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Summary 

Evapotranspiration, the sum of evaporation from land and transpiration by 

plants, is a significant component of the hydrological cycle, constituting on 

average more than 80% of continental precipitation in SE Australia. 

However, this component of the energy balance equation is the most 

difficult to estimate as it is influenced by many factors, especially in rainfed 

ecosystems. Under this research project, following the principals of Surface 

Energy Balance Algorithms for Land (SEBAL), an approach is developed 

to estimate the evapotranspiration (ET) of rainfed agrosystems using 

medium spatial resolution Landsat data as an input for Surface Energy 

Balance Algorithms for Rainfed Agriculture (SEBARA). ET calculated 

using climatic data which includes solar radiation, humidity, vapour 

pressure deficit and wind speed, as well as soil heat flux. The model was 

used to estimate ET of two adjacent catchments with similar climatic 

conditions but contrasting landuse (tree plantation and pasture), located at 

Mirranatwa, western Victoria, south-eastern Australia. After comparison 

with measured values at flux tower for pasture and sapflow meters for 

plantations, SEBARA applied to another pair of catchments located in the 

same region at Gatum with similar climate and landuse.  

The spatial ET estimates derived from SEBARA for Mirranatwa were 

within 95% of measurements obtained from a flux tower and sapflow data. 

The pasture catchment, in general, has a higher surface albedo and 

emissivity, resulting in higher energy loss in terms of outgoing longwave 

radiation and higher surface temperature, leading to a higher soil heat flux. 

Due to limited access to soil moisture of the shallow root system of pasture 

species, especially in elevated areas with deep groundwater, the ET of the 

pasture catchment is low. However, a cultivated oats crop in this catchment 

has higher ET due to a better vegetation cover and low elevation resulting 
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in higher moisture availability. An old tree plantation in the pasture 

catchment has an extensive, deep root system and a farm dam, also 

resulting in higher ET. The tree plantation catchment mirrored the response 

of the pasture catchment in general. However, the young plantations at 

elevated areas with deep groundwater could not exceed the ET rates of 

pasture. In contrast, the plantations at lower elevations with better soil 

moisture consistently showed higher ET (15-20% higher than pastures).  

The groundwater depth surface, generated using borehole data, helped in 

understanding the spatial variability of ET, especially in plantations, and 

its role in the hydrological lift and groundwater redistribution by the trees. 

In young plantations, ET limited by either shallow saline groundwater or a 

groundwater depth of > 15 m.  

In winter, at both sites, although the spatial distribution was similar to 

summer except for sensible heat flux, the energy fluxes were lower, 

resulting in an average winter ET that is 22% of summer ET.  

This study has shown that SEBARA can be successfully used in 

hydrological modelling to estimate evapotranspiration for each landuse 

within a catchment and to derive a realistic estimate of water loss at the 

catchment scale. This approach can be used to monitor the impact of any 

shift in land use on hydrological resources.  
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 Introduction 

The processes of evaporation and transpiration are large components of the 

hydrological cycle, constituting 60% of the precipitation worldwide 

(Brutsaert, 1986) and often greater than 90% in SE Australia (Thorburn et al., 

1993a & 1993b).  These two components of the energy balance equation are 

the most difficult ones to estimate, especially in rainfed conditions, as they 

are influenced by factors such as spatial variability in temperature, soil 

moisture, vegetation type and growth stage and atmospheric advection 

(McMahon et al., 2013). Transpiration, which is the principal component of 

ET over most of the land surfaces (Calder, 1998), is strongly coupled with the 

rate of carbon assimilation and thus, with primary productivity (Monteith, 

1973). Any structural change in vegetation, particularly alteration between the 

tree and grass-dominated covers, often modifies evaporative water losses 

because of plant-mediated shifts in moisture access and demand (Horton, 

1919; Bosch and Hewlett, 1982; Zheng et al., 2001). 

To understand the behaviour of terrestrial ecosystems and their response to 

landuse change, evapotranspiration is the key element of the energy balance 

equation to be considered and monitored (Kelliher et al., 1993; André et al., 

1986 & 1988). It has been recognized that land surface processes affect 

atmospheric circulations at all temporal and spatial scales, ranging from 

multi-annual-climatic scales (Charney, I975; Shukla and Mintz, I982; Yeh et 

al., I984) to local mesoscale circulations (Anthes, I984; Andre et al., 1986). 

Any shift in land surface processes results in a higher ET because of lower 

albedo, enhanced roughness, and large minimal stomatal resistance of 

forested area as compared to croplands or pastures (André et al., 1988). 

Advection and radiation control the atmospheric demand of water vapour 

which, in turn, limit the rate of ET. Under dry conditions, the availability of 

soil moisture becomes the primary control of ET, besides the differences in 
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the capacity of plants to access water, often dictated by rooting depth, 

(Calder, 1998; Schenk and Jackson, 2002). Trees tend to have deeper roots 

than herbaceous plants (Canadell et al., 1996; Schenk and Jackson, 2002), 

and hence can maintain higher ET than grasslands when the water supply 

declines (Calder et al., 1993;  Calder et al., 1997; Sapanov, 2000). Further, 

the higher aerodynamic roughness of forests leads to a higher exchange rate 

of heat and water vapour between the canopy surface and the air. Under wet 

conditions, it can be up to 10 times more than that possible for short 

vegetation, and ET i s  coupled to the supply of radiant energy (Kelliher et 

al., 1993; Calder, 1998).  

The contrasting water loss between tree plantations and grasslands 

t h r o u g h  E T  has been evidenced by a diverse array of approaches such 

as plot studies, paired catchments, and hydrological modeling. Relationships 

between vegetation type and catchment ET, and runoff are determined 

primarily through paired catchment studies. Research into the role of 

catchment vegetation within the hydrologic cycle has a long history in 

hydrologic literature (Peel, 2009; Brown et al., 2005). In a review of 

catchment experiments carried out by Bosch and Hewlett (1982), the general 

conclusion was that the water yield following forest operations could be 

predicted with fair accuracy. In another detailed review (Best et al., 2003) on 

the use of paired catchment studies for determining the changes in water yield 

at various time scales resulting from permanent changes in vegetation. The 

review considered long-term annual changes, adjustment time scales, the 

seasonal pattern of flows and changes in both yearly and seasonal flow 

duration curves. These studies concluded that the seasonal changes in water 

yield highlight the proportionally more significant impact on low flows. 

However, these studies focused mainly on regrowth experiments. Further, 

these studies also emphasized that  generally drier soils and vadose zones 

in paired watershed experiments decreased streamflow when grassland 

watersheds are afforested (Calder et al., 1993; 1997; Sahin and Hall, 1996; 
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Scott and Lesch, 1997; Dean et al., 2014b; Camporese et al., 2013). Th e  

groundwater observations revealed the onset of phreatic water discharge 

under afforested plots within herbaceous landscapes (Heuperman, 1999; 

Sapanov, 2000; Dean et al., 2014b; Jobbágy and Jackson, 2004). 

Soil as a predominant media for water storage and transport has a strong 

influence on ET (Noy-Meir, 1973; Hillel, 1998). The study concludes 

that  under humid and sub-humid conditions, medium- textured soils present 

the highest available water for plants.  

The methods classically used to measure evapotranspiration (ET) at the field 

scale (Bowen ratio, eddy correlation system, soil water balance) do not allow 

estimation at large spatial scales (Courault et al., 2005). With advances in 

space technology and the availability of high spatial and spectral resolution 

satellite data, different methods have been developed to use this data for 

estimation of various components of the energy balance equation including 

the spatial variability of the ET. These methods range from simplified 

empirical approaches to sophisticated processes based on remote sensing data 

assimilation (Courault, et al., 2005; Singh and Senay, 2016), and can be 

classified into residual energy budget methods that combine empirical 

relationships with physical modules, e.g. SEBAL (Allen et al., 2005a; 2011 

& 2013; Bastiaanssen et al., 1998a & b; Allen et al., 2002a; Gowda et al., 

2007; Gurney and Camillo, 1984; Jaber, et al., 2016), SEBS (Su, 2002), and 

S-SEBI (Roerink, et al., 2000); empirical direct methods (Courault et al., 

2005) using remote sensing data (thermal infrared, shortwave infrared and 

visible spectra), two-source approach for computing turbulent fluxes (Kustas 

and Norman,1997) and meteorological data as inputs in semi-empirical 

models; deterministic methods (Courault et al., 2005) based on more 

complex relationships such as the Soil-Vegetation-Atmosphere-Transfer 

(SVAT) model and the Vegetation Index method; and inference methods 

based on the use of remote sensing to compute a reduction factor (such as Kc 
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or Priestley Taylor-alpha parameters) for the estimation of the actual 

evapotranspiration. Among the residual energy budget methods, SEBAL is an 

intermediate approach using both empirical relationships and physical 

parameterizations (Morse et al., 2000; Bastiaanssen et al., 1998a & b; Allen 

et al., 2002a; Jacob et al., 2002a & b) designed to calculate the surface energy 

budget at the regional scale with minimum ground data. Though this graphic 

approach requires the identification of ‘hot’ and ‘cold’ pixels and the air 

temperature (Ta), it has advantages over other methods in being operational, 

widely used, and low cost (Courault et al., 2005). However, it is most suitable 

for irrigated crops with uniform crop cover having no limitation of moisture 

availability and is challenging to apply to rainfed agriculture. 

Remotely sensed data is now available at a variety of costs and resolutions. 

McCabe and Wood (2006 & 2008) compared estimates of ET using higher 

and lower resolution satellite products (Landsat/ASTER and MODIS 

respectively), and found that although the ET estimates were consistent, the 

MODIS-based assessment is unable to discriminate the influence of land 

surface heterogeneity at the field scale. Landsat data has considerable 

advantages in this regard; it has a moderate spatial resolution, high spectral 

resolution, and the thermal bands, and it is free. It is suitable for the estimation 

procedures based on remote sensing data that use different spectral domains 

to retrieve input parameters (Valor and Caselles, 1996) such as albedo, 

emissivity, Vegetation Indices like Normalized Difference Vegetation Index 

(NDVI), Leaf Area Index (LAI) and Soil Adjusted Vegetation Index (SAVI), 

and land surface temperature. 

In Australia, the early settlers attempted to create a 'little England' in the 

colony, and the impacts of their activities on many Australian landscapes 

varied in their extent and severity (Powell, 1996). Alterations were made to 

vegetative cover, producing a change from native forest to degraded land in 

many localities. The sophisticated series of interactions between various 
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environmental components were fundamentally associated with the changes 

in the hydrological cycle, and the outcomes differ in nature, extent, and 

severity between landscapes.  

The cattle farming introduced to the High Plains in the1830s and there was a 

rapid pastoral occupation of land in both south-eastern and south-western 

Australia around this time. The cattle and sheep industry boosted and touched 

it’s highest in the 1970s. Later, reoccurring droughts and changing 

international trade resulted in a shift in landuse. The pasture lands converted 

into plantations, predominantly Eucalyptus spp., which resulted in a shift in 

the hydrological cycle. Compared to pastures, having a higher ET, Eucalyptus 

plantations impacted the groundwater quality and quantity. In Australia, 

massive afforestation of native grasslands/pasturelands may have strong yet 

poorly quantified effects on the hydrological cycle. 

The research questions addressed in this research project include: 

• Can spatial variability of ET be estimated accurately using satellite 

data? 

• Is Eucalyptus plantation or forest have a higher ET compared to 

pastures and can? 

• Is there any correlation between ET and groundwater? 

To answer these research questions, following hypotheses formulated and 

tested: 

• The spatial pattern of ET of different landcover in the rainfed 

environment can be estimated using multispectral and thermal bands of 

satellite images, and climatic data. 

• Trees have higher ET than pastures in rainfed environments 

• Higher ET of plantations can impact the groundwater. 
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The overall research objective is to estimate the evapotranspiration of a mixed 

landcover, at a catchment scale, using satellite data, and to see the relationship 

between ET and groundwater, if any. 

This research is funded by the National Centre for Groundwater Research and 

Training (NCGRT) and coordinated with Monash University, Melbourne and 

the Department of Environment and Primary Industries, Victoria, Australia. 

Under this Ph.D. research, a conceptual model for ET estimation is developed, 

using Landsat data, that applies to all landuses, not just irrigated fields. It is 

based on the existing SEBAL (Surface Energy Balance Algorithms for Land) 

model (Allen et al., 2002a & 2011, Bastiaanssen et al., 2005, Teixeira et al., 

2009), modified for rainfed agrosystems at a catchment scale. It is here called 

Surface Energy Balance Algorithms for Rainfed Agriculture (SEBARA).  

The thesis is divided into six more chapters. Chapter 2 describes the 

Mirranatwa study site, used for model development and comparison with the 

field measurement of ET, climate, and groundwater. Chapter 3 covers the 

theoretical background of the ET, energy balance equation and controlling 

factors, available satellite data sets and model requirements. The first section 

of Chapter 4 includes the details of computation of Surface radiation budget, 

data acquisition and modelling. In contrast, the second section elaborates the 

computation of surface energy budget and evapotranspiration. Chapter 5, 

results and discussion, covers catchment scale ET estimation and comparison 

of pasture and plantation at catchments scale, the response of major landcover 

in both the catchments, comparison of SEBARA output with field 

measurements, RefET model output, Catchment hydrology (CATHY) 

distributed model output, Bowen ratio and evaporative fraction. Chapter 6 

focuses on groundwater and ET interaction both at catchment scale as well 

for dominant landcover. Chapter 7 focuses on the application of SEBARA to 

Gatum site having a pair of catchments along with Mirranatwa site. Finally, 
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Chapter 8 covers the main conclusions of this research project including key 

outcomes, research highlights, way forward and recommendations. 
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 Study Site 

The SEBARA model developed and tested using a study site located near 

Mirranatwa, about 230 km west of Melbourne, south-eastern Australia 

(Figure 2.1). Sandstone ridges of the Grampian Ranges surround it. The study 

site consists of a pair of small, adjacent catchments; one with an area of 0.813 

km2, predominantly covered with plantations of Eucalyptus globulus (Blue 

Gum) planted in 2008, and the other is 0.514 km2 in size and is managed 

predominantly as pasture for sheep. In both the catchments, there are small 

patches of natural vegetation, including Eucalyptus regnans (Figure 2.2). 

There are four small farm dams in each, primarily used for stock watering 

(Figure. 2.1); the area of the largest dams in the pasture and plantation 

catchments is 1,019 m2 and 347 m2 respectively. An unsealed single lane road 

passes through the catchments, although the road is less permeable than the 

normal ground surface, only limited runoff generated due to its small area 

(Dean et al., 2014a & 2014b).  

The elevation ranges from 259 to 307 meters above sea level (Figure 2.3). 

There is about 50m relief in the plantation catchment, which slopes 

predominantly west, and 30m in the farm catchment, which slopes mainly 

south (Roohi and Webb, 2016b). The highest elevation in both the catchments 

is on the north and north-eastern side. The plantation catchment drains 

towards the west, whereas the pasture catchment drains towards the south. 

The climate is Mediterranean or maritime/temperate region (Cfb in the 

KÖppen classification), with an average annual rainfall of 672 mm (±125σ) 

and pan evaporation of 1350 mm which exceeds precipitation for the majority 

of the year, except for the months from May through September (Dean et al., 

2014a and b). Based on the stream hydrograph record, the runoff ratios for the 

farm and plantation catchments are 3.4% and 4.3% respectively. 
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Figure 2.1 Location of paired catchments at Mirranatwa in western Victoria, 

Australia (a) and the catchments with Landover types and location of eddy 

covariance tower (Flux tower), sapflow meters, weir and borehole (b). 
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Figure 2.2. Panoramic view of the study site at Mirranatwa: (a) plantation 

catchments and (b) pasture catchments (with the courtesy of Dr. John Webb). 
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Figure 2.3. The topography of Mirranatwa study site. 

 

The vegetation of the area before European settlement was mostly open 

eucalypt woodland (Dean et al., 2014b). There was an extensive land 

clearance following the European settlement, , and the catchments entirely 

converted to pasture by 1869 (White et al., 2003).  

In the plantation catchment, 62% of the area was converted to E. globulus 

plantation in July 2008 with a tree density of 1,010 stems per ha (2.2m 

between trees along a row, and 4.5m between rows). Before the establishment 

of the plantation, the predominant landuse was grazing, and the area was 
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identical to the existing pasture catchment (Dean et al. 2014b). In both the 

catchments there are three land cover types, namely plantations (LC1), 

pasture (LC2), and native forest (LC3). In the plantation catchment, 

consolidated plantation blocks (LC1) cover 62% of the catchment, 29 % is 

pasture (LC2), and about 10% of the area covered by native forest (LC3) 

(Figure 2.1). Seventy-five percent of the pasture catchment categorized as 

LC2 and 22% as LC3 and only 3% as tree plantations (LC1) (Figure 2.1). 

For monitoring groundwater and surface hydrology and measuring climatic 

parameters and ET, a network of instruments was put in place. The pasture 

catchment has eight bores, and the plantation catchment has ten bores, drilled 

to variable depths. Every bore in the plantation catchment is equipped with a 

groundwater logger, measuring groundwater elevation at a minimum 4-hour 

time interval. Each catchment is equipped with a weir at the outlet point, with 

one bore adjacent to the weir in the plantation catchment and two next to the 

weir in the pasture catchment. At the weirs, the surface water level is 

measured using a standard V-notch construction (Dresel et al., 2012). 

Sapflow meters were installed to measure ET of the plantation, while an Eddy 

Covariance flux tower was in operation in the farm catchment from March 

2012, recording evapotranspiration. The monitoring network also included a 

complete weather station measuring rainfall, humidity, solar radiation, wind 

speed and direction. The data from the weather stations was collected and 

corrected by DEPI and Monash University. The groundwater level from the 

loggers for the image pass day was used to develop a raster layer of 

corresponding pixel size as of Landsat, representing the spatial variability of 

groundwater at the catchment scale (Figure 2.4). 

 

 

  



13 

 

 

 

 

 

Figure 2.4. Location of sapflow meters installed in plantation catchment, weather 

station and boreholes (a) and groundwater Depth Below Natural Surface (DBNS) 

highlighting the variability in both the catchments at Mirranatwa site. 
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 Conceptual and Theoretical 

Background 

Global natural and agricultural production systems are the products of 

complex interactions between energy, available water resources and 

prevailing climate. Any change in weather or production system can 

determine the outcome. Water is the primary component which is highly 

sensitive to climate change. Recent decades witnessed the shifting 

precipitation patterns in terms of droughts or extreme precipitations events, 

increasing temperature and CO2.  

Evaporation and transpiration (ET) drive the hydrological cycle. They are 

especially crucial in the rainfed agroecosystems, which are the essential 

components of the world’s food production system, accounting up to 65 - 95% 

of total agriculture. The surface energy balance equation (Figure 3.1 & eq. 

3.1) governs ET and needs to be understood to interpret spatial relationships 

between an agroecosystem and available surface and groundwater resources 

(Thorburn, 1999; Thorburn et al., 1992, 1993a & 1993b; Thorburn and 

Walker, 1993; Cramer, 1999; Kelliher et al., 1993; Andre et al., 1986 & 

1988). Both the processes of evaporation and transpiration are significant 

components of the hydrological cycle constituting 60% of the continental 

precipitation (Brutsaert, 1986). However, these two components of the energy 

balance equation are the most difficult ones to estimate as they are influenced 

by many factors such as spatial variability in temperature; soil moisture; 

vegetation type and growth stage; and atmospheric advection (Kutal et al., 

2012; McMahon et al., 2013). The importance of climatic variability has been 

a topic of much debate over centuries (Herschel, 1801; Koppen, 1873; 

Labitzke and Loon, 1992; Gray et al., 2010 & 2011; Fritschen, 1982) and 

there have been continuous improvements in modelling various components 

of the surface energy budget. 
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Figure 3.1. Components of Surface Energy Balance: Latent Heat Flux (λET), Net 

Radiation (Rn), Sensible Heat Flux (H), and Soil Heat Flux (G). 

 

      (eq. 3.1) 

where: 

Rn  Net Radiation 

λET    Latent Heat Flux 

H  Sensible Heat Flux 

G  Soil Heat Flux 

ET can be measured directly by eddy correlation (Burba, 2013) weighing 

lysimeters (Fisher, 2012) and the Bowen ratio technique (Tomlinson, 1997; 

Allen and Tasumi, 2005; Bowen,1926; Holland et al., 2013). However, these 

methods generate point data, which is hard to extrapolate, especially in the 

complicated relationship that frequently exists in the landscape (Courault et 

al., 2005).  

The advancement of space technology, computing platforms and available 

algorithms has made it possible to compute ET from satellite imagery, to 

obtain measurements across the landscape and at variable time scales, to 
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understand the ET patterns caused by rainfall distribution, soil characteristics, 

vegetation types and density, topography, groundwater depth, etc. The input 

for these models is the remote sensing data. Since 1972, under the joint United 

States Geological Survey (USGS)/ National Aeronautics and Space 

Administration (NASA) as well as the European Space Agency, the satellites 

of Earth Observation programmes are continuously acquiring space-based 

images of the Earth’s land surface.  

For calculation of net radiation, two components (emissivity and albedo) are 

essential, especially for rainfed agroecosystems with heterogeneous 

landcover.  All object surfaces emit thermal radiation at temperatures above 

absolute zero. At a given temperature and wavelength, the emitted thermal 

radiation depends upon the emissivity characteristics of the surface of the 

object. The surface emissivity is defined as a ratio of the energy radiated from 

a material's surface to that radiated from a blackbody (a perfect emitter) at the 

same temperature and wavelength and under the same viewing conditions. 

The surface emissivity in net radiation estimation is not only crucial for 

accurate non-contact temperature measurement but also heat transfer 

calculations. 

The second term, albedo,  is the fraction of the incoming solar energy which 

is scattered by earth back to space, is a fundamental component of the Earth’s 

energy balance, and the processes that govern its magnitude, distribution and 

variability shape the earth’s climate and climate change (Stephen et al., 2015; 

Liang et al., 1998 & 1999; Cess, 1978; Dickinson, 1983; Dickinson et al., 

1990; Liang et al., 1998, 1999, 2002 & 2012; Sofia and Li, 2001). Light-

coloured surfaces or thin vegetative cover return a large part of the solar 

energy to the atmosphere, which means they have a higher albedo. In contrast, 

dark surfaces or thick forest cover absorb more solar energy, resulting in a 

lower albedo which in turn leads to higher energy uptake, hence, more ET 

(Chapter 4, section 4.1 includes the details).  
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There are several reasons for understanding the variability of albedo while 

modelling surface energy balance, include: 

i. Models of the climate system are unstable to small changes in the 

amount of reflected energy. In these simple models with an albedo 

overly can be sensitive to surface temperature, relatively small 

changes in the absorbed solar energy can lead to under or 

overestimation. 

ii. These models can swing from a near ice-free Earth to a fully ice-

covered state (Budyko, 1969; Cahalan and North, 1979). 

iii.  Regulation of the system albedo through biotic adaptation towards 

differing albedos might buffer the system from the instabilities 

inherent to some energy balance models (Lovelock, 1983; Watson and 

Lovelock, 1983). 

iv.  More locally, the Earth’s albedo appears to be resilient to other 

internal changes that might otherwise alter the system albedo (Stephen 

et al., 2015). Aerosol present on clouds can impact albedo through the 

effects of buffering mechanism of compensating processes (Stevens 

and Feingold, 2009) that restrict local albedo changes to changing 

aerosol influences (Christensen and Stephens, 2011; Chen et al., 

2012). The implications of the local compensations to the concepts 

proposed to mitigate climate change are through geo-engineering-

cloud albedo (Latham, 2002). 

v. Regulation of the Earth’s albedo is also central to other essential 

climate feedbacks, including the snow/ice surface albedo feedback as 

well as cloud feedbacks.  

vi.  It has also been thought that the energy transport mechanism from 

low to high latitudes is insensitive to the structure and dynamics of the 
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atmosphere-ocean system. Instead, it is determined primarily by 

external controls such as the solar constant, the size of the Earth, the 

tilt of the Earth’s axis, and the mean hemispheric albedo (Stone, 1978; 

Enterton and Marshall, 2010). The results of Donohoe and Battisti 

(2012) are further consistent with this notion. They show that the 

maximum in annual mean meridional heat transport differs by 

approximately 20% among coupled climate models due to model 

differences in equator to pole planetary albedo. 

The energy consumers in the surface energy balance equation are Soil Heat 

Flux (G) and Sensible Heat Flux (H).  Soil heat flux is the amount of thermal 

energy that moves through an area of soil in a unit of time (Sauer and Horton, 

2005).  Properties of the surface soil layer including colour, water content, 

texture, and density, along with the vegetative cover, determine the 

partitioning of incident radiation to the energy required to evaporate water, 

warm the air above the ground, or warm the soil. The ability of soil to conduct 

heat determines how fast its temperature changes during a day or between 

seasons. 

Soil temperature is a crucial factor affecting the rate of chemical and 

biological processes in the soil, essential to plant growth. Soil heat flux is vital 

in micrometeorology because it effectively couples energy transfer processes 

at the surface (surface energy balance) with energy transfer processes in the 

soil (soil thermal regime). This interaction between surface and subsurface 

energy transfer processes has led to detailed investigations of soil heat flux 

for a wide variety of agricultural systems. An empirical equation was 

developed by Bastiaanssen (2000) to compute G/Rn ratio using surface albedo 

and Normalized Difference Vegetation Index (NDVI). Following this 

approach, G is calculated by multiplying the ratio with G (details are given in 

Chapter 4, section 4.2). 
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The last parameter required to complete the energy balance equation is the 

Sensible Heat Flux (H). This parameter is the turbulent or conductive flux of 

heat from the Earth’s surface to the atmosphere due to the temperature 

difference, which is not associated with changes in the phase of water. It is a 

function of the temperature gradient, surface roughness and wind speed. It is 

a complex process due to two unknown parameters: aerodynamic resistance 

to heat transport (rah) and the temperature difference between two heights 

(dT) to account for a vertical profile. Friction velocity is required to compute 

aerodynamic resistance to heat transport for the temperature gradient (dT) 

which is achieved through an iterative process until near stable condition is 

achieved (details are given in Chapter 4, section 4.2). 

Finally, the Latent Heat Flux (λET), which is the heat flux from the Earth’s 

surface to the atmosphere associated with evaporation, transpiration or 

condensation of water vapour at the surface, is computed using the three 

parameters of the energy balance equation discussed above.  

 

  



20 

 

 Surface Energy Balance 

Algorithm 

Following the SEBAL concept, the Surface Energy Balance Algorithm for 

Rainfed Agriculture (SEBARA) was developed to compute the ET of a mixed 

landuse including plantation, natural vegetation and pastures in a rainfed 

environment. The differences and similarities between the two approaches are 

included in table 4.1.  Satellite data (visible, NIR, SWIR and thermal bands) 

and weather data are the input for the models of various components of the 

surface radiation balance and the surface energy balance.  

 

Table 4-1. Differences between SEBAL and SEBARA algorithm. 

Parameters  SEBAL SEBARA 

Application  SEBAL is used predominantly 

for agricultural areas for 

estimation of evapotranspiration, 

biomass growth, crop water 

requirement and irrigation 

scheduling.  

SEBARA focuses on the 

evapotranspiration estimation of 

plantation, pastures, or mixed 

vegetation in the rainfed 

environment. 

Image 

preprocessing 

Image extent Probably the algorithm applied 

for the entire image.  

A subset of the image is used 

including the interest area to 

minimize the processing time; 

however, the entire image or a 

mosaic of the same date can be used 

depending upon the extent of the 

target area. 

Image 

preprocessing 

Radiance & 

Reflectance 

Followed the same approach for Landsat 5 image for SEBARA algorithm; 

however, for Landsat 8, the procedure is modified for SEBARA following 

USGS (2019a, b & c). 

Albedo (α) Atmospheric 

transmissivity 

(τsw) 

τsw computed using FAO56 

elevation base relationship = 

0.75+ 2 x 10-5 * z (assuming clear 

sky and relatively dry conditions) 

using the elevation of the relevant 

weather station. It is considered 

that additive factor (0.75) is site-

specific and may vary under 

variable situations.  

τsw depends upon several 

atmospheric conditions (cloud cover 

and it’s optical thickness and 

absorption by water vapours, gases 

and aerosols). These conditions may 

have spatial and temporal variability. 

SEBARA uses the geographical 

coordinates, date and time of the 

specific satellite as input for USGS-

NASA online calculator. The 

calculator output is based on the site-

specific interpolated atmospheric 

profile for the relevant date and time. 
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For SEBAL, there is a need to adjust 

the multiplier according to the 

landcover and location., It is difficult 

to define a multiplier for a mixed 

ecosystem in the rainfed 

environment. 

Incoming 

shortwave 

radiation  

Rs↓ The same approach, however, different sources for τsw. 

VIs NDVI The same approach but for Landsat 8 reflectance calculation are different. 

 SAVI L= 0.1 Due to different soil conditions and 

vegetation cover at the study site, a 

range of L values plotted against the 

corresponding maximum and 

standard deviation of SAVI values. 

The L value where the decline in the 

trend line starts, the corresponding L 

value was used.   

 LAI The same approach, however, SAVI with the respective L value. 

Emissivity Ԑo & Ꜫnb Based on LAI. Emissivity for 

narrowband (Ꜫnb) and broadband 

(Ԑo) calculated separately. 

Computes Ԑo using NDVI. 

Conditions set for water and bare 

soil following Gieske and 

Timmerman, 2002 

Atmospheric 

correction 

 The same approach followed, however, for Landsat 8 it is not required. 

Land surface 

temperature 

Ts Ts. computed with Ꜫnb. The same approach followed, 

however, Ԑo based on NDVI was 

used. This emissivity may be a better 

representation of temperature as the 

difference between measured and 

estimate is very low. 

Outgoing 

longwave 

radiation 

RL↑ Ԑo based on LAI  Ԑo based on NDVI. 

Incoming 

longwave 

radiation 

RL↓ The same approach, however, different sources of τsw value. 

Net radiation Rn The same approach adopted, however, since albedo and emissivity have 

greater control over net available radiation, the τsw value from the online 

calculator and NDVI based emissivity used for SEBARA. The value of the 

corresponding pixel is comparable with the flux tower estimates. 

Soil heat flux G The same approach adopted. 

Friction velocity at 

the weather station 

µ* The same approach adopted. 

Wind speed at 

blending height 

µ 200 The same approach adopted. 

Friction velocity 

of each pixel 

µ *pix SEBAL suggests both the NDVI and LAI approaches, however, the LAI 

approach used for SEBARA due to young plantation with canopy opening, 

different pastures species and variable moisture availability. 
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Aerodynamic 

resistance to heat 

transport 

rah 0.1m for Z1 and 2m for Z2 SEBAL approach followed, 

however, Z2 adjusted according to 

landcover/vegetation type. Used 

Momentum roughness length of 

respective landcover/vegetation type 

(plantation and pasture). 

Near-surface 

temperature 

difference 

dT The same approach adopted. However, to compute dT for plantation and 

pasture, the respective coefficients used to adjust RefET required to get ‘a’ 

and ‘b’ coefficients. To get Kc, one-year climatic data used to compute 

reference ET using RefET model. The model output compared with ET 

recorded at the flux tower for pasture, and sapflow readings (adjusted for 

surface evaporation) for the plantations and respective Kc s were calculated. 

 

Air temperature Ta The same approach followed; however, the model uses dT for pasture and 

plantations separately. 

Sensible heat flux H The same approach followed; however, H for pasture and plantation 

computed using respective rah and dT. 

Latent heat flux λET The same approach used; however, adjusted reference ET used for 

plantation and pasture to compute latent heat flux (λET). 

 

Instantaneous 

Evapotranspiration 

ETinst The same approach, however, two-steps for dominant landcover using 

adjusted λET for each landcover. 

Reference ET 

Fraction  

ETrf SEBAL uses reference ET. Crop coefficients are used for 

dominant landcover to adjust the 

reference ET. 

Daily ET ET24 SEBAL uses daily reference ET. SEBARA uses daily adjusted 

reference daily ET. 

Model 

environment 

 ERDAS imagine. ArcGIS model builder was used to 

develop the models which can be 

used as such or exported as a Python 

file for further modelling. 

 

 Surface Radiation Balance (SRB)  

Some of the incoming solar radiation directly penetrates through the 

atmosphere to the Earth’s surface. In contrast, gases scatter some in the 

atmosphere, and these weak rays reach the Earth surface as a diffused 

radiation (Figure 4.1).  Together direct and diffuse shortwave radiation 

accounts for the total incoming shortwave radiation (Ritter, 2003).  On the 

contrary, the outgoing longwave radiation is the energy radiating from the 

Earth as infrared, thermal, or terrestrial radiation to space. This flux comes to 

the surface from different atmospheric heights where an ensemble of gases 

has different infrared emissivity properties. Out of these gases, some are good 
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absorbers, e.g., CO2 and water vapour. In contrast, the others are good emitters 

like greenhouse gases and aerosols, which finally determines the amount of 

incoming longwave radiations. Both the shortwave and longwave radiations 

measured in W/m2. The surface absorbs a portion of the Rs, and a part 

reflected away. The reflected portion from the surface is the Albedo (α), 

which ranges from 0 (no reflection) to 1 (a complete reflection of light striking 

the surface) (Appendix 1a and b).  

 

 

 

Figure 4.1. Pathways of incoming and outgoing solar radiation. 

 

The first component required for estimation of ET using satellite data is to 

compute the net surface radiative flux (eq. 4.1.1) which is a composite of net 

shortwave radiation (eq. 4.1.2), and net longwave radiation (eq. 4.1.3) 

received at the Earth surface.   

  



24 

 

   eq. 4.1.1 

Where: 

 RS↓ Incoming shortwave radiation (W/m2) 

  α  Surface albedo (dimensionless)  

 RL↓ Incoming longwave radiation (W/m2)   

 RL↑ Outgoing longwave radiation (W/m2)  

 εo  Surface emissivity (dimensionless) 

 

              eq.4.1.2 

Where: 

Rs↓ Incoming shortwave radiation 

Rs↑ Outgoing shortwave radiation 

 

      eq. 4.1.3 

Where: 

RL↓ Incoming longwave radiation 

RL↑ Outgoing longwave radiation 

The absorbed energy by the Earth’s surface radiated as terrestrial longwave 

radiation (RL↑). The amount and wavelength of the energy emitted are 

primarily dependent on the temperature of the surface (Ritter, 2003). The 

hotter the surface, the more radiant energy of shorter wavelength it will 

emit.  The gases of the atmosphere are relatively good absorber of longwave 

radiation and thus absorb the energy emitted by the surface. The absorbed 

radiation emitted in all directions with the downward directed portion 

being longwave atmospheric counter-radiation (RL↓). The amount of thermal 

radiation emitted depends on the emissivity properties of the object. In most 

situations, net longwave radiation is a negative value, as the Earth emits more 

longwave radiation than it gains from the atmosphere (Ritter, 2003; Diak et 

al., 2000). Some of the emitted radiation is a loss from the Earth to space; 

however, under other circumstances, net longwave radiation can be zero or a 
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positive number depending upon the emissivity characteristics of the surfaces 

(Appendix 2). The workflow for the computation of net radiation is shown in 

Figure 4.2.  

 

 

Figure 4.2. Workflow for Surface radiation budget. 

 

 

 Model Data Requirements 

SEBARA requires a satellite image and weather data, preferably at a finer 

spatial and temporal resolution. Good knowledge of the area (topography, 

vegetation composition and height, and land-use) is also helpful. 

 Satellite Data 

Among various satellites in space, Landsat is an excellent candidate to study 

Earth surface energy balance because it is freely available and has a medium 

spatial resolution, with the thermal band. The Earth images recorded as 
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emitted or reflected radiation by the object or surrounding areas in different 

parts of the electromagnetic spectrum including Visible (VIS), Near-Infrared 

(NIR), Shortwave Infrared (SWIR) and Longwave Infrared (IR). The 

outgoing longwave radiation is the radiation in the wavelengths range of  3.0 

and 100 µm emitted from Earth and atmosphere to space in the form 

of thermal radiation. It also referred to as up-welling longwave radiation or 

terrestrial longwave flux. 

SEBARA algorithm is suitable for Landsat 5, 7 and 8 images and uses the 

Visible, NIR and Thermal bands. The wavelength and spatial resolution of 

various bands of Landsat missions are included in table 4.1.  The Sentinel 2 

mission lacks the thermal band, and despite it’s a high temporal and spatial 

resolution, it is not a right candidate for surface energy balance algorithm. 

However, Sentinel 3 will be suitable for energy balance algorithms provided 

if the thermal bands and calibration constants are available. The pixel size for 

the thermal bands of Landsat varies (120m for TM, 60 for ETM+ and 100m 

for Landsat 8-OLI_TIRS) however, all are rescaled to 30m. Despite the 

excellent data quality of Landsat ETM+, serious hardware failure was 

responsible for scan lines on either side of the image after May 31, 2003. The 

Landsat dataset from March 1984 to date provides an ample opportunity to 

study the evaporative loss from different land covers using this algorithm. 

The satellite images are preferred to be cloud-free, cloud cover interferes with 

the solar radiation and the intensity of the thermal band, which is critical for 

the estimation of Sensible Heat Flux. The incoming and outgoing radiation 

through low and high cloud cover is shown in Figure 4.3.  High cirrus clouds 

are generally visible in the image, especially in OLI_TIRS Band 9 images, 

but at times the low clouds are not detectable and impact the model output. It 

is necessary to have a look for the extreme values in the image to rule out the 

cloud cover. If cloud-free images are not available, it is better to mask the 

cloud cover area for better model output. 

https://en.wikipedia.org/wiki/Electromagnetic_radiation
https://en.wikipedia.org/wiki/Thermal_radiation
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Table 4-2. Satellite images from the sensors suitable for SEBARA algorithm. 

Bands  Wavelength (µm) Resolution (m) 

a. Landsat 5: Thematic Mapper ™ 

Band 1 – Blue (VIS)  0.45-0.52 30 

Band 3 – Red (VIS)  0.63-0.69 30 

Band 4 – Near Infrared (NIR)  0.76-0.90 30 

Band 5 – Shortwave Infrared (SWIR) 1  1.55-1.75 30 

Band 6 – Thermal   10.40-12.50 120* (30) 

Band 7 – Shortwave Infrared (SWIR) 2  2.08-2.35 30 

  

b. Landsat 7: Enhanced Thematic Mapper Plus (ETM+) 

Band 1 – Blue (VIS)  0.45-0.52 30 

Band 2 – Green (VIS)  0.52-0.60 30 

Band 3 – Red (VIS)  0.63-0.69 30 

Band 4 – Near Infrared (NIR)  0.77-0.90 30 

Band 5 – Shortwave Infrared (SWIR) 1  1.55-1.75 30 

Band 6 – Thermal  10.40-12.50 60 * (30) 

Band 7 – Shortwave Infrared (SWIR) 2  2.09-2.35 30 

Band 8 – Panchromatic  0.52-0.90 15 

  

c. Landsat 8: Operational Land Imager (OLI)and Thermal Infrared Sensor (TIRS) 

Band 1 – Ultra Blue (coastal/aerosol)  0.435 – 0.451 30 

Band 2 – Blue (VIS)  0.452 – 0.512 30 

Band 3 – Green (VIS)  0.533 – 0.590 30 

Band 4 – Red (VIS)  0.636 – 0.673 30 

Band 5 – Near Infrared (NIR)  0.851 – 0.879 30 

Band 6 – Shortwave Infrared (SWIR) 1  1.566 – 1.651 30 

Band 7 – Shortwave Infrared (SWIR) 2  2.107 – 2.294 30 

Band 8 – Panchromatic  0.503 – 0.676 15 

Band 9 – Cirrus  1.363 – 1.384 30 

Band 10 – Thermal Infrared (TIRS) 1  10.60 – 11.19 100 * (30) 

Band 11 – Thermal Infrared (TIRS) 2  11.50 – 12.51 100 * (30) 

* Thermal band rescaled to 30m 
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Figure 4.3. Impact of low and high cloud cover on incoming shortwave and 

outgoing longwave radiations. (Adopted from NASA catalogue of images and animations). 

 

The Landsat 5 TM image of summer (3.10.2011 @ 11:03:59am) was used for 

model development for Mirranatwa site at the start of the project. However, 

for SEBARA testing at Mirranatwa and Gatum sites, Landsat 8 image of June 

26, 2016, acquired at 10:15:03 am was used because of the following reasons: 

• Landsat 5 decommissioned, and there were delays in the launch and 

calibration of LC8.  

• Further, there were delays in approval of the flux tower at Gatum 

plantation catchment. 

• The only available image with minimum cloud was available for 

26.06.2016.  
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Each satellite image has an associated metadata file containing all the related 

information saved as a text document. Out of this information, the following 

parameters required for SEBARA: 

• Image acquisition date and time: The image pass date converted into 

Julian Day of the Year and time in GTM converted into local time 

considering daylight saving, if applicable.  

• Sun elevation angle (β), Earth-Sun Distance (des) and Sun Azimuth. 

• Gain and Bias values for each band. In the raw image, the values 

given as digital numbers which need to be converted into radiance 

and reflectance using gain and bias values.  

 Climatic Data 

Climatic data collected at the nearest weather station is preferred. From this 

data, the following variables are required: 

• Wind speed (m/s) at the time of image acquisition to compute 

sensible heat flux  

• Precipitation for 7-10 days before the image acquisition date to 

assess the wetness of the area and interpret the model output. 

• Land surface temperature (oC) to compare the surface 

temperature raster layer, which in turn used for computing soil heat 

flux. 

• To compute Reference ET (RefET). To calculate the reference 

ET of a well-watered alfalfa crop using RefET model, (Allen, 2011), 

the following variables are required:  

➢ Precipitation,  

➢ Wind speed,  

➢ Relative humidity,  
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➢ Air temperature (minimum and maximum temperature),  

➢ Net radiation,  

➢ Ambient water vapour partial pressure,  

➢ Ambient specific humidity on a mass basis,  

➢ Ambient dew point temperature.  

It is recommended that the data for at least ten days before the image pass 

day, at hourly or 30 minutes interval, should be used for model output 

validation. However, if the ET estimation for a targeted length of time is 

planned, the climatic data for that specific period should be considered for the 

RefET model.   The RefET model input data structure is included in section 

4.2.2.2.  

 Weather Station Information 

• Coordinates  

• Elevation of the weather station 

• Instrument height (m)  

• Grass height (m) maintained at the weather station. 

 

 Site Information 

To account for the variability; detailed topographic information about the 

study site is required along with the data on vegetation types and vegetation 

height; water bodies like farm dams, creeks, standing water; infrastructure, 

etc.  If the primary interest is obtaining ET from agricultural fields, the 

weather data should be obtained from a weather station located nearby in a 

similar agrarian area. If the study area encompasses widely varying terrain or 

land-use, data should be obtained from two or more nearby weather stations 

representing the terrain and landuses under investigation. A land-use map is 

not essential; however, it is useful in estimating the surface roughness 

parameter. The land surfaces have different ground cover and canopy 

properties which can influence  ET due to varied aerodynamic resistance, the 

bulk leaf boundary layer within the canopy, roughness and sub-layer-
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resistance (Miller, 1981; Schuepp, 1993, Allen et al., 1998a; Fisch et al., 

2004). The knowledge of landuse can help to interpret the model output and 

use the appropriate crop coefficients (Kc). 

 

 Data Acquisition 

 Satellite Data Download 

Landsat satellite data is freely downloadable from USGS websites like Earth 

Explorer (https://earthexplorer.usgs.gov/), USGS LandsatLook 

(https://landsatlook.usgs.gov/viewer.html)  and GloVis 

(https://glovis.usgs.gov/). An account needs to be created, and login required 

for data download. For the model development and comparison of the model 

output with field measurements, Landsat 5 TM image, acquired on October 3 

2011, @ 11:03:59am was used. However, for SEBARA testing at Mirranatwa 

and Gatum sites, Landsat 8 image of June 26, 2016, acquired at 10:15:03 am 

was used. The highlighted information in the respective header files 

(Appendix 3a for Landsat 5 TM and Appendix 3b for Landsat 8 OLI) is 

required for image processing.  

 Digital Elevation Model (DEM) 

Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) 

with a 30m resolution can assist the interpretation of the SEBARA model 

output, especially in the topographically variable terrain. For Mirranatwa 

study site GPS data was used to develop a DEM, however, for model 

validation for Gatum site, freely available SRTM DEM was downloaded from 

Earth Explorer website under the Digital Elevation data category. 

 Meteorological Data 

For both the study sites, the weather data was acquired from the Department 

of Primary Industries (DEPI). Further, SILO data for Mirranatwa and Gatum 

was also collected from the Bureau of Meteorology. Flux Tower data from 

https://earthexplorer.usgs.gov/
https://landsatlook.usgs.gov/viewer.html
https://glovis.usgs.gov/
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Monash University, Melbourne, Victoria and sapflow meter adjusted ET data 

(Dean, 2013) were also acquired.  

 

 Model Development for Surface Radiative Flux 

Following the principals of SEBAL, a modified approach, Surface Energy 

Balance for Rainfed Agriculture (SEBARA), is developed. The details of the 

algorithms used are given in the following sections: 

 A Subset for the Area of Interest   

Using the full scene of the satellite for analysis is not recommended unless 

the entire image covers the area of interest. There are several reasons for 

taking a subset, including the study site: i. it takes a long time to process the 

entire image, ii. sometimes parts of the image have a cloud cover that interacts 

with the analysis and iii. high topographic variability in the area covered in 

the entire scene can impact the computation of aerodynamic resistance and 

turbulent fluxes. On the contrary, if two scenes cover the target area, it is 

required to make a mosaic first, and then the subset should be clipped for the 

study site.  

After the analysis, using a vector layer of the study site/catchments, images 

of various components of the radiation budget were clipped and used for the 

final assessment and comparison.  

 All the spatial analysis was done in ArcGIS using the model builder. The 

various equations were used in the raster calculator in the model builder to 

automate the process. Few parameters computed in Excel sheet. 

Raster clip tool used to develop Model 001 (Appendix 4) for the subset of all 

the bands of the Landsat raw image (digital number). The model inputs were 

raster layers of the Visible, NIR, SWIR and Thermal bands (details given in 

table 4.2) and a shapefile of the study area. 
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 Radiance (Lλ) 

The data presented in the Landsat image is in digital numbers (DN) which 

need to be converted first in spectral radiance using Lmax and Lmin values 

(Table 4.2 for Landsat 5 TM and Table 4.3 and 4.4 for Landsat 7 ETM+) 

whereas for Landsat 8, the rescaling factors are given in metadata file. The 

DN of Landsat 5 TM and Landsat 8 OLI were converted into radiance values 

using a general relationship, equation 4.1.4 and 4.1.5 for Landsat 5 TM  and 

equation 4.1.6  for Landsat 8 OLI (Chander et al., 2003, 2007 & 2009;  USGS,  

2019a, 2019b & 2019c) and the respective coefficients. Values of calibration 

constants (Lmin and Lmax) given in Table 4.3 - 4.5 used for Landsat 5 or 7. 

Multiplicative and additive rescaling factors for Landsat 8 OLI included in 

the metadata are used (Appendix 3b: highlighted values of 

RADIANCE_MULT_BAND_x and RADIANCE_ADD_BAND_x where x 

is the band number). For Landsat 8 OLI, only the DN of thermal bands were 

converted into radiance, whereas for Landsat 5 TM for all the band's radiance 

was calculated. 

      eq. 4.1.4

  

which can be expressed as: 

      eq. 4.1.5 

Where 

 Lλ Spectral radiance (Watts/ (m2 * srad * μm)) 

 Lmax  Maximum L value for the respective band  

 Lmin  Minimum value for the respective band 

 DN Digital numbers 
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      eq. 4.1.6 

Where 

 Lλ Spectral radiance (Watts/ (m2 * srad * μm)) 

ML Band-specific multiplicative rescaling factor from the metadata 

(RADIANCE_MULT_BAND_x, where x is the band number)  

 AL  Band-specific additive rescaling factor from the metadata 

(RADIANCE_ADD_BAND_x, where x is the band number) 

 Qcal       Quantized and calibrated standard product pixel values (DN) 

 

Model 002 and Model 003 were used to compute the radiance of Landsat 5 

TM and Landsat 8 OLI bands (Appendix 5 and 6) respectively. The model 

input parameters are raw digital images and rescaling coefficients for the 

respective bands.  

Table 4-3. Landsat 5 TM Data Lmin and Lmax (Watts/ (m2 * srad * μm)).  

Processing date: From April 2, 2007 

Band Band wavelength (µm) Lmin Lmax 

B1 Blue (0.45 – 0.52) -1.52 193.0 

B2 Green (0.52 – 0.60) -2.84 365.0 

B3 Red (0.63 – 0.69) -1.17 264.0 

B4 Near-Infrared (0.76 – 0.90) -1.51 221.0 

B5 Near-Infrared (1.55 – 1.75) -0.37 30.2 

B6 Thermal (10.40 – 12.50) 1.2378 15.303 

B7  Mid-Infrared (2.08 – 2.35) -0.15 16.5 

Source: https://landsat.usgs.gov/sites/default/files/documents/L5TM_postcal.pdf 

 

Table 4-4. Landsat 7 ETM+ Lmin and Lmax Range (Watts/ (m2 * srad * μm)). 

Processed Before July 1, 2000 

Bands Band wavelength (µm) 
Low Gain High Gain 

Lmin Lmax Lmin Lmax 

B1 Blue (0.45 – 0.52) 6.2 297.5 6.2 194.3 

B2 Green (0.52 – 0.60) 6.0 303.4 6.0 202.4 

B3 Red (0.63 – 0.69) 4.5 235.5 4.5 158.6 

B4 Near-Infrared (0.77 – 0.90) 4.5 235.0 4.5 157.5 

B5 Near-Infrared (1.55 – 1.75) 1.0 47.70 1.0 31.76 

B6 Thermal (10.40 – 12.50) 0.0 17.04 3.2 12.65 

B7  Mid-Infrared (2.08 – 2.35) 0.35 16.60 0.35 10.932 

B8 Panchromatic (PAN) 5.0 244.00 5.0 158.40 

Source: https://landsat.usgs.gov/landsat-7-data-users-handbook-section-5 

 

https://landsat.usgs.gov/sites/default/files/documents/L5TM_postcal.pdf
https://landsat.usgs.gov/landsat-7-data-users-handbook-section-5
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Table 4-5. Landsat 7 ETM+ Lmin and Lmax Range (Watts/ (m2 * srad * μm)). 

Processed After July 1, 2000 

 Low Gain High Gain 

Bands Band wavelength (µm) Lmin Lmax Lmin Lmax 

B1 Blue (0.45 – 0.52) 6.2 293.7 6.2 191.6 

B2 Green (0.52 – 0.60) 6.4 300.9 6.4 169.5 

B3 Red (0.63 – 0.69) 5.0 234.4 5.0 152.9 

B4 Near-Infrared (0.77 – 0.90) 5.1 241.1 5.1 157.4 

B5 Near-Infrared (1.55 – 1.75) 1.0 47.57 1.0 31.06 

B6 Thermal (10.40 – 12.50) 0.0 17.04 3.2 12.65 

B7 Mid-Infrared (2.08 – 2.35) 0.35 16.54 0.35 10.80 

B8 Panchromatic (PAN) 4.7 243.1 4.7 158.3 

Source: https://landsat.usgs.gov/landsat-7-data-users-handbook-section-5 

 

 Reflectance (ρλ) 

The reflectance is the ratio of incoming radiation to the outgoing radiation. 

Equations 4.1.7 to 4.1.9 used to compute the reflectance of each band, for 

Landsat 5 TM and equation 4.1.10 and 4.1.11 for Landsat 8 OLI (Chander et 

al., 2003, 2007 & 2009; USGS,  2019a, 2019b & 2019c).  

    eq. 4.1.7 

Where 

  ρλ 
  

Reflectance  

  π   Pi = 3.14  

  L
λ 
  Spectral radiance (Watts/ (m2 * srad * μm)) of each band 

ESUN
λ 
 Mean solar exo-atmospheric irradiance for each band of 

respective Landsat missions (table 4.6 & 4.7)   

θs  Solar zenith angle in degrees (eq. 4.1.8) 

 d  Earth-sun distance in astronomical units (eq. 4.1.9) 

 

 
Table 4-6. ESUN Values of Landsat 5 TM and 7 EMT+ bands (W/m2). 

Bands Blue Green Red NIR SWIR1 SWIR2 ƩESUN 

Landsat 5 1958 1827 1551 1036 215 80.65 6667.67 

Landsat 7 1970 1842 1545 1044 225.7 82.07 6712.77 

A dummy value of 1 is used for Thermal band. Source: https://www.usgs.gov/land-

resources/nli/landsat/using-usgs-landsat-level-1-data-product  

 

  

https://landsat.usgs.gov/landsat-7-data-users-handbook-section-5
https://www.usgs.gov/land-resources/nli/landsat/using-usgs-landsat-level-1-data-product
https://www.usgs.gov/land-resources/nli/landsat/using-usgs-landsat-level-1-data-product
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Table 4-7. ESUN Values of Landsat 8 OLI bands (W/m2). 

Blue Green Red NIR SWIR1 SWIR2 

2004.57 1820.75 1549.49 951.76 247.55 85.46 

http://bleutner.github.io/RStoolbox/r/2016/01/26/estimating-landsat-8-esun-values 

 

      eq. 4.1.8 

To compute Cosθ, the value of sun elevation angle (β) available in the header 

file (Appendix 3a and 3b) was used as an input in equation 4.1.8. 

The last component of equation 4.1.7 is dr, defined as 1/de-s2 where de-s is 

the relative earth-sun distance in astronomical units. equation 4.1.9 was used 

to computed it. 

         eq. 4.1.9 

Where 

dr Relative earth-sun distance  
(Note: dr values range from 0.97 to 1.03 and are dimensionless) 
  

DOY  Julian Day Number (JDN) – convert the image acquisition date    

into JDN (Appendix 7) 

 Angle  (DOY * 2 π / 365) in radians  

For Landsat 8 (equation 4.1.10), the digital numbers are input to compute the 

Top of the atmosphere (TOA) reflectance and then was corrected for the sun 

angle using (equation 4.1.11). 

      eq. 4.1.10 

Where 

ρλ' Top of the Atmosphere (TOA) planetary reflectance (without 

correction of solar angle).  

Note that ρλ' does not contain a correction for the sun angle 

Mρ Band-specific multiplicative rescaling factor from the 

metadata (REFLECTANCE_MULT_BAND_x, where x is the 

band number) 

http://bleutner.github.io/RStoolbox/r/2016/01/26/estimating-landsat-8-esun-values
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Aρ  Band-specific additive rescaling factor from the metadata 

(REFLECTANCE_ADD_BAND_x, where x is the band 

number) 

Qcal Quantized and calibrated standard product pixel values (DN) 

    eq. 4.1.11 

Where 

ρλ          Corrected TOA planetary reflectance  

θSE         Local sun elevation angle (degrees) of the centre of the scene 

provided in the metadata (SUN_ELEVATION)  

θSZ         Local solar zenith angle; θSZ = 90° - θSE 

Two models (Model 004 and Model 005) were developed to compute 

reflectance of Landsat 5 TM and Landsat 8 OLI products, respectively 

(Appendix 8 and 9). The model input parameters for Landsat 5TM are spectral 

radiance and mean solar exo-atmospheric irradiance for each band, the cosine 

of the solar incidence angle from the nadir and inverse squared relative earth-

sun distance. The model inputs for Landsat 8 OLI are the band-specific 

multiplicative rescaling and additive rescaling factors, DN, local sun 

elevation angle and zenith angle in degrees.  

 Top of the Atmosphere (TOA) Albedo (αtoa) and Surface 

Albedo (αsurf) 

Several algorithms are developed and used for the retrieval of surface albedo 

from remote sensing data. Despite difficulties in albedo retrieval algorithms, 

the recent remote sensing algorithms are beginning to meet accuracy 

requirements (Stroeve et al., 2002; Liang et al., 2005; Bastiaanssen et al., 

1998a & b; 1995 & 2005; Ahmad and Lockwood, 1979). The relationship for 

retrieval of albedo used by Bastiaanssen (2005) was followed here.  
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Albedo at the top of the atmosphere was computed using reflectance of each 

band along with its weighting coefficient (equation 4.1.12).  

      eq. 4.1.12 

Where 

 αtoa  Albedo at the top of the atmosphere 

 ὼλ Weighting coefficient for each band  

 ρλ Reflectivity of each band  

 

The weighting coefficient for each band was computed using equation 

4.1.13. 

      eq. 4.1.13 

Where  

ESUNλ is the respective band’s exo-atmospheric spectral irradiance 

value (ESUN) given in Table 4.6 for Landsat 5TM and 7 ETM+ and 

Table 4.7 for Landsat 8 OLI. 

The equation 4.1.14. was used to compute surface albedo. 

      eq. 4.1.14 

Where 

αtoa   Albedo at the top of the atmosphere  

αpath_radiance  the values range between 0.025 and 0.04, however, as 

recommended by Bastiaanssen (2002) and Allan et al., 

(2000) a value of 0.03 was used for this analysis. 

τsω  Shortwave transmissivity of air. Using the information of 

the image pass day and weather station, the atmospheric 

transmissivity was computed using NASA online 

atmospheric correction calculator 

(https://atmcorr.gsfc.nasa.gov/ ) (Appendix 10).  

 

https://atmcorr.gsfc.nasa.gov/
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Figure 4.4 highlights the input requirement of the calculator. The output of 

this calculator includes band average atmospheric transmission and effective 

bandpass upwelling irradiance and downwelling radiance in W/m2.sr.µm. The 

atmospheric transmission computed was in line with the values measured by 

Austin et al. (2013). 

Two models (Model 006 and Model 007) used to compute surface albedo of 

Landsat 5 TM and Landsat 8 OLI products, respectively (Appendix 11 and 

12). The model input parameters are reflectance of VIS, NIR and SWIR 

bands, respective ESUN values and alpha path radiance. 

 

 

 

Figure 4.4. NASA online atmospheric correction calculator. Red highlighted are 

the minimum required parameters. 
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 Incoming Shortwave Radiation (Rs↓) 

Generally, about 70% of the available solar radiation at the top of the 

atmosphere reaches the ground (Ritter, 2003, Gupta et al., 1999; Kiehl and 

Trenberth, 1997). The gases absorb only about 20% of what is available at the 

outer edge of the atmosphere. The remaining about 50% of solar radiation 

reaches the Earth surface as Rs↓. Rs↓ flux (W/m2) includes both the direct and 

diffuse solar radiation that reaches the Earth surface and is computed using the 

following relationship (eq. 4.1.15). The assumption was a clear sky at the image 

pass time. 

      eq. 4.1.15 

Where 

 Rs↓ Incoming shortwave radiation (W/m2) 

 Gsc Solar Constant  

 cos(θ) Cosine of the solar incidence angle   

 dr Inversed squared relative earth-sun distance 

 τsω Atmospheric transmissivity 

The solar constant value (1365.4 ± 1.3 W/m2), established in the 1990s, was 

predominantly used for surface energy balance calculations.  However, Kopp 

and Lean (2010) indicated the accurate solar constant value of 1360.8 ± 0.5 

for the solar minimum period in 2008 measured by NASA using the Total 

Irradiance Monitor (TIM). Both the values tested, and there was only 1-2 

W/m2 difference in total incoming radiation; therefore, for summer, the solar 

constant value of 1365 W/m2 was used. Rs↓ was calculated in an Excel sheet 

using the values of Gsc, cos(θ), dr from the header file and atmospheric 

transmissivity (τsω) calculated in the previous step. 
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 Outgoing Longwave Radiation (RL↑) 

Earth emits energy constantly in terms of longwave terrestrial radiation (RL↑), 

like the Sun that emits shortwave radiation (Kiehl and Trenberth, 1997; 

Trenberth et al., 2009). After emission, most of longwave radiation absorbed 

by H2O, CO2, and other greenhouse gases in the troposphere. In turn, 

greenhouse gases and water vapours emit longwave at different temperatures. 

The amount of energy emitted is primarily dependent on the temperature of 

the surface. The hotter the surface, the more radiant energy it will emit. The 

absorbed radiation emitted in all directions with the downward directed 

portion being longwave atmospheric counter-radiation (RL↓). On an annual 

average basis, the energy of the longwave radiation that escapes from the top 

of the atmosphere equals the energy of the shortwave radiation received from 

Sun; any significant deviation from the balance may result in global climate 

change (Kiehl and Trenberth, 1997). 

The difference between incoming and outgoing longwave radiation is net 

longwave radiation (RL↓net) expressed in equation 4.1.3. Knowing that heat is 

transferred from warmer to cooler bodies, this means the surface usually is 

hotter than the air above. The outgoing thermal radiation reflux emitted from the 

surface of the Earth depends upon the emissivity properties of the earth surface. The 

vegetation indices were computed, which are required to calculate surface 

emissivity and temperature (Allen et al., 2002a & 2011; Bastiaanssen et al., 2005). 

 Vegetation Indices 

Vegetation index (Normalized Difference Vegetation Index - NDVI or Leaf 

Area Index-LAI) was used to compute the surface emissivity. To compute 

LAI index, Soil Adjusted Vegetation Index (SAVI) is required to account for 

the soil cover. Equations 4.1.16 to 4.1.18 were used to computed these indices 

as follows: 
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• Normalized Vegetation Index (NDVI) is a numerical indicator that 

uses the visible and near-infrared bands to assess the greenness or 

health of vegetation (equation 4.1.16). 

       eq. 4.1.16 

 Where 

 ρλNIR Reflectance of the near-infrared band   

 ρλRed Reflectance of the red band 

The value of NDVI ranges between -1 and +1. Generally, green 

surfaces have NDVI values between 0 and 1, whereas clouds and water 

are usually less than zero. Model 008 was used to compute this index 

with the input of the reflectance images of Red and NIR bands 

(Appendix 13). 

• Soil Adjusted Vegetation Index (SAVI) is like NDVI, but it normalizes 

the variations in the soils and does not influence measurements of the 

vegetation canopy (Huete, 1988). It uses a constant value (L) such that 

if L = 0, it becomes NDVI. Generally, in the literature value of 0.5 is 

used for L; however, based on the different values tested for the project 

site, 0.3 or 0.2 are suitable depending upon the weather and season. 

SAVI was computed following equation 4.1.17.  

      eq. 4.1.17 

Where 

 ΡλNIR Reflectance of the near-infrared band   

 ρλRed Reflectance of the red band 

 L Constant for SAVI  

 

Model 009 (Appendix 14) was used to compute SAVI with the 

reflectance images of red and near infra-red bands, and the value range 
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of 0.2 to 0.5 for L was used. The image with an L value where SAVI 

values were high, and the standard deviation started to decline was 

used. The best L value for the October image was 0.2.  

• Leaf Area Index (LAI) characterizes the plant canopies, which is 

defined as the one-sided green leaf area per unit ground surface area 

and indicates the plant biomass and canopy resistance (equation 

4.1.18).    

        eq. 4.1.18

  

The vegetation indices have differential relationship depending upon 

the climatic variables and vegetation cover (Carlson and Ripley, 1997). 

Bastiaanssen et al. (2005) reported that the maximum value of LAI is 

6.0, which corresponds to maximum SAVI of 0.687. Beyond this value, 

the SAVI value saturates with increasing LAI and does not change 

significantly; however, it varies depending upon the location, landuse 

and season (Baret and Guyot, 1991). Model 010 was used to compute 

LAI (Appendix 15) with an input of SAVI raster file.  

 

 Emissivity 

Emissivity is a ratio of the energy radiated from a material's surface to that 

emitted from a blackbody (a perfect emitter) at the same temperature and 

wavelength and under the same viewing conditions. It is a dimensionless 

number between 0 (for an ideal reflector) and 1 (for a perfect emitter). All 

objects at temperatures above absolute zero emit thermal radiation. However, 

for any particular wavelength and temperature, the amount of thermal 

radiation emitted depends on the emissivity of the object's surface (Nemani et 
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al., 1993). The emissivity of a surface depends not only on the material but 

also on the nature of the surface.  

Knowledge of surface emissivity is essential both for accurate non-contact 

temperature measurement and for heat transfer calculations. Unfortunately, 

because the emissivity of a material surface depends on many chemical and 

physical properties, it is often difficult to estimate. Since emissivity is 

essential for modelling the Earth's surface energy balance, it can be computed 

using either NDVI or LAI. The research shows a strong correlation between 

emissivity and vegetation indices especially NDVI (French et al., 2005; 

French and Inamdar, 2010; Bastiaanssen et al., 2005; Allen et al., 1998b; Van 

de Griend and Owe, 1993). Allen et al. (2002a) and Bastiaanssen et al. (2005) 

suggested the relationship between LAI and emissivity for both narrowband 

(ƐNB) and broadband (Ɛ0). The surface behaviour for thermal emission in a 

relatively narrow band (10.4 to 12.5 µm) is represented by ƐNB whereas in the 

broad thermal spectrum (6 to 14 µm) is represented by Ɛ0 (equation 4.1.19 and 

4.1.20). 

    eq. 4.1.19

  

    eq. 4.1.20 

  ƐNB and Ɛ0 = 0.98 if the LAI ≥ 3 

 

Similarly, for NDVI the following conditions were proposed for water and 

snow by (Bastiaanssen et al., 2005): 

For water NDVI < 0 and α < 0.47 Ɛ
NB

 = 0.99 and Ɛ
0
 = 0.985  

For snow NDVI < 0 and α ≥ 0.47 Ɛ
NB

 = 0.99 and Ɛ
0
 = 0.985   

Based on simultaneous field measurements of surface emissivity (Ɛ0) and 

radiometer measurements for NDVI, a simple empirical correlation (equation 

4.1.21) is suggested by Van de Griend and Owe (1993 and 1994).  
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     eq. 4.1.21

  

Both the approaches were tested, and the results were comparable, having a 

difference of 0.001 (higher for NDVI approach); therefore, this relationship 

was used. Model 011 was used to compute surface emissivity (Appendix 16), 

with NDVI raster layer as an input parameter.  

 Land Surface Temperature (LST)  

LST is an important variable to estimate the actual and potential ET, 

understand ecological processes and compute various indices like stress 

degree-days and crop water stress and crop water requirement as well as air 

temperature modelling (Ulivieri et al., 1994; Teixeira et al., 2009; Kite and 

Droogers, 2000; Kalma et al., 2008; Anderson et al., 2012; Cristóbal et al., 

2009; Jiménez-Muñoz et al., 2008 & 2014; Bastiaanssen et al., 2012 & 1998a; 

Diak et al., 2004; Dash et al., 2002; Sobrino et al., 2004; Li et al., 2004; 

Kustas et al., 2003; Quattrochi and Luvall, 2004 & 2009). Over the time there 

have been significant improvements in the accuracy of remotely sensed LST 

estimation algorithms (Qin et al., 2001; Cristóbal et al., 2009; Coll et al., 

2010). Several algorithms are available to retrieve the LST like Split-

Window, Dual-Angle and Single-Channel (Qin et al., 2001, Jiménez-Muñoz 

and Sobrino, 2003).  

The flow diagrams for land surface temperature estimation using Landsat 

5TM and Landsat 8 OLI are shown in Figure 4.5 and Figure 4.6, respectively. 

First, the brightness temperature at the satellite (Tb) was computed using 

equation 4.1.22 (Bastiaanssen et al. 2005; Rajeshwari and Mani, 2014). The 

second step was to compute land surface temperature: for Landsat 5TM using 

equation 4.1.23 (Jiménez-Muñoz and Sobrino 2003; Qin et al., 2001)  and 

Landsat 8 OLI using equation 4.1.24 (de Jesus and Santana, 2017; USGS, 

2019c; Meng et al., 2019; Rozenstein et al., 2014; Kamila et al. 2018).  
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      eq. 4.1.22 

Where 

 Tb At-satellite brightness temperature (°K) 

 Lλ Spectral radiance (Watts/ (m2 * srad * μm)) 

 K1 Band-specific thermal conversion constant  

 K2 Band-specific thermal conversion constant  

 

      eq. 4.1.23 

Where 

 Ts Land Surface Temperature (°K) 

 Tb At-satellite brightness temperature (°K) 

 ε0 Surface emissivity 

 

      eq. 4.1.24 

Where 

 Tb At-Satellite Brightness Temperature 

 Qcal     Quantized and calibrated standard product pixel values (DN) of 

Thermal band B10 or B11 

 p = h * c/s  

   where 

   h Plank's constant (6.626 * 10-34 Js) 

   c velocity of light (2.998 * 108 m/s) 

   s Boltzmann constant (1.38 * 10-23 J/K) 

   Therefore, p = 14380 
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Figure 4.5. The workflow of land surface temperature retrieval using Landsat 5 

TM and 7 ETM+. 
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Figure 4.6. The workflow of land surface temperature retrieval using Landsat 8 

OLI data. 
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The band-specific thermal conversion constants (K1 and K2) are required to 

compute the brightness temperature. The rescaling factors for Landsat 5 TM 

and Landsat 7 ETM+ are given in table 4.8 (Coll et al., 2009). In contrast, the 

rescaling factors for Band 10 and band 11 of Landsat 8 OLI are included in 

the metadata file of the image of as K1_CONSTANT_BAND_x, and 

K2_CONSTANT_BAND_x, where x is the respective band number for band 

10 or 11 (highlighted in Appendix 3b). 

 

Table 4-8. Thermal band calibration Constants (K1 and K2). 

The spectral radiance of thermal band 6 for Landsat 5TM and band 10 for 

Landsat 8 OLI, computed earlier, was used. Model 012 used for Landsat 5 

TM (Appendix 17) and Model 013 for Landsat 8 OLI (Appendix 18). The 

model inputs were the radiance image of thermal bands, calibration constants 

(K1 and K2) and surface emissivity raster image. The Model 012 first 

computes the brightness temperature of Landsat 5 TM and then using surface 

emissivity, computes the surface temperature in °C and °K. For Landsat 8, the 

model inputs are the radiance of thermal bands (B10), surface emissivity 

raster image, quantized and calibrated DN of the thermal band, Boltzmann 

constant, plank’s constant and velocity of light. To compute LST in °C and 

°K, first, the brightness temperature was calculated.  

Once all the components required for the computation of outgoing longwave 

radiations are available, equation 4.1.25 was used to compute the low energy 

Satellite K1 (W/m2
*Sr *m

2) K2 (T °K) 

Landsat 5 TMA 607.76 1260.56 

Landsat 7 ETM+ B 666.09 1282.71 

A Chander and Markham, 2003: https://landsat.usgs.gov/sites/default/files/documents/L5_TM_Cal_2003.pdf  
B NASA Landsat 7 Science Data Users Handbook:  

https://landsat.gsfc.nasa.gov/wp-content/uploads/2016/08/Landsat7_Handbook.pdf 

https://landsat.usgs.gov/sites/default/files/documents/L5_TM_Cal_2003.pdf
https://landsat.gsfc.nasa.gov/wp-content/uploads/2016/08/Landsat7_Handbook.pdf
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electromagnetic radiation emitted from Earth and its atmosphere out to space 

in the form of thermal radiation (W/m2). 

       eq. 4.1.25 

Where: 

   εo  Surface emissivity 

 σ  Stefan–Boltzmann constant (5.6704 × 10-8 W.m2 K4) 

 LST4  Land Surface Temperature (°K) 

Model 014 (Appendix 19) was used to compute the outgoing longwave 

radiation with the input of the images (emissivity and land surface 

temperature) and the value of Stefan-Boltzmann constant. Values for RL↑ can 

vary depending upon the location and time of the image. 

 Incoming Longwave Radiation (RL↓) 

The clear-sky surface downward longwave radiation depends on the vertical 

profiles of atmospheric temperature, moisture, and presence of other gases 

(Ellingson, 1995; Lee and Ellingson, 2002; Miller, 1981; Ellingson et al., 

1989). Generally, this flux is contributed by shallow layers of the atmosphere 

close to the Earth surface, e.g., lower 10% of the atmosphere accounts for 32-

36%. In contrast, above 500 meters from the surface, the contribution is only 

about 16–20% of the total RL↓ (Schmetz, 1989). The longwave radiation 

entering an ecosystem is usually augmented downward by emission from the 

upper leaves. Previous studies have indicated that the atmospheric 

temperature and moisture profiles are the essential parameters for estimation 

of the clear-sky surface downward longwave radiation. Under cloudy 

conditions, the cloud base height, cover, temperature, and emissivity are 

important parameters to impact the RL↓, it is, therefore, suggested to avoid 

using an image with cloud cover. There are several approaches suggested to 

compute RL↓ including profile-based (physical), hybrid, and meteorological 
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parameter-based methods (Niemela ̈ et al., 2001; Diak et al., 2000; Ellingson, 

1995; Schmetz, 1989). However, an empirical relationship between the 

atmospheric emissivity, Stefen Boltzmann Constant, and the near-surface air 

temperature (Allen et al., 2011) was used to compute RL↓ (eq. 4.1.26). 

      eq. 4.1.26 

Where 

  εa Atmospheric emissivity(dimensionless), 

   σ  Stefan-Boltzmann constant   

  Ta  Near-surface air temperature (°K). 

The atmospheric emissivity computed by an empirical relationship suggested 

by Bastiaanssen (1995) as in equation 4.1.27: 

      eq. 4.1.27 

Where  

 τsω Atmospheric transmissivity  

  (the  value of atmospheric transmissivity from the output of NASA online 

atmospheric correction calculator output (https://atmcorr.gsfc.nasa.gov/) was 

used). 

As an example, the parameters of the Landsat image of 03-10-2011 were used 

to compute the τsω, upwelling and downwelling radiance using online 

atmospheric correction calculator following Barsi et al. (2003) (Figure 4.7a 

and 4.7b). 

To calculate RL↓ (equation 4.1.26), the air temperature (Ta) is also required. 

To derive Ta, two clusters of “anchor” pixels representing “cold” and “hot” 

spots in the image were identified (Figure 4.8). Bastiaanssen et al. (2005) and 

Allan et al. (2002) suggested the size of these spots should be more than a 

pixel of the thermal band. For SEBARA the “cold” cluster of pixels represents 

a spot with a good vegetation cover with a relatively less “water-stressed” 

situation under rainfed conditions. For this cluster, the near-surface 

https://atmcorr.gsfc.nasa.gov/
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temperature and air temperature assumed to be similar. The “hot” cluster, on 

the other extreme, represented a dry spot with no or sparse vegetation and low 

soil moisture and assumed to have negligible or no evapotranspiration. 

 

Figure 4.7. Atmospheric transmissivity using NASA online atmospheric 

calculator (a. input parameters and b. output of the model) 
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Figure 4.8. Selection of “Hot” and “Cold” pixels. 

 

For identification of “anchor” pixels, the following images were considered: 

i. A true colour image showing landuse of the study area so that the area 

of maximum vegetation cover and bare ground can be identified. 

ii. Classified surface temperature image showing the minimum and 

maximum temperature values. 

iii. LAI image with maximum and minimum LAI. 

iv. The surface albedo: full vegetation cover represents lower values, while 

higher values represent “hot pixels”. 

Once the average temperature of ‘cold’ pixels was retrieved, equation 4.1.26 

was used to compute RL↓ in an Excel sheet. 
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 Closure of Net Radiative Flux (Rn) 

Net radiation is the difference between the total incoming and out outgoing 

radiations (eq. 4.1.1). To compute the net radiation (Model 015 - Appendix 

20) the input parameters used were the raster layers of RL↑, surface albedo 

and emissivity and the total Rs↓ and RL↓ on the satellite pass day and time.  

 

 Surface Energy Balance (SEB) 

The Surface Energy Balance of the Earth can be defined as the partitioning of 

energy fluxes towards and away from the surface or the sum of all fluxes of 

energy passing each second through a horizontal surface of unit area (Van den 

Broeke et al., 2011; Mareschal and Jaupart, 2011). The local SEB determines 

the surface temperature of the Earth (Ts) and the associated exchange of 

energy between the surface and the atmosphere on the one hand, and between 

the surface and the subsurface layers (whether it be soil, rock, water, snow, or 

ice) on the other. The fluxes are positive when they are directed toward the 

surface, i.e., when they represent an energy gain for the surface, or negative 

when the direction is reversed. In this section, the available net radiation (Rn) 

will be partitioned for three surface processes: soil heat flux, sensible heat 

flux and latent heat flux (eq. 4.2.1).  

      eq. 4.2.1 

Where: 

 G  Soil Heat Flux (W/m2) 

 H  Sensible Heat Flux (W/m2) 

 λET Latent Heat Flux (W/m2) 

At a sufficiently small distance above the Earth’s surface, sensible heat flux 

and latent heat flux occur between the surface and air predominantly by 

molecular conduction. The sensible heat flux (H) is the rate of heat loss to the 

air by convection and conduction due to a temperature difference. In contrast, 
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the latent heat flux (λET) is the heat loss from the surface due to 

evapotranspiration without changes in temperature (Bastiaanssen et al., 

2005). Higher above the surface, due to atmospheric turbulence, there is 

vertical mixing of heat and moisture. The turbulence is a more effective 

transporting mechanism than molecular diffusion (Stull, 2012), and therefore, 

H and λET are dominated by the turbulent exchange. Below the surface, the 

vertical heat flux is the Soil Heat Flux (G) due to molecular conduction of 

heat in the soil profile. 

The available net radiation (Rn) computed is an outcome of the Surface 

Radiation Balance (eq. 4.1.1). By rearranging equation 4.1.1, λET is 

computed as a residual of net surface energy (eq. 4.2.2). 

      eq.4.2.2

  

The workflow for the computation of variables of the Surface Energy Budget 

is presented in Figure 4.9. 

In the past few decades, improvements in measurement techniques and data 

handling capabilities led to the development of better instruments for accurate 

measurements of environmental variables (Fritschen and Gay, 1979; Diak et 

al., 2004), particularly through global atmospheric and space research 

programmes. In this section, the methodology used to estimate the consumers 

of the available energy in terms of Soil Heat Flux (G), Sensible Heat Flux to the air 

(H) and Latent Heat Flux (λET) are discussed, and computational details are given.  

 

 Soil Heat Flux (G)  

Soil Heat Flux (G) is the portion of the solar energy available at the surface 

that is absorbed or released by the soil in a given time. The factors like soil 

microclimatology, hydrology, ET, surface energy system closure, thermal 

capacity, microbiology, chemistry, etc. determine the value of G  (Yang et al., 
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2013; Rouse, 1984; Harte et al., 1995; Rosenberg et al., 1983; Harper et al., 

1976; Payero et al., 2005; Oladosu et al., 2007; Cobos and Baker 2003). 

Vegetation growth is exposed, and thus the vegetation performance is highly 

dependent upon this flux.  

 

 

 

Figure 4.9. Workflow for Surface Energy Balance. 

 

In the field, G is measured by soil heat sensors like net radiometers, 

pyranometers, and pyrometers as well as heat flux sensors and ultra-high 

accuracy soil temperature profile sensors. These instruments measure the rate 

of energy transfer through a surface, and the recorded data is the function of 

time at a location. Because soil is complex heterogeneous medium, point data 

cannot represent G over an extensive area. Methods have been developed to 

use remote sensing data for estimating soil heat flux for a range of canopy 
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conditions applicable to local and regional surface energy balance estimations 

to overcome the limitations associated with the extrapolation of field 

measurements, (Kustas and Daughtry, 1990; Daughtry et al., 1990; Su, 2002; 

Heusinkveld, 2004; Allen et al., 2007; Bastiaanssen, 2000). The relationship 

between Rn and G was derived using field measurements under variable land 

cover conditions including bare ground, of reflectance factor with a multi-

band radiometer (Kustas and Daughtry, 1990; Gausman et al., 1975). Midday 

values of G/Rn ratio were linearly related to the NIR/R ratio and NDVI. 

Relative to measurement errors, the estimates of G/Rn for cotton were found 

to be practically insensitive to changes in the value of the vegetative indices 

caused by spectral data collected at the significantly different solar zenith and 

azimuth angles (Kustas and Daughtry, 1990; Choudhury et al., 1987; Clothier 

et al., 1986; Huete, 1987 & 1988; Huete et al., 1985; Fuchs and Tanner, 1967 

& 1968).  Although most literature describes this ratio as a function only of 

the leaf area index (Kustas et al., 1993 &1990, Clothier et al., 1986; and 

Choudhury, 1987), the role of surface temperature and albedo in the physical 

description of heat diffusion is recognized, and an empirical equation (eq. 

4.2.3) was integrated by Bastiaanssen (2000) which was used to estimate G 

in SEBARA. 

Since different landcovers have a range of input parameters, especially in a 

rainfed situation, the output ratio can be quite variable. 

 

 eq. 4.2.3 

Where: 

 G Soil Heat Flux (W/m2) 

 Rn Net Solar Radiation (W/m2) 

Ts Surface temperature in ˚C 

 α  Surface albedo  

 NDVI Normalized Difference Vegetation Index  
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Soil heat flux computed by multiplying the G/Rn ratio by the Rn derived from 

the satellite image (eq. 4.2.4). 

      eq. 4.2.4 

Where 

G Soil Heat Flux (W/m2) 

 Rn  Net solar radiation (W/m2) 

Appendix 21 (Model 016) shows the computation of the G/N ratio and G. The 

input parameters are raster files of NDVI, surface albedo, and surface 

temperature. The typical G/Rn ratios for various land covers are calculated 

(Table 4.9); however, these values may vary depending upon the local 

conditions (Allen et al., 2002a).  Further, for areas having snow, low surface 

temperatures during winter or water bodies, the conditions need to be set for 

NDVI and Ts (Allen et al., 2002a).  

 

Table 4-9. Estimates of G/Rn ratio. 

Surface Type G/Rn 

Deep clear water 0.5 

Snow 0.5 

Desert 0.2 – 0.4 

Agriculture 0.05 – 0.15 

Bare soil 0.2 – 0.4 

Full cover alfalfa 0.04 

Rock 0.2 – 0.6 

Source: Bastiaanssen et al., 2005. 
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 Sensible Heat Flux (H) 

Sensible Heat Flux (H) describes the heat exchange between the surface and 

the air above it, resulting in a change in the system’s/body’s temperature and 

some macroscopic variables; however, other variables remain unchanged, 

e.g., volume or pressure (Partington, 1949; Adkins, 1975; Landsberg, 1978). 

The measurement and prediction of turbulent heat fluxes near the Earth’s 

surface are subject to intrinsic errors. Realizing the issue, after the first 

International Satellite Land Surface Climatology Project, based on field 

experiments it was concluded that the daily uncertainty in the flux values was 

at least 10 to 20% or up to 20-30 W/m2 (Brutsaert, 1982, 1993,1998 & 2013; 

Brutsaert and Sugita, 1996; Jimenez et al., 2011; Sellers et al., 1992; Hall and 

Sellers 1995).  This high variability attributed to the inherent dynamics of the 

turbulent transport mechanisms and the heterogeneity of natural land surface 

conditions (Figure 4.10). 

 

 

 

Figure 4.10. The response of turbulent fluxes under variable conditions. 

 

Typically,  H in the surface layer can be directly measured using sonic 

anemometers which measures rapid (turbulent) fluctuations in temperature 

and vertical velocity (Schotanus et al., 1983; Mahrt and Vickers, 2002; 

Mahart and Khelif, 2010; Mahrt et al., 2012; Van den and Bange, 2007). 

However, these instruments are relatively vulnerable and expensive and 



60 

 

therefore, H is often calculated based on measured profiles of wind and 

temperature, in combination with surface-layer similarity theory (Stull, 2012; 

Högström, 1988; Paulson, 1970; Castellví and Snyder, 2009).  

The air stability conditions stable, unstable, or neutral (Figure 4.11), impact 

the aerodynamic resistance to heat transport (Allen et al., 2002; Liu et al., 

2007; van de Griend and Owe 1994; McNaughton, 1998). The surrounding 

air temperature determines the response and direction of this force. The air 

temperature drop per 100 m elevational gain under neutral stability conditions 

is 0.65°C (Beljaars and Holtslag, 1991; Bastiaanssen, 2000). Generally, stable 

conditions occur at night; however, such response can occur in the afternoon 

in irrigated areas surrounded by desert. 

Sensible heat flux (H) is negative when directed away from the ground surface 

because the surface is warm compared to the air and often referred to as 

convection.  This negative flux cools the Earth’s surface as well as the 

associated atmospheric boundary layer, resulting in a surface-based 

temperature inversion, in which the temperature increases with height. The 

cold near-surface air is denser than the air in the free atmosphere at the same 

elevation, which sets up a horizontal pressure gradient over a sloping surface, 

forcing katabatic or downslope winds (Renfrew, 2004; Barry, 1992; Garratt, 

1992). The Sensible Heat Flux computed using following equation 4.2.5: 

      eq. 4.2.5 

Where: 

H Sensible Heat Flux (W/m2) 

ρ Air density (Kg/m3) 

Cp Air specific heat (it varies with temperature). Allen et al. (2005) 

suggested 1004J/Kg/K for a temperature range of 20-40 °C. 

dT Temperature difference (T1-T2) between two heights (Z1 and 

Z2) for anchor pixels (‘hot’ and ‘cold’) 

rah Aerodynamic resistance to heat transport (s/m) 



61 

 

To compute Sensible Heat Flux (H), a gradient of temperature, surface 

roughness, and wind speed needs to be considered. It is difficult to calculate 

because of two unknown variables (rah and dT) in equation 4.2.5. To overcome 

the issue, two anchor points (clusters of pixels selected in the image) and the 

wind speed at a given height were used. Figure 4.9 shows the iterative process 

of computing Sensible Heat Flux. 

 

 

 

Figure 4.11. Atmospheric stability conditions  

(adopted from Allen et al., 2002a). 
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 Aerodynamic resistance to heat transport (rah) 

First, the rah computed for the neutral stability conditions using equation 4.2.6.  

      eq. 4.2.6 

Where 

rah Aerodynamic resistance to heat transport 

Z1 Height just above the zero-plane displacement for the surface of 

the crop canopy (d ~ 0.67 * vegetation height) 

Z2    Some distance above the Z1 but less than the surface boundary 

layer. Generally, 0.1m used for Z1 and 2.0m for Z2 

μ*
pix Friction velocity (m/s) of each pixel which quantifies the 

turbulent velocity fluctuations in the air. To compute the 

friction velocity of each pixel, first, the μ* at the weather station 

and blending height was computed.  

k von Karman’s constant  

Initially, the logarithmic wind law for neutral atmospheric conditions was 

used to compute μ*pix in the above equation (eq. 4.2.6). It is shown that the 

von Karman’s universal constant (0.41) is applicable only in a particular 

asymptotic sense and in typical atmospheric conditions, its value is probably 

about 10% larger than the asymptotic one (Tennekes, 1973; Tseng et al., 

1992; Monin and Obukhov, 1954). Pending the development of a second-

order theory, the value of 0.35 ± 0.02 is recommended for 

micrometeorological applications over smooth terrain, however, for 

SEBARA, following the SEBAL approach (Allen et al., 2002), a value of 0.41 

was used for von Karman’s constant. 

• First, the friction velocity at the weather station was computed using 

equation 4.2.7. 
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       eq. 4.2.7 

Where 

μ*ws  Friction velocity (m/s) at the weather station 

k  von Karman’s constant = 0.41  

μx  Wind speed (m/s) at a height Zx  

Zom A measure of the drag and skin friction for the air layer 

that interacts with the surface. Used an empirical 

relationship between the vegetation height at the weather 

station (Zom_ws = 0.12 * h, where h is the vegetation 

height at the weather station). 

Zx Height of weather station’s wind instrument 

(anemometer)  

It is computed in an excel spreadsheet using the values of the variables 

of above equation assuming neutral conditions. 

• The second step is to compute the friction velocity at blending height, 

a height where it is assumed that there is no impact of surface roughness 

using equation 4.2.8. 

       eq. 4.2.8 

Where 

μ*
200 Friction velocity (m/s) at blending height (200m)  

μ*
ws Friction velocity (m/s) at weather station  

Zom Momentum roughness length = (0.12 * h) 

k  von Karman’s constant = 0.41  

200 Blending height 

It is computed in an excel spreadsheet using the values of the variables 

of the above equation assuming neutral conditions. 
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• Finally, computed the friction velocity for each pixel using equation 

4.2.9: 

       eq. 4.2.9 

Where 

μ*
pix Friction velocity (m/s) at each pixel 

 k  von Karman’s constant = 0.41  

μ*
200 Friction velocity (m/s) at blending height (200m) 

Zompix Momentum roughness length for each pixel 

The momentum roughness length of each pixel needs to be computed 

by either of the following methods: 

• Leaf Area Index: when LAI image is available, equation 4.2.10 can be 

used to compute Zompix (Bastiaanssen, 2000 and Allen et al., 2002a): 

                                                                          eq. 4.2.10

  

where LAI is the Leaf Area Index, computed earlier in section 4.1.3.7. 

For non-vegetative surfaces, used the Zom values given in table 4.10, and 

for vegetative surfaces, the values computed using LAI. 

When the target area has a complex mix of landcover, the momentum 

roughness length computed using NDVI and surface albedo layers 

(Equation 4.2.11) following Bastiaanssen (2000) can be used.  

       eq. 4.2.11 

Where  

a & b are correlation constants derived from a plot of ln(Zom) vs 

NDVI/α ratio for a cluster of pixels representing specific vegetation. 

(Note: since it is an empirical relationship, attention must be given to the local 

conditions.)  
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The role of α is the above equation is to account for the vegetation height 

by modifying NDVI (Bastiaanssen et al., 2005), e.g. trees have lower 

albedo as compared to crops or grassland. 

 

Table 4-10. Zom values for non- agricultural landcover. 

 

 

 

 

 

Considering the heterogeneous landcover in the study catchments (Figure 

4.12), for the current analysis, correlation constants were used (eq. 4.2.11).  

First, using the raster layers of the NDVI and surface albedo, a ratio was 

computed (Appendix 22). Later, the average ratio values for the pixels 

representing forest, grass/pasture, water, and infrastructure were obtained 

from the image. For each landcover, a characteristic vegetation height (h) is 

assigned, and the value of Zom is computed (Zom = 0.12 * h). The multiplier 

in the equation varied depending upon the type of vegetation, e.g. 0.12 for 

crops, 0.2 for open forest and < 0.2 for the thick forest as suggested by Allen 

et al. (2002a). In addition to these values, 0.05 was used for pasture. Later the 

natural log of the Zom values of different vegetation types was plotted against 

the NDVI/α ratio values. The ‘a’ and ‘b’ values from the correlation equation 

of this graph were used for the calculation of Zompix (eq. 4.2.11) using Model 

017b (Appendix 22). 

 

Landcover/Landuse Zom value 

Water 0.0005 

Cities 0.2 

Forest 0.5 

Grassland 0.02 

Desert with vegetation 0.1 

Snow 0.005 
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Figure 4.12. Landcover variability in study site at Mirranatwa. 

 

The friction velocity raster file along with von Karman’s constant and friction 

velocity at blending height (μ*200) was used as an input for Model 017c 

(Appendix 22) to compute aerodynamic resistance to heat transport for each 

pixel (eq. 4.2.9).  

 dT (near-surface temperature difference between two heights) 

The second essential component required for the sensible heat flux equation 

(eq. 4.2.5) is dT, which is the near-surface temperature difference for each 

pixel. The temperature difference (T1-T2) between two heights (Z1 and Z2) for 

each pixel is challenging to know. Therefore, the assumption of linearity 

between dT and surface temperature (Ts) of two heights as proposed by 

Bastiaanssen (1995) and also used by Allen et, al. (2002a) was followed (eq. 

4.1.12). 
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      eq. 4.2.12 

Where 

dT Near-surface temperature difference between two heights 

Z1 and Z2 

a & b   Correlation constants 

Ts  Land surface temperature 

The linearity between dT and Ts is a big assumption of the SEBAL model. 

However, it is followed for SEBARA since it is based on extensive research 

which found it’s applicability in varied conditions (Bastiaanssen, 1998a & b; 

Allen, 2002a & b, 2002, 2011 and 2013; Mohamed et al., 2004; Farah and 

Bastiaanssen, 2001).  

To define the coefficients of equation 4.2.12, two anchor pixels, namely 

‘Cold’ and ‘Hot’, are required. The selection process of these pixels is already 

explained in the section 4.1.3.9. The corresponding location of ‘Hot’ or ‘Cold’ 

sites marked in the image and used for dT calculations. The average values of 

surface radiation and energy balance variables for ‘Cold’ and ‘Hot’ pixels, 

already computed, were retrieved. The relative humidity for the image pass 

date and time extracted from the weather station data.  

The calculations of dTcold and dThot were done in a spreadsheet (eq. 4.2.13 and 

eq. 4.2.14) using average values of clusters of ‘Hot’ and ‘Cold’ pixels for the 

required parameters. 

     eq.4.2.13

  

      eq.4.2.14 

Where 

Hcold/hot Sensible Heat Flux for the respective‘cold’ and ‘hot’ 

pixels 

rah_cold/hot Aerodynamic resistance to heat transport of the 

respective ‘hot’ and ‘cold’ pixels. 
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ρcold/hot  Air density  

Cp_cold/hot Air specific heat 

 

The aerodynamic resistance to heat transport computed earlier for the study 

area (eq. 4.2.6), and the averages for ‘hot’ and ‘cold’ clusters of pixels (Figure 

4.8) were used. Using the average surface temperature of the respective ‘hot’ 

and ‘cold’ pixels and the respective air density and specific heat values 

retrieved from the tables (Appendix 23 and 24).  

In the equations, 4.2.13 and 4.2.14, the unsolved variables left are Hcold and 

Hhot, which was computed by re-arranging the surface energy balance 

equation (eq. 4.2.13 and 4.2.14). Bastiaanssen (1995) and Allen et al. (2011) 

proposed equations 4.2.15 and 4.2.16 for the calculation of λET for ‘cold’ and 

‘hot’ pixel assuming λEThot is equal to zero. However, if there is some λET 

due to absence of a dry patch without vegetation cover or rain prior to the 

satellite pass date and time, equation 4.2.17 can be used to compute Hhot: 

      eq. 4.2.15

  

      eq. 4.2.16

  

      eq. 4.2.17 

 

Where: 

Rn_cold/hot Average net radiation of respective ‘cold’ and ‘hot’ 

pixels 

G_cold/hot Average soil heat flux for respective ‘cold’ and ‘hot’ 

pixels 

λET_cold/hot Latent Heat flux of ‘cold’ and ‘hot’ pixels.   

The only one variable (λET), for both the clusters of pixels, is required to 

compute the above equations. The latent heat of condensation of water (λ) for 

‘cold’ and ‘hot’ pixel calculated using respective temperatures for the 
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empirical cubic function as described in eq. 4.2.18 (Yau, 1996; Gallant, 

2012): 

  

       eq. 4.2.18 

Where: 

Lwater (λ) Latent heat of vaporization of water (kJ/Kg) as a function of 

temperature between - 40 and +40 °C 

T Temperature in °C 

The values of temperature (°C and °K), ETr, Rn, G, rah, air density and air 

specific heat were retrieved for the respective clusters of ‘cold’ and ‘hot’ 

pixels. First, the λcold and λhot using temperatures (oC) for equation 4.2.18 were 

computed. Depending upon the availability, hourly or 30 min weather data, 

using RefET model ETr and ETo were calculated. The reference ET values 

were used to compute ETrf (section 4.2.4.2). RefET software developed by 

the University of Idaho (https://www.uidaho.edu/cals/kimberly-research-and-

extension-center/research/water-resources/ref-et-software) (Allen, 2011) was used to 

compute reference ET of alfalfa and grass. The RefET program provides 

standardized calculations of reference evapotranspiration (ETr or ETo) by 

fifteen of the more commonly used methods.  To run the model, weather 

station information, as well as data of maximum available meteorological 

parameters (Appendix 25), are required. 

An ASCII (.csv) data file was created for the corrected weather data collected 

at the study sites for one year, including the satellite pass day. Consideration 

was given to add the data for at least 15 days before the image pass day. The 

file contained data for time (year, day, hh:min), air temperature (°C), relative 

humidity (%), wind speed (km/hr), precipitation (mm) and solar radiation 

(W/m2). Preference was given to the data at the 30-minute interval, where 

available, due to better proximity to the satellite pass time. The description of 

https://www.uidaho.edu/cals/kimberly-research-and-extension-center/research/water-resources/ref-et-software
https://www.uidaho.edu/cals/kimberly-research-and-extension-center/research/water-resources/ref-et-software
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the weather station entered in the model is presented in Figure 4.13 and 

equations used in Figure 4.14.  

The output of RefET model for different methods was compared to the 

recorded ET (flux tower and adjusted sapflow meter readings). There was not 

a significant difference in the output of different methods. Therefore, a widely 

used approach (FAO 56) was used. If the satellite pass time falls towards the 

end of the time step, the average value was used for the analysis. Similarly, 

the total daily ETr for the image pass day were computed.  

Crop coefficients (Kc) are required for the adjustment of the RefET output 

considering the season, health, and vegetation type/cover under the local 

conditions. For irrigated areas, it is a general observation that ‘Cold’ or wet 

agricultural fields have 5% higher ET rates than reference ET (ETr); therefore, 

ETcold and EThot were adjusted. The crop coefficients (Kc) are widely used for 

adjusting the ETr or ETo for different crops (Allen et al., 1998b). The factors 

that can affect the Kc may include climate, soil moisture, groundwater, 

irrigation, cultural practices, etc.  (Doorenbos and Pruitt, 1977; Steduto et al., 

2012). 

For Mirranatwa site the annual reference ET for alfalfa (ETr) was considered 

for the Eucalyptus plantation. Various coefficients were tested, and a Kc value 

of 0.75 for long term data has a better match to the measured ET of a young 

plantation block at Mirranatwa site (Dean, 2013). However, local conditions, 

plantation age, management practices, tree species, soil nutrient, groundwater 

depth, time of the year and canopy must be considered, and the Kc value 

should be adjusted accordingly. The Kc value of 0.7 for the early season to 

0.82 for the midseason is recommended for drip-irrigated Eucalyptus (Alves 

et al., 2013). 
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Figure 4.13. Description of the weather station for RefET model. 

 

 
 

Figure 4.14. Output mode and reference equations selected for the ETo and ETr. 
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Compared to the annual measured Eucalyptus transpiration and soil 

evaporation of the plantation block at Mirranatwa site (Dean, 2013), reference 

ET (ETr) with a Kc value of 0.7 was only 2% higher. For pastures, a Kc value 

of 0.5 was the more appropriate to adjust reference ETo at Mirranatwa and 

was only 4% less than measured ET at flux tower. These coefficients for 

reference ET (ETr and ETo) are for early October; however, for the dry season, 

these may be lower than the Kc used. 

Once the values of λcold and λhot and ETr were available, λET was computed 

by simply multiplying the values and used for eq. 4.2.15 and 4.2.16 or 2.4.17 

to compute the sensible heat flux of respective pixels. For the plantation and 

pasture catchments, the value of ETr and ETo was used with respective Kc 

(Note: since λ is in kJ/Kg and ETr is in mm/hr there is a need to equate the units). 

All the required variables for equations 4.2.15 & 4.2.16 or 4.2.17 have already 

been computed, and after calculating dT for both cold and hot pixels, the 

respective dT values were plotted against the corresponding surface 

temperature (°K). From this plot, the coefficients ‘a’ and ‘b’ were used to 

compute the dT between two heights (eq. 4.2.12). The coefficient values and 

surface temperature raster layer were used to generate a near-surface 

temperature difference (dT) layer (Appendix 26). 

Assuming the linearity between dT and Ts, an approximate air temperature 

(Ta) layer was developed (4.2.19). 

      eq. 4.2.19 

Where  

Ts Land surface temperature  

dT Near-surface temperature difference between two heights Z1 

and Z2  

An initial Sensible Heat Flux (H) calculated (eq. 4.2.5, Appendix 27) 

assuming the neutral conditions.  
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The atmospheric stability conditions impact the aerodynamic resistance (rah), 

which filters down to sensible heat flux (H), as illustrated in figure 4.9, 

especially under dry conditions (Allen et al., 2002a). The Monin-Obukhov 

theory was applied to accommodate the buoyancy effects generated by 

surface heating, and the Monin-Obukhov Length (L) was computed using 

equation 4.2.20 (Appendix 28) as: 

      eq. 4.2.20 

Where  

L Monin-Obukhov length 

ρ  Air density (Kg/m3) 

Cp Air specific heat  

μ* Friction velocity (m/sec) 

Ts Land surface temperature (°K) 

k  von Karman’s constant (0.41) 

g  Gravitational constant (9.81m/s2) 

H Sensible Heat Flux (W/m2) 

 

The three stability conditions are: stable (L > 0); neutral (L = 0) or unstable 

(< 0). The Monin-Obukhov Length (L) was computed (Appendix 28) to 

understand the stability conditions at the study site at satellite pass time. As 

suggested in the earlier research (Allen et al., 2011; Koloskov et al., 2007; 

Webb, 1970), if the L value reflects unstable or stable conditions, there is a 

need for stability corrections for momentum and heat transport (Ψm and Ψh) 

in an iterative process.  The iterative process can be continued with the new 

value of μ*and updated rah and H until the impact of any further stability 

correction on H becomes negligible.   

If the conditions are unstable (L < 0), equations 4.2.21 to 4.2.26 are used to 

compute the stability corrections:  
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  eq. 4.2.21 

 

      eq. 4.2.22 

 

  

      eq. 4.2.23

  

Ψm and Ψh are the stability corrections for momentum and heat transport. 

Where: 

      eq. 4.2.24 

 

      eq. 4.2.25 

 

      eq. 4.2.26 

In the situation where the boundary conditions are stable (L ≥ 0), a value of 1 

is assigned to X200m, X2m and X0.1, however, for L > 0 (stable conditions), the 

stability corrections for momentum and heat transport are computed (eq. 

4.2.27 to 4.2.29).  

      eq. 4.2.27

  

      eq. 4.2.28

  

      eq. 4.2.29
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Where: 

Ψm (200m) Stability correction for momentum transport at 200 

meters 

Ψh Stability correction for heat transport between two layers 

Z1 (0.1m) and Z2 (2m) 

 

In equation 4.2.27 a value of 2 is used instead of 200 for z because under 

stable conditions it is assumed that the boundary layer height is just a few 

meters and using larger value can cause a numerical instability (Allen, et al., 

2011). Considering this, with a value of 2 in equation 4.2.27 a neutral 

condition is achieved at the boundary height (200m).  

In each iteration, revised values for friction velocity (μ*
revised) and 

aerodynamic resistance to heat transport (rah_revised) were computed (eq. 4.2.30 

& 4.2.31) followed by a revised dT and Ta values leading to a revised H and 

L values.  

      eq. 4.2.30 

Where: 

μ200  Wind speed at 200m (m/s) 

k   von Karman’s constant (0.41) 

Zom  Roughness length for each pixel (m) 

Ψm (200m) Stability correction  

 

    eq. 4.2.31 

Where: 

rah_revised  Revised aerodynamic resistance to heat transport 

Z2   2.0 m 

Z1   0.1 m 
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Ψh (Z2)  and  Ψh (Z1) Stability correction for heat transport at 2m and 

0.1 m 

 μ*
revised   Revised friction velocity 

 k   von Karman’s constant (0.41) 

 

The L value for 3rd October 2013, was close to 0 (0.05 - 0.1); therefore, the 

prevailing conditions were considered as neutral conditions as recommended 

by Bastiaanssen et al., 2002 and Allen et al., 2011. However, for the June 

2016 image, the conditions were unstable (L< 0); therefore, stability 

corrections process followed for winter (Model 021a, Appendix 29a). Under 

stable conditions, Model 021b (Appendix 29b) can be used for stability 

correction. The model input includes Monin Obukhov length, Zompix, dT and 

Ts raster files along with the air specific heat and air density values which 

depend upon the season of the image, as both these values are a function of 

the temperature gradient, surface roughness, and wind speed. The model also 

computes the revised values of friction velocity (μ*
revised) following equation 

4.2.30, which can then be used to calculate a revised aerodynamic resistance 

to heat transport (rah) following equation 4.2.31. The iterative process 

continued until the impact of any further stability corrections on H became 

negligible, and finally, sensible heat flux (H) was computed.  

 

 Latent Heat Flux (λET) 

Latent heat flux was computed by Surface Energy Balance equation (eq. 

4.2.2). For this equation, all the required variables were computed in the 

previous sections. To compute the ET for the image pass time and the day, 

first instantaneous ET was computed. 
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 Evapotranspiration  

 Instantaneous ET 

Equation 4.2.32 used to compute the instant ET (ETinst) mm/hr at satellite pass 

time.  

      eq. 4.2.32

  

Where 

λET  Latent Heat Flux  

3600  Time conversion from seconds to hours 

ρw  Density of water (Kg/m3) 

λ  Latent heat of vaporization (J/Kg) 

  

 Reference ET fraction (ETrf)  

ETrf is a ratio of the instant ET (ETinst) of each pixel to the reference ET (ETr) 

at the image pass time. The adjusted RefET model output (ETr) for the time 

closest to the image pass time was used to compute ETrf using equation 

4.2.33: 

      eq. 4.2.33 

Where  

ETinst Image pass time ET of each pixel (mm/hr). 

ETr   Reference ET (RefET model output).  

The ETrf for a pixel representing dry soil can be close to zero, and for a wet 

pixel with full vegetation cover, it may have a value of ≥ 1. Since several 

assumptions were made for the computation of various variables, especially 

sensible heat flux, negative values can be expected. 

  



78 

 

 Daily Evapotranspiration (ET24) 

While computing ET24, an assumption is made that the ETrf is the same for 

the entire day. Daily ET (ET24) was computed using ETrf and cumulative ETr 

for satellite pass day (eq. 4.2.34). 

      eq. 4.2.34 

ETinst, ETrf and daily ET were computed using the input parameters including 

net radiation (Rn), soil heat flux (G) and sensible heat flux (H) raster files and 

reference ET values for the image pass time and day Model 022 (Appendix 

30). 

 

 Comparison of Model Output 

The following sources of data were used for comparison of model output: 

• Climatic data 

• Flux tower data for pasture and adjusted sapflow meter data for 

plantations 

• Catchment hydrology distributed model (CATHY) output 

At the Mirranatwa study site, in the pasture catchment, there is a flux tower 

in the northern part of the catchment (Figure 4.15a). In the plantation 

catchment, there are three sapflow meters (Figure 4.15b) installed in three 

plots with variable water table depth, including 1, 5 and 12m below the 

surface (Dean, 2013). At the Gatum study site, the pasture catchment has a 

flux tower installed in the middle of the catchment; however, the proposed 

location for a flux tower in the plantation catchment is marked (Figure 4.15b).  

The weather station data of the Mirranatwa catchments as well as RefET 

model output (for ETr and ETo) were used. Any environmental or biological 

limitation like soil fertility, waterlogging, pest, diseases, aridity, deep 
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groundwater, etc. can hamper the targeted potential ET (Allen et al., 1998b; 

Gentine et al., Dean, 2013). Further, in a natural ecosystem with a mix of 

plant species, especially in arid environments, standard ET cannot be 

achieved. Under the unfavourable environmental conditions, stress 

coefficients or crop coefficients (Kc) are used.  

The third comparison source is the catchment hydrology (CATHY) 

distributed numerical model (Camporese et al., 2013). A particular feature of 

CATHY is that it controls the switching between atmosphere-controlled and 

soil-limited evapotranspiration, which is regulated by a threshold pressure 

head (ψmin). The climatic data for the satellite pass day was used as an input 

to the CATHY model to compute the ET. 

 

 

Figure 4.15. Field instrumentation for measurement of ET at (a) Mirranatwa and 

(b) Gatum study catchments. 
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 Results and Discussion 

The model developed using the L1 product of Landsat 5 TM image of October 

3rd, 2011. ArcGIS model builder was used to create the models for the various 

components of the radiation balance equation. First, a subset of the Landsat 

bands containing the Mirranatwa catchments was clipped (Figure 5.1).  

 

 

 

 

Figure 5.1. the location of the paired catchments and the image subset for model 

development. 

 

 Model output 

 

 Surface Radiation Balance (SRB) 

The surface radiation balance consists of net incoming shortwave and longwave 

radiations (Figure 5.2). Out of the total incoming shortwave solar radiation, about 

half (51%) absorbed by the ocean and the land by surface processes, including latent 

heat of vaporization (23%), while the remainder is either absorbed by the 
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atmosphere (15%), utilized by conduction and rising air (7%) or directly radiated 

from Earth’s surface (6%). Out of the remaining 49% incoming radiation, 30% 

reflected back to the atmosphere (including surface albedo), and 19% absorbed by 

the atmosphere and clouds. In the following sections, the incoming and outgoing 

radiation parameters, extracted from the Landsat image using the models developed 

for these variables as explained in Chapter 4, are discussed . 

 

 

 

Figure 5.2. The Earth’s energy budget.  
Modified from: NASA 2003 

 https://pmm.nasa.gov/education/lesson-plans/global-energy-budget 

 

 

 

 Radiance 

The radiance is the energy directly measured by remote sensing instruments. 

During the energy transfer process from the Earth to the instrument, some of 

the scattered light in the atmosphere will also be recorded by the instrument 

and included in the observed radiance of the target (Harris, 2017). Besides 

atmospheric scattering, there is some absorption as well, which will decrease 

https://pmm.nasa.gov/education/lesson-plans/global-energy-budget
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the observed radiance. Radiance depends on the illumination (both its 

intensity and direction), the orientation and position of the target and the path 

of the light through the atmosphere.  

Generally, the radiance of all the bands is higher for pasture as compared to 

plantation or cropped area (Figure 5.3), indicating that the incoming radiation 

is mostly reflected by pasture, however, the plantation retains more incoming 

energy. Among the visible bands (RGB), B2 (Green) differentiates the 

plantation blocks, pastures and cropped area whereas SWIR highlight trees 

and pastures/crops.  

 

 

 

Figure 5.3. Spatial patterns of Radiance (Watts/ (m2 * srad * μm)) of bands of 

Landsat 5TM. 
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 Reflectance (ρλ) 

Reflectance is the ratio of the amount of light leaving a target to the amount 

of light striking the target. It has no units. Reflectance (or more specifically, 

hemispherical reflectance) is a property of the material being observed. Many 

of the atmospheric effects and the solar illumination can be compensated for 

in remote sensing data. For many applications, radiance and reflectance can 

be used interchangeably, however, since reflectance is a property of the target 

material itself, the most reliable (and repeatable) vegetation index values can 

be calculated using reflectance (Harris, 2017). 

Among the visible bands, the blue and red bands have relatively low 

reflectance due to high absorption by the plant pigments, whereas green 

reflects more. For healthy vegetation, the reflectance is much higher in NIR 

than VIS bands due to the cellular structure of leaves, especially spongy 

mesophyll. In SWIR bands, the water content and structure of vegetation is 

responsible for absorption of energy, especially in wavelengths 1.45 to 1.95 

and 2.50 μm (Figure 5.4). 

Generally, the re-radiated absorbed energy will vary according to Stefan-

Boltzmann and Wien Laws and will be controlled by surface absolute 

temperature or emissivity (Ahmad and Lockwood, 1979). If the radiation 

directly reflected back, there would be no change in wavelength and 

shortwave will reflect as shortwave radiation.  
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Figure 5.4. The reflectance of different surfaces. 

 

The surface reflectance, in general, follows the spatial pattern of radiance 

(Figure 5.5), and the ratio of reflected light is low for plantations as compared 

to the pasture. Previous studies (Datt, 1999; Madhavan et al., 2016; Stone et 

al., 2001) reported that in Eucalyptus species the reflectance of the NIR band 

(close to 0.71μm wavelength) shows higher sensitivity to chlorophyll content 

than the green band (0.55μm); the NIR band (0.85μm) is insensitive to 

chlorophyll. In the study site, all the visible, NIR, SWIR bands show higher 

energy absorption by Eucalyptus plantation than the pastures probably due to 

a better three-dimensional structure of trees. The reflectance values were used 

to compute albedo and vegetation indices. 
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Figure 5.5. Spatial patterns of reflectance of Landsat 5TM bands. 

 

 Albedo (αtoa and αsurf) 

Albedo is the fraction of the incoming shortwave solar energy scattered by 

the Earth back to space. It is highly sensitive to small changes in system 

components, and to some extent, is regulated by biotic adaptation over time. 

Incoming solar radiation to vegetative surfaces is either absorbed by 

vegetation, transmitted, reflected or absorbed by the soil (Ahmad and 

Lockwood, 1979). Similarly, the incoming radiation to other surfaces is either 

absorbed or reflected. The measure of the reflecting power of the surfaces is 

called the albedo, which depends upon the properties of the surfaces, e.g., 

different shades of green vegetation reflect the energy in different 

wavelengths. 
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 Any shift in a balanced system can lead to variable response towards albedo 

(Lovelock, 1983; Watson and Lovelock, 1983; Budyko,1969;  Evans et al., 

2017; Cahalan and North, 1979; Stephen et al., 2015; Stevens and Feingold, 

2009; Stone, 1978; Endterton and Marshall, 2010). At a small scale, like the 

Mirranatwa study site, the external forces like latitudinal impact and the tilt 

of Earth’s axis are not significant. However, local conditions and different 

landuses cause the differences in both top of the atmosphere (αtoa) and the 

surface albedo (αsurf), as shown in Figure 5.6. It is reported that the total 

shortwave apparent albedo under both clear and cloudy conditions is 

significantly different from the inherent overall shortwave albedo (Liang et 

al., 1998 & 1999; Nielsen et al., 1981). It is highly recommended to use either 

the cloud-free images or use a mask for cloud cover area. For Landsat 8, there 

is an additional band that highlights the cloud cover; however, low clouds 

may not be detected, which needs to be considered. 

 

 

Figure 5.6. Spatial pattern of the top of the atmosphere albedo (αtoa) and surface 

albedo (αsurf) at the study site. 
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Both the albedo values (αtoa and αsurf) show a distinctive pattern representing 

land cover: higher values for αtoa correlate with lower values for αsurf (R
2 = 

0.98). The αtoa ranges from 0.08 to 0.16, whereas surface albedo ranges from 

0.02 to 0.1. The Eucalyptus plantation retains more energy and therefore, the 

scattering energy in terms of albedo is low. On the contrary, due to the shallow 

root system, the pastures have access only to soil moisture, which limits the 

utilization of available energy for ET.  A similar response observed in earlier 

research (Kotak et al., 2015; Ritter, 2003; McCaughey, 1987; Nyman et al., 

2014; Kalma and Badham, 1972; Moore, 1976).  The proportion of αtoa lost in 

both the catchment ranges from 26% to  64% (Figure 5.7a), being highest for 

pasture at elevated areas or low-lying areas with high salinity. Ideally, there 

should be a linear relationship between αtoa and αsurf; however, some exceptions 

are there, as highlighted in Figure 5.7b. 

 

 

 

Figure 5.7. Percentage loss of αtoa from the surface to the atmosphere. 

 

Howard (1977) measured albedo for various communities using a radiometer 

and 70mm camera on an aircraft.  The aerial recordings were converted into 

albedo using a conversion factor, and aerial photos interpreted for various 

landcovers. A two-way table using stand height and crown cover of the sub-



88 

 

formations clearly showed a very distinctive trend of albedos: higher for 

grassland and bare ground, and lower for different categories of forests. The 

Landsat image-based albedo estimates (αtoa) are in agreement with the 

measured values. For dry and wet sclerophyll forest, average albedo values 

range from 0.08 to 0.09 and for ungrazed and grazed pastures the average 

measured value ranges between 0.155 to 0.135; this is similar to the trend 

presented by the paired catchments at Mirranatwa (Figure 5.8). 

McCaughey  (1987) reported that the daily mean α varies from 0.12 to 0.15 

under a full canopy in summer, whereas, in winter, the value falls to a 

minimum (0.10). Further, in winter advection of additional energy from 

surrounding vegetation repressed the latent heat and can be responsible for a 

further drop in the α value (Yunusa et al., 2015). Generally, at Mirranatwa 

study site the plantation has low α (< 0.09) as compared to pasture (0.09 – 

0.135) in early October.  

 

 

 

Figure 5.8. The albedo (αtoa) representing the different landcover. 
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 Incoming Shortwave Radiation (Rs↓) 

Shortwave radiation is crucial for estimating the evapotranspiration process. 

About half of the solar radiation reaching the Earth surface is shortwave and 

includes both direct and diffuse solar radiation. 

The incoming shortwave radiation at the satellite pass time was calculated in 

an Excel spreadsheet assuming a clear sky. Using the values of the solar 

constant (1367 W/m2), the cosine of the solar incidence angle (cosθ) and 

inverse squared relative earth-sun distance (dr) from header file of the image 

and the atmospheric transmissivity (τsω) value from the output of the NASA 

online atmospheric correction calculator, the total incoming shortwave 

radiation was computed using equation 4.1.15. At the image-pass day and 

time shortwave radiation estimated was 830.235 W/m2. Shortwave radiation 

is absorbed by water bodies more than the land surface (Trenberth et al., 2009; 

Levitus et al., 2005, Fasullo and Trenberth, 2008; Hansen et al., 2005; Huang, 

2006), therefore more shortwave radiation is lost from land with limited 

vegetation cover. 

 Outgoing Longwave Radiation (RL↑) 

The longwave radiation emitted by the Earth is absorbed by water and 

greenhouse gases and needs to be accounted for in the surface energy budget 

(Kiehl and Trenberth, 1997; Niemelä et al., 2001; Trenberth et al., 2009; 

Ellingson, 1995). The energy lost by the Earth depends upon the emissivity 

properties and temperature of the Earth's surface. Spectral Vegetation Indices 

(SVIs) including NDVI, SAVI, and LAI were calculated to compute the 

surface emissivity and temperature. 

• NDVI: The response of NDVI for various landcovers is shown in Figure 

5.9. It is a standardized measure of the health of vegetation and ranges 

from 0 to 1. Healthy vegetation reflects more energy in the near-infrared 

region. Low NDVI values represent sparse, thin, or dry vegetation and 
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the values close to +1 (0.8 – 0.9) indicates the healthy vegetation. In the 

study site, the NDVI value ranges from 0.39 – 0.81. The pasture 

represents the highest vegetation cover by having the highest NDVI 

value. Low vegetative cover in areas like roads, paths, bare patches, and 

low-lying saline spots has low NDVI. Medium range of NDVI 

differentiates areas having natural vegetation or crops.  

• SAVI: It is like NDVI, but it accounts for the soil-vegetation interaction 

and under some canopies, it eliminates the variations induced by 

underlying soil heterogeneity (Huete, 1988; Xavier and Vettorazzi, 

2004). The SAVI value ranges from 0.27 to 0.7 in both the catchments 

(Figure 5.9). Compared to NDVI, SAVI segregates the landcovers in the 

study area by having lower values for plantation and cropped area and 

higher for pasture. 

• LAI: It is also a dimensionless value and characterizes by the amount of 

foliage in the plant canopies. LAI regulates the net primary productivity 

and carbon balance, considering the impact of soil variability; however, 

it depends upon the leaf shape and characteristics. The image (Figure 5.9) 

shows that the LAI ranges from 0.27 to 3.05; higher for pastures and lower for 

other landcovers. The Eucalyptus plantation has a medium range of LAI 

probably due to young open canopy, relatively dry environment (Marshal and 

Waring 1986) and low soil moisture condition and topography (Nemani et al., 

1993).  

  

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/primary-production
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Figure 5.9. Spatial patterns of vegetation indices. 
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The general trend of LAI and NDVI (Figure 5.10) indicates that both 

have a similar spatial response, however, LAI, while taking into account 

the soil heterogeneity, can better present the variability within each 

landcover. Higher values of both LAI (> 1.5) and NDVI (> 0.7) 

characterise the pasture; however, LAI is a better representative of 

pastures than NDVI. Extremely low values of both the indices describe 

waterlogged areas, poor vegetative cover, or infrastructure, whereas high 

values represent actively growing pasture (Figure 5.10). It is interesting 

to note that maximum NDVI represented by pasture and some healthy 

plantations with thick canopy in the south-west of plantation catchment. 

On the contrary, maximum LAI is represented by pastures only and due 

to open canopy of young plantation higher LAI could not be achieved. 

LAI accounting for SAVI and have a strong correlation (R2 = 0.96), 

whereas NDVI has a weaker correlation with both SAVI and LAI, 

having R2 values of 0.78 and 0.67 respectively (Appendix 31). 

Carlson and Ripley (1997) and Johnson (2003) indicated the sensitivity 

dependence of LAI on NDVI; when the LAI is less than 2- 4, it is 

primarily contributed by the bare soil component. Further, the sensitivity 

of NDVI to increasing LAI gets weaker beyond a threshold (2-3). 

However, at Mirranatwa, these limits do not hold true probably because 

of the rainfed conditions. 

Surface Emissivity (ɛo): The ɛo is the ratio of the radiant energy 

emitted by a surface to that emitted by a blackbody at the same 

temperature.  It was computed following the approach proposed by Van 

de Griend & Owe (1993 and 1994) and Gieske & Timmerman (2002) as 

compared to the one developed by Bastiaanssen et al., (2005) and Allan et 

al., (2002) just to avoid the computation of an intermediate variable (SAVI). 

The spatial pattern of surface emissivity (Figure 5.11) indicates that the 

pasture has higher emissivity compared to the plantation, which is in line with 
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the previous studies (Sobrino et al., 2009; Van de and Owe 1993; Qin et al., 

2004; Humes et al., 1994; Formetta et al., 2016; Labed and Stoll, 1991). 

 

 

 

Figure 5.10. High and low NDVI and LAI zones in both the catchments at 

Mirranatwa. 
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Figure 5.11. The spatial response of emissivity. 

 

• Land Surface and Air Temperature (Ts and Ta): Ts depends upon 

the available energy of the thermal band and the emissivity of different 

surfaces (Zheng et al., 2010). The direct role of water and vegetation is 

in cooling or reducing temperature and air pressure gradient (Huryna and 

Pokorný, 2016; Labitzke and Loon, 1992).  

To compute the surface temperature, first, the brightness temperature 

(Tb) was computed using thermal band radiance and band-specific 

constants which then was converted into Ts. Both the Tb and Ts are lower 

for the plantation, as compared to the pasture (Figure 5.12), having a 

strong correlation (R2 = 0.99). 
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As confirmed by previous studies (White Newsome, 2013; Li et al., 

2004; Huryna and Pokorný, 2016), the Ts recorded at the Mirrantwa 

weather station (15.4°C) agrees with the modelled Ts (15.8°C).  The 

highest temperature (18 °C) in the pasture catchment, represented by a 

single pixel, is a shed for the livestock.  

 

 

 

Figure 5.12. Brightness and surface temperature in the study catchments. 

 

Generally, the area under plantation has a lower temperature as 

compared to pasture, which agrees with earlier research (Wilson and 

Ludlow, 1991; Chen, 1989; Wong and Wilson, 1980). Despite having 

lower albedo, emissivity and vegetation indices, plantations sustained 

lower Ts than pasture and cropland. It is indicative of the cooling effect 

of higher evaporative water loss from the trees. A similar response 

observed by Dewan and Corner (2012) where there was a significant 

difference in the mean surface temperature of various landcovers.  
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The emitted energy from the Earth surface as RL↑ depends upon the surface 

temperature. As observed from the surface temperature response in the 

previous section, the pastures emit more energy than the plantation.  The 

distribution of RL↑ follows the pattern of surface temperature (Figure 5.13). 

Trees can access water from deeper layers, due to their deep root system, and 

hence utilize more available energy for ET.  However, the shallow root system 

of the pasture, depending upon soil moisture, cannot use more available 

energy for the ET process; the excess energy heats the surface or lost to the 

atmosphere as RL↑. Out of the total incoming shortwave radiation (830.235 

W/m2), the average loss in terms of RL↑ from the pastures is 47% and from 

the plantation is 44.5%, which is in line with the surface energy budget shown 

in Figure 4.10. The elevated areas in the pasture catchment and the low-lying 

areas with shallow saline water in both the catchments have a higher energy 

loss in terms of RL↑. The pixel representing the animal shed has the highest 

value of more than 400 W/m2. 

 Incoming Longwave Radiation (RL↓) 

Incoming longwave radiation contributed by shallow atmospheric layers 

(Schmetz, 1989) and therefore, near air surface temperature and atmospheric 

emissivity properties are essential in estimating the RL↓. The incoming 

longwave radiation (RL↓) is 236 W/m2, whereas RL↑ varied from 325 – 402 

W/m2. Generally, under clear sky conditions, the RL↓ is less than RL↑ 

(Monteith and Szeicz, 1961; Weiss 1982). 

 Net Longwave Radiation (RL_net) 

Net longwave radiation (RL_net) varies from -124 to -166 W/m2 (Figure 5.14). 

There is less loss of longwave radiation in the plantation as compared to the 

pasture. The higher temperature in the pasture catchment resulted in a stronger 

vertical gradient in surface and air temperature, therefore more longwave 

radiation was lost. On the contrary, the plantation maintained a lower surface 

temperature and has more capacity to retain the incoming RL↓.  
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Figure 5.13. The pattern of RL↑ from the Earth’s surface in the study area. 

 

The RL↓ is contributed mostly by the shallow atmospheric layers close the 

Earth surface, whereas higher atmosphere accounts for only 16 to 20% of the 

total incoming longwave radiation (Liang et al., 2012). Since the Earth’s 

surface is hotter than the atmosphere, generally, net longwave radiation is 

negative because the Earth is emitting more longwave radiation than it gains 

from the air. RL_net can be positive if the air is hotter than the Earth surface, 

and the shift can be abrupt (Tamai et al., 1998). 
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Figure 5.14. Radiation loss in terms of outgoing longwave radiation. 

 

 Net Radiation (Rn) 

The surface radiative balance was computed using incoming and outgoing 

longwave and shortwave radiations and surface albedo and emissivity.  Net 

radiation can be positive, negative, or zero. It is positive when there is more 

incoming radiation than outgoing radiation which typically occurs during the 

daytime when the sun is out, and the air temperature is the warmest. At night, 

net radiation is usually negative as there is no incoming solar radiation and 

the outgoing terrestrial longwave flux dominates. Net radiation is zero when 

the incoming and outgoing components are in perfect balance, which does not 

occur too often. 
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The output raster layer presents the net radiation (Figure 5.15). The Rn 

available for surface process, primarily ET, ranges from 473 to 698 W/m2. 

The utilization of this energy depends upon the surface properties, vegetation 

types, available soil moisture and access to groundwater.  

The spatial pattern of Rn (Figure 5.15) shows that the plantation has more Rn 

compared to pasture and cropped areas, as shown by several studies (Moore, 

1976; Friend et al., 1997; Zhang et al., 1999; Langford and O'Shaughnessy, 

1977; Nielsen et al., 1981; Rosset et al., 1997; Enz et al., 1988; Crabtree and 

Kjerfve, 1978). The amount of available Rn determines the potential for ET, 

however, the availability of water resources, especially in rainfed 

environments, and vegetation type and health define the limits. As observed 

in other studies (Crabtree and Kjerfve, 1978; Kutas et al., 1994) at 

Mirranatwa, Rn has a linear relationship with RL↑ (R2 0.904). The relationship 

of Rn, with vegetation indices, RLnet, RL↑ and temperature; and Ts with dT 

and Ta are included in Appendix 31 to 35. 

 Closure of the surface radiation budget 

The surface radiation budget was calculated after computing the incoming and 

outgoing Rs and RL. Table 5.1 shows the averages, as well as the maxima and 

minima, values of various components of the surface energy budget. A few 

pixels sometimes show unrepresentative extreme values. The RL↓net is 

negative, whereas Rs↓net in terms of net radiation ranges from 473 to 698 

W/m2. 

The net radiation available for the system performance is strongly correlated 

with the RL↑, albedo and temperature (R2 between 0.85 to 0.9; Table 5.2). 
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            Figure 5.15. The spatial pattern of net radiative flux at the surface. 
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Table 5-1. Various components of the surface radiation budget. 

Parameters 

Gsc (W/m2) 1367  

Rs↓ (W/m2) 830  

RL↓ (W/m2) 236  

 Minimum Maximum Average 

RL↑ (W/m2) 360 402 358 

Albedo (αsurf) 0.02 0.1 0.06 

NDVI 0.39 0.81 0.6 

SAVI 0.27 0.7 0.485 

LAI 0.27 3.05 1.66 

Emissivity 0.96 0.99 0.975 

Ts (oC) 9.28 18.64 13.96 

Rn (W/m2) 473 698 585.5 

 

 

 

Table 5-2. The correlation between Rn and components of the radiation balance equation. 
 

Net radiation equation components 
 

R2 
 

Outgoing Longwave radiation 0.904 

Surface emissivity 0.033 

Surface Albedo 0.861 

Top of the atmosphere Albedo 0.854 

dT 0.564 

Temperature (Surface)  0.903 

Temperature (Brightness) 0.902 

NDVI 0.052 

LAI 0.405 

SAVI 0.485 
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  Surface Energy Balance (SEB) 

The available energy (Rn) at the Earth’s surface is utilized by surface 

processes, primarily evaporation and transpiration.  The energy utilized for 

this process depends primarily on soil heat flux (G), sensible heat flux (H) 

and latent heat flux (λET) as discussed in chapter 4.  

 Soil Heat Flux (G)   

G is the portion of Rn that is absorbed or released by the soil at a given time. 

Generally, it is the smallest component of the energy balance equation 

(Brutsaert, 1982; Simmers, 1977), however, during day-time under dry 

conditions with sparse vegetation, it can constitute 50% of Rn (Clothier et al., 

1986; Santanello and Friedl, 2002).   It is challenging to measure G directly, 

however, in regional energy balance studies under different crop cover, 

Kustas et al., (1989 and 1990) concluded that the midday value of the G/Rn 

ratio was linearly related to the simple ratio and NDVI. Further, they found 

that the G/Rn estimates for cotton were insensitive to changes in the VIs due 

to change in solar zenith and azimuth angles. Based on these findings, they 

proposed a correlation equation to compute the G/Rn ratio. This ratio uses 

surface temperature, albedo, and NDVI along with the respective coefficients 

as described in Chapter 4.  

Generally, in the study site, the G/Rn ratio ranges from 0.01 to 0.07 at the 

image pass time (Figure 5.16).  In the pasture catchment, the G/Rn ratio is 

higher than in the plantation catchment, indicating a higher proportion of Rn 

is used to heat the soil, whereas, in the plantation catchment, the available Rn 

is utilized for evapotranspiration. Earlier studies also confirm that for bare and 

sparsely covered soils, G/Rn is maximum during mid-morning and decreases 

to zero by late afternoon. Fuchs and Hadas (1972) and Idso et al. (1975) 

reported G/Rn 0.3 for bare soil; however, Idso et al. (1975) indicated that 

depending upon the soil moisture, the ratio may vary from 0.5 to 0.3.  
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Contrary to these findings, Brutsaert (1982) suggested a coefficient of 0.4 and 

Monteith (1973) proposed a range from 0.1 to 0.5, which was supported by 

voluminous hourly data from a shortgrass pasture where the average daytime 

ratio was 0.1 (De Bruin and Holtslag, 1982). For agricultural areas, the ratio 

may range from  0.3 at an early growth stage to  0.1 at full crop cover. 

Chaudhry et al. (1987) reported that the ratio is an exponential function of 

LAI with a correlation of 0.9, and it is considered that remotely sensed VIs 

might be surrogates for plant phytomass, LAI and percent cover (Hinzman et 

al., 1986; Kollenkark et al., 1982). Clothier et al. (1986) showed a strong 

linear correlation (R2 0.76) between midday G/Rn ratio and exponential 

NDVI under full and sparse alfalfa cover. However, due to an extreme 

heterogeneity in landcover and soil properties in the present study site in a 

rainfed environment, there is a weak correlation between G/Rn ratio and VIs. 

For the plantation catchment, with a good tree cover, the G/Rn ratio is close 

to 0.01, which agrees with previous studies (Santanello and Friedl; 2003; 

Kutas and Daughtry, 1990; Clothier et al., 1986; Kustas et al., 1993). The 

pasture catchment and low-lying area in the plantation catchment have higher 

G/Rn values due to thin vegetation cover and high salinity respectively, which 

is also in confirmation to previous research (Fuchs and Hadas, 1972; Idso et 

al., 1975). 

The correlation between G/Rn ratio and RL↑, αsurf, Ts, dT and Ta is shown in 

table 5.3 and Appendix 35. The ratio is strongly correlated with outgoing 

longwave radiation and surface temperature. 
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Table 5-3. The correlation between G/Rn ratio and components of the radiation balance 

equation. 
 

Net radiation equation components 
 

R2 
 

Outgoing Longwave radiation 0.86 

Surface Albedo 0.55 

Ts   0.86 

dT 0.54 

Ta 0.54 

 

Heat conduction through soil is determined by the ability of the soil to change 

temperature.  The interaction between surface and subsurface energy transfer 

processes has led to detailed investigations of soil heat flux (G) for a wide 

variety of agricultural systems (Sauer and Hortont, 2005; Malek, 1993). The 

G determines the available energy for latent and sensible heat transfer, as well 

as the energy flow path that couples soil and atmospheric systems. Higher 

accuracy in G estimation can lead to a reduction in errors encountered in H 

and λET. 

Soil Heat Flux (G) is computed by multiplying G/Rn ratio with Rn. The soil 

heat flux is lower for the plantation catchment except for the low-lying saline 

areas. Pasture catchment has an overall high G except for plantation and 

cropped areas (Figure 5.16). Soil surface layer properties including soil 

textural properties, surface water content and type of vegetation cover impact 

the partitioning of the incident radiation (Sauer and Hortont, 2005). 

Within plantations, the patches having better tree growth have lowest G. In 

contrast, the pastures on higher slopes or in low lying areas with higher 

salinity due to shallow groundwater have the highest G values. Water is an 

excellent heat absorbent, and therefore the farm dams have the highest G 

value.  
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Once the G value is calculated, the available energy (Rn – G) can be computed. 

It is clear from Figure 5.17 that the plantation, cropped areas and areas of 

natural vegetation have the higher available energy (> 640 W/m2) for 

evaporation and transpiration processes, as compared to pastures where it 

ranges between 537 to 640 W/m2.  

 Sensible Heat Flux (H) 

It is a surface energy balance component which is associated with the change 

in energy of a system due to heat exchange. This flux is extremely sensitive 

to factors like dynamics of the turbulent heat transport system, natural 

landscape, and vegetation structure. The model was run twice to incorporate 

the impact of different major landcover (pasture and plantation) on turbulent 

heat transport, once using the vegetation properties of pasture and then the 

plantation.  

The surrounding temperature plays a crucial role in determining the H. The 

two complex components required to compute equation 4.2.5 are 

aerodynamic resistance to heat transport and the temperature difference 

between two heights for anchor pixels. These two heights are assumed as cold 

and hot layers, so first in the image two sets of clusters of pixels, representing 

the hot and cold area, were selected as explained in section 4.2.2 (Figure 

5.18). 
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Figure 5.16. The spatial response of G/Rn ratio and Soil Heat Flux (G). 
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Figure 5.17. The available energy for evapotranspiration processes. 
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Figure 5.18. Forested area and bare ground representing ‘Cold’ and ‘Hot’ Pixels. 

 

For the aerodynamic resistance to heat transport, the friction velocity of each 

pixel is required. First, the friction velocity both at the weather station and at 

the blending height was computed. Assuming neutral conditions, the friction 

velocity at the weather station on the satellite pass day/time was 0.07, 

whereas, at the blending height, it was 1.82. 

The other components computed for aerodynamic resistance equation are 

momentum roughness length (Zompix) and friction velocity of each pixel 

(µ*pix) (Figure 5.19). The roughness length varies from 0.05 to 0.005: higher 

for pastures and lower for the cropped area and plantations: this may be due 

to the small study area and open young tree canopy. The friction velocity 

ranges from 0.07 to 0.1 and follows the response of Zompix for pasture and 

plantation (Figure 5.19). 
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High variability in the Zompix for different land covers is reported. This 

variability may be due to local vegetation conditions (structure, heterogeneity 

and type) as well as the time of the year (Hansen 1993; Stanhill, 1969; 

Monteith, 1973; Garratt, 1978; ESDU, 1972; Rider et al., 1963; Barad, 1959; 

Ripley and Redmann, 1976; Luers et al., 1981; Panchal and Chandrasekharan, 

1983). The Eucalyptus plantation has a low µ*pix probably due to vertical and 

horizontal gradients as compared to the pasture. 

The final parameter required to compute H is the air temperature. Since there 

is no direct method for computation of the spatial pattern of air temperature 

under variable landcovers, an indirect method was adopted to calculate the 

near-surface temperature difference (dT) for each pixel, assuming a linear 

relationship between surface temperature and dT as proposed by Bastiaanssen 

et al., 2005, and Allen et al., 2011). The correlation coefficients for this linear 

relationship were computed by plotting temperature and dT of the respective 

‘hot’, and ‘cold’ pixels identified earlier. For the satellite pass day and time, 

using the correlation equation (eq. 4.2.12), dT was computed. Finally, the 

temperature difference (dT) and surface temperature (Ts) images used to 

calculate air temperature (Ta). There is a 5°K temperature difference between 

the maximum and minimum dT: higher in the plantation and lower in the 

pasture, which is reflected in Ta as well. The air above the pasture is warmer 

than plantation due to more energy loss in terms of outgoing longwave and 

shortwave radiation. 
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Figure 5.19. Momentum roughness length (Zompix) and Friction velocity (µ*pix). 
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Over large landscapes, it is well-documented that Ts, Ta, and dT are related to 

cloud cover and wind speed, and spatial correlation patterns are consistent 

over time (Pepin and Norris, 2005; Samson, 1965; McCutchan, 1983; Richner 

and Phillips, 1984; Tabony, 1985; Barry, 1992). The main controls over dT 

highlighted are cloudiness, topographical characteristics and snow cover; out 

of these the only relevant parameter for the study site could be topography, as 

the area is snow-free and the Landsat image was cloud-free for the study site. 

However, the small size of the catchments with low topographical range may 

not be as important as the contrasting vegetation which might be responsible 

for the difference in dT. There are not many studies highlighting dT and Ta 

under contrasting landcovers in a rainfed agricultural system; however, there 

are several studies on the impact of trees and grass on urban heat islands 

compared to the rural landscape. These studies indicate that trees and grass 

can play a substantial role in reducing regional and local temperatures during 

the summer within the urban landscape (Armson et al., 2012; Tan et al., 2016; 

Derkzen et al., 2015; Rahman et al., 2015). Guan (2011), while studying the 

Ts and Ta of various surfaces, concluded that there is a strong correlation 

between Ta and Ts. A study conducted in Manchester, UK, indicated that grass 

reduced maximum surface temperatures by up to 24 °C, while tree 

shade reduced by up to 19 °C. The other studies also found similar trends; 

however, substantial variability observed in the magnitude of the near-surface 

air temperature, probably due to atmospheric turbulence and landcover 

(Rosenzweig et al., 2006). 

Using all the required components and assuming the neutral conditions, an 

initial sensible heat flux (H) calculated for both the catchments considering 

the aerodynamic resistance (model 019 - Appendix 27). The overall H value 

ranges from 108 to 477 W/m2 in the study area: for the plantation catchment 

> 382 W/m2 and for pasture < 382 W/m2 (Figure 5.20). Fisch et al. (2004) 

reported that in dry conditions, H is very high for areas that were converted 

from tropical forest in the Amazon region probably due to modification of the 

https://www.sciencedirect.com/topics/social-sciences/urban-landscape
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/shade-trees
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/shade-trees
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dynamics of the boundary layer as compared to the forest.  Yunusa et al. (2011 

& 2015) reported a significant H under conditions of limited soil moisture and 

inactive canopy cover/mutual shading in plantations caused by the solar angle 

or dormant phase of grassland. 

 

 

Figure 5.20. Variability of Sensible Heat flux (H) in both the catchments. 

 

Monin-Obukhov Length (L) was computed using (Appendix 28) to assess the 

buoyancy effects due to atmospheric turbulence under major landcover and 

the prevailing stability condition at satellite pass time. The stability conditions 
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were neutral at the satellite pass time as the wind was < 1 m/sec (Figure 5.21); 

therefore, the initial H computed earlier was used. 

 

 

Figure 5.21. The climatic variables measured at the weather station before and 

after the satellite pass time. 
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 Latent Heat Flux (λET) 

The λET computed by rearranging the net energy equation (eq. 4.2.2). 

Generally, it is observed that there is a daily as well as the seasonal shift in 

λET depending upon the soil water availability, vegetation type, rainfall and 

latitudinal gradient (Waterloo et al., 1999; Yunusa et al., 2008 and 2011; Wilson et 

al., 2002; Schneider et al., 2012; Rosset et al., 2001). 

At Mirranatwa study site, λET ranges from 118 to 344 W/m2 (Figure 5.22), 

generally higher for plantation, cropped area and natural vegetation, and 

lower for pasture which is in agreement with previous studies (Wilson et al., 

2002; Wilson and Baldocchi, 2000; Wilson and Ludlow, 1991). Yunusa et al. 

(2008) partitioned turbulent heat between λET and sensible H in a setting of 

a 6-year old plantation and a 16-year-old grassland and found that λET in the 

plantation was at least twice as large as on the grassland during a heatwave. 

The afternoon ambient temperature over the plantation was 5 °C lower and an 

average 1.2 °C lower for the entire day as compared to grassland. The 

consistent low λET and H can make grassland a source for advective energy, 

whereas the plantation response is opposite. However, this response further 

depends upon the latitudinal range: the mid-latitudinal response is to have 

higher λET for evergreen woody vegetation as compared to grassland, 

whereas in northern latitudes (>35°), a smaller λET for the coniferous forest 

was observed (Yunusa et al., 2008).  
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Figure 5.22. Latent Heat Flux (W/m2) variability in the study catchments. 

 

 Evapotranspiration 

A. Instantaneous ET (ETinst) 

ETinst computed using equation 4.2.32 (Chapter 4) and the latent heat of 

vaporization of water. The ETinst ranges from 0.19 to 0.55 mm/hr (Figure 

5.23), following the pattern of λET; higher for plantation, cropped area and 

natural vegetation and lower for pasture, which is in agreement with previous 

studies (Wilson et al., 2002; Yunusa et al., 2008; 2010a; 2010b; 2012 & 2015). 
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Figure 5.23. The spatial pattern of instant ET (mm/hr) in plantation and pasture 

catchment. 

 

 

B. Reference ET Fraction (ETrf) 

The ETrf is a ratio of the ETinst of each pixel to the reference ET (ETr or ETo) 

which was computed using RefET model. The reference ET (ETr or ETo) value 

for the closet time to the satellite pass time, was used from the RefET model 

output file. 
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ETrf for plantation, crop and forest are higher than pasture. Generally, it is 

assumed that for a pixel representing dry soil, the fraction can be 0 and the 

one representing wet with full vegetation cover may have a value of 1.  

However, on the other extreme, since there are quite a few assumptions made 

in the computation of various variables, negative values can also be expected. 

In the study catchments, ETrf ranged between 0.2 to 0.6; for healthy 

plantations with shallow groundwater close to 0.6 and pastures at higher 

elevations close to 0.19 (Figure 5.24).  

 

 

Figure 5.24. The fraction of ETr or ETo in study catchments. 
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C. Daily Evapotranspiration (ET24) 

ET24 computed using accumulative daily adjusted reference ET from the 

RefET model output (Section 4.2.2.2.) for the satellite pass-day (Figure 6.25). 

The daily ET ranges from 1.5 to 4.2 mm/day. Generally, all the plantation 

blocks, low-lying cropped areas and natural vegetation have higher ET24. 

Pastures, on the contrary,  show lower ET24, which is in agreement with 

previous catchment-scale studies (Roohi et al., 2015 & 2016a; Roohi and 

Webb, 2016b; Dean, 2013; Dean et al., 2014, 2015;  Yunusa et al., 2015, 

2010a &  2010b; Cattin 2007; Eugster and Cattin, 2007; Gwenzi et al., 2012; 

Kelliher et al., 1993; Moore, 1976; Priante-Filho et al., 2004; Roberts et al., 

2005; Rost and Mayer, 2006; Schneider et al., 2012; Waterloo et al., 1999; 

Camporese et al., 2014; Adelana et al., 2015; Dresel et al., 2018). 

The instant and daily ET were compared at the catchment scale as well as for 

various landcovers. The higher ETinst and ET24 of the plantation, forest and 

crops can be attributed to rainfall before satellite pass time, higher available 

Rn, and lower G. The young, healthy plantation has the highest ET within the 

plantation catchment. Both the ETinst and ET24 rates are low at the periphery 

of the plantation blocks, at higher elevations with deep groundwater and 

saline patches at low elevation (Figure 5.26 & 5.27).  

The pasture catchment has an overall higher ET compared to the plantation 

catchment ranging from 2.59 to 4.20 mm/day. Generally, higher ET 

characterises cropped areas, low lying plantation areas with shallow 

groundwater and an old forest. Among the pastures, clover, capeweed and 

annual grasses, despite having an almost similar response of G, H and λET, 

have the lowest ET (Figure 6.26 & 6.27), probably due to a shortage of soil 

moisture in elevated areas and limited root system of annuals. In contrast, 

Phalaris sp., ryegrass and perennial grasses in low lying areas have higher 

ET, similar to the young plantation. McNaughton and Jarvis (1983) observed 
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a similar response: higher transpiration from grassland and arable crops as 

compared to the forest.  

 

 

 
 

Figure 5.25. Daily evapotranspiration pattern in plantation and pasture catchment 

at Mirranatwa study site. 
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Figure 5.26. Catchment-wise ET response of various landcover in plantation (C1) 

and Pasture (C2) catchments. 

 

The natural forest of Eucalyptus regnans, in the eastern part of the pasture 

catchment, has well-established trees probably with access to groundwater, 

resulting in higher ET. In the cropped area, a farm dam close to the south-

western boundary and good crop cover is responsible for a higher ET. 

Liu et al. (2010) observed that, within the same climatic and meteorological 

conditions, ET exhibits remarkable spatial variability across different 

landcovers and agricultural species; this is in line with the observed responses 

in the small Mirranatwa catchments (Roohi et al., 2015 and 2016a; Roohi and 

Webb, 2016b). 

Annual grassland ET is generally lower than that of plantation by 54% 

(Yunusa et al., 2015) to 15-20% (Roohi and Webb, 2016b). In a long-term 

comprehensive pasture and plantation catchment study (Dresel et al., 2018), 

it was observed that the annual actual pasture ET was 87 to 93% of 

precipitation. In contrast, plantation ET exceeded 102-108% of annual rainfall 
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(Dean, 2013). The fact that actual ET was higher than rainfall was attributed 

to the high groundwater uptake by the extensive root system of the trees.  

At the Mirranatwa study site, on average, the pasture has 18% lower ETinst 

and 5% ET24 than the plantation. The smaller difference in daily ET may be 

due to the low ET from plantations at a higher elevation with deep 

groundwater.  The response of plantation vs forest and plantation vs crop is 

opposite to that of plantation vs pasture; 6 % and 13% higher ETinst and 5% 

and 13% ET24, respectively. Even though E. regnans trees were well 

established with deep and extensive root systems, due to an open canopy they 

could not achieve the same high ET as the plantation. On the other hand, the 

cultivated oats, due to access to better moisture in the low-lying area, the 

presence of a farm dam and better crop cover had a similar high ET to the 

plantation.  
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Figure 5.27. Differential response of landcover in plantation and pasture 

catchments. 
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 Closure of the surface energy budget 

A summary of the various components of the surface energy budget along 

with ETinst, ETrf and ET24 are included in the table 5.4. The table shows the 

averages, as well as the maxima and minima values of various components. 

A few pixels sometimes show unrepresentative extreme values. Considering 

the average values of net available energy (Rn) and it’s users in terms of soil 

heat flux (G), sensible heat flux (H) and latent heat flus (λET) there is only 

difference of 38 W/m2, which may be due to small area with heterogenous 

landcover and several assumptions made while computing various radiation 

and energy balance components. 

 

Table 5-4. Surface energy balance components. 

Parameters 

 Minimum Maximum Average 

G (W/m2) 4.41 38.01 22.21 

H (W/m2) 109  477  293 

λET (W/m2) 118  344  231 

ETinst (mm/hr) 0.19  0.55  0.37 

ETrf 0.19  0.59  0.39 

ET24 (mm/day) 1.5  4.2  2.85 

Note: A few pixels sometimes show unrepresentative extreme values, the averages, as 

well as the maxima and minima, have been given. 

 

 Comparison of model estimates 

The output of the SEBARA algorithm was compared with field measured 

values, the CATHY Model (Camporese et al., 2014 and 2013), Bowen ratio 

(β) and Evaporative fraction (ETf) which is the ratio of λET to the sum of 

available energy in terms of λET and H.  
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 SEBARA vs. Field Measurements 

At the location of flux tower and sapflow meters, the output values of 

SEBARA model was compared with field measurements including flux tower 

and adjusted sapflow readings (Table 5.5). The catchments are small 

(plantation 0.813 km2 and pasture 0.514 km2) and the only high spatial and 

temporal resolution data available for comparison was from these 

instruments. The nearest weather stations are more than 20 and 29.9 km away 

respectively from the catchments and have daily climate data. The image pass 

time is a fraction of a second, so the best option for comparable data is the 

climatic data available at the site. Since the size of the pixel corresponding to 

the weather station/sapflow is 30m and the corrected data from the 

instruments was used, it is assumed that there is no advection effect.    

The daily ET estimates of SEBARA is 4.55% lower than the measured value 

at the flux tower, however, for the plantation, in comparison with ET obtained 

from average adjusted sapflow readings (Dean, 2013), SEBARA 

overestimated (12.97 %). The sapflow readings represent only the 

transpiration component of ET and considering daily soil evaporation, 

SEBARA estimates for actual ET may be more representative. Dean (2013), 

using three sapflow meters set up at different locations within Eucalyptus 

plantation, found variability in annual transpiration (388.3 ±20 mm). After 

incorporating the canopy interception and soil evaporation, the variability in 

actual ET for plantation was even higher (642.0±78.1 mm). The high 

variability in transpiration (±20 mm) and actual evapotranspiration (±78.1 

mm) may be due to spatial variability within plantation as shown in Figure 

5.26 and 5.27 therefore, the overestimation of SEBARA can be justified. 

Furthermore, in SEBARA, several assumptions are made which may be 

responsible for overestimation; however, Similar accuracy levels were 

achieved in previous studies as well (Karimi and Bastiaanssen, 2015). 
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Table 5-5. Comparison of SEBARA output with various approaches. 

 

 

 SEBARA vs. RefET model output 

Using the climatic data and the RefET model (FAO 56 PM approach), 

reference ET (ETr and ETo) was calculated for both the catchments. 

Comparison with SEBARA values shows reasonable agreement (8% lower 

for pasture and 0.34% higher for plantation). 

 

 SEBARA vs. CATHY Model output 

Catchment Hydrology (CATHY) distributed model (Camporese et al., 2013) 

was used to compute the daily ET using climatic data from the flux tower at 

the study site. SEBARA overestimated ET for both the pasture and plantation 

catchments (15.18% and 24.89% respectively). 

 

  

Catchment 
 

ET (Instrument /Technique) ET 

(mm/day) 

Over (+)/ 

Underestimates (-)  

Pasture  Eddy Covariance 2.86 -4.55 

 
RefET (ETo) 2.97 -8.08 

 
CATHY 2.37 +15.18 

 
SEBARA (Pasture) 2.73 

 

    
Plantation Sapflow (Adjusted) 2.62 +12.97 

 
RefET (ETr) 2.97 -0.34 

 
CATHY Model 2.37 +24.89 

 
SEBARA (Plantation) 2.96 
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 Bowen ratio (β) 

It is a ratio of H and λET (Fritschen, 1965; Sturman and Tapper, 1996; 

Bowen, 1926) and generally used to calculate heat loss/gain by a substance. 

When the magnitude of β is less than one, a higher proportion of the available 

energy at the surface is passed to the atmosphere as λET than H, and the 

reverse is valid for the β > 1. In the study area, β ranges from 0.32 to 4.1; 

higher for elevated and dry areas and less for areas with good vegetation cover 

(Figure 5.28). The β ratio in semiarid landscapes ranges from 2.0 to 6.0 and 

for temperate forests and grasslands is 0.4 - 0.8 

(https://en.wikipedia.org/wiki/Bowen_ratio).  The lower λET for pastures in 

both the catchments resulted in a higher Bowen ratio, which reflects the fact 

that the pasture loses more heat (Figure 5.28). The shallow root system of 

pastures depends on the soil moisture or shallow groundwater and therefore, 

cannot utilize the available energy for enhanced ET (Bastiaanssen, 2000). 

This extra energy was either lost as longwave radiation or used to heat the 

ground, resulting in higher surface temperature. Pastures at lower elevations, 

especially close to the drainage network, have a relatively lower β ratio 

reflecting that more energy was utilized for ET due to the available soil 

moisture. The β ratio of pastures on elevated areas with deep groundwater was 

the highest. Generally, large variability in the β ratio is reported for 

Mediterranean climates, with values up to 6 with increasing aridity (Wang et 

al., 2006; Dugas et al., 1991). 

 

 

 

 

 

https://en.wikipedia.org/wiki/Bowen_ratio
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Figure 5.28. Spatial variability of Bowen Ratio (β) and an evaporative fraction 

(ETf) in plantation (C1) and pasture (C2) catchments. 
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 Evaporative fraction (ETf) 

ETf (the ratio of λET to the sum of available energy in terms of λET and H) 

can be used as a diagnostic test for surface energy partitioning during the 

daytime, especially under variable landcover. Partitioning of available surface 

energy into λET and H depends upon the soil moisture and therefore impacts 

the ETf. Figure 5.28 represents the spatial pattern of ETf, more for plantations 

and less for pastures. The low ETf indicates that pastures could not utilize the 

available energy due to limited soil moisture in shallow soil layers. Therefore, 

energy is lost either as longwave radiation or used to heat the surface, which 

is also confirmed by earlier studies (Wang et al., 2006; Dugas et al., 1991). 

Within plantations, low-lying areas with shallow groundwater can utilize 

more available energy for higher ET than plantations at elevated areas with 

deep groundwater, and this is reflected in higher ETf values for the plantation 

at low elevation. However, Nichol and Cuenca (1993) observed no correlation 

between the ETf and soil surface moisture as well as soil moisture. Gentine et 

al. (2011), in a study based on a model of the soil–vegetation–atmosphere, 

concluded that any phase difference between the λET and H, as mean values 

or daily amplitudes, can alter the pattern of ETf.  
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  ET vs. Groundwater 

Groundwater plays an essential role in regulating ET, especially in arid and 

semi-arid regions where ET not only reduces the available groundwater 

resource but also causes soil salt accumulation particularly in SE Australia 

(Adelana et al., 2015; Benyon et al., 2006; Tweed et al., 2007; Dresel et al., 

2018). The groundwater - ET relationship depends upon factors like 

groundwater depth, and upward movement; capillary rise, soil type and 

adaptative plant strategies. 

Daniel (1976) observed capillary flux or negative groundwater recharge 

upward from the aquifer to the root zone to maintain a high rate of ET, as 

observed in several subsequent studies (Yeh and Famiglietti, 2008; Luo et al., 

2009; Satchithanantham et al., 2017; Lubczynski, 2000 & 2011; Groeneveld 

et al., 2007; Tyler et al., 1997).  

Plants can extract moisture from deep soil layers to maintain their evaporative 

demand, especially during the growing season (Yeh and Famiglietti, 2008 and 

2009). However, this depends upon the proximity of the capillary fringe to 

the plant root system, the anaerobic conditions of the saturated zone, soil type, 

water table depth and plant species (Nichols, 1993a, 1993b & 1994; Miller 

and Eagleson, 1982; Theiveyanathan et al., 2005; Colville and Holmes, 

1972). Gardner and Fireman (1958) demonstrated that the upward movement 

of groundwater to plant is possible when the water table is more than 10 

meters deep. This phenomenon was also observed by Nepstad et al. (1994) 

for Brazilian closed forests, where during dry seasons the forest depends upon 

the deep root systems to access water from deeper soil moisture or 

groundwater to maintain green canopies. Some of these evergreen forests can 

absorb water from depths of more than 8 meters. 
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Plant water availability depends upon the type of vegetation cover.  

Comparison of three ecosystems (mature evergreen mixed forest with 171 

species, pasture and second-growth forest on abandoned pasture-land) showed 

that in both dry and wet seasons, plant water availability was lowest under the 

forest and highest under the pasture (Jipp et al., 1998). 

To optimize the available resources in the soil column, plant’s adaptative 

strategies, especially in water-limited environments, include the development 

of deep root system and the use of hydraulic redistribution (hydraulic lift) or 

reverse sap flow in roots (Brooks et al., 2002; Oliveira et al., 2005; Burgess 

et al., 1998 & 2001; Dawson, 1993 & 1996; Ryel, et al., 2002 and 2003; 

Caldwell et al., 1998; Horton and Hart, 1998; Ludwig et al., 2003; Richards 

Espeleta et al., 2004; Richards and Caldwell, 1987; Scholz et al., 2002; 

Brooks et al., 2002; Nambiar, 1990; Falkiner et al., 2006). A comprehensive 

analysis of the maximum rooting depth of 253 woody and herbaceous species 

concluded that the rooting depth varies from 0.3 meters for some tundra 

species to 68 meters for Bosscia albitrunca in the central Kalahari Desert 

(Canadell et al., 1996). Further, it was also observed that for trees, shrubs and 

herbaceous species, the average rooting depths are 7.0±1.2 m, 5.1±0.8 m and 

2.6±0.1 m, respectively. 

A hydraulic lift is a process in which some deep-rooted plant species transfer 

water from deeper to shallower soil layers. It predominantly depends upon the 

hydraulic gradient in soil water potential and the plant species.  

Burgess et al. (1998) demonstrated that reverse hydraulic lift could occur 

whereby water transported from shallower to deeper soil layers. A hydraulic 

lift considered as an important process for maintaining root viability and 

growth under dry conditions. Comparing oak species and C4 grasses Espeleta 

et al. (2004) concluded that, in general, oaks showed a higher hydraulic lift 

activity. Hydraulic lift by Acacia tortlis trees shown to benefit the understory 

grass in the arid east African savanna (Ludwig et al., 2003). Thus, the 
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hydrological redistribution of rainwater from moist to drier regions of the soil 

profile by roots can be a significant recharge mechanism to the deeper soil 

layers in arid or semi-arid environments. This is enhanced by the dimorphic 

root system of Eucalyptus  spp., where a deep vertical anchor root grows 

straight down to the water table, and the lateral roots extract moisture from 

the superficial soil layers, enabling the plant to maintain relatively high 

transpiration even in dry conditions (Knight, 1999). Further, Eucalyptus roots 

can follow moisture gradients up to 20 meters into adjacent fields (Knight, 

1999). The pattern of sapflow observed during the dry season in species 

having a dimorphic root system is consistent with the hydraulic redistribution 

of the soil water (Ryel et al., 2003). 

 

 Groundwater Mapping 

In order to determine the relationship between groundwater and ET in the 

study area, the spatial pattern of groundwater (depth below natural surface) 

was mapped using borehole data of the image pass day (Figure 6.1). 

Generally, the groundwater depth does not fluctuate over a short time interval; 

however, the groundwater depth borehole data for the image pass day was 

used to create a groundwater-surface layer. The Department of Primary 

Industries provided the groundwater depth data. From an interpolated surface, 

a raster layer was developed in ArcGIS environment with a cell size 

equivalent to the Landsat image. 

 In both the catchments, the groundwater depth ranges from 0 to 22.72 m; the 

mid-western part of the plantation catchment and the middle of pasture 

catchment has the shallowest groundwater and may be waterlogged. The 

groundwater is deepest on the eastern parts of both the catchments due to the 

higher elevational grid.   
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ET estimates for the study catchments were compared with the spatial 

variability of groundwater depth, and the response of each landcover to the 

groundwater depth investigated.  

 

 

 

Figure 6.1. The spatial pattern of groundwater depth (DBNS) at the study site. 

 

 ET – Groundwater Interaction 

Pixel-based comparison of groundwater depth and ET at the catchment scale 

(Figure 6.2 & 6.3) revealed that there is a weak linear correlation between 

these two parameters for the pasture catchment; however, there are two 

distinct ET trends in plantation catchment for ET > 3 and ET < 3 mm/day 

(Figure 6.3).  
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Figure 6.2. Daily ET vs groundwater depth in plantation catchment. 
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Figure 6.3. Daily ET vs groundwater depth in pasture catchment. 
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The variable ET response of different landcover and the groundwater depth 

will now be discussed in detail. To do so, first the ET and groundwater raster 

layers, having the same pixel size, were transformed into the respective point 

vector layers and then through spatial join, the attribute tables of different land 

covers were used for plotting ET vs groundwater (Figure 6.4 – 6.11).  The 

red, green and blue boxes on the graph and the corresponding images 

represent the pixels in cyan colour highlighting the respective pixels on the 

daily ET raster layer or picture of the respective pixel.  

 

 Plantation Catchment (C1) 

On the graph of ET and groundwater depth, the area with shallow 

groundwater (<10 m) has ET > 2.5 mm/day and includes plantations, natural 

vegetation and pasture (Figure 6.4a). The higher ET pixels within this part of 

the graph are representing Eucalyptus globulus plantation, and this is also true 

for increasing groundwater depth up to 20 meters (Figure 6.4b). At 

groundwater depths >10 meters, the ET response is more or less constant (> 

2.8 mm/day)  up to ~ 15 meters depth. At greater depths, there is a sharp 

decline in ET (Figures 6.4c), with ET < 2.5 mm/day represented by perennial 

grasses growing on the elevated area with rock outcrops in the north-western 

part of the catchment (Figure 6.4c).   

There is a degree of uncertainty in the factors impacting water uptake by tree 

plantations (Benyon, 2002; Dye, 1996). In this study, groundwater depths can 

relate to satellite image ET estimates in terms of the interaction between the 

water table and tree water uptake as reported in earlier studies (Macfarlane et 

al., 2018; Sharma, 1984; Silberstein et al., 2001). 
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Figure 6.4. ET vs Groundwater depth in the plantation catchment (‘a’ to ‘c’ show 

the corresponding pixels on the graph). 
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 Pasture Catchment (C2) 

The response of ET in the pasture catchment to landuse is similar to that in 

the plantation catchment, but it is more pronounced; the upper half of the 

graph (Figure 6.5a) is represented by plantation, crops and native forest and 

the lower half by pastures (Figure 6.5b and c). The lowest ET is represented 

by pasture species including phalaris and ryegrass (Figure 6.5c); the 

Eucalyptus globulus plantation achieves the highest ET (> 4 mm/day) with a 

groundwater depth < 8 meters. The open native forest canopy, mainly 

dominated by Eucalyptus regnans, has an ET rate of 3.5 – 4 mm/day despite 

a groundwater depth > 18 meters comparable to a young plantation with 

relatively shallow groundwater.  

The higher ET achieved by open canopy Eucalyptus regnans forest underlain 

by deep groundwater could be attributed to the upward movement of 

groundwater from water table deeper than 10m  due to hydraulic lift by old 

trees with a well-established dimorphic root system (Ludwig et al., 2003),  

consistent with the earlier studies (Gardner and Fireman, 1958; Nepstad et al., 

1994; Jipp et al., 1998). On the other hand, the presence of a farm dam in this 

forest may be having a localized effect.  
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Figure 6.5. ET vs groundwater depth in pasture catchment (‘a’ to ‘c’ show the 

corresponding pixels on the graph). 

 

  



139 

 

  Landcover 

To further investigate the response of ET to major landcover, within each 

catchment, the different landcover considered include plantation, pasture, 

native forest and crops. 

 Plantations 

The ET response of the Eucalyptus globulus plantation in the plantation 

catchment over a range of groundwater depth is consistent (Figure 6.6). The 

plantation has a high ET (> 3 mm/day) irrespective of groundwater depth up 

to 13m, above which the ET declines but is still > 2.5 mm/day (Figure 6.6a & 

b). One pixel at the periphery of the plantation block next to the bare ground 

has a lower ET of < 2.5 mm/day. One pixel has a very high ET of 3.5 mm/day, 

probably due to a contribution from the farm dam (Figure 6.6c).  

Deep groundwater (> 15 m) has a small negative impact on ET, which 

nevertheless remains within a narrow limit of 3.0 to 3.25 mm/day. Thus, 

Eucalyptus globulus probably has access to moisture in deeper layers of 

groundwater, helped by its dimorphic root system, as also shown by earlier 

studies (Knight, 1999; Eastham et al., 1990; El-Lakany and Mohammad, 

1993). 
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Figure 6.6. ET vs groundwater depth beneath tree plantation in plantation 

catchment (‘a’ to ‘c’ show the corresponding pixels on the graph). 
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A small block of Eucalyptus globulus plantation in the pasture catchment (C2) 

underlain by shallow groundwater (Figure 6.7a). Due to reasonable access to 

soil moisture, higher ET rates were maintained (3.6 to 4.2 mm/day).  

 

 

 

Figure 6.7. ET vs groundwater depth of tree plantation in pasture catchment (‘a’ 

shows the corresponding pixels on the graph). 
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 Pastures  

The pasture response in the plantation catchment (C1) is quite variable over 

increasing groundwater depth (Figure 6.8). There is a distinct cluster at 

groundwater depth < 5 meters, where the relatively high ET reflects the easily 

accessible groundwater (Figure 6.8a & b). There is a linear correlation 

between ET and groundwater depth > 10 meters; ET declines below 2.5 

mm/day (Figure 6.8c) for deeper groundwater, the lesser the ET.  

For the pastures in the pasture catchment (C2), the higher ET (> 3.5 mm/day) 

represents either perennial pastures in low lying areas with groundwater < 10 

meters, or areas with scattered old trees (Eucalyptus regnans) and 

groundwater deeper than 10 meters (Figure 6.9a & b). The higher ET of the 

pasture in the deep groundwater zone can be attributed to the hydraulic lift 

and groundwater redistribution by trees from the aquifer to the root zone as 

reported in the literature (Yeh et al., 1998; Yeh and Famiglietti,  2008, Tyler 

et al., 1997; Malek et al., 1990; Luo et al., 2009; Satchithanantham et al., 

2017; Lubczynski, 2000 & 2011; Groeneveld et al., 2007). The higher ET in 

these pastures may also be due to the presence of a farm dam. 

The medium ET rate (3 – 3.5 mm/day) of the pasture achieved over a wide 

range of groundwater depth (Figure 6.9c). Low ET (< 3 mm/day) occurs at 

both shallow groundwater depths (Zone I; < 10 m) and deeper (Zone II; >10 

m) adjacent to the natural forest (Figure 7.9d). The dominant flora of Zone I 

is perennial grasses (phalaris and ryegrass). In contrast, in zone II, annuals are 

dominant (clovers and capeweed), suggesting that annuals can cope in areas 

with less soil moisture during the summer season, particularly in the vicinity 

of trees. 
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Figure 6.8. ET vs groundwater depth of pasture in plantation catchment (‘a’ to ‘c’ 

show the corresponding pixels on the graph). 
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Figure 6.9. ET vs groundwater depth of pasture in pasture catchment (‘a’, ‘c’ and 

‘d’ show the corresponding pixels on the graph). 
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 Native Forest (Eucalyptus regnans)  

An open canopy Eucalyptus regnans native forest maintained a higher ET 

than a young Eucalyptus globulus plantation despite having deep groundwater 

(18 – 19.5 m) (Figure 6.10). Pixels with lower ET within this forest are 

probably due to canopy gaps covered with herbaceous vegetation. Some 

evergreen forests can maintain ET even during extended dry periods by 

accessing water from depths of more than 8 meters through their deep root 

systems as reported earlier (Oliveira et al., 2005; Amenu and Kumar, 2007; 

Nepstad et al., 1994; Ullman, 1985; Allison and Barnes, 1985; Gardner, 1958; 

Gardner and Fireman, 1958; Albaugh et al., 2013; Hutley et al., 2000). It is 

in line with the current findings.  

 

 

 

 

Figure 6.10. ET vs groundwater of native forest in pasture catchment (‘a’ shows 

the corresponding pixels on the graph). 
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 Crops (cultivated oats) 

The paddock of cultivated oats within the pasture catchment lies in a shallow 

groundwater (< 5 m) zone (Figure 6.11).  The uniform crop cover and shallow 

groundwater were probably responsible for achieving a high ET rate like the 

native forest and young plantations. A few pixels with ET > 4 mm/day located 

near a farm dam (Figure 6.11). 

 

 

 

Figure 6.11. ET vs groundwater depth for crops (Oats) in pasture catchment (‘a’ 

shows the corresponding pixels on the graph). 
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 Application of SEBARA to a 

second site 

 Site Description 

To test the SEBARA model for paired catchment at Gatum and Mirranatwa 

(Figure 7.1) the Landsat 8 image of winter (10:15:037am, June 26, 2016) was 

used for the analysis. Climate data from a flux tower, installed at the Gatum 

pasture catchment (C2), was used for the RefET calculations and comparison 

of various components of the energy balance equation. The flux tower was 

not installed at the plantation catchment at the satellite pass time; therefore, 

ET for this catchment could not be validated; however, the spatial pattern was 

compared with the response at Mirranatwa. At the satellite pass time, in the 

pasture catchment, data from the weather station showed that the relative 

humidity was 66% with specific humidity deficit of 0.002 and vapour pressure 

deficit of 0.36. The wind speed recorded was 3.9 m/s. For winter analysis, the 

groundwater-surface was not used because the ET estimate was the main 

objective. Further, due to the winter season, the slow growth was assumed, 

and therefore, ET dependence on groundwater was limited.    

For cloud cover, the Cirrus band (B9), was checked; the study catchments 

appeared to be cloud-free; however, there were some low clouds present at 

the Mirranatwa catchments. The digital numbers of the VIS, NIR and SWIR 

bands of Landsat image were converted directly to reflectance using band-

specific multiplicative and additive rescaling factors (given in the metadata 

file). The digital number of TIRS (B10) used for the calculation of surface 

temperature. 
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Figure 7.1. Natural Colour Composite (RGB432) of 26/06/2016 Landsat 8 image 

for Plantation (C1) and Pasture (C2) catchments at Gatum and Mirranatwa sites. 
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The Gatum site is about 30 km west of Mirranatwa site in the Geelong 

Hopkins region of south-western Victoria, approximately 300 km west of 

Melbourne near Hamilton (Figure 7.2).  The climate of the area is 

Mediterranean with cold, wet winters and hot, dry summers. The long-term 

average annual rainfall is 611mm, and the yearly pan evaporation is almost 

double (1400 mm) of annual rainfall (Adelana et al., 2015).  

The Gatum site also has two catchments: one managed as pasture with some 

cropping (1.61 km2) and the other covered by a Eucalyptus tree plantation, 

(3.42 km2). The aspect, topography, geology, and soil characteristics are 

almost the same for both the catchments.  To monitor the groundwater, there 

are 23 boreholes (10 in the pasture and 13 in the plantation catchment) (Figure 

7.3). The water table depth below the natural surface in the pasture catchment 

is shallow (1-13m) as compared to the plantation catchment (5.6-14.3m). 

Overall, both soil water EC and groundwater EC are higher for the plantation 

catchment (Adelana et al., 2015).  

In the pasture catchment, the elevation ranges from 235 to 265m AHD 

(Australian Height Datum), and Banool Creek runs through the centre from 

the north-west to south-east (Figure 7.3). It is dominated by annual pasture 

for cattle and sheep grazing, with some cropping of canola and wheat (Figure 

7.2). Eucalyptus shelter belts which include the species Eucalyptus 

camaldulensis and Eucalyptus cladocalyx, cover approximately 3% of the 

area mainly along the creeks.  

The plantation catchment has an elevation range of 236–270 m ADH with 

McGill Creek as the main drainage (Figure 7.2 & 7.3). A Eucalyptus globulus 

plantation planted in 2005 covers 62% of the catchment, while the remaining 

land area is grassland with grassed access tracks. 
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Figure 7.2. Location of paired catchments at Gatum in western Victoria, Australia, 

and the catchments with landcover types, road network, location of farm dams and 

rain gauge. 
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Figure 7.3. The topography of both catchments at Gatum site along with the 

location of boreholes, flux tower and rain gauges. 
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A flux tower was installed in the pasture catchment to measure ET with the 

support of the Australian Federal Government via the National Collaborative 

Research Infrastructure Scheme and Education Investment Fund (Figure 7.4). 

EddyPro software used to access the data by Monash University. The details 

of the data variables collected are available in LiCor (2015). The flux tower 

data used for the development and comparison of SEBARA as well as,  

interpretation of results include energy fluxes (latent heat, soil heat and 

sensible heat), momentum roughness, friction velocity, net radiative flux, 

down word shortwave radiation, rainfall, relative and specific humidity, air 

and soil temperature, vapour pressure and vapour pressure deficit, wind speed 

and solar altitude. 

 

 

 

 

Figure 7.4. Installation of flux tower in pasture catchment at Gatum site. 
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 Surface Radiation Balance (SRB)  

 
 Albedo (αtoa and αsurf) 

The top of the atmosphere (αtoa) and surface albedo (αsurf) are similar at Gatum 

and Mirranatwa (Figure 7.5 & 7.6), which are 33 km apart, and values were 

higher for pastures and lower for tree plantation, as previously observed at 

Mirranatwa. 

Compared to the summer values obtained at Mirranatwa, both αtoa and αsurf for 

winter are lower; αtoa is almost half of the summer range, which is in line with 

studies on seasonal albedo (Zhou et al., 2003; Evans et al., 2017).  

 

 Incoming Shortwave Radiation (Rs↓) 

The total incoming shortwave radiation estimated for the satellite pass time 

was 437 W/m2, as compared to 830 W/m2 calculated for summer at 

Mirranatwa. The shorter day length, lower sun elevation and azimuth angle in 

winter are responsible for the lower incoming shortwave radiation. The 

measured shortwave radiation at the flux tower was 419 W/m2, which is only 

4% lower than the remote sensing estimate. 

 

 Outgoing Longwave Radiation (RL↑) 

First, the spectral vegetation indices were computed. 

 Vegetation Indices 

➢ NDVI: The NDVI ranges from 0 to 0.83; lower for cropped 

fields/sparse vegetation cover and higher for winter pastures followed 

by the plantation (Figure 7.7).  

 



154 

 

 

 

 

Figure 7.5. Top of the atmosphere (ToA) Albedo (αtoa). 
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Figure 7.6. Surface albedo (αsurf). 
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Figure 7.7. Normalized Difference Vegetation Index (NDVI). 
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➢ SAVI: It ranged from 0 to 0.57 which is lower than the summer values 

at Mirranatwa, however, highlighted the landcover accurately: pastures 

have the highest values whereas plantations due to canopy openings 

and slow winter growth, have a medium range of SAVI (Figure 7.8). 

➢ LAI: The winter LAI values range from 0 to 0.83 (Figure 7.9) which 

are much lower with a narrower range than summer values at 

Mirranatwa (the highest being 3.05). The close range of LAI in winter 

meant that the different landcover could not be differentiated. 

 

 Surface Emissivity (ɛo):  

The surface emissivity ranges from 0.94 to 1 (Figure 7.10), which is in line 

with summer values; however, the winter minimum value is 0.02 lower than 

that in summer. The cropped fields at both sites have the most moderate ɛo 

values, whereas pastures are highly emissive surfaces, followed by the tree 

plantations and natural vegetation along the creeks. 

  



158 

 

 

 

 

 

Figure 7.8. Soil Adjusted Vegetation Index (SAVI). 
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Figure 7.9. Leaf Area Index (LAI). 
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Figure 7.10. Surface Emissivity (ɛo). 
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 Brightness and Land Surface Temperature (Tb & Ts):  

There is little difference in brightness (Tb) and land surface (Ts) temperature. 

Generally, the pastures have a higher temperature compared to plantations or 

natural vegetation along the creeks (Figure 7.11). The area under cloud cover 

presents the lowest temperature (< 2 °C) at Mirranatwa.  The temperature 

recorded at the flux tower at Gatum (6.6°C) is very similar to the image 

estimate for the corresponding pixel (6.1°C; estimation accuracy of 92%).  

The spatial pattern of outgoing longwave radiation indicates higher losses 

from the pastures than from the plantations and cropped area (Figure 7.12). 

The pattern agrees with the summer response though with lower values. 

 

 Incoming Longwave Radiation (RL↓) 

Since calculations of incoming longwave radiation are dependent upon the 

emissivity and temperature of the cluster of ‘cold’ pixels, the values are 

similar for both seasons. The RL↓ computed for the satellite pass time is 236 

W/m2. 

 

 Net Radiation (Rn) 

The radiative balance for both Gatum catchments at the satellite pass time 

ranges from 277 to 329 W/m2, which is substantially lower than that 

calculated for summer at Mirranatwa (473 to 698 W/m2), although the net 

energy distribution pattern among the various landcover in winter (Figure 

7.13) is similar. Overall, pastures have the lowest net energy because of higher 

energy loss in terms of RL↑ compared to plantations and cropped areas.  
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Figure 7.11. Land surface temperature (Ts) 
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Figure 7.12. Outgoing Longwave Radiation (RL↑). 
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At the satellite pass time, the net radiation recorded at the flux tower was 302 

W/m2, and for the corresponding pixel, the SEBARA output is comparable 

(293 W/m2). The difference may be because of the flux tower value, 

calculated from incoming shortwave radiation, which was highly variable 

(419 – 291 W/m2) during the hour corresponding to the satellite pass time. 
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Figure 7.13. Net Radiation (Rn). 
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 Surface Energy Balance (SEB) 

The computation of the surface energy balance requires detailed knowledge 

of the area, especially landuse and the climate, and is, therefore,  the most 

challenging component to compute. Special attention must be given to the 

selection of appropriate ‘hot’ and ‘cold’ spots and values for crop coefficient 

for reference ET. To accommodate the variability in the study site (e.g. 

predominant landcover, vegetation height), For the current testing of the 

model, the target area was the pasture-dominated catchment; therefore, the 

variables predominantly based on pasture. However, where relevant 

information was available for the plantation, the model was re-run for the 

plantation, but the output for the plantation catchment should be used with 

care. 

   

 Soil Heat Flux 

To compute soil heat flux, first the G/Rn ratio was computed; this varied from 

0.11 to 0.45 (Figure 7.14), higher for pastures and cropped areas and lower 

for plantation, reflecting higher values of Ts, αsurf and NDVI for pasture.  

The G values range from 36.4 – 125.8 W/m2, which is higher than for summer 

at Mirranatwa (4.4 – 38 W/m2). This response is in agreement with previous 

studies (Sauer and Hortont, 2005; Malek et al., 1990; Malek, 1993; Kustas 

and Daughtry, 1990) showing that due to differences in vegetation growth and 

cover, soil heat flux is lower for the plantation and higher for pastures (Figure 

7.15).  Despite the lower net available energy for pasture, the higher G/Rn 

ratio contributed to the more G. The low-lying areas along the creek and the 

cropped area had more G. In contrast, the plantations represent the area with 

the lowest G.  
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Figure 7.14. G/Rn ratio. 
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Figure 7.15. Soil Heat Flux (G). 
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 Available Energy 

The available energy for surface processes in winter at Gatum ranges from 

153 to 290 W/m2 (Figure 7.16), which is 36% of the available energy during 

summer at Mirranatwa (Figure 5.17). Still, it has a similar general pattern: 

higher for plantations and lower for pastures. The average measured available 

energy at the flux tower between 11:00 and 11:30 am was 202.3 W/m2; the 

ET estimate for the satellite pass time (10:15:03 am) for the corresponding 

pixel was 214 W/m2. The difference of 12 W/m2 may be due to a decline in 

available energy from 10:00 am to 11-11:30 am.  

 

 Sensible Heat Flux (H)  

 Momentum Roughness Length (Zompix) 

The momentum roughness length computed using the regression equation 

between the ratio of NDVI to albedo and the natural log of Zom. The Zompix 

measured at the flux tower is 0.17 at the satellite pass time, whereas the model 

output for the corresponding pixel is 0.11. A decline in Zompix over a half-

hour time step (11 to 11:30 am) on the image pass day, was recorded at flux 

tower. The momentum roughness depends upon the relative object height or 

surface roughness elements (Kanda et al., 2007; Stewart et al., 1994; Lhomme 

et al., 2000; Garratt, 1992; Blyth and Dolman, 1995) and is generally one-

tenth of the height of the roughness element. Considering the spatial 

resolution of the satellite data (30m), the average height of the objects within 

the pixel including the flux tower was considered for computation of Zompix 

which may be responsible for the differences between the two values. The 

landcover or vegetation type has a substantial impact on Zompix; pasture has 

a low Zompix compared to the trees (Figure 7.17), which is in line with limits 

given by WMO (2008). 
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Figure 7.16. Available Energy.  
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Figure 7.17. Momentum Roughness Length (Zompix). 
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 Friction Velocity (µ*
pix) 

The µ*
pix is highly variable depending upon the ground surface; low for 

pastures and higher for plantations (Figure 7.18). The friction velocity 

recorded at the weather station at Gatum is 0.371, closely comparable to the 

model output for the corresponding pixel (0.367). The wind at the satellite 

pass time was 3.9 m/s, which although not characterised as a strong wind, 

elevated both the Zompix and µ*
pix values. In summer at the Mirranatwa the 

pastures showed higher µ*
pix values than the plantations, which may be due to 

active pasture growth. In winter for both plantation and pasture, µ*
pix showed 

a contrasting response to the spatial pattern in summer.  It can be due to the 

variability in carbon source and sink (Barr et al., 2013; Paco et al., 2009; Law 

et al., 2002; Beer et al., 2010; Reichstein et al., 2007a & 2007b; Richardson 

et al., 2010); eco-physiological processes and their climatic controls (Irvine 

et al., 2005; Mahecha et al., 2010); as well as landuse shift (Davis, 2008; 

Amiro et al., 2010). 

 

 Temperature Difference (dT) and Air Temperature (Ta) 

Due to the winter season, dT values are low (the cloud-covered area has the 

lowest value of < 1.8 °K). The dT follows the surface temperature pattern: 

high for pastures and lower for plantations. 

The dT pattern also reflected in the Ta.  The clouds prevented incoming 

radiation from reaching the surface, resulting in lower Ta. Pastures, especially 

at elevated patches, had the highest air temperature.  
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Figure 7.18. Friction Velocity (µ*
pix). 
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 Sensible Heat Flux (H) 

Both the Gatum catchments present a distinct pattern of H (Figure 7.19), with 

pastures and crops representing the lower ranges (47 to 155 W/m2) and 

plantations higher values (> 500 W/m2).  

The spatial response of H for plantation and pasture during winter contrasts 

with summer at Mirranatwa, where pasture had low sensible heat flux as 

compared to the plantation.  The spatial pattern of Rn, available energy, Ts, 

Ta, and VIs are similar for the Mirranatwa plantation and pasture catchments 

during both seasons. However, lower values occur in winter: 50% less Rn and 

66% less available energy. The sensible heat flux is a function of the 

temperature gradient, surface roughness and wind speed (Allen et al., 2002a; 

Bastiaanssen, 2000; and Buntor et al., 2019). The low-temperature gradient 

(dT) and NDVI, along with relatively higher wind speed and phenological 

stage, may have contributed to a higher aerodynamic resistance and friction 

velocity, leading to a higher sensible heat flux for the plantation during winter 

at the Gatum site.  

The flux tower measurement of sensible heat flux at Gatum shows a peak 

(32.33 W/m2) at 11:00 am whereas on either side of the time step; the H value 

is less than half of this value (11.3 W/m2 at 10:30 am and 12.8 W/m2 at 11:30 

am).  The corresponding pixel estimate is 72 W/m2. The agreement of values 

recorded at the flux tower to SEBARA estimates for all the components of 

the energy balance equation except sensible heat flux is an indication of an 

anomaly in flux tower readings. Further, exploring the flux tower data, it was 

noticed the values of sensible heat flux for the image pass day were quite 

erratic whereas, on the previous and the following days, similar H values 

recorded.  
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Figure 7.19. Sensible Heat Flux (H). 
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 Latent Heat Flux (λET)  

The λET at both sites ranges from negative to more than 50 W/m2 (Figure 

7.20).  A few pixels in the pasture catchment have values higher than 50 

W/m2, whereas scattered trees or shelter belts have a negative flux. 

Low/negative fluxes (for both H and λET) in winter are possible (Van der 

Molen et al., 2006; Ma et al., 2017) due to ground cooling and condensation 

of water vapour. The latent heat flux recorded at the flux tower at the image 

pass time is 45 W/m2, whereas the SEBARA estimate for the corresponding 

pixel is 41 W/m2.  

 

 Evapotranspiration (ET)  

 

 ET instantaneous (ETinst) 

The higher available energy in the pasture and the cropped area is utilized by 

the winter species growing in this area, leading to higher ETinst values (Figure 

7.21). The ETinst measured at the flux tower at the satellite pass time is 0.050 

mm/hr; for the corresponding pixel, the estimated value is 0.055 mm/hr.  

 

 Reference ET fraction (ETrf) 

The pastures have a variable ET fraction ranging from 0 to 0.75, whereas 

winter crops at both Mirranatwa and Gatum represent the highest ETrf (Figure 

7.22). The plantation, shelterbelts in the pasture catchment and scattered trees 

along the creeks show lower ETrf. 
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Figure 7.20. Latent Heat Flux (λET). 
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Figure 7.21. Instantaneous ET (ETinst). 
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Figure 7.22. ETr fraction (ETrf). 
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 Daily ET (ET24) 

The spatial pattern of daily ET24 is like the ETinst pattern and ranges from 

<0.25 to > 1 mm/day (Figure 7.23). A few pixels in the pasture catchment 

have values >2 mm/day and represent either the higher evaporation from farm 

dams/drains surrounded by trees or dense tree plantation on elevated areas. In 

plantation catchment, an ET > 2 mm/day represented by pastures with 

scattered trees at elevated areas.  

In general, the pasture catchment has relatively high ET24, although, the low-

lying areas have the lowest ET24. Compared to 0.429 mm/day ET recorded at 

the flux tower, the SEBARA daily output for the corresponding pixel is 0.495 

mm/day. In the plantation catchment, the plantation and pasture exhibited a 

similar response except for the pasture at elevated areas. The pixels with 

higher ET occur in the north-western and southern parts with a mix of pasture 

and trees.  

The soil heat flux recorded at the flux tower was negative at the satellite pass 

time. The flux tower also recorded low vapour pressure deficit (0.38), high 

relative humidity (67%) and the low net radiation at the satellite pass time. 

Although rainfall was recorded during the week prior to the satellite pass day, 

in the tree plantation low root activity due to a negative soil flux, low soil 

evaporation; and low temperature may be responsible for lower ET, which is 

following the outcome of earlier studies (Knohl et al., 2003; Shirke et al., 

2004).  

At Mirranatwa, the spatial pattern of the components of surface radiation 

balance was similar for summer and winter; however, with lower ranges for 

winter. The response of main component of surface radiation and energy 

balance components for summer and winter are given in Table 7.1. The 

climatic controls on ET including solar radiation, humidity, and vapour 

pressure deficit (Allen et al., 1998; Reichstein, et al., 2010) were variable and 
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contributed to the lower winter ET of plantation. Since the daily partitioning 

of net radiation into soil heat flux and sensible heat flux, it is a dynamic 

process that depends upon wind speed and sensible heat balance residual 

(Cellier et al., 1996; Heitman et al., 2008) which may further also be 

responsible for lower  ET . In winter, the contrasting response of sensible heat 

flux, higher wind speed and relative humidity were responsible for elevating 

the contrast of evaporative fluxes. Furthermore, the physiological and 

morphological stages, as well as the net photosynthesis rate of plantations and 

pasture in both the seasons, are responsible for the differences in ET.  This 

response is in agreement with reported studies (Huizhi and Jianwu, 2012; de 

Sousa Lima et al., 2013; Baldocchi and Meyers, 1998; Li et al., 2005; Verhoef 

et al., 1999; Sun and Wu, 2001; Cornic, 2000;  Ma et al., 2007; Baldocchi and 

Xu, 2007;  Ryu et al., 2008; Wilson and Baldocchi, 2000 and Wever et al., 

2002; Frank and Inouye, 1994; Pereira et al., 1986). The groundwater data 

was not used for winter because the ET estimate was the main objective. 

Further, due to wintertime, the growth was slow, and therefore, ET was low 

as well. 

In conclusion, SEBARA performed well at the Gatum site in estimating ET 

with an accuracy of +10% compared to field measurements, despite the 

assumptions made in SEBARA. Use of a detailed landuse map and 

consideration of vegetation types to adjust the model variables, especially the 

sensible and latent heat fluxes, is strongly recommended. 

In general, the surface energy models SEBARA predicted ET with an 

accuracy level of ± 10%, better than the uncertainty of ± 20% achieved in-

field measurements of transpiration in the same region (Benyon et al., 2006, 

Forrester et al., 2010; Dean, 2013). 
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Figure 7.23. Daily ET (ET24). 
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Table 7-1. Comparison of summer and winter surface radiation and energy budgets.  

 Summer Winter 

 Mirranatwa Mirranatwa & Gatum 

Surface radiation balance 

Solar constant (W/m2) 1367 

Rs↓ (W/m2) 830 437 

RL↓ (W/m2) 236 222 

RL↑ (W/m2) 360 - 402 319 - 343 

Albedo (αsurf) 0.02 - 0.1 0.003 - 0.057 

NDVI 0.39 - 0.81 0.18 - 0.83 

SAVI 0.27 - 0.7 0.1 - 0.57 

LAI 0.27 - 3.05 0.1 - 1.77 

Emissivity 0.96 - 0.99 0.94 - 1.0 

Ts (oC) 9.28 - 18.64 4.0 - 6.5 

Rn (W/m2) 473 - 698 299 - 339 

Surface energy balance 

G/Rn ratio 0.01 - 0.07 0.11 - 0.45 

G (W/m2) 4.41 - 38.01 8 - 60 

H (W/m2) 109 - 477 47 - >500 

λET (W/m2) 118 - 344 < 0 - >100 

ETinst (mm/hr) 0.19 - 0.55 0 - 0.75 

ETrF 0.19 - 0.59 0.25 - 1 

ET24 (mm/day) 1.5 - 4.2 < 0.25 - > 1 
Note: A few pixels sometimes show unrepresentative extreme values either as maximum or 

minimum except for latent heat flux where plantations generally showed a negative flux 

during winter. 
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 Conclusions 

 Key outcomes: 

➢ Using the SEBARA algorithm with input data including satellite 

images (visible, NIR, SWIR and thermal bands), climatic data (from a 

weather station) and the target site landuse, spatial patterns of 

evapotranspiration can be estimated with a high level of accuracy (85- 

95%).  

➢ Pastures during summer season, in general, has 22% lower ET as 

compared to tree plantations due to limited access to soil moisture of 

the shallow root system, higher energy loss as outgoing longwave 

radiation and higher soil heat flux. 

➢ Tree plantation mirrored the response of pastures in general; however, 

the young plantation did not exceed the ET rates of pasture, whereas 

the old forest and plantations at lower elevations consistently showed 

ET 15-20% higher than pastures. 

➢ Groundwater depth from borehole data can help in understanding the 

spatial variability of ET, especially in tree plantations, and its role in 

the hydrological lift and groundwater redistribution by trees.  

➢ During winter, ET is 16-24% of the summer ET and winter pastures 

have higher ET as compared to the plantations. 

 

  



185 

 

 Research Highlights 

➢ Following the principals of Surface Energy Balance Algorithms for 

Land (SEBAL), a modified approach (Surface Energy Balance 

Algorithms for Rainfed Agriculture - SEBARA) is developed. This 

approach uses medium spatial resolution Landsat image, climate data, 

weather station information, landuse and topography of the study 

catchments to estimate the evapotranspiration (ET) of rainfed 

agrosystems.  

➢ The model was used to estimate the ET of two adjacent catchments 

with similar climatic conditions but contrasting land uses (Eucalyptus 

globulus plantation and pasture), located at Mirranatwa, about 230 km 

west of Melbourne, south-eastern Australia.  

➢ The daily ET estimate of SEBARA during summer in the pasture 

catchment is only 4.55% less than the measured value at a flux tower 

in the catchment. In contrast, estimated ET for the plantation catchment 

is 12.97% higher than the sapflow reading. Considering the spatial and 

temporal variability in ET, the accuracies achieved (88-95%) using 

SEBARA are satisfactory.  

➢ The model output also compared with calculations of ET using 

reference crop evapotranspiration (RefET - ETo for pasture and ETr for 

plantation) and the Catchment Hydrology (CATHY) distributed model. 

SEBARA underestimates ET as compared to RefET (< 8% for pasture 

and < 1% for plantation), these levels of accuracy regarded as 

satisfactory. In comparison with CATHY it overestimates ET (15% for 

pasture and 25% for planation).  

➢ Overall, tree plantations have the highest daily ET, ranging from 2.34 

mm/day to 4.2 mm/day during summer. The lower ranges represent the 
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areas with deep groundwater or shallow saline groundwater, whereas 

the higher ranges represent the areas with medium groundwater depth.  

➢ Pastures show spatial variability in daily ET ranging from 1.44 to 4 

mm/day. The annual pastures at a higher elevation with deep 

groundwater had lower ET due to limited soil moisture; however, at 

lower elevations with better soil moisture, perennial pastures could 

attain higher ET, comparable to plantations.  

➢ A cultivated oats crop at lower elevations, having a good vegetation 

cover and a farm dam, had higher daily ET than the pasture, and old 

forest, despite being located in an area with deep groundwater, also 

achieved higher ET due to its extensive and deep roots.  

➢ The groundwater depth surface generated using borehole data helped 

in understanding the spatial variability of ET, especially in the tree 

plantation. In young plantation, ET is only limited by either shallow 

saline groundwater or a groundwater depth of > 15 m.  

➢ After comparison, the SEBARA algorithm was used for another paired 

catchment at Gatum to the west of the Grampians, which had a similar 

climate to the Mirranatwa site. At this site, the SEBARA algorithm 

updated for Landsat 8 data and the winter image used for ET 

estimation. In general, the pasture catchment had relatively higher daily 

ET as compared to the tree plantation catchment. The spatial variability 

of ET ranged from < 0.25 to >1 mm/day, and compared to flux tower 

readings, an accuracy of ~10% was achieved. 
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 Way forward 

➢ The SEBARA algorithm may be applied in diversified environments 

having variable landuse so that spatial evapotranspiration response can 

be understood on a larger scale.  

➢ Landsat data is available for over more than four decades, and 

SEBARA can be used with this data to see the temporal changes in ET 

following any shift in land use. This information can be used for future 

planning in rainfed agricultural systems.  

➢ The data from the OzFlux network of 30 flux towers in diversified 

environments can be a useful input source for SEBARA.  

➢ Although SEBARA algorithm developed for medium resolution 

Landsat data, it can be tested for higher spatial and temporal resolution 

satellite data, provided the thermal band or land surface temperature 

product is available with a data bundle.  

 

 Recommendations 

➢ Based on the outcome of this research project, it is recommended that 

for future Eucalyptus plantation planning programmes, especially in 

rainfed environment, it’s impact on water resources should be 

considered. 

➢ Eucalyptus plantation should be avoided in the area with deep 

groundwater. 

➢ In the existing Eucalyptus plantations in rainfed areas, farm dams can 

help to recharge the groundwater. 
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Appendix 1. Surface albedo range for various land surfaces (a) & Surface albedo of 

different land surfaces over time (b). 

 

(1a) 

Surface Albedo Source 

Court roof 0.1 – 0.15 Kotak, Y., Gul, M.S., Muneer, T. and Ivanova, 

S.M., 2015, April. Investigating the impact of 

ground albedo on the performance of pv 

systems. In Proceedings of CIBSE Technical 

Symposium, London, UK (pp. 16-17). 

Coloured paint 0.15 – 0.35 

Trees 0.15 – 0.18 

Asphalt 0.05 _ 0.2 

Concrete 0.25 – 0.7 

Grass 0.25 – 0.3 

Ice 0.3 – 0.5 

   

Fresh Asphalt 0.04 Ritter, M.E., 2003. The physical environment: 

An introduction to physical geography. Date 

visited July 25, p.2008. Worn Asphalt 0.12 

Bare Soil 0.17 

Conifer forest 

(Summer) 
0.08 

Green grass  0.25 

New concrete 0.55 

Fresh Snow 0.80 - 0.90 

   

Conifer forest 0.10 – 0.15 Horiguchi, Ikuo (ed.)m 1992. Agricultural 

Meteorology, Buneidou, Tokyo, Japan. 
Decideous forest 0.15 – 0.20 

Green Grass or pasture 0.15 – 0.25 

Corn field 0.15 – 0.22 

Black soil .08 – 0.14 

Clay 0.16 – 0.23 

White-Yellow sand 0.34 – 0.40 

Grey-white sand 0.18 – 0.23 

Water 0.025 – 0.348 

Fresh Snow 0.80 - 0.85 

Old snow and ice  0.30 -0.70 
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(1b) 
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Appendix 2. The emissivity of different surfaces. 

 

Surface Emissivity Source 

Cropland 0.982 Qin, Z.H., Li, W.J., Xu, B., Chen, Z.X. and Liu, 

J., 2004. The estimation of land surface 

emissivity for Landsat TM6. Remote Sens. 

Land Resour, 3, pp.28-32. 

Forest 0.988 

Bare soil 0.972 

Buildings 0.970 

   

Shrubland 0.986 Humes, K.S., Kustas, W.P., Moran, M.S., 

Nichols, W.D. and Weltz, M.A., 1994. 

Variability of emissivity and surface 

temperature over a sparsely vegetated 

surface. Water Resources Research, 30(5), 

pp.1299-1310. 

Green space 0.985 

   

Asphalt and 

concrete 

0.968 WANG, X.X., Hu, D.S. and ZHU, Q.J., 2011. 

Comparison of infrared radiative temperatures 

from two scales on different land 

surfaces. Journal of Guangxi Normal 

University (Natural Science Edition), (2), p.02. 

   

Grassland 0.982 Labed, J. and Stoll, M.P., 1991. Spatial 

variability of land surface emissivity in the 

thermal infrared band: spectral signature and 

effective surface temperature. Remote Sensing 

of Environment, 38(1), pp.1-17. 

   

Waterbody 0.995 Zheng, G.Q., Lu, M., Zhang, T., Liu, G. and 

Ke, C., 2010. The impact of the difference of 

land surface emissivity on the land surface 

temperature retrieval in Jinan City. Journal of 

Shandong Jianzhu University, 25(5), pp.519-

523. 

   

Tree vegetation 0.965 Formetta, G., Bancheri, M., David, O. and 

Rigon, R., 2016. Performance of site-specific 

parameterizations of longwave 

radiation. Hydrology and Earth System 

Sciences, 20(11), pp.4641-4654. 
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Appendix 3. Attributes of Landsat 5 TM image (a) and Landsat 8 OLI-TIRS (b) used 

for model development. 

 

(3a - Landsat 5 TM image) 

Dataset Attribute Attribute Value 

Landsat Scene Identifier  LT50940862011276ASA00 

Spacecraft Identifier  5 

Sensor Mode  BUMPER 

Station Identifier  ASA 

Day Night  DAY 

WRS Path  094 

WRS Row  086 

Date Acquired  2011/10/03 

Start Time 2011:276:00:03:45.88375 

Stop Time 2011:276:00:04:12.49650 

Sensor Anomalies  N 

Acquisition Quality  9 

Quality Band 1  9 

Quality Band 2  9 

Quality Band 3  9 

Quality Band 4  9 

Quality Band 5  9 

Quality Band 6  9 

Quality Band 7  9 

Cloud Cover 7.16% 

Cloud Cover Quadrant Upper Left  0.57% 

Cloud Cover Quadrant Upper Right  25.24% 

Cloud Cover Quadrant Lower Left  0.2% 

Cloud Cover Quadrant Lower Right  2.62% 

Sun Elevation  44.42735839 

Sun Azimuth  50.46881769 

Scene Center Latitude  -37.48990 (37°29'23"S) 

Scene Center Longitude  142.86944 (142°52'09"E) 

Browse Exists  Y 

Scene Mode  U 

Data Category  NOMINAL 

Map Projection L0Ra  NA 

http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
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Data Type L0Rp  TMR_L0RP 

Data Type Level 1  L1T 

Elevation Source  GLS2000 

Output Format  GeoTIFF 

Ephemeris Type  DEFINITIVE 

Corner Upper Left Latitude Product  -36.52696 (36°31'37"S) 

Corner Upper Left Longitude Product  141.46691 (141°28'00"E) 

Corner Upper Right Latitude Product  -36.48451 (36°29'04"S) 

Corner Upper Right Longitude Product  144.21587 (144°12'57"E) 

Corner Lower Left Latitude Product  -38.49277 (38°29'33"S) 

Corner Lower Left Longitude Product  141.47932 (141°28'45"E) 

Corner Lower Right Latitude Product  -38.44721 (38°26'49"S) 

Corner Lower Right Longitude Product  144.30115 (144°18'04"E) 

Reflective Lines  7271 

Reflective Samples  8211 

Thermal Lines  7271 

Thermal Samples  8211 

Ground Control Points Model  36 

Geometric RMSE Model  4.685 

Geometric RMSE Model X  3.427 

Geometric RMSE Model Y  3.195 

Ground Control Points Verify  940 

Geometric RMSE Verify  .288 

Map Projection L1  UTM 

Datum  WGS84 

Ellipsoid WGS84 

UTM Zone  54 

Grid Cell Size Reflective  30 

Grid Cell Size Thermal  30 

Orientation  NORTH_UP 

Resampling Option  CUBIC_CONVOLUTION 

FGDC Metadata 

http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
http://glovis.usgs.gov/ImgViewer/showmetadata.cgi?scene_id=LT50940862011276ASA00
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(3b - Landsat 8 OLI-TIRS) 

 

GROUP = L1_METADATA_FILE 

  GROUP = METADATA_FILE_INFO 

    ORIGIN = "Image courtesy of the U.S. Geological Survey" 

    REQUEST_ID = "0701607086151_00003" 

    LANDSAT_SCENE_ID = "LC80940862016178LGN00" 

    FILE_DATE = 2016-07-09T15:47:36Z 

    STATION_ID = "LGN" 

    PROCESSING_SOFTWARE_VERSION = "LPGS_2.6.2" 

  END_GROUP = METADATA_FILE_INFO 

  GROUP = PRODUCT_METADATA 

    DATA_TYPE = "L1T" 

    ELEVATION_SOURCE = "GLS2000" 

    OUTPUT_FORMAT = "GEOTIFF" 

    SPACECRAFT_ID = "LANDSAT_8" 

    SENSOR_ID = "OLI_TIRS" 

    WRS_PATH = 94 

    WRS_ROW = 86 

    NADIR_OFFNADIR = "NADIR" 

    TARGET_WRS_PATH = 94 

    TARGET_WRS_ROW = 86 

    DATE_ACQUIRED = 2016-06-26 

    SCENE_CENTER_TIME = "00:15:37.0172650Z" 

    CORNER_UL_LAT_PRODUCT = -36.41602 

    CORNER_UL_LON_PRODUCT = 141.47963 

    CORNER_UR_LAT_PRODUCT = -36.37619 

    CORNER_UR_LON_PRODUCT = 144.12114 

    CORNER_LL_LAT_PRODUCT = -38.56571 

    CORNER_LL_LON_PRODUCT = 141.49358 

    CORNER_LR_LAT_PRODUCT = -38.52267 

    CORNER_LR_LON_PRODUCT = 144.21171 

    CORNER_UL_PROJECTION_X_PRODUCT = 543000.000 

    CORNER_UL_PROJECTION_Y_PRODUCT = -4030200.000 

    CORNER_UR_PROJECTION_X_PRODUCT = 780000.000 

    CORNER_UR_PROJECTION_Y_PRODUCT = -4030200.000 

    CORNER_LL_PROJECTION_X_PRODUCT = 543000.000 

    CORNER_LL_PROJECTION_Y_PRODUCT = -4268700.000 

    CORNER_LR_PROJECTION_X_PRODUCT = 780000.000 

    CORNER_LR_PROJECTION_Y_PRODUCT = -4268700.000 

    PANCHROMATIC_LINES = 15901 

    PANCHROMATIC_SAMPLES = 15801 

    REFLECTIVE_LINES = 7951 

    REFLECTIVE_SAMPLES = 7901 
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    THERMAL_LINES = 7951 

    THERMAL_SAMPLES = 7901 

    FILE_NAME_BAND_1 = "LC80940862016178LGN00_B1.TIF" 

    FILE_NAME_BAND_2 = "LC80940862016178LGN00_B2.TIF" 

    FILE_NAME_BAND_3 = "LC80940862016178LGN00_B3.TIF" 

    FILE_NAME_BAND_4 = "LC80940862016178LGN00_B4.TIF" 

    FILE_NAME_BAND_5 = "LC80940862016178LGN00_B5.TIF" 

    FILE_NAME_BAND_6 = "LC80940862016178LGN00_B6.TIF" 

    FILE_NAME_BAND_7 = "LC80940862016178LGN00_B7.TIF" 

    FILE_NAME_BAND_8 = "LC80940862016178LGN00_B8.TIF" 

    FILE_NAME_BAND_9 = "LC80940862016178LGN00_B9.TIF" 

    FILE_NAME_BAND_10 = "LC80940862016178LGN00_B10.TIF" 

    FILE_NAME_BAND_11 = "LC80940862016178LGN00_B11.TIF" 

    FILE_NAME_BAND_QUALITY = 

"LC80940862016178LGN00_BQA.TIF" 

    METADATA_FILE_NAME = "LC80940862016178LGN00_MTL.txt" 

    BPF_NAME_OLI = "LO8BPF20160625233309_20160626001720.02" 

    BPF_NAME_TIRS = "LT8BPF20160620195437_20160707083823.01" 

    CPF_NAME = "L8CPF20160401_20160630.04" 

    RLUT_FILE_NAME = "L8RLUT20150303_20431231v11.h5" 

  END_GROUP = PRODUCT_METADATA 

  GROUP = IMAGE_ATTRIBUTES 

    CLOUD_COVER = 22.01 

    CLOUD_COVER_LAND = 22.01 

    IMAGE_QUALITY_OLI = 9 

    IMAGE_QUALITY_TIRS = 9 

    TIRS_SSM_MODEL = "FINAL" 

    TIRS_SSM_POSITION_STATUS = "ESTIMATED" 

    ROLL_ANGLE = -0.001 

    SUN_AZIMUTH = 33.41483480 

    SUN_ELEVATION = 21.29053046 

    EARTH_SUN_DISTANCE = 1.0165290 

    GROUND_CONTROL_POINTS_VERSION = 4 

    GROUND_CONTROL_POINTS_MODEL = 180 

    GEOMETRIC_RMSE_MODEL = 8.906 

    GEOMETRIC_RMSE_MODEL_Y = 6.961 

    GEOMETRIC_RMSE_MODEL_X = 5.556 

    GROUND_CONTROL_POINTS_VERIFY = 74 

    GEOMETRIC_RMSE_VERIFY = 16.315 

  END_GROUP = IMAGE_ATTRIBUTES 

  GROUP = MIN_MAX_RADIANCE 

    RADIANCE_MAXIMUM_BAND_1 = 735.54596 

    RADIANCE_MINIMUM_BAND_1 = -60.74163 

    RADIANCE_MAXIMUM_BAND_2 = 753.20807 

    RADIANCE_MINIMUM_BAND_2 = -62.20016 
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    RADIANCE_MAXIMUM_BAND_3 = 694.07477 

    RADIANCE_MINIMUM_BAND_3 = -57.31692 

    RADIANCE_MAXIMUM_BAND_4 = 585.28296 

    RADIANCE_MINIMUM_BAND_4 = -48.33286 

    RADIANCE_MAXIMUM_BAND_5 = 358.16397 

    RADIANCE_MINIMUM_BAND_5 = -29.57730 

    RADIANCE_MAXIMUM_BAND_6 = 89.07212 

    RADIANCE_MINIMUM_BAND_6 = -7.35561 

    RADIANCE_MAXIMUM_BAND_7 = 30.02207 

    RADIANCE_MINIMUM_BAND_7 = -2.47923 

    RADIANCE_MAXIMUM_BAND_8 = 662.37921 

    RADIANCE_MINIMUM_BAND_8 = -54.69949 

    RADIANCE_MAXIMUM_BAND_9 = 139.97861 

    RADIANCE_MINIMUM_BAND_9 = -11.55948 

    RADIANCE_MAXIMUM_BAND_10 = 22.00180 

    RADIANCE_MINIMUM_BAND_10 = 0.10033 

    RADIANCE_MAXIMUM_BAND_11 = 22.00180 

    RADIANCE_MINIMUM_BAND_11 = 0.10033 

  END_GROUP = MIN_MAX_RADIANCE 

  GROUP = MIN_MAX_REFLECTANCE 

    REFLECTANCE_MAXIMUM_BAND_1 = 1.210700 

    REFLECTANCE_MINIMUM_BAND_1 = -0.099980 

    REFLECTANCE_MAXIMUM_BAND_2 = 1.210700 

    REFLECTANCE_MINIMUM_BAND_2 = -0.099980 

    REFLECTANCE_MAXIMUM_BAND_3 = 1.210700 

    REFLECTANCE_MINIMUM_BAND_3 = -0.099980 

    REFLECTANCE_MAXIMUM_BAND_4 = 1.210700 

    REFLECTANCE_MINIMUM_BAND_4 = -0.099980 

    REFLECTANCE_MAXIMUM_BAND_5 = 1.210700 

    REFLECTANCE_MINIMUM_BAND_5 = -0.099980 

    REFLECTANCE_MAXIMUM_BAND_6 = 1.210700 

    REFLECTANCE_MINIMUM_BAND_6 = -0.099980 

    REFLECTANCE_MAXIMUM_BAND_7 = 1.210700 

    REFLECTANCE_MINIMUM_BAND_7 = -0.099980 

    REFLECTANCE_MAXIMUM_BAND_8 = 1.210700 

    REFLECTANCE_MINIMUM_BAND_8 = -0.099980 

    REFLECTANCE_MAXIMUM_BAND_9 = 1.210700 

    REFLECTANCE_MINIMUM_BAND_9 = -0.099980 

  END_GROUP = MIN_MAX_REFLECTANCE 

  GROUP = MIN_MAX_PIXEL_VALUE 

    QUANTIZE_CAL_MAX_BAND_1 = 65535 

    QUANTIZE_CAL_MIN_BAND_1 = 1 

    QUANTIZE_CAL_MAX_BAND_2 = 65535 

    QUANTIZE_CAL_MIN_BAND_2 = 1 

    QUANTIZE_CAL_MAX_BAND_3 = 65535 
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    QUANTIZE_CAL_MIN_BAND_3 = 1 

    QUANTIZE_CAL_MAX_BAND_4 = 65535 

    QUANTIZE_CAL_MIN_BAND_4 = 1 

    QUANTIZE_CAL_MAX_BAND_5 = 65535 

    QUANTIZE_CAL_MIN_BAND_5 = 1 

    QUANTIZE_CAL_MAX_BAND_6 = 65535 

    QUANTIZE_CAL_MIN_BAND_6 = 1 

    QUANTIZE_CAL_MAX_BAND_7 = 65535 

    QUANTIZE_CAL_MIN_BAND_7 = 1 

    QUANTIZE_CAL_MAX_BAND_8 = 65535 

    QUANTIZE_CAL_MIN_BAND_8 = 1 

    QUANTIZE_CAL_MAX_BAND_9 = 65535 

    QUANTIZE_CAL_MIN_BAND_9 = 1 

    QUANTIZE_CAL_MAX_BAND_10 = 65535 

    QUANTIZE_CAL_MIN_BAND_10 = 1 

    QUANTIZE_CAL_MAX_BAND_11 = 65535 

    QUANTIZE_CAL_MIN_BAND_11 = 1 

  END_GROUP = MIN_MAX_PIXEL_VALUE 

  GROUP = RADIOMETRIC_RESCALING 

    RADIANCE_MULT_BAND_1 = 1.2151E-02 

    RADIANCE_MULT_BAND_2 = 1.2443E-02 

    RADIANCE_MULT_BAND_3 = 1.1466E-02 

    RADIANCE_MULT_BAND_4 = 9.6685E-03 

    RADIANCE_MULT_BAND_5 = 5.9166E-03 

    RADIANCE_MULT_BAND_6 = 1.4714E-03 

    RADIANCE_MULT_BAND_7 = 4.9595E-04 

    RADIANCE_MULT_BAND_8 = 1.0942E-02 

    RADIANCE_MULT_BAND_9 = 2.3124E-03 

    RADIANCE_MULT_BAND_10 = 3.3420E-04 

    RADIANCE_MULT_BAND_11 = 3.3420E-04 

    RADIANCE_ADD_BAND_1 = -60.75378 

    RADIANCE_ADD_BAND_2 = -62.21261 

    RADIANCE_ADD_BAND_3 = -57.32839 

    RADIANCE_ADD_BAND_4 = -48.34253 

    RADIANCE_ADD_BAND_5 = -29.58321 

    RADIANCE_ADD_BAND_6 = -7.35708 

    RADIANCE_ADD_BAND_7 = -2.47973 

    RADIANCE_ADD_BAND_8 = -54.71043 

    RADIANCE_ADD_BAND_9 = -11.56179 

    RADIANCE_ADD_BAND_10 = 0.10000 

    RADIANCE_ADD_BAND_11 = 0.10000 

    REFLECTANCE_MULT_BAND_1 = 2.0000E-05 

    REFLECTANCE_MULT_BAND_2 = 2.0000E-05 

    REFLECTANCE_MULT_BAND_3 = 2.0000E-05 

    REFLECTANCE_MULT_BAND_4 = 2.0000E-05 
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    REFLECTANCE_MULT_BAND_5 = 2.0000E-05 

    REFLECTANCE_MULT_BAND_6 = 2.0000E-05 

    REFLECTANCE_MULT_BAND_7 = 2.0000E-05 

    REFLECTANCE_MULT_BAND_8 = 2.0000E-05 

    REFLECTANCE_MULT_BAND_9 = 2.0000E-05 

    REFLECTANCE_ADD_BAND_1 = -0.100000 

    REFLECTANCE_ADD_BAND_2 = -0.100000 

    REFLECTANCE_ADD_BAND_3 = -0.100000 

    REFLECTANCE_ADD_BAND_4 = -0.100000 

    REFLECTANCE_ADD_BAND_5 = -0.100000 

    REFLECTANCE_ADD_BAND_6 = -0.100000 

    REFLECTANCE_ADD_BAND_7 = -0.100000 

    REFLECTANCE_ADD_BAND_8 = -0.100000 

    REFLECTANCE_ADD_BAND_9 = -0.100000 

  END_GROUP = RADIOMETRIC_RESCALING 

  GROUP = TIRS_THERMAL_CONSTANTS 

    K1_CONSTANT_BAND_10 = 774.8853 

    K1_CONSTANT_BAND_11 = 480.8883 

    K2_CONSTANT_BAND_10 = 1321.0789 

    K2_CONSTANT_BAND_11 = 1201.1442 

  END_GROUP = TIRS_THERMAL_CONSTANTS 

  GROUP = PROJECTION_PARAMETERS 

    MAP_PROJECTION = "UTM" 

    DATUM = "WGS84" 

    ELLIPSOID = "WGS84" 

    UTM_ZONE = 54 

    GRID_CELL_SIZE_PANCHROMATIC = 15.00 

    GRID_CELL_SIZE_REFLECTIVE = 30.00 

    GRID_CELL_SIZE_THERMAL = 30.00 

    ORIENTATION = "NORTH_UP" 

    RESAMPLING_OPTION = "CUBIC_CONVOLUTION" 

  END_GROUP = PROJECTION_PARAMETERS 

END_GROUP = L1_METADATA_FILE 

END 
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Appendix 4. Model 001- Image subset 
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Appendix 5. Model 002 - DN to the radiance of Landsat 5 TM 
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Appendix 6. Model 003 - DN to the radiance of Landsat 8 OLI 

 

 

 

 

  



246 

 

Appendix 7. Julian Day Calendar 
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Appendix 8. Model 004 - Radiance to the reflectance of Landsat 5 TM 
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Appendix 9. Model 005 - Radiance to the reflectance of Landsat 8 OLI 
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Appendix 10. The output of NASA online atmospheric calculator.  
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Appendix 11. Model 006 - Surface albedo using Landsat 5 TM 
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Appendix 12. Model 007 - Surface albedo using Landsat 8 OLI 
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Appendix 13. Model 008 – NDVI 

 

 

 

 

Appendix 14. Model 009 – SAVI 
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Appendix 15. Model 010 LAI 

 

 

 

 

 

 

Appendix 16. Model 011 - Surface emissivity 
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Appendix 17. Model 012 – Land surface temperature using Landsat 5 TM data. 
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Appendix 18. Model 013 – Land surface temperature using Landsat 8 OLI data. 
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Appendix 19. Model 014 - Outgoing longwave radiation. 
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Appendix 20. Model 015 - Net available surface radiation. 
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Appendix 21. Model 016 - G/Rn ratio and soil heat flux. 
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Appendix 22. Model 017 (a- NDVI/Surface albedo ratio; b- Zompix; and c-

Aerodynamic resistance to heat transport (rah). 

 

 

Model 017a - NDVI/Surface albedo ratio. 

 

 

 

Model 017b - Zompix. 
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Model 017c - rah at each pixel. 

 

 

 

 

Appendix 23. Air density (Kg/m3) at variable temperature (ᴼC). 
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Appendix 24. Water vapour and specific heat (Cp - kJ/(kg K)) at variable temperature 

(ᴼK). 
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Appendix 25. RefET calculator and data parameter types, units and identification 

numbers used by RefET to read weather data.  
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Appendix 26. Model 018 - Temperature difference between two heights Z1 and Z2, 

(dT) and air temperature (Ta). 

 

 

 

 

 

Appendix 27. Model 019 - Sensible Heat Flux (H). 
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Appendix 28. Model 020 - Monin-Obukhov Length. 
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Appendix 29. Model 021 - Stability correction under unstable (29a) or stable (29b) 

conditions. 

 

(29a) - Stability correction under unstable conditions (L < 0). 
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Unstable conditions (L<0)  
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(29b) - Stability correction under stable conditions (L > 0). 
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Appendix 30. Model 022 - ETinst, ETrf and daily ET 
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Appendix 31. Correlation between vegetation indices. 
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Appendix 32. Correlation of Rn with RL_net and RL↑. 
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Appendix 33. Correlation of Rn with radiation balance components. 
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Appendix 34. Correlation of Ts with dT and Ta.  
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Appendix 35. Correlation between G/Rn ratio with RL↑ and temperature. 
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