200809270600 _ir_120)+0.1322*(t_200809270600_i®-03

t 200809270600_ir_087)+0.1889*(t_200809270600_i8-10

t 200809270600 ir_120)"2+464.1204*(sec_TmsgzenBIPA*10"-5*(1/sec_solzen7)
T_day_4c_0630:=-29.2629+1.1054*t_200809270630_B+2@502*(t_200809270630_ir_108-
t 200809270630 _ir_120)+0.1322*(t_200809270630_i®-03

t 200809270630_ir_087)+0.1889*(t_200809270630_i8-10

t 200809270630 _ir_120)"2+464.1204*(sec_Tmsgzen8-TPp1*10"-5*(1/sec_solzen8)
T_day_4c_0800:=-29.2629+1.1054*t_200809270800_B+2@502*(t_200809270800_ir_108-
t 200809270800 _ir_120)+0.1322*(t 200809270800 _i®-03

t 200809270800_ir_087)+0.1889*(t_200809270800_i8-10

t 200809270800 _ir_120)"2+464.1204*(sec_Tmsgzen8-ITPA*10"-5*(1/sec_solzen9)

T_day 4c_0830:=-29.2629+1.1054*t_200809270830_@+2@502*(t_200809270830_ir_108-
t 200809270830 _ir_120)+0.1322*(t_200809270830_i9-03

t 200809270830_ir_087)+0.1889*(t_200809270830_i8-10

t 200809270830 _ir_120)"2+464.1204*(sec_Tmsgzen16-IP1*107-5*(1/sec_solzenl0)
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T_day_4c_1000:=-29.2629+1.1054*_200809271000_#8+2@502*(t_200809271000_ir_108-
t 200809271000 _ir_120)+0.1322*(t_200809271000_i®-03

t 200809271000 _ir_087)+0.1889*(t_200809271000_i8-10

t 200809271000 ir_120)"2+464.1204*(sec_Tmsgzentb-IP1*10"-5*(1/sec_solzenll)
T_day_4c_1030:=-29.2629+1.1054*_200809271030_8+2@502*(t_200809271030_ir_108-
t 200809271030 _ir_120)+0.1322*(t_200809271030_i8-03

t 200809271030 _ir_087)+0.1889*(t_200809271030_i8-10

t 200809271030 _ir_120)"2+464.1204*(sec_Tmsgzen13-IP1*10"-5*(1/sec_solzenl?2)
T_day_4c_1100:=-29.2629+1.1054*_200809271100_8+2®502*(t_200809271100_ir_108-
t 200809271100 _ir_120)+0.1322*(t_200809271100_i®-03

t 200809271100_ir_087)+0.1889*(t_200809271100_i8-10

t 200809271100 _ir_120)"2+464.1204*(sec_Tmsgzen13-IP1*10"-5*(1/sec_solzenl3)
T_day_4c_1130:=-29.2629+1.1054*_200809271130_8+2@502*(t_200809271130_ir_108-
t 200809271130 _ir_120)+0.1322*(t_200809271130_i®-03

t 200809271130_ir_087)+0.1889*(t_200809271130_i8-10

t 200809271130 _ir_120)"2+464.1204*(sec_Tmsgzen15-IP1*10"-5*(1/sec_solzenl4)
T_day_4c_1300:=-29.2629+1.1054*_200809271300_8+2®502*(t_200809271300_ir_108-
t 200809271300 _ir_120)+0.1322*(t_200809271300_i®-03

t 200809271300 _ir_087)+0.1889*(t_200809271300_i8-10

t 200809271300 _ir_120)"2+464.1204*(sec_Tmsgzen15:IP1*10"-5*(1/sec_solzenlb)
T_day_4c_1330:=-29.2629+1.1054*_200809271330_8+2@502*(t_200809271330_ir_108-
t 200809271330_ir_120)+0.1322*(t_200809271330_i®-03

t 200809271330_ir_087)+0.1889*(t_200809271330_i8-10

t 200809271330 ir_120)"2+464.1204*(sec_Tmsgzen16-IP1*10"-5*(1/sec_solzenl6)
T_day_4c_1400:=-29.2629+1.1054*_200809271400_8+P@502*(t_200809271400_ir_108-
t 200809271400 _ir_120)+0.1322*(t_200809271400_i®-03

t 200809271400 _ir_087)+0.1889*(t_200809271400_i8-10

t 200809271400 _ir_120)"2+464.1204*(sec_Tmsgzen13-IP1*10”"-5*(1/sec_solzenl7)

Split-window techniques algorithm (Becker and Li)

Rem: split window algorithm can be used to calaukirface temperature form MSG thermal bands
of 9 and 10
Rem: Tday_ 1300:=3.672206*T0004_band_15+-2.669026500and_15+1.274

Tday B _0300.mpr{dom=VALUE.dom;vr=273.0:350.0:0.18-672206*t 200809270300 _ir_108+-
2.66902*t_200809270300_ir_120+1.274
Tday B _0330.mpr{dom=VALUE.dom;vr=273.0:350.0:0.18-672206*t 200809270330 _ir_108+-
2.66902*t_200809270330_ir_120+1.274
Tday_B_0400.mpr{dom=VALUE.dom;vr=273.0:350.0:0.13-672206*_200809270400_ir_108+-
2.66902*t_200809270400_ir_120+1.274
Tday_B_0430.mpr{dom=VALUE.dom;vr=273.0:350.0:0.18672206*_200809270430_ir_108+-
2.66902*t_200809270430_ir_120+1.274
Tday_B_0500.mpr{dom=VALUE.dom;vr=273.0:350.0:0.13672206*_ 200809270500 _ir_108+-
2.66902*t_200809270500_ir_120+1.274

Tday B_0530.mpr{dom=VALUE.dom;vr=273.0:350.0:0.18-672206*t 200809270530 _ir_108+-
2.66902*t_200809270530_ir_120+1.274
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Tday B_0600.mpr{dom=VALUE.dom;vr=273.0:350.0:0.18:672206*_200809270600_ir_108+-
2.66902*_200809270600 _ir_120+1.274
Tday B_0630.mpr{dom=VALUE.dom;vr=273.0:350.0:0.18:672206*_200809270500_ir_108+-
2.66902*t_200809270630_ir_120+1.274

Rem:Tday_B_0700.mpr{dom=VALUE.dom;vr=273.0:350.Q)0=
3.672206*_ 200809270700 _ir _108+-2.66902*t 200809200ir 120+1.274
Rem: Tday_B_0730.mpr{dom=VALUE.dom;vr=273.0:350.Q)0=
3.672206*_200809270730_ir_108+-2.66902*_200809300ir_120+1.274

Tday_B_0800.mpr{dom=VALUE.dom;vr=273.0:350.0:0.18-672206*t 200809270800 _ir_108+-
2.66902*t_ 200809270800 _ir_120+1.274
Tday_B_0830.mpr{dom=VALUE.dom;vr=273.0:350.0:0.183-672206*t 200809270830 _ir_108+-
2.66902*t_200809270830_ir_120+1.274

Rem:Tday_B_0900.mpr{dom=VALUE.dom;vr=273.0:350.Q)0=
3.672206*_ 200809270900 ir 108+-2.66902*t 200809P00ir 120+1.274
Rem: Tday_B_0930.mpr{dom=VALUE.dom;vr=273.0:350.Q)0=
3.672206*_200809270930_ir_108+-2.66902*_200809300ir_120+1.274

Tday_B_1000.mpr{dom=VALUE.dom;vr=273.0:350.0:0.13672206*t_200809271000_ir_108+-
2.66902*t_200809271000_ir_120+1.274
Tday_B_1030.mpr{dom=VALUE.dom;vr=273.0:350.0:0.18672206*t_200809271030_ir_108+-
2.66902*t_200809271030_ir_120+1.274
Tday_B_1100.mpr{dom=VALUE.dom;vr=273.0:350.0:0.13672206*t_200809271100_ir_108+-
2.66902*t_200809271100_ir_120+1.274
Tday_B_1130.mpr{dom=VALUE.dom;vr=273.0:350.0:0.13672206*t_200809271130_ir_108+-
2.66902*t_200809271130_ir_120+1.274

Rem: Tday_B_1200.mpr{dom=VALUE.dom;vr=273.0:350.Qj0=
3.672206*_ 200809271200 _ir 108+ -2.66902*t 2008020 ir 120+1.274
Rem: Tday_B_1230.mpr{dom=VALUE.dom;vr=273.0:350.Q)0=
3.672206*_200809271230_ir_108+-2.66902*t_200802301ir_120+1.274

Tday_B_1300.mpr{dom=VALUE.dom;vr=273.0:350.0:0.13672206*t_200809271300_ir_108+-
2.66902*t_200809271300_ir_120+1.274
Tday_B_1330.mpr{dom=VALUE.dom;vr=273.0:350.0:0.18672206*t_200809271330_ir_108+-
2.66902*t_200809271330_ir_120+1.274
Tday_B_1400.mpr{dom=VALUE.dom;vr=273.0:350.0:0.18672206*t_200809271400_ir_108+-
2.66902*t_200809271400_ir_120+1.274

Rem:Tday_B_1430.mpr{dom=VALUE.dom;vr=273.0:350.0)0=
3.672206*t_200809271430_ir_108+-2.66902*t_20080930Lir_120+1.274

97



