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ABSTRACT 

 

The estimation of total evaporation plays a vital role in understanding the water balance, 

which is a key element in water accounting for the monitoring and management of water 

resources. Different methods have therefore been developed and implemented to quantify 

total evaporation at different spatial and temporal scales with varying land cover types. 

Although different methods have been used, previous studies have shown that methods based 

on meteorological stations and field observations, using devices or techniques, are inadequate 

for understanding the spatial variation of total evaporation within a landscape, because they 

only represent a small area. Total evaporation varies spatially due to variations in land 

surface characteristics, which are not captured when using point based methods. The advent 

of remote sensing enables the spatial representation of total evaporation estimates. With the 

increased availability of satellite data products, there are a wide range of sensors providing 

information about the earth surface characteristics at different spatial and temporal 

resolutions. This has resulted in the development of models based on remotely sensed data as 

inputs for total evaporation estimation. However, although the use of remote sensing data has 

proved to be useful, studies have shown that the effect of satellite resolution in estimating 

total evaporation in the underlying area of interest remains a challenge. Satellite sensor 

spatial resolution has an effect in distinguishing or mapping total evaporation estimates over 

different land cover types within the study area. Furthermore, variation in land cover types 

results in different evaporative signatures, which also affect total evaporation estimates. 

Previous studies have recommended further investigations into the performance of satellite 

spatial resolution in relation to the size and variation of the land cover types within a 

catchment for the estimation of total evaporation. 
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1.  INTRODUCTION 

 

Water availability has been recognized as a global issue and needs to be consistently 

quantified to support sustainable use (Doll et al., 2003). Despite the importance of water, the 

world is far from being water secure, with demand already outstripping supply in many 

regions (Oki and Kanae, 2006; Zhuwakinyu, 2012). In addition, climate change is posing a 

threat to global water resources and the projected increase in temperature is most likely to 

impact the  availability of already limited water resources (Doll et al., 2003). In southern 

Africa, water is increasingly becoming scarce due to population growth and development 

(Lange et al., 2007; Zhuwakinyu, 2012). In South Africa, the growing demand for water, 

coupled with the mostly arid nature of the country, has resulted in some cases, where demand 

exceeds natural availability (Molobela and Sinha, 2011). Consequently, in more than 50% of 

the 19 Water Management Areas (WMAs), demand exceeds supply (DWAF, 2004). The 

Water Disclosure South Africa Report released in February 2012 predicted that some of the 

country’s most economically important catchment areas will be affected (Zhuwakinyu, 2012), 

notably the Luvhuvhu, Upper Breede and Mgeni Catchments (Summerton et al., 2010; 

Warburton et al., 2012). In addition to that, the Strategic Water Partners Network (SWPN) 

estimates that water demand in South Africa will rise by 52% in the next three decades, while 

water supply will be deteriorating (Zhuwakinyu, 2012). This will increase the competition 

water resources within different economic sectors. Therefore, there is a need for sustainable 

water resources management practices, without jeopardizing economic growth and 

development. 

 

In order to manage water resources, water accounting plays a fundamental role. Molden 

(1997) describes water accounting as a method that analyzes water consumption, depletion 

and production within a catchment. This method uses the water balance approach (Molden et 

al., 2001). Consequently, different water balance components are measured for the analysis 

of water use, depletion and productivity. The hydrological cycle comprises various 

components and total evaporation, which is also widely known as evapotranspiration, is the 

second largest quantity in a water balance after precipitation (Maeda et al., 2011). Total 

evaporation is one of the processes by which water is removed from a catchment (Molden 

and Sakthivadivel, 1999). The accurate estimation of the spatial and temporal variability of 

total evaporation is required for water resources monitoring and management. Ershadi et al. 
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(2013) emphasize the importance of total evaporation in characterizing aspects of the 

hydrological cycle and water resources and that there have been ongoing efforts in the 

hydrological and related sciences to accurately estimate it. Different methods have therefore 

been developed, based on the use of remote sensing technology, meteorological observations 

and devices such as the eddy covariance system and A-Pan, to quantify it at various temporal 

and spatial scales. The choice of method depends on the availability of the method or model, 

its accuracy, data requirements and reliability in mapping the spatial variability of total 

evaporation.  

 

The underlying goal of this document is to provide an overview of different methods 

available for deriving total evaporation estimates, as well as to highlight their limitations and 

successes. The application of the most widely used remotely sensed based methods at 

different spatial and temporal scales is also reviewed. It will be shown that meteorologically-

based measurements of total evaporation estimation, although accurate and useful, are 

impractical for large-scale implementation, as they cannot represent the spatial variations of 

total evaporation (Lott and Hunt, 2001). However, remote sensing techniques offer robust, 

instantaneous and efficient spatial and temporal data, useful for the large-scale estimation of 

total evaporation for the better management of water resources. SEBS as the most widely-

used energy balance model across the globe for different land cover types (Elhag et al., 2011; 

He et al., 2007; Ma et al., 2013; Muthuwatta et al., 2010; Su et al., 2007; Vinukollu et al., 

2011) is reviewed in more detail. Despite ongoing research on the estimation of total 

evaporation, its variation within a defined catchment needs further investigation. 

Furthermore, remote sensing products vary in their ability to detect variations of total 

evaporation within a landscape. This stresses the need to: (a) compare the performance of 

different satellite sensors (i.e. with varying pixel resolution) in estimating total evaporation at 

a catchment scale, (b) examine variations in total evaporation estimates across different land 

cover types, and (c) determine the appropriate sensor spatial resolution capable of capturing 

variations in total evaporation over different land cover types with reasonable accuracy for 

water accounting purposes. 
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2.  TOTAL EVAPORATION 

 

In this document, total evaporation is defined according to Savenije (2004) as a summation of 

evaporation from different surfaces, including interception (I), transpiration (T), surface 

evaporation (Es) and open water bodies (Eo). Savenije (2004) argues that the widely used 

term evapotranspiration should be avoided, as it is an outdated term for a combination of 

evaporation processes from different surfaces. In agreement, McMahon et al. (2012) agree 

that the term is misleading, considering the significant contribution of evaporation from 

interception to actual evaporation from vegetated surfaces, especially in warm climatic 

regions. They further define evaporation as an aggregation of all processes through which 

water is transferred as vapour into the atmosphere. 

 

Total evaporation is estimated using models or derived from reference evaporation. 

Reference evaporation is described by Chen et al. (2005) as the atmospheric demand for 

water from vegetation and soil, without the influence of vegetation characteristics or soil 

management. McMahon et al. (2012) define reference evaporation as the loss of water from a 

prescribed reference surface where water is abundantly available and soil factors have no 

effect. It includes evaporation from vegetated surfaces, such as grass or alfalfa, and 

measurements from free water, such as an evaporation pan or the British standard tank (S-

tank). Therefore, the potential evaporation from a grassed surface, pan or tank provides a 

reference for the estimation of total evaporation for other surfaces. Total evaporation is the 

amount of water loss as vapour from different surfaces into the atmosphere (McMahon et al., 

2012). It is therefore the loss of water as water vapour from soil, vegetation and open water 

bodies and it varies with space and time and for different land cover types (Mutiga et al., 

2010). Total evaporation varies spatially, due to the spatial and temporal variations in 

climatic conditions and landscape characteristics. Climatic conditions incorporate rainfall, 

solar energy, temperature, wind speed and humidity, while the landscape encompasses 

vegetation, soil and topographic characteristics (Zhang et al., 2004). 

 

Estimating total evaporation would be valuable in water accounting, which involves the 

analysis of water use, depletion and production within a catchment. Molden and 

Sakthivadivel (1999) state that evaporation is one of the processes by which water is depleted 
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from a catchment. Water depletion occurs, when water is consumed or removed from a 

catchment, so that it will not be available or suitable for further consumption and is a crucial 

element in water accounting. Total evaporation is also a fundamental component in 

understanding and quantifying the water balance at both local and regional scales, which 

enables the management and conservation of water resources, particularly in the light of 

increased water consumption, the effects of climate change and the consequent decrease in 

water resources availability (Gibson et al., 2013). Moreover, total evaporation is a good 

indicator of total water consumption from vegetated surfaces within a landscape. Jarmain et 

al. (2009) reported that understanding spatial variations in total evaporation is fundamental to 

save and secure water for different uses and for the sustainable distribution of water to 

consumers. Therefore, this underscores the importance of estimating total evaporation for 

water use allocation and catchment management. 
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3.  ESTIMATING TOTAL EVAPORATION 

 

Different methods have been developed and implemented to estimate total evaporation, 

including meteorological ground-based point data, field measurements and spatially explicit 

remotely sensed data. Total evaporation is estimated either directly, that is, quantifying by the 

use of an instrument, or indirectly, when it is derived by means of a relationship with other 

parameters (Rana and Katerji, 2000). Depending on data availability and the purpose of 

estimating total evaporation, different methods can be used. Nevertheless, some methods are 

more suitable than others in terms of accuracy, availability and cost, while others are suitable 

for a particular given space and time-scale. Direct measurements of total evaporation are 

rarely available and estimates are often derived from reference evaporation estimates (Chen 

et al., 2005; Sumner and Jacobs, 2005). 

 

3.1  Meteorological Methods 

 

Meteorological methods are based on point measurements of meteorological conditions to 

estimate evaporation. They estimate reference evaporation, which will be used to derive total 

evaporation (Sumner and Jacobs, 2005). Some of the widely used methods to estimate 

reference evaporation are shown in Error! Reference source not found. 

 

Table 3.1 Summary of the data requirements by different meteorological-based methods 

Method Meteorological variables 

required 

Other Parameters 

Blaney- Criddle (1962) 

(Fooladmand, 2011 ; Lee et 

al., 2004; Xu and Singh, 

2002) 

Daily temperature, wind speed, 

relative humidity, sunshine hours 

___ 

Hargreaves-Samani (1985) 

(Lu et al., 2005) 

Daily temperature, radiation Latitude, day of the year 

Kimberly-Penman (1982) 

(Praveen et al., 2011; Weiß 

and Menzel, 2008) 

Daily temperature, radiation, wind 

speed, atmospheric pressure 

___ 

Makkink (1957) 

(Lu et al., 2005) 

Mean daily temperature, radiation ___ 

Penman-Monteith (1948) Daily temperature, radiation, wind Vegetation 
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(Chen et al., 2005; Sumner 

and Jacobs, 2005) 

speed, atmospheric pressure, 

relative humidity  

characteristics, 

Calibration constant 

Priestley-Taylor (1972) 

(Alexandris et al., 2008; 

Kalma et al., 2008) 

Mean daily temperature, radiation Calibration constant 

Thornthwaite (1948) 

(Maeda et al., 2011; Pereira 

and Pruitt, 2004) 

Mean daily temperature Daytime length, latitude 

Turc (1961) 

(Federer et al., 1996; 

McMahon et al., 2012) 

Mean daily temperature, radiation, 

relative humidity 

___ 

 

The Penman-Monteith method has been regarded as the most reliable method for precise 

reference evaporation estimates and is therefore used as a standard for the verification of 

other meteorological-based methods (Chen et al., 2005). The method is applicable globally 

under a variety of climatic regimes and conditions (Alexandris et al., 2008; Droogers and 

Allen, 2002; Lott and Hunt, 2001). The Penman-Monteith method has also been used 

successfully to validate remote sensing methods (Irmak et al., 2011; Jun et al., 2010). 

Although meteorological-based methods have been used, literature shows that they have 

limitations in mapping the variability in total evaporation estimates. It has been noted that 

these methods are based on meteorological stations, which are unevenly distributed (Lee et 

al., 2004; Maeda et al., 2011) and reference evaporation is derived from the interpolation of 

point-based estimates. Interpolation introduces errors, especially in areas characterized by 

variations in land cover types (Gibson et al., 2011; Lott and Hunt, 2001). 

 

Total evaporation can also be estimated using devices or micro-meteorological systems, as 

shown in Error! Reference source not found.. All the methods are used to derive total 

evaporation, except for the A-pan or British Standard tank (S-tank), which estimates 

reference evaporation and uses coefficients to derive total evaporation (Chen et al., 2005). 

Brutsaert (2013) highlights that total evaporation from the surrounding area is proportional to 

the measured pan evaporation estimates using pan coefficients. Pan coefficients vary due to 

variations in vegetation types or growth and the environmental conditions (Brutsaert, 2013; 

Chen et al., 2005). These methods have been applied in agricultural fields (Allen et al., 

2007a; Nagler et al., 2005) and natural ecosystems (Drexler et al., 2004; Lott and Hunt, 

2001) and have yielded useful estimates. 
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Table 3.2 Summary of micro-meteorological-based methods to estimate total evaporation 

Method Application Reference 

A-pan / S-tank Estimates reference evaporation and total 

evaporation based on pan coefficients 

Brutsaert (2013) 

McMahon et al. (2012) 

Bowen ratio  Estimates total evaporation  Drexler et al. (2004) 

Savage et al. (2009) 

Eddy covariance  Estimates total evaporation  Scott (2010) 

Uddin et al. (2013) 

Scintillometer  Estimates total evaporation  McJannet et al. (2013) 

Odhiambo and Savage 

(2009) 

Surface renewal  Estimates total evaporation.  Spano et al. (2000) 

Weighing Lysimeter  Estimates total evaporation  Rana and Katerji (2000) 

 

Micro-meteorological-based techniques, with the exception of scintillometry, are not 

representative of the spatial variability of total evaporation within the landscape, because 

their estimates are based on point measurements (Gibson et al., 2013; Glenn et al., 2007). 

Furthermore, the Bowen ratio and surface renewal methods assume that there are no 

variations in land cover characteristics. This may introduce errors in land surfaces 

characterized by multiple land cover types. On the other hand, scintillometry estimates total 

evaporation as the average of the fluxes along a defined transect (Meijninger and de Bruin, 

2000), which allows the detection of ground-based areal total evaporation variations for a 

defined path, usually of not more than 10 km (Hoedjes et al., 2007). According to Meijninger 

and de Bruin (2000), scintillometry is a reliable method and intermediate scale of 

measurement between ground-based point measurements and the spatial estimates from 

remotely sensed images. It has a better representation of total evaporation, when compared to 

point based methods. Scintillometry has been successfully applied in agricultural fields 

(Anandakumar, 1999; McJannet et al., 2013) and landscapes with mixed land cover types 

(Hemakumara et al., 2003). The method has also been used to verify remote sensing-based 

total evaporation estimates (Bastiaanssen et al., 2005; Bastiaanssen, 2000; Jia et al., 2003; 

Jovanovic et al., 2011). Although scintillometry has been widely used, it is more applicable 

in homogenous areas like agricultural fields (Hoedjes et al., 2007). 
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In conclusion, the use of point-based methods in estimating the spatial variations of total 

evaporation remains a challenge. Therefore, remote sensing provides a better way of 

estimating the spatial variability of total evaporation. 

 

3.2  Remote Sensing Methods  

 

The advent and advancement of remote sensing enables the spatial monitoring of total 

evaporation over large areas. Increased availability and advancement in satellite data products 

provides an opportunity to monitor the spatial and temporal variations of total evaporation at 

different scales (Glenn et al., 2007; Ruhoff et al., 2012) and allows the monitoring of 

inaccessible areas (Li et al., 2009). In addition, Gibson et al. (2013) highlight that remote 

sensing technology holds great promise for the long-term monitoring of water resources on a 

relatively large-scale and in a cost-effective manner. Methods based on remote sensing data 

are therefore well-suited for estimating spatial trends of total evaporation over time. The 

methods include the use of vegetation indices and the energy balance models, such as the 

Surface Energy Balance Index (SEBI), the Simplified-Surface Energy Balance Index (S-

SEBI), the Surface Energy Balance System (SEBS), the Surface Energy Balance Algorithm 

for Land (SEBAL) and the Mapping EvapoTranspiration at High Resolution with 

Internalized Calibration (METRIC). Energy balance models are based on the energy balance 

approach, since total evaporation requires energy in order to occur. Therefore, the models 

estimate total evaporation, using the following equation:  

EHGRn  0  (3.1) 

where 

 Rn = net radiation at the surface [W/m
2
],  

G = soil heat flux [W/m
2
],  

H = sensible heat flux to the air [W/m
2
], and  

λE = latent heat flux [W/m
2
].  

 

Net radiation is derived from remotely sensed data, whereas soil heat flux is indirectly 

derived, using empirical relationships between vegetation and land surface characteristics, or 

directly from soil heat plates.  
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3.2.1 Vegetation indices 

 

Remotely sensed derived vegetation indices, combined with ground data, are useful in the 

total evaporation estimation of crops and natural vegetation (Guerschman et al., 2009). 

Commonly-used indices include the Normalised Difference Vegetation Index (NDVI), the 

Soil Adjusted Vegetation Index (SAVI) and the Enhanced Vegetation Index (EVI). Seevers 

and Ottmann (1994) estimated the total evaporation of irrigated fields, using NDVI derived 

from Advanced Very High Resolution Radiometer (AVHRR). Their results indicated a high 

correlation between the Braney-Criddle meteorological ground-based method and NDVI-

based estimates. Moreover, they noted that NDVI could only detect severe water deficiencies, 

rather than slight changes. Similarly, Glenn et al. (2010) based on the results of their study, 

indicated that vegetation indices have problems in detecting early signs of vegetation water 

stress. Nagler et al. (2005) used the Moderate Resolution Imaging Spectroradiometer 

(MODIS) derived NDVI and EVI, together with the eddy covariance system, to estimate total 

evaporation from riparian vegetation. Their results showed a high correlation between EVI 

and the eddy covariance. 

 

Although remotely sensed vegetation indices enable the spatial estimation of total 

evaporation over large areas, they cannot provide accurate estimates in water-stressed 

vegetation. EVI and NDVI underestimate total evaporation from unhealthy vegetation and 

bare areas (Senay et al., 2011; Szilagyi et al., 1998). In addition, SAVI cannot accurately 

detect total evaporation in sparse vegetation cover (Gilabert et al., 2002; Qi et al., 1994; 

Rondeaux et al., 1996). 

 

3.2.2 Surface Energy Balance Index (SEBI) 

 

According to van den Hurk (2001), SEBI is a modified Crop Water Stress Index (CWSI) 

applicable to extremely wet and dry areas. The SEBI model computes total evaporation by 

combining remotely sensed inputs and meteorological data. Like all other energy balance 

models, SEBI derives total evaporation and evaporative fraction, based on land surface dry 

and wet limits, which are characterized by maximum surface temperature with low or no 

evaporation and minimum surface temperature with high or maximum evaporation 

respectively (Li et al., 2009). In the SEBI model, the evaporative fraction is estimated from 
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minimum and maximum surface temperatures and from the aerodynamic roughness length or 

roughness height of heat transfer to derive latent heat flux (Li et al., 2009). However, van den 

Hurk (2001) highlighted that the SEBI roughness height is poorly computed for estimating 

total evaporation, hence the model needs further testing and verification against ground-based 

estimates. 

 

Menenti et al. (2003) has demonstrated the applicability of the SEBI model in France, Spain, 

Italy, China and the United States of America. Results obtained agreed well with estimates 

derived from the ground-based scintillometer. Roerink et al. (2000) highlighted that total 

evaporation can be accurately estimated in wet or humid areas (e.g. England) and in 

extremely dry areas, such as the Saharan desert, using the SEBI model where the S-SEBI is 

inapplicable. 

 

3.2.3 Simplified Surface Energy Balance Index (S-SEBI)  

 

The S-SEBI model estimates instantaneous evaporation, using surface temperature, albedo 

and NDVI derived from remote sensing only (Roerink et al., 2000). The major strength of S-

SEBI is that it is simple, does not need additional meteorological data, which is ideal in 

inaccessible areas, nor the vegetation height of heat transfer, like SEBS (Gowda et al., 2007). 

The model computes total evaporation and evaporative fraction, by assuming a constant 

atmospheric forcing (i.e constant global radiation and air temperature). Under constant 

atmospheric forcing, surface temperature is correlated with surface reflectance (Menenti et 

al., 1989). The evaporative fraction estimated from the image feature space (i.e. the 

relationship between surface reflectance and surface temperature) is useful for deriving latent 

and sensible heat fluxes, as shown in Figure 3.1 (adopted from Roerink et al. (2000)). 
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Figure 3.1 S-SEBI principle for deriving evaporative fraction and total evaporation  

Evaporative fraction is computed, based on the image feature space in Figure 3.1 (b) as: 

EH

H

TT

TT




 0

 (3.2) 

where  

   = Evaporative fraction [dimensionless], 

T0 = land surface temperature [ºC], 

TH = temperature of dry condition for a given reflectance value [ºC], and 

 T λE = temperature of wet condition for a given reflectance value [ºC] 

 

To date, a number of international studies have estimated total evaporation, using the S-SEBI 

method (Boronina and Ramillien, 2008; Roerink et al., 2000; Sobrino et al., 2007). In the 

Alpilles Province of France, Gómez et al. (2005) estimated the total evaporation from 

agricultural fields (corn, maize, wheat and the alfalfa) and the results were validated, using 

ground-based Bowen ratio estimates. Their results show that the derived S-SEBI total 

evaporation estimates were in agreement with the crop development stages in the fields and 

also close to ground-based Bowen ratio estimates. In addition, Sobrino et al. (2007) estimated 

the total evaporation in the Iberian Peninsula, using S-SEBI (derived from AVHRR images) 

for different land cover types, namely, rice fields, olive trees, vineyard, forests, non-irrigated 

land and the agricultural area. From the results, total evaporation coincides well with surface 

characteristics, where high estimates of total evaporation were obtained from vegetated areas. 

The effect of incoming radiation and seasonal variations on total evaporation was also 

indicated, where higher estimates were obtained during summer and spring, while low 
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estimates were obtained during the winter and autumn seasons. Boronina and Ramillien 

(2008), using AVHRR derived S-SEBI and Gravity Recovery and Climate Experiment 

(GRACE), observed similar seasonal patterns of total evaporation estimates over the Lake 

Chad Basin. 

 

The major limitations of S-SEBI include its assumption of constant atmospheric forcing and 

its requirements of extreme surface temperature values, which are not always available on 

every remote sensing image (Roerink et al., 2000; Sobrino et al., 2007). Global radiation and 

air temperature are not always constant, especially in mountainous areas. Moreover, unlike 

SEBI, this model performs poorly in humid areas as it prefers dry pixels, as well as in 

extremely dry conditions, such as the Saharan desert, and over larger continental areas, where 

atmospheric conditions are not constant (Roerink et al., 2000). S-SEBI yields low estimates 

when using coarse resolution images, due to mixed land cover spectral features in a single 

pixel. Further, the selection of extreme temperatures representing the dry and wet conditions 

of the area are derived by means of the image feature space (relationship between reflectance 

and surface temperature), without the use of location specific conditions. This introduces 

errors for the accurate estimation of total evaporation. 

 

3.2.4  Surface Energy Balance System for Land (SEBAL) 

 

SEBAL is a model developed by Bastiaanssen et al. (1998) for computing turbulent fluxes or 

energy exchanges between land and the atmosphere from remote sensing (surface albedo, leaf 

area index, surface temperature, vegetation index) and meteorological data (wind speed, 

precipitation, humidity, solar radiation and air temperature) (Teixeira et al., 2009). This 

method computes variations in total evaporation, using the surface energy balance equation 

(Bastiaanssen et al., 1998). A detailed explanation of how all the energy balance components 

are derived to compute evaporation using SEBAL, is given by Bastiaanssen et al. (1998). In 

brief, SEBAL uses aerodynamic roughness length or roughness height of heat transfer (Li et 

al., 2009) in estimating latent heat flux. SEBAL has been widely used internationally under 

varying climatic conditions in agriculture and natural forests (Bastiaanssen, 2000; Long et al., 

2011; Minacapilli et al., 2009; Ruhoff et al., 2012; Shilpakar et al., 2011; Teixeira et al., 

2009). 
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In Africa, Mutiga et al. (2010) used SEBAL to estimate total evaporation for a catchment in 

Kenya and their results showed that the model is effective in estimating the spatial variation 

of total evaporation for water resources management. In South Africa, Kongo and Jewitt 

(2006) used SEBAL derived total evaporation estimates to examine the hydrological effects 

of water use innovations (rain water harvesting) within a catchment. Their results indicated 

that SEBAL underestimated sensible heat flux, when compared with measurements from 

eddy covariance. Furthermore, Hellegers et al. (2009) used SEBAL to estimate total 

evaporation for the Inkomati Catchment and their results showed the variation of total 

evaporation with vegetation types. They concluded that SEBAL, when combined with 

biomass production and rainfall data, shows the spatial distribution of water availability, 

consumption and surplus based on different land cover types. 

 

Even though SEBAL has been successfully applied, a further understanding of the model and 

the impact of surface heterogeneity on heat fluxes at watershed or regional scales is required 

(Long et al., 2011). However, despite its usefulness in understanding the spatial variations of 

total evaporation, SEBAL has drawbacks. Gibson et al. (2013) state that the model is 

protected by intellectual property in terms of availability, when compared to other models. 

SEBAL is also difficult to apply at large spatial scales (van den Hurk, 2001). In addition, if 

the SEBAL model is applied, its surface roughness parameter is poorly defined and its use of 

fixed temperature values for the dry and wet conditions of evaporation is problematic (Li et 

al., 2009).  

 

3.2.5  Mapping EvapoTranspiration at High Resolution with Internalized Calibration 

(METRIC) 

 

METRIC is a SEBAL-based model that computes the spatial variations of total evaporation, 

based on remotely sensed data (Li et al., 2009). Input parameters are wind speed, solar 

radiation, dew point temperature, air temperature and reference evaporation (Hankerson et 

al., 2012). METRIC computes and shows the estimated total evaporation as a fraction of the  

reference evaporation (Hankerson et al., 2012) independent of vegetation type (Allen et al., 

2007b). METRIC differs from SEBAL in its use of meteorological-based reference 

evaporation. METRIC also incorporates the soil moisture balance from meteorological-based 

data to determine wet and dry limits for estimating evaporative fraction (Gowda et al., 2007). 
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Although METRIC has been used extensively, much of its utility has been shown in the 

United States with images derived from the Landsat sensor or images with similar spatial 

resolution and it depends mainly on the ability of the user (Allen et al., 2007a; Hankerson et 

al., 2012; Irmak et al., 2011). 

 

3.2.6 Surface Energy Balance System (SEBS)  

 

The SEBS model, which was developed by Su (2002) estimates heat fluxes using remotely 

sensed data (land surface temperature, albedo, emissivity, fractional vegetation cover, leaf 

area index and the roughness height) (Gibson et al., 2009) and meteorological data 

(temperature, humidity, wind speed and air pressure) at a reference height. SEBS also 

requires downward solar radiation, which can be directly measured on the ground, using 

pyrometers, or it can be modeled from remote sensing data (see Verstraeten et al., 2005). 

Based on the energy balance equation, SEBS calculates the net radiation as: 

  41 TRRR lwdswdn  
      (3.3) 

where 

Rn = net radiation [W/m
2
],  

α = surface albedo [dimensionless], 

Rswd = downward solar radiation [W/m
2
], 

Rlwd = downward long wave radiation [W/m
2
], 

ε = surface emissivity [dimensionless], 

σ = Stefan-Boltzmann constant [5.670 373 x 10
-8

 W m
-2

 K
-4

] and 

T = surface temperature [ºC]. 

 

Soil heat flux (G) is the amount of heat energy flowing into a cross-sectional area of soil per 

unit time in response to temperature gradient. It is made proportional to net radiation 

(Jacobsen, 1999; Kustas and Daughtry, 1990) and computed as: 

    csccn fRG  10        (3.4) 

where 

 G0 = Soil heat flux [W/m
2
], 

 Rn = net radiation [W/m
2
], 

 Ґc = 0.05 [dimensionless] for full vegetation conditions,  
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 Ґs = 0.315 [dimensionless] for bare soil and 

 ƒc = fractional vegetation cover [dimensionless] (Su, 2002). 

 

Sensible heat flux (H), latent heat flux (λE) and the evaporative fraction in the SEBS model 

are derived from the similarity and planetary boundary theories, a detailed explanation of 

which is given by Su (2002). Unlike other energy balance models, SEBS computes 

aerodynamic resistance of heat transfer more explicitly, instead of using fixed values like 

SEBI and SEBAL (Li et al., 2009). Aerodynamic resistance varies with environmental 

conditions for different surface types, hence it has an effect on the estimation of heat fluxes, 

and subsequently, on total evaporation (Sugita and Kishii, 2002). Liu et al. (2006) highlight 

the importance of aerodynamic resistance when estimating total evaporation using remotely 

sensed-based methods. SEBS is part of the open source freeware Integrated Land and Water 

Information System (ILWIS) package, which can be downloaded freely from 

(http://www.52north.org) unlike SEBAL, which is protected by intellectual property (Gibson 

et al., 2013). 

 

SEBS has been used internationally to estimate total evaporation for different land cover 

types using different remote sensing sensors (see Table 3.3) and yields reliable estimates. 

Furthermore, Su et al. (2007) evaluated the accuracy of SEBS derived from MODIS data 

against ground-based estimates in the grasslands of Netherlands and Germany, the croplands 

of the United States, the rainforests of Brazil and the Canadian forests. Their results show a 

close agreement between the two measurements and the feasibility of using SEBS to estimate 

heat fluxes over inaccessible areas, where in-situ data are not readily available. However, 

there were uncertainties due to satellite scale observations in capturing the spatial 

heterogeneity of the land cover types; hence, they recommended the use of medium 

resolution Landsat imagery. This is also supported by Vinukollu et al. (2011), who noted a 

disparity between total evaporation estimates from remotely sensed data and ground-based 

observations derived from eddy covariance system. The coarse spatial resolution imagery 

from MODIS and ground-based observations did not capture the heterogeneity of the surface 

(Vinukollu et al., 2011). 

 

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

Nile Delta agricultural production zone of Egypt from Advanced Along-Track Scanning 

http://www.52north.org/
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Radiometer (AATSR) images. SEBS showed a very high correlation with ground truth data 

and its applicability in estimating daily total evaporation over agricultural areas was 

demonstrated. Rwasoka et al. (2011) applied SEBS to estimate the spatial variation of total 

evaporation of a catchment in Zimbabwe, using MODIS data. Results showed that SEBS is a 

valuable model to determine the spatial variations in total evaporation for managing water 

resources. However, Rwasoka et al. (2011) concluded that there is also a need for further 

research on the best approach for areas with various land cover types in arid and semi-arid 

areas. In South Africa, Gibson et al. (2011) describe the applicability of SEBS in estimating 

total evaporation in the heterogeneous catchment of the Piketberg region, based on MODIS 

images. Their results show that SEBS is very sensitive to temperature gradient. Recently, 

Gibson et al. (2013) reviewed the estimation of total evaporation from remote sensing data, 

using the energy balance system. They concluded that SEBS did not yield accurate daily 

evaporation results at MODIS spatial resolution. They recommended that any further 

research, using the SEBS model in South Africa should be limited to fully vegetated areas or 

over agricultural areas and should also consider the potential of high resolution images. 

 

In addition, Jarmain et al. (2009) also reported the potential of the energy balance models 

(SEBS, SEBAL and the Vegetation Index Temperature Trapezoid (VITT) derived from 

Landsat images over different climatic regions with varying land cover types in the 

KwaZulu-Natal and Eastern Cape provinces. They concluded that these methods extend the 

point-based measurement of total evaporation to large spatial scales and are also reliable in 

areas where measured meteorological data may be scarce. They further highlighted the 

previous application of the different energy balance models and major findings across the 

globe for different land cover types. These models are operationally useful for estimating 

total evaporation and therefore hold great potential for water resources management and 

planning. 
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Table 3.3 Summary of SEBS application across the globe at different spatial scales 

Remote Sensing 

Data 

Resolution 

(m) 

Scale of Application Findings  Reference 

MODIS 1000  Regional land cover types of 

northern China 

SEBS concurs with previous results and 

the existing knowledge of total evaporation 

estimates in the area. 

He et al. (2007) 

MODIS 

 

1000  River basin (Iran) Mixed land cover types within a pixel 

make it difficult to derive land cover type 

based estimates accurately. 

Muthuwatta et al. 

(2010) 

MODIS 

 

1000 Catchment (Zimbabwe) Air temperature should be spatially 

represented, especially at heterogeneous 

areas. 

Rwasoka et al. 

(2011) 

AVHRR 

 

1000 Tibetan Plateau (China) Sub-pixel heterogeneity has been omitted 

due to coarse resolution imagery.  

Ma et al. (2003) 

AATSR 

 

1000 Nile delta (Egypt) High correlation of SEBS with ground data 

Applicability of SEBS over agricultural 

areas. 

Elhag et al. (2011) 

MODIS 1000 Catchment (South Africa) SEBS is sensitive to temperature gradient 

The model should not be used with coarse 

resolution images in mountainous areas as 

temperature changes will not be captured. 

Gibson et al. 

(2011) 

AATSR 

 

1000 Landscape (Spain) SEBS estimates were comparable with 

ground based scintillometer results for the 

different agricultural fields. 

Jia et al. (2003) 

MODIS 1000 Global scale SEBS estimates correlates well with the 

ground based eddy covariance and the 

Penman-Monteith estimates. 

Vinukollu et al. 

(2011) 
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MODIS 1000 National (Taiwan) SEBS spatial trends correspond to seasonal 

variations and vegetation cover conditions. 

Che-sheng et al. 

(2011) 

ASTER 90  Agricultural region (Spain) SEBS agrees well with ground-based 

estimates under one land cover type and 

errors are introduced when different land 

cover types occur  

van der Kwast et 

al. (2009) 

ASTER 90  Irrigation area (418000 ha) of 

Australia 

SEBS correlates well with ground-based 

estimates and seasonal conditions. 

Ma et al. (2013) 

Landsat 5 TM 30  Agricultural crops of Texas, 

USA 

Performed well for crop under irrigation 

and dry land conditions 

Gowda et al. 

(2013) 

ASTER 15 Tibetan Plateau (China) SEBS results were reliable, but there is 

need to further assess the performance of 

other satellite sensors.  

Ma et al. (2011) 
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To conclude, remote sensing based energy balance methods provide a better opportunity to 

estimate the spatial variations in total evaporation for water resources management at 

different spatial scales. The SEBS model has been the most extensively used with different 

satellite products under different climatic regions, compared to other energy balance models. 

However, remotely sensed based estimates of total evaporation derived, using coarse 

resolution images, are useful, but unsatisfactory. Coarse resolution sensors, such as AVHRR 

cannot detect the smallest units of the land surface characteristics or the smallest land cover 

type within the study area, which makes it difficult to accurately represent the spatial 

variations in total evaporation. This stresses the need to test the applicability of newly-

emerging satellite products with finer spatial resolution. Fine resolution imagery sensors have 

the ability to capture the smallest unit of the land surface characteristics, which represents 

surface heterogeneity and are therefore more suitable for estimating spatial variations in total 

evaporation. 
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4.  DISCUSSION AND CONCLUSION 

 

Understanding the spatial variability of total evaporation remains a concern for water 

resources management at various spatial and temporal scales. A review of literature has 

demonstrated that there are various methods which have been developed to better understand 

variations in total evaporation estimates at different spatial scales for different land cover 

types. Most notably, each of these methods has its own limitations and successes. For 

instance, although meteorological-based methods have been widely used, with plausible 

estimates of total evaporation, it is evident that their point-based approach is inadequate for 

the accurate representation of the spatial variability in total evaporation. The interpolation 

approach, based on point-based observations overlooks the effect of spatial heterogeneity in 

land cover types and consequent total evaporation estimates, as it generalizes the land cover 

characteristics. Moreover, although the intermediate scintillometry method gives a better 

spatial representation of total evaporation, when compared to point-based methods, this 

approach is mainly suitable for applications in homogenous areas. Remote sensing techniques 

therefore provide an opportunity to spatially characterize total evaporation at different spatial 

scales with reliable accuracy. 

 

Most importantly, remote sensing provides a cost-effective and reliable alternative for the 

accurate representation of the spatial variability of total evaporation at local, regional or 

international scale, when compared to point-based and field observation methods. However, 

although remote sensing methods provide a better way of estimating spatial variations in total 

evaporation at different spatial scales, these methods also have their own limitations. For 

example, the use of vegetation indices is assumed to be inadequate, as they do not include the 

energy balance system component which forms the basis of the energy balance methods. 

Total evaporation requires energy in order to occur, hence incorporating the energy balance 

component makes them a more reliable approach. It is evident that methods incorporating the 

energy balance, such as the SEBS model, have been extensively used at different spatial and 

temporal scales with different remote sensing sensors to estimate total evaporation, with 

plausible results. 

 

However, although SEBS provides a reliable way for deriving total evaporation at different 

spatial scales, sensor characteristics notably spatial resolution, play a critical role in 
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determining the level of accuracy. Accurate estimates of total evaporation therefore depend 

on the choice of the satellite sensor and its ability to detect variations in land cover types. It is 

apparent that study area land cover characteristics form an important factor of concern. The 

use of coarse-resolution satellite data is hypothesized to be associated with poor total 

evaporation estimates across different land cover types. Coarse resolution sensors cannot 

detect or discriminate the small variations in total evaporation across land cover types within 

the area of interest. This limitation, therefore, stresses the need to understand the potential of 

two different sensor characteristics for estimating total evaporation across different land 

cover types. 

  

Although SEBS has been widely used, with reliable results globally, it is of more concern to 

test its reliability in estimating total evaporation, using two different sensors with varying 

spatial resolution for water accounting purposes. Total evaporation is one of the processes 

through which water is depleted in a water accounting framework within a catchment hence, 

its reliable estimates are of concern for a better understanding of water accounting and water 

management. This implies the need for further research to assess the potential of different 

sensors with varying spatial resolution in estimating total evaporation within a defined spatial 

scale. 
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5. PROJECT PROPOSAL 

 

5.1 Context of the Problem 

 

Understanding the spatial variation in total evaporation is one of the critical steps to ensure 

successful water accounting for sustainable water resources use and management. Water is 

increasingly becoming scarce as a result of high demand and the projected threat of climate 

change (Molobela and Sinha, 2011). Total evaporation plays a fundamental role in 

determining catchment water availability. It is the second largest hydrological component 

after precipitation and one of the major processes through which water is depleted from the 

catchment (Molden and Sakthivadivel, 1999). Several methods have been developed for the 

quantification of total evaporation and these include ground-based and remote sensing-based 

methods. Ground-based measurements of total evaporation estimation although accurate, are 

impractical for large-scale implementation. They cannot represent the spatial variations of 

total evaporation (Lott and Hunt, 2001). However, remote sensing techniques offer robust, 

instantaneous and efficient spatial and temporal data useful for the large-scale estimation of 

total evaporation. This study is thus aimed at estimating total evaporation at catchment scale, 

using remotely sensed data for application in a water accounting framework. 

 

5.2 Problem Statement 

 

Previous studies have implemented different models for estimating total evaporation from 

remote sensing (Su et al., 2007; Teluguntla et al., 2011 ), meteorological observations 

(Trajkovic, 2005; Uddin et al., 2013; Xu and Li, 2003) and field measurements based on 

scientific devices (Lott and Hunt, 2001; McJannet et al., 2013). Furthermore, these studies 

have concentrated mainly on total evaporation on a large scale (Irmak et al., 2011; Jiang and 

Islam, 1999; Ruhoff et al., 2012; Vinukollu et al., 2011) and agricultural fields (Bastiaanssen 

et al., 1999; Uddin et al., 2013). Knowledge on the spatial variability of total evaporation 

within a catchment is limited. Catchments contain different land cover types, which have 

different evaporative signatures, hence their contribution to the overall total evaporation 

varies. Understanding the effect of satellite sensor resolution in estimating the spatial 

variability of total evaporation is still rudimentary. Remote sensing satellite sensors have the 

different spatial resolution, which affects their performance in mapping the spatial variability 
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of total evaporation. Coarse resolution satellite sensors, with their large pixel size, capture a 

large area as an aggregation, without detecting its variations in land cover types. This may 

introduce discrepancy and uncertainty in the spatial variability of total evaporation, resulting 

in difficulties for accurate water accounting. In order to have better estimates of total 

evaporation for reliable water accounts, there is a need to accurately represent the spatial 

variability in total evaporation for different land cover types. 

 

5.3 Objectives 

 

The main objective of this research is to estimate the spatial variation of total evaporation, 

using remotely sensed data at a catchment scale for water accounting purposes. 

 

Specific objectives:  

 

 to determine the potential of different image spatial resolutions on estimating total 

evaporation for water accounting purposes within a catchment,  

 to determine remotely sensed evaporation estimates in a heterogeneous catchment and 

the potential impact of spatial variations in predicting total evaporation, and 

 to estimate the contribution of different land uses to total evaporation within a 

catchment in water accounting. 

 

5.4 Research Questions 

 

 Can MODIS and Landsat TM yield similar estimates of total evaporation at a 

catchment scale for the purpose of compiling water accounts, despite resolution 

discrepancies? 

 How do reference and total evaporation vary across spatial land uses within a 

defined catchment? 

 Can the contributions of different land uses to total evaporation within a catchment   

for water accounting be quantified accurately, using coarse MODIS resolution and 

medium resolution Landsat TM data? 
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5.5 Methodological Approach 

 

5.5.1 Study area 

 

Total evaporation will be estimated for the Mgeni Catchment, in the KwaZulu-Natal Province 

of South Africa. The Catchment has an area of approximately 4349 km
2
, with an altitude 

ranging from 0 - 1913 m (Warburton et al., 2010). The Mgeni Catchment receives summer 

rainfall and experiences a warm subtropical climate. Rainfall varies from 1550 mm on the 

western side to 700 mm in the drier interior, with 12 ºC mean annual temperature range 

within escarpment areas and 20 ºC towards the coastline (Warburton et al., 2010). The 

Catchment supports 15% of the country’s population and supplies an economic passage 

between Durban and Pietermaritzburg, which contributes approximately 20% of the national 

Gross Domestic Product (GDP) (Summerton et al., 2010; Warburton et al., 2010). The 

Catchment is a centre for economic development and its land cover types are predominantly 

urban areas, forest plantations, natural vegetation, commercial and small-scale agriculture 

(Ghile and Schulze, 2010; Mauck and Warburton, 2013). Understanding the spatial variations 

in total evaporation will therefore allow for the better management of water resources to meet 

the demands of the population and for economic development.  

 

5.5.2 Data sources 

 

The estimation of total evaporation within Mgeni Catchment will be done using the newly-

launched 30 m Landsat TM 8, as well as MODIS 1 000 m and 250 m resolution data. 

Remotely sensed data will be downloaded from the USGS GloVis, using the 

http://glovis.usgs.gov/ link, based on the ground coordinates of the study area. Information on 

land cover and land use types for the Mgeni Catchment will be gathered from existing 

archival land cover maps. Meteorological data will be obtained directly from weather stations 

within the Mgeni Catchment. The widely-used and well-documented Surface Energy Balance 

System (SEBS) model for estimating total evaporation will be applied, using selected Landsat 

TM and MODIS data. The proposed project is mostly desktop-based, however for validation 

purposes, the Food Agricultural Organization (FAO) Penman-Monteith meteorological-based 

method will be computed (Allen et al., 1998). The Penman-Monteith method has been 

regarded as the most reliable method for reference evaporation estimates and it is a standard 

http://glovis.usgs.gov/
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for the verification of other meteorological based methods (Chen et al., 2005). This method 

requires the standard meteorological data of solar radiation (sunshine), air temperature, 

humidity and wind speed at a reference height of two meters (Allen et al., 1998). 

 

5.5.3 Analysis 

 

To compare the total evaporation estimates from two different remote sensing sensors, image 

scaling will be done. Image scaling is an important method in satellite image analysis, 

involving the resampling of images from one spatial scale to the other. This is achieved 

through up-scaling (aggregation, which is the most widely used) of fine resolution images or 

down-scaling (disaggregation) for coarse resolution images (El Maayar and Chen, 2006; Ha 

et al., 2011; Hong et al., 2009; Simic et al., 2004). The nearest neighbor method has been 

regarded as a good method for image scaling (Ershadi et al., 2013; Studley and Weber, 

2011), as it retains the actual pixel value from the original dataset (Dube and Salama, 2013). 

Corresponding total evaporation values will then be extracted in a Geographic Information 

System (GIS) environment. Statistical tests for differences between the two evaporation 

estimates will be performed on the extracted estimates. Model accuracy will also be 

determined, using quantitative statistics such as the root mean square error (RMSE) and the 

coefficient of determination (R
2
).  

 

Variations in total evaporation for the different land cover types estimated, using the two 

different sensors will also be determined. From the land cover map of the study area, total 

evaporation for each land cover type will be determined. In addition, SEBS-based estimates 

will be compared with the readily available total evaporation MODIS product. This will help 

determine the performance of readily available products with estimates derived from remote 

sensing inputs. These products and related information are available at the Numerical 

Terradynamic Simulation Group (NTSG) website (http://ntsg.umt.edu/project/mod16). The 

NTSG is a NASA Earth Science Information Partner, which estimates global terrestrial total 

evaporation (at 8-day, monthly and annual intervals), using MODIS and global 

meteorological data. 

 

http://ntsg.umt.edu/project/mod16
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5.6 Time Frame 

 

Year 2013 2014 

Month Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 

Literature Review  & 

Proposal 1
st
 Draft 

                 

Literature Review  & 

Proposal Final Draft 

                 

Data collection                

Data Analysis             

Write up                  

MSc Thesis Submission                 
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