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ABSTRACT

Evapotranspiration (ET) is a dominant hydrologic flux in the water budget of semi-arid areas.
Thus, accurate estimation of its dynamics in such environments is critical for improving
water resources management. In this study the physically-based Surface Energy Balance
System (SEBS) model was applied to estimate the spatial and temporal variability of actual
ET (AET) in the semi-arid Barotse Sub-basin, South-Western Zambia. The model was run
using atmospherically rectified Moderate-resolution Imaging Spectroadiometer (MODIS)
satellite imagery on clear-sky warm-wet, cool-dry and hot-dry days. Furthermore, based on
sunshine hours and daily AET, monthly fluxes were generated. The modelled evaporative
fluxes were evaluated against Penman-Montieth potential ET (PET) and independently
modelled AET from the Global Circulation Model (GCM) of the European Centre for
Medium-Range Weather Forecast (ECMWF).

Results showed that actual evaporative fluxes were ~64.3% and 29.4% of PET on cool-dry
and hot-dry days respectively. However, these fluxes were ~104.2% of PET on warm-wet
days. The systematic lack of physical agreement on these days implied that SEBS estimates
were not necessarily implausible but that the assumptions on which PET is based differed
from the surface conditions. This highlighted the uncertainties of evaluating AET against
PET. The comparison with ECMWF estimates showed better agreement on many days at
Sesheke weather station than at Kamanga. At a monthly time-step, however, this comparison
showed lack of good agreement ascribed to input data and surface parameterisation. Sensitive
analysis showed that model outputs varied by up to 3 mm day’ when estimated air
temperature in the term A(T,-T,) was varied by 8 K whereas the use of NDVI versus landuse-
based surface roughness revealed a reduction of ET of up to 1.5 mm day'1 on forests when the
latter was used. Flux analysis showed that water bodies and regularly flooded vegetation had
the highest rates of ~6.9 and 5.9 mm day’1 on warm-wet days respectively. The lowest rates
occurred over mosaic vegetation/croplands and closed to open grassland with a high variation

of up to 64.1 and 71.1% respectively between warm-wet and hot-dry days.

On the overall, this study showed that the SEBS model can be successfully used to estimate
evaporative fluxes in heterogeneous areas and improve water resources management. In order
to accurately apply this model in such areas, however, there is need to use spatial input data

and robust ways of estimating surface roughness.
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CHAPTER 1: INTRODUCTION

1.1 Background

Evapotranspiration (ET), the sum of transpiration through plant canopy and evaporation from
soil and plant surfaces (Singh, 1988; Mu et al., 2007), is a major component of the hydrologic
budget (Brutsaert, 1982; Irmark, 2008; Khan et al., 2010). It is estimated that, on the average,
two-thirds of the precipitation is returned to the atmosphere by evapotranspiration
(Brutsaert,1982; Irmark, 2009) though this ratio varies from nearly 100 percent in the deserts
to one-third or less where precipitation is high and ET relatively small (Johnson et al., 1977).
It is for this reason that ET plays an important role in explaining water balance dynamics,
land-atmosphere and mass-energy interactions, and improving agricultural water
management (Rwasoka et al., 2011). Consequently, the accurate measurement of ET has an
increasing importance in diverse disciplines such as hydrology, agronomy and meteorology
(Anderson et al., 2003; Moran, 2004; Suleiman and Crago, 2004) as it provides the basis for
precision irrigation, determining crop water stress and water use of vulnerable ecosystems,
and predicting climate variability (van der Kwast et al., 2009). In arid and semi-arid areas,
where ET is a dominant hydrologic flux (Kongo et al., 2006; Khan et al., 2010), precise
quantification of its spatial and temporal variability is critical for estimating surface and

groundwater resources (Huxman et al., 2005) and enhancing water resources management.

Notwithstanding its importance, ET is the least understood (Wilson et al., 1992), and one of
the difficult components of the hydrologic water budget to quantify and monitor (Gash and
Shuttleworth, 2007). In fact, among the components of the hydrological cycle, ET is one of
the most challenging to estimate directly owing to the complex interactions among the
components of the land-plant-atmosphere system (Hughes, 2001). This makes the
determination of spatially distributed ET a complex task, especially at a basin or catchment
scale. For this reason, ET has often been treated as a lumped residual flux from hydrologic
models or quantified indirectly from local weather stations. The prevalent methods of
estimating ET provide potential evapotranspiration (PET) or reference evapotranspiration
(ET,) and sometimes crop evapotranspiration (ET.) as a product of weather-based reference
evapotranspiration and crop coefficient at points, rather than spatial-temporal information

about actual evapotranspiration (AET) (Allen et al., 2005¢; Khan, et al., 2010).



Point based methods assume that land surfaces are homogeneous (Allen et al., 1998). Yet it is
common, not least from the catchment scale, to find different types of land cover co-existing
within a few square meters. These vegetation species will have different features such as
rooting depth and stomata resistance all of which complicate the computation of ET over
large areas. Besides, water loss by transpiration through the stomata on the leaf is not only
dependent on the physiology of plant species but also the stage of growth of the plant and
external factors such as radiation, air temperature and humidity, and wind (Gibson et al.,
2010). This means that under the same physical conditions, plant species will have different
rates of ET with respect to their physiology and stage of growth. Typically, in heterogeneous
regions, a vegetated land area might exits adjacent to or forms a composite mix with land
surfaces such as rivers, wetlands, cultivated land, bare land and built-up areas. Given such a
scenario, point based methods fail to adequately account for the spatial distribution of ET.
The problem becomes worse when these points (weather stations) are sparsely spread over a
catchment. This is the typical case of the larger part of the Zambezi Basin (Cohen et al.,

2010), in which the semi-arid Barotse Sub-basin of South-Western Zambia is located.

The apparent shortcomings of point based methods underscore the importance of employing
techniques that effectively capture the spatial distribution of ET. In the recent past, remote
sensing for spatially distributed ET has become a pragmatic approach, especially with the
availability of large amounts of remote sensing data and development of various modelling
techniques (Khan et al., 2010). This development has presented unprecedented opportunities
for understanding the dynamics of surface-atmospheric interaction. A host of remote sensing
techniques, algorithms and models have over the years been proposed for the estimation of
ET by various researchers (e.g Kustas et al., 1994; Carlson et al., 1995; Bastiaanssen et al.,
1998a; Jiang and Islam, 2001; Su, 2002; Nishida et al., 2003; Boegh and Soegaard, 2004).
The gist of the remote sensing approach for estimating ET is to accurately quantify radiation
and turbulent heat fluxes using radiometric measurements from satellite sensors. The more
advanced and successful of these are based on the thermal infrared signals that contain

information on the spatial distribution of the land surface temperature (Wang et al., 2006).

Application of remote sensing techniques can be an important source of obtaining data about
the dynamic state of the components of the hydrological budget especially in areas where in-
situ measurements are limited. This is because remote sensing data have the advantage of

detailed area coverage (spatial resolution), regular updates (temporal resolution) and can ‘see’
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in a wide range of the electromagnetic spectrum (spectral resolution).Today massive amount
of this data is generated at different resolutions from numerous satellite sensors.
Consequently, among the broad spectrum of its uses, remote sensing data is increasingly
becoming an important source of information that inform sound water use planning,

monitoring and management at a field, catchment and regional scale (Mu et al., 2007).

1.2 Statement of the problem

The amount of soil moisture available to the root crop, fresh water available for recharging
aquifers and surface water available for human uses in the semi-arid Barotse Sub-basin, as in
many other hot semi-arid areas (Huxman et al., 2005), depends largely on the balance
between precipitation and ET. Characterized by limited precipitation and high rates of ET
(Zambia Meteorological Department-ZMD, 1992), the semi-arid Barotse Sub-basin is prone
to surface water and soil moisture deficits (droughts). This scenario poses a threat to the
existence of human and animal life as a small portion of usable water is left at the land-
atmosphere interface. Although rural water supply in this area depends largely on borehole
water, the significantly high rate of ET and limited rainfall inevitably affects the amount of
freshwater available for recharging aquifers. Thus, accurate measurement of AET in this
semi-arid environment is not only critical for the understanding of spatial and temporal
variability of surface fluxes but also for the assessment of groundwater recharge. The latter is
the basis for determining issues related to groundwater sustainability such as the optimum

rate of abstraction per year.

Despite the fact that ET is the second dominant hydrologic flux in the water balance of the
semi-arid Barotse Sub-basin, data on its spatial and temporal variability is scarcer than
rainfall data (cf. Cohen et al., 2010). The estimates of ET over large and varied areas of the
basin are based on limited point measurements. Consequently, the spatial-temporal variability
of ET is roughly quantified and thus not clearly understood. This situation is at variance with
the need to understand distributed hydrologic fluxes for improved water resources
management at a catchment or basin level. It is important to use spatial modelling techniques
to accurately quantify the spatial-temporal distribution of AET especially in water stressed
areas, as it is a key component in agriculture water resources management, planning
sustainable use of limited water resources and modelling groundwater recharge rates, all of

which are critical issues in the semi-arid Barotse Sub-basin (Kabika et al., 2010).



1.3 Purpose of the study

The purpose of this study is to estimate the spatial and temporal variability of actual
evapotranspiration using remote sensing techniques and SEBS algorithm in the semi-arid
Barotse Sub-basin of South-Western Zambia with the view to contributing towards improved

water resources management, monitoring and water use planning.

1.3.1 General objective

The overall objective of this study is:
1. Using remote sensing and the SEBS algorithm to estimate the spatial and temporal

variability of AET in the semi-arid Barotse Sub-basin.

1.3.2 Specific objectives

The specific objectives for this study are:

1. Estimating AET over different land cover using SEBS algorithm and MODIS images
on typical clear-sky warm-wet, cool-dry and hot-dry days;

2. Generating monthly evaporative fluxes from daily AET and sunshine hours;

3. Determining daily PET from meteorological data using the FAO Penman-Montieth
method; and

4. Evaluation of the SEBS modelled evaporative fluxes against calculated PET and
independently modelled AET from the GCM of ECMWF.

1.3.3 Research questions

The research questions are:

1. What are the daily estimates of AET over the different land cover types on clear-sky
warm-wet, cool-dry and hot-dry days in the semi-arid Barotse Sub-basin?

2. To what extent does AET vary over typical warm-wet, cool-dry and hot-dry months in
the semi-arid Barotse Sub-basin?

3. What are the daily estimates of PET in the semi-arid Barotse Sub-basin using the
FAO Penman-Montieth method? and

4. Do the SEBS actual evaporative fluxes show physical agreement with PET and
ECMWEF estimates?



1.4 Significance of the study

It is an established fact that estimation of ET from a soil and vegetated surface is one of the
basic requirements needed for computing water balances and assessing water availability and
requirements especially in arid and semi-arid areas (Pereira et al., 1996). The case for
estimating spatial and temporal variability of AET in the semi-arid Barotse Sub-basin is more
compelling given that this area is one of the regions in Zambia prone to droughts and highly
susceptible to projected threats of severe climate variability and change (Flint, 2006). Since
much of the semi-arid Barotse Sub-basin is already experiencing below normal annual
rainfall and high rate of ET (i.e. point based estimates), the projected climate variability and
change will intensify ET patterns of this area (Huntington, 2006) thereby severely limiting
the amount of freshwater available for human use. It is also very likely that even groundwater
quantities, which form the major and reliable source of usable water in this area, will be
affected over time, as high rates of ET determines the amount of freshwater recharge and
discharge from aquifers (Huxman et al., 2005). Given that freshwater is presently a scarce
resource in the semi-arid Barotse Sub-basin, the intensification of ET may create untold
misery, hunger and disease. However, through quantitative assessment of spatial and
temporal dynamics of AET valuable data can be generated for the semi—arid Barotse Sub-
basin that can inform sound practices in water resources management and mitigation
strategies. Therefore, this study is useful to a wide range of interest groups particularly those
interested in the field of environmental application (optimizing irrigation water use, irrigation
system performance, crop water deficit, drought mitigation strategies and water resources
monitoring and utilizations) such as the Ministry of Mines, Energy and Water Development
in charge of planning and development of the water resources in Zambia. This assertion is
based on the fact that the accurate estimation of ET in semi-arid environments or water-
limited areas is of critical importance for determining water requirements for crops (Allen et
al., 1998; Irmark, 2008; Irmark, 2009; van der kwast et al., 2009) and enhancing water
resources planning, monitoring and management as it constitutes a dominant hydrologic flux

(Khan et al., 2010).



CHAPTER 2: LITERATURE REVIEW

2.1 Defining the concept of evapotranspiration

The term ‘evapotranspiration’ is a fusion of the two words [Evapo (Transpire) ration], that is,
evaporation and transpiration. Therefore, according to Irmark (2008), evapotranspiration in
agro-ecosystems is the sum of two terms; (1) transpiration, in which water entering the plant
roots is carried to stems and leaves for building plant tissue via photosynthesis and then
passes through the leaves of the plant into the atmosphere, and (2) evaporation, which is
water evaporating from soil and plant leaf surfaces holding water droplets from rain,
irrigation, or dew formation. In simple terms, it is defined as the discharge of water from land
surfaces to the atmosphere by evaporation from soil surfaces and by transpiration from the
plants via stomatal openings (Singh, 1988; Brutsaert, 1982; Mu et al., 2007). It is worth
pointing out that its usage underscores the basic fact that, in reality, evaporation and

transpiration cannot be separated because they occur simultaneously (Allen et al., 1998).

In the analysis of ET, a conceptual distinction is made between potential evapotranspiration
(PET) and actual evapotranspiration (AET). According to Brutsaert (1982), PET is the
maximum intensity of ET from a large surface covered completely and homogeneously with
actively growing plants under conditions of unlimited availability of soil water. The World
Meteorological Organization (WMO, 1992) defines PET as the maximum quantity of water
capable of being evaporated in a given climate from a continuous expanse of vegetation
covering the whole ground and well supplied with water. Allen et al. (1998) refer to it as the
crop ET under standard conditions and define it as the ET from disease-free, well-fertilised
crops, grown in large fields, under optimum soil water conditions and achieving full
production under the given conditions. In simple terms, PET is viewed as the ET from a

vegetated surface when the water supply to plants is unlimited (Irmark, 2008).

On the other hand, AET can be defined as the quantity of water vapour evaporated from the
soil and plants when the ground is at its natural moisture content (WMO, 1990). Brutsaert
(1982) defines AET as the amount of water lost from a system given existing evaporative
energy conditions (i.e PET) and the available water provided by precipitation and storage in
the soil. Allen et al. (1998) define it as the amount of water transpired from plants and

evaporated from soil surface under actual meteorological conditions and under non-optimal
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soil, biological, management and environmental conditions. This means that it is a dynamic
measure of the evaporative flux which varies depending on the prevailing climatic conditions,

type of land cover and the existing amount of soil water (WMO, 1992).

2.2 Factors that influence the process of evapotranspiration

There are a number of factors that affect ET. These include weather parameters such as solar
radiation, air temperature, humidity and wind speed, and land surface characteristics such as
type and density of vegetation cover, rooting depth and reflective land cover characteristics
(Allen et al., 1998; Irmark, 2008). According to WMO (1992) factors affecting the rate of ET
from any surface can be broadly divided into two groups: meteorological factors and surface
factors, either of which may be rate-limiting. The meteorological factors may, in turn, be

subdivided into energy and aerodynamic variables.

Energy is needed to change water from liquid to the vapour phase. Clearly, ET is influenced
by the amount of energy available to vapourise water (Allen et al., 1998). In nature, this
energy is largely supplied by solar and terrestrial radiation. The spatial and temporal
distribution of this solar radiation on the globe is governed by a number of factors. Firstly, the
potential amount of radiation that can reach the evaporating surface is determined by its
location and time of the year. In this case, potential radiation differs at various latitudes and
in different seasons due to differences in the position of the sun. Secondly, the actual solar
radiation reaching the evaporating surface depends on the turbidity of the atmosphere and the
presence of clouds which reflect and absorb major parts of the radiation. It is important to
note, however, that not all available energy reaching the surface is used to vapourise water.

Some of it is used to heat up the atmosphere and the soil profile (Brutsaert, 1982).

On the other hand, aerodynamic variables such as wind speed at the surface and vapour
pressure difference between the surface and the lower atmosphere, control the rate of transfer
of the evaporated water vapour (Albertson et al., 2001). For instance, wind and air turbulence
is responsible for removing vapour above the vapourating surface. Unless the saturated air
above the vapourating surface is continuously replaced with drier air, the driving force for
water vapour removal and ET rate decreases. Consequently, an increase in wind speed will
increase the rate of evaporation, unless air movement also results in a reduction in
temperatures (Allen et al., 1998). It is also useful to distinguish between situations where free

water is present on the surface and those where it is not. In this regard, factors of importance
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include the amount and state of the water and also those surface characteristics which affect
the transfer process to the air or through the body surface. Resistance to moisture transfer to
the atmosphere depends, for example, on surface roughness (Albertson et al., 2001). In arid
and semi-arid areas, the size and shape of the evaporating surface is also extremely important.
Transpiration from vegetation, in addition to the meteorological and surface factors already
noted, is largely determined by plant characteristics and responses. These include, for
example, the number and size of stomata (openings in the leaves), and whether these are open
or closed. Stomatal resistance to moisture transfer shows a diurnal response but is also
considerably dependent upon the availability of soil moisture to the rooting system. The
availability of soil moisture for the roots and for the evaporation from bare soil depends on

the capillary supply, namely, on the texture and composition of the soil (Allen et al., 1998).

2.3 Methods of estimating evapotranspiration

There are basically three broad groups of estimating ET: direct measurements, hydrologic
modelling and remote sensing techniques (Gieske, 2003). Traditionally, however, ET has
been estimated using empirical equations which retrieved the reference evapotranspiration
based on the so called reference surface (grass or alfalfa under well-watered conditions) and a
crop coefficient. Many formulae have been proposed on how to retrieve the reference
evapotranspiration, and some of these include the Penman, Thornthwaite, Hargreaves,
Priestly and Taylor and FAO Penman-Montieth equations (Penman, 1948; Thornthwaite,
1948; Priestley and Taylor, 1972; Allen et al., 1998). In this study only the FAO Penman-
Montieth method (FAO56-PM), which is the internationally recommended standard for
estimating the reference evapotranspiration for a grass surface (Allen et al., 1998), is
reviewed. An extensive review of this approach and other empirical equations that can be
used for retrieving the reference evapotranspiration is available on this web site:

http//www.sjrwmd.com/technicalreports/pdfs/sp/sj2001-sp8.pdf. Therefore, a brief review of

the FAO Penman-Montieth method from the website is given here.

2.3.1 Conventional methods of calculating ET: FAO Penman-Montieth Equation

The Food and Agricultural Oraganisation-Penman-Montieth method (FAO 56-PM), which
incorporates the Penman-Montieth model, is one of the traditional equations used for
estimating ET and is recommended for use worldwide (Allen et al., 1998). In this method the

ET for a crop canopy is estimated using a reference ET (ET,) and a crop coefficient (Kc). The



FAO 56-PM is an hourly or daily grass reference ET equation derived from the American
Society of Civil Engineers-Penman-Montieth (ASCE PM-90) by assigning certain parameter
values based on a specific reference surface (Allen et al., 1998). This surface has an assumed
height of 0.12 m, a fixed surface resistance (r,) of 70 s m'l, and an albedo of 0.23. The zero
plane displacement height and roughness lengths are estimated as a function of the assumed
crop height, so that surface resistance becomes a function of only the measured wind speed.
The height for the temperature, humidity, and wind measurements is assumed to be two (2)
metres. The latent heat of vaporization (1) is assigned a constant value of 2.45 MJ kg™ (Allen
et al., 1998). Thus, from the original Penman-Montieth combination model, the FAO 56-PM
was formulated by assigning these values. The FAO 56-PM model is given as shown in

equation (1) (Allen et al., 1998).

900
_ 0.408 A(Rh—_Gg) + Ymuz(es—ea)

ET, = e . BqL 1

Where ET, is daily reference evapotranspiration, R, is net radiation, G, is soil heat flux, U, is
wind speed at two metres, eg is saturation vapour pressure, e, is actual vapour pressure,

es — e, is vapour pressure deficit, A is the slope of vapour curve, T is temperature of the air.

Allen et al. (1998; 2005a), emphasised that the FAO 56-PM reference evapotranspiration
would provide reasonable estimates of evapotranspiration under various climatic conditions.

It has also been reported that compared to other point based methods, the formulations based
on the Penman-Montieth model have greater performance for ET estimations, and thus can be

used as the standard for evaluating other methods (Imark, 2009).

Despite its strengths, the FAO Penman-Montieth has some limitations. It is a known fact that
surface resistance can vary according to the day and the weather conditions and crop
coefficient determination is affected by many factors (Neale and Vinokullo, 2005). This
means that the spatial and temporal variations of the surface characteristics cannot be taken
into account with high accuracy by this method (Courault et al., 2005). As earlier noted, AET
corresponds to the real water consumption according to weather parameters, crops factors,
management and environmental conditions. This means that over a large basin, the big leaf
assumption which the FAO Penman-Montieth assumes is rarely valid. There are often many
vegetation types co-existing and always some parts or periods where or when the vegetation

is not ‘closed’. Both the soil surface and the vegetation leaves evaporate or transpire moisture
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to the atmosphere and their relative importance changes dynamically as the vegetation
develops (Shuttleworth and Wallace, 1985; Zhang et al., 2008). The ideal approach is that
applicable at all times and places and able to reflect the changes of surface conditions. Thus,
other point based methods, such as the double-layer Shuttleworth-Wallace Model, which tries
to include these changes have over the years been proposed (Zhang et al., 2008). However,
remote sensing data with increasing imagery resolution has been hailed as a better option that
can provide this type of information over various temporal and spatial scales. Thus, the
general trend shows that there has been a shift towards developing robust physically-based
method of estimating ET (Courault et al., 2005), especially using remote sensing techniques

as will be shown in this thesis.

A number of ET studies employing remote sensing techniques have compared results with
those derived using the FAO-56PM and other point based methods. Allen (2000) compared
ET calculated using the FAO-56PM method with predictions by the SEBAL remote sensing
approach. Predictions were within 20% of ET based on an energy feedback remote-sensing
application using NOAA-AVHRR and Landsat data (Gibson et al., 2010). In comparing ET
estimates from satellites, hydrological models and field data, Kite and Droogers (2000) found
that satellite methods and the FAO-24 (another approach based on the Penman-Montieth
model) had the greatest variability, whereas FAO-56PM, hydrological models and field

methods showed more consistency (Gibson et al., 2010).

2.3.2 Direct method of estimating evapotranspiration

A lysimeter is one of the instruments that can be used to estimate ET directly. The device
consists of a large container placed below the ground surface and filled with soil, on which
crops are grown under natural condition. The whole container is supported on a weighting
device which records any change in moisture storage. Water is allowed to drain freely from
the large container into a collecting device which can be used to measure percolation losses.
Close to the lysimeter a rain gauge is located to measure all incoming precipitation. Estimates
of ET (or evaporation in the case of bare soil) can then be made by measuring and balancing
all the other water budget components of the container, namely, precipitation, underground
water drainage, and change in water storage of the block of soil. Usually, surface runoff is
eliminated (Prueger et al., 1997). A lysimeter is a multi-purpose instrument for the study of
several phases of the hydrological cycle under natural conditions (WMO, 1992). Lysimeters

offer a dependable means of measuring water loss from soil and crop canopy surfaces directly
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and their results can be used in comparison with AET obtained from satellite data. Lysimeters
can also be used for the estimation of PET of the plant covered soil, if the soil moisture is

kept at field capacity (Allen et al., 1998).

Despite having the advantage of estimating ET directly, lysimeters have a number of
drawbacks (Malone et al., 1999). One such shortcoming is that it only calculates ET for one
particular crop at a time or for bare soil. Yet it is known that variations in ET over a whole
catchment can be quite large due to variations in topography and vegetation cover. This
means that the problem that affects the accuracy of lysimeters emanate from the difficulties in
meeting the installation requirements for the data to be comparable to field conditions (Frank,
2008). Lysimeters will not be representative of the surrounding area if the crop in the
lysimeters is either taller, shorter, denser or thinner or if the lysimeter is on the periphery of
no-cropped area (Chang, 1968). Therefore, the challenge is to make the conditions in the

lysimeters closer to that of the surrounding environment (Malone et al., 1999).

Bowen-ratio energy balance method is another way that is used to measure ET directly.
This method combines measurements of certain atmospheric variables (temperature and
vapour concentration gradients) and available energy (net radiation and changes in stored
thermal energy) to determine estimates of ET (Lloyd, 1992). It therefore, incorporates
energy-budget principles and turbulent-transfer theory. The theory of this method was
developed by Bowen (1926). Its practical use, however, has been possible in recent times due
to the availability of accurate instrumentation (Payero et al., 2003). To implement the
method, data loggers with temperature and humidity sensors are required (Allen et al., 1998).

The Bowen ratio is estimated using the formula given in equation (2) (Dingman, 2002).

B o Y e Eq.2

€;—€;

Where vy is the psychometric constant, T, and T; are measured air temperature at heights Z;
and Z,, e; and e; are measured water vapour pressures at Z; and Z, (Dingman, 2002). Once
the Bowen ratio is determined, it is used to solve the energy balance as given in equation (3)

(Perez et al., 2008).
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Where R, is net radiation, G is the ground heat flux, AE is the latent heat flux, A is latent heat

of vapourisation, E is actual evapotranspiration (Perez et al., 2008).

The advantage of the Bowen ratio method is the ability to measure AET and elimination of
wind and turbulent transfer coefficients while the disadvantages are sophistication and
fragility of sensors and data logging equipment. The need of adequate upwind fetch also

place limits of the method (Payero et al., 2003).

The Eddy Covariance (E.C) is yet another atmospheric flux measurement technique and it
measures and calculates vertical turbulent fluxes within atmospheric boundary layers. It is a
statistical method used in meteorology and other applications that analyzes high-frequency
wind and scalar atmospheric data series, and yields values of fluxes of these properties. Such
flux measurements are widely used to estimate momentum, heat, water, and carbon dioxide
exchange, as well as exchange of methane and other trace gases (Massman, 2000). The basics
of this approach is that the fluctuations of the vertical wind (w’) and the deviation (q’) from
the mean absolute humidity (q) are measured directly with fast response sensors. The E.C

expression for ET is given in equation (4) (Brutsaert, 1982).

In Equation (4), the over bar represents the average period and the primes indicate the
deviation from the mean values during the averaging period. Although E.C method has the
advantage of estimating AET directly, it suffers from the disadvantage of errors caused by
sensor separation and inadequate frequency response of the sensors (Ham and Heilman,

2003).

2.3.3 Water balance and hydrologic modelling approach

The Water Balance (WatBal) method involves applying the water balance equation to the
catchment area of interest over a time period (AT) and solving the equation for ET as given

by in equation (5) (Dingman, 2002).

ET = P+Qin + Gin - Qout + Gout — A e Eq 5
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Where P is precipitation, Q;, is inflow of the surface water, Q. is outflow of the surface
water, Gj, is ground water inflow, Gg,;1s ground water outflow and AS is change in the

amount of water stored over the time period (Dingman, 2002).

The Soil Water Balance method is alternative to the WatBal approach. Both potential and
actual ET can be measured with the soil water balance method (Allen et al., 1998). The water
balance of the soil accounts for the incoming and outgoing fluxes of a soil compartment. This
compartment can be one-dimensional (e.g. the root zone, or the soil profile to a greater
depth). The soil water balance equation over a certain period can then be written as the
change in water storage, (AW). Defining AW as ‘In - Out’, after a certain period of time,

change in storage is estimated as given by equation (6) (Feddes and Lenselink, 1994).

AW =T4P =P G =R = ET cootoeeoee oo Eq. 6

Where, I is irrigation, P is precipitation, Pi is intercepted precipitation, G is upward flow
through the bottom, R is percolation through the bottom, ET is evapotranspiration (Feddes
and Lenselink, 1994).

Re-arranging equation (6) yields the estimate of evapotranspiration as given in equation (7)

(Feddes and Lenselink, 1994).

ET =14 P — P G = R m Ao eesee e Eq. 7

Because the soil water distribution over the profile is usually not uniform, AW in equation 6

can be expressed as given in equation (8) (Feddes and Lenselink, 1994)

Where n is number of soil layers, A ©; is change in volumetric soil water content of layer i,

D; is depth of the i-th soil layer (Feddes and Lenselink, 1994).

It is obvious that all errors in estimating the terms of Equation 5 and 7 will be reflected in the
estimate of ET. The problem with both equations is that it is difficult to evaluate the quantity
of ground inflow and outflow properly. Therefore, although the approach looks simple in

theory, in reality it is difficult to measure the true values of the components in the equation.
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However, if the components are reasonably estimated, the method can provide accurate

estimation of ET (Feddes and Lenselink, 1994).

Hydrological Models can estimate ET through simulation of river or stream flow at a
catchment level. These models achieve this by simulating the transformation of precipitation
into stream flow taking into account all the intermediate processes such as ET, interception,
infiltration, runoff and groundwater flow including all the artificial effects of dams,
reservoirs, diversions and irrigation schemes (Beven, 2001). Thus, they are able to estimate
evapotranspiration at any point and time. Some of these include hydrological surface flow
models such as SWAP, SWAT, TOPMODEL, MIKE SHE, and a host of many others which
have been developed over the years to meet various needs and the complexity of the
phenomenon which they seek to address (Kite and Drooger, 2000; Beven, 2001). The

following web site: http//www.hydrologicmodels.tamu.edu/models provides an inventory and

details of these models. Many of these have evolved and accommodate the latest data sources

including remote sensing and geographic information system data (Lane et al., 2004).

2.3.4 Remote sensing techniques for estimating ET

It is not a practical choice to estimate spatially distributed surface fluxes over large
geographical areas with the classical field scale methods (lysimeters, Bowen ratio, eddy
correlation system, soil water balance) so far described (Courault et al., 2005). Thus,
nowadays attention has shifted towards deriving methods capable of capturing the spatial and
temporal distribution of AET over various scales using remote sensing data. With the
increase in satellite imagery and resolution, various methods of retrieving surface fluxes
using remote sensing data have evolved over time. Courault et al. (2005) note that it is
difficult to classify these methods because some of them are intermediate approaches which
combine empirical and physical relationships. They have, however, proposed four model
categories: empirical, direct methods; residual methods of the energy budget; deterministic
methods; and vegetation index methods. Su (2006a), on the other hand, is of the view that the
ET methods can be categorised into two types of methodologies in remote sensing of
turbulent heat fluxes and evaporation i.e. (semi-) empirical versus analytical. What is clear in
all these proposed categories is that they capture a progressive development in the complexity
of model parametrisation and input requirements. Here a review of these approaches is

presented, with particular emphasis on their physical bases and assumptions.
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Empirical direct methods are based on the direct use of remote sensing observations in
semi-empirical models developed to estimate ET (Courault et al., 2005). Common empirical
direct method uses the simplified relationship using thermal infra-red (TIR) remote sensing
and meteorological data (Bastiaanssen et al., 1998a, 1998b; Brutsaert et al., 1993; Courault et
al., 2005). The use of such simplified relationships for estimating water requirements among
terrestrial plants began in the late 1970"s with researchers such as Jackson et al. (1977) and
later by Seguin and Ittier (1983), who computed crop water stress index (CWSI) using
thermal infrared observations which were premised on the assumption that as water becomes
limiting, transpiration is reduced and the plant temperature increases (Su, 2006a). A typical
basis of this simple relationship is presented by Courault et al. (2005). They assert that
empirical direct method assumes that it is possible to directly relate daily ET to the

instantaneous difference (Ts — Ta); measured around midday as given in equation (9).

ETg = Ry 4 A = B(Ts = Ta)iverereeeeeeeeeeesseesseseseessssesessseseseesseeessssesesssssesesseesesssessssseessoe Eq. 9

Where Rn is net radiation, A and B being constant depending on the local situation, and the

value (Ts — Ta) is the stress degree day (Courault et al., 2005).

Thus, direct method relies on the assumptions that the ratio of sensible heat to net radiation is
constant all along the day, and the daily value of soil heat flux is negligible (Gd =0) and that
Ts can be extracted from measurements acquired in the thermal infrared range (TIR) with
airborne or satellite sensors, after atmospheric correction (Courault et al., 2005). Through
such a scheme, as Gibson et al. (2010) point out, the idea behind the simplified method is that
the net integrated daily ET at the surface can be estimated from a few easily obtainable
measurements: surface radiant temperature measured (Ts), a corresponding air temperature,
and the net radiation expressed as an integrated value over a 24-hour period. In the same
light, another significant relationship studied by Moran et al. (1994) and Carlson et al. (1995)
is that between surface temperature (Ts) and Normalised Vegetation Index (NDVI). They
found that since the amount of vegetative cover affects transpiration and that vegetation
indices are also related to surface temperature, higher ET tends to be associated with lower

temperatures (Courault et al., 2005).

Residual methods of the energy budget combine some empirical relationships and physical
modules (Courault et al., 2005). The methods are based on a complete energy balance for

each pixel where ET is predicted from the residual amount of energy remaining from the

15



classical energy balance, which governs the ET process at the vegetation surface, and is

expressed mathematically as given in equation (10).
Ry =G+ HAAET (WMD) oo Eq. 10

Where R,= net radiation, H= sensible heat, G= soil heat flux and AET= latent heat flux (A is

the latent heat of vaporization and E is the actual evapotranspiration) (Courault et al., 2005).

Equation (10) shows that the net incoming solar radiation at any location is converted into
heat energy, heating the air above the soil (sensible heat flux) surface and the soil itself (soil
heat flux), and into latent heat of ET from the soil surface. The rationale behind the residual
method is that if the net incoming radiation and the energy consumed in heating the air and
the soil can be measured, then the latent heat of evaporation from the soil can be estimated
and the rate of evaporation of water deduced (Courault et al., 2005). Therefore, using remote
sensing techniques for instance, net radiation (Rn) can be computed from satellite-measured
narrow-band reflectance and surface temperature; Ground heat flux (G) can be estimated
from Rn, surface temperature, and a vegetation index; and Sensible heat flux (H) can be
estimated from surface temperature ranges, surface roughness, and wind speed using

buoyancy corrections leaving ET as the only unknown (Allen et al., 2005¢).

The Surface Energy Balance Index (SEBI) method proposed by of Menenti and Choudhury
(1993) is one of the residual methods. It is based on crop water stress index. In this method
the dry limit is assumed to have a zero surface ET (latent heat flux) for a given set of
boundary layer characteristics so that the sensible heat flux equal to the surface available
energy. The minimum surface temperature can be evaluated from the wet limit, where surface
is regarded as to evaporate potentially and the potential ET is calculated from Penman-
Montieth equation with a zero internal resistance. The relative evaporative fraction can then
be calculated by interpolating the observed surface temperature with the maximum and

minimum surface temperature (Van Den Hurk, 2001).

The Surface Energy Balance Algorithm for Land (SEBAL) (Bastiaanssen et al., 1998a,
1998b; Tasumi et al., 2005) is another residual model that uses remote sensing directly to
estimate input parameters, and ET is estimated as a residual of the energy balance. It was
designed for regional estimation of the energy partitioning with minimum ground data. It uses

surface temperature, surface reflectance, and NDVI as well as their interrelationships to
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deduce surface fluxes (Bastiaanssen et al., 1998a; Tasumi et al., 2005). The atmospheric
variables (air temperature and wind speed) are estimated from remote sensing data by taking
into account the spatial variation induced by hydrological and energetic contrast (Courault et
al., 2005). SEBAL uses the spatial relation between surface temperature (Ts) and air
temperature (Ta) to estimate air temperature (when (Ts — Ta) ~ 0, H~0), Ta can be estimated
from Ts values from TIR images. In this regard, determination of wet and dry surfaces on the
studied area is necessary to extract threshold values. Semi-empirical relationships in the
SEBAL are used to estimate emissivity and roughness length from NDVI. The sensible heat
flux is computed by inverting the sensible heat flux expression over both dry (LE = 0) and
wet (H = 0) land (Courault et al., 2005). Due to the difficulty in finding exactly right pixels of
dry and wet conditions in certain images, its application is limited in certain instances.
Furthermore, surface roughness is poorly described so that SEBAL is only suitable for flat
terrain (Allen et al, 2005a). To solve related limitations of the SEBAL, some correction have
been made by Su (2005) to make it more practical by remedying a theoretical problem of
SEBAL model, and adding a scheme to apply Numerical Weather Prediction (NWP) fields

with an up-scalling and downscaling approach.

The Simplified Surface Energy Balance Index (S-SEBI) method was developed by
Roerink et al. (2000) to derive the surface energy fluxes from remote sensing measurements.
This method estimates surface fluxes by determining a reflectance dependent maximum
temperature for dry conditions and a reflectance dependent minimum temperature for wet
conditions without the need for additional meteorological data if the surface extremes are
present on the image studied (Van den Hurk, 2001; Courault et al., 2005). It is reported that it
shows reasonable success for application in semi-arid areas (Roerink et al., 2000; Su, 2006b).
However, S-SEBI has a disadvantage of not explicitly incorporating the aerodynamic
character of the land surface, such as land surface roughness. As a result, it has limited
application at a regional scale. It works appropriately for high resolution images such as

Landsat and, as noted, in somewhat drier areas (Roerink et al., 2000; Brunner et al., 2004).

METRIC (Mapping EvapoTranspiration at high Resolution and with Internalized
Calibration) is an image-processing model that calculates ET as a residual of the surface
energy balance (Morse et al., 2006; Allen et al., 2007). It is a variant of SEBAL which was
formulated for application to mountainous terrain and to provide tighter integration with

ground-based reference ET (Allen et al., 2005b, 2007). According to Allen et al. (2007),
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METRIC uses two anchor conditions from within an image to fix boundary conditions for the
energy balance and to internally calibrate the sensible heat computation, which eliminates the
need for in-depth atmospheric correction of temperature or albedo. The internal calibration
reduces impacts of any biases in estimation of aerodynamic stability correction or surface
roughness. The calibration is done by manually selecting a hot and a cold pixel to define the
range of vertical temperature gradients (dT) above the ground surface. The cold condition is
typically a well-irrigated alfalfa field where ET equals the reference ET whereas the hot

condition is a dry, bare agricultural field where ET approaches zero.

METRIC has been used with high resolution Landsat images in southern Idaho, southern
California and New Mexico to quantify 24-hour, monthly and seasonal ET for water rights
accounting, operation of ground water models, and determination of crop coefficient (Allen et
al., 2007). Comparisons between ET calculated by METRIC, ET measured by lysimeter and
predicted using traditional methods have been made on a daily and monthly basis for a
variety of crop types and land-uses. The results have shown that the method promises to be
an efficient, accurate and inexpensive procedure for estimating ET from irrigated lands

(Allen et al., 2007).

Other models using the residual method have also been developed, such as Neale and
Vinokullo (2005), who present a hybrid energy balance model that couples the surface energy
balance approach with a simple empirical reflectance-based crop coefficient model, for the
estimation and prediction of ET over a growing season using satellite imagery as part of the
Soil Moisture Atmosphere Coupling Experiment (SMACEX). In the same experiment,
French et al. (2005) considered two flux estimation approaches, the SEBAL model and the
Two-Source Energy Balance model (TSEB) proposed by Norman et al. (1995). In the TSEB
model each pixel is categorized as vegetated or bare soil according to NDVI or another
vegetation index and assumes clustered rather than distributed vegetation. Direct comparison
against ground Eddy Covariance data suggests that the TSEB approach is helpful over
sparsely vegetated terrain (Gibson et al., 2010). Crago and Crowley (2005) used the
complementary relationship between actual and potential ET to derive ET estimates from

minimal data.

Deterministic methods are based on detailed models such as Soil-Vegetation-Atmosphere

Transfer models (SVAT), which estimate different components of the energy budget

18



(Courault et al., 2005). In these models, remote sensing data are introduced at different stages
either as input parameters to characterize the different surfaces, or in assimilation procedures
which aim at retrieving adequate parameters for the ET estimation (Courault et al., 2005;
Braun et al., 2001, Olioso et al., 2005; Rivalland et al., 2005). Deterministic models aim at
integrating all components of the water budget for monitoring and management purposes

(Courault et al., 2005).

Vegetation Index (VI) methods, which are also known as inference methods, are based on
the use of remote sensing to compute a reduction factor such as a crop coefficient for the
estimation of the AET (Chen et al., 2004; Allen et al., 2005a; Courault et al., 2005; Consoli et
al., 2006). Actual ET is then calculated as the product of this reduction factor and potential
ET obtained from ground measurement (Courault et al., 2005). In some cases vegetation
index methods are combined with deterministic models (Gibson el al., 2010). Boegh and
Soegaard (2004) describe how the relationship between the soil water balance and the
vegetation growth is represented by coupling a hydrological model (MIKE SHE) and a
vegetation-SVAT model to simulate the interactions between soil, vegetation and atmosphere

including the seasonal variation in plant structure and function (Gibson et al., 2010).

2.3.5 The SEBS for estimating turbulent heat fluxes and evaporative fraction

Though considered a residual method by Courault et al. (2005), the SEBS (Su, 2002) is
regarded as an analytical method. According to Su (2006b), analytical methods take into
account detailed physical processes at a scale of interest and usually involve complex
relationships, and require various input variables such as those which can be observed
directly by radiometric measurements and meteorological variables at reference height.
Timmermans (2011- personal communication) is of the view that since the SEBS estimates
ET from the evaporative fraction derived from the energy balance at limiting cases, it cannot

therefore be regarded as a residual method.

In the formulation of the concept of energy balance at limiting cases, Su (2005) argues that
although it is possible to estimate the latent heat flux as a residual by means of the energy
balance equation after derivation of the sensible heat, there are associated uncertainties in the
derived latent heat flux and consequently in the evaporative fraction. He contends that this is
because the sensible heat flux is, under given surface conditions, determined solely by the

surface temperature and the meteorological conditions at the reference height and is not
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constrained by the available energy. Thus, if the surface temperature or the meteorological
variables have large uncertainty, these would be propagated into the resultant latent heat flux
and evaporative fraction without any avoidance. In view of this, Su (2002) proposed the
removal or limiting of this uncertainty by considering energy balance at the limiting cases.
He showed that this is achievable because the actual sensible heat flux is constrained in the
range set by the sensible heat flux at the wet limit derived from a combination equation, and
the sensible heat flux at the dry limit set by the available energy (Su, 2002). In this regard, Su
(2005) notes that SEBS is similar to earlier algorithm such as the SEBI concept of Menenti
and Choudhury (1993) but explicitly integrates the formulation of roughness height for heat
transport. The earlier works (Jackson et al., 1977; Menenti and Choudhury, 1993) used fixed
values of this parameter and as such had limited application at a regional scale because of the
variability of roughness height for heat transport with different surfaces (Su, 2005). Thus,
according to Su (2002), SEBS extends the SEBI concept with a dynamic model for thermal
roughness (Su et al.,, 2001), the Bulk Atmospheric Similarity (BAS) theory of Brutsaert
(1999) for Planetary Boundary Layer (PBL) scaling, and the Monin—Obukhov Atmospheric
Surface Layer (ASL) similarity for surface layer scaling such that SEBS can be used for both
local scaling and regional scaling under all atmospheric stability regimes, thereby providing a
link for radiometric measurements and atmospheric models at various scales. Furthermore, as
earlier noted, a new improvement included in the SEBS model is the determination of the
evaporative fraction on the basis of the energy balance at limiting cases. Daily ET is
calculated from the total daily energy by assuming that the determined evaporative fraction is

constant all throughout the day (Su, 2002).

The SEBS algorithm requires three sets of inputs for the estimation of atmospheric turbulent
fluxes and evaporative fractions (Su, 2002). The first set consists of land surface or
biogeophysical parameters such as albedo, emissivity, temperature, fractional vegetation
cover, leaf area index and the height of the vegetation (roughness height). These parameters
can be derived from the reflectance and radiance measurement of the satellite imagery. The
second set is meteorological data. This includes air pressure, temperature, humidity, and wind
speed at a reference height. This data can be obtained from a standard meteorological station.
However, according to Su (2005) this data set can also be variables estimated by a large-scale
meteorological model. The third data set required in the SEBS model includes radiation

components, that is, downward solar radiation and downward longwave radiation. This data

20



can be obtained from direct measurements, global model outputs or can also be parameterized

when ground measurements are not available (Su, 2005).

The SEBS model has been validated under a wide range of environmental conditions for the
estimation of ET, sensible heat flux and drought monitoring both at regional and catchment
scales and over different temporal scales. It was tested against AET rates in the semiarid in-
land basin in North Western China (Li, 2001; Su et al., 2003), in Spain-Barrax (Su and
Jacobs, 2001), for drought disaster monitoring (Su et al., 2003), and in the estimation of
sensible heat flux in Spain (Jia et al., 2003). It was also evaluated well as compared with
other remote sensing techniques over irrigated fields (Su et al., 2001; Su et al., 2003).
Recently, validations of SEBS have been reported by Su (2005) and Su et al. (2007) using
data from SMACEX experiments and CEOP references sites.

2.4 Gap analysis arising from literature review

Given the various methods reviewed and what is available on the ground, point based
methods cannot be used to adequately characterise the spatial and temporal variability of
AET over the semi-arid Barotse Sub-basin as it is a heterogeneous environment. Some
remote sensing techniques, which have been cited in this study, cannot also be used to
accurately estimate the land cover evaporative fluxes in the study area because of their
inherent weaknesses in their assumptions. Table 1 shows a summary of strengths and
weaknesses of some the approaches used to estimate ET. Being a physically based model,
however, the SEBS model is capable of estimating spatial and temporal dynamics of
turbulent heat fluxes and evaporative fraction at various scales with acceptable accuracy (Su,
2002; Su et al., 2003; Jia et al., 2003; Su, 2005; Su et al., 2007). It is for this reason that this
approach was preferred over the others to be used in the estimation of evaporative fluxes in

the semi-arid Barotse Sub-basin.

On the application side, the SEBS model has been employed in a number of studies for the
estimation of distributed evaporative fluxes at a basin or catchment scale and includes, among

others, the following works which are related to this study:

Hailegiorgis (2006) analysed summer time ET using SEBS algorithm in Regge and Dinkel,
The Netherlands. He used summer time Landsat images, meteorological and groundwater

data to assess the spatial and temporal variation of AET. The AET estimates from SEBS
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revealed the spatial-temporal variability of ET over landuse classes. In the absence of ground
truth data of actual ET needed for validation, he used the reference ET and crop coefficient

(Kc) and found good agreement which strengthened the SEBS results.

Shan et al. (2007) applied the SEBS model together with the HANTS algorithm to generate a
time series of evaporative fraction, albedo and AET over the arid inland Heihe River Basin in
North-West China. They found out that based on the generated time series of evaporative
fraction and albedo, actual ET can be implemented in HANTS algorithm over the time
continuously to characterise the spatial-temporal land cover ET. They also found that the
actual ET derived using time series of evaporative fraction and albedo was in agreement with
the temporal distribution of NDVI, implying that actual ET achieves peak value with an

increase in NDVI.

Alvarez (2007) applied the SEBS algorithm in the estimation of AET in the study of effect of
land cover changes on water balance of the Palo Verde Wetland, Costa Rica. He showed,
among other findings, that MODIS images are very useful in the estimation of AET time

series, and that using this data, the evaporative loses in all the wetland can be calculated using

the SEBS model.

Mohamed et al. (2010) studied remote sensing based estimation of AET among different
land cover types in the Mkindo Catchment in Tanzania and found that different land uses/
cover types have different evaporative water use signature at a daily and monthly time scale
and that forests and irrigated land had relatively higher evaporative water use compared to
other land cover types in the catchment. They found that the SEBS estimates of AET had

good correlation with computed PET.

Rwasoka et al. (2011) carried out a study on the estimation of AET using the SEBS
algorithm in the Upper Manyame Catchment in Zimbabwe. They found out that the SEBS
estimates of AET were on the average physically consistent when compared with the
calculated PET. They also found that modelled estimates of AET were slightly
underestimated at one station and relatively overestimated on the other when compared to
AET calculated using the advection aridity equation, and that water bodies, closed
broadleaved deciduous and open broadleaved deciduous forests had relatively higher mean

AET rates than open grasslands.
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Table 1: Summary of the weaknesses and strengths of the point-based and remote
sensing techniques used to estimate ET (modified from Courault et al., 2005;

Shuttleworth and Wallace, 1985)

Model Scale Strengths Weaknesses
A. Point-based
Offers means of measuring Difficult to make the conditions
water loss from soil and in lysimeters closer to that of
plant canopy directly; results | the surrounding area, requires
Lysimeter Sample | can be used as a standard expert supervision, modern and
against which to compare precise ones are expensive
and validate other models
Relatively inexpensive Problematic over tall vegetation
proprietary system can be when atmospheric gradients are
Bowen ratio Field purchased that work for both | low, often cannot be used at
short crops and natural dawn and dusk when the
vegetation Bowen ratio is -1
Useful for field-scale Prone to systematic
measurement in research underestimation of fluxes;
Eddy covariance Field application, can be operated | errors due to sensor separation
using relatively expensive and inadequate frequency
logger and collocated response of the sensors
Sensors
B. Remote sensing
techniques
Simplified Field to | operational from local to spatial variation of coefficients
relationships regional | regional
Residual (SEBI, S- Field to | Low cost, need no additional | surface characteristic are
SEBI & SEBAL) regional | climatic data empirically estimated, works
better in flat areas, requires the
presence of wet and dry pixels
Operational if combined Requires calibration for each
Inference models Field to | with ground measurements crop, K. varies according to
(Kc & NDVI) regional | or models estimating water stress
accurate reference ET
Estimation of intermediate Requires more parameters that
Determinists Field to | variables (e.g LAI), possible | are not easy to estimate, and
(SVAT) regional | links with climate, accurate remote sensing data
hydrological models,
assimilation to find some
parameters
N.B: The generic meaning of scale; Sample = area of the soil and vegetation and sample, typically

a few square metres, Field = typically a few hundreds of square metres, Regional = typically
several hundred square kilometres
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The concept behind this study is related to the work of Rwasoka et al. (2011) and Mohamed
et al. (2010). In comparison to the former's work, however, this study estimated the variation
of evaporative fluxes over different land cover types on carefully selected clear-sky warm-
wet, cool-dry and hot-dry days and further determined monthly actual fluxes for a
hydrological year using daily estimates and the sunshine hours. The modelled results were
evaluated against calculated PET and independently modelled AET from the GCM of
ECMWEF. Rwasoka et al. (2011), on the other hand, estimated the land cover AET only for a
few isolated days in the Upper Manyame Catchment in Zimbabwe and evaluated the
modelled results against PET and estimates of AET calculated using the advection aridity
equation. This study also differs from the work of Mohamed et al. (2010) in the approach
used to upscale daily ET to monthly fluxes. In this study, monthly evaporative fluxes were
derived from daily estimates of AET and the sunshine hours whereas Mohamed et al. (2010)

determined monthly fluxes from daily estimates of AET and reference ET.

As reviewed in this chapter, few studies have attempted to quantify the spatial-temporal
evaporative fluxes at a large scale taking into account temporal changes that are significant
from a point of view of water resources management. Quantifying the variation of these
fluxes over significant parts of the hydrological year, however, is important as it provides
critical input data for closing the water budget and enhance water resources planning,
monitoring and management in water-short regions. For this reason, this study applied the
SEBS model to estimate the spatial and temporal variability of AET on warm-wet, cool-dry
and hot-dry days and months in the semi-arid Barotse Sub-basin of South-Western Zambia.
Such an approach is useful for assessing water availability in water stressed environments.
This is because ET constitutes a dominant hydrologic flux in these areas. The lack of data in
these areas on spatial-temporal variation of AET makes quantification of the limited water
resources difficult, as is the case with the semi-arid Barotse Sub-basin (Kabika et al., 2010).
This means that informed water resources management in such areas will depend on spatial
modelling of evaporative fluxes at significant temporal scales which this study has

investigated on.
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CHAPTER 3: DESCRIPTION OF THE STUDY AREA

3.1 Location of the study area

The semi-arid Barotse Sub-basin is located in the South-Western part of Zambia (Figure 1).
Geographically, it lies between Longitudes 23° and 27° East, and Latitudes 15° and 18° South.
It sits on an average elevation of 900 metres above sea level and occupies an area of
approximately 45,568Km>. It covers mainly Sesheke and Kazungula Districts of Zambia, and
some parts of Katima Mulilo of Namibia. This area is easily accessible by road from

Livingstone and Katima Mulilo in Namibia on good tarred roads through to Botswana.
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Figure 1: The location of the study area of the semi-arid Barotse Sub-basin, South-
Western Zambia
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3.1.1 Topography and Drainage

The land elevation over the study area ranges from 1,300 metres above sea level in the
northern part to 850 metres in the south eastern part (Figure 2). The lower areas form part of
the valley floors of the Zambezi River. This difference in elevation has some influences in
climatic variations within the area. This means that even land cover type is also affected by

these variations, especially between the northern and the southern parts of the basin.
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Figure 2: Digital Elevation Model over the semi-arid Barotse sub-basin, South-Western

Zambia indicating high elevations in the northern and eastern parts and lower
ones in the south.

The characteristic drainage pattern of the study area is trellis (Figure 3). All major streams in
the area are tributaries of the Zambezi River and many are non perennial on account of high
PET and percolation in the sandy river beds. The major streams include Lumbe, Njoko,

Loanja, Ngwezi, Loazamba and Machili (Figure 3).
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Figure 3:Trellis drainage system superimposed on a digital elevation model of the semi-arid Barotse Sub-basin, South-Western Zambia
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3.1.2 Soils

The soil types which are found in the study area include arenosol, vertisol, gleysol, luvisol

and acrisol as shown in Figure 4 (FAO and GRZ, 1986).
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Figure 4: The soil types of the semi-arid Barotse Sub-basin, South-Western Zambia
(modified from FAO and GRZ, 1986)

The major soil type in this area is arenosol, which is characterized by a sandy texture and lack
of significant soil profile development. They exhibit only a partially formed surface horizon
(uppermost layer) that is low in humus, and they are bereft of subsurface clay accumulation.
Owing to their excessive permeability and low nutrient content, agricultural use of these soils
in the study area is limited. The vertisol type is characterised by high content of expansive
clay that forms deep cracks in drier seasons. These soils are well known for their high water

holding capacity as they have heavy clayey proportions. The natural vegetation of the vertisol
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is grassy woodland. This is because the heavy texture and unstable behaviour of this soil
make it difficult for many tree species to grow, and thus forest is uncommon on this soil type.
Gleysol is typically confined to the wetlands areas. Grass is a dominant vegetation cover on
this soil. Luvisol is characterised by some nutrient content and good drainage making them
suitable for farming. Generally, farming in the study area, is confined to the south-western
part on Luvisol, Gleysol, vertisols and to some lesser extent on arenosols soil types (FAO and

GRZ, 1986).

3.1.3 Vegetation and land use

The predominant land cover types over the semi-arid Barotse Sub-basin consist of mosaic
grassland, mosaic vegetation/cropland, closed to open grassland and shrublands. The other
types of land cover include water bodies, closed and open broadleaved deciduous forests
(Figure 5) (Bicheron et al., 2008). Generally, the appearance of the vegetation type in this
area is grassland interrupted in places by savannah and forest (Jeanes, 1991). The Savannah is
characterized by open tree canopy with a tall grass understory. The forest is deciduous with
the main species being Zambezi Teak (Baikiaea plurijuga Harms) locally known as Mukusi
(Aregheore, 2006). The Mukusi tree is a valuable source of timber and is processed at
Zambezi Saw Mills in Mulobezi. This timber is hard and strong and termite-resistant. It has

been used for railway sleepers, parquet floors and door and window frames (Jeanes, 1991).
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Figure 5: Land cover map of the semi-arid Barotse Sub-basin, South-Western Zambia

(modified from Bicheron et al., 2008)

3.2 Climatic characteristics

The semi-arid Barotse Sub-basin experiences a tropical savanna climate with three distinct
seasons: warm-wet, cool-dry and dry-hot seasons. The warm-wet period, which starts in
November until the end of March, is characterised by rainfall and higher temperatures. The
cool-dry season occurs between April and July while the dry-hot season is in phase between
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August and October. The two seasons are marked by lower and very high temperatures

respectively (ZDM, 1992).
3.2.1 Rainfall and evapotranspiration

Rainfall in the over the study area is influenced by the Inter-Tropical Convergence Zone
(ITCZ) which moves over Zambia from the north between October and March. Being further
south of the ITCZ, the semi-arid Barotse Sub-basin is one of the areas in Zambia which
receives lower amounts of annual rainfall (ZDM, 1992). It lies in agro-ecological zone
(Region I) that receives rainfall of between 600-800 mm year' (Figure 6). The agro-
ecological zones II and III receive rainfall of between 800-1200 mm year” and above 1200
mm year'l, respectively (Siacinji-Musiwa, 1999; Aregheore, 2006). Although rainfall totals
and intra-season distribution vary greatly from year to year throughout Zambia, it is more

pronounced in Region I (Sichingabula, 1998).
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Figure 6: Location of the study area of semi-arid Barotse Sub-basin, South-Western
Zambia within the context of agro-ecological regions of Zambia (modified
from Aregheore, 2006)
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Therefore, rainfall is markedly seasonal in the semi-arid Barotse Sub-basin, falling generally
between October and April. The start and the ending of the rains are however extremely
variable. The average annual rainfall is estimated at 657mm at Sesheke weather station
(ZMD, 1992). The variability of annual rainfall between 1950 and 2004 at this station is
shown in Figure 7. There was a long absence of data between 1977 and 1983 as
measurements were not taken. From the available data, it is shown that annual rainfall totals
frequently exceeded the 600 mm mark from 1950 to 1977 (Figure 7). However, from 1983 to
2005, rainfall patterns seem to have declined as the annual totals barely exceeded the same
mark. It was during this same period (1983-2005), that the lowest annual rainfall totals
(compared with the period from 1950-1977) of 363 and 358 mm year'1 were recorded in 1995

and 2002 respectively.
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Figure 7: Annual rainfall measured at Sesheke Meteorological Station, semi-arid

Barotse Sub-basin, South-Western Zambia (1950 and 2005)

The peak of the rain season in the semi arid Barotse Sub-basin normally occurs in January,
after coming into phase between October and November. Effective rainfall is received until
the end of March (ZMD, 1992; MEWD-JICA, 1995). Figure 8 shows the mean monthly
rainfall at Sesheke weather station between 1983 and 2004.
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Figure 8: Mean monthly rainfall at Sesheke Meteorological Station, semi-arid Barotse

Sub-basin, South-Western Zambia (1983-2005)

The annual pan evaporation is estimated at 2,215 mm whereas PET stands at 1,718 mm and is
high from August to November (200-300 mm month™) and low from December to July (100-
200 mm month™) around Sesheke Meteorological Station (ZDM, 1992). The actual annual
ET at Sesheke Station is estimated at 616 mm against 657 mm of annual rainfall (ZDM,
1992). This implies that rainfall barely exceeds ET, especially in the southern part of the

basin.

3.2.2 Temperature and relative humidity

Temperatures in the semi-arid Barotse Sub-basin begin to rise from the second half of August
and reach the highest point in October. The average climate over the area is characterised by
a maximum mean monthly temperature of 34.2°C, which occurs in October, and a minimum
mean temperature in July of 4.4°C (ZDM, 1992). Cool temperatures prevail from April to the
first half of August, with night-time temperatures approaching freezing point in July (ZDM,
1992). The mean monthly relative humidity varies between 75 % in January and 35% in
September. Figure 9 shows the mean monthly temperatures (maximum mean, minimum
mean and mean temperatures) and relative humidity measured at Sesheke weather station

between 1983 and 2005.
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Figure 9: Mean monthly temperature and relative humidity (1983-2005) at Sesheke

Meteorological Station, semi-arid Barotse Sub-basin, South-Western Zambia

3.3 Demographic characteristics

The population in the study area is approximately 192,904 with an estimated density of 5.0
persons per square kilometers (CSO, 2010). In the year 2000, the population in this area was
estimated at 146,434 (CSO, 2010). This means that the population has been growing steadily

in this area.
3.4 Social and economic activities

The major economic activity in the semi-arid Barotse Sub-basin is agriculture, although
fishing and cross-border trade form part of the people’s occupation. Crops are grown on the
flood plains and along the margin of the flood plain. These include maize, rice, millet and
vegetables. Other crops grown include groundnuts and cassava. Animal rearing is also an old
tradition of the district. The major animals reared include cattle, goats, pigs and sheep (CSO,

2010).

Once a sleeping giant, Sesheke District is poised for a hive of activities after the completion
of the M10 road commonly known as the Livingstone-Sesheke-Senanga Road and the Katima
Mulilo Bridge. The 900 meters long bridge, which was completed in May 2004, spans the

Zambezi River connecting the district with the Namibian town of Katima Mulilo also known
34



as Ngwezi. The paved road from Sesheke to Livingstone and the Victoria Falls
200 kilometres east has added economic value to Sesheke in terms of tourism. In particular
the bridge and the roads have unlocked the potential for trade and transport, whilst opening
up vital access to the Namibian port of Walvis Bay for central Africa. It is therefore not
surprising that the recent boom in development has resulted in the growth of squatter camps
near Sesheke and Katima Mulilo, cross-border smuggling and other social activities on both

sides of the Zambia-Namibia border (CSO, 2010).
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CHAPTER 4: METHODOLOGY

4.1 The approach to the study

Arising from the gap analysis in Chapter Two and the objectives outlined in Chapter One, the
spatial-temporal AET on warm-wet, cool-dry, hot-dry days and months were estimated over
the semi-arid Barotse Sub-basin using the SEBS model. Furthermore, point-based PET was
determined at Sesheke Meteorological Station in Sesheke District of Zambia using the FAO
Penman-Montieth method as given in Equation 1. The formulae applied to retrieve net
radiation, which is an input in the FAO Penman-Montieth equation, are given in Appendix 1.
Finally, the SEBS fluxes were evaluated against independently modelled AET from ECMWF
and the calculated PET. The comparisons were made at a point scale at two reference points:
(1) Sesheke Meteorological Station, which is in the southern part of the study area, and (2)
Kamanga station in the northern part. The modelled fluxes at Kamanga station were
compared with ECMWF estimates only. Potential ET was not calculated at this station
because of the lack of meteorological data at satellite over pass time. In this study, it was
assumed that the SEBS modelled fluxes at the two reference stations would be comparable to

that from ECMWF and would not exceed PET on all the days.

The three approaches which were applied to estimate ET in this study are shown in the flow
chart in Figure 10. The research processes that were followed in the remote sensing (SEBS)
approach involved downloading MODIS satellite images, estimating input (biogeophysical)
parameters, running the model and estimating monthly ET from sunshine and daily fluxes.
The point-based approach (Penman-Montieth method) relies only on atmospheric variables
whereas the SEBS model utilises both meteorological and remote sensing data. Thus, the
available meteorological data (Table 2) corresponding to satellite overpass time were
collected from Sesheke Meteorological Station and used to run the SEBS model and calculate
PET. Some data which were not available at this station were obtained from the nearby one at
Katima Mulilo of Namibia (Appendix 2). Ground truthing was also done during the same
field work campaign. This involved identifying land cover types and collecting ground
control points using the Global Positioning System (GPS). The third method used to quantify
evaporative fluxes of the study area was by estimating it from an independent model
(ECMWF). Both daily and monthly ET was estimated from this model. Finally, the modelled
SEBS fluxes were evaluated against PET and ECMWF estimates (Figure 10).
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The study approach used to estimate evaporative fluxes and compare SEBS
modelled actual evapotranspiration with European Centre for Medium-Range
Weather Forecast (ECMWF) estimates and potential evapotranspiration in the
semi-arid Barotse Sub-basin in Sesheke area
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The details of the SEBS computational steps used in this study to estimate biogeophysical
parameters, which are pre-requisite inputs needed to run the model, and evaporative fluxes in

conjunction with meteorological data are shown in Figure 11.
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Figure 11: The flowchart of the SEBS computational steps used in this study to obtain
daily and monthly fluxes (modified after Hailegorgis, 2006)

38



4.2 Description of meteorological input data used

Three sets of data were required to run the SEBS model: remotely sensed, solar radiation and
meteorological data as shown in Figure 11. Solar radiation data included shortwave solar
radiation and downwards longwave radiation. With respect to meteorological data, the SEBS
model requires bright sunshine hours, average air temperature, specific humidity, wind speed,
pressure at a reference and surface height. In this study, additional data on daily relative
humidity, minimum air temperature and maximum air temperature, were required for the

calculation of PET using the Penman-Montieth equation.

As anticipated, weather data accessed from the Meteorological Department of Zambia in
Lusaka had gaps and was limited to a few atmospheric variables which included monthly
temperature, rainfall, pressure and wind speed. Scanty data at a daily time-step were available
at Sesheke Meteorological Station. Again these were limited to temperature, rainfall, pressure
and wind speed. Radiation and bright sunshine hours data over satellite passing time were not
available. At the time of data collection, the station had since stopped operating as it was in a
state of disrepair. The gaps in weather data and the absence of radiation data were solved
using a two-pronged approach: (1) calculating the missing variables from a few available
ones using a number of formulae and (2) retrieving such data from GCMs as will be shown
later in this thesis. The climatic data at Sesheke Meteorological Station over satellite passing

time are shown in Table 2.
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Table 2: Climatic data at satellite passing time at Sesheke Meteorological Station in the semi-arid Barotse Sub-basin, South-Western Zambia. RH= Relative humidity; Min. = Mininium;
Max. = Maximum; Temp. = Temperature, e,= Saturation vapour pressure; e,= Actual vapour pressure; e,-e,= Vapour pressure deficit; g= Specific humidity of air; p,;= mean air
density at constant pressure; A= Slope of saturation vapour curve. The asterisk * means that data was estimated from the European Centre for Medium-Range Weather Forecast

Latitude: -17.47, Longitude: 24.30, Elevation: 951 metres a.s.l

Date Julian Time Temp. Temp. | Temp. | Air RH Wind | Pressure* | Solar . Bright . € €, €5-€, q Pair A
Day Overpass | Min. Max. Mean | Temp. Speed Radiation | Sunshine

(GMT) °C °C °C K %% ms”! hpa Wm? hrs Kpa Kpa Kpa - Kgm™ If(ll)ii
21/11/06 | 325 8:45 20.3 344 | 274 | 30755 | 50 | 2.6 960 833.88 7.27 | 5.439 | 2.382 | 3.057 | 0.0015 | 1.147 | 0.302
30/11/06 | 334 8:40 20.2 33.8 | 27.0 [ 30695 | 61 | 25 905 846.48 7.09 | 5260 | 2.367 | 2.893 | 0.0016 | 1.150 | 0.293
02/12/06 | 336 8:25 20.2 33.6 | 269 | 30675 | 69 | 2.1 910 848.06 7.07 | 5202 | 2.367 | 2.835 | 0.0016 | 1.150 | 0.290
04/12/06 | 338 8:15 20.4 335 | 27.0 | 306.65 | 65 1.9 890 849.62 7.05 | 5.173 | 2.397 | 2.776 | 0.0016 | 1.151 | 0.289
12/01/07 | 12 8:20 19.7 320 | 25.9 | 305.15 | 66 1.7 907 841.27 724 | 4755 | 2.295 | 2.460 | 0.0015 | 1.156 | 0.269
14/01/07 14 8:10 19.7 32.0 | 25.9 | 305.15 | 76 1.6 905 841.59 723 | 4755 | 2.295 | 2.460 | 0.0015 | 1.156 | 0.269
14/02/07 | 45 9:05 19.8 322 | 26.0 | 305.35 | 77 1.5 906 834.53 7.08 | 4.809 | 2.309 | 2.499 | 0.0015 | 1.156 | 0.271
18/02/07 | 49 8:40 19.8 287 | 243 | 30185 | 73 1.2 901 826.93 7.14 | 3.937 | 2.309 | 1.627 | 0.0015 | 1.169 | 0.228
12/03/07 | 71 8:05 18.7 322 | 255 | 30535 | 64 1.5 910 746.93 8.12 | 4.809 | 2.157 | 2.652 | 0.0014 | 1.156 | 0.271
15/03/07 | 74 8:35 18.5 323 | 25.4 | 30545 | 71 1.6 1080 737.35 821 | 4.836 | 2.130 | 2.706 | 0.0012 | 1.155 | 0.273
16/04/07 | 106 8:35 14.6 31.8 | 232 | 304.95 | 61 2.0 903 620.71 9.43 | 4701 | 1.662 | 3.039 | 0.0011 | 1.157 | 0.266
23/04/07 | 113 8:40 13.3 313 | 223 | 304.45 | 59 1.6 1080 600.37 9.51 4570 | 1.527 | 3.042 | 0.0009 | 1.159 | 0.260
16/05/07 | 136 8:45 9.7 29.0 | 19.4 | 302.15 | 46 1.5 980 533.80 10.10 | 4.006 | 1.203 | 2.802 | 0.0007 | 1.168 | 0.231
23/05/07 | 143 8:50 8.2 277 | 18.0 | 300.85 | 54 1.4 920 521.31 10.08 | 3.714 | 1.087 | 2.627 | 0.0007 | 1.173 | 0.217
17/06/07 | 168 8:45 6.6 269 | 16.8 | 300.05 | 48 1.7 1120 505.88 9.53 | 3.544 | 0.975 | 2.570 | 0.0005 | 1.176 | 0.208
19/06/07 | 170 8:35 5.6 260 | 17.1 | 299.15 | 54 1.0 1020 507.55 9.42 | 3361 | 0.910 | 2.452 | 0.0005 | 1.180 | 0.199
10/07/07 | 191 8:50 5.1 263 | 157 | 299.45 | 58 1.0 1410 517.46 9.42 | 3.422 | 0.878 | 2.543 | 0.0004 | 1.178 | 0.202
16/07/07 | 197 8:15 5.0 280 | 165 | 301.15 | 50 1.0 1410 524.44 9.45 | 3780 | 0.872 | 2.908 | 0.0004 | 1.172 | 0.220
13/08/07 | 225 8:40 8.2 29.8 | 19.0 | 302.95 | 43 1.7 960 568.75 10.00 | 4.195 | 1.087 | 3.107 | 0.0007 | 1.165 | 0.241
20/08/07 | 232 8:45 9.4 30.7 | 242 | 30385 | 48 | 2.0 980 584.49 10.06 | 4416 | 1.179 | 3.237 | 0.0007 | 1.161 | 0.252
12/09/07 | 255 8:50 11.3 339 | 22.6 | 307.05 | 71 2.1 907 641.15 10.03 | 5.290 | 1.339 | 3.951 | 0.0009 | 1.149 | 0.295
14/09/07 | 257 8:46 11.7 342 | 23.0 | 307.35 | 69 2.1 904 645.45 10.04 | 5.379 | 1.375 | 4.004 | 0.0009 | 1.148 | 0.299
14/10/07 | 287 8:50 17.0 345 | 258 |307.65| 36 | 3.3 980 716.15 944 | 5469 | 1.938 | 3.531 | 0.0012 | 1.147 | 0.303
19/10/07 | 292 9:10 17.2 344 | 258 | 30755 | 34 | 34 930 729.15 922 | 5439 | 1.962 | 3.476 | 0.0013 | 1.147 | 0.302

40




In this study, solar radiation, bright sunshine hours and surface pressure data were retrieved

from the ECMWF website: http://www.ecmwf.int/. This website provides directly measured

data as well as modelled parameter fields. The advantage of this data is that it is spatially
distributed and one can mask out ones area of interest to retrieve it. This data is available free
of charge after registration. The meteorological data obtained from this website was used to
fill the gaps in the data collected from Sesheke Meteorological Station for the satellite
passing time. Figure 12 illustrates the distribution of surface pressure at satellite passing time
as modelled by ECMWF on the DOY 45 (14th February, 2007:09.00 GMT).

Surface pressure
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Figure 12: Surface pressure over satellite passing time: 14th February, 2007:09.00 GMT
(http://www.ecmwf.int/)

4.3 Description of satellite (MODIS) images used

The Moderate-resolution Imaging Spectroradiometer (MODIS) is a payload scientific
instrument launched into Earth orbit by NASA in 1999 on board the Terra (EOS AM)
Satellite, and in 2002 on board the Aqua (EOS PM) satellite. They are designed to provide
measurements in large-scale global dynamics including changes in Earth's cloud cover,

radiation budget and processes occurring in the oceans, on land, and in the lower atmosphere.
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The MODIS instrument provides high radiometric sensitivity (12) bits in 36 spectral bands
(20 reflective solar and 16 thermal emissive bands) ranging in wavelength from 0.4um to
14.4 pm. Two bands are imaged at a nominal resolution pixel of 250 m at nadir with five
bands at 500 m, and the remaining 29 bands at 1 Km. A 2,330 Km (across track) by 10 Km
(along track at nadir) swath and provides global coverage with a temporal resolution of one to
two days (Kaufman et al., 1998). Thus, because of its high temporal resolution, satellite
remote sensing data from MODIS sensors provide unprecedented information regarding
vegetation and surface energy (Justice et al., 1998), which can be used to develop a remotely
sensed ET model. The description of the spectral characteristics of the MODIS imagery used
to run the SEBS model is shown in Table 3.

Table 3: Description of the spectral characteristics of MODIS satellite imagery used in
this study

BAND WAVELENGTH SPECTRAL RANGE (pm) | RESOLUTION (m)
1. Visible 0.62 - 0.67 250
2. Visible 0.841 - 0.876 250
3. Visible 0.459 - 0.479 500
4. Visible 0.545 - 0.565 500
5. Visible 1.230 - 1.250 500
6. Visible 1.628 — 1.652 500
7. Panchromatic 2.105 -2.155 500
31. Thermal Infrared Red 10.780 — 11.280 1000
32. Thermal Infrared Red 11.770 - 12.270 1000

In this study, twenty-four (24) cloud free MODIS satellite images were pre-processed for the
determination of various biogeophysical parameters which were needed to run the SEBS
model. These images were carefully selected by considering the seasonal variations which
typify the climatic pattern of the semi-arid Barotse sub-basin. Thus, the temporal resolution
of these cloud free images represent typical warm-wet, cool-dry and hot-dry clear sky days
which are dominant in the seasonal cycle and climatic pattern of the study area. In this study,
by definition, warm-wet days start from November to March, the cool-dry days fall between

April and July and the hot-dry days appear between August and October (ZDM, 1992;
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Hutchinson, 1974; MEWD-JICA, 1995). In this regard, MODIS images were downloaded
considering this time scale. The selected images which satisfied this criterion that were used
in this study are shown in Table 4. These MODIS images were downloaded free of charge

and are available on this web site: http://www.ladsweb.nascom.nasa.gov/browse image. For

this study, however, some MODIS images were accessed courtesy of the Integrated Water
Resources Management (IWRM) Centre of the University of Zambia (UNZA) which is
undertaking research studies in the Zambezi Basin using remote sensing and geographical

information system (GIS) techniques.

43



Table 4: Selected cloud-free MODIS satellite images used in this study
No. DATE YEAR DAY OF THE YEAR OVERPASS TIME (GMT)
Warm-wet Days
1. | 21" November 2006 325 08:25
2. 30" November 2006 334 08:40
3. 02" December 2006 336 08:25
4, 04™ December 2006 338 08:15
5. 12" anuary 2007 12 08:20
6. | 14™ January 2007 14 08:10
7. 14" February 2007 45 09:05
8. 18™ February 2007 49 08:40
9. 12" March 2007 71 08:05
10. | 15" March 2007 74 08:35
Cool-dry days
11. | 16™ April 2007 106 08:35
12. | 23" April 2007 113 08:40
13. | 16™ May 2007 136 08:45
14. | 23" May 2007 143 08:50
15. | 17" June 2007 168 08:45
16. | 19" June 2007 170 08:35
17. | 10™ July 2007 191 08:50
18. | 16™ July 2007 197 08:15
Hot-dry day

19. | 13™ August 2007 225 08:40
20. | 20™ August 2007 232 08:45
21. | 12" September 2007 255 08:50
22. 14" September 2007 257 08:46
23. | 14" October 2007 287 08:50
24. | 19" October 2007 292 09:10
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4.4 Pre-processing of MODIS images

The pre-processing of MODIS images involved two main activities: re-projection and
atmospheric correction of the visible bands (1 to 7). The details of how the two processes

were carried out are described below.

4.4.1 Re-projecting MODIS imagery

The level 1 B MODIS images used in this study are in a map projection format called
Integerised Sinusoidal (ISIN) projection and cannot be read by Integrated Land and Water
Information System (ILWIS) and many other GIS software. In order to use the data in
ILWIS, there was need to re-project the MODIS images and convert them to Geographical
Tagged File Format (Geotiff). In this study, the MODIS Re-projection Tool (MRTSwath)
software was used to covert MODIS images from their native format to Geotiff file format
which is supported by ILWIS. The re-projection parameters used are as follows: resample
method: nearest neighbour; output projection type: Geographic; output file type: Geotiff; and
output pixel: 0.01 (1Km pixel size). The Geotiff files were imported into ILWIS via
Geospatial Data Abstraction Library (GDAL).

4.4.2 Atmospheric correction of the visible bands with the SMAC algorithm

The correction for atmospheric absorption and attenuation is important for any approach
concerned with the energy balance equation. It is known that the presence of gases, water
vapour and aerosols in the atmosphere causes scattering and absorption of the
electromagnetic spectrum with consequent effects on the energy measured by satellite
sensors. For this reason, techniques which correct for the atmospheric effects have been
developed to retrieve the actual surface radiance. According to Parodi (2006), atmospheric
correction techniques can be broadly divided into two categories: relative atmospheric
correction and absolute atmospheric correction. The former is based on known ground

reflectance properties of objects while the latter is an atmospheric modelling approach.

The Simplified Method for Atmospheric Correction (SMAC) is a semi-empirical radiative
transfer model which was developed by Rahman and Dedieu (1994). It is built on a set of
equations with coefficients, which are determined depending on the spectral bands of the
sensor and aerosol model. These parameters are retrieved by a best-fit against a full radiative

transfer model like 5s and 6s codes (Raupach, 1994). Semi-empirical models like SMAC,
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FLAASH and ATCOR are several hundred times faster than full radiative transfer models
because they reduce the input requirements to some widely measured standard parameters.
However, numerous coefficients have to be determined in advance from best-fits with a full
numerical model. Further, if there is a change in the spectral band characteristics this would

also require new coefficients.

The data which was required to run the SMAC algorithm include: optical thickness at
0.55um, ozone concentration (gram.atm.cm), water vapour column (g cm™), surface pressure
(hpa), MODIS coefficient files and satellite and solar angles. The various sources and

methods used to estimate this input data in this study are described below.

Aerosol Optical Thickness (AOT) is a measure of the extinction of the solar beam by dust
and haze (Igbal, 1983). Therefore, AOT measures how much direct sunlight is prevented
from reaching the ground by these aerosols particles. By definition, AOT is a dimensionless
number (0.05-0.8) that is related to the amount of aerosol in the vertical column of the
atmosphere over the observation location (Parodi, 2009). Although this data is retrievable

from the website, http://aeronet.gsfc.nasa.gov/, there were no measurements which were done

within the study area over satellite passing time. The nearest station on which AOT was
evaluated was at Mongu, the provincial capital of Western Province, Zambia. Since AOT is
extremely dynamic (Igbal, 1983; Parodi, 2009), the Mongu values could not be imported into
the study area. Thus, AOT in this study was estimated using empirical relationships. This
involved converting hourly visibility observations obtained at Katima Mulilo Meteorological
Station of Namibia shown in Appendix 2 to atmospheric turbidity following the procedure of
MacClatchey and Selby (1972). The turbidity values were then multiplied with the

appropriate wavelength to get AOT. The formulae used are given in Appendix 3.

Ozone concentration data in this study was retrieved from the OMI ozone monitoring project

on this website: http://toms.gsfc.nasa.gov/ozone/ozone v8.html. Daily ozone measurements
were obtained for the point location of the reference station. Ozone content is measured in
grams by atmosphere by centimetre (gram.atm.cm) and the value range is 0.0 to 0.7. It is also
measured in Dobson Units (DU; 1000 DU= 1 g.atm.cm) (Parodi, 2006). An example of how
ozone concentration is retrieved over satellite passing time from the OMI ozone monitoring

website is shown in Figure 13 for the 14™ day of September, 2007. Thus, on this day, ozone
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concentration in the study area, and using Sesheke Meteorological Station as a reference

point, was calculated as follows: 275 DU/1000 = 0.28 g.atm.cm.

OMI Total Ozone Sep 14, 2007

IWIVHR —FMT—NASd - ENMT

Mok oG oo
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Figure 13: Global ozone concentration on 14th of September 2007 as modelled by OMI
Ozone Monitoring Project: http://toms.gsfc.nasa.gov/ozone/ozone_v8.htm

The water vapour content (g cm™) defined from the perspective view of precipitable water
(w) is the total amount of water vapour between the surface and top of the atmosphere (TOA)
in a vertical column. It is also visualised as the thickness of the liquid water that would be
formed if all the vapour in the zenith direction were condensed at the surface of a unit area
(Igbal, 1983). Water vapour content is retrievable from the aeronet website:

(http://aeronet.gsfc.nasa.gov/). ). For instance, the water vapour content on DOY 14 (14th

February, 2007) evaluated over the nearest meteorological station at Mongu is shown in

Figure 14. Although Mongu is outside the study area, the data evaluated at that station was

used to run the SMAC algorithm in this study because the precipitable water is less variable

in time and space in comparison with AOT (Igbal, 1983; Parodi, 2009). The water vapour
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content was estimated for the satellite over pass time. Thus, in the case of DOY 14 at 09:05

GMT, the value was approximately 2.1 cm (Figure 14).

Hongu , 5§ 15°15714", E 23°89°83", Alt 1187 n,
FI : Brent_Holben, Brent,N,HolbenEnasa,gov
Level 2.8 AOT; Data fron 14 FEB 26887
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AEROMET Pro ject, NASA GSFC
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Figure 14: Water vapour content, Mongu, Zambia (From http://aeronet.gsfc.nasa.gov/)

The aerosol optical thickness, ozone concentration and water vapour content data inputs that

were used to run the SMAC algorithm are shown in Table 5.
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Table 5: Input data of aerosol optical thickness, ozone concentration and water vapour
content for the SMAC algorithm used in this study.

No. DATE AEROSOL OPTICAL | OZONE CONCENTRATION | WATER VAPOUR
THICKNESS (-) (gram.atm.cm) CONTENT (g cm'z)
1. | 21-11-2006 0.47 0.27 2.1
2. | 30-11-2006 0.45 0.27 2.0
3. | 02-12-2006 0.44 0.27 2.0
4. | 04-12-2006 0.43 0.26 2.0
5. 12-01-2007 0.43 0.25 1.8
6. 14-01-2007 0.44 0.25 2.0
7. 14-02-2007 0.45 0.26 2.1
8. 18-02-2007 0.46 0.25 1.8
9. 12-03-2007 0.44 0.25 1.7
10. | 15-03-2007 0.44 0.25 2.0
11. | 16-04-2007 0.47 0.26 1.9
12. | 23-04-2007 0.47 0.25 1.8
13. | 16-05-2007 0.46 0.26 1.2
14. | 23-05-2007 0.47 0.25 1.9
15. | 17-06-2007 0.48 0.25 1.8
16. | 19-06-2007 0.48 0.25 1.4
17. | 10-07-2007 0.48 0.25 1.6
18. | 16-07-2007 0.48 0.26 1.5
19. | 13-08-2007 0.48 0.26 1.8
20. | 20-08-2007 0.48 0.26 1.2
21. | 12-09-2007 0.48 0.28 1.6
22. | 14-09-2007 0.48 0.28 1.5
23. | 14-10-2007 0.47 0.28 1.4
24. | 19-10-2007 0.45 0.28 1.6

4.5 Estimation of biogeophysical parameters

The land surface parameters that were determined from reflectance and radiance satellite data
were as follows: albedo, Normalised Difference Vegetation Index (NDVI), emissivity,

fractional vegetation cover, leaf area index, land surface temperature, vegetation height,
49



displacement height and surface roughness height for momentum and heat transport. The

details of the methods used to estimate these parameters are described below.

4.5.1 Land surface albedo (r,)

The surface reflection is an important physical parameter in determining the net radiation
available on the earth's surface. Surface reflectance (albedo) represents the shortwave surface
reflectance in the range of 0.3-3 um, and was calculated from band-wise surface reflectance

using the formula by Liang (2001) which is given in equation (11).

Albedo (r,) = 0.160*r1 + 0.291*r2 + 0.243*r3 + 0.116*r4 + 0.112*r5+0.018*r7 —

Where, 11, 12, 13, r4, 15, 17 are the surface reflectance derived from MODIS atmospherically
corrected bands 1, 2, 3,4, Sand 7

4.5.2 Normalized Difference Vegetation Index (NDVI)

NDVI is an indirect measurement of photosynthetic activity. It ranges between -1 for low and
+1 for high photosynthetic activity. It uses the principle that for vegetated surface, red (RED)
and near-infrared (NIR) are characterized by high and low absorption respectively. NDVI can
therefore be used to monitor algae spread on the lake or presence of plants (e.g evasive
species) on wetlands. The normalized vegetation index is important input in the calculation of
the evaporation fraction, and on open water it is very small and normally negative. The NDVI

algorithm used in this study is given in equation (12).

NIR-RED

N DV = o e Eq. 12
NIR+RED

Where RED and NIR are atmospherically corrected ground reflectance in the red band (band
1) and near infrared band (band 2) respectively (Gupta, 2003).
4.5.3 Fractional Vegetation Cover (f.)

The fractional vegetation cover defines the partition between vegetated and non vegetated
surfaces. In the SEBS algorithm, this parameter is used to determine other biogeophysical

parameters such as Leaf Area Index (LAI), the excessive resistance term (kB™, ground heat
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flux and surface temperature (Su, 2002). In this study, the formula proposed by Sobrino et al.

(2003) was applied to determine fractional vegetation cover and is given in equation (13).

__ (NDVI-NDVIpj, )2
C - (NDVImaX _NDVImln)Z D IR R I I R I R R )

veennnn. Eq. 13

Where NDVI,,, is the value of full vegetation cover, NDVI, is the value of bare soil, and
NDVlI is the value of the current pixel (derived from NDVI map). The NDVlI,,;, and ND VI«
are taken as 0.2 and 0.5 respectively (Sobrino et al., 2003)

4.5.4 Leaf Area Index (LAI)

Leaf Area Index (LAI) is defined as the one sided green leaf area per unit ground area in
broadleaf canopies, or as the projected needle leaf area per unit ground area in needle
canopies (Bolstad and Gower, 1990). The interaction between vegetation surface and the
atmosphere such as radiation uptake, precipitation interception, momentum and gas exchange
is substantially determined by the vegetation surface (Monteith and Unsworth, 1990). During
vegetation period of deciduous trees, total vegetation surface itself is mainly composed of
leaf area, by lesser part of twigs, branches and stem surface. During times of absent foliage
(dry season in tropical areas) woody parts determine vegetation surface area. The annual
course of LAI for deciduous trees peaks at the height of growing season, whereas LAI of
coniferous stands vary far less over the year. Thus, determination of LAI for specific
catchments is important in satellite based energy balance modelling. In this study, LAI was

calculated using the formula given in equation (14) (Parodi, 2009).

1+NDVI)]0'5

LAI = [NDVI (1—NDVI

veevenenen... Bq. 14

4.5.5 Land Surface Emissivity (€)

Land surface emissivity is a property of materials which controls the radiant energy flux.
Emissivity (€) for a blackbody is unity. All natural materials have emissivity of less than 1,
ranging generally from 0.7 and 0.95 (Gupta, 2003). Emissivity depends on two main factors:
composition and surface geometry. It is intimately related to reflectance (spectral property) as
governed by Kirchoff's Law. Dark materials absorb more and thus emit more energy than

light materials and thus spectral absorptivity is equal to spectral emissivity (Gupta, 2003).
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In this study, land surface emissivity is computed using the visible (red) and near infrared
(nir) bands following the method of Sobrino et al (2003), which considers three types of
pixels depending on the NDVI value as follows:

For bare soil pixels, NDVI < 0.2
Emissivity e = 0.9832 — 0.058 * Bred
Emissivity difference de = 0.0018 — 0.06 * Bred

For mixed pixels 0.2 =< NDVI < = 0.5
Emissivity e =0.971 + 0.018 * Pv
Emissivity difference de = 0.006 * (1 — Pv)

For vegetation pixels NDVI > 0.5
Emissivity e = 0.990 +de
Emissivity difference de = 0.005 .........cooiiiiiiiiiiii et Eq. 15

This method is restricted to land pixels. The emissivity for water pixels is extracted
depending on the surface albedo value: For water area, albedo < 0.035, emissivity e = 0.995

(Sobrino et al., 2003).

4.5.6 Land Surface Temperature (LST)

Land surface temperature of clear-sky pixels in MODIS scenes was retrieved from brightness
temperatures in bands 31 and 32 using the split window technique of Sobrino and Raissouni

(2000) as given in equation (16).

LST =btm32 + (1.97 + 0.2 * W) *(btm32 — btm31) - (0.26 - 0.08 * W) * sqrt (btm32 —
btm31) + (0.02 - 0.67 * W) + (64.5-735*W) * (1 -e)-(119-204* W) *de ........ Eq. 16
Where LST is land surface temperature, btm31 is brightness temperature, btm32 is brightness
temperature, W is water vapour content, e is surface emissivity, de is surface emissivity

difference (Parodi, 2009).

4.5.7 Surface Roughness Height for Momentum Transport (Z,,)

The roughness length for momentum transfer is assumed as the reference height for
momentum flux calculations. It is defined as the height at which the logarithmic wind profile

reaches zero (Lee et al., 2012). At a large scale, this parameter is well estimated using
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spatially distributed vegetation height data or a detailed land use map tagged with literature
values (Wieringa, 1993; Su, 2005). Given the difficulties in estimating spatially distributed
vegetation heights from field measurements and the scarcity of remote sensing data on
vegetation heights (LIDAR), the empirical relationship with NDVI by Su and Jacobs (2001)

was used in this study to estimate surface roughness as given in equation (17).

NDVI )2-5

Zom = 0.005 + 0.5 (anmax

The land use map tagged with surface roughness estimates based on literature values was also
used to calculate of ET. This was done in order to understand the effect of this parameter on

evapotranspiration estimates in the study area.

4.5.8 Vegetation Height

Vegetation height was estimated inverting the equation used to derive surface roughness
based on vegetation height by Brutsaert (1982) as given in equation (18). This parameter was

used to derive displacement height.

4.5.9 Displacement Height (d,)

Displacement height (d,), defined as the mean level where momentum is absorbed by a
canopy (Allen et al., 1998), was estimated using empirical relationship with vegetation height

as given in equation 19 (Brutsaert, 1982).

4.5.10 The Roughness Length for heat Transport (Z,,)

The roughness length for heat transfer was calculated as given in equation (20) (Su, 2002).

Zop = (ﬁ) ........................................................................................ Eq. 20

Where kB is a parameter called excess resistance to heat transfer which is used to compare
Zom and Zgh (Su, 2002). The physically based model of Su et al (2001) for the determination

of kB was used and is expressed as given in equation (21).
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e '

kB~1 =

+KBIY2 oo Bq. 21

Where f; is fractional vegetation cover of the canopy and f; is fraction of non-vegetated soil,
C; and C; are the heat transfer coefficient of the leaf and soil respectively; Cq is the drag
coefficient of the foliage, n. is the within canopy wind speed extinction coefficient and kB3?!

is the term that applies for bare soils (Su, 2002).
4.6 Similarity Theory

The Monin-Obukhov Similarity (MOS) theory states that if various statistics of the
atmospheric parameters at a height (Z) are normalised by proper powers of friction velocity
and the Obukhov length (L), are universal functions of Z/L. (Monin and Obukhov, 1954).
This theory was applied in this study to derive the friction velocity (u,), the sensible heat flux
(H) and the stability length (L). The relationship for the mean wind and temperature profiles

are written in integral form as given in equations (22) and (23) (Su, 2002).

u="= [ln (Zz‘i) —y (Z‘Ld°) RV (sz)] .................................................... Eq. 22
6, -0, = ku;‘)Cp [In (Zz‘i) —y, (Z‘Ld°) + W, (ZT*‘)] e BQL 23

Where z is the reference height above the surface, u, is the friction velocity, p is the density
of air, k a von Karman’s constant is 0.4, d, is the zero displacement height, Z,, is the
roughness height for momentum transfer, Z,, is roughness length for heat transport, 8, and 6,
are the potential temperature at the surface and the air, ¥, and Wy, are the stability correction
functions for momentum and sensible heat transfer respectively, which were determined
according to the formulation proposed for the Monin-Obukhov profile functions by Brutsaert
(1999), and L is the Monin-Obukhov length, defined as the ratio between the energy
produced by forced mechanical convection and energy produced by thermal convection

(Monin and Obukhov, 1954), and was estimated as given in equation (24) (Su, 2002).

_ pCpuBy

L= kgH

e Bq. 24
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Where g is the acceleration due to gravity and 6, is the potential virtual temperature near the

surface (Su, 2002).

4.7 Additional Data for SEBS Algorithm

In addition to the remote sensing data, the following meteorological parameters were used to
run the SEBS model and compute potential evapotranspiration: average wind speed, relative
humidity, air temperature and air pressure at the reference height measured at Sesheke
Meteorological Station. Since most of this data is not readily available at the reference

station, it was estimated from the measured ones. These included the following:

4.7.1 Saturation Vapour Pressure (es)

According to Allen et al. (1998) since saturated vapour pressure is related to air temperature,

it can be calculated from air temperature using the relationship expressed in equation (25).

e = 0.6108exp (")

T+273.3

Where e is saturation vapour pressure at the air temperature T (kPa) and T is air temperature
(°C) measured near surface layer (Allen et al., 1998).
4.7.2 Actual vapour Pressure (e,)

Actual vapour pressure can be derived from dew point temperature or from the relative
humidity (RH) data. In this study, actual vapour pressure was calculated using the

relationship with relative humidity as given in equation (26) (Allen et al., 1998).

RHmean
B T T L Bttt ettt ettt ettt et et e b e bttt e bt e b e bt eab e e bt e bt st e et e e bt e bt ehbeeabeebeeas Eq. 26
a 100 S q

Where mean relative humidity is the average between RH;,,.x and RHy,;, (Allen et al., 1998).

4.7.3 The Slope of the Saturation Vapour Pressure Curve (A)

The slope of the relationship between saturation vapour pressure and temperature is

calculated as given in equation (27) (Allen et al., 1998).

_ 4098[0.6108exp(7 = )]

T+237.3
A= TTTITa oo s Eq. 27




4.7.4 Specific Humidity

q= (‘;—‘V‘) i L 28

Where Ry (278.04) and R, (461.05) are the gas constants for the dry air and water vapour air
(Alvarez, 2007).

4.7.5 Atmospheric Pressure

293—0.00652)5'26

p= 101.3( o

Where P is atmospheric pressure (kPa), z is elevation above sea level (m) (Allen et al., 1998).

4.7.6 Potential Temperature

=T (%)0'286 ........................................................................................ Eq. 30

Where, 6 is the potential temperature (K), T is the near surface layer air temperature and

surface temperature (K) and P is pressure in mbar (Hailegorgis, 2006).

4.7.7 Virtual Potential Temperature

Virtual potential temperature was calculated using the formula given in equation (31)
(Hailegorgis, 2006).

Oy = (1A 0.61Q)0 v, Eq. 31

4.8 Parameterisation of land surface heat fluxes

The downward solar radiation at satellite passing time was calculated using methods
described by Allen et al. (1998) whereas the outgoing long wave radiation was derived from
satellite data with some parameterisation. The incoming longwave radiation was derived from
air temperature. The net radiation was then calculated as the residual of all incoming and
outgoing short wave and long wave radiation. The soil heat flux was derived from the

empirical relationship with vegetation cover and net radiation.
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4.8.1 Net radiation (R,,)

Net radiation is the difference between incoming solar radiation and outgoing terrestrial

radiation at the Earth’s surface. Net radiation is expressed as given in equation (32).
Ry = (1=K L &L =L et Eq. 32

Where Rn is net radiation, K | is incoming shortwave radiation, L | and L1 are incoming and
outgoing longwave radiation respectively, a is albedo and ¢ is surface emissivity (Su, 2002).

The incoming longwave radiation (L |) is calculated using equation (33) (after Su, 2002).

Where o is the Stefan-Boltzman constant (5.67){10'8 Wm? K'4), €, 1s the emissivity of air by

Campbell and Norman (1998) which is given in equation (34).
€a=0.2. 100 (Tat 273.15) oo e Eq. 34
Where T, is the air temperature at reference height.

The outgoing long wave radiation (L1) was determined as a function of surface temperature

and emissivity as given in equation (35) (Su, 2002).

Where g and T are surface emissivity and temperature respectively.

4.8.2 The soil Heat Flux (G,)

The equation for the soil heat flux was parameterized as given in equation (36) (Su, 2002).
Go = Rp[Te+ (1 =g = TO)] e Eq. 36

Where T'; is 0.05 for full vegetation canopy by Montieth cited in Su et al. (2001) and T is
0.315 for bare soil (Kustas and Daughtry, 1989).

4.8.3 The Sensible Heat Flux (H)

Sensible heat refers to energy transferred between the surface and air when there is difference

in temperature between them. The surface temperature is usually much higher than the air
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temperature during the day. Therefore the sensible heat flux is normally directed upwards
during the day. During the night the situation may be reversed. Sensible heat transport takes
place mostly by diffusive processes near the surface, but after a distance, surface turbulent
transport becomes more vital. Sensible heat flux is calculated based on weather data (wind
speed, humidity) and land/water surface temperature which is calculated from satellite data.
The actual sensible heat derived in equation (10) is constrained by the sensible heat flux at
the wet limit (Hye) and the sensible heat flux at the dry limit (Hg) in SEBS (Su, 2002).
Thus, from equation (10), the dry limit is given in equation (37) (Su, 2002).

ZEdry: Ry — Gy — Hdry =0 or Hdry = Ry = G ot Eq. 37

Equation (37) implies that latent heat evaporation becomes zero due to the limitation of soil
moisture and sensible heat would be at its maximum. Under the wet limit, however,
evaporation takes place at a potential rate and is limited by the available energy at the earth’s

surface. In this case sensible heat flux becomes as given in equation (38) (Su, 2002).
ZEwet = RI’I - GO - Hwet or Hwet = RI’I - GO - ZEwet ............................................... Eq. 38

The equation similar to the FAO Penman-Montieth (Allen et al., 1998) is combined with

equation (38) to come up with sensible heat at the wet limit as given in equation (39).

s—ta A
Hyer = ((Rn —G,) — %%) /(1+ ;) ...................................................... Eq. 39

Where e, is actual vapour pressure , € is saturation vapour pressure, v is the psychrometric
constant, A is the rate of change of saturation vapour pressure with temperature and re, is the

external resistance which is determined by equation (40) (Su, 2002).

e = 2 [0 () = i () 9 ()] Eq. 40

The external resistance in equation (40) is dependent on the Obukhov length at the wet limit

and is expressed as given in equation (41) (Su, 2002).

Lo o—__ pw Eq. 41
W RGO CRL G A ©F " T qg-
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Where A is the latent heat of vapourisation (2.45MJ kg'l) (Allen et al., 1998).

4.9 Determination of evaporative fraction

From equations (10), (37) and (38) Su, (2002) arrives at the formula for determining the

relative evaporation as given in equation (42).

AE o REwerAB g et e, Eq. 42

N AEwet AEwet I'ldry_Hwet

Ar

The evaporative fraction is finally expressed as given in equation (43) (Su, 2002).

AE ArAE
A= e Eq. 43
Rn-G Rp-G

Daily ET was calculated based on the evaporative fraction, which is assumed to remain
constant throughout the day (Sugita and Brutsaert, 1991; Crago and Brutsaert, 1996; Jia et al.,
2009). In this way, evaporation which was in mm™ for instantaneous satellite observation was

upscaled to total daily ET using the expression given in equation (44) (Su, 2002).

AET = 8.64 x 107 x % ............................................................. Eq. 44

Where, py, is density of water (kgm'3) and R,_gay 18 daily net radiation in (Wm™). The 24 hours

net radiation is estimated as given in equation (45) (Hailegorgis, 2006).
R day = (1 = C1ro) Klday + Liday cvovvnvvieii Eq. 45

Where r, is broad band surface albedo derived in equation (11), Ly, is average daily net long
wave radiation (Wm™), C, is conversion factor of instantaneous albedo to daily average
(default =1.1), K| 4ay 1s measured incoming solar radiation (Wm'z) and L,y is estimated using

the daily atmospheric transmittance as given in equation (46) (Hailegorgis, 2006).
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Where the default values as and b are 0.25 and 0.5 respectively (Allen et al., 1998).

4.10 Up-scaling daily fluxes to monthly actual evapotranspiration

In this study, daily ET calculations were integrated with meteorological data to upscale daily
fluxes to monthly actual ET. Gokmen et al. (2012a) show that it is possible to upscale daily

fluxes to monthly using the expression given in equation (48).
ETy qaity = ETqaily * (sunhoursn daily/sunhoursdaily).............................................Eq. 48

Where ET, qaity is ET for n days, ETgaiy is ET calculation for a cloud free day, sunhours,, g,ily 15
the cumulative sum of sunshine hours for n days, and sunhoursg,y is sunshine duration for a
cloud free day. In equation (48), the sunshine term expresses the energy limiting factor
whereas ETg.1y represents the soil-moisture limiting factor because it is derived at limiting
cases as given in equations 37 and 38. In this study, ET, 4.y was for a 15-day period.
However, to calculate ETs5.q1y is not mandatory as one can calculate ETo.qa1y Or directly
ETmonmiy depending on how often one has ETg,1y calculations for cloud free days (Gokmen,

2011-personal communication).

Finally, monthly actual ET was calculated by summing up the 15 days ET as given in
equation (49) (Gokmen et al., 2012a).

ETmonthly = ET15 daily + ET15 s E 1R P P L P PP PO PP PP LPPPPPITOPPP Eq 49
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CHAPTER 5: RESULTS AND DISCUSSION

This chapter addresses the findings of this study by answering to the four objectives and the

emerging sub-themes as outlined in Chapter 1.

5.1 The land cover types analysed for spatial-temporal consumptive water use

The land cover map of the semi-arid Barotse Sub-basin was derived from the European Space
Agency (ESA) Globcover Project of 2006. According to Bicheron et al. (2008), the ESA
Globcover map was generated from an automated processing chain using the 300m spatial
resolution of Medium Resolution Imaging Spectrometer (MERIS). This product is accessible

on http://www.esa.int/due/ionia/globcover together with the validation report. Results showed

that there were ten (10) land cover types/uses in the semi-arid Barotse Sub-basin (Table 6). It
was observed that closed to open shrubland covered the largest part of the study area

(34.79%) whereas closed broadleaved deciduous forest occupied the smallest part (0.37 %).

Table 6: Land cover/use coverage by percentage in the semi-arid Barotse Sub-basin,
South-Western Zambia (adapted from Bicheron et al., 2008)

Land cover Percentage of

code Land cover type the sub-basin
30 Mosaic vegetation/ Cropland 20.78
50 Closed broadleaved deciduous forest 0.37
60 Open broadleaved deciduous forest 2.98
100 Closed to open mixed broadleaved and needleleaved forest 2.77
110 Mosaic forest-shrubland/Grassland 3.93
120 Mosaic grassland/Forest-shrubland 18.57
130 Closed to open shrubland 34.79
140 Closed to open grassland 14.56
180 Closed to open vegetation regularly flooded 0.77
210 Water bodies 0.48

In this study, the spatial and temporal consumptive water use by land cover type on warm-
wet, cool-dry and hot-dry days were analysed based on the eight land cover types: mosaic
vegetation/croplands (30), closed broadleaved deciduous forest (50), open broadleaved
deciduous forest (60), mosaic grassland/forest-shrubland (120), closed to open shrubland
(130), closed to open grassland (140), closed to open vegetation regularly flooded (180) and

water bodies (210). This means that closed to open mixed broadleaved and needleleaved
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forest (100) and mosaic forest-shrubland/grassland (110) were not considered. It was
assumed that the evaporative fluxes over these could at least be inferred from the others with
similar characteristics such as mosaic grassland/forest-shrubland and open broadleaved

deciduous forest.

5.1.1 Accuracy assessment of the land cover map used

The extracted land cover map of the study area was validated against ground truth data that
was collected during the field work campaign. Fifty-three field-points were collected in this
campaign. Figure 15 shows some of the ground truth/validation points with their associated
land cover type. Furthermore, sixty-five sample points were randomly selected over the study
area for quality assessment. The true ground cover (reference data) for these points was

obtained from a visual interpretation of very high resolution Google Earth images.

The results of the accuracy of the ESA landcover map over the semi-arid Barotse Sub-basin
are shown in the contingency matrix in Table 7. The main diagonal (green) shows the number
of correct points. An overall accuracy of 79.9% and kappa statistic of 74.4% were obtained. It
was observed that errors were relatively higher on ‘mixed’ land cover. For instance, the
omission and commission errors on closed to open grassland (140) were at 21.1% and 31.8%
respectively. The former and latter (errors) were both at 28.6% on mosaic grassland/forest-
shrubland (120). This was ascribed to fuzziness in the land cover. A fuzzy (mixed) land cover

has a large spectral variability, which contributes to misclassification (Bicheron et al., 2008).

Table 7: Error matrix of the ESA Globcover-2006 land cover product over the semi-
arid Barotse Sub-basin, South-Western Zambia
Reference (field data and visually interpreted points Total | User's accuracy (%)
from very high resolution Google Earth imagery) No.
ESA-2006 30 50 60 | 120 | 130 | 140 | 180 | 210
label
30 17 0 0 0 2 2 0 0 21 81.0
50 0 7 1 0 0 0 0 0 8 87.5
60 0 1 11 0 2 0 0 0 12 91.7
120 2 0 0 10 0 0 0 0 14 71.4
130 2 0 1 2 14 1 0 0 20 70.0
140 2 0 0 2 0 15 1 2 22 68.2
180 0 0 0 0 0 1 9 1 11 81.8
210 0 0 0 0 0 0 1 9 10 90.0
Total No. 23 8 13 14 18 19 11 12 118 | Accuracy: 79.9%
Producer’s | 73.9 | 87.5 | 84.6 | 71.4 | 77.8 | 78.9 | 81.8 | 75.0 Kappa statistic: 74.4%
accuracy
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Figure 15: Land cover map showing some ground truth points in the study area (modified from Bicheron et al., 2008)
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A kappa statistic of 74.4% indicated that there was good agreement between ground truth
data and the ESA land cover map of the semi-arid Barotse Sub-basin. This is because it has a
higher resolution (300m) compared to other coarser resolution land cover maps such as the
Global Land Cover map (GLC) (2000), which has a resolution of 1 Km. This obscures certain

land cover types such as the water bodies, particularly the Zambezi River (Figure 16).
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- 9: Closed deciduous forest - 13: Closed grassland

- 10: Deciduous woodland - 14: open grassland with sparse trees

- 11: Deciduous shrubland with sparse trees - 18: Croplands (=50%)

Figure 16: Land cover map of the semi-arid Barotse Sub-basin, South-Western Zambia
(modified from GLC, 2000)
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5.1.2 Discussion

The land cover distribution in the semi-arid Barotse Sub-basin was found to be varied
(heterogeneous). This means that estimates of ET in this area cannot be accurately
determined from point-based hydrometeorological equations such as the Penman (Penman,
1948), Priestly and Taylor (Priestly and Taylor, 1972) and FAO Penman-Montieth (Allen et
al., 1998) or from the extremely localised lysimeters (Malone et al., 1999) as each land cover
type has its own evaporative water use (Hughes, 2001; Hemakumara et al., 2003; Mu et al.,
2007). Many studies, which have used remote sensing techniques of the SEBS model
(Hailegorgis, 2006; Shan et al., 2007; Alvarez, 2007; Mohamed et al., 2010; Rwasoka et al.,
2011) and other spatial modelling approaches such as SEBAL (Bastiaanssen et al., 1998a), S-
SEBI (Roerink et al.,, 2000) and METRC (Allen et al., 2007), have demonstrated that
different land cover types have different evaporative water use which vary over time. This is
because of the differences in rooting depth, leaf area and canopy resistance which has an
influence on how plants respond to the changes in environmental conditions such as water
availability and temperature (Peilke, 1998; Allen et al., 1998; Boucher et al., 2004). Besides,
the spatial variations in surface characteristics (topography and landcover) have a large
influence on near-surface conditions such as air temperature and pressure, all of which affect
the process of ET (Allen et al., 1998; Albertson et al., 2001; Su, 2002; Gibson et al., 2011).
Thus, accurate estimation of ET in heterogeneous environments requires physically-based
spatial modelling techniques (Su, 2002; Courault et al., 2005; Gibson et al., 2011). Given that
the land cover distribution in the semi-arid Barotse Sub-basin is spatially varied, it was

expected that the evaporative water use would vary over different land cover types and time.
5.2 Estimated surface fluxes by land cover type on warm-wet days

The average estimates of AET and surface parameters per land cover type on warm-wet days
over the study area are shown in Table 8. Water bodies (210) and closed to open regularly
flooded vegetation (180) had higher evaporative rates of ~6.9 and 5.9 mm day™ respectively.
This was due to the influence of lower albedo, which controls the net solar radiation available
at the surface (cf. Alvarez, 2007). On the other hand, high rates of ET over closed
broadleaved deciduous forest (50), open broadleaved deciduous forest (60) and other forested
areas were associated with high photosynthetic activity and soil moisture as evidenced by the
high NDVI values (cf. Pelke, 1998; Tornros, 2010). The overall histogram distribution of
NDVI on different days over the semi-arid Barotse Sub-basin is shown in Appendix 4. Lower
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evaporative fluxes occurred on mosaic vegetation/croplands (30) and closed to open
grassland (140) due to the combined effect of high albedo and low NDVI values (Table 8)
(cf. Boucher et al., 2004; Alvarez, 2007).

Table 8: Average estimates of evapotranspiration and surface parameters by land cover
on warm-wet days in the semi-arid Barotse Sub-basin, South-Western Zambia

Land cover | Surface Net Surface Daily
type Albedo NDVI Zom Radiation Temp. Actual ET
(code) (-) () (m) (Wm™) (K) (mm day™)
30 0.14 0.54 0.08 643 298 3.6
50 0.13 0.71 0.06 699 296 5.8
60 0.11 0.74 0.07 700 297 54
120 0.12 0.70 0.08 640 303 5.0
130 0.12 0.67 0.10 659 304 53
140 0.13 0.52 0.08 614 305 4.6
180 0.10 0.37 0.07 651 301 5.9
210 0.08 0.15 0.01 706 297 6.9

5.2.1 Scatter of mean AET per land cover class on warm-wet days

The scatter of mean AET per land cover type on warm-wet days is shown in Figure 17.
Higher rates of ET occurred over water bodies (210) and closed to open regularly flooded
vegetation (180). The maximum mean rates over these surfaces were 7.8 and 7.0 mm day'1
respectively. The flux rates over closed broadleaved deciduous forest (50), open broadleaved
deciduous forest (60), mosaic grassland/forest-shrubland (120) and closed to open shrubland
(130) were in the region of 3.7 to 6.7 mm day'l. Lower mean values of between 1.2 and 5.8
mm day™ occurred over mosaic vegetation/croplands (30) and closed to open grassland (140).
It was observed that ET increased from DOY 325 (21* November) to DOY 14 14"y anuary)
on most of the land surfaces. The highest rates of ET occurred on DOY 12 and DOY 14
(Figure 17). It is established that over 90 percent of rainfall in the study area falls between
November and March and reach the peak in January (ZMD, 1992). Thus, the observed higher
evaporative fluxes on warm-wet days appeared to occur contemporaneously with the increase

in the occurrence of rainfall events over the semi-arid Barotse Sub-basin.
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LAND DOY DOY DOY DOY DOY DOY DOY DOY DOY DOY

COVER | 325 | 334 336 338 12 14 45 49 71 74

TYPE 2006 | 2006 2006 2006 2007 2007 2007 2007 2007 | 2007
30 1.5 2.4 1.2 3.0 4.3 5.6 5.1 3.7 53 3.4
50 5.9 5.6 4.6 6.5 6.0 6.7 6.4 5.1 5.7 5.5
60 5.8 5.9 4.8 5.9 4.9 6.5 5.7 4.1 5.5 4.5
120 4.1 4.3 3.7 5.8 5.5 6.7 5.7 4.4 5.8 4.4
130 51 5.2 4.8 5.9 5.6 6.6 5.4 4.2 5.6 4.2
140 3.2 4.1 2.5 4.6 54 5.8 5.6 4.5 5.7 4.1
180 4.4 5.2 5.0 6.7 6.9 7.0 6.2 5.4 6.1 5.7
210 6.6 7.1 6.8 7.4 7.8 7.6 7.3 7.4 6.0 6.2

Figure 17: Scatter of mean estimates of actual evapotranspiration per land cover type on

warm-wet days over the semi-arid Barotse Sub-basin, South-Western Zambia

5.2.2 Discussion

The scatter of AET observed on warm-wet days (Figure 17) revealed salient evaporative
water use by different land cover types over the semi-arid Barotse Sub-basin. Higher
evaporative rates over water bodies, closed to open regularly flooded vegetation and forested
areas were attributed to availability of moisture and increased energy at the surface
(cf. Hailegorgis, 2006). It is shown in Table 8 that NDVI and net radiation values were very
high on warm-wet days. The former (NDVI) is closely related to soil moisture availability in
semi-arid environments (Knorr and Schulz, 2001; Ogunbadewa, 2010; Tornros, 2010).

Furthermore, from the energy balance at limiting cases, it is known that high rates of ET are
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physically possible when soil moisture is relatively high (Su, 2002). It is also known that ET
is mainly limited by soil moisture availability rather than atmospheric demand in semi-arid
regions (Gokmen et al., 2012b). This means that increased soil moisture content on warm-wet
days coupled with high energy at the surface triggered the observed high rates of ET over the

semi-arid Barotse Sub-basin.

The flux rate by land cover found in this study (Figure 17; Table 8) are comparable to the
findings of Rwasoka et al. (2011) who carried out a similar study in the Upper Manyame
catchment in Zimbabwe. They found the ET rates per land cover type on DOY 314-2003,
which in the context of the present study is a warm-wet day, were as follows: water bodies
(6.3 mm day"), closed broadleaved deciduous forest (6.0 mm day™), open broadleaved
deciduous forest (5.7 mm day™"), closed to open grassland (3.7 mm day"'), mosaic
grassland/forest-shrubland (4.6 mm day'l), closed to open shrubland (4.7 mm day'l), mosaic
vegetation/cropland (4.2 mm day'l). These findings are similar to the ones observed in this
study. This was ascribed to similarity in climatic pattern as the semi-arid Barotse Sub-basin

and Upper Manyame catchment are located within the Zambezi Basin in close proximity.

Kabo-bah et al. (2011), who studied hyper-temporal ET over the middle Zambezi using
GEONETCAST and SEBS found high rates of ET on DOY11 and DOY 80. Although they
were not studying any particular land cover evaporative behaviour, they found that the mean
rates of ET on these two days were ~6.1 and 5.9 mm day'1 respectively. These values are
similar to the ET rates observed on warm-wet days in this study. This was ascribed to the fact
that the middle Zambezi Basin has a semi-arid climatic pattern that is similar to the semi-arid
Barotse Sub-basin. Furthermore, Shan et al. (2007), who studied regional ET over the arid
Heihe River Basin in North-West China also found that daily ET increased significantly in
summer, a period almost similar to the warm-wet days. However, the comparison of ET rates

to the ones found in this study is difficult to make because of the differences in environments.

The rate of ET observed over water bodies are similar to the findings of Alvarez (2007) who
studied the effect of land cover changes on water balance of the Palo Verde wetland in Costa
Rica, Central America. He found that evaporation over water was as high as 6.3 mm day'1 on
DOY 75. This is very similar to the findings of this study, especially on DOY 71 and DOY
74 (Figure 17).
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5.3 Estimated surface fluxes by land cover type on cool-dry days

The average estimates of AET and biogeophysical parameters by land cover type on cool-dry
days are shown in Table 9. Water bodies (210) and closed broadleaved deciduous forest (50)
had higher evaporative rates of ~5.0 and 4.8 mm day'1 respectively. The fluxes over open
broadleaved deciduous forest (60), mosaic grassland/forest-shrubland (120) and closed to
open regularly flooded vegetation (180) ranged from 4.0 to 4.4 mm day". Lower rates

occurred over closed to open grassland (140) and mosaic vegetation/croplands (30).

Table 9: Average estimates of evapotranspiration and surface parameters by land cover
on cool-dry days in the semi-arid Barotse Sub-basin, South-Western Zambia
Land cover | Surface Net Surface Daily
type Albedo’ NDVI' Zom Radiation Temp. Actual ET
(code) (-) (-) (m) (Wm?) (K) (mm day™)
30 0.08 0.64 0.06 436 297 1.8
50 0.05 0.90 0.04 477 294 4.8
60 0.04 0.87 0.05 478 295 4.4
120 0.07 0.73 0.07 439 300 4.0
130 0.07 0.77 0.05 443 298 3.1
140 0.09 0.59 0.07 426 298 2.1
180 0.05 0.86 0.04 472 295 4.4
210 0.02 0.00 0.00 475 293 5.0

Asterisk means the average exclude values for days in July

5.3.1The Scatter of mean AET per land cover type on cool-dry days

The scatter of mean AET per land cover type on cool-dry days is shown in Figure 18. The
mean evaporative water use of mosaic grassland/forest-shrubland (120) and closed to open
shrubland (130) varied from 1.2 to 5.9 mm day™. It was also observed that the mean fluxes
over closed to open grassland (140) and mosaic vegetation/croplands (30) were varied,
generally ranging from 0.3 to 4.6 mm day™. On the other hand, the mean evaporative rates
over water bodies (210) and closed broadleaved deciduous forest (50) were higher. They
ranged from 4.0 to 6.8 mm day”. High evaporative rates were also observed over open

broadleaved deciduous forest (60) and closed to open regularly flooded vegetation (180).
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LAND
COVER | DOY 106 | DOY 113 | DOY 136 | DOY 143 | DOY 168 | DOY 170 | DOY 191 | DOY 197
TYPE 2007 2007 2007 2007 2007 2007 2007 2007
30 4.2 2.5 1.8 2.9 0.6 1.0 0.3 1.0
50 5.4 5.1 53 4.9 4.3 4.1 4.0 4.9
60 5.1 4.1 4.3 5.4 3.5 3.6 43 4.8
120 5.9 3.0 3.7 5.8 2.1 3.0 4.0 4.8
130 5.4 1.8 2.8 5.6 1.5 2.6 1.2 4.1
140 4.6 2.1 2.1 3.2 0.9 1.1 1.0 1.9
180 5.6 4.4 5.2 43 3.0 4.0 4.1 4.3
210 6.8 5.9 5.0 4.7 4.3 4.2 4.3 5.1
Figure 18: Scatter of mean estimates of actual evapotranspiration per land type class on

cool-dry days over the semi-arid Barotse Sub-basin, South-Western Zambia

5.3.2 Discussion

The general evaporative behaviour by land cover type on cool-dry days (Figure 18) indicated
that ET decreased between DOY 106 and DOY 197. This was ascribed to declining soil water
and reduction of energy at the surface. The major soils in the semi-arid Barotse Sub-basin are
the arenosols (FAO and GRZ, 1986). These arid soils are characterised by a sandy texture
and excessive drainage (MEWD-JICA, 1995). Consequently, soil water decreases soon after

the rain season because of deep percolation over such areas. This was partly responsible for
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the declining trend in evaporative fluxes over the land (cf. Suleiman and Richie, 2003). The
reduction in the energy available at the surface is associated with the cold season (cf. Allen et
al., 1998). It was found that higher fluxes remained over water bodies and closed to open
regularly flooded vegetation due to the availability of moisture. Lower evaporative rates over
closed to open grassland and mosaic vegetation/cropland were due to declining soil moisture.
Furthermore, lower rates of ET over cropland were also ascribed to the harvesting of rain-fed
crops. Actual ET, particularly transpiration, is expected to be lower over cropland after the
harvest unless the soil contains moisture to support evaporation. These findings are supported

by Shan et al. (2007) who found that ET over cropland was distinctly lower after the harvest.

The average evaporative rates found on cool-dry days in this study (Table 9) are comparable
to the findings of Kabo-bah et al. (2011). In their study, they found that the average flux rate
on DOY 165 was ~4.6 mm day'l. Although this value is not associated with the evaporative
water use of a specific land cover, it compares well with the ET rates of some of the land

cover types observed in this study (Table 9, Figure 18).

5.4 Estimated surface fluxes by land cover type on hot-dry days

The average estimates of AET and land surface parameters on hot-dry days are shown in
Table 10. It was observed that the rate of ET over mosaic vegetation/croplands (30) and
closed to open grasslands (140) was very low due to the influence of drier conditions. This
was evident from the lower NDVI (Table 10) and higher surface temperatures (cf. Alvarez,
2007). On the other hand, the average evaporative rates were higher over water bodies (210)
and closed to open regularly flooded vegetation (180) due to the availability of moisture. The
surface temperatures on these surfaces were lower. It was found that the average fluxes over
forested areas such as broadleaved deciduous forest (50) and open broadleaved deciduous
forest (60) ranged from moderate to high. Over these forested surfaces, ET fluxes tended to
be high with the increase in the NDVI value (Table 10) and at variance with surface
temperatures (cf. Jackson et al., 1977; Moran et al., 1994; Carlson et al., 1995).

71



Table 10:

Average estimates of evapotranspiration and surface parameters by land cover
on hot-dry days in the semi-arid Barotse Sub-basin, South-Western Zambia

Surface Net Surface Daily

Land cover Albedo NDVI Zom Radiation Temp. Actual ET

Type () () (m) (Wm?) (K) (mmday)
30 0.12 0.35 0.09 465 308 1.1
50 0.08 0.73 0.06 524 301 3.9
60 0.07 0.70 0.06 551 300 3.6
120 0.13 0.48 0.09 458 310 35
130 0.11 0.56 0.08 454 309 3.0
140 0.11 0.41 0.09 455 310 1.3
180 0.09 0.66 0.07 493 305 4.6
210 0.04 0.12 0.00 550 300 6.7

5.4.1The scatter of mean AET per land cover type on hot-dry days

The scatter of evaporative fluxes on hot-dry days per land cover type is shown in Figure 19.

It was observed that closed to open grasslands (140) and mosaic vegetation/croplands (30)

had lower mean values of ET which ranged from 0.8 to 2.2 mm day’l. On the other hand,

higher mean values were observed over water bodies (210) and open regularly flooded

vegetation (180). The mean maximum values on these surfaces were 7.7 and 5.6 mm day’1

respectively. The mean flux rates over closed broadleaved deciduous forest (50), open

broadleaved deciduous forest (60), mosaic grassland/ forest-shrubland (120) and closed to

open shrubland (130) varied in the region of 2.4 to 4.7 mm day’l.
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LAND COVER DOY 225 DOY 232 DOY 255 DOY 257 DOY 287 DOY 292

TYPE 2007 2007 2007 2007 2007 2007

30 2.2 1.1 1.2 0.8 1.0 0.4

50 4.7 4.3 35 3.3 3.6 3.7

60 4.3 3.7 33 3.2 3.1 3.8

120 3.9 2.8 3.5 3.7 3.8 3.4

130 3.4 2.4 2.9 3.4 2.5 3.0

140 2.1 1.2 1.3 1.1 1.1 0.8

180 4.8 4.1 5.6 4.7 3.9 4.5

210 5.6 4.6 7.7 7.6 7.7 6.9

Figure 19: Scatter of mean estimates of actual evapotranspiration per land cover type on

hot-dry days over the semi-arid Barotse Sub-basin, South-Western Zambia

5.4.2 Discussion

The distribution of mean evaporative fluxes on hot-dry days (Figure 19) indicated that they
were strongly influenced by land cover heterogeneity and spatial variability of soil moisture
over the semi-arid Barotse Sub-basin (cf. Suleiman and Richie, 2003). For this reason, it was
observed that evaporative rates were higher over water bodies (210) as moisture is readily
available on these surfaces. On the other hand, ET was very low over mosaic
vegetation/cropland (30) and closed to open grassland (140) because of the restrictions

imposed by soil moisture in the dry season. As already noted, the major soil type in the study
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area is the arenosols. Therefore, lower moisture conditions in the dry season are characteristic
in semi-arid Barotse Sub-basin because of the poor retention capacity of the soils. This means
that plant species with shallow roots such as closed to open grassland and rainfed crops dry
out or transpire at a reduced rate in the dry season. Moreover, grassland and shrubland areas
are laid bare as a result of bush-burning in the dry season, usually between August and
October. This is a common practice in the Savanna-Miombo Woodlands (Archer, 1971;
Hutchinson, 1974; Scholes et al., 1996; Aregheore, 2006; Desanker et al., 2007). Thus, ET is
expected to be very low over grassland and cropland during this time. These findings are
supported by Mohamed et al. (2010) who found that burnt areas in the Mkindo Catchment in

Tanzania had low evaporative rates.

The evaporative fluxes found in this study (Table 10, Figure 19) are also similar to the study
by Rwasoka et al. (2011), whose findings on DOY 285-2005, which in the context of present
study is a hot-dry day, were as follows: water bodies (4.7 mm day'l), closed broadleaved
deciduous forest (3.2 mm day'l), open broadleaved deciduous forest (2.4 mm day'l), mosaic
grassland/forest-shrubland (1.5 mm day™), closed to open shrubland (1.4 mmday™), closed to
open grassland (1.3 mm day'l), and mosaic vegetation/cropland (1.4 mm day'l). The rate of
ET over closed to open grassland and mosaic vegetation/cropland are very similar to this
study. However, there are small differences in the rate of ET over water bodies and forested
land areas. This was ascribed to uncertainties associated with surface parametrisation and

input data as discussed in section 5.12
5.5 Evaporative fluxes by land cover type between warm-wet and cool-dry days

The average evaporative fluxes per land cover type between warm-wet and cool-dry days is
shown in Figure 20. The percentage decrease in evaporative rate per land cover type between
these days is indicated by a downward facing arrow and vice versa. It was observed that the
average evaporative water use by land cover type had reduced by 12 to 54.3% between
warm-wet and cool-dry days (Figure 20). The rate of ET over mosaic grassland/forest-
shrubland (120) and closed broadleaved deciduous forest (50) declined minimally by 12.0
and 17.2% respectively. Over open broadleaved deciduous forest (60), closed to open
regularly flooded vegetation (180) and water bodies (210), the rate of ET declined moderately

by 18.5, 23.7 and 27.5% respectively. On the other hand, the evaporative rates over mosaic
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vegetation/croplands (30) and closed to open grassland (140) declined substantially by 50.0
and 54.3% respectively (Figure 20).

B evapotranspiration (warm-wet days) H evapotranspiration (cool-dry days)

8

7 —
a [
z =
T 6 ‘l’ -
O — [ |
g == -_‘l’ i 27.5%
£ 5 —17.2 __ == ==
c |~ - - 03, 7%
o [ | [ | e [ | .
= = | = L g TS T
c 4 L1 3 . L Cas Emw
= [ = W] — =3 ==
a =] (I B | CHN L1 IIN"N N
c - =
c 3 | == =
S == —
0 Lo
Q. [ |
c 2 | mm
>
w

1

0 et et et

30 50 60 120 130 140 180 210 Land cover type
Figure 20: Variation of actual evapotranspiration by land cover type between warm-wet

and cool-dry days in the semi-arid Barotse Sub-basin, South-Western Zambia

The evaporative fluxes per land cover type between warm-wet and cool-dry days over the
semi-arid Barotse sub-basin, which are shown in Figure 20 above, are inferred from the
distribution of ET on some representative days. To begin with, the distribution of AET for a
warm-wet day (DOY 74; 15" March, 2007) is presented in Figure 21. On this day, ET ranged
from 1.9 to 7.1 mm day™. The values were very high over water bodies and wetter surfaces
(5.0 - 7.1 mm day™). Higher rates also occurred over forests (3.0 to 6.0 mm day™). Closed to
open grassland and mosaic vegetation/cropland had lower rates (1.9 - 3.9 mm day™). On the
other hand, Figure 22 shows AET on a cool-dry day (DOY 170; 19" June, 2007). The ET
values on this day were generally lower (0.8-4.8 mm day™") than those on DOY 74 shown in
Figure 21. This was attributed to reduced energy and declining soil moisture at the surface,
which is associated with cool-dry seasons. The effect of declining soil moisture was inferred
from the changes in ET over croplands, which are located in the south-western part of the

study area.
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These areas (mosaic vegetation/croplands) were expected to have lower rates of ET as the
rain-fed crops, such as maize, would have been harvested by June and the ground exposed to
atmospheric forces which basically dries out the soil. The dominant process on such areas is
expected to be evaporation than transpiration (cf. Shuttleworth and Wallace, 1985; Shan et
al., 2007). If soil moisture is limited, however, evaporation occurs at a very low rate over
such places. This is why the rate of ET over these surfaces was lower than that over water

bodies and forested areas.

The spatial-temporal changes in the evaporative water use per land cover type between
warm-wet and cool-dry days, which are depicted in Figure 20, represent the differences by
which these land cover types in the semi-arid Barotse Sub-basin respond to the changing
factors controlling ET, especially soil moisture, atmospheric condition and net solar radiation.
In this regard, physiological features such as rooting depth, leaf area and stomata resistance
play an important role in determining how plant species respond to these factors (Brutsaert,

1982; Peilke, 1998; Allen et al., 1998).

Thus, it was observed that the evaporative water use over closed broadleaved deciduous
forests (50), mosaic grassland/forest-shrubland (120) and open broadleaved deciduous forest
(60) decreased marginally between warm-wet and cool-dry days. It was, however, expected
that these plant species would have a significant reduction in the rate of ET because of the
declining soil moisture. This was ascribed to the ability of these plants to tap water at some
depth compared to other species such as grass and maize (cf. Aregheore, 2006). It is known
that latent heat fluxes (predominantly evaporative fluxes) are usually larger over forests than
on short vegetation due to deeper rooting, greater transpiring leaf area, and increased
roughness (Peilke, 1998). In other words, forests have a greater latent heat flux relative to
sensible heat flux (lower Bowen ratio) than grasslands (Boucher et al., 2004). However,
Suleiman and Richie (2003) and Boucher et al. (2004) note that cropland can also have higher
latent flux relative to sensible heat flux due to irrigation of crops. Irrigation schemes are non-
existent in the semi-arid Barotse Sub-basin. This was why the variation of ET over closed to
open grassland and mosaic vegetation/cropland was higher between the warm-wet and cool-

dry days.

The decrease in the rate of ET over water bodies (210) and closed to open regularly flooded

vegetation (180) was ascribed to reduced energy at the surface. These surfaces experienced a
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decline in the rate of ET despite having readily available moisture between warm-wet and
cool-dry days. This implied that the available energy at the surface was reduced in response

to the low peak in solar radiation in the cold season (cf. Vogt and Niemeyer, 2001).
5.6 Evaporative fluxes by land cover type between warm-wet and hot-dry days

The variation in the consumptive water use per land cover type between warm-wet and hot-
dry days is shown in Figure 23. It was observed that the spatial-temporal variation in the
evaporative water use by land cover type between warm-wet and hot-dry days was high over
mosaic vegetation/cropland (30) and closed to open grassland (140). The average evaporative
flux rate of the former was found to have declined by 69.4 % whereas that of the latter was
lowered by 71.7 % between warm-wet and hot-dry days. The decline in rate of ET over
forested areas ranged from 30 to 43.4% over these days. On the other hand, evaporative
fluxes over water bodies (210) and closed to open regularly flooded vegetation (180) declined

marginally by 2.9 and 22.0% respectively (Figure 23).
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Figure 23: Variation of actual evapotranspiration by land cover type between warm-wet

and hot-dry days in the semi-arid Barotse Sub-basin, South-Western Zambia
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The fluxes in the consumptive water use by land cover type between warm-wet and hot-dry
days shown in Figure 23 are depicted by the spatial and temporal variation of AET on some
representative days (Figure 24 and 25). The distribution of AET on a warm-wet day (DOY
49; 18" February, 2007) is presented in Figure 24. On this day ET was high over the larger
part of the basin. This was ascribed to increased soil moisture as it was in the rain season. The
middle and southern parts of the study area had higher rates of ET ranging from 4.5 to 6.7
mm day'l. These areas are covered by a mosaic forests, water bodies and wetter surfaces.
Lower rates ET rates were observed in the upper north and south-eastern parts of study area
(Figure 24). The distribution of AET on a hot-dry day (DOY 287; 14" October, 2007), on the
other hand, is presented in Figure 25. On this day, places in the south and south eastern parts
of the basin had lower evaporative rates. These areas are predominantly covered by mosaic
vegetation/croplands and closed to open grasslands. Thus, the major flux areas were found to
be over forests in the northern parts and water bodies in the south to south-western parts of
the basin. The ET rates were very high over water bodies. This was attributed to high energy
at the surface during the hot season. The relatively high energy intensified ET over water

bodies so that the rates were in the region of 4.6 to 7.7 mm day’l.

The spatial-temporal variations in the consumptive water use between warm-wet and hot-dry
days (e.g Figures 24 and 25) and by land cover type (Figures 23) indicated the adaptive
mechanism by which different plant species respond to fluctuations in soil water content. For
this reason, evaporative fluxes over water bodies did not vary significantly as moisture and
energy was readily available over these surfaces between warm-wet and hot-dry days
(cf. Suleiman and Richie, 2003). On the other hand, the high variation in ET over mosaic
vegetation/croplands and closed to open grassland was attributed to declined soil moisture.
The decline in ET over these surfaces was very high as grasses and rainfed crops are less
adapted to tap water from significant depths compared to plant species such as closed
broadleaved deciduous forest, open broadleaved deciduous forests and closed to open
shrubland forests when soil moisture declines in the dry season (cf. Jeanes, 1991; Peilke,
1998; Rwasoka et al., 2011). Furthermore, as already noted, the effect of bush burning
between August and October contributes to dryness over shrublands, grasslands and
croplands. This explains why evaporative fluxes over these surfaces were very variable

between warm-wet and hot-dry days compared to forested areas.

79



2

u

257

257

(mm day)
6.7
5.7
4.7
3.6
26

1.5

1:1,500,000

(mm day-)
.7

6.2
4.6
31
1.5

0.0

1:1,500,000

The

spatial distribution of SEBS modelled actual

The spatial distribution of SEBS modelled actual

evapotranspiration on a hot-dry day (DOY 287) over the
semi-arid Barotse Sub-basin, South-Western Zambia

evapotranspiration on a warm-wet day (DOY 49) over the
semi-arid Barotse Sub-basin, South-Western Zambia

80



5.7 Evaporative fluxes by land cover type between cool-dry and hot-dry days

Figure 26 shows the variation of AET per land cover type between cool-dry and hot-dry days
in the semi-arid Barotse Sub-basin. The average rates of ET on hot-dry days were ~2.2 and
34.0% greater than that observed on cool-dry days over closed to open regularly flooded
vegetation (180) and water bodies (210) respectively (Figure 26). On the other hand, it was
observed that the evaporative rates decreased by 38.9 and 38.1% over mosaic
vegetation/cropland (30) and closed to open grassland (140) respectively. The flux rates over
closed to open shrubland (130), open broadleaved deciduous forest (60) and closed
broadleaved deciduous forest (50) declined minimally by 3.2, 18.2 and 18.8% respectively.

£ evapotranspiration (cool-day days) & evapotranspiration (hot-dry days)

8 T
T %
g P
E 6 =
S ==
= P
c P
g 5 \) | 22%
e 5 T
5 8% &= L &
2 4 . L =
é
IS i
a o
© [ e |
>z T ——

I & 1 I & 4

T 2 — [ &1
5 — - [ &1
8 — B e [ 1
< —— [ & 1

1 L &4 | 1 1 [ & 1

L &4 [ 1 1 [ & 1
.l 5 i 1 8 B B B |
30 50 60 120 130 140 180 210 Land cover type
Figure 26: Variation of actual evapotranspiration by land cover type between cool-dry

and hot-dry days in the semi-arid Barotse Sub-basin, South-Western Zambia

The spatial-temporal variation in the consumptive water use by land cover type on cool-dry

days is distinguished from that of hot-dry days by some representative days (Figure 27 and

28). The distribution of AET on a cool-dry day (DOY 136; 16™ May, 2007) is presented in

Figure 27. It was observed that AET ranged from 1.3 to 5.9 mm day'l. The major sources of
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high fluxes on this day were over water bodies and wetter areas in the southern part of the
basin, and over forested areas in the northern parts. Given that this day was not far from the
end of rain season, soil moisture was still available to support the rain-fed crops. Thus, the
south eastern part of the basin which holds a greater share of cropland had relatively high rate
of ET. On the hand, the distribution of AET on a typical hot-dry day (DOY 257; 14"
September, 2007) is presented in Figure 28. It was observed that AET was in the range of 1.1
to 8.2 mm day'l. The major sources of high fluxes were confined to water bodies and closed
to open regularly flooded surfaces in the southern part of the basin and the forested areas in
the north. It appeared that the relatively high energy associated with the hot season intensified
the rate of ET over these surfaces so that the fluxes increased to 5.4 and 8.2 mm day'l. By
contrast, the areas located in the south-eastern part of the basin experienced the lowest rates
of ET. This was attributed to decreased soil water considering that these areas are covered
mainly by croplands and grasslands which by this date (hot-dry season) would be bare or dry.

Consequently, the estimated evaporative flux over these areas was very low.

The temporal variations in the consumptive water use by land cover type between cool-dry
and hot-dry days (Figure 26) showed that water bodies and closed to open regularly flooded
vegetation experienced an increase in the rate of evaporation. This was ascribed to increased
energy at the surface between cool-dry and hot-dry season (cf. Vogt and Niemeyer, 2001).
This accelerated the rate of ET over these surfaces as they possess readily available moisture.
On the other hand, the rate of ET decreased over plant species in response to declining soil
water. The lowest reduction in AET occurred over forests. This was ascribed to plant
physiology. Trees are capable of drawing water from some depth during the transition from
cool-dry to hot-dry seasons (cf. Jeanes, 1991) resulting in higher latent heat fluxes (cf.
Boucher et al., 2004). Cropland and grassland areas had the highest reduction in ET as soil
water declined far below the plant’s root system in the dry season (cf. Rwasoka et al., 2011).
The changes in the evaporative rates over these different land cover types are depicted in

Figure 27 and 28.
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5.8 Estimated monthly actual evapotranspiration from daily fluxes and sunshine data

The modelled monthly AET over the study area for the year 2006/07 is shown in Table 11.
The mean fluxes ranged from 45 to 232 mm month™. Maximum rates varied from 129 to 356
mm month ' whereas the minimum ranged from Zero to 84.4 mm month™. The highest mean
rate occurred in January and was also high in the other warm-wet months. In the cool-dry
months (April-July), the fluxes ranged from 45 to 145 mm month™. The lowest rates occurred

in the hot-dry months (August to October) and were between 56 and 78 mm month™.

Table 11: The modelled monthly actual evapotranspiration for the period 2006/07 over
the semi-arid Barotse Sub-basin, South-Western Zambia
mm month” November December J anuary February March April
Minimum 0.4 10.4 84.4 50.3 60.2 61.2
Maximum 276 275 304 231 272 242
Mean 137 145 232 155 126 145
May June July August  September  October
Minimum 2.6 0.0 0.0 0.0 0.0 0.0
Maximum 206 129 140 192 356 354
Mean 130 45 109 56 69 78

Distributed AET is presented for some months to illustrate its variability at a monthly time
step. To begin with, AET for November is shown in Figure 29. The fluxes were higher in the
northern and north-eastern areas than in the south-western parts. This distribution reflects the
differences in evaporative water use by different land cover types and variability of soil
moisture. The northern part receives relatively higher rainfall than areas to the south and is
mainly covered by forests. The southern-western part is occupied by mosaic grassland/forest-
shrubland and closed to open grassland which tends to transpire less than broadleaved and
open broadleaved deciduous forest because of physiological differences such as rooting depth
(cf. Boucher et al., 2004). Figure 30, on the other hand, depicts the distribution of AET in
January, which is the peak period of the rain season in the study area. The fluxes were very
high over the larger part of basin. This was ascribed to increased soil moisture and blooming
of many plant species, which is characteristic of semi-arid areas in the rain season (Jeanes,
1991). Consequently, ET increased even in areas (eg. closed to open grasslands) that showed
low values in the month of November. The highest rates (200-300 mm month'l), however,

were observed over water bodies, regularly flooded vegetation and other wet surfaces.
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The modelled spatially distributed AET for March, 2007 is shown in Figure 31. March is
usually the last month in which effective rainfall is received in the semi-arid Barotse Sub-
basin (MEWD-JICA, 1995). In this month, AET was relatively lower than that observed in
January and February. The mean ET in March was ~126 mm month™. The general decline in
the rate of ET was ascribed to the reduction in the number of rainfall events. The sources of
high fluxes were in the southern (along the water bodies regularly flooded vegetation and
parts of the forested area) and south eastern parts (over mosaic vegetation and cropland) of
the basin. The lower rate of ET in the northern parts (forested areas) was attributed more to
the amount of energy available at the surface and atmospheric condition than to the decline in
soil moisture content. This is because the rain season was just coming to the end and tree
species can use their long roots to tap water at some depth although much of the north and
south western parts of the basin sit on the arenosol soils. This soil has a sandy structure and
excessive drainage. This means that exposed areas with this type of soil would exhibit lower

rate of ET shortly after the rain season (FAO and GRZ, 1986).

The spatial distribution of AET in the month of June, 2007, on the other hand, is presented in
Figure 32. The estimated AET in this month was lower and ranged from nearly zero to 131
mm month™. The mean flux rate was ~45 mm month”. The reduction in the rate of ET is
attributed to the limitation of soil moisture and reduced energy at the surface. The
temperature in Sesheke District can be as low as 5.0 °C in the month of June and become
even colder in July (ZDM, 1992). This affects the rate of ET besides other atmospheric
factors like wind speed and humidity. The main source areas of high fluxes were over
forested areas in the in northern part of the basin. Evaporation was also very high in the
southern part of the basin on water bodies and other wetter surfaces. The high rates of ET
observed in isolated areas in the southern part of the basin were attributed to the wetter
vertisols. These heavy clayey soils have a high retention capacity and remain relatively wet
long after the rain season. These soils are characterised by high evaporative rates relative to

other soils because of their high water holding capacity (cf. Suleiman and Richie, 2003).
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Estimated actual evapotranspiration for March, 2007 over
the semi-arid Barotse Sub-basin, South-Western Zambia
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The spatial distribution of AET in the month of August, which usually marks the beginning
of the hot dry season, is shown in Figure 33. It was observed that the southern part of the
basin, except on water bodies, regularly flooded vegetation and wetter vertisols, experienced
lower rates of ET compared with the northern areas where forests are located. The lower rate
of ET over the areas in the south-eastern and south-western parts of the basin is attributed to a
combination of plant physiology and limitation of soil moisture. These areas are essentially
covered with mosaic vegetation/cropland shrublands and open to closed grasslands all of
which have shallower roots compared with tree species in the northern part. Furthermore,
rainfall in the semi-arid Barotse Sub-basin reduces from north to south as it is related to
movement of ITCZ (ZDM, 1992; MEWD-JICA, 1995).The general effect is that soil
moisture is usually limited over areas in the southern parts, especially in the dry season.

Thus, AET was very low in the southern parts in this month due to the intensification of heat
which dried up the soils. On the other hand, the relatively high solar radiation increased the
rate of evaporation over water bodies and regularly flooded areas in the southern part of the

study area.

Figure 34 shows the spatial distribution of AET in October. It is observed that there was a
further reduction of ET over much of the semi-arid Barotse Sub-basin. The mean monthly
AET in this month was ~78 mm month™. High evaporative fluxes were confined to forested
areas, regularly flooded vegetation and water bodies due to the presence of relatively high
moisture content over these surfaces. On the other hand, the rest of the study area
experienced very low rates of ET because of the loss of soil moisture via deep percolation
and high rate of ET, which is a characteristic feature of the semi-arid Barotse Sub-basin
(ZDM, 1992). Therefore, this means the lower rates of ET over vegetated surfaces indicated
the adaptive mechanism which plant species employ to survive the dry conditions. Most of
the plant species in the study area are deciduous (Jeans, 1991; Aregheore, 2006). These shade
their leaves in the dry season to reduce transpiration. This explains why the evaporative
fluxes were lower over plant species such as open shrublands and mosaic vegetation in the

southern part of the study area in this dry month.

88



23 u p 25 2%
N
N
W E
W E
s
5
(mm month-)
(mm month) 3547
210.8
283.7
168.6
212.8
126.5
141.9
84.3
709
422
0.0
0.0
1:1,500,000 1:1,500,000
3 pi i 25 25 v 7 n 2% 2% 2% i
Figure 33: Estimated actual evapotranspiration for August, 2007 over  Figure 34: Estimated actual evapotranspiration for October, 2007 over
the semi-arid Barotse Sub-basin, South-Western Zambia the semi-arid Barotse Sub-basin, South-Western Zambia

&9



The mean monthly evaporative rates over the semi-arid Barotse Sub-basin were highest in the
warm-wet season, relatively high in the cool-dry season and lowest in the hot-dry season
(Table 11). The higher evaporative rates observed in the warm-wet season (November-
March) were expected as the semi-arid Barotse Sub-basin receives high rainfall during this
period. Similarly, lower fluxes in the hot-dry season (August to October) were expected as
the semi-arid Barotse Sub-basin is one of the areas in Zambia which experience very high
temperatures in the hot-dry season (ZDM, 1992; Hutchinson, 1974; MEWD-JICA, 1995).
Therefore, the evaporative demand of the atmosphere is usually very high during this period
(cf. FAO, 2002). This means that the soils, especially the sandy soils (arenosols), become
drier as a consequence of high rate of ET and deep percolation resulting in a scarcity of
surface water over much of the semi arid Barotse Sub-basin (cf. MEWD-JICA, 1995). Under
these conditions, ET becomes lower over land surfaces. Thus, the high energy (R,- G) at the
surface during this time contributes more to sensible heat (H) flux than to latent heat flux

because of the lack of soil moisture over the area (cf. Su, 2002; Gibson et al., 2011).

Mohamed et al. (2010) found that monthly actual ET in June was in the range of 34 to 98 mm
and declined in September to between 6 and 43 mm in the Mkindo Catchment, Tanzania.
Although these ET trends are similar to the ones found in the present study, the values are
different. This was ascribed to differences in climatic patterns. Mkindo Catchment receives
higher amount of rainfall of ~1000 to 1800 mm year”' (Mohamed et al., 2010) and is thus in a
humid region. In such regions, ET tends to be lower on account of high humidity which
saturates the air faster than in arid and semi-arid areas (Allen et al., 1998). In addition, the
difference in land cover types and size between the two areas accounted for the differences in
evaporative fluxes. The semi-arid Barotse Sub-basin (45,568Km?) is bigger and more
spatially varied than Mkindo Catchment (1,006 Km?). The land cover types in the semi-arid

Barotse sub-basin range from big water bodies such as the Zambezi River to forested land.
5.9 Calculated potential evapotranspiration (PET) over satellite passing time

It was observed that the calculated PET varied with the days considered in this study. It was
found that on hot-dry days (DOY 225 to 292) PET was very high and ranged from 4.3 to 6.3
mm day’l. On the other hand, the evaporative demand of the atmosphere on cool-dry days
(DOY 106 to 197) was lower, and was in the range of 3.2 to 4.9 mm day'l. On warm-wet days
(DOY 325 to 74) PET ranged from 3.8 to 5.7 mm day’1 (Table 12).
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Table 12: Calculated potential evapotranspiration of the reference grass surface using FAO Penman-Montieth formula at satellite passing
time over Sesheke Meteorological Station, semi-arid Barotse Sub-basin, South-Western Zambia

DATE JD A(Kpa) |RnMIm>d") |GMIm?>d") | Y (Kpa°C" T(°C) U,(ms™") | ec-e, (kpa) | PET (mmday")
21/11/06 325 0.30 12.14 0 0.06 34.4 3.0 3.06 5.3
30/11/06 334 0.29 12.09 0 0.06 33.8 3.5 2.89 5.7
02/12/06 336 0.29 12.10 0 0.06 33.6 2.1 2.83 4.1
04/12/06 338 0.29 12.14 0 0.06 33.5 3.4 2.78 5.4
12/01/07 12 0.27 12.22 0 0.06 32.0 2.7 2.46 4.4
14/01/07 14 0.27 12.20 0 0.06 32.0 2.8 2.46 45
14/02/07 45 0.27 11.70 0 0.06 32.2 2.7 2.50 4.4
18/02/07 49 0.23 11.78 0 0.06 28.7 33 1.63 3.8
12/03/07 71 0.27 11.12 0 0.06 322 3.2 2.65 5.0
15/03/07 74 0.27 10.96 0 0.06 323 34 2.71 53
16/04/07 106 0.27 8.36 0 0.06 31.8 2.8 3.04 4.9
23/04/07 113 0.26 7.54 0 0.06 31.3 2.7 3.04 4.7
16/05/07 136 0.23 5.31 0 0.06 29.0 2.5 2.80 4.2
23/05/07 143 0.22 4.68 0 0.06 277 25 2.63 4.0
17/06/07 168 0.21 3.61 0 0.06 26.9 2.0 2.57 33
19/06/07 170 0.20 3.50 0 0.06 26.0 2.0 245 3.2
10/07/07 191 0.20 3.69 0 0.06 26.3 2.1 2.54 35
16/07/07 197 0.22 3.74 0 0.06 28.0 2.0 291 3.6
13/08/07 225 0.24 5.98 0 0.06 20.8 23 3.11 43
20/08/07 232 0.25 6.71 0 0.06 30.7 25 3.24 4.7
12/09/07 255 0.29 8.69 0 0.06 33.9 2.8 3.95 58
14/09/07 257 0.30 8.91 0 0.06 34.2 29 4.00 6.0
14/10/07 287 0.30 11.75 0 0.06 34.5 33 3.53 6.2
19/10/07 292 0.30 11.89 0 0.06 34.4 3.4 3.48 6.3

Where A = Slope of temperature of pressure curve, JD= Julian Day, Rn= Net radiation, G= Ground heat flux, Y’ = Psychrometric constant,
es-e,= Pressure deficit, T= Temperature, U,= Wind speed , PET= Potential Evapotranspiration
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The estimates of PET found in this study (Table 12) compared well with long term averages
computed by the FAO LocClim estimator (FAO, 2002). The FAO LocClim estimator also
uses the FAO Penman-Montieth equation to estimate PET over selected stations around the
globe (FAOQO, 2002). The reference point used in this study is less than ten kilometres from
Katima Mulilo Meteorological Station of Namibia for which FAO LocClim data were
available. Therefore, the climatic factors affecting PET between the two stations are the same
given that the area is not mountainous (cf. Allen et al., 1998). The FAO LocClim estimates of
daily evaporative demand over satellite passing time were as follows: hot-dry days (5 to 7.2

mm day'l), warm-wet days (4.5 to 6.3 mm day'l) and cool-dry days (3.9 to 4.5 mm day'l).

Results of the calculated PET indicated that it varied with the seasons. This was expected
because the major factors which affect the FAO Penman-Montieth PET of the reference grass
surface are climatic parameters (cf. Feddes and Lenselink, 1994; Allen et al., 1998). It
therefore expresses the atmospheric evaporative energy available to remove water from a
grass surface and assumes that soil water is not limited (Allen et al., 1998). In this case, it
considers meteorological parameters such as net radiation, air temperature, vapour pressure
deficit and wind speed while holding surface conditions constant. This is why the PET rates
were higher on the hot-dry days because of higher temperatures and net radiation associated
with these days. Conversely, the calculated PET rates were lower on cool-dry days because of

lower temperatures and radiation on these days (cf. Vogt and Niemeyer, 2001).
5.10 Effects of aerodynamic surface roughness on evapotranspiration estimates

The ET fluxes estimated using NDVI and landuse-based aerodynamic roughness values were
compared on DOY 12 (January, 2007). The effect of NDVI and landuse-based surface
roughness on ET per land cover type over the semi-arid Barotse Sub-basin is shown in Figure
35. It was observed that the evaporative fluxes based on landuse roughness were considerably
lower than those based on NDVI roughness values especially over deciduous and ‘mixed’
forested areas. The highest reduction in ET of up to 25% occurred on closed to broadleaved

deciduous forest whereas the lowest (a reduction of 6.5%) was on water bodies (Figure 35).
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Figure 35: Effect of NDVI vs. landuse-based surface roughness on the estimated fluxes

on DOY 12 in the semi-arid Barotse Sub-basin, South-Western Zambia

Thus, the effect of roughness on ET was very high over deciduous and ‘mixed’ forested areas
when the latter approximated the known literature values (cf. Alvarez, 2007; Hailegorgis,
2006). This was because the maximum roughness value that can be obtained from NDVI is
very low over forests (Rauwerda et al., 2002; Su, 2005), which is around 0.5 when NDVI is
greater than 0.7 (Alvarez, 2007). Thus, the use of NDVI to estimate roughness in higher
canopy areas of the study area resulted in the underestimation of this parameter. The use of
more accurate roughness values can considerably improve the estimates ET over the study
area. Detailed surface roughness values associated with the landcover types of the study area
were not available at the time of this study, as no measurement and validation have been done
on these surfaces. The landuse roughness map (Figure 36) applied in this study was derived
from literature values (Appendix 5) many of which were associated with generic landcover

types in the study area. Accurate roughness values maps based on spatially distributed
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vegetation height data (e.g. LIDAR), however, are difficult to acquire as this data is scarce

and very expensive (Alvarez, 2007).

1:1,690,408
e e
23 24 24 25 26
Landcover type associated with Zom value (m)
- 0.4966: Mosaic Vegetation/Croplands - 1.2214: Mosaic Grassland/Forest-Shrubland
- 1.2214: Closed broadleaved deciduous forest - 0.2720: Closed to open shrubland
|:| 1.2214: Open broadleaved deciduous forest |:| 0.0340: Closed to open grassland
- 1.2214: Closed to open mixed broadleaved and needleleaved forest - 0.0408: Closed to open vegetation regularly flooded
|:| 1.2214: Mosiac Forest-Shrubland/Grassland - 0.0002: Water bodies
Figure 36: Estimated surface roughness based on landuse type and literature values over

the semi-arid Barotse Sub-basin, South-Western Zambia
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5.11 Sensitivity of actual evapotranspiration estimates to temperature gradients

The sensitivity of the evaporative flux estimates to the input data of near surface temperature
was analysed in relation to the gradient temperature between the surface (Ty) and the air (T,),
[A (Ty-Ta)], by adjusting T, up to 8 K around the estimated T, value while holding T, constant
(cf. Gibson et al., 2011). The results in Figure 37 shows that at Sesheke Station where the
estimated Ty was 310 K and T, was 303 K, thus To-T, was equal to7 K, the daily fluxes
varied up to 3.0 mm day'l. The value of ET at Ty-T, = 7 K (red intersecting lines) was ~4.2
mm day™. Starting at this point, it is shown that when the (T(-T,) increases as a result of a
decrease in T,, ET reduces and the reverse happens when (Ty-T,) reduces as a result of an

increase in T,.
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Figure 37: Sensitivity of evaporative fluxes to variation in air temperature in the A(Tj -

T,) at Sesheke station, semi-arid Barotse Sub-basin South-Western Zambia

The high sensitive of the SEBS evaporative fluxes to the variation of air temperature (T,) in
the A (To-T,) comes about because SEBS model estimates ET by setting a wet limit, at which
equation 39 applies, and a dry limit when the combination of equations 22, 23 and 24 take
effect (Su, 2002; Gibson et al., 2011). This means that accurate estimation of surface
temperature and air temperature is required. The use of average air temperature in an

environment that has diverse land uses (heterogeneous) can contribute to inaccurate results.
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5.12 Evaluation of SEBS daily AET against PET and ECMWF estimates

The comparison of SEBS daily AET with PET and ECMWF estimates on warm-wet days at
Sesheke Meteorological Station is shown in Figure 38. On average, the SEBS evaporative
fluxes were ~104.2% of PET estimates. This means that the modelled fluxes were not in good
physical agreement with PET on all the days as they exceeded the potential limit by 4.2%. It
is shown that AET was physically consistent (below PET) on four occasions (DOY 325, 334,
336 and 74) out of the ten warm-wet days (Figure 38). In comparison with ECMWF
estimates, the SEBS fluxes were ~142% of the former. It shown that modelled results were
only comparable to ECMWF estimates on the same days they were observed to be physically
consistent with PET. In general, it was observed that the SEBS evaporative fluxes were
mainly greater than PET and ECMWF estimates between DOY 338 and DOY 71, a period
associated with high rainfall events in the semi-arid Barotse Sub-basin. As such there was
high moisture content available for evapotranspiration. This period spans from December to
March. Furthermore, the comparison with grass evaporative rates indicated that the SEBS
fluxes were physically consistent with PET on a number of days (DOY 325,334,336,338 and
74) and comparable to ECMWF estimates only on DOY 325, 334 and 74 (Figure 38).
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Figure 38: Comparison of the SEBS evaporative fluxes with potential evapotranspiration
and ECMWF actual evapotranspiration on warm-wet days (DOY 325-74) at
Sesheke station, semi-arid Barotse Sub-basin, South-Western Zambia
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The comparison of SEBS evaporative fluxes with PET and ECMWF estimates on cool-dry
days at Sesheke Meteorological Station is shown in Figure 39. It was observed that modelled
evaporative fluxes were less than PET on almost all the days (except for DOY 106) and
compared well with ECMWEF estimates only on DOY 136, 168 and 191. On the average,
SEBS modelled fluxes were ~64.3% of PET and 138% of ECMWF estimates. This means
that the SEBS modelled fluxes were largely physically consistent with PET on cool dry days
and not good agreement with ECMWF estimates on all days. However, it was observed that
the evaporative rates over grass were not only lower than PET (physically consistent) but also
comparable to ECMWEF estimates on many days, especially on DOY 113,136, 170 and 191
(Figure 39).
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Figure 39: Comparison of the SEBS evaporative fluxes with potential evapotranspiration

and ECMWEF actual evapotranspiration on cool-dry days (DOY 106-197) at
Sesheke station, semi-arid Barotse Sub-basin, South-Western Zambia

The comparison of SEBS evaporative fluxes with PET and ECMWF estimates on hot-dry
days at Sesheke station is shown in Figure 40. It was found that SEBS fluxes (station pixel)

were in physical agreement with PET on all the days. These fluxes were also comparable to
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ECMWEF estimates. Over these days, the SEBS evaporative fluxes were ~29.4% of PET and
110% of ECMWEF estimates. In comparison to PET, the SEBS actual evaporative fluxes
clearly show that they had significantly declined on hot-dry days because of the limitation of
soil moisture (cf. Rwasoka et al., 2011). Furthermore, it was observed that the evaporative
fluxes over grass were lower than PET on all days and were almost of the same magnitude as

ECMWEF estimates on a number of days, especially on DOY 232, 255 and 257.
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Figure 40: Comparison of the SEBS evaporative fluxes with potential evapotranspiration

and ECMWF actual evapotranspiration on hot-dry days (DOY 225-292) at
Sesheke station, semi-arid Barotse Sub-basin, South-Western Zambia

On the overall, it was observed that the SEBS daily evaporative fluxes (station pixel and
grass) were more variable than ECMWF estimates (Figure 41). The general trend, however,
indicated that both models produced higher estimates of actual evaporative fluxes on warm-
wet days and lower ones on hot-dry days. This implies that the two models are sensitive to
the effect of soil moisture variation on ET. On the other hand, the FAO Penman-Montieth
PET was higher on most of the days, declining significantly only on cool-dry days. This
implies that this model is mainly very sensitive to energy inputs. It was observed that SEBS

modelled evaporative fluxes were above PET on warm-wet days which are in the months
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between December and March. The reasons behind this phenomenon are given at the end of

this section.
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Figure 41: The variability of SEBS daily evaporative fluxes compared with PET and
ECMWEF estimates at Sesheke Meteorological Station, semi-arid Barotse Sub-
basin, South-Western Zambia

An attempt was also made to evaluate the SEBS actual evaporative fluxes at a second
reference point at Kamanga station, which is located in the northern part of the study area
(Figure 3). This was done to check if the results would be similar to those observed at
Sesheke Meteorological Station. Unfortunately, the modelled evaporative fluxes at Kamanga
station were compared with the ECMWEF estimates only due to the lack of meteorological

data needed for the computation of the Penman-Montieth PET at satellite passing time.

The comparison of SEBS evaporative fluxes with ECMWF estimates on warm-wet days at
Kamanga station is shown in Figure 42. Results indicated that the SEBS modelled fluxes
were higher than ECMWF estimates on all the days except for DOY 336. On the average,
SEBS fluxes were ~159% of ECMWF estimates. This implied that the modelled evaporative
fluxes were not in good agreement with ECMWF estimates on many days around Kamanga
station. This also indicated that the SEBS evaporative fluxes were higher in the northern parts

of the semi-arid Barotse Sub-basin than those in the southern parts, as observed at Sesheke
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Meteorological Station. It was observed, however, that the evaporative fluxes modelled by

ECMWF were less variably or dynamic compared to those estimated by the SEBS model.

The reasons behind this are related to the differences in the spatial resolution at which the two

models were implemented. A full explanation about this is provided at the end of this section.
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Figure 42:

Comparison of the SEBS actual evaporative fluxes with ECMWF estimates of

actual evapotranspiration on warm-wet days (DOY 325-74) at Kamanga

station, semi-arid Barotse Sub-basin, South-Western Zambia

The differences between the SEBS actual evaporative fluxes and ECMWEF estimates on cool-

dry days at Kamanga station are shown in Figure 43. It was found that the SEBS fluxes were

also higher than ECMWF estimates on all cool-dry days except for one (DOY 113). On the

average, results indicated that these fluxes were ~171% of ECMWF estimates. This means

that the SEBS estimates at Kamanga station were much higher than those found at Sesheke

Meteorological Station and not in good agreement with ECMWEF estimates on many of the

cool-dry days.
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Figure 43: Comparison of the SEBS evaporative fluxes with ECMWF estimates of actual
evapotranspiration on cool-dry days (DOY 106-197) at Kamanga station,
semi-arid Barotse Sub-basin, South-Western Zambia

The comparison of the SEBS actual evaporative fluxes with ECMWF estimates of AET on
hot-dry days at Kamanga station indicated that the former were consistently higher than the
latter (Figure 44). On the average, the evaporative flux rates produced by the SEBS model
were nearly twice (199%) those estimated by the ECMWF model. In comparison with the
results observed at Sesheke Meteorological Station, the SEBS evaporative fluxes at Kamanga
station were very high and not in good agreement with ECMWF estimates. The possible
causes that are behind these discrepancies between the SEBS actual evaporative fluxes and
ECMWEF estimates at Sesheke and Kamanga stations are also discussed in details at the end

of this section .
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Figure 44: Comparison of the SEBS evaporative fluxes with ECMWF estimates of actual

evapotranspiration on hot-dry days (DOY 225-292) at Kamanga station, semi-
arid Barotse Sub-basin, South-Western Zambia

The SEBS actual evaporative fluxes were generally in physical agreement (less than PET)
with PET on cool-dry and hot-dry days at Sesheke Meteorological Station (Figures 39 and
40). This was expected. The decline in soil moisture that begins in the cool-dry season, soon
after the rain season, induces lower rates of actual evaporative fluxes over grass surfaces
whereas PET is not affected by this change. Furthermore, the depletion of soil moisture in the
hot-dry season due to high atmospheric demand and deep percolation in the semi-arid Barotse
sub-basin reduces actual evaporative rates further whereas PET rises significantly because of
the increase in energy at the surface (cf. Vogt and Niemeyer, 2001; Suleiman and Richie,
2003). Therefore, the physical agreement between the SEBS fluxes and PET shows that the

former responded to the restrictions imposed by soil moisture on cool-dry and hot dry days.

The lack of physical agreement between SEBS evaporative fluxes and PET on warm-wet
days was attributed to the effect of change in surface conditions which were beyond the
resolution of PET model. The Penman-Montieth PET used in this study take the assumption
that the ground is completely covered by short grass, the so called ‘big leaf approach’ (cf.

Allen et al., 1998). However, plant species co-exist very often and there is a period when the
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vegetation is not ‘closed’ (Shuttleworth and Wallace, 1985; Kustas and Norman, 1999; Neale
and Vinokullo, 2005; Courault et al., 2005). This means that both the soil surface and
vegetation leaves evaporate moisture and their relative importance change dynamically as
plant species develop (Shuttleworth and Wallace, 1985; Zhang et al., 2008). It is possible that
the surface conditions at Sesheke station could have been different from those assumed for
the PET on warm-wet days, resulting in the modelled fluxes to be higher than the calculated
PET (cf. Hailegorgis, 2006). Thus, it is argued that the modelled actual evaporative fluxes on
warm-wet days were not necessarily physically implausible. The systematic occurrence of
physically inconsistent SEBS fluxes on warm-wet days rather suggested that surface
conditions were different from those assumed for PET of the reference grass surface. This
highlighted the uncertainties of evaluating SEBS actual evaporative fluxes against PET in

heterogeneous environments on warm-wet days.

The SEBS evaporative rates differed from ECMWF estimates in that the former were mainly
higher than the latter. However, it was observed that these fluxes were in better agreement
with ECMWEF estimates at Sesheke Meteorological Station on a number of days (Figures 38-
40) than at Kamanga station (Figures 42-44). The lack of good agreement between the

evaporative fluxes modelled by the SEBS and ECMWF were ascribed to a number of factors.

On the one hand, the lack of good agreement between SEBS and ECMWF estimates could
have come about because of differences in the parametrisation of turbulent heat fluxes. In
addition to this, the SEBS model used in this study was run using the one kilometre spatial
resolution of MODIS imagery whereas the ECMWF model has a course resolution of ~50
kilometres at best (Vogt and Niemeyer, 2001). Given that surface conditions (soil moisture
and vegetation type) can be highly variable in space and time (Gibson et al., 2011), especially
for heterogeneous areas like the semi-arid Barotse sub-basin, the course resolution of the
ECMWF model may be questioned if it can adequately capture the spatial variations in the
semi-arid Barotse sub-basin (cf. Vogt and Niemeyer, 2001). This means that the resulting
evaporative fluxes from the ECMWF model may not be as highly variable as the surface
conditions because of its course resolution. It is shown in Figure 41 that ECMWF estimates

were less variable compared with the SEBS evaporative fluxes.

On the other hand, modelled evaporative fluxes were higher than ECMWF estimates possibly

due to uncertainties associated with surface parameterisation. In this study, a vegetation index
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(NDVI) was used to model surface roughness, canopy height, displacement height, fractional
vegetation cover and the ground heat flux. It is observed that estimating roughness height for
momentum transfer from NDVI is problematic over high vegetation areas such as forests as
the value tends to be too small compared to what is actually on the ground (Rauwerda et al.,
2002; Su, 2005; Hailegorgis, 2006). Conversely, the value tends to be overestimated over
short but very green plant species such as maize and grasses (Hailegorgis, 2006). In this
study, it was observed that the estimated roughness values (Tables 8-10) were very low over
forested areas compared to reported literature values. For instance, Miicher et al. (2001)
reported that roughness can be as high as 1.22 meters over deciduous forests. Furthermore,
Alvarez (2007) used vegetation height obtained from LIDAR data to estimate roughness and
found that it was as high as 1.29 meters over forests. In the present study, it was also
observed that the surface roughness values over grass (Tables 8-10) were slightly higher than
known literature values (cf. Wieringa, 1993; Miicher et al., 2001). It is very likely, therefore,
that the NDVI-based roughness estimates used in this study affected the accuracy the ET
output. It was shown that the estimates of this parameter altered ET results significantly,
especially over forested areas (Figure 35). Many other studies (Hailegorgis, 2006; Lin, 2006;
Alvarez, 2007; van der Kwast et al., 2009; Gebreyesus, 2009) have also shown that
inaccurate estimates of surface roughness alters ET results significantly. This means that
estimating roughness using more robust methods can improve the results of the modelled
evaporative fluxes. The challenge, however, is that the alternatives such as LIDAR data or

detailed roughness maps are often not available.

The use of the fraction vegetation cover, which was derived from NDVI using the method of
Sobrino et al. (2003) as given in equation 13, is also likely to have caused higher flux
estimates. In this study, fraction vegetation cover was used to calculate the excessive
resistance term (kB'l), emissivity (g) and parameterize ground heat flux (G,). The use of the
fraction vegetation cover as proposed by Sobrino et al. (2003) to calculate the ground heat
flux has some drawbacks (Gibson et al., 2011). This is because of the assumption that at
NDVI 0.5, taken as the maximum, the fractional vegetation cover becomes unity resulting in
a maximum ground heat flux of about five percent of net radiation. However, actual
measurements by Gibson et al. (2011) at TERRA overpass have shown that the value was as
high as 12 to 16% of net radiation for a fully vegetated surface. They attributed this to solar
zenith and azimuth angle in addition to the orientation of the tree rows which allowed bare

soil underneath the tress to receive direct radiation. It is also likely that this situation could
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have been the case at satellite overpass time in the semi arid Barotse Sub-basin as MODIS
TERRA satellite images were used in this study (Table 4). This situation results in the
underestimation of the ground heat flux. Consequently higher sensible heat and latent heat
fluxes are obtained. In this study, it was observed that maximum NDVI (Tables 8-10;
Appendix 4) frequently exceeded the assumed value in the formula by Sobrino et al. (2003).
Thus, calibrating the fraction vegetation cover by deriving scene-specific NDVI maximum
and minimum, as suggested by Gibson et al. (2011), is likely to improve the estimates of the

ground heat flux and the resultant evaporative fluxes.

With regard to uncertainties associated with meteorological input data, the use of average
near surface temperature may have contributed to higher flux estimates, especially in the
northern parts of the study area. This area is not covered by a functional meteorological
station to provide weather data. Thus, average near surface temperatures were used as
interpolated surfaces could not be built. It has been shown, however, that the SEBS model is
very sensitive to, among other parameters, the input data of air temperature (Badola, 2009;
van der Kwast et al., 2009) or land surface and air temperature gradient (Gibson et al., 2011).
Therefore, the accuracy of ET estimates over the study area is also likely to increase if

distributed near surface temperature validated over a number of ground stations is used.
5.13 Evaluation of the modelled monthly actual evapotranspiration

The comparison of mean monthly actual evaporative rates with PET and rainfall estimates is
shown in Figure 45. The estimated rainfall and PET represents long term averages (30 years)
at Katima Mulilo Meteorological Station, Namibia (FAO, 2002). The observed rainfall was
measured at Sesheke Meteorological Station, Zambia. The two stations are less than ten
kilometres apart. It was found that the mean monthly evaporative fluxes were lower than PET
in all the months except for January. These fluxes were lower than rainfall only in October,
November and December. It was expected that the evaporative fluxes would be lower than
rainfall throughout the year given that there were no known irrigation schemes in the study
area. However, the reference station at Sesheke was located in a heterogeneous area. It was
near the wetlands and water bodies in the south and surrounded by closed to open shrublands.
In the application of remote sensing data to calculate ET in heterogeneous environments, the
accuracy depends, in part, on the spatial resolution of the sensor data (McCabe and Woods,

2006). In such areas, there is lower confidence in variables obtained from low resolution
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sensor data because of the loss of intra-pixel spatial heterogeneity due to the integration of

the radiometric signal (Gibson et al., 2011).
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Figure 45: Comparison of modelled monthly actual evapotranspiration with potential

evapotranspiration and rainfall at Sesheke Meteorological Station, semi-arid
Barotse Sub-basin, South-Western Zambia

Figure 46 shows the comparison of modelled monthly actual fluxes with ECMWF estimates
and PET at Sesheke Meteorological Station. The modelled fluxes were physically consistent
with PET except in the month of January. It was, however, observed that these monthly
fluxes were higher than ECMWF estimates almost throughout the warm-wet and cool-dry
seasons (except in November and June). On the other hand, the fluxes were far below the

ECMWEF estimates in the dry season (August to October).
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Figure 46:

Comparison of modelled monthly actual evapotranspiration with ECMWF
estimates and potential evapotranspiration at a monthly time step at Sesheke
Meteorological Station, semi-arid Barotse Sub-basin, South-Western Zambia

The modelled monthly evaporative fluxes were also compared with ECMWF estimates at

Kamanga station (Figure 47). It was observed that the modelled monthly fluxes were higher

than ECMWF estimates in all the months except for June at this station. The SEBS fluxes

were very high in comparison with ECMWF estimates especially from November to January

(Figure 47). The possible causes of lack of agreement between the mean monthly modelled

fluxes and the ECMWEF estimates are discussed at the end of this section.
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Figure 47: Comparison of modelled monthly actual evapotranspiration with ECMWF
estimates at a monthly time step at Kamanga station, semi-arid Barotse Sub-
basin, South-Western Zambia

The mean monthly evaporative fluxes were less than the observed rainfall for a few months
(Figure 45). Despite the absence of irrigation schemes, the mean monthly fluxes exceeded the
amount of rainfall for many months at Sesheke station (cf. Gibson et al., 2010). This was
ascribed to the heterogeneous environment around this reference station (cf. McCabe and
Wood, 2006; Li et al., 2008; Gibson et al. 2011). The use of few daily ET calculations per
month is likely to have also affected the results. As optical remote sensing data is affected by
cloudy conditions, a limited number of clear-sky images were available per month, and the
rain season (warm-wet days) was the worst affected. However, it is shown in equations 48
and 49 that the accuracy of monthly flux estimates directly depend on the number of daily
calculations. The more daily calculations are used the higher the accuracy of the monthly
estimates as it helps to cancel out the errors that may be introduced by extreme values
(Gokmen, 2011- personal communication). This also means that the accurate estimation of
daily fluxes themselves is needed to obtain reliable monthly flux outputs. In this regard, the
problems associated with inadequate surface parametrisation may propagate into the

estimated monthly fluxes. It was shown that use of NDVI to parameterise surface conditions
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affected the accuracy of the estimated daily fluxes. Furthermore, the input data of the
sunshine hours is likely to have affected monthly flux results in that errors in these values
directly affect the ET estimates. In this study, the sunshine hours were extracted from global
models instead of actual measurements from the ground stations. Therefore, the availability
of basic meteorological data on the ground is very important for the successful

implementation of the SEBS as it helps in the validation some of the input data.

As the population continues to grow, the need to increase food production and provide safe
drinking water will exert enormous pressure on scarce and dwindling fresh water resources.
For this reason, stakeholders now need detailed information about water resources to
prudently safeguard these resources at their disposal and sustain the high standard of living in
society. In this regard, research and application of remote sensing data and modelling
techniques as used in this study is critical to informed planning, monitoring and management
of water resources in water limited areas like the semi-arid Barotse Sub-basin of South-
Western Zambia. Despite all the challenges in obtaining suitable reference data, the SEBS
algorithm has been proven in this study as a realistic and robust method for estimating the
spatial and temporal variability of actual fluxes at a larger scale as compared to point based
estimates. Policy and decision makers in Government, private sector and civil society can use
this to enhance agricultural food production (e.g determining crop water deficit and
requirements), monitor the legal compliance of water use in agricultural areas, and to
quantify water resources and determine water use of vulnerable ecosystems at a catchment
level (e.g calculating distributed ET to be used in catchment water balance). This is possible
as the model quantifies the spatial-temporal actual evaporative fluxes or actual amount of

water used by each land cover type.

This study is therefore important in Zambia within the context of the evolving water sector
reforms in which water resources management is to be initiated at a catchment level. The
experiences, challenges and prospects can thus be drawn from this study by improving upon
the methodologies used and applying them in all the Zambian catchments to quantify the

evaporative losses and other hydrological fluxes.
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

The conclusion and recommendations given in this Chapter are summarised as follows:

6.1 Conclusion

The following are the conclusions:

)

The spatial and temporal variability of AET was clearly charaterised over the study
area using the SEBS algorithm and MODIS satellite imagery with the advantage over
point based estimates in that fluxes attributed to different land cover types were
retrieved. This has potential uses such as monitoring water use over crop lands. The
estimated fluxes varied by land cover type over warm-wet, cool-dry and hot-dry days.
Water bodies, closed to open regularly flooded vegetation and forested areas had
higher rates with a low variation over these days whereas mosaic vegetation/cropland
and closed to open grassland had the lowest rates of ET with a variation of up 64.1

and 71.1 % respectively between warm-wet and hot-dry days (Objective number 1);

Generating monthly AET from daily fluxes and sunshine data provides a possibility of
quickly assessing evaporative losses at a monthly time-scale. However, the accuracy
of this method is significantly limited as it depends on the number and accuracy of
daily ET calculations used, and availability of reliable sunshine data. The former
presents practical difficulties as it is impossible to obtain many clear-sky images

especially in the rain season due to cloudy conditions (Objective number 2);

iii) Point-based estimates of ET calculated using FAO-Penman-Montieth method gives

the reference ET for a grass surface with constant parameters. These conditions are
rarely met at weather stations leading to over and underestimation of ET. At Sesheke
station, PET rates were higher on hot-dry days (~6.3 mm day’l) and warm-wet days

(~5.7 mm day™") but lower on cool-dry days (~4.9 mm day™) (Objective number 3);

iv) Estimated daily fluxes were in physical agreement with PET on cool-dry and hot-dry

days. These fluxes, on the other hand, were physically inconsistent on warm-wet days.
Due to the possible violation of the assumptions of PET as stated in item (iii) above,
however, it difficult to ascertain the accuracy of this comparison. The comparison

with ECMWF estimates showed that the SEBS fluxes were in better agreement at
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Sesheke station than Kamanga station. At a monthly step, however, the comparison
with ECMWF and rainfall estimates indicated that the modelled fluxes were not in
good agreement though they were generally below PET. This was attributed to
meteorological input data especially air temperature, and surface roughness which

seem to be poorly estimated from NDVI over forests (Objective number 4); and

v) With accurate surface parameterisation and meteorological input data, remote sensing
and the SEBS model can be successfully used to quantify spatial-temporal
evaporative fluxes over heterogeneous areas such as the semi-arid Barotse Sub-basin

and contribute towards water resources management.
6.2 Recommendations

The recommendations to UNZA-IWRM Centre are:

(i) Spatially distributed near surface air temperature and soil moisture should be used in
the modelling process to get more accurate estimates of biogeophysical parameters

and actual evapotranspiration in the semi-arid Barotse Sub-basin;

(i1) An investigation into the best approach for estimating roughness height for
momentum transfer in the semi-arid Barotse Sub-basin must be done and the results
should be used to improve the accuracy of actual evapotranspiration estimates rather
than using empirical relationships with NDVI which saturates at high vegetation

densities and the accuracy of the relationship is vegetation and season-dependent;

(iii) Actual measurements of turbulent heat fluxes must be carried out using experimental

flux towers so that the results can be used for a decisive validation process;

(iv) As the accuracy of the monthly evaporative fluxes estimated from daily ET in
combination with meteorological data is limited by the number of clear-sky images in
cloud conditions, especially in the rain season, the use of radar remote sensing data
should be incorporated to fill this gap. Alternatively, value compositing should be

applied using all the available images that are cloud free and partly clear per month.
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(v) High resolution satellite imagery (such as Aster, Landsat and ESA’s future Global
Monitoring for Environment and Security (GMES) satellite imagery of the Sentinel 2

and 3) should be used along with MODIS to further characterise ET in the area.

The recommendation to the Government of Republic of Zambia is to rehabilitate existing
meteorological stations and set up new ones in catchments with less dense measurements as
this will reduce the scarcity of input data and allow for interpolation of variables required for
precise quantification of water resources in heterogeneous areas such as the semi-arid Barotse

Sub-basin.
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APPENDICES

Appendix 1: Formulae for calculating net radiation used in the estimation of potential
evapotranspiration at Sesheke Meteorological Station, Semi-arid Barotse
Sub-basin, South-Western Zambia

Extraterrestrial radiation for daily periods (R,)
The extraterrestrial radiation for each day of the year and for different latitudes can be
estimated from the solar constant, the solar declination and the time of the year by using the

below (Allen et al., 1998).

R, =@Gmu,[ms sinly) sinle)+ coslecoslesirfo, ]

where

R, extraterrestrial radiation (MJ m? day'l),

Gq. solar constant = 0.0820 (MJ m? min’l),

d; inverse relative distance Earth-Sun,

Qs sunset hour angle (rad),

@ latitude (rad),

d solar decimation (rad).

R, is expressed in the above equation in MJ m™ day'l. The corresponding equivalent
evaporation in mm day™' is obtained by multiplying R, by 0.408. The latitude, ¢, expressed in
radians is positive for the northern hemisphere and negative for the southern hemisphere.

The conversion from decimal degrees to radians is given by:
. s .
[Radlan5]=ﬁ[demmaldegreea]

The inverse relative distance Earth-Sun, d;, and the solar declination, J , are given by:

2
d =1+0033 ity
R .:D{SEE J

M Z2n
&=0409 —.1-1.39
SIH[SEE J

Where, J is the number of the day in the year 1 (1 January) and 365 or 366 (31 December).
The sunset hour angle, @, is given by:
(0, = arccos [-tan (@) tan (d)]
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Daylight hours (N)
The daylight hours, N, are given by:

N=EmS

Solar radiation (R;)

If the solar radiation, Ry, is not measured, it can be calculated with the Angstrom formula

which relates solar radiation to extraterrestrial radiation and relative sunshine duration:
1]
R, =|a, +h, m R,

where

R, solar or shortwave radiation [MJ m? day'l],

n actual duration of sunshine [hour],

N maximum possible duration of sunshine or daylight hours [hour],

n/N relative sunshine duration [-],

R, extraterrestrial radiation [MJ m? day’l],

a; regression constant, expressing the fraction of extraterrestrial radiation reaching the earth
on overcast days (n = 0),

as+by fraction of extraterrestrial radiation reaching the earth on clear days (n = N).

For a5 and b parameters, the values a; = 0.25 and by = 0.50 the recommended where no

calibration has not been done (Allen et al., 1998).
Clear-sky solar radiation (Ry,)

The calculation of the clear-sky radiation, Ry,, when n = N, is required for computing net

longwave radiation. The following formula was used:
Rso =(0.75 + 2 10°2)R,
where z station elevation above sea level (m).

Net solar or net shortwave radiation (R,;)
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The net shortwave radiation resulting from the balance between incoming and reflected solar

radiation is given by:
Rps = (1-a)R;
where

R net solar or shortwave radiation (MJ m> day'l),
a is albedo, which is 0.23 for the hypothetical grass reference crop (dimensionless),
R; the incoming solar radiation (MJ m™ day'l).

R, is expressed in the above equation in MJ m? day'l.
Net longwave radiation (Ry;)

The rate of longwave energy emission is proportional to the absolute temperature of the
surface raised to the fourth power (Stefan-Boltzmann law). The net energy flux leaving the
earth's surface is less than that emitted and given by the Stefan-Boltzmann law due to the
absorption and downward radiation from the sky. Thus, the Stefan-Boltzmann law is

corrected when estimating - the net outgoing flux of longwave radiation.

T +T_.
Roi= {M}[ﬂﬂd— D_14£{1 .3555 - 0.35]

=0

where

R, net outgoing longwave radiation (MJ m™ day™),

o Stefan-Boltzmann constant (4.903 10° MJ K* m™ day'l),

Thax, kK maximum absolute temperature during the 24-hour period (K = °C + 273.16),
Tmin, k Minimum absolute temperature during the 24-hour period (K = °C + 273.16),
e, actual vapour pressure (kPa),

Ry/R,, relative shortwave radiation (limited to < 1.0),

R, measured or calculated. solar radiation (MJ m? day'l),

Ry, calculated clear-sky radiation (MJ m™ day'l).
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Net radiation (R,)

The net radiation (R,) is the difference between the incoming net shortwave radiation (Ry;)

and the outgoing net longwave radiation (Ry)):

Rn = Rns - RnI
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Appendix 2: Visibility data at satellite overpass time at Katima Mulilo Meteorological
Station, Namibia used in Semi-arid Barotse Sub-basin, South-Western

Zambia study
No. DATE DAY OF YEAR VISIBILITY (Km)
1. 21-11-2006 325 10.2
2. 30-11-2006 334 10.6
3. 02-12-2006 336 11.0
4. 04-12-2006 338 11.2
5. 12-01-2007 12 11.2
6. 14-01-2007 14 11.0
7. 14-02-2007 45 10.8
8. 18-02-2007 49 10.4
0. 12-03-2007 71 11.0
10. 15-03-2007 74 10.9
11. 16-04-2007 106 10.2
12. 23-04-2007 113 10.1
13. 16-05-2007 136 10.4
14. 23-05-2007 143 10.2
15. 17-06-2007 168 9.9
16. 19-06-2007 170 9.9
17. 10-07-2007 191 9.8
18. 16-07-2007 197 9.9
19. 13-08-2007 225 9.9
20. 20-08-2007 232 9.9
21. 12-09-2007 255 9.8
22. 14-09-2007 257 9.9
23. 14-10-2007 287 10.1
24. 19-10-2007 292 10.6

Source: Namibia Meteorological Services, Katima Mulilo, Namibia
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Appendix 3: Formulae for estimating aerosol optical thickness used in the Semi-arid
Barotse Sub-basin, South-Western Zambia study

According to Angstrom (1929), aerosol optical thickness for a certain wavelength can be

written as:
Kax = B 7{_“

Where 3 is the turbidity coefficient, a is the wavelength exponent taken as 1.3 (Igbal, 1983),
A is the wavelength (0.55 um).

According to MacClatchey and Selby (1972), the turbidity coefficient (8) can be estimated

form visibility data using the formula give below.
391 _
B = 0.55% (K - 0.01162) [0.02472(vis — 5) + 1.32]

Where vis is visibility (in kilometers), o is the wavelength exponent 1.3 (Igbal, 1983)

Appendix 4: The SEBS estimated histogram distribution of NDVI on warm-wet, cool-
dry and hot-dry days over the Semi-arid Barotse Sub-basin, South-
Western Zambia

A. NDVI distribution on warm-wet days
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B. NDVI distribution on cool-dry days
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C. NDVI distribution on hot-dry days
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Appendix 5: Landuse classes and their associated surface roughness values used in the
calculation of ET landuse Zom in the Semi-arid Barotse Sub-basin,

Western Zambia

S/No. Land cover class Z.m value Source Landgover ty.pe

(m) associated with
the value in this
study

1 Maize 0.4966 Su, 2005 30

2 Deciduous forest/mixed forest | 1.2214 Su, 2005 50, 60 and 120

3 Closed to open shrubland 0.272 Brutsaert, 1982 130

4 Grass 0.034 Wieringa, 1993 140

5 Wetlands 0.0408 Su, 2006a 180

6 Water 0.0002 Brutsaert,1982 210
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