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Abstract 

 

Recent advances in satellite sensor technology and micrometeorological instrumentation for 

water flux measurement, coupled with the expansion of automatic weather station networks 

that provide routine measurements of near-surface climate variables, present new 

opportunities for combining satellite and ground-based instrumentation to obtain distributed 

estimates of vegetation water use over wide areas in South Africa. In this study, a novel 

approach is tested, which uses satellite leaf area index (LAI) data retrieved by the Moderate 

Resolution Imaging Spectroradiometer (MODIS) to inform the FAO-56 Penman-Monteith 

equation for calculating reference evaporation (ET0) of vegetation phenological activity. The 

model (ETMODIS) was validated at four sites in three different ecosystems across the country, 

including semi-arid savanna near Skukuza, mixed community grassland at Bellevue, near 

Pietermaritzburg, and Groenkop, a mixed evergreen indigenous forest near George, to 

determine potential for application over wider areas of the South African land surface 

towards meeting water resource management objectives. 

 

At Skukuza, evaluated against 170 days of flux data measured at a permanent eddy 

covariance (EC) flux tower in 2007, the model (ETMODIS) predicted 194.8 mm 

evapotranspiration relative to 148.9 mm measured fluxes, an overestimate of 31.7 %, (r2 = 

0.67).  At an adjacent site, evaluated against flux data measured on two discrete periods of 

seven and eight days in February and May of 2005 using a large aperture scintillometer 

(SLS), ETMODIS predicted 27.4 mm and 6.7 mm evapotranspiration respectively, relative to 

measured fluxes of 32.5 and 8.2 mm, underestimates of 15.7 % and 18.3 % in each case (r2 = 

0.67 and 0.34, respectively). At Bellevue, evaluated against 235 days of evapotranspiration 

data measured using a surface layer scintillometer (SLS) in 2003, ETMODIS predicted 266.9 

mm evapotranspiration relative to 460.2 mm measured fluxes, an underestimate of 42 % (r2 = 

0.67). At Groenkop, evaluated against data measured using a  SLS over three discrete periods 

of four, seven and seven days in February, June and September/October respectively, 

ETMODIS predicted 9.7 mm, 10.3 mm and 17.0 mm evapotranspiration, relative to measured 

fluxes of 10.9 mm, 14.6 mm and 23. 9 mm, underestimates of 22.4 %, 11.2 % and 24.1 % in 

each case (r2 = 0.98, 0.43 and 0.80, respectively). Total measured evapotranspiration 

exceeded total modelled evapotranspiration in all cases, with the exception of the flux tower 

site at Skukuza, where evapotranspiration was overestimated by ETMODIS by 31.7 % relative 

to measured (EC) values for the 170 days in 2007 where corresponding modelled and 
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measured data were available. The most significant differences in measured versus predicted 

data were recorded at the Skukuza flux tower site in 2007 (31.7 % overestimate), and the 

Bellevue SLS flux site in 2003 (42 % underestimate); coefficients of determination, a 

measure of the extent to which modelled data are able to explain observed data at validation 

periods, with just two exceptions, were within a range of 0.67 – 0.98. 

 

Several sources of error and uncertainty were identified, relating predominantly to 

uncertainties in measured flux data used to evaluate ETMODIS, uncertainties in MODIS LAI 

submitted to ETMODIS, and uncertainties in ETMODIS itself, including model assumptions, and 

specific uncertainties relating to various inputs; further application of the model is required to 

test these uncertainties however, and establish confidence limits in performance. 

Nevertheless, the results of this study suggest that the technique is generally able to produce 

estimates of vegetation water use to within reasonably close approximations of measurements 

acquired using micrometeorological instruments, with r2 values within the range of other 

peer-reviewed satellite remote sensing-based approaches. 
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1. Introduction 

 

1.1 Land use and water resources in South Africa 

The combined physical and plant physiological process of evapotranspiration (ET) is 

generally the second largest component of the terrestrial water balance after rainfall, and in 

arid and semi-arid ecosystems returns approximately 90 % of all precipitation to the 

atmosphere (Wilcox, et al., 2003). Transpiration dominates vapour fluxes in this context, 

routinely accounting for some 70-90 % of total ET (Williams, et al., 2004), influencing 

rainfall quantities partitioned to infiltration, streamflow and groundwater components 

(Jobaggy, et al., 2011). Tightly coupled with production, transpiration is itself regulated 

primarily by water availability in dry regions (Huxman, et al., 2004), with strong feedbacks 

occurring between climate, hydrology and plant biota (Wilcox, et al., 2011). In these systems, 

changes in the nature, in terms of structure and physiology, and amount of vegetation cover 

typically have significant implications for catchment water yields, where even changes that 

elicit relatively minor variations in ET often translate into disproportionately large changes in 

surface flow and groundwater volumes (Jobaggy, et al., 2011). In South Africa therefore, a 

predominantly semi-arid country subject to chronic water deficits, the impacts of 

anthropogenic and climate-driven shifts in biotic assemblages are of particular concern in the 

context of water resource management (Everson, et al., 2011; Schulze, et al., 2011; 

Warburton, et al., 2012). With steadily increasing pressures on land and water in recent 

decades (Everson, et al., 2011), and little unexploited, economically viable surface water 

remaining (Turpie, et al., 2008), there is consensus that holistic approaches to water resource 

management, which explicitly recognise the continuity of the hydrological cycle and the role 

of vegetation in water balance partitioning, are critical in sustaining South Africa’s future 

water requirements (Jewitt, 2006).  

 

Land use impacts on water resources, and particularly commercial afforestation, were 

identified as an issue of potential concern in South Africa as early as 1915 (Dye & Versveld, 

2007). Despite the accumulation of a considerable body of research demonstrating the 

significance of vegetation controls on hydrology since this time however, land use issues in 

the broader context appear to have received relatively little consideration in the water 

resource management and planning arena. For most of the 20th century, echoing trends 

globally, water policy and strategy thinking had instead been dominated by a focus on surface 

water, where conventional responses to rising demand comprised the expansion of supply-
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side engineering infrastructure to ever higher degrees (Turpie, et al., 2008). Surface water 

resources by the end of the last century had been developed to nearly unprecedented levels, 

with the combined storage capacity of large impoundments exceeding 73 % of the country’s 

total annual runoff (Ashton, et al., 2008). By this time, prompted by growing global 

consciousness of the vulnerability of water resources, particularly since the United Nations 

Mar del Plata Conference on Water in 1977, which first established water issues as a priority 

on the international agenda, fundamental shifts in attitudes towards its use and management 

had begun to occur (Rahaman & Varis, 2005). A defining trend in international policy during 

these decades was a gradual departure from the expansion of new supply-side systems and 

infrastructure, toward improved management, efficiency of use and conservation of existing 

water resources (Badenhorst, et al., 2002).  

 

1.2 Integrated Water Resource Management  

Integrated Water Resource Management (IWRM), the contemporary framework for which 

emerged from the 1992 International Conference on Water and the Environment in Dublin, 

and subsequent UN Conference on Environment and Development in Rio, set the foundations 

for far reaching reforms in the international water policy arena at this time (Rahaman & 

Varis, 2005). IWRM sought to promote coordinated development of land, water and related 

resources at the catchment scale, emphasizing economic, social and ecological sustainability, 

and principles of good governance and public participation (Global Water Partnership, 2000). 

It was seen as a solution to some of the failures of the earlier single sector approaches to 

water resource management, which proved inadequate to deal with the challenges of 

complex, rapidly changing social-ecological systems (Pollard & du Toit, 2008); after a series 

of international conferences in subsequent years, IWRM soon became positioned as the 

dominant water resource management paradigm in both developed and developing world 

contexts (Rahaman & Varis, 2005). In South Africa in the 1990s, IWRM was seen as a 

particularly attractive option given the prevailing socio-political climate at the time (Calder, 

2005). Major overhauls of Apartheid-era legislation, including those regulating the water 

sector, had begun immediately subsequent to the first democratic elections in 1994, and the 

country was uniquely poised to integrate IWRM into national policy. The new 1998 National 

Water Act (NWA, or "the Act") and associated policy documents ushered in fundamental 

reforms to water administration as it was under the former 1956 Water Act, strongly 

embracing the IWRM principles of integration, equity in allocation, sustainability, and 

stakeholder participation (Pollard & du Toit, 2008), and considered by some to represent 
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among the most advanced examples of the operationalizing of IWRM in the world (Jonker, 

2007). 

 

While water sector reforms introduced under the banner of IWRM are wide ranging, the key 

element from the perspective of this study is its implications for policy relating to the 

integration of land use and water resource management issues, and this is reflected in a 

number of statutes and policy documents. The White Paper on a National Water Policy for 

South Africa, which established a set of guidelines for the drafting of South Africa’s new 

water law, states that “since many land uses have a significant impact upon the water cycle, 

the regulation of land use shall, where appropriate, be used as an instrument to manage water 

resources within the broader integrated framework of land use management” (DWAF, 1997). 

This directive was enacted into law primarily through the declaration of certain land-based 

activities in terms of Section 36 of the NWA as stream flow reduction activities (SFRAs), 

which, as such, become subject to regulation as a water use; Section 36 (2) of the NWA 

defines an SFRA as “…any activity (including the cultivation of any particular crop or other 

vegetation)…[that]…is likely to reduce the availability of water in a watercourse to the 

Reserve, to meet international obligations, or to other water users significantly”. The Act also 

empowers the Minister to determine methods for volumetric assessments of streamflow 

reductions resulting from such land-based activities. At present, only commercial forestry has 

been declared an SFRA (its regulation in terms of Section 36 of the NWA replaces the earlier 

Forest Act), although other land uses have or are being considered for classification in terms 

of this section of the Act (Calder, 2005). The National Water Resource Strategy (NWRS, 

2004), drafted to give effect to the NWA, also acknowledges the integrated nature of 

catchment hydrological systems, referring to the need for IWRM as a framework to 

understand and manage the complex linkages between the different components of the 

hydrological cycle (Pollard & du Toit, 2008).  

 

IWRM in South Africa therefore, through the National Water Act and National Water 

Resource Strategy, provides a clear mandate for the management of catchments as interlinked 

ecological and hydrological systems, including recognition of the connectivity of the water 

cycle and interactions with the land resource (Pollard & du Toit, 2008). Moreover, Catchment 

Management Strategies, described in Section 8 of the NWA as plans for the “protection, use, 

development, conservation, management and control of water resources", required of all 

Catchment Management Agencies established in terms of the Act, provide a strategic 
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framework for implementing these statutes and policies. There is, however, some consensus 

that a higher degree of integration of land and water resource management beyond what is 

provided for by IWRM in its present form in South Africa is ultimately required; Integrated 

Catchment Management (ICM), and Integrated Land and Water Resource Management 

(ILWRM) have been held as examples of such approaches (Jewitt, 2006). These frameworks, 

closer to true integration of land and water resource management, are designed to consider 

land use interactions with the catchment hydrological cycle more holistically than what 

policy based on IWRM currently allows; although ICM and ILWRM are not yet feasible 

within the present statutory and institutional environment, it has been suggested that IWRM 

could eventually be “upgraded” and recast to fit these criteria if and when the necessary 

structures have been put in place (Ashton, 2000).  

 

1.3  Technical challenges to operationalizing IWRM in South Africa: 

1.3.1 Difficulties of measuring the water use of land-based activities & predicting 

hydrological responses to catchment land-use change 

Integrating land use into water resource management, whether to the extent required in terms 

of the present IWRM framework and Section 36 of the NWA, or within more explicit 

frameworks, such as those implied by the ICM and ILWRM models, is faced with a number 

of key technical challenges however, arguably the greatest of which are the  difficulties of 

measuring the water use of land-based activities, and predicting catchment hydrological 

responses to changes in land use management (Jewitt, 2006). With the exception of gauged 

experimental catchments, where streamflow responses to management can be empirically 

measured relative to climatically and physiographically similar controls, quantitative 

estimation of water resource impacts for the majority of the South African land surface 

presents significant difficulties for hydrologists (Warburton, et al., 2012). Streamflow in 

catchments results from the integration of complex surface and subsurface hydrological 

processes operating at multiple time and spatial scales, (Scott, 1999) including both lateral 

and vertical water fluxes (Warburton, et al., 2012); soil water storage, and it’s partitioning to 

the water balance components of evaporation, transpiration, infiltration and deep recharge, 

and ultimately to various parts of downstream catchment streamflow regimes, remains little 

understood (Jewitt, 2006). Given the complexities of predicting catchment hydrological 

responses without recourse to detailed field measurements, there have been a wide variety of 

physical and conceptual models designed to simulate these processes (Royappen, et al., 

2002). Probably most notable of these in the South African context is ACRU, developed 
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within the School of Bioresources Engineering and Environmental Hydrology, University of 

KwaZulu-Natal (Gush, et al., 2002); ACRU is currently being used by the Department of 

Water Affairs to assess commercial forestry applications in terms of streamflow reductions, 

for the purposes of water use authorization and allocation under Section 36 of the NWA.  

 

Hydrological models such as ACRU are indispensable as a means for assessing the impacts 

of changes in catchment physical conditions on water balance partitioning and streamflow 

characteristics in uninstrumented catchments, and predicting the likely impacts of proposed 

land use changes; common to all modelling approaches however, they are associated with 

several sources of uncertainty, relating to gaps in understanding regarding some of the 

processes being represented, and the need to simplify others (Warburton, et al., 2012). The 

means to more directly measure or estimate fluxes of the critical water balance components is 

crucial for verifying the performance of hydrological models, and also for improving 

scientific understanding of catchment hydrological processes for the range of environmental 

and climatic variability. Evapotranspiration, a key component of the water balance in South 

African systems with fundamental implications for catchment hydrology and water resources, 

is of particular significance in this respect (Jovanovic & Isreal, 2012). Despite its importance 

however, it is arguably one of the most difficult processes to measure reliably, especially over 

wide areas, given marked variation of fluxes in space and time in response to microclimatic 

and surface heterogeneity. This is typically compounded in arid and semi-arid systems, where 

precipitation often occurs as sporadic “pulses”, driving complex, dynamic vegetation 

physiological responses to prolonged periods of water stress (Huxman, et al., 2004). A 

further level of complexity may arise given that there is often a need to distinguish between 

and separately measure the physical process of evaporation from soil and canopy surfaces, 

and the plant physiological one of transpiration, described by some as “green water” flows, 

requiring complicated measurement methodologies (Jewitt, 2006).  

 

1.3.2 Evapotranspiration measurement techniques 

Since the late 1990s in South Africa, and internationally, scientific investigation into 

vegetation water use has largely centred on two main approaches: ground-based 

micrometeorological methods, notably eddy covariance (EC) (Swinbank, 1951), and 

scintillometry as a relatively new operational method (Savage, et al., 2004; Savage, et al., 

2010), and more recently, various satellite-based remote sensing techniques, with some of the 

main operational approaches being the Surface Energy Balance for Land Algorithm (SEBAL) 
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and the Surface Energy Balance System (SEBS) (Bastiaanssen, et al., 1998a; Bastiaanssen, et 

al., 1998b; Su, 2002, Jarmain, et al., 2009; Gibson, et al., 2009, Gibson, et al., 2011; Műnch, 

et al., In Press). Assuming certain criteria are fulfilled, micrometeorological techniques are 

capable of providing reliable, areally-averaged estimates of evapotranspiration for flux 

“footprints” ranging in dimension between tens of metres (Eugster & Zeeman, 2006) to 

several square kilometres (Meijninger, et al., 2002), either directly, or as a residual of the 

surface energy balance equation. Remote sensing approaches such as SEBS and SEBAL, by 

contrast, provide spatially distributed estimates of evapotranspiration; the latter belong to a 

class of remote sensing models that use satellite-derived land surface temperature to calculate 

sensible heat flux, estimating evapotranspiration as a residual of the surface energy balance 

equation.     

 

1.3.3 Satellite-based techniques for measuring evapotranspiration 

Satellite-based remote sensing techniques have attracted particular interest for their ability to 

provide continuous, spatially resolved flux estimates over wide areas, and are at present the 

only means by which this can be achieved (Glenn, et al., 2007). These attributes of remote 

observation are a key requirement in water resource management applications, given the high 

time and space variability of catchment hydrological processes, which cannot adequately be 

resolved on the basis of either point measurements or “lumped” catchment observations 

(Jensen & Illangasekare, 2011). Satellite data has been explored extensively as a means for 

estimating moisture flux densities at the earth’s surface since the late 1970’s, and four broad 

classes of techniques have emerged: those based on the surface energy balance (including 

SEBS and SEBAL, as mentioned above), the catchment water balance, the Penman-Monteith 

equation, and empirical/statistical relation of vegetation indices or satellite-derived land 

surface temperature to ground-measured fluxes (Verstraeten, et al., 2008). Given that they are 

unable to measure flux stores and exchanges directly, high quality flux data from ground-

based instrumentation for validation and calibration procedures is key to the success of 

remote sensing approaches (Cleugh, et al., 2007; Verstraeten, et al., 2008). Until relatively 

recently however, the availability of quality flux data has been restricted, largely due to 

technical constraints and expenses of available ground-based measurement methodologies, 

for instance, micrometeorological techniques and lysimeters. 
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1.3.4 Opportunities for combining satellite & ground-based instrumentation 

There have been several important advances in both satellite sensor and micrometeorological 

technologies and theory in recent years, particularly since the late 1990s, which present new 

opportunities for combining remote sensing with ground-based instrumentation to obtain 

evidence-based, verifiable estimates of evapotranspiration over large parts of South Africa's 

land surface (Glenn, et al., 2007). A number of sophisticated satellite sensor systems, 

including, perhaps most notably, the Multi-angle Imaging SpectroRadiometer (MISR), 

Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), and the 

Moderate Resolution Imaging Spectroradiometer (MODIS), mounted aboard NASA’s Terra 

and Aqua satellites, have been returning high quality global information on earth surface 

spectral and thermal properties to the research community free of charge for approximately 

the last decade. With improved spectral resolution, on-board calibration systems and well 

characterised radiometric, spectral, spatial and polarization sensitivities, MODIS in particular 

represents important technical improvements in earth observation capabilities over its 

predecessors (Justice, et al., 2002). Perhaps most significantly, MODIS has pioneered the 

development and operationalizing of a range of multidisciplinary, remotely sensed global 

biophysical datasets, stratified according to land, atmosphere and ocean products (Privette, et 

al., 2002). Of particular interest with respect to ecohydrological research objectives are the 

leaf area index (LAI) products; LAI provides critical information on vegetation phenological 

dynamics, and is a state parameter in all models describing mass exchanges within the 

geobiosphere (Knyazikhin, et al., 1999).  

 

Micrometeorological methods for the measurement of evapotranspiration, such as EC, 

scintillometry and Bowen ratio energy balance (BREB, or simply BR) have been available 

for several decades, although have only relatively recently become popular with advances in 

instrumentation, theory and analytical techniques, largely within the last two decades 

(Shuttleworth, 2007). Driven by the growing interest in the global carbon budget, permanent 

EC flux towers managed by the FLUXNET consortium have been deployed in a wide range 

of ecosystems and production landscapes worldwide (Glenn, et al., 2007); these instruments 

deliver continuous flux measurements with a reported accuracy range of 10-30 %, and are 

considered by some to represent the standard in CO2 and water flux measurement technology 

(Consoli, 2011). In South Africa, portable EC, scintillation and BR instruments have been 

tested extensively in different systems since around the turn of this century, and have now 

become well established as a research technique (Savage, et al., 1997; Savage, et al., 2004; 
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Dye, et al., 2008); data originating from many of these studies are available in the public 

domain or upon request from researchers, and represent an invaluable resource in terms of the 

opportunities for validation of experimental satellite-based models. Complementing flux data 

from these systems, a network of some 530 automatic weather stations, managed by the 

Agricultural Research Council’s Institute for Soil and Water Research (ARC-ISCW), provide 

continuous measurements of weather variables required to calculate reference evaporation 

using meteorological equations (discussed in Section 2.5 of Chapter 2).  

 

1.3.5 Satellite remote sensing and the Penman-Monteith equation 

Several recent studies have explored the use of remote sensing data to parameterize the 

Penman-Monteith equation (Monteith, 1965) to derive continuous, distributed estimates of 

evapotranspiration over large areas, specifically with a view to developing a global 

evapotranspiration algorithm (MOD16 ET) within the suite of MODIS land products 

(Cleugh, et al., 2007; Mu, et al., 2007; Leuning, et al., 2008; Mu, et al., 2011). The Penman-

Monteith equation is a biophysically robust, well established method for approximating 

evapotranspiration; it combines an energy balance and aerodynamic formula to estimate 

latent heat flux, or the energy transferred in the change of state from liquid water to vapour in 

the process of evaporation, and includes a bulk surface resistance term that describes the 

resistance to vapour transfer presented by plant stomatal controls, vegetation canopies and/or 

soil conditions (Cleugh, et al., 2007). The equation relies on widely available point-measured 

meteorological data, including air temperature, solar radiation, humidity and wind speed, but 

its routine implementation as a means to estimate spatially distributed evapotranspiration has 

been restricted by the requirement for information on aerodynamic and surface resistances to 

vapour transfer (or conversely, conductance) (Moran, et al., 1996). Both aerodynamic 

resistance, a function of wind speed, aerodynamic roughness of vegetation and atmospheric 

stability, and surface resistance, primarily a function of bulk stomatal conductances, are 

typically highly variable in space and time. Remote observation by polar orbiting daily return 

satellites such as Terra and Aqua, which retrieve spatially distributed information of surface 

spectral properties at near-real time, offers potential solutions to the challenges related to 

heterogeneity in surface flux estimation, and there have been ongoing efforts to exploit 

spectral data for this purpose in the last decade. Researchers from the Numerical 

Terradynamic Simulation Group (NTSG) at the University of Montana, and Commonwealth 

Scientific and Industrial Research Organisation (CSIRO), report a range of techniques for 

deriving information on aerodynamic and surface resistance, the latter primarily from the 
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standard MOD15A2 LAI product, for estimating evapotranspiration within a Penman-

Monteith formulation (Cleugh, et al., 2007; Mu, et al., 2007; Mu, et al. 2011). The results of 

these studies indicate that satellite approaches based on the Penman-Monteith logic, 

supported by validated information on vegetation physiological activity provided by MODIS 

(primarily LAI), offer significant potential as a means for estimating the water use of land-

based activities over wide areas. 

 

1.4 The future of water resources in South Africa: Responding to the challenges  

There is consensus among scientists that present trends in human pressures on land and water 

(Everson, et al., 2011), and climate-related shifts in terrestrial ecosystem structure and 

functioning (Schulze, et al., 2011) are likely to accelerate in the 21st century, the combined 

effects of which on hydrology and water resources are as yet imperfectly understood (Wilcox, 

et al., 2011). In its National Water Resource Management Strategy, the Department of Water 

Affairs predicts that the country will likely face a national water deficit by 2025 (NWRS, 

2004), with few unexploited, economically viable resources remaining (Turton, 2008). 

Allocation of already scarce water in South Africa will likely become increasingly 

contentious, as policy moves towards a more representative, participatory approach to 

management in which all interests are recognised (Royappen, et al., 2002). Knowledge of 

how existing land-use systems impact water resources, and how they may be impacted by 

intentional and climate-induced changes at various scales is therefore a research imperative 

(Everson, et al., 2011; Schulze, et al., 2011; Warburton, et al., 2012). This knowledge will be 

critical in informing decisions regarding optimal resource distribution amongst competing 

users, and enhancing water use efficiency within in existing land-use systems (Műnch, et al., 

In Press). In this context, integrated approaches to water resource management, which 

explicitly consider the complex relationship between the land resource and hydrology, are 

key to sustaining the nation’s water needs into the 21st century. Additionally, as the concept 

of water as an ecosystem service gains popularity, accompanied by new institutions and 

mechanisms to incorporate the value of these services into the formal market, knowledge of 

the water use of land-based activities will be required to establish payment contracts for 

service delivery by catchment managers. 

 

The technical difficulties of measuring the water use of land-based activities at time and 

spatial scales relevant to catchment management applications continues to present significant 

challenges to integration of land and water resource management, both to the extent required 
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in terms of IWRM in its present incarnation, but particularly as demanded by ICM or 

ILWRM, recognised as future ideals in South Africa (Jewitt, 2006). Advances in 

micrometeorological and remote sensing technologies in recent years now provide new 

possibilities for evaluating land surface evapotranspiration at improved spatial and temporal 

resolution (Glenn, et al., 2007), and there is a need to explore the potential for meeting water 

resource management objectives in the South African context (Mȕnch, et al., In press). 

Several existing pre-packaged open source and proprietary remote sensing-based models, 

such as SEBS, SEBAL, the Mapping EvapoTranspiration with high Resolution and 

Internalised Calibration (METRICtm) and the Vegetation Index/Temperature Trapezoid 

(VITT) models have been evaluated in South African conditions in earlier studies (Jarmain, et 

al., 2009; Gibson, et al., 2009; Gibson, et al., 2011; Műnch, et al., In Press). Jarmain et al. 

(2009) assessed a number of these approaches in different systems across the country, 

reporting large variability in performance, both between models as well as in the ability to 

simulate different energy balance components by the same model. Gibson et al. (2011), in 

their application of the SEBS model in the heterogeneous G10K quaternary catchment in the 

Western Cape Province, reported consistent over-prediction of evapotranspiration by this 

approach. In a follow up to the study by Gibson, et al., (2011) in the sparsely vegetated P10A 

catchment in the Eastern Cape, consistent over-prediction of evapotranspiration, in 

combination with the complex parameterization procedures and resulting uncertainty, lead 

Műnch et al. (In Press) to call for continued exploration of parsimonious satellite based 

techniques for evapotranspiration assessment.  

 

1.5 Aims & objectives 

Several recent studies have demonstrated the potential of remote sensing approaches that use 

MODIS LAI in combination with the Penman-Monteith equation to derive continuous, 

spatially resolved estimates of vegetation water use over large areas (Cleugh, et al., 2007; 

Mu, et al., 2007; Leuning et al., 2008; Mu, et al., 2011). Typically, the challenge to routine 

implementation of the Penman-Monteith method relates largely to the difficulties of 

obtaining information on surface resistance to vapour transfer, measured as sm-1 (Cleugh, et 

al., 2007), which is a function of bulk stomatal conductances in vegetated systems, and which 

is typically highly variable in space and time in natural conditions (Kelliher, et al., 1995). 

These studies report a range of techniques of varying degrees of complexity for deriving 

spatially and temporally resolved surface resistance values within a Penman-Monteith 

formulation, typically applying empirically-derived, biome-specific stomatal conductance 
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values scaled up to canopy level using MODIS LAI data, and which are discussed in Section 

2.6.4; the reader is referred to Mu, et al. (2011) for more detail.  

 

In this study, an alternative, parsimonious technique based on a similar logic is tested, in 

which the standard 8-day MOD15A2 LAI product is used to derive information on vegetation 

dynamics, and effectively adjust the FAO-56 equation (Allan et al., 1998) according to 

vegetation physiological status, an approach first described by Palmer and Weideman (2011). 

The FAO-56 equation is a modified formulation of the Penman-Monteith method, which is 

widely used primarily in agricultural applications both in South Africa and internationally to 

calculate reference evaporation (ET0); it incorporates standard parameter values for crop 

height, surface resistance and albedo representative of an assumed reference surface 

comprising a flat extensive crop in full physiological activity, and which is never water 

limited, providing a universal measure of vegetation water use based only on meteorological 

forcings (discussed in Section 2.5.2 of Chapter 2). The utility of the concept of ET0 is that it 

yields a standard, universal measure of the evaporative potential of the atmosphere based on a 

well-defined surface and routine meteorological data, and which can theoretically be related 

to any surface of interest by applying site-specific indicators of vegetation physiological 

status. The technique described by Palmer and Weideman (2011) (hereinafter ETMODIS) uses 

remotely sensed LAI to derive these indicators, applying the relationship of LAI at time T1 to 

long term maximum LAI for the pixel of interest, and thus proposes a simple solution to the 

difficulties of obtaining site-specific information on vegetation physiological status for use 

within a Penman-Monteith formulation for estimating latent heat flux. 

 

This study aims to establish the viability of ETMODIS in a range of conditions across South 

Africa, by validating model results over a variety of temporal scales against flux data 

measured using several micrometeorological instruments in earlier studies. The approach is 

tested at four sites in three distinct ecotypes: semi-arid savanna near Skukuza in the Limpopo 

Province, mixed community grassland near Ashburton in the KwaZulu-Natal Province, and 

mixed evergreen indigenous forest near George in the southern Cape, to establish its potential 

for routine implementation over wider areas of the country. The study responds to the need to 

develop parsimonious, evidence-based techniques for water flux estimation that are 

continuous, spatially and temporally resolved, and applicable at scales relevant to addressing 

land use issues as they relate to water resource management in South Africa. 
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1.6 Structure of this thesis 

This thesis comprises six chapters, which, including the introduction, is structured according 

to a literature review, methods and results sections, discussion, and conclusion. The literature 

review (Chapter 2) is organised as follows: a summary of the background and current state of 

the art of methods for the assessment of evapotranspiration is provided, with specific 

reference to the South African experience, including recent advances in micrometeorological 

and satellite remote sensing techniques (Section 2.1). In Section 2.2, a discussion of the 

biophysical properties of the evaporative process is presented, including a description of 

atmospheric structure insofar as it influences turbulence and water fluxes at the earth’s 

surface (Section 2.2.1). Cohesion-tension theory (Dixon & Joly, 1894), describing the plant 

physiological process of soil moisture transfer to the atmosphere (transpiration) (Section 

2.2.2), and functional convergence theory (Field, 1991), describing the  scaling of plant 

photosynthetic ability according to the availability of resources, the theoretical basis upon 

which ETMODIS is predicated, are also included in this discussion (Section 2.2.3). The surface 

energy balance equation, which describes the way in which energy is balanced at the earth’s 

surface by inputs or outputs of energy from non-radiative origins, providing the physical 

basis for models describing vertical energy, momentum and mass exchanges in the planetary 

boundary layer (or atmospheric boundary layer) (Allen, 2005a), is described in Section 2.3. 

 

This is followed in Section 2.4 by a review of methodologies for the assessment of 

evapotranspiration that have direct bearing on this study, and comprises a section on 

micrometeorological methods, including EC, BR and two types of scintillometer (LAS and 

SLS); a review of meteorological equations for estimating evapotranspiration, with a focus on 

the Penman-Monteith and FAO-56 equation for reference evaporation, is provided in Section 

2.5, followed by a summary of satellite-based approaches in Section 2.6. Finally, MODIS and 

the MOD15A2 LAI product are described in Section 2.7. Chapter 3 comprises a description 

of the methods employed in this study, including a discussion of model theoretical basis 

(3.1), and approach used in validation (3.2). A description of each of the three study areas in 

terms of climate, physical and vegetation characteristics, as well as dates and duration of 

ETMODIS input (MOD15A2 and FAO-56/Class A-pan) and validation (micrometeorological) 

data, is provided in Section 3.3.  
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Results of the study are presented in Chapter 4, and are reported in terms of: 

• long-term (∼10 year) trends and patterns observed in remotely sensed LAI at each 

validation site;  

• trends in remotely sensed LAI, and retrieval quality for the particular year in which 

validation is performed at respective sites;  

• modelled (ETMODIS) relative to  measured water fluxes, and ET0 at respective validation 

sites; and  

• regression analyses of modelled versus measured data at respective sites.  

 

A discussion of the results is presented in Chapter 5, and includes a general summary and 

comparison of the key indicators listed above across the four validation sites (Section 5.2), 

followed by a more detailed analysis addressing each site independently (Section 5.3). 

Finally, an analysis of uncertainties in the approach and validation of model performance is 

provided in Section 5.4, followed by an appraisal of the opportunities and constraints of the 

approach as a means to derive distributed estimates of vegetation water use over wider areas 

of the South African land surface (5.5); conclusions and recommendations for further 

research are provided in Chapter 6. 
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2. Literature Review 

 

2.1 Vegetation and water resources: A South African perspective 

 

2.1.1 South African paired catchment studies 

Land use impacts on water resources, given the country’s particular climatic conditions and 

development needs, were recognised as an issue of potential concern in South Africa as early 

as 1915, and have been subject to intensive scientific investigation since the 1930s (Van der 

Zel, 1995). Much of the understanding of ecohydrological processes at this time was based on 

experimental catchment research, directed primarily at evaluating the long-term (annual) 

impacts of commercial afforestation on catchment streamflow (Görgens & van Wilgen, 

2004). From 1936 onwards, in response to the concerns regarding the impacts of the rapidly 

expanding commercial forestry sector on catchment water yields, a series of paired catchment 

experiments was established in high rainfall upper catchment areas across the country, 

originally dominated by low biomass, seasonally dormant grasslands or Machia-type 

shrublands. Experiments monitored hydrological responses to treatment relative to adjacent 

physiographically similar control catchments over a period of more than half a century (Scott, 

et al., 2000). Paired catchment studies provided well-documented empirical evidence that 

changes in the nature and extent of vegetation cover may alter the volume and timing of 

streamflow components significantly (Bosch, 1979; Bosch & Hewlett, 1982; Scott & Lesch, 

1997). Studies reported measurable declines in base flows and long-term water yields 

following afforestation, understood to be attributable primarily to increased water use by 

trees, and driven by mechanisms which modify both storm and low-flow generating 

mechanisms, including increases in the amount of standing plant biomass, canopy cover, leaf 

area, surface roughness, rooting depth, and changes in the timing of senescence (Blight, et al., 

2005).  

 

Long-term streamflow data generated in these experiments running from 1935 to around 

1980 represented an invaluable resource in the development and validation of a number of 

empirical methods for predicting hydrological responses to changes in catchment 

management; the Nänni curves (Nänni, 1970), Van der Zel curves (Van der Zel, 1997) and 

later the Scott, or CSIR curves (Scott & Smith, 1997) were all used to assess permit 

applications for forestry required in terms of the  Afforestation Permit System under the 

Forest Act (Act 72 of 1968). These approaches allowed for initial estimates of changes in 
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streamflow characteristics likely to accompany afforestation, however they were based 

entirely on data from commercial plantation species (pine and eucalypt) growing in a few 

high rainfall catchment areas (in excess of 1100 MAP), and were therefore unrepresentative 

of vast areas of the South African landscape and for native vegetation types (Gush, et al., 

2002). South African paired catchment experiments, and the empirical models based upon 

these data, while useful in an applied sense (restricted to commercial afforestation 

applications in high rainfall areas), offered little insight into the multiple complex 

ecohydrological processes driving streamflow responses in natural conditions and for the 

range of (typically drier) climate variability.  

 

2.1.2 Direct measurement techniques 

Individual ecohydrological processes driving streamflow were to remain inadequately 

explained on the basis of catchment experiments, and in the 1970s and 80s, coinciding 

approximately with their discontinuation in South Africa, greater emphasis was placed on 

direct measurement techniques, and the development of conceptual understanding to address 

gaps in knowledge (Schulze, et al., 2000; Hughes, 2004; Everson, et al., 2011). Process 

studies in the 1960s and 70s contributed substantially to improving existing understanding of 

rainfall-runoff and streamflow generation mechanisms, extending beyond that previously 

limited largely to forestry (Royappen, Dye, et al., 2002; Hughes, 2004). Knowledge gained 

from this research supported the development of a growing number of process-based and 

conceptual hydrological models of varying levels of complexity, which were designed to 

simulate hydrological processes by applying various mathematical algorithms (Hughes, 

2004).  

 

To address this lack of representivity, the Water Research Commission, in conjunction with 

the then Department of Water Affairs and Forestry commissioned a study based on the 

ACRU model to produce a series of look up tables indicating reductions in streamflow for 

each quaternary catchment, based on local conditions including rainfall, evaporation, soil 

depth and type, etc. (Gush, et al., 2002).  

 

2.1.3 Empirical & physically-based equations 

Up until the late 1980s, direct measurement of evapotranspiration by micrometeorological 

techniques remained limited by the theoretical and technical challenges of measuring near-

surface climate variables and surface energy and momentum exchanges (Farahani, et al., 
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2007). Similarly, water balance approaches, including lysimeters and microlysimeters were 

expensive and largely limited to research applications. For these reasons, empirical and 

physically-based equations for estimating evapotranspiration were (and continue to be) 

widely used, particularly in agrohydrological and irrigation engineering applications where 

estimates of crop water use are needed with few data requirements and less emphasis on 

accuracy (Shuttleworth, 2007). 

 

Early perceptions were that evapotranspiration was predominantly a simple physical surface-

atmosphere energy transfer process, with little physiological control exerted by vegetation; 

this perception prompted a focus particularly in the early 20th century on the exploration of 

simple empirical equations for explaining relationships between surface and atmospheric 

variables and potential evaporation (used to describe the upper limit of water which would be 

evaporated by the atmosphere if it were available ) (Farahani, et al., 2007). These comprised 

equations based on temperature, including the Thornthwaite (1948), Blaney-Criddle (1950) 

and Hamon (1963) equations, equations based on radiation, including Turc (1961), Makkink 

(1957) and Priestley-Taylor (1972) equations, and equations based on both radiation and 

temperature, including Jensen-Haise (1963) and Hargreaves-Samani (1985), many of which 

remain in use, although incorporating various modifications (Farahani, et al., 2007; 

Jovanovic & Israel, 2012).  

 

In 1948, Penman developed a physically-based equation to describe the process of energy 

transfer in the lower atmosphere, representing a significant landmark in the ability to model 

surface moisture fluxes; the Penman (1948) equation combined an energy balance and 

aerodynamic formula to estimate latent heat flux, the energy transferred in the evaporation of 

water. This was later improved by Monteith, to give the Penman-Monteith equation 

(Monteith, 1965) requiring only routine climate variables widely available (described in 

Section 2.5.1); the need for vegetation specific parameters limited its use as a means to 

calculate actual evapotranspiration, however (Moran, et al., 1997). To address inconsistencies 

in the way that the concept of potential evaporation was being interpreted and applied, the 

Food and Agriculture Organisation (FAO), in consultation with the International Commission 

for Irrigation and Drainage and the World Meteorological Organisation, established a 

universally consistent definition of a “reference surface” by which to define potential 

evapotranspiration (Allen, et al., 1998). The resulting FAO-56 equation, based on the 

Penman-Monteith approach (Monteith, 1965) has become the international standard for the 
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calculation of reference evapotranspiration (ET0) and is widely used to calculate crop water 

requirements in agricultural applications in South Africa, based on data measured by 

networks  

 

2.1.4 Automated measurement of near-surface climate variables 

Significant advances in the fields of agro and ecohydrology have come with the advent and 

expansion of automatic weather station networks in recent decades, which allow for 

continuous, automated measurements of surface meteorological variables required to 

calculate ET0 at high time steps and over wide areas (Farahani, et al., 2007). Previously, 

meteorological variables required to perform these calculations, including air temperature, 

humidity, solar radiation, wind (speed and direction), and precipitation, had to be recorded 

manually using simple instrumentation and recorded on paper, an especially labour intensive 

task significantly restricting the  extent to which these data could feasibly be collected and 

managed. 

 

In South Africa, the ARC-ISCW has deployed some 530 of these automated stations since the 

1940s, managing and distributing data online to researchers upon request. The network is 

being expanded on an ongoing basis, and extensive data at hourly time-steps are now 

available for experimental and applied purposes for large parts of the country going back 

several decades in many cases. ET0 is calculated by the FAO-56 method on an hourly basis 

using meteorological data measured at each weather station. 

 

Since the late 1990s, research into ET measurement technologies in South Africa has centred 

largely on two main approaches: ground-based micrometeorological methods, particularly 

scintillometry as a relatively new operational method (Savage, et al., 2004, Savage, et al., 

2010), and more recently, various satellite-based remote sensing techniques, with some of the 

main operational approaches being the Surface Energy Balance for Land Algorithm (SEBAL) 

(Jarmain, et al., 2009) and the Surface Energy Balance System (SEBS) (Jarmain, et al.,  

2009; Gibson, et al., 2009; Gibson, et al., 2011; Mȕnch, et al., In press; Műnch, et al., In 

press.). Micrometeorological methods, including BR and EC were first assessed for their 

applicability in South Africa by Savage et al. (1997), and scintillometry somewhat later 

(Savage, et al., 2004). 
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2.1.5 Advances in micrometeorological techniques 

With advances in understanding of the physics of turbulence and heat and radiation transfer 

in the lower atmospheric boundary layer since the 1970s, and rapid improvement in 

electronics and sensor technology in the early 1980s, there has been important progress in the 

development of micrometeorological methods for evaporation measurement in recent years 

(Shuttleworth, 2007). Scintillometry (Savage, et al., 2004), eddy covariance (EC) (Swinbank, 

1951) and Bowen ratio energy balance (BR) (Bowen, 1926; Sverdrup, 1943) in particular 

have become relatively widely used by researchers within the last decade, both in South 

Africa and internationally. These instruments are capable of high quality spatially-averaged 

estimates of flux densities for discrete “footprints” of vegetation (Savage et al., 2010), 

typically varying in dimension between tens of m2 (Eugster & Zeeman 2006) to several km2 

in the case of the large aperture scintillometer (LAS) (Meijninger, et al., 2002). The EC 

method, in contrast to both BR and scintillometry, provides a direct measure of CO2 and 

water vapour flux based on the statistical correlation of vertical vapour or sensible heat fluxes 

(H) transported in turbulent wind eddies above the canopy (Allen, et al., 2011). 

Scintillometry and BR, on the other hand, provide indirect estimates of latent heat flux (λE) 

based on the surface energy balance (described in Section 2.3), invoking various theoretical 

assumptions to account for turbulent transfer in the lower atmospheric boundary layer 

(Shuttleworth, 2007). Measurements are variously averaged over time periods ranging 

between two to 60 minutes, allowing high temporal resolution of diurnal variation in flux 

densities (Savage, et al., 2004). 

 

Largely within the last two decades, driven by advances in theory and instrumentation 

(Shuttleworth, 2007), and the growing interest in global climate change and carbon cycling 

(Glenn, et al., 2007), there has been a proliferation of high quality micrometeorological flux 

data from a range of ecosystems and climate regions globally (Baldocchi, 2001). A series of 

permanent EC flux towers has been established in nearly every type of natural ecosystem and 

production landscape worldwide, managed by the FLUXNET consortium and presently 

numbering around 500 instruments (Glenn, et al., 2011). 

 

Satellite-based approaches offer several distinct advantages over ground-based 

instrumentation, in that they are capable of continuous, spatially and temporally resolved flux 

estimates at regional and catchment scales (Glenn, et al., 2007). These attributes of remote 

observation are critical from the perspective of refining understanding of ecohydrological 
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processes, because catchment hydrological responses to diverse land-use systems and 

changes in ecosystem structure typically demonstrate a high degree of spatio-temporal 

variation, and may not be adequately interrogated on the basis of either point measurements 

or catchment-scale water balance approaches (Jensen & Illangasekare, 2011).  

 

2.1.6 Advances in satellite remote sensing capabilities 

Satellite remote sensing has been explored extensively as a means of inferring information on 

mass, energy and momentum fluxes from surface thermal and spectral properties since the 

late 1970’s, and there has long been interest in the potential of these approaches for water 

resource management applications specifically (Jackson, et al., 1977; Carlson & Buffum, 

1989; Kustas & Norman, 1997; Bastiaanssen, et al., 1998a; Bastiaanssen, et al., 1998b; Su, 

2002). Given that satellite sensors are unable to measure flux exchanges directly, these 

approaches are generally based on quantifying relationships between observed radiances and 

various parameters required to calculate flux densities, such as LAI, vegetation indices, or 

land surface temperature, using physically-based or statistical/semi-empirical algorithms 

(Cleugh, et al., 2007). Several potential sources of error are introduced in the approximation 

of biophysical processes however (Zeweldi, et al., 2009), and quality flux information from 

ground-based instruments at appropriate spatial scales is key for model calibration and 

validation, and in improving satellite algorithm performance (Savage, et al., 2010). New 

opportunities for calibration and validation in global terrestrial ecosystems, which have 

accompanied the advent and expansion of both permanent and portable micrometeorological 

systems described above, as well as the expansion of ground-based automatic weather station 

networks, have dramatically improved the potential for remote sensing approaches for flux 

estimation since the turn of this century (Glenn, et al., 2007).  

 

Recent technological advances have culminated in the emergence of sophisticated satellite 

sensor systems, embodied in the National Aeronautics and Space Administration´s (NASA) 

Earth Observation System (EOS), the implementation arm of the Earth Systems Enterprise 

(Privette & Roy, 2005). EOS, conceived in the 1980s and realised largely during the 1990s, 

comprises a series of coordinated polar-orbiting satellites, and was established to enhance 

understanding of the planet’s climate system by generating long-term observations of 

atmospheric and surface (marine and terrestrial) spectral and thermal properties. EOS consists 

of three flagship satellites, including Terra, launched in 1999 and aimed at systematic land, 

atmospheric and ocean measurements, Aqua, launched in 2002 and designed to make water 
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cycle observations, and Aura, launched in 2004, aimed at atmospheric chemistry 

measurements. These systems are equipped with a collection of 13 different sensors, perhaps 

most notable of which are the MISR, ASTER and MODIS (abbreviations previously 

defined), the latter of which is mounted on both the Terra and Aqua platforms, allowing 

surface observation from different view and illumination angles at morning (Terra) and 

afternoon (Aqua) overpass times. With improved spectral resolution, on-board calibration 

systems and well characterised radiometric, spectral, spatial and polarization sensitivities, 

MODIS in particular introduces several important technical advances in earth observation 

capabilities (Justice, et al., 2002).  

 

Technological advances aside, EOS, and MODIS, are perhaps most significant for the fact 

that they herald the start of the era of multidisciplinary earth observation initiatives (Privette, 

et al., 2002); spectral information returned by MODIS is being used by science teams 

contracted to NASA and differentiated according to land, ocean and atmospheric disciplines, 

to develop a series of validated, high quality global geophysical datasets, variously 

operational and freely available to the public over the last decade. Among these, the 

combined leaf area index/fraction of photosynthetically active radiation (LAI/FPAR) 

products provide continuous, near-real time information on global vegetation phenological 

canopy dynamics, and have been widely anticipated by the international research community. 

They include the 8-day MOD15A2 product from the Terra satellite, the 8-day MYD15A2 

product from the Aqua satellite, the Terra/Aqua combined 8-day MCD15A2 product, and the 

combined Terra/Aqua 4-day MCD15A3 product. LAI is a well established plant structural 

characteristic that provides important information on surface vegetation processes 

(Darvishzadeh, et al., 2008). It is defined as the one-sided green leaf area per unit ground area 

in broadleaf canopies, and the projected needle leaf area in coniferous canopies; it is a key 

variable in most ecosystem productivity models, global climate, hydrology, biogeochemistry 

and ecology models, and is applied in numerous NASA EOS interdisciplinary projects 

(Shabanov, et al., 2005). Most recently, these LAI datasets have been used as inputs in 

developing a global evapotranspiration algorithm within the suite of MODIS land products 

(Mu, et al., 2011), described in Section 2.6.4. 

 

2.2 The biophysics of evapotranspiration 

Evaporation is defined as the process whereby a liquid or a solid substance is transformed to 

a gaseous state, in which energy is absorbed or transferred and removed from the evaporating 
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surface (Allen, et al., 1998b). Energy required to break the hydrogen bonds of liquid water 

molecules in this process is derived from solar radiation, advection, and heat stored in water 

and land masses, of which the former is dominant. Total evaporation in terrestrial ecosystems 

comprises evaporation from saturated and moist soils, evaporation of intercepted rain water 

from plant canopies, sublimated water vapour from ice and snow, and transpiration, the 

exchange of plant water for atmospheric CO2 required for photosynthesis from stomata on 

plant leaves and stems (Mu, et al., 2011). By convention, in applying the term 

evapotranspiration, the plant cellular process of transpiration (T) is distinguished from the 

physical one of evaporation (E), although these processes are in fact strictly congruous 

(Monteith, 1985), and use of the term in the international literature is declining (Savage, et 

al., 2004). It has been suggested, however, that the term transpiration be retained in favour of 

plant evaporation, as the latter incorrectly implies that plants themselves exert no control of 

water loss to the atmosphere; the terms evapotranspiration to describe the combined physical 

and plant cellular processes, and transpiration for the plant cellular process specifically, are 

therefore applied throughout this thesis.  

 

2.2.1 Atmospheric structure: the atmospheric/planetary boundary layer 

The atmospheric or planetary boundary layer is a relatively shallow layer of influence above 

the earth’s surface (between 100-2000 m in thickness, varying in response to air temperature) 

in which friction results in significant energy, mass and momentum exchanges between the 

surface and the atmosphere (Savage, et al., 2004). It is characterised by rapid variations in the 

properties of flow variables including wind velocity, air temperature and mass concentration 

such as CO2 and water vapour pressure, largely carried by turbulent motion. It extends 

vertically to a sharp boundary with the upper free atmosphere, above which flow is generally 

laminar. The lowest 10-15% is referred to as the surface boundary layer, which is itself 

comprised of an outer and inner (or internal) boundary layer.  

 

2.2.2 Transpiration and cohesion-tension theory 

Evaporation from a vegetated surface is controlled by radiant energy availability, atmospheric 

humidity deficit, turbulence in the near-surface boundary layer, soil moisture availability, and 

plant stomatal control of the ability of the surface to transmit water vapour to the atmosphere 

(termed stomatal conductance, or conversely, resistance) (Kelliher, et al., 1995). 

Transpiration dominates total evaporation in most terrestrial ecosystems, (Williams, et al., 

2004), and is therefore a key term in the water balance.  
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It is generally accepted that soil moisture transport from the soil profile to the atmosphere via 

plant roots, xylem, and eventually stomata in the process of transpiration can be explained in 

terms of Cohesion-Tension (C-T) Theory (Dixon & Joly, 1894). C-T Theory proposes that 

water rises in a metastable state under tension driven by surface tension at the evaporating 

surfaces of the leaf. Water is evaporated primarily from cell walls of substomatal chambers as 

a result of the lower water potential of water vapour in the air, causing a curvature in the 

water menisci of apoplastic water within the cellulosic microfibril pores of cell walls (Tyree, 

1997). Surface tension at the leaf results in a decrease in xylem pressure in plant water 

directly behind the meniscus, resulting in a decrease in water potential in adjoining cell walls 

and protoplasts. The water column is maintained in a metastable state by the cohesion of 

water molecules to each other, and adhesion to walls of the xylem conduits by hydrogen 

bonds. Tension at the evaporating surface of the leaf is transmitted to the roots via a 

continuous water column, causing water potential in root apices to fall below that of the 

surrounding soil moisture, and therefore an uptake of soil moisture to replace evaporated 

water at the surface. Plant water is evaporated at the air/water interface at the meniscus by the 

breaking of hydrogen bonds, derived from the sources described earlier. 

 

2.2.3 Functional Convergence Theory 

Functional convergence theory (Field, 1991) hypothesizes that plants scale leaf area and light 

harvesting ability according to the availability of resources in order to optimize carbon 

fixation. Plant functional convergence is manifested in a number of traits which perform in 

very similar ways, irrespective of species, despite enormous variation in leaf life span, rate of 

photosynthesis and respiration, leaf growth rate, leaf nitrogen content and leaf specific area. 

Reich, et al., (1997) found intraspecific relationships among these traits, across a diversity of 

plant species and biomes, demonstrating convergent evolution and global generality in plant 

functioning. Reich, et al., (2003) further argue that patterns of functional trait variation within 

and amongst habitats can be explained by trade-offs reflecting adaptations to resource and 

environmental gradients. While functional convergence in leaf traits is comparatively well 

understood, there are relatively few studies addressing convergence in plant water relations 

and productivity. McClenahan, et al., (2004) demonstrate convergence in several traits that 

define plant hydraulic architecture in Australian woodlands, heathlands and mangroves, 

suggesting that this convergence allows us to generalize plant function over relatively large 

homogenous areas. Following from this, remote sensing of canopy light absorption also 

enables an important component of canopy carbon assimilation rates to be estimated over 
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extensive areas. Modelling of carbon exchange and net storage is facilitated, owing to natural 

selection for a narrow range of light-use efficiencies among a wide range of plant functional 

types. This “functional convergence” arises from resource allocation strategies that appear to 

maximise the benefits of carbon (energy) and nutrients (e.g. mainly nitrogen) relative to the 

costs of acquisition (Goetz & Prince, 1999). Convergence is most evident on a leaf mass per 

unit ground area basis, a measure that more closely reflects the costs of resource acquisition 

than does leaf area. 
 

2.3 The surface energy balance 

The surface energy balance describes the way in which energy in the form of solar and 

atmospheric radiation is balanced at the earth’s surface by inputs or outputs of energy from 

non-radiative origins (Allen, et al., 2005a), and provides the physical basis for models 

describing vertical energy, momentum and mass exchanges in the planetary boundary layer, 

also called the atmospheric boundary layer (described in Section 2.2.1). In the energetic 

sense, rather than as a residual water loss in the catchment water balance, evapotranspiration 

is conceived of as the partitioning of energy at the surface into that required for either the 

evaporation of water (latent heat) or heating of the overlying atmosphere (sensible heat) 

(Shuttleworth, 2007). In its shortened form, the expression neglects various less significant 

terms, such as canopy heat storage and advection (although the latter may in fact be 

significant in certain conditions), and for a flat, extensive surface can be written as (Savage, 

et al., 2010): 
 

𝑅𝑛 =  𝐺 +  𝐻 + 𝜆𝐸 

Equation 1 

where: 
 

Rn is the net radiance;  
 

G is the soil heat flux density based on soil heat flux and soil temperature; 
 

H is the sensible heat flux density; and  
 

λE is the latent heat flux density.  
 

(all units are in W m-2, where 1mm ET day-1 = 28.36 W m-2). 
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Given accurate measurements of Rn and G, and estimates of H, which requires an ability to 

account for turbulent transfer in the near-surface atmospheric boundary layer, λE can be 

calculated as a residual of the energy balance (Equation 1) from Equation 2: 

 

𝜆𝐸 =  𝑅𝑛 −  𝐺 −  𝐻 

Equation 2 

 

The surface energy balance reflects net radiation inputs (Rn), latent heat exchanges (λE), and 

the sum of sensible heat fluxes to or from the air (H) and to or from the soil (G) (Savage, et 

al. 2004). H is defined as the absorption or transference of heat energy flux due to a change in 

temperature between the surface and the overlying air, without the influence of a phase 

change (i.e. the vaporisation of water), while λE, by contrast, accounts for the energy 

absorbed in the phase change of water, without significant change in temperature (Clulow, 

2007). ET can be calculated directly from latent heat flux (W m-2), where 1 mm ET = 28.36 

W m-2. The former is driven by the vertical temperature differences between the evaporating 

surface (vegetation canopy or soil surface) and adjacent overlying air mass, while the latter is 

driven by vertical water vapour pressure differences between the air immediately above the 

evaporating surface and the adjacent overlying air mass (Savage, et al., 2004).  

 

In solving for the above, the determination of H presents particular difficulties, and requires 

accurate measurements of temperature gradients above the surface (Allen, et al., 1998a). The 

aerodynamic expression for calculating H can be written as follows (Allen, 2005): 

 

𝐻 =  𝜌с𝑝
𝑇𝑠 −  𝑇𝑎
𝑟𝑎

 

Equation 3 

where:  

 

Ts is surface temperature; 

 

Ta is aerodynamic temperature; 

 

ra is aerodynamic resistance to heat transfer between a mean height within the surface to 

some height z above the surface; 
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ρ is air density; and 

 

сp is the specific heat capacity of air. 

 

ra (s m-1) is aerodynamic resistance, which determines the transfer of heat and water vapour 

from the canopy to the atmosphere above the canopy (Allen, 2005).  

 

Aerodynamic resistance (Equation 4) is calculated in terms of roughness length (zo), and zero 

plane displacement (d.) zo describes the aerodynamic roughness of the surface, and is a factor 

of the height (h) and distribution of the roughness elements, while d refers to the mean level 

at which momentum is absorbed by the individual elements of the plant, and is the height at 

which these elements, when condensed, assume the properties of a displaced surface where 

wind speed is zero (Clulow, 2007). Calculation of d is complicated by the effect of wind, 

which alters the effective displacement height.  

 

The traditional aerodynamic resistance formula is expressed as: 

 

𝑟𝑎 =
�𝐼𝑛 �𝑧𝑢−𝑑

𝑧𝑜𝑚
� −  𝜓𝑚) (𝐼𝑛 �𝑧𝑇−𝑑

𝑧𝑜𝐻
� −  𝜓ℎ�

𝜅²𝑢𝑧
 

Equation 4 

 

where: 

 

zu is the height above the surface at which wind speed is measured; 

 

d is the zero plane displacement of the logarithmic wind profile; 

 

zom is an assumed roughness length governing the transfer of momentum from the surface; 

 

ψm is the Businger-Dyer correction factor for momentum transfer to account for buoyant 

stability or instability of the boundary layer; 

 

zT is the height above the surface at which air temperature is measured; 
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zoh is an assumed roughness length governing the transfer of H from the surface; 

 

ψh is a correction factor for the transfer of H to account for buoyant stability or instability of 

the boundary layer; 

 

κ is the von - Karman constant (0.41); and 

 

uz is the wind speed measured at the zu height. 

 

The aerodynamic resistance formula as expressed in terms of Equation 4 has also been 

criticized for its use of zoh, which is commonly expressed as a constant fraction of zom, 

although this relationship can in reality vary significantly in arid conditions and sparse 

canopies (Allen, 2005). 

 

2.4 Micrometeorological methods for the assessment of evapotranspiration 

With advances in instrumentation and analysis since the late 1990’s, the use of 

micrometeorological methods for flux measurement, such as EC (Swinbank, 1951), BR 

(Bowen, 1926), (Sverdrup, 1943), and more recently, scintillometry (Savage, et al., 2004), 

has become increasingly common in South Africa and internationally (Dye, et al., 2008, 

Jarmain, et al., 2009, Savage, 2009, Savage, et al., 2010). Micrometeorological techniques 

rely on high frequency measurements of scalars above the canopy to derive estimates of H 

and λE (Rana & Katerji, 2008), either directly, or indirectly as a residual in the surface energy 

balance (Equation 1) (Savage, et al., 2004). They possess certain advantages over other 

ground-based approaches for flux estimation, in that they deliver non-destructive 

measurements for extended periods at hourly time steps or less, with little requirement for 

supervision (Shuttleworth, 2007). Instruments provide either point (EC and BR) or path-

averaged (scintillometers) measurements of flux scalars for discrete fetches of vegetation, or 

flux ‘footprints’ (Savage, et al, 2010) typically varying in size between tens of m2 (Eugster & 

Zeeman, 2006) to several km2 in the case of the large aperture scintillometer (LAS) 

(Meijninger, et al., 2002). Although other techniques also based on micrometeorological 

principles are available, such as the Infra red (Savage, et al., 2004) and Surface Renewal (SR) 

(Paw & Brunet, 1991), the EC, BR and scintillation methods have direct bearing on this 

study, and are therefore discussed in more detail here.  
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2.4.1 Eddy covariance (EC) 

Driven largely by the interest in global climate change and the carbon cycle, the EC 

technique (sometimes called eddy correlation) has become a particularly popular method for 

research, and is considered by many to be the universal standard for energy and CO2 flux 

measurement (Consoli, 2011). Coordinated through the international FLUXNET consortium, 

some 500 permanent EC flux towers have now been established on five continents spanning a 

wide range of natural and agricultural systems (Glenn, et al., 2011). Instruments deliver 

areally-averaged estimates of water vapour and CO2 fluxes at high temporal resolution 

(typically integrated over two minute intervals) over footprints varying between several tens 

to thousands of square metres (Eugster & Zeeman, 2006). 

 

The EC method differs from the BR and scintillation techniques in that it provides a ‘direct’ 

measure of ET (Savage, et al., 2010). The method is based on the statistical correlation 

between the vertical fluxes of vapour or H transported in vertical motions of turbulent eddies 

(Allen, et al., 2011). The instrument typically comprises a sonic anemometer and infra-red 

gas analyzer (IRGA), which measure vertical wind velocity (W) and water vapour mixing 

ratios (h) at a given point above the canopy, at sampling rates capable of accounting for all 

eddies contributing to vapour transport (frequencies varying between 5-20 Hz, but commonly 

10 Hz) (Allen, et al., 2011). Flux calculations are based on the statistical relationship 

described by Swinbank (1951): 

 

𝐸 =  𝜌𝑎𝑊′𝑞′������� =
0.622
𝑃

𝜌𝑎𝑊′𝑒′������ 

Equation 5 

 

where: 

 

ρa is the density of moist air; 

 

P is the atmospheric pressure; 

 

q’ is the instantaneous deviation of specific humidity from mean specific humidity (q); 

 

e’ is the instantaneous deviation of vapour pressure from mean vapour pressure (e); and 
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W’ is the instantaneous deviation of vertical wind velocity from mean vertical wind velocity 

(W). 

 

E is evaporation rate (units mass per unit surface area per unit time). 

 

The overbar in Equation 5 indicates averaging of the products, typically over 15 - 30 minute 

intervals (Allen, et al., 2011). Vapour transport across the horizontal plane is calculated based 

on the covariance of w and h (Baker, 2008), requiring various retrospective flux correction 

procedures (Shuttleworth, 2007).  

 

2.4.2 Bowen Ratio Energy Balance method (BR) 

The BR technique works by computing the ratio of H to λE, known as the Bowen ratio (β) 

(Bowen, 1926) (Equation 7), based on vertical temperature and humidity gradients above the 

canopy (Dye, et al., 2008). Temperature and humidity are measured simultaneously every 

two seconds, averaged over 20 minute periods, at two points of known height (z1 and z2) 

using fine wire thermocouples and hygrometers. Given measurements of Rn and G obtained 

using net radiometers and soil heat flux plates, β is used to calculate λE by Equation 2. 

 

H and λE flux densities are calculated using the functions: 

 

𝐻 =  𝜆𝜌𝑎𝐾ℎ �
(𝑇1 − 𝑇2)
(𝑧1 − 𝑧2)

� 

Equation 6 

 

𝜆𝐸 =  �
𝜆𝜌𝑎𝜀𝐾𝑣
𝑃

� �
(ē1  −  ē2)
(𝑧1  −  𝑧2)

� 

Equation 7 

 

where: 

 

Kh is an eddy diffusivity coefficient for H; 

 

Kv is an eddy diffusivity coefficient for λE; 

 



29 
 

ε is the ratio of the molecular mass of water (Mw) to the molecular mass of dry air (Ma); 

 

ρα is the density of air; 

 

P is atmospheric pressure; 

 

(ē1- ē2)/(z1- z2), the vapour pressure gradient; and 

 

(T1 -T2)/(z1 - z2), the temperature gradient. 

 

Assuming diffusivity coefficients Kv and Kh are equal, a rational assumption because they are 

transported by the same eddies, their ratio can be calculated using β: 

 

𝛽 =  𝛾
[𝑇𝑙 − 𝑇𝑢]
[𝑒𝑙 − 𝑒𝑢]

 

Equation 8 

 

where: 

 

β is the Bowen ratio 

 

γ is the psychrometric constant, 

 

Tl is the lower temperature, 

 

Tu is the upper temperature, 

 

el is the lower moisture content, and 

 

eu is the upper moisture content. 

 

Using Equation 2 and the computed Bowen ratio (Equation 6), Bowen, (1926) showed H and 

λE flux densities (Equations 3 and 4) to be:  

 



30 
 

𝐻 =  𝛽
(𝑅𝑛 − 𝐺)
(𝛽 + 1)

 

Equation 9 

 

and 

 

𝜆𝐸 =  
(𝑅𝑛 − 𝐺)
(𝛽 + 1)

 

Equation 10 

 

To permit calculation of the energy balance, Rn is measured using a net radiometer, and G is 

calculated from average soil temperature, where soil water content and heat flux is measured 

at 80 mm below the soil surface (Dye, et al., 2008). Air temperature profile difference is 

calculated from air temperatures measured using high resolution fine-wire thermocouples, 

while water vapour pressure difference is computed from the water vapour pressure measured 

with a hygrometer. 

 

2.4.3 Scintillometry 

Scintillometry first emerged in the 1960s, making significant progress in the 1970s with 

advances in the theories describing atmospheric turbulence (Shuttleworth, 2007), although 

the technique only became popular in the 21st century (de Bruin, 2002). Also an indirect 

method, it is based on the propagation of electromagnetic radiation through the turbulent 

atmosphere above the canopy (Dye, et al., 2008), and relies on Monin Obukhov Similarity 

Theory (MOST) to account for turbulent transfer (Savage, et al., 2004). To date, two types of 

scintillometer have been used in South Africa: the large aperture scintillometer (LAS), 

designed for path distances of between 250-3000 m, and the surface layer scintillometer 

(SLS), designed for operation over path lengths of 50-250 m (Savage, et al., 2004).  

 

Large aperture scintillometer (LAS) 

The LAS consists of a transmitter that emits an electromagnetic beam of known wavelength 

towards a precisely located receiver, which registers attenuation in signal caused by 

distortions in the beam. The dominant cause of distortions, and signal attenuation, are 

fluctuations in structure parameter of the refractive index of air (Cn
2), caused by turbulent 

wind eddies that result in small variations in temperature and humidity across the plane, 
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known as ‘scintillations’. Cn
2 can be conceived of as the ‘turbulent strength’ of the 

atmosphere (Meijninger, 2002), which describes its ability to transport H and λE (Clulow, 

2007). Cn
2 is linked to the structure function parameter for air temperature (CT

2), which in 

turn is used to derive path-averaged estimates of H using MOST to account for turbulent heat 

transfer in the surface layer.  

 

Surface layer scintillometer 

“The SLS consists of a transmitter and a receiver unit separated by between 50 and 

250 m with a laser beam between the transmitter and receiver. The receiver unit 

measures the radiation intensity fluctuations at 1 kHz,caused by atmospheric 

refractive scattering of turbulent eddies in the path of the SLS beam. The so-called 

inner scale of refractive index fluctuations {/o) is calculated from the beam path 

length and the variances of the logarithm of the amplitude of the two beams and the 

structure parameter refractive index fluctuations Cn
2 is calculated from the 

covariance of the logarithm of the amplitude fluctuations between the two beams. 

Using an iterative method, and applying MOST, sensible heat flux density may be 

calculated from inputs of air temperature, atmospheric pressure, beam path length 

and the SLS beam height above the level corresponding to a wind speed of 0 m s-1. 

The latent energy flux density is then estimated as a residual using the energy balance 

equation and measurements of net irradiance and soil heat flux density” (Savage, et 

al., 2004).  

 

2.5 Meteorological equations for estimating evapotranspiration 

Measuring ET by directly by the methods described above is expensive and technically 

demanding, and it has often been necessary to rely on various semi-empirical and/or 

physically-based equations to obtain estimates. This is particularly true in an applied context 

such as agriculture and irrigation engineering, where there may be a need to estimate crop 

water use relatively easily with limited data requirements, and with less stringent demands in 

respect of data accuracy (Shuttleworth, 2007). Numerous equations based on meteorological 

data are available that provide an ability to estimate evaporation with relatively few data 

needs; historically, because the process was thought to be largely physical with little 

influence exerted by vegetation, these equations were primarily based on simple statistical 

relationships between temperature and/or radiation, for example, and potential evaporation 

(Farahani, et al., 2007; Jovanovich & Israel, 2012).  
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Potential evaporation (ETp), a concept which seems to have first been proposed by 

Thornthwaite (1948), is typically used to refer to the upper limit of evaporation possible for a 

given combination of surface and atmospheric conditions, and is useful in that it provides a 

measure of the evaporative potential of the atmosphere independent of vegetation (or surface) 

factors (Lhomme, 1997). Examples of some of these approaches include equations based on 

temperature, such as the Thornthwaite (1948), Blaney-Criddle (1950) and Hamon (1963) 

equations; equations based on radiation, including Turc (1961), Makkink (1957) and 

Priestley-Taylor (1972) equations; and equations based on both radiation and temperature, 

including Jensen-Haise (1963) and Hargreaves-Samani (1985). Several of these remain in 

use, although incorporating various modifications (Israel & Jovanovich, 2012). More 

recently, as recognition of the complexity of the evaporative process evolved, physically-

based approaches, particularly the Penman (1948) and modified Penman-Monteith (1965) 

equations, which combine aerodynamic and energy balance formulae to estimate the latent 

heat of evaporation, have gained prominence (Farahani, et al., 2007; Jovanovich & Israel, 

2012). Since its introduction in 1965, the Penman-Monteith equation in particular has become 

well established as a physically robust method for describing the process of evaporation; the 

Penman-Monteith has direct relevance to this study, and is discussed in Section 2.5.1.  

 

2.5.1 The Penman-Monteith equation 

The Penman-Monteith equation (Monteith, 1965) is a well established method for calculating 

ET for uniform vegetated or bare soil surfaces, based on standard point-measured 

micrometeorological data and surface parameters (Moran, et al., 1996). It builds on the 

earlier Penman combination equation (Penman, 1948), in which Penman combined an energy 

balance and aerodynamic formula, expressed as: 

 

𝜆𝐸 =  
Δ (𝑅𝑛 −  𝐺) +  𝛾𝜆𝐸𝑎

Δ +  𝛾
 

Equation 11 

 

where:  

 

Rn is the net radiation flux at the surface; 

 

G is the soil heat flux; 
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Δ is the slope of saturation vapour pressure versus temperature curve; 

 

γ is the psychrometric constant; and 

 

Ea is the water vapour transport flux. 

 

Ea can be conceived of as the drying power of air (Clulow, 2007), and is defined empirically 

as: 

 

𝐸𝑎 =  𝑊𝑓 (𝑒𝑠 −  𝑒𝑧) 

Equation 12 

 

where: 

 

Wf is the wind function, expressed as a linear function of wind speed at a reference height 

above the ground (typically 2 m); 

 

es is the saturated water vapour pressure at mean air temperature; and 

 

ez is the mean ambient water vapour pressure at the reference height. 

 

By expressing the slope of saturation water vapour pressure versus air temperature 

relationship (Δ) in terms of Equation 12, Penman eliminated surface temperature from the 

final result (Ayra, 2001).  

 

Δ ≃  
𝑒𝑠(𝑇0) −  𝑒𝑠 (𝑇𝑧)

𝑇0 −  𝑇𝑧
 

Equation 13 

 

where: 

 

T0 is the surface temperature; and 

 

Tz is the air temperature at height z above the surface. 



34 
 

In so doing, it becomes possible to solve the equation using routine point-measured weather 

data (Clulow, 2007). 

 

Monteith (1965) improved on Penman’s (1948) equation by adding a more rigorous 

aerodynamic transfer formula and a bulk surface resistance term, expressed as: 

 

𝜆𝐸𝑜𝑟𝐸𝑇 =
∆ (𝑅𝑛 − 𝐺) +  𝜌𝑎𝑐𝑝(𝑒𝑠 − 𝐷𝑎)/𝑟𝑎

�∆ +  𝛾 �1 +  𝑟𝑠
𝑟𝑎
�� 𝜆𝜌𝑤

 

Equation 14 

where:  
 

Δ is the slope of saturation vapour pressure versus temperature curve; 
 

Rn is the net radiation flux at the surface; 
 

G is the sensible heat exchange from the surface to the soil (positive if the soil is warming); 
 

ρa is the density of air; 
 

сp is the specific heat of dry air; 
 

Da = es (Ta) - ea is the vapour pressure deficit of the air (humidity deficit), and es (Ta) is the 

saturation vapour pressure at air temperature (Cleugh, et al., 2007); 
 

γ is the psychrometric constant;  
 

ra is the aerodynamic resistance to turbulent heat and/or vapour transfer from the surface to 

some height z above the surface, and is generally considered analogous to ra in Equation 5 

(Allen, 2005);  
 

rs is a bulk surface resistance term representing the resistance presented by plant stomatal 

controls, vegetation canopies and/or soil conditions to vapour conductances; 
 

λ is the latent heat of vaporisation, defined as the energy required to convert water to vapour 

(joules per kilogram); and 
 

ρw is the density of liquid water. 
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In computing ET, the Penman-Monteith method algebraically eliminates surface temperature 

and humidity at the evaporating surface in favour of a bulk surface resistance term rs 

(Kelliher, et al,. 1995), which is a factor of soil moisture content and soil resistance to water 

transport where evaporation is concerned, and plant LAI and stomatal resistance where 

transpiration is concerned (Glenn, et al., 2007). The model assumes that whole canopy 

exchange can be adequately represented by simulating radiation capture and partitioning of 

energy into H and λE as if it occurred at a single level, implying that there are no intermediate 

aerodynamic or convective resistances between vegetation and soil layers, known as the ‘big 

leaf’ approach (Allen, et al., 2005b). At this source-sink level, the control of exchanges 

between the hypothetical big leaf and the adjacent air mass (rs), is approximated by the 

parallel average sum of stomatal and boundary layer resistances (Shuttleworth, 2007). 

 

The terms A (or Rn-G), Ta and Da can be obtained from radiation and soil heat flux 

measurements, air temperature and humidity measurements respectively (Cleugh, et al., 

2007). Accounting for ra and rs in natural ecosystems is more difficult however, and has 

restricted the routine implementation of the Penman-Monteith as a means of estimating ETa 

in heterogeneous systems. For this reason, it is most often used in one of its modified forms 

to estimate reference ET (ET0) (discussed below) for uniform vegetated or bare soil 

conditions (Moran, et al., 1996). More recently, satellite data has been explored as means to 

derive information on surface parameters required to calculate evaporation using the Penman-

Monteith in heterogeneous systems, discussed in Section 2.6.4. 

 

2.5.2 The FAO-56 Penman-Monteith equation 

Since the concept was first introduced in 1948, definitions of ETp have been varied and 

inconsistently applied (see Lhomme, 1997 for a review), leading to uncertainty regarding the 

comparability of the different approaches used in its calculation (Clulow, 2012). To help 

address these problems, the Food and Agriculture Organisation (FAO), in consultation with 

the International Commission for Irrigation and Drainage and the World Meteorological 

Organisation, established a universally consistent definition of a “reference surface” by which 

to define potential evapotranspiration, which it described as follows: 

 

"A hypothetical reference crop with an assumed crop height of 0.12 m, a fixed surface 

resistance of 70 s m-1 and an albedo of 0.23" (Allen, et al., 1998). 
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This is consistent with an extensive surface of green grass (or alfalfa) of uniform height in 

full physiological activity, completely shading the ground and not water limited; evaporation 

calculated for the reference surface thus defined is officially referred to as reference 

evaporation (ET0) to distinguish it, and thereby eliminate confusion, from the term ETp. The 

FAO methodology has a clear agrohydrological focus, having been developed primarily to 

address issues of crop water requirements; the principles are equally applicable in natural 

ecosystems although higher levels of surface heterogeneity need to be accounted for. The 

FAO panel identified the Penman-Monteith equation as the most reliable method by which to 

calculate ET0, recognising it as an improvement over the earlier FAO-24 guidelines 

(Doorenbos & Pruitt, 1977) based on Penman’s (1948) equation, and devised standardized 

procedures for its calculation, relating specifically to calculation of aerodynamic and surface 

resistance (or conductance) parameters (described below). 

 

Calculating aerodynamic resistance 

In the FAO-56 method, aerodynamic resistance to heat/vapour transfer (ra) is computed using 

empirically derived parameters for zero plane displacement height (d), roughness length 

governing momentum transfer (zom), and roughness length governing transfer of heat and 

vapour (zoh) (Allen, 2005): 

 

d = 0.67 h  

 

zom= 0.123 h  

 

zoh= 0.1 zom 

 

where h is vegetation height (all units in metres). 

 

Following Equation 5, assuming a vegetation height of 0.12 m and a standard measurement 

height of 2 m, the function for ra in the FAO-56 becomes: 

 

𝑟𝑎 =  
ln �2−0.67(0.12)

0.123 (0.12) � ln � 2−0.67(𝑜.12)
(0.1) 0.123 (0.12)�

(0.41)² 𝑢𝑧
=  

208
𝑢𝑧

 

Equation 15 
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where: 

 

uz is wind speed measured at zu height (2 m); and 

 

0.41 is the von-Karman constant. 

 

Calculating surface resistance 

The bulk surface resistance term rs in the Penman-Monteith equation describes the combined 

effects of the soil, canopy surface and stomatal controls, as well as the effects of surface 

roughness on turbulent transfer (Dye, et al., 2008). In the FAO-56 method, for a fully 

vegetated surface, it is approximated using active (sunlit) LAI, where LAIactive = 0.5 LAI, 

assuming that approximately only half of the leaf area is contributing to heat and vapour 

transfer (Allen, et al., 1998). Strictly, where the criterion of full canopy cover is not met, the 

effects of soil evaporation would need to be accounted for in the resistance factor.  

 

Allen, et al., (1998) define rs as: 

 

𝑟𝑠  =  
𝑟𝑙

𝐿𝐴𝐼𝑎𝑐𝑡𝑖𝑣𝑒
 

Equation 16 

 

where: 

 

rl is bulk stomatal resistance of a well illuminated leaf (s m-1) 

 

LAIactive is active (sunlit) leaf area index [m2 (leaf area) m-2 (soil surface)]. 

 

The general equation 

 

LAI = 24 h 

 

is used to approximate LAI for a clipped grass surface. 

 

Using the above assumptions, in the FAO-56 rs becomes: 



38 
 

𝑟𝑠 =  
100

0.5 (24)(0.12) = 70s m−1  

Equation 17 

 

Where rl of a single leaf under well watered conditions is 100 s m-1. 

 

For standard reference height crops of grass (hc = 0.12 m) and alfalfa (hc = 0.5 m), resulting 

rs values are 70 s m-1 and 45 s m-1, respectively (Howell & Evett, 2004). 

 

The FAO-56 equation, incorporating the functions for ra and rs described above, therefore 

takes the form: 

 

𝐸𝑇₀ =
0.408∆(𝑅𝑛 − 𝐺) +  𝛾 900

𝑇+273
𝑈2 (𝑒° − 𝑒𝑎)

∆ + 𝛾(1 + 0.34𝑈2)
 

Equation 18 

 

where:  
 

Rn is net radiation at the crop surface [MJ m-2 day-1], 
 

G is soil heat flux density [MJ m-2 day-1], 
 

T is mean daily air temperature at 2 m height [°C], 
 

u2 is wind speed at 2 m height [m s-1], 
 

e° is saturation vapour pressure [kPa], 
 

ea is actual vapour pressure [kPa], 
 

e° - ea is saturation vapour pressure deficit [kPa], 
 

Δ is slope vapour pressure curve [kPa °C-1], 
 

γ is psychrometric constant [kPa °C-1]. 
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Crop factors and reference evaporation for non-standard conditions 

The utility of the concept of ET0 lies in the ability to produce a standardised measure of 

evapotranspiration for a known reference surface; however, to obtain estimates of actual 

water use (ETa), it is necessary to relate the reference surface to the surface under assessment, 

including in non-standard conditions (e.g. conditions of water stress) (Allen, et al., 1998). 

The FAO-56 guidelines provide for this through the application of crop (Kc) and water stress 

coefficients (Ks). 

 

In agricultural conditions, crop (Kc) and water stress coefficients (Ks) are applied to obtain 

estimates of ETa, and crop water use in non-standard conditions, from ET0 (Allen et al. 1998). 

Kc values are typically empirically derived, usually obtained by growing plants in precision 

weighing lysimeters and comparing actual water use with ET0 (Allan, 2005); the resulting 

coefficient is then applied as a multiplier to derive ETa, as follows:  

 

𝐸𝑇𝑐 =  𝐾𝑐𝐸𝑇0 

Equation 19 

 

2.6 Satellite-based approaches for the assessment of evapotranspiration 

The naturally high spatial variability of ET, particularly in heterogeneous land-use and 

natural ecosystems, imposes particular limitations on conventional ground-based methods for 

its assessment, and satellite remote sensing is at present the only means by which continuous, 

spatially resolved estimates of ET can be obtained over large landscape units (Glenn, et al., 

2007). These attributes of remote observation are critical from the perspective of advancing 

understanding of ecohydrological processes, because diverse land-use systems and changes in 

vegetation cover drive complex, non-linear catchment hydrological responses, which may not 

be adequately interrogated on the basis of either point measurements or catchment-scale  

observations (Jensen & Illangasekare, 2011). 

 

Satellite data has been explored extensively for this purpose since the late 1970’s (Jackson, et 

al., 1977; Carlson & Buffum, 1989; Kustas & Norman, 1997, Bastiaanssen, et al., 1998a; 

Bastiaanssen, et al., 1998b; Su, 2002), and Verstraeten, et al. (2008) identify four main 

operational approaches in the literature: 
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• empirical models which describe the statistical relationship between ground measured ET 

fluxes and remotely sensed vegetation indices (VIs) or land surface temperatures (LSTs) 

(Nagler, et al,. 2005); 

 

• physically based approaches, which typically use satellite thermal infrared (TIR) land 

surface temperature data (Kalma & Jupp 1990, Bastiaanssen, et al., 1998a, Bastiaanssen, 

et al., 1998b, Su, 2002) to solve for H in computing the surface energy balance; 

 

• models based on determining the components of the water balance (Price, 1990, D'Urso, 

2001); and 

 

• models based on the Penman-Monteith logic (Cleugh, et al., 2007, Mu, et al., 2007, 

Leuning, et al., 2009, Mu, et al., 2011). 

 

Efforts to develop regional and global scale models of surface/atmosphere exchanges using 

satellite data are complicated by the fact that satellite sensors cannot measure fluxes directly, 

and quantities of interest must instead be indirectly estimated in terms of their relationship to 

satellite-measured radiances, often using various physically-based or empirical/semi-

empirical algorithms (Cleugh, et al., 2007). These algorithms must both adequately represent 

biophysical complexity, yet also be simple enough to parameterize and execute at multiple 

time and spatial scales on a continual basis. Most approaches work by physical or empirical 

relation of electromagnetic radiances to leaf area index (LAI), gross and net primary 

productivity, vegetation indices, or land surface temperature (Cleugh, et al., 2007; Zeweldi, et 

al., 2009). This approximation of biophysical processes introduces potential sources of error 

however (Zeweldi, et al., 2009), and quality data from ground-based instruments at scales 

which at least partially overlap with satellite pixel footprints are required to evaluate model 

performance (Savage, et al., 2010), in the absence of which errors of uncertainty cannot be 

readily quantified (Zeweldi, et al., 2009). Since the late 1990s, high quality flux data have 

become routinely available from EC flux tower networks in a wide range of ecosystems and 

climate regions (Baldocchi, 2001), allowing for iterative improvements in RS algorithms, and 

reduced errors of uncertainty in satellite modelled data (Verstraeten, et al., 2008).  

 

A review of the four basic approaches listed above is provided below. 
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2.6.1 Remote sensing ET models based on empirical relation to vegetation indices and land 

surface temperature 

Typically, these approaches use evapotranspiration data measured at flux towers to develop 

best-fit equations with remotely-sensed vegetation indices, particularly NDVI, and other 

derived data from satellites (Glenn, et al., 2007). There have been significant advances in 

these approaches in the last decade, accompanying the expansion of permanent flux tower 

networks, coordinated by the international FLUXNET network, into global ecosystems. 

Glenn, et al., (2010) provide a comprehensive review of empirical approaches based on 

vegetation indices, and synthesize the results of several published models, reporting 

coefficients of determination, a measure of the extent to which models are able to describe 

the variation in measured data, ranging between 0.45 – 0.96; the reader is referred to this 

paper for further information. 

 

2.6.2 Parameterization of the surface energy balance using remotely sensed land surface 

temperature 

In these approaches, estimates of land surface temperature are derived from the thermal 

infrared (TIR) band on satellites such as the Landsat series, the Geostationary Operational 

Environmental Satellite (GOES), the AVHRR series, ASTER, and  MODIS, to solve for H by 

means of Equation 1 (Glenn, et al., 2010). By these approaches, if heat transfer coefficients 

are known or can be estimated, and aerodynamic resistance (ra) adequately accounted for 

(Equation 3), H can be computed as the difference between air temperature at a reference 

height and TIR-based land surface temperature. λE can then be calculated as a residual of the 

shortened energy balance (Equation 2).  

 

Common operational examples based on the use of remotely sensed land surface temperature 

in a energy balance formulation include SEBAL (Bastiaanssen, et al., 1998a; Bastiaanssen, et 

al., 1998b), SEBS (Su, 2002; Gibson ,et al., 2009; Gibson, et al., 2011), NTDI (McVicar & 

Jupp, 1999), RSEB (Kalma & Jupp, 1990; Cleugh, et al., 2007), the Triangle method (Gillies 

& Carlson, 1995; Nemani & Running, 1989; Nishida, et al., 2003), and the Dual Source 

model (Norman, et al., 1995; Kustas & Norman, 1999).  
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2.6.3 Remote sensing models based on the water balance 

Remote sensing techniques based on water balance approaches appear less frequently in the 

literature. Verstraeten, et al., (2008) cite two references for this technique: Price (1990) and 

D’urso, et al., (2001), and the reader is referred to these publications for further information. 

 

2.6.4 Remote sensing models based on the Penman-Monteith equation 

The Penman-Monteith equation has received particular attention as a theoretical basis in 

remote sensing approaches in recent years (Cleugh, et al., 2007; Mu, et al., 2007; Leuning, et 

al., 2009; Mu, et al., 2011). The logic is appealing because it combines the variables driving 

land/atmosphere energy fluxes in a theoretically robust manner, overcoming some of the 

challenges encountered in a number of operational satellite-based models that use remotely 

sensed radiative surface temperature to calculate H in a surface energy balance formulation 

(Cleugh, et al., 2007). These issues have been discussed in earlier publications (Cleugh, et 

al., 2007; Glenn, et al., 2007; Gibson, et al., 2011).  

 

The Penman-Monteith equation has been utilized in several ways within satellite-based 

approaches for moisture flux estimation (e.g. Moran, et al., 1996; Mauser & Schadlich, 1998; 

Granger, 2000). Most recently however, researchers from the Numerical Terradynamic 

Simulation Group (NTSG) at the University of Montana, and Commonwealth Scientific and 

Industrial Research Organisation (CSIRO), have published several papers reporting 

techniques for deriving information on aerodynamic and surface resistance, the latter 

primarily from the standard MOD15A2 LAI product, for estimating evapotranspiration 

within a Penman-Monteith formulation (Cleugh, et al., 2007; Leuning, et al., 2008; Mu, et 

al., 2007; Mu, et al. 2011). Cleugh and colleagues (2007) used a simple function to account 

for the surface resistance term in the Penman-Monteith equation, by using MOD15A2 LAI to 

scale biome-specific stomatal conductance values to canopy scales. They reported an 

improvement in evaporation estimates achieved by other established approaches based on the 

surface energy balance (specifically, the Resistance Surface Energy Balance model), 

suggested to be due to the fact that the Penman-Monteith includes an energy constraint on the 

rate of evaporation. Mu, et al., (2007) improved on the approach of Cleugh and colleagues by 

adding vapor pressure deficit and minimum air temperature constraints on stomatal 

conductance, using the Enhanced Vegetation Index (in place of NDVI) to estimate fraction of 

vegetation cover, and adding a function to describe soil evaporation.  
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This approach was further improved (Mu, et al., 2011) by introducing a simplified calculation 

of vegetation cover fraction; combining ET as the sum of both night time and daytime fluxes; 

incorporating a soil heat flux calculation; improving estimates of stomatal conductance, 

aerodynamic resistance and boundary layer resistance; separating dry canopy surface from 

the wet; and dividing soil surface into saturated wet surface and moist surface. This approach 

ultimately provided the basis for an operational global evapotranspiration algorithm utilizing 

MODIS inputs, and termed the MOD16 ET product.  

 

2.7 MODIS 

MODIS is a wide field-of-view satellite sensor with a swathe of 2,330 km and 36 spectral 

bands, with 250 m, 500 m and 1 km pixel resolution (Privette, et al., 2002). The instrument is 

a key component of NASA’s Earth Observing System (EOS), the implementation arm of the 

Mission to Planet Earth Programme initiated in the 1980s and later renamed the Earth 

Sciences Enterprise (ESE) (Privette & Roy, 2005). EOS comprises three flagship satellites: 

Terra, launched in 1999 and directed at obtaining measurements of systematic land, 

atmospheric and oceanic processes, Aqua, launched in 2002, focusing on water cycle 

measurements, and Aura, launched in 2004 primarily to generate information on atmospheric 

chemistry. The three platforms are equipped with a total of 13 different sensors; both Terra 

and Aqua are equipped with the MODIS instrument (Justice, et al., 2002). 

 

MODIS introduces a number of significant advances over its predecessors (primarily the 

AVHRR), including improved spectral resolution, on-board calibration systems and well 

characterised radiometric, spectral, spatial and polarization sensitivities (Justice, et al., 2002, 

Privette, et al,. 2002). MODIS spectral resolution, with 36 bands and 12 bit radiometric 

resolution, exceeds any other global coverage moderate resolution imager presently in 

operation; key features of the Terra/MODIS system are described in Table 1. Technical 

improvements notwithstanding, EOS and Terra/Aqua MODIS are notable for 

operationalizing multidisciplinary remotely-sensed geophysical datasets (Privette, et al., 

2002). Science teams under contract with NASA, dedicated to land, ocean and atmospheric 

disciplines, have been tasked with the development of a range of global datasets based on 

spectral information returned by the MODIS instrument; level 2 and 31 products developed 

                                                 
1 MODIS products are distinguished on the basis of the degree of processing involved, where level 0 products 
denote raw digital number images; level 1 products denote both uncalibrated and calibrated radiance values; and 
level 2 and 3 products denote higher levels of processing, typically derived from lower level products. 
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by the MODIS Land team (MODLAND) include the leaf area index/fraction of 

photosynthetically active radiation (LAI/fPAR), net primary production (NPP), global 

primary production (GPP), and ET datasets, among others (Shabanov, et al., 2005).  Upon 

generation, MODIS products are accessible online and free of charge to the public through 

the EOS Distributed Active Archive Centres (DAACs): the Land Process (LP) DAAC for 

land products, and the GSFC Earth Sciences (GES) DAAC for atmospheric products (Privette 

& Roy, 2005). 
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Table 1: General characteristics of Terra/MODIS for terrestrial remote sensing (from Justice, 
et al., (2002). 

Orbit 705 km, sun - synchronous, near - polar nominal descending 
equatorial crossing at 10:30 local time (specific overpass times can be 
obtained from 
http://www.earthobservatory.nasa.gov/MissionControl/overpass.html)    

Swathe 2,330 km  ± 55 ° cross-track 
Spectral bands 36 bands, between 0.405 and 14.385 μm 
 with onboard calibration subsystems 
Spectral calibration band 1 - 4, 2% for reflectance, band 5 - 7, under investigation (some 

scene-dependent electronic crosstalk) 
Data rate 11 Mbps (peak daytime) 
Radiometric 
resolution 

12 bits 

Spatial resolutions at 
nadir 

250 m (bands 1-2), 500 m (bands 3-7), 1000 m (bands 8-36) 

Duty cycle 100% 
Repeat coverage daily, north of ~ 30° latitude, every two days for < ~ 30° latitude 
  Gridded land 
products geolocation 
accuracy 

within 150 m (1 sigma) at nadir 

Band to band 
registration for bands 
1-7 

within 50 m in the along scan direction, within 100 m in the along 
track direction 

   

2.7.1 Leaf area index and the MOD15A2 LAI/FPAR product 

LAI is a well-established plant structural characteristic that provides important information 

on surface vegetation processes (Darvishzadeh, et al., 2008), and is a state parameter in all 

models describing fluxes of mass, energy and momentum within the geobiosphere 

(Knyazikhin, et al., 1998). It is defined as the mean one-sided green leaf area per unit ground 

area of canopy cover in broadleaf canopies, and the projected needle leaf area in coniferous 

canopies (Zhang, et al., 2004). Derivation of LAI from remotely-sensed data is based on  the 

analysis of multi-spectral, multi-directional surface reflectance signatures of 

photosynthesizing vegetation elements at the earth's surface, and two approaches have 

generally been used: the first involves establishing empirical or semi-empirical relationships 

between LAI and vegetation indices, which are various combinations of spectral reflectances 

at different wavelengths of the electromagnetic spectrum sensitive to vegetation 

characteristics, while the second is based on the inversion of the radiative transfer model 



46 
 

(Garrigues, et al., 2008). These approaches work by employing various assumptions and 

approximations regarding canopy structure and associated radiometric properties, which 

allow the canopy radiative transfer regime to be mathematically described; inversion of these 

models against satellite observations of surface spectral qualities then yields information on 

canopy structure, including LAI (Kauwe, et al., 2011). Garrigues, et al., (2008) review 

several studies which developed different physical algorithms, yielding LAI datasets varying 

in quality as well as spatial coverage and temporal availability. These authors describe five 

LAI datasets produced using AVHRR data since 1996, and three datasets produced from 

SPOT/VEGETATION data since 1998, including CYCLOPES, GLOBCARBON, and a 

regional dataset produced by the Canada Centre for Remote Sensing for the Canadian land 

surface area. Other datasets, in addition to the Terra/Aqua MODIS datasets, include one 

produced from each of ADEOS/POLDERENVISAT/MERIS systems, which cover a 

restricted time period only; LAI datasets from Terra/MISR and MSG/SEVIRI were also 

produced, although seemingly for limited spatial coverage only. MODIS employs both 

physical and empirical approaches in the derivation of LAI, dependent on the state of 

atmospheric and surface conditions (discussed below). 

 

The MODIS instrument measures earth atmospheric and surface reflected solar radiation, 

using state-of-the-art on-board calibration and processing systems for geolocation, cloud 

filtering and correction of atmospheric contamination of surface reflectances (Myneni, et al., 

2007). Corrected spectral data is then ingested by a suite of algorithms to generate 

geophysical datasets on an operational basis at near-real time at a global scale. The 

MOD15A2 product delivers global LAI information based on one of two approaches: the 

main approach invokes radiative transfer theory to solve for the inverse problem of LAI 

based on measured reflectances and biome-specific canopy architecture information, while a 

backup algorithm based on biome-specific NDVI-LAI relationships is activated in the event 

that the main approach fails. At present, only two bands are utilised by the radiative transfer 

(RT) algorithm, including the visible red and near infrared wavelengths (648 and 848 nm, 

respectively) (Privette, et al., 2002). The standard MOD15A2 LAI/FPAR product from the 

Terra platform is generated as an 8-day composite at 1 km pixel resolution, in which the LAI 

with the highest corresponding FPAR value over the eight day compositing period is 

returned; compositing is performed to eliminate to the extent possible the effects of cloud and 

atmospheric contamination, which typically result in algorithm failure. Other global LAI 

datasets produced by the MODLAND Science team include the 8-day MYD15A2 product 
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from the Aqua satellite, the Terra/Aqua combined 8-day MCD15A2 product, and the 

Terra/Aqua combined 4-day MCD15A3 product. 

 

In the main approach, advanced 3-dimensional radiative transfer theory is used to solve for 

LAI given sun and view directions, atmospherically corrected bidirectional reflectance 

factors (BRF)  for each MODIS band, band uncertainties, and an eight biome land cover class 

based on the International Geosphere Biosphere Programme (IGBP) classification 

(Knyazikhin, et al., 1998). Presently (Collection 5), land cover classes include: grasses and 

cereal crops, shrubs, broadleaf crops, savannas, broadleaf forests (with evergreen and 

deciduous subclasses), and coniferous forests (with evergreen and deciduous subclasses). The 

global land cover dataset (the MOD12Q1 product), updated on a quarterly basis, is used to 

define unique model configurations and fixed parameter values appropriate to each biome 

(Privette, et al., 2002). Look-up tables are generated for each biome by running the model for 

various combinations of LAI and fractional vegetation cover. In algorithm execution, 

modelled and observed reflectances are compared for a suite of canopy structures and soil 

patterns consistent with the range for expected natural conditions, and all values that differ by 

less than the uncertainty of the observed reflectances are considered acceptable solutions. The 

mean LAI values returned by this solution set are reported.  

 

When no acceptable solutions are found, the backup algorithm is activated, which generates 

estimates based on an empirical LAI/NDVI relationship regardless of BRF effect and surface 

reflectance uncertainties (Shabanov, et al., 2005). Since the main approach typically fails (i.e. 

no acceptable solutions are found) in the event of cloud cover or aerosol contaminated 

reflectances, LAI estimates generated by the backup algorithm are generally considered 

unreliable (Myneni, et al., 2007). The quality of LAI produced by the main RT algorithm are 

determined by two key factors: the first are uncertainties regarding inputs to the algorithm, 

specifically land cover and surface reflectances, while the second refers to model 

uncertainties, or the consistency between RT simulations stored in the look-up tables for each 

biome, and corresponding MODIS surface reflectances (Shabanov, et al., 2005). Information 

regarding the quality of LAI retrievals is provided in quality control datasets accompanying 

the MOD15A2 product (described below), and interrogation of these data is required to 

determine the confidence limits within which the product may be used; the full list of datasets 

comprising the MOD15A2 LAI/FPAR collection 5 (V005) products  is provided in Table 2 . 
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MODIS products are delivered in Hierarchical Data Format (HDF-EOS), projected to 

Sinusoidal 10° grids (Collection 4 and 5) (Tan, et al., 2005). They are produced as an 

unsigned 8-bit integer variable, with values that may range from 0-255. In the case of the LAI 

and FPAR datasets, values range between 0-100, and are stored with a scaling factor (0.1 for 

LAI and 0.01 for FPAR) which must be applied to each cell, or pixel, to derive biophysical 

values for analysis. The HDF file format is typically not fully compatible with most GIS 

platforms, and a tool for conversion to Geotiff format, the HDF–EOS to GeoTIFF 

Conversion Tool (HEG Tool), has been developed to meet user requirements. HEG also 

allows users to convert EOS data from its original map projection to user specified 

projections, and to request subsets of EOS data products by spatial coordinates or band 

specification. The tool is available online through the EOS Data Pools, and is also available 

as a stand-alone product which can be downloaded to a user workstation. 

 

Table 2: Science Data Sets for MODIS/Terra Leaf Area Index/FPAR 8-Day L3 Global 1km 

SIN Grid V005 (MOD15A2). 

Science Data 
Sets (HDF 
Layers) (6) 

Units Bit 
Type 

Fill Valid 
Range 

Multiplicative 
Scaling Factor 

Fpar_1km  % 8-bit 
unsigned 
integer  

249–
255  

0–100  0.01 

Lai_1km  m2plant/m2ground  8-bit 
unsigned 
integer  

249–
255  

0–100  0.1 

FparLai_QC Class flag  8-bit 
unsigned 
integer  

255 0–254  N/A 

FparExtra_QC Class flag  8-bit 
unsigned 
integer  

255 0–254  N/A 

FparStdDev_1km  % 8-bit 
unsigned 
integer  

248–
255  

0–100  0.01 

LaiStdDev_1km  m2plant/m2ground  8-bit 
unsigned 
integer  

248–
255  

0–100  0.1 
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36 tiles span the global east-west (horizontal) axis, and 18 span the north-south (vertical) 

axis, with each tile approximately 1,200 x 1,200 km in dimension. The South African land 

surface extent is represented by four grid tiles, comprising tiles H19V11, approximately 

coextensive with the Northern Cape region, H19V12, approximately coextensive with the 

Western Cape area, H20V12, approximately coextensive with the Eastern Cape area, and 

H20V11, approximately coextensive with the KwaZulu-Natal and Mpumalanga area. In the 

case of the MOD15A2 product, 46 8-day composited datasets are typically produced in a 

year. 

 

MOD15A2 quality assessment information 

The collection 5 products have been extensively validated against ground measured LAI in 

most global vegetation types, (Heinsch, et al., 2006, Hill, et al., 2006, Fuentes, et al., 2008) 

and algorithm performance iteratively improved over the course of  each collection. Data are 

delivered with comprehensive uncertainty information provided in two quality assessment 

datasets (denoted FparLai_QC and FparExtra_QC, Table 2) of which of primary relevance is 

the FparLai_QC dataset. Information contained in each bit field of the FparLai_QC dataset 

can be accessed by ‘unpacking’ the datasets using a tool developed by the Land Data 

Operational Product Evaluation (LDOPE) facility, tasked with supporting the MODLAND 

science team’s quality assessment activities; the tool can be downloaded and installed from 

the LP DAAC website. Once unpacked, the five bit layers (bit numbers 0, 1, 2, 3-4, and 5-7) 

may be interrogated for information regarding the retrieval method and sensor used, cloud 

conditions and retrieval quality (Table 3). 
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Table 3: MOD15A2. Collection 5 FparLai_QC. 

Bit No. Parameter Name 
Bit 
Combination FparLai_QC 

0 MODLAND_QC bits  0 
Good quality (main algorithm with or without 
saturation)  

  
1 Other Quality (back-up algorithm or fill values)  

1 Sensor  0 Terra  

  
1 Aqua  

2 DeadDetector 0 
Detectors apparently fine for up to 50% of channels 
1,2  

  
1 

Dead detectors caused >50% adjacent detector 
retrieval  

3-4 

CloudState (inherited 
from Aggregate_QC bits 
{0,1} cloud state)  0 0 Significant clouds not present (clear)  

  
1 1 Significant clouds were present  

  
10 2 Mixed cloud present on pixel  

  
11 3 Cloud state not defined, assumed clear  

5-7 
SCF_QC (confidence 
score)  0 

0, Main (RT) method used, best result possible (no 
saturation)  

  
1 

1, Main (RT) method used with saturation. Good, 
very usable  

  
10 

2, Main (RT) method failed due to bad geometry, 
empirical algorithm used  

  
11 

3, Main (RT) method failed due to problems other 
than geometry, empirical algorithm used  

  
100 

4, Pixel not produced at all, value couldn’t be 
retrieved (possible reasons: bad L1B data, unusable 
MODAGAGG data)  
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3. Materials & Methods 

 

3.1 Model theoretical basis 

An alternative, parsimonious approach to deriving ETa from that published by Leuning, et al. 

and Mu, et al. (2011) has been proposed (Palmer & Yunusa, 2011; Palmer & Weideman, 

2011), who invoked functional convergence theory to scale ETa from ET0 (as calculated by 

the FAO-56). Functional convergence theory (Field, 1991) (discussed in Section 2.2.3) 

hypothesizes that plants have evolved to calibrate leaf area and light harvesting ability 

according to the availability of resources in order to optimize carbon fixation, such that leaf 

area is an objective indicator of vegetation physiological activity and plant water use. ETa, 

incorporating the effect of vegetation controls on vapour fluxes in terms of bulk surface 

resistance, approaches ETp under conditions of plentiful soil moisture availability, when plant 

root systems are able to supply water to the atmosphere via stomata at a rate almost 

commensurate with demand; when soil moisture becomes limiting, however, this relationship 

declines to some fraction < 1 (Jovanovich & Israel, 2012). Following this logic, the 

relationship of LAI at time T1 to maximum LAI (LAImax), signalling the physiological status 

of an ecosystem relative to its optimum, can theoretically be applied to relate ETa to ET0, 

assuming that ET0 represents the upper limit of water use possible within the system when 

LAI/LAImax = 1. Implicit in this approach is the assumption that the system has achieved 

growth optimum within the ~10 year time span of MODIS data availability, and that 

efficiency levels are possible to the extent that all available energy defined by the FAO-56 is 

used.  

 

Equation 20 describes the proposed relationship between LAI, ET0 and ETa: 
 

𝐸𝑇𝑀𝑂𝐷𝐼𝑆 = 𝑃 −𝑀(𝐹𝐴𝑂 − 56)  ×  
𝐿𝐴𝐼

𝐿𝐴𝐼𝑚𝑎𝑥
 

Equation 20 

where  
 

P-M is ET0 calculated using the FAO-56 method from local point-measured weather data; 
 

LAI is the LAI value returned by MODIS at time T1; and 
 

LAImax is the maximum LAI value returned for that pixel over the entire MODIS data span. 
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In some cases, owing to an absence of operational climate stations within reasonable 

proximity to flux validation sites at which FAO-56 could be calculated,  FAO-56 ET0 input to 

ETMODIS is substituted by class A-pan evaporation data; A-pan data provide a measure of the 

evaporative potential of the atmosphere, describing the effect of temperature, humidity, rain 

fall, solar radiation and wind only, neglecting the influence of aerodynamic and vegetation 

factors, and thus is more correctly considered a measure of potential evaporation (ETp). The 

term ET0 on the other hand is strictly reserved for application to evaporation estimated on the 

basis of the FAO-56 method. Instances in which class A-pan data are utilised in 

parameterizing ETMODIS are clearly indicated in the text. 

 

3.2 Model validation 

Model performance may be evaluated using various statistical tests, however nearly all 

studies report the coefficient of determination (r2), a statistical description of the extent to 

which the variation in measured ET is explained by the model, with values ranging between 0 

(no agreement) to 1 (perfect agreement) (Glenn, et al., 2010). In this study, ETMODIS is 

evaluated by fitting a linear regression to modelled data and data measured using 

micrometeorological systems. It is assumed that micrometeorological data are an accurate 

reflection of moisture fluxes in each case; it should be remembered however that these 

systems are themselves subject to errors of uncertainty, reportedly in the order of 20 – 30 % 

in the case of the EC system (Glenn, et al., 2007). 

 

In the approach taken in this study, model execution and validation is performed at the scale 

of an individual 1 x 1 km MODIS pixel at each site. It would similarly be possible to 

aggregate unlimited numbers of  pixels in defining  a study area, typically an entire 

catchment, treating each pixel either individually, a more time and resource-demanding 

approach, or averaging values over the entire user-defined area; by treating each pixel 

individually however, it is possible to more precisely define uncertainty in model inputs, and 

therefore results. 

 

3.3 Study areas 

Site selection was based on the availability of existing high quality ETa data as measured 

using micrometeorological systems, generated independently by various researchers in earlier 

studies, allowing for objective evaluation of model performance in each case. Criteria 

considered in site selection in this study included continuity and duration of flux data 
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availability, and the requirement for flux footprint dimensions which at least partially 

correspond with MODIS pixel resolution (1 km2). Obviously, validation data are also 

required to overlap temporally with the period of satellite data availability.  

 

Ideally, for validation purposes, flux data should be continuous and representative of seasonal 

variation in flux densities at a particular site, and the site should, to the greatest extent 

possible, comprise homogeneous land cover/land-use and terrain within the collocated 

MODIS pixel footprint. In the first case, continuous data over long durations provide the 

opportunity to evaluate the performance of the model against a large number of data points, 

increasing confidence in statistical tests of accuracy. Seasonal representivity allows 

evaluation of model performance under variable environmental conditions in a given system, 

which may represent a divergence from certain assumptions implicit in the model (i.e. the 

FAO-56 vegetation parameter values for a reference surface), and present particular 

challenges in terms of pixel retrieval quality (e.g. high levels of atmospheric 

contamination/cloud cover at certain times of the year, or low levels of vegetation cover and 

LAI in dry periods which may exceed sensitivity thresholds of the MODIS instrument). In the 

second case, surface homogeneity within collocated test pixels eliminates the effect of 

“mixed pixels”, where LAI retrievals may rather be based on a single spectrally dominant 

land cover within the pixel footprint, and which may not be representative of the flux 

footprint of the micrometeorological instrument used for validation. In addition to these 

selection criteria, automatic weather stations required to calculate ET0 using the FAO-56 

method, or in the absence of which, manual weather stations providing class A-pan data, 

required as a model input, should be available within reasonable proximity to the site.  

 

Given the inherent difficulty of measuring fluxes over extended time periods using ground-

based instrumentation (with the exception of permanent EC flux towers), and often high land-

use/land cover heterogeneity in many areas, these criteria have been met in relatively few 

earlier studies in South Africa, and three sites were finally selected which fulfilled these 

requirements to the greatest extent possible. Validation data used in this study were derived 

from the following sources:  

 

• the Southern African Regional Science Initiative (SAFARI 2000) (Scholes, et al., 2001; 

Privette, & Roy, 2005), a collaborative research initiative involving the ongoing 

observation of surface/atmosphere exchanges above a number of ecosystems in southern 
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Africa, and in particular a semi-arid savanna ecosystem near Skukuza, Kruger National 

Park; a permanent EC flux tower has been erected at this site, and has provided near-

continuous water and CO2 flux measurements for the Combretum/Acacia dominated 

system since April 2000. In addition, as part of a Water Research Commission (WRC) 

funded study into water use efficiency (WUE) of various natural ecosystems in South 

Africa, Dye, et al., (2008) measured water fluxes using a LAS over three periods in 2005 

at an adjacent location; 

 

• an investigation into the suitability of a dual beam SLS for measuring grassland ET 

(Savage, et al., 2004; Savage, et al., 2010). These authors used an SLS, in combination 

with a portable Eddy Covariance and Bowen Ratio system, to estimate water fluxes at this 

mixed community grassland site near Ashburton, Pietermaritzburg (Bellevue) on a more 

or less continuous basis between January 2003-June 2005;  

 

• as a continuation of the WRC study described above, Dye, et al.,(2008) used a LAS to 

estimate ETa for a transect above a mixed evergreen indigenous forest (Groenkop) near 

George in the southern Cape over three periods in 2004. 

 

Site locations and relevant specifications are provide in Figure 1 and Table 6, and described 

in further detail in the following section. 
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Figure 1: Study areas selected for model validation. 
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Table 4: Summary of data specifications and availability at validation sites. 
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3.3.1 Semi-arid savanna (Skukuza) 

Site description 

Detailed surface/atmosphere flux measurements have been made at this site 13 km WSW of 

Skukuza (Figure 2) since April 2000 as part of the Southern Africa Regional Science 

Initiative (SAFARI 2000) (Scholes, et al., 2001). SAFARI 2000 is a collaboration between 

international and southern African researchers designed to identify and develop an 

understanding of coupled land/atmosphere processes in the region, particularly the effects of 

biogenic, pyrogenic, and anthropogenic emissions on the functioning of biogeohysical and 

biogeochemical systems (Swap, et al., 2002). As such, the site and programme activities have 

been comprehensively described in numerous earlier publications (Scholes, et al., 2001; 

Swap, et al., 2002; Privette & Roy, 2005).  

 

Rainfall in the area is strongly seasonal (November and April), with long-term mean annual 

rainfall of 560 mm (Schulze,& Lynch, 2007). Centred on an EC flux tower (25.01973 S 

31.49688 E) the site is located on a gentle slope at the ecotone between broad-leaved 

Combretum apiculatum-dominated savanna on the coarse sand ridge-top, and fine-leaved 

Acacia nigrescens savanna on sandy clay loam on the mid-slope (Scholes, et al., 2001). The 

ecotone comprises a 10 m wide band of sedges. The landscape is gently undulating, and soils 

are approximately 0.6 m deep. The woody basal area at the site is 6.8 m2/ha, with a tree 

density of 128 ± 16 plants/ha and crown cover of 24 ± 4 %. Shrubs (woody plants taller than 

0.5 m but less than 2.5 m) increase crown cover to 7.6 %. Basal area weighted mean height of 

trees is 9 m, with a maximum height of 13 m. Scholes, et al., (2001) recorded 19 woody plant 

species, dominated by Combretum apiculatum, Sclerocarya birrea and Acacia nigrescens. 

The grass layer is dominated by Panicum maximum, Digitaria eriantha, Eragrostis rigidor 

and Pogonarthria squarrosa (Archibald, et al., 2009). 

 

Instrumentation & data specifications 

Validation data 

Fluxes at the site are measured on a continuous basis by an EC flux tower (ETEC) located at 

coordinates 25.01973 S 31.49688 E (Figure 2), oriented true north and at an altitude of 365 

m.a.s.l. (Scholes, et al., 2001). The tower is instrumented with a sonic anemometer 

(WindMaster, Gill Instruments Ltd., Lymington, UK) measuring wind velocity in three 

dimensions and a closed-path infrared gas analyzer (LI-6262, LI-COR Inc., Lincoln, NE, 

USA) measuring water vapour and [CO2] (Archibald, et al., 2009). Sensors are positioned at 
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a height of 17 m, and the footprint extends approximately 600 m upwind (Scholes, et al., 

2001). ETEC data used in this study were from 2007, for which 178 days clean data spanning 

both the wet and dry seasons were available. Three daily ETEC values (days 88, 154 and 185) 

in the 2007 flux tower data were considered unrealistically high, and were subsequently 

rejected from the dataset, resulting in a total of 175 days data considered acceptable for 

model validation.  

 

In a WRC funded study into the comparative water use efficiency of indigenous ecosystems 

versus commercial plantations, Dye et al., (2008) deployed a LAS a few kilometres from the 

flux tower site (Figure 2) over three periods spanning winter, summer and autumn in 2004 

and 2005, and data (ETLAS) were used as an additional, independent validation dataset in this 

study. The transmitter was located at latitude 25.0602 E, longitude 31.5157 S, and the 

receiver at latitude 25.0915 E, longitude 31.5431 S, with the beam aligned in a NNW/SSE 

direction, and a path length of 4.25 km. ETLAS data were available for seven days in August 

2004 (days of year 239 - 245), seven days in February 2005 (days of year 33 - 39), and eight 

days in May 2005 (days of year 131-138). 

 

Micrometeorological data 

Daily micrometeorological data required to calculate ET0 (FAO-56 method) were obtained 

for years 2005 and 2007 from an automatic weather station (ARC-ISWC) located 

approximately 42 kilometres SW of the validation sites (Malekutu 25.27893 E, 31.17804 S: 

altitude 538 m.a.s.l) (Fig. 2). 353 days of ET0 data were available from this station in 2007, 

and for all dates corresponding with the ETLAS data in 2005; no ET0 data were available in 

2004, however. 

 

MODIS LAI data  

The standard eight day Terra MOD15A2 LAI/FPAR product (Collection 5) was acquired 

from the LP DAAC National Centre, EROS, Sioux Falls, South Dakota, USA, for the 

Mpumalanga area (MODIS tile H20V11) for the period 26 February 2000-31 December 

2009. Images were converted from HDF-EOS to GeoTIFF format for use in Idrisi image 

processing software, and reprojected from Sinusoidal to Geographic WGS’84 using the HEG 

tool. LAI values were extracted from MODIS pixels corresponding with the both the EC flux 

tower position (column 1224 / row 602) and the beam path of the LAS (column 1229 / row 

609) (Figure 2). This provided a database of nearly 10 years of continuous LAI data, assumed 



60 
 

representative of the phenological variability in leaf area which could be expected at each 

site. 365 days of MOD15A2 LAI data (46 8-day composited datasets) were available in both 

2005 and 2007. The FparLai_QC layer delivered with the LAI product was interrogated using 

the LDOPE tool to determine retrieval quality at these pixels for the years corresponding with 

the validation period in each case. 

 

 
Figure 2: Location of EC flux tower and LAS at the Skukuza site, showing beam path of the 

LAS instrument (R = receiver and T = transmitter); respective MODIS validation pixel 

locations are illustrated in white outline. The location of the Malekutu automatic weather 

station (AWS) with respect to the validation sites is indicated in inset 1; location of the sites 

in relation to the Mpumalanga Province and the town of Skukuza is indicated in inset 2. 

 

3.3.2 Mixed community grassland, Bellevue (Pietermaritzburg) 

Site description 

This site, located near Ashburton, Pietermaritzburg, at coordinates 29.6348 S, 30.4329 E 

(Figure 3) was used by Savage, et al., (2004; 2010) to establish the suitability of an SLS 
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instrument to determine H between the periods January 2003 - June 2005, and is described in 

some detail by these authors. It comprises an open and mixed grassland community, 

dominated by Diheteropogon amplectens, Themeda triandra, Tristachya leucothrix and 

Cymbopogonexcavatus, at an altitude of 671 m above sea level (Savage, et al., 2010). The 

area experiences summer rainfall, with a long-term (58 years) mean annual rainfall of 724 

mm (Schulze & Lynch, 2007). The site has an average gradient of 1° 15’, sloping to the SE. 

Soils are derived from Dwyka Tillite, with a soil profile consisting of a loam A horizon (0 - 

0.3 m) overlying clay B1 and B2 horizons extending to 1 m. Fetch distances in the prevailing 

SE wind direction were 90 and 138 m for the SLS transmitter and receiver respectively. 

Fetches in the next most dominant NW wind direction were 146 and 114 m respectively. 

Beyond these distances and to the south, the site is exposed and there is a substantial increase 

in slope, while the area to the north and west consists of residential housing and tall trees. 

With the exception of the latter, the site is surrounded by natural grassland and occasional 

trees. 

 

Data specifications  

Validation data 

A commercially available dual beam SLS (model SLS40-A, Scintec 

Atmospärenmessetechnik, Tübingen, Germany) was used, with a beam path length of initially 

50, then 101m (Savage, et al., 2010). The beam heights were set at 1 and 1.6 m, and fetch 

distances in prevailing wind directions as indicated above. The beam path was oriented in a 

NW/SE direction, aligned with prevailing winds (Figure 3). Further technical specifications 

are provided by Savage, et al., (2004; 2010). A portable EC and BR system were deployed 

simultaneously to allow comparison of results between the three instruments, and used to 

patch missing or unreliable SLS data where necessary (hereinafter notated ETave); 

meteorological data were recorded by an automatic weather station deployed at the site, 

permitting calculation of ET0. A total of 316 days ETave data were acquired in the year 2003.  

 

Micrometeorological data 

Weather data required to calculate daily ET0 by the FAO-56 method were recorded by an 

automatic weather station deployed at the site by Savage, et al., (2004), however, several 

substantial gaps occurred in these data in 2003, and only 231 days of usable data were 

acquired. Class A evaporation pan data from a manual weather station (ARC-ISCW) located 

approximately 13.3 kms to the NE of the site (Faulklands, 29.54999 S, 30.53333 E; altitude 
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740 m.a.s.l.) were therefore acquired to allow patching of the FAO-56 data where necessary 

(Fig. 3). 

 

MODIS LAI data 

The same process as described earlier was followed in acquiring and converting the 

MOD15A2 Collection 5 data, and in the interrogation of uncertainty information, for the 

Bellevue site. LAI values were extracted for the MODIS pixel approximately corresponding 

with the position of the SLS beam path (MODIS tile H20V11, column1098 / row 1157) 

(Figure 3) for the period 26 February 2000-31 December 2009 to determine annual 

phenological variability in LAI at the site. 365 days of LAI data (or 46 8-day composited 

datasets) were successfully retrieved in 2003.  

 

 
Figure 3: Location of SLS at Bellevue near Pietermaritzburg (R = receiver and T = 

transmitter) (beam path position is approximate), and corresponding MODIS pixel in white 

outline. Location of the site with respect to the Faulklands manual weather station is 
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indicated in inset 1; site position in relation to Pietermaritzburg and KwaZulu-Natal Province 

is indicated in inset 2. 

 

3.3.3 Groenkop mixed indigenous forest (George) 

Site description 

This site in the Groenkop Forest, located near the town of George (Figure 4), is a research 

station, and has been comprehensively described in a number of publications (Geldenhuys, 

1982; Geldenhuys, 1998; Van der Merwe, 1999; Dye, et al., 2008). It comprises an 

approximately 40 ha block (coordinates 33.94167 S, 22.55000 E) bordering the northeast 

corner of the Saasveld campus of the Nelson Mandela Metropolitan University, and lies at 

altitudes between 190 - 300 m.a.s.l. (Geldenhuys, 1998). The area experiences rainfall 

throughout the year, although most occurs during autumn (March) and early summer 

(October/November), with a mean annual rainfall of 860 mm. It is underlain predominantly 

by Table Mountain Sandstones, commonly including bands of conglomerate and shale (Dye, 

et al., 2008). Mean minimum temperature varies between 19.7 °C in February to 8.9 °C in 

August.  

The forest lies at the western limit of the Coastal Platform Forests (Geldenhuys, 1993), a belt 

of mixed evergreen forests on the southern Cape coastal platform within the Southern Cape 

Afro-temperate Forest (von Maltitz, et al., 2003). It is extensive and relatively flat, with a 

canopy height estimated at 24 m (Dye, et al., 2008). The forest appears to be in equilibrium, 

with high standing biomass and low mean annual volume increment. The canopy is not 

completely closed, and numerous gaps occur which permit the infiltration of sunlight to the 

understory. Dye, et al., (2008) estimate a LAI of two for the canopy, and two for the 

understory. Stem size distribution indicates a pronounced inverse J-shaped skew, having 

many smaller trees suppressed by a fewer larger individuals accessing the majority of 

resources. Geldenhuys,(1993) classify the forest as typically Podocarpus latifolius - Curtisia 

dentata - Burchellia bubalina platform forest. 

 

The northern areas immediately below the foothill zone are dominated by multi-stemmed 

Platylophus trifoliatus, scattered Ocotea bullata and Ilex mitis, associated with the main 

species of the platform forest (Dye, et al., 2008). There is no shrub layer present but a dense 

layer of Rumohra adiantiformis occurs. Topsoil is fine textured and 250 mm in depth, 

overlying a leached horizon of 200 mm over a deep ferri-humic horizon. In the southern 

reaches, the forest grades to typical coastal platform forest dominated by Olea capensis 
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subsp. macrocarpa, Podocarpus latifolius and Pterocelastrus tricuspidatus as canopy 

dominants amongst a range of other species. A shrub layer is present here, comprised of 

Trichocladus crinitus of varying heights. Topsoil, 350-450 mm deep, overlies poorly drained 

clayey subsoil, and fluctuations in the water table are in evidence on level terrain and well 

drained subsoil on the slopes (Dye, et al., 2008).  

 

Instrumentation & data specifications 

Validation data 

Dye, et al.,(2008) used a LAS to measure H along a 3.2 km beam path at the site over three 

periods in summer, winter and spring in 2004, for which a total of 18 days data was obtained. 

The description of instrument set-up provided here is taken from their report, which provides 

more technical details if required.  

 

The transmitter was erected near the upper edge of the forest at coordinates, 33.93781 S, 

22.55600 E, and the receiver at the lower edge, at coordinates 33.95497 S, 22.52941 E, with 

the beam aligned in a SW/NE orientation. The mean height of the beam of the canopy was 

calculated to be 36.34 m. Except for ± 100 m on either side of the beam path, the vegetation 

was entirely closed canopy indigenous evergreen forest, and the section near the centre of the 

beam, at which it is most sensitive to fluctuations, comprised the gently sloping research site. 

The beam crossed the Kaaiman’s River gorge at its SW extreme, although Dye, et al., (2008) 

considered the effects on flux estimates negligible, because the instrument is known to not be 

particularly sensitive to fluctuations in these regions of the beam. ETLAS data were available 

for four days in February 2004 (days of year 51-54), seven days in June 2004 (days of year 

156-162), and seven days in September/October 2004 (days of year 272-278). 

 

Micrometeorological data 

No automatic weather stations operational at time periods corresponding with LAS data 

availability were found to exist within reasonable proximity to the Groenkop site, and it was 

necessary to use class A-pan data as a substitute for the FAO-56 in modelling annual ET for 

2004; data for this purpose were obtained from a manual weather station (ARC-ISCW) 

located approximately 12.5 kms WNW of the site (Outeniqua 33.9167 S, 22.4167 E; altitude 

361 m.a.s.l.) (Fig. 4). The FAO-56 was, however, calculated by Dye et al. (2008) for the 18 

days corresponding with LAS measurements at the site, and these were used as model inputs 

when evaluating model performance against the LAS. 



65 
 

MODIS LAI data 

MOD15A2 data was acquired from the LP DAAC for the period 26 February 2000-31 

December 2009 for the Western Cape region (MODIS tile H19V12). Data were converted 

from HDF-EOS to GeoTiff format and reprojected using the HEG tool, by the same 

procedure applied to the Skukuza and Bellevue data. A single MODIS pixel was selected 

corresponding with the location of the LAS beam path, and avoiding the Kaaiman’s River 

gorge (column 1320 / row 473) (Figure 4), from which LAI values for the ± 10-year period 

were extracted to derive information on phenological leaf area variability in the forest. 366 

days of LAI data were available in 2004. 

 

 
Figure 4: Location of LAS at Groenkop Forest near George (R = receiver and T = transmitter, 

Rn and G indicate positions of net radiation and soil heat flux measurements respectively), 

and corresponding MODIS pixel in white outline. Location of Outeniqua manual weather 

station with respect to the validation site is indicated in inset 1; site location in relation to the 

Western Cape Province is indicated in inset 2. 
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4. Results 

 

4.1 Introduction 

Results are presented separately for each of the study sites (and in the case of Skukuza, 

separately in respect of the EC and LAS sites), and reported in terms of the following: 

 

• Frequency distribution of MOD15A2 LAI values retrieved since launch 

(approximately 10 years, from February 2000 to December 2009) for the MODIS 

pixel corresponding with the geolocation of the validation site; 

 

• Seasonal variation, including means and standard deviation, in remotely sensed LAI 

for the equivalent time period at the validation pixel;  

 

• 8-day MOD15A2 LAI values, and retrieval quality, at the validation pixel for the year 

in which ETMODIS is applied at each site; 

 

• Modelled evapotranspiration data, in relation to measured evapotranspiration (i.e. 

using micrometeorological systems) and ET0 (FAO-56/class A-pan) values, for the 

year in which validation is performed; 

 

• Model performance, evaluated by fitting a linear regression model to modelled and 

measured evapotranspiration data to determine coefficients of determination (r2 

values). 

 

4.2 Semi-arid savanna (Skukuza) 

4.2.1 ETMODIS vs. ETEC 

The frequency distribution of LAI values retrieved at the EC Flux Tower site over the period 

from 25 February 2000 to 31 December 2009 (a total of 439 retrievals) demonstrates that 

values were positively skewed, with most retrievals in the range of 0.3 to 1 (Figure 5A). The 

maximum value observed over the ± 10-year period was 3.1, retrieved over days 337-344 in 

2004, with a minimum of 0.1 retrieved over days 249-256 in 2001.  
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Means and standard deviation in annual LAI retrieved over the nearly 10-year period are 

provided in Figure 5B. These data indicate marked seasonal variation in annual LAI in this 

semi-arid savanna system, with an amplitude (peak to trough difference) of 113 % (LAI = 

1.12) of the mean annual LAI for the 10 year period (0.99). Greatest inter-annual variation in 

MOD15A2 LAI values is evident in the wet season (November to April), with relatively 

smaller variation in the dry season. 

 

A. LAI Skukuza 2000-2009 B. LAI means and standard deviation 2000-2009 

  
Figure 5: Frequency distribution in MODIS LAI values (A), and means and standard 

deviation (B) retrieved at the EC flux tower site near Skukuza over the period 25 February 

2000 to 31 December 2009. 

 

MODIS LAI retrievals for the year 2007 at the flux tower site are provided (Figure 6), 

including retrieval quality information extracted from bits 5-7 of the FparLai_QC SDS. Bits 

5-7 provide a per pixel five level confidence score of retrieval quality, as described in 

Chapter 2.7.1 (Table 3). All 46 8-day composites in 2007 at the site were produced using best 

possible quality retrievals, performed using the radiative transfer (RT) approach without 

saturation (FparLai_QC bits 5-7 = 0). Maximum LAI in 2007 was 2.2, retrieved over days 

361-365 using the RT approach (Figure 6).  
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Figure 6: MODIS LAI retrieved at the Skukuza flux tower site in 2007; all retrievals were 

performed using the main RT algorithm. 

 

Daily ET for the 353 days for which ET0 data was available in 2007 was modelled by 

applying ETMODIS (Equation 20), parameterized using long-term MOD15A2 LAImax (LAImax = 

3.1), 8-day MOD15A2 LAI, and daily ET0 (FAO-56; Malekutu weather station) (Figure 7). 

By this approach, a total of 408.4 mm ETa was predicted over 353 days in 2007, relative to 

total ET0 of 1420.5 mm for the same period, and rainfall of 530.8 mm for 350 days for which 

rain data was available in 2007. ETEC is plotted here for comparative purposes. 
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Figure 7: Modelled ET (ETMODIS) vs. ET0 (FAO-56; Malekutu), ETEC over 365 days in 2007, 

Skukuza flux tower site. 

 

A comparison of accumulated ETMODIS and ETEC was performed for periods where both 

modelled and measured data were available, comprising a total of 170 days spanning both 

summer and winter in 2007 (Figure 8). ETMODIS predicted a total of 194.8 mm over this 

period, while ETEC totalled 147.9 mm, and represents an overestimation of 31.7 % in 

modelled ET relative to measured ET. Visually, modelled and measured values clearly 

demonstrate better agreement during the summer growing season relative to the dry winter 

period. 
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Figure 8: Accumulated ETMODIS vs. ETEC at the flux tower site for 170 days of corresponding 

data in 2007 (LAI max = 3.1). 

 

The relationship between ETMODIS and ETEC was evaluated by fitting a linear regression 

model for the 170 days in 2007, where slope (y value) < 1, indicating that ETMODIS over-

predicts evapotranspiration when ETEC values are low, and under-predicts evapotranspiration 

when ETEC values are high; linear regression returned a coefficient of determination (r2) 

value of 0.67 (Figure 9). 
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Figure 9: Linear regression model of the relationship between ETMODIS and ETEC over 170 

days of corresponding data in 2007, Skukuza; 1:1 line shown in grey. 

 

4.2.2 ETMODIS vs. ETLAS 

Frequency distribution in LAI retrieved at the LAS site for the period of MODIS data 

availability (25 February 2000-31 December 2009), comprising a total of 439 MODIS 

retrievals, is provided (Figure 10A). The maximum value observed over the ± 10-year period 

was 2.9, retrieved over days 337-344 in 2004, with a minimum of 0.1 retrieved over days 

329-336 in 2001, 353-360 in 2003, and 249-256 in 2005 (Figure 10A). A predominance of 

retrievals in the range of ~ 0.3-0.8 LAI were returned at this site over the period of 

observation. 

 

Means and standard deviation in annual LAI retrieved over the nearly 10 year period are 

provided (Figure 10B). There is a marked similarity in these indices as compared with 

observations at the flux tower site, with most inter-annual variation occurring in the wet 

season (November; April), with relatively less in the dry season. Similarly, seasonal variation 

in annual LAI compares with that at the flux tower location, with an amplitude of 113 % 

(1.16 LAI) of the mean annual LAI for the 10 year period (1.02). Again, an analysis of these 

results must consider the margin of remote observation error (0.66 LAI). 
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A. LAI Skukuza 2000-2009 B. LAI means and standard deviation 2000-2009 

  
Figure 10: A) Histogram of the frequency distribution in MODIS LAI values, and B) means 

and standard deviation retrieved at the LAS site near Skukuza over the period 25 February 

2000 to 31 December 2009. 

 

LAI retrievals for the year 2005 at the LAS site are provided (Figure 11), including retrieval 

quality information extracted from bits 5-7 of the FparLai_QC SDS (see Table 3, Chapter 

2.7.1 for a description of the FparLai_QC SDS and associated bit fields). With the exception 

of one 8-day composite spanning days 361-365), all retrievals were performed using the main 

RT approach without saturation (FparLai_QC bits 5-7 = 0). The empirical backup algorithm 

was invoked over days 361-365 as a result of RT algorithm failure due to reasons other than 

view/illumination geometry (FparLai_QC bits 5-7 = 3). Maximum LAI observed in 2005 was 

1.9, retrieved over days 33-48 and 345-353, using the main approach without saturation.  
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Figure 11: Composited LAI at the Skukuza LAS site in 2005, indicating LAI values retrieved 

by methods other than the main RT approach (without saturation). 

 

Daily ET for 365 days in 2005 was modelled by applying ETMODIS (Equation 20), 

parameterized using long-term MOD15A2 LAImax (LAImax = 2.9), 8-day MOD15A2 LAI, and 

daily ET0 (FAO-56; Malekutu weather station) (Figure 12). Using this approach, a total of 

435.2mm ET was predicted in 2005, relative to a total ET0 of 1451.7 mm, and rainfall of 

229.0 mm. ETLAS is plotted here to provide comparison. 
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Figure 12: ETMODIS vs. ET0 (FAO-56; Malekutu), ETLAS (15 days) over 365 days in 2005, 

Skukuza. 

 

The absence of ET0 data from any automatic weather station in the Skukuza area for days 

corresponding with the 2004 ETLAS measurements meant that ETMODIS could only be 

validated using the 2005 ETLAS datasets. This comprised two periods of 7 days in summer 

(2nd-8th February), and 8 days in autumn (11th-18th May). Modelled ET is plotted against 

ETLAS and ET0 for the periods of data availability (Figures 13A &14A), and linear regression 

models provided (Figures 13B & 14B). 
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A. B. 

  
 

Figure 13: A) ETMODIS vs. ETLAS over a seven day period at Skukuza in February 2005, and 

B) linear regression model, showing 1:1 line. 

 

A. B. 

  
 

Figure 14: A) ETMODIS vs. ETLAS over a seven day period at Skukuza in May 2005, and 

B) linear regression model, showing 1:1 line. 
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ETMODIS predicted a total of 27.4 mm ET for the seven days in February, relative to 32.5 mm 

ETLAS, and 6.7  mm for the eight days in May, relative to 8.2 mm ETLAS, representing an 

underestimation by ETMODIS relative to ETLAS in each instance of 15.7 % and 18.3% 

respectively. Given the relative sparseness of data points available for model validation, no 

comparison of annual accumulated ET was performed in this instance. 

 

4.3 Mixed community grassland, Bellevue (Pietermaritzburg) 

Frequency distribution in LAI retrieved at the Bellevue site for the period of data availability 

(25 February 2000-31 December 2009), comprising a total of 439 retrievals is provided in 

Figure 15A. The maximum LAI value observed over the ± 10 year period was 2.2, retrieved 

over days 33-40 in 2006, with a minimum of 0.1 retrieved on a number of occasions over the 

almost 10 year observation period. From this figure, it is evident that a large majority of 

retrievals were 0.3 LAI, although the reason for this abnormal distribution in values is not 

immediately clear.  

 

Means and standard deviation in annual LAI retrieved over the nearly 10 year period are 

provided (Figure 15B). Most inter-annual variation in LAI is evident in the wet season, with 

relatively less occurring in the dry season. Seasonality is less pronounced than in the semi-

arid savanna, with an amplitude of 92 % (0.78 LAI) of the mean annual LAI for the 10-year 

period (0.86). 
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A. LAI Bellevue 2000-2009 B. LAI means and standard deviation 2000-2009 

  
Figure 15: A) Histogram of the frequency distribution in MODIS LAI values, and B) means 

and standard deviation retrieved at the Bellevue site over the period 25 February 2000 to 31 

December 2009. 

 

LAI retrievals for the year 2004 at the Bellevue site are provided (Figure 16), including 

retrieval quality information derived from bits 5-7 of the FparLai_QC SDS (see Table 3, 

Chapter 2.7.1 for a definition of the FparLai_QC SDS and codes). With the exception of one 

8-day composite spanning days 353-360 in 2003, all retrievals were performed using the 

main RT approach without saturation (FparLai_QC bits 5-7 = 0). The empirical backup 

algorithm was invoked over days 353-360 as a result of RT algorithm failure for reasons 

other than geometry (FparLai_QC bits 5-7 = 3). Maximum LAI returned in 2003 was 1.6, 

retrieved over days 25-32 using the main approach without saturation. 
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Figure 16: Composited LAI at the Bellevue site in 2003, indicating retrieval quality on each 

date. 

 

As indicated earlier, climate data required to calculate ET0 by (FAO-56 method) were 

recorded by Savage et al. (2004) for the same time period at the site in 2003. Class A-pan 

data were acquired from a nearby manual weather station (Faulklands) to fill gaps in the 

FAO-56 dataset where these occurred. There were concerns regarding the quality of the 

published FAO-56 data however, particularly after day 275 in 2003, where patterns of 

consistently recurring values were noted (Figure 20). Inaccurate ET0 data would propagate 

errors in ETMODIS, and it was considered preferable that these data be rejected from further 

analysis rather than risk compromising model performance. 
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Figure 17: ET0 (FAO-56) at the Bellevue site in 2003; suspect values are evident from 

approximately day 275 in 2003. 

 

Daily ET for 275 days (days of year 1-275) in 2003 was modelled by applying ETMODIS 

(Equation 20), parameterized using long-term MOD15A2 LAImax (LAImax = 2.2), 8-day 

MOD15A2 LAI, and daily ET0 (FAO-56/A-pan) (Figure 18). Using this approach, a total of 

320.0 mm ET was predicted for the 275 days for which reliable ET0 (FAO-56/A-pan) data 

was available in 2003, relative to ET0 of 867.9 mm, and rainfall of 344.5 mm for the same 

time period. ETave is plotted here for the purposes of comparison. 

 

 

 

0

1

2

3

4

5

6

7

8

0 15 30 45 60 75 90 10
5

12
0

13
5

15
0

16
5

18
0

19
5

21
0

22
5

24
0

25
5

27
0

28
5

30
0

31
5

33
0

34
5

36
0

ET
R

ef
 

Day of Year 



80 
 

 
Figure 18: ETMODIS vs. ET0 (FAO-56/A-pan), ETave for day 1-275 of 2003, Bellevue. 

 

A comparison of accumulated ETMODIS and ETave was performed for the periods where both 

modelled and measured data were available, comprising a total of 235 days spanning both 

wet and dry seasons in 2003 (Figure 19). ETMODIS over this period totalled 266.9 mm, while 

ETave for the same period totalled 460.2 mm, representing an underestimation of 42.0 % in 

modelled ET relative to measured ET. 
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Figure 19: Accumulated ETMODIS vs. ETave at the Bellevue site for 235 days of corresponding 

data spanning days 1-275 in 2003 (LAImax = 2.2). 

 

The relationship between ETave and ETMODIS was evaluated by fitting a linear regression 

model where corresponding MOD15A2, ET0 and ETave data were available, returning a r2 

value of 0.67 (Figure 20).  
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Figure 20: Linear regression model of the relationship between ETMODIS and ETave over 235 

days of corresponding data in 2003, Bellevue; 1:1 line shown in grey. 

 

4.4 Groenkop mixed indigenous forest (George) 

The frequency distribution in LAI observed at the Groenkop site for the period of data 

availability (25 February 2000-31 December 2009), comprising a total of 448 retrievals, is 

provided (Figure 21A). The LAImax value observed over the 10-year period was 8.8, retrieved 

on a single occasion in 2001 (days 25 – 33), with a minimum of 0.5, also retrieved on a single 

occasion (days 137-145) in 2001, and the majority of retrievals in the range of ~ 4.8-6.3. 

 

Means and standard deviation in annual LAI retrieved over the nearly 10-year period are 

provided (Figure 21B). In contrast to both the Skukuza and Bellevue sites, both of which 

experience a summer rainfall regime, the data suggest that most inter-annual variation in LAI 

at Groenkop occurs in the wetter winter period, with relatively less in the drier summer 

period. Consistent with what would be expected for this ecosystem, there is less pronounced 

seasonal variation in LAI across the year relative to the other sites used in this study, with an 

amplitude of 70 % (3.4 LAI) of the mean LAI for the 10-year period (4.9).  
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A. LAI Groenkop 2000-2009 B. LAI means and standard deviation 2000-2009 

  
Figure 21: A) Histogram of the frequency distribution in LAI and B) mean and standard 

deviation retrieved at Groenkop over the period 25th February 2000 to 31 December 2009. 

 

Figure 22 illustrates LAI retrievals for the year 2004 at Groenkop, indicating retrieval quality 

information extracted from bits 5-7 of the FparLai_QC SDS. Maximum LAI retrieved in 

2004 was 6.8 (days 161-168), using the main approach with saturation (FparLai_QC SDS bits 

5-7 = 1), with a minimum of 0.7 (days 185-192), retrieved using the main approach without 

saturation (FparLai_QC SDS bits 5-7 = 0). 

 

Significantly fewer retrievals in 2004 were performed using the RT algorithm relative to 

other sites in this study. Only 54 % of retrievals in 2004 were performed using the RT 

algorithm with saturation (FparLai_QC bits 5-7 = 1), predominantly during the summer 

period (days 1-65 and 281-365); 33 % were performed using the RT algorithm without 

saturation (FparLai_QC bits 5-7 = 0), predominantly during autumn, winter and spring (days 

65-273), and 13 % were performed using the backup algorithm (FparLai_QC bits 5-7 = 3), 

predominantly during winter (days 153-233).  
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Figure 22: Composited LAI at the Groenkop LAS site in 2004, indicating retrieval quality on 

each date. 

 

Daily ET for the entire year in 2004 was modelled by applying ETMODIS (Equation 20), 

parameterized using long-term MOD15A2 LAImax (LAImax = 6.8), 8-day MOD15A2 LAI, and 

daily ET0 (class A-pan; Outeniqua weather station) (Figure 23). By this approach, a total of 

836.7 mm ETa was predicted for 365 days in 2004, relative to total ET0 (A-pan) of 1114.1 

mm, and rainfall of 813.9 mm; ETLAS is plotted here to provide comparison. 
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Figure 23: ETMODIS vs. ET0 (A-pan; Outeniqua), ETLAS for 366 days in 2004, Groenkop. 

 

ETMODIS was evaluated at the Groenkop site using LAS data available on three separate 

occasions in 2004, comprising 4 days in February (days of year 51-54) (Figure 24A), 7 days 

in June (days of year 156-162) (Figure 25A), and 7 days in September/October (days of year 

272-278) (Figure 26A), providing a total of 18 days. Dye et al. (2008) calculated ET0 (FAO-

56 method) for the periods corresponding with ETLAS measurements, and these data replaced 

the class A-pan data in parameterizing ETMODIS. The method used in retrieving LAI inputs for 

each ETMODIS data point are also plotted, and provide an indication of confidence limits in the 

modelled data (extracted from bits 5-7 of the FparLai_QC dataset, where 1-3 plotted in 

figures 24-26 correspond with bit codes 0, 1 and 10, respectively; definitions provided in 

Table 3, Chapter 2.7.1). 

 

The relationship between ETMODIS and ETLAS was evaluated by fitting a linear regression 

model in each case where corresponding data exists, returning r2 values of 0.98 (days 51-54) 

(Figure 24B), 0.43 (days 156-162) (Figure 25B), and 0.80 (days 272-278) (Figure 26B).  
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A.  B.  

  
Figure 24: A) ETMODIS vs. ET0, ETLAS for days 51-54 in February 2004, and (B) linear 

regression of modelled vs. measured data for the same period; 1:1 line shown in grey. 

 

 

A.  B.  

  
Figure 25: A) ETMODIS vs. ET0, ETLAS for days 156-162 in June 2004 and B), linear 

regression of modelled vs. measured data for the same period; 1:1 line shown in grey. 
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A.  B.  

  
 

Figure 26: A) ETMODIS vs. ET0, ETLAS for days 272-278 in September/October 2004 and B), 

linear regression of modelled vs. measured data for the same period; 1:1 line shown in grey. 

 

ETMODIS predicted 9.7 mm ET for the four days in February, relative to 12.5 mm ETLAS, 10.3 

mm for the seven days in June, relative to 11.6 mm ETLAS, and 17.0 mm for the seven days in 

September / October, relative to 22.4 mm ETLAS; these figures represent under-predictions in 

each case of 22.4 %, 11.2 % and 24.8 %, respectively Again, given the sparseness of data 

points available for validation, no comparison of annual accumulated ET was performed in 

this instance. 
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5. Discussion 

 

5.1 Introduction 

The discussion of results is structured as follows: first, a concise general summary and 

analysis of the key variables across the four validation sites is presented in Section 5.2, in 

terms of the following:  

 

• ETMODIS in relation to annual ET0 and/or ETp and precipitation for the year of validation; 

and 

 

• ETMODIS in relation to measured validation flux data specifically, and model performance. 

 

This is followed by a detailed analysis in Section 5.3, addressing each site separately, and 

with reference to the literature where relevant, in respect of: 

 

• long-term inter-annual and seasonal trends and patterns observed in remotely sensed LAI 

at each validation pixel; 

 

• LAI trends and retrieval quality for the year in which ETMODIS is applied at each pixel; 

 

• Comparisons of modelled and measured water fluxes, a discussion of model performance 

and identification of uncertainties. 

 

This is followed in Section 5.4 by a detailed analysis of model uncertainties; finally, 

opportunities and constraints of the approach as a means to derive continuous, spatially 

distributed estimates of evapotranspiration over wider areas of the South African land surface 

are assessed in Section 5.5. 

 

5.2 General summary of key indicators 

A general summary of the key indicators for each of the study sites, including ET0 and/or 

ETp, annual rainfall, modelled (ETMODIS) and measured evapotranspiration (ETa), fraction of 

annual precipitation evapotranspired, and regression equations including coefficients of 

determination (r2 values), is reported in Table 5. Both annual data (for available dates within 
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respective years of study) and comparative data (i.e. only those dates where both validation 

ETa data and ETMODIS are available) are reported; a concise discussion of the data is presented 

on a site by site basis in Sections 5.2.1 to 5.2.4. 

 

Table 5: Summary of results. 

 

Skukuza 
EC Site Skukuza LAS Site Bellevue Groenkop 

Annual 
2007 (353 

days) 

Annual 2005 (365 
days) 

Annual 
2003 (275 

days) 
Annual 2004 (366 days) 

ETMODIS (mm) 408.4 435.2 320.0 836.7 
ET0/ETp (mm) 1420.5*  1451.7* 867.9† 1114.1‡ 
Precipitation 
(mm) 530.8 229.0 344.5 813.9 

ETMODIS/Precipi
tation (%) 76.9 190.0 92.9 102.8 

 Corresponding ETMODIS / ETa Data Periods 

 
Annual 

2007 (170 
days) 

Feb 2005 
(7 days) 

May 2005 
(8 days) 

Annual 
2003 (235 

days) 

Feb 2004 
(4 days) 

Jun 2004 
(7 days) 

Sep / Oct 
2004 (7 
days) 

ETMODIS (mm) 194.8 27.4 6.7 266.9 9.7 10.3 17.0 
ET0/ETp  (mm) 662.1* 41.9* 27.84* 752.9† 10.9* 14.6* 23.9* 
ETa (mm) 147.9§ 32.5+ 8.2+ 460.2ǂ 12.5+ 11.6+ 22.4+ 
% Error 
ETMODIS vs. ETa 

+31.7 -15.7 -18.3 -42.0 -22.4 -11.2 -24.1 

r2 value 0.67 0.67 0.34 0.67 0.98 0.43 0.80 

Equation 
y = 

0.811x + 
0.444 

y = 
1.389x - 

0.804 

y = 
1.158x + 

0.045 

y = 0.978x 
+ 0.847 

y = 
1.588x - 

0.705 

y = 
0.744x + 

0.245 

y = 
1.312x 
+ 0.000 

 

* = FAO-56 

† = FAO-56 + A-pan 

‡ = A-pan 

§ = EC 

+ = LAS 

ǂ = SLS 

 

In Table 5, total measured evapotranspiration exceeds total modelled evapotranspiration in all 

cases, with the exception of the flux tower site at Skukuza, where evapotranspiration was 

overestimated by ETMODIS by 31.7 % relative to measured (EC) values for the 170 days in 

2007 where corresponding modelled and measured data were available (Fig. 8 and Table 5). 
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The most significant differences in measured versus predicted data, expressed as a 

percentage, were recorded at the Skukuza flux tower site in 2007 (31.7 % overestimate), and 

the Bellevue SLS flux site in 2003 (42 % underestimate). Coefficients of determination, a 

measure of the extent to which modelled data are able to explain observed data at validation 

periods, with just two exceptions (May 2005 at the Skukuza LAS site, where r2 = 0.34, and 

June 2004 at Groenkop, where r2 = 0.43), are within a range of 0.67 – 0.98.  

  

5.2.1 Skukuza: EC flux tower site 

Annual data 

Total evapotranspiration (for 353 days of data availability) predicted at the flux tower site in 

2007 was 408.4 mm, relative to ET0 (FAO-56, Malekutu) of 1420.5 mm (Table 5); this 

represents a marked difference in modelled water use versus ET0, which is unsurprising, 

given that conditions at the site diverge significantly from those assumed for the reference 

surface (relating to aerodynamic roughness, surface conductances and availability of water at 

the evaporating surface), and indicates that the system is significantly water limited, i.e. 

atmospheric evaporative demand exceeds available precipitation (Villegas, 2008). Total 

precipitation for 2007 was 530.8 mm (relative to MAP of 560 mm), suggesting that 76.9 % of 

precipitation was evapotranspired in that year, consistent with figures for other dryland 

systems reported in the literature (Wilcox, et al., 2003, Huxman, et al., 2004). 

 

Validation periods 

With specific reference to validation periods for which measured and modelled flux data 

coincide temporally, ETMODIS predicted 194.8 mm evapotranspiration for 170 days of data 

availability at the flux tower near Skukuza in 2007, relative to 147.9 mm measured by the EC 

system, an overestimate of 31.7 % (Fig. 7 and Table 5); a coefficient of determination (r2 

value), a measure of how well the regression line fits the data, of 0.67 was returned (Fig. 9 

and Table 5). 

 

5.2.2 Skukuza: LAS site 

Annual data 

At the Skukuza LAS site, approximately 7.5 kilometres SE of the flux tower, similar 

conditions were observed in 2005, with ETMODIS predicting 435.2 mm evapotranspiration for 

the 365 days (Table 5); ET0 (FAO-56; Malekutu) was 1451.7 mm, marginally higher relative 

to 2007. Conditions appeared to be abnormally dry in 2005 however, with just 229.0 mm 
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precipitation recorded at Malekutu, less than half that measured at the same site in 2007, with 

modelled evapotranspiration representing almost double (190 %) this figure. Despite the 

significant difference in precipitation, modelled annual water fluxes were relatively similar in 

both years (435.2 mm in 2005 versus 408.4 in 2007). Because the FAO-56 submitted to 

ETMODIS represents climatic conditions only (atmospheric evaporative demand, incorporating 

standard aerodynamic and surface resistance factors), similarities observed in ETMODIS data 

between the sites in 2005 and 2007 are due to comparable LAI values, in spite of the marked 

differences in precipitation. Unless precipitation patterns at Malekutu differed substantially in 

these years relative to the flux tower and LAS sites some 40 kilometres away2, these 

similarities in LAI, and therefore modelled evapotranspiration, would suggest that plants 

were either able to access deeper stored water in the drier conditions in 2005, or that soil 

moisture recharge may have originated externally, permitting photosynthesis (and associated 

spectral signatures) to continue at levels comparable to those in 2007 despite the arid 

conditions in 2005. 

 

Validation periods 

Validated over two discrete seven and eight day periods near the flux tower in February and 

May in 2005, ETMODIS predicted 27.4 mm and 6.7 mm evapotranspiration respectively, 

relative to 32.5 and 8.2 mm measured by an LAS over the same periods (Fig. 12 and Table 

5), underestimates of 15.7 % and 18.3 % in each case. Coefficients of determination for 

regressions fitted to respective datasets of 0.67 and 0.34 were returned for the February and 

May periods respectively (Figs. 13 and 14; Table 5). 

 

5.2.3 Bellevue  

Annual data 

At the Bellevue site, ETMODIS predicted 320.0 mm evapotranspiration for the 275 days of data 

availability in 2003 (Table 5). ET0/ETp (FAO-56 measured on site, patched with class A-pan 

data; Faulklands), was 867.9 mm for the same period, relative to precipitation of 344.5 mm 

(Table 5); the marked difference between atmospheric demand and precipitation indicates 

that, like the sites at Skukuza, this system was significantly water limited over the 275 days 

                                                 
2 The significance of the distance of the Malekutu station from the flux sites is discussed in Section 5.4.5. 
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of data availability in 20033. Based on modelled data, 92.9 % of precipitation was 

evapotranspired over 275 days, and suggests that nearly all available water, based on 

precipitation volumes recorded over this period, was harvested over this time in 2003. 

 

Validation period 

At the Bellevue site in 2003, ETMODIS predicted 266.9 mm evapotranspiration over the 235 

days for which corresponding modelled and measured data were available, relative to 460.2 

mm measured using a SLS (patched with BR and EC data where missing or unreliable data 

occurred) (Fig. 18 and Table 5), representing an underestimate of 42 %; the coefficient of 

determination returned was 0.67 (Fig. 20 and Table 5). 

 

5.2.4 Groenkop 

Annual data 

At the Groenkop site, ETMODIS predicted 836.7 mm evapotranspiration for 366 days in 2004, 

relative to ETp (class A-pan data; Outeniqua) of 1114.1 mm, and precipitation of 813.9 mm 

(Table 5), relative to long-term MAP of 860 mm. These data indicate that, while the system 

appears to be water limited according to the definition provided above, the difference 

between atmospheric demand and water availability over the year is significantly less 

pronounced relative to other sites in this study. Based on modelled data, all available water 

(102.8 %), as indicated by total precipitation recorded for that year, was evapotranspired in 

this system in 2004. 

 

Validation periods 

At the Groenkop site, where validation was performed over three discrete periods in February 

(four days), June (seven days) and September/October (seven days) in 2004, ETMODIS 

predicted 9.7, 10.3 and 17.0 mm evapotranspiration, relative to 12.5, 11.6 and 22.4 mm 

respectively (Fig. 23 and Table 5), underestimates in each case of 22.4, 11.2 and 24.1 %. 

Coefficients of determination were 0.98, 0.43 and 0.80 respectively (Figs. 24 - 26). 

 

  

                                                 
3 Total precipitation at the Bellevue site in 2003 was 478.9 mm, relative to long-term MAP of 724 mm; class A-
pan data for the entire year, recorded at Faulklands station was 1118.8 mm, and confirms that the system is 
generally water limited. 
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5.3 Detailed analysis of results 

5.3.1 Skukuza: EC flux tower site 

MOD15A2 LAI and vegetation phenological dynamics 

Dye, et al., (2008) describe this site near Skukuza in Mpumalanga Province as a semi-arid 

savanna system; it receives a MAP of 560 mm, predominantly in November and April (early 

Summer and Autumn), and is the most water limited (precipitation expressed as a fraction of 

atmospheric evaporative demand) of all the sites assessed in this study. Land cover at the site 

comprises a fairly homogenous mix of grass and shrubs, including a significant woody 

component across the validation pixel, with a complex, spatially discontinuous canopy 

structure; due to distinct differences in physiological activity of woody and herbaceous 

components, these characteristics of savanna systems present particular difficulties to remote 

observation (Privette & Roy, 2005), and modelling of evaporative fluxes (Dye, et al., 2008). 

Long-term (nearly 10-years) MOD15A2 LAI data retrieved at the flux tower location were 

interrogated both to assess the performance of the RT LAI algorithm in this system, as well 

as to characterize trends and seasonal patterns in vegetation phenology over this period, 

directly coupled to water use (Monteith, 1988) and a fundamental parameter in ETMODIS. 

 

Frequency distribution in remotely sensed LAI over the period 25 February to 31 December 

2009 demonstrates that values are positively skewed. A predominance of values occur within 

the range of 0.3-1, with maximum and minimum values of 3.1 and 0.1, respectively (Fig. 

5A). Pronounced seasonal variation in LAI is evident, with an amplitude of 113 % (LAI = 

1.12) of the mean annual LAI (0.99) over the approximately 10 year period (Fig. 5B). 

Relatively high inter and intra-annual variation in LAI is apparent in the growing season 

(November to March), which is consistent with marked and rapid vegetation phenological 

responses to low and erratic rainfall and soil moisture distribution in these systems at this 

time of the year (Dye, et al., 2008); however, the extent to which these values may rather be 

an effect of inaccuracies in RT simulations and inputs is assessed in Section 5.4. High 

atmospheric evaporative demands and rapid declines in soil moisture at the end of the 

growing season (April/May) appear to force grasses and deciduous trees to decouple from the 

system (Palmer, et al., 2008), with a marked reduction in vegetation physiological activity, 

and inter and intra-annual variation in LAI values apparent; this appears to persist until 

around November with the onset of the growing season and replenishment of soil moisture 

levels (Fig. 5B).  
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LAI retrieval quality 

Despite the challenges to remote sensing of vegetation characteristics in savanna systems 

described above, MODIS observations at this site appeared to generally realistically reflect 

seasonal vegetation phenological patterns, with LAI values retrieved by the algorithm within 

the bounds of those expected for these systems. Long-term average LAI maxima of 

approximately 1.8 were observed in the wet season, transitioning relatively smoothly to 

minima of approximately 0.5 in the winter dry season, when deciduous trees and shrubs 

decouple from the system (long-term maximum and minimum LAI returned was 3.1 and 0.1) 

(Figs. 5A and B). Although data appear generally credible, several seemingly non-physical 

spikes in values are evident in the summer wet seasons, both in long-term average data, over 

days 1-73 (Fig. 5B), and annual data in 2007, on day 361 (Fig. 6).  

 

The MODIS LAI products are delivered with comprehensive uncertainty information 

contained in the FparLai_QC layer (described in Section 2.7.1), and these data were 

interrogated to establish algorithm performance at validation sites in this study. Extraction of 

the various bit fields comprising this dataset using the HEG tool is a relatively labour 

intensive process that cannot be automated, and for this reason it was not considered 

realistically feasible to interrogate the full 10 year data stack, and evaluation was restricted to 

the year in which validation was performed (2007); all 46 retrievals in 2007 were found to 

have been executed using the main RT algorithm without saturation (FparLai_QC layer bits 

5–7 = 0), confirming best possible retrieval quality.  

 

Comparison of modelled and measured water fluxes 

ETMODIS predicts a total of 194.8 mm evapotranspiration over the 170 day period of 

corresponding data availability system in 2007, relative to a total of 147.9 mm measured at 

the flux tower for the same period, representing an overestimation of 31.7 % (Fig. 8 and 

Table 5), and represents the second largest margin of error in modelled fluxes returned in this 

study. A regression model fitted to the data returned a r2 value of 0.67 (Fig. 9 and Table 5), 

indicating that 59 % of the measured data is explained by ETMODIS; this is within the mid 

range of values reported for several peer-reviewed remote sensing-based evapotranspiration 

models reviewed by Glenn, et al. (2010), which vary between r2 = 0.45 to 0.96.  

 

The slope of the regression line confirms that the model overpredicts evapotranspiration 

where EC values are low, and underpredicts where EC values are high. Accumulated 
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evapotranspiration for the 170 days over the full year in 2007 is plotted in Figure 8, revealing 

greatest divergence between modelled and measured values during the winter dry season, 

with greater convergence apparent during the summer growing season. Several possible 

causes of these errors were considered, including:  

 

• potential inaccuracies in the EC flux measurements used to validate ETMODIS; 

 

• possible differences in microclimate at flux sites and Malekutu weather station, used to 

calculate FAO-56 input to ETMODIS; and 

 

• potential overestimation of LAI by the RT algorithm at low spectral reflectance values 

(i.e. errors in RT simulations stored in LUTs for modelled versus observed surface 

reflectances). 

 

These uncertainties are discussed in Section 5.4. 

 

5.3.2 Skukuza: LAS site 

MOD15A2 LAI and vegetation phenological dynamics 

The complexities of remote observation and evapotranspiration modelling described at the 

flux tower site in Section 5.3.1 apply to the same extent at the LAS site used for model 

validation in 2005. Analysis of long-term remotely sensed LAI data was again undertaken to 

assess the performance of the LAI algorithm at this site, and identify and describe trends and 

seasonal patterns in vegetation phenology and water use. Unsurprisingly, given their 

proximity and comparable climatic and biophysical characteristics, very similar long-term 

phenological dynamics to those observed at the flux tower location, approximately 7.5 

kilometres away, were observed at this site. No significant differences in terms of the range 

and frequency distribution of LAI values (Fig. 10A), seasonal amplitude, or intra and inter-

annual variability in LAI (Fig. 10B) over the approximately 10 year data period were noted: 

maximum and minimum LAI at the site was 2.9 and 0.1 respectively (as opposed to 3.1 and 

0.1 at the flux tower), with frequency distribution showing positively skewed values; seasonal 

amplitude was again 113 % of long-term average LAI, with the long-term average only 

slightly higher here in comparison to the flux tower site (1.02 as opposed to 0.99) (Figs. 5B 

and 10B).  
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While the similarity in long-term phenological dynamics at these sites is to be expected, their 

similarity in respective years of validation (Figs. 6 and 11) is somewhat surprising, given the 

marked differences in precipitation recorded in each year; total precipitation recorded at 

Malekutu station in 2005 was 229 mm, relative to 530.8 mm in 2007, and it would be 

reasonable to expect significant declines in vegetation physiological activity, signalled by 

lower LAI values across the year in 2005. This is not the case however, and phenological 

dynamics (Figs. 6 and 11), and therefore modelled vegetation water use (Figs. 7 and 12) 

appear largely similar in 2005 and 2007 at respective sites. Typically, these semi-arid systems 

are closely linked to rainfall and soil moisture, with rapid physiological responses to changes 

in its availability (Dye, et al., 2008); counter-intuitively, LAI data suggest that performance 

was largely unaffected by the reduced precipitation volumes in this year. These data appear to 

suggest that soil moisture storage in 2005 was adequate to support similar levels of vegetation 

physiological activity to that observed in 2007, despite significant differences in precipitation 

volumes between years; this is discussed further in Section 5.4.1.  

 

LAI retrieval quality 

Seasonal phenological patterns at the LAS site near Skukuza again appeared to be generally 

realistically modelled in MODIS observations, although with similar apparently non-physical 

spikes evident in mid to late summer in the long-term data (Fig. 10B) and annual data for 

2005 (Fig. 11), in both early and late summer in the case of annual data. Retrieval quality, 

again only interrogated for the year of validation, was similarly high at the LAS site in 2005, 

with just one retrieval (day 361) performed by means of the back-up algorithm, based on the 

empirical relationship between NDVI and LAI (described in Section 2.7.1) (Fig. 11). Cloud 

and atmospheric contamination, which typically result in reflectances beyond the algorithm 

domain, is reported to be a major cause of RT algorithm failure (Shabanov, et al., 2005); 

information on cloud state is provided in bits 3-4 of the FparLai_QC layer, and although 

these data were not interrogated, given that the Lowveld region of South Africa experiences 

summer rainfall maxima and significant rainfall events at this time of year, it is considered 

probable that several consecutive days of cloud cover at Terra overpass times (the MOD15A2 

product is composited at 8-day periods precisely to reduce the effect of cloud cover on 

retrievals) lead to algorithm failure in this single incidence in 2007. Despite the fact that 

retrievals by the backup algorithm are considered poor quality (Myneni, et al., 2007), the 

value returned on this occasion in 2005 appeared to be within realistic bounds (Fig. 11). 
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Comparison of modelled and measured water fluxes 

ETMODIS, applied at two seven and eight day periods in February and May of 2005, predicted 

a total of 27.4 and 6.7 mm evapotranspiration respectively (Table 5), relative to measured 

values of 32.5 and 8.2 mm; this represents an underestimation in modelled relative to 

measured values of 15.7 and 18.3 % respectively. Regression models fitted to respective 

datasets returned r2 values of 0.67 in February and 0.34 in May, the latter representing the 

lowest returned for any of the sites assessed in this study.  

 

While these results suggests a relatively small margin of error when expressed as a 

percentage in each case, r2 values, with specific reference to the second validation period in 

May, demonstrate a poor fit of modelled to measured data, where just 34 % of measured data 

could be explained by ETMODIS. Factors affecting model performance described for the EC 

site in Section 5.3.1, specifically distance of the climate station from the flux measurement 

site, and potential overestimation of LAI by the RT algorithm in the dry season, are equally 

of concern in this case, however of particular relevance, given the sparseness of data points 

available for validation, may have been the discrepancies in temporal scales of input data and 

model outputs. The MOD15A2 LAI product is produced as an 8-day composite, and there is 

a clear conflict in submitting these data to a daily time-step model, which becomes especially 

critical when the model is applied and/or validated over short periods. In the application of 

ETMODIS at the LAS site in 2005, just one MOD15A2 composite overlapped temporally with 

the 7-day period in February (Figs. 13A and B), and two with the 8-day period in May (Figs. 

14A and B). The coarseness of these data input to ETMODIS configured to produce higher 

temporal resolution daily estimates inevitably propagate errors, which become statistically 

more significant when modelled over short periods of time. This is discussed in Section 5.4.  

 

5.3.3 Bellevue 

MOD15A2 LAI and vegetation phenological dynamics 

Savage, et al., (2004) describe Bellevue as a mixed community grassland system, which, in 

contrast to both Skukuza and Groenkop, is characterised by a relatively high degree of 

variation in land cover within the MODIS pixel footprint area, consisting of both natural and 

maintained grass cover, the former comprising a significant woody component, as well as a 

small proportion of built-up area and riparian vegetation (Figs. 3 and 28). Similar to the 

Skukuza sites, Bellevue, located on the eastern seaboard of KwaZulu-Natal, receives a 

majority of precipitation in summer, although MAP is higher in this region, with 724 mm 
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relative to 560 mm at Skukuza; given greater water availability, more productive systems 

characterized by higher standing plant biomass would be expected under natural conditions. 

Long-term MODIS data was again analyzed to assess algorithm performance in local 

conditions, and characterize trends and seasonal patterns in vegetation phenology.  

 

Observations of long-term vegetation phenological patterns at Bellevue (Fig. 15B) were 

comparable to the Skukuza sites (Figs. 5B and 10B), with peaks of around 1.5 in the summer 

wet seasons, declining to minima of approximately 0.2-0.3 in the winter dry seasons; these 

maxima and minima, despite higher rainfall at Bellevue, are somewhat lower than the 

Skukuza sites however, with an average of 0.8, relative to 0.99 and 1.02 at Skukuza, and a 

lower seasonal amplitude (92 %, as opposed to 113 %). Visual comparison of both long-term 

and annual LAI at each site suggests that vegetation remains dormant for shorter periods over 

the dry season at Bellevue than Skukuza, with the latter demonstrating relatively more rapid 

declines and inclines between seasonal maxima and minima in each case. 

 

A histogram of LAI values retrieved at the site indicates a maximum observed LAI of 2.2 and 

a minimum of 0.1 (Fig. 15A). Significantly, an abnormal distribution of values is evident, 

with a large predominance of retrievals of LAI = 0.3. On initial estimation, this could be 

considered to be attributable to the maintained grass surface at the park area to the north-west 

of the pixel (Fig. 28), which is mowed occasionally throughout the year (Savage, et al., 

2004), and which would conceivably result in LAI values within a relatively consistent range 

across the year; this hypothesis is not supported by either the long-term or annual LAI values 

plotted in Figures 15B and 16, however. In this regard, it is also likely that higher biomass 

vegetation elements to the south and east of the pixel, accounting for the majority of the pixel 

by area, would dominate spectral signatures, and render this effect over a relatively small 

proportion of the total pixel area largely undetectable by the MODIS sensor, and there is the 

possibility that these values may rather be an artefact of inaccuracies in RT algorithm 

simulations and/or inputs (discussed in Section 5.4). 

 

Again, there is relatively higher inter and intra-annual variation in LAI evident in the summer 

growth season at Bellevue relative to the winter dry season, with large variation about the 

mean evident at these times of the year (Fig. 15B); these erratic values may reflect rapid 

physiological responses to low and uneven precipitation and changes in soil moisture 

availability typical in water-limited systems (Dye et al. 2008), or, again, may instead be non-
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physical values, an artefact of uncertainties in the RT algorithm. Interrogation of annual data 

retrieved at the site in 2003 demonstrate similarly erratic values in the wet season, 

particularly in January through to late March/early April, following which a relatively steep 

and consistent drop in values occurs until about day 225 (mid-August), as vegetation 

physiological activity declines in response to decreases in energy and water availability, and 

deciduous trees and shrubs decouple from the system (Fig. 16).  

 

LAI retrieval quality 

MODIS observations at the Bellevue site, with the exception of the predominance of 

retrievals of 0.3 LAI, and somewhat erratic values retrieved in the wet season, appeared to 

generally realistically reflect seasonal vegetation phenological patterns for the period of 

observation, with long-term average summer maxima of approximately 1.5 LAI transitioning 

relatively smoothly to average winter minima of approximately 0.2-0.3 LAI (Fig. 15B). The 

long-term maximum LAI value of 2.2 (Fig. 15A), which approaches the values observed at 

the Skukuza sites (Figs. 5A and 10A), probably exceeds that which could reasonably be 

expected for the maintained grass surface characterizing the validation site as described by 

Savage, et al. (2004) however, and suggests an effect of spectral dominance of higher 

biomass vegetation elements to the south and east of the pixel area (Fig. 28). This presents 

significant difficulties in terms of identifying the correct parameter value for LAImax for this 

system, and seems to be a somewhat intractable problem for remote sensing approaches in 

complex landscapes, discussed later in this chapter. 

 

Interrogation of the quality assessment data revealed a dominance of retrievals by the RT 

algorithm at the site in 2003, confirming best possible quality, with just one retrieval 

executed by the back-up algorithm (day 361) (Fig. 16). Again, no interrogation of the cause 

of the failure of the RT algorithm was performed, although the fact that it occurred in the 

summer rainfall season suggests that cloud cover would again have been responsible; in this 

case however, LAI returned by the back-up algorithm is clearly spurious, being significantly 

lower than both adjacent values retrieved by the RT algorithm.   

 

Comparison of modelled and measured water fluxes 

At the Bellevue site, ETMODIS predicted a total of 266.2 mm evapotranspiration over the 235 

days of corresponding data availability in 2003, relative to 460.19 mm measured 

evapotranspiration (measured using a SLS; missing data patched using EC and BR data) (Fig. 



100 
 

19 and Table 5), representing an underestimate of predicted versus measured 

evapotranspiration of 42 % (Table 5). This was the largest margin of error, expressed as a 

percentage of modelled versus measured evapotranspiration, encountered at any of the sites 

in this study. Despite this substantial underestimation, a regression analysis of modelled and 

measured data returned a r2 value of 0.67 for the 235 day period (Fig. 20 and Table 5), and is 

within the mid range of values reported for several published models reviewed by Glenn, et 

al., (2010).  

 

Several uncertainties in model performance were identified at the Bellevue site, 

predominantly relating to: 

 

• the high degree of variation in land cover within the MODIS pixel at the site, which 

introduces particular challenges to remote observation of vegetation characteristics and 

land cover, and radiative transfer modelling specifically (Garrigues, et al., 2008);  and  

 

• in relation to this, differences in footprint dimensions between micrometeorological 

instruments and satellite pixels, which leads to uncertainty in validation of modelled 

outputs in complex landscapes (Glenn, et al., 2007).  

 

In particular, there were concerns regarding use of the LAImax value 2.2, as it was considered 

unrealistically high for the surface comprising the SLS/EC/BR footprint; as alluded to above, 

this may have been an effect of higher biomass vegetation dominating spectral signatures at 

the pixel (i.e. high land cover variation in combination with differences in MODIS pixel size 

and flux footprint dimensions), although other possible errors, including uncertainties in RT 

modelling in mixed vegetation sites, and errors in land cover inputs to the RT algorithm, may 

have contributed, and are assessed in Section 5.4.  

 

5.3.4 Groenkop  

MOD15A2 LAI and vegetation phenological dynamics 

Ecohydrologically, the Groenkop site is distinct from others assessed in this study; the system 

is characterized by significantly larger amounts of standing plant biomass, comprised of a 

largely homogenous and nearly closed canopy across the entire pixel area, which is reported 

to be phenologically relatively stable across the year (Dye, et al., 2008). The area receives 
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larger volumes of precipitation than both the Skukuza and Bellevue sites (with a MAP of 860 

mm, relative to 560 and 724 mm at Skukuza and Bellevue, respectively), with peaks in March 

and October/November (autumn and early summer), although it is located on the eastern 

verge of the winter rainfall region of South Africa; this is significant in plant physiological 

terms in that, in contrast to the Skukuza and Bellevue sites, periods of high evaporative 

demand in summer and precipitation maxima do not entirely coincide. Long-term LAI was 

again analyzed to determine MODIS algorithm performance in this evergreen mixed 

indigenous forest system, and to characterize trends and patterns in vegetation phenology.   

 

In contrast to the Skukuza and Bellevue sites, long term phenological patterns at Groenkop 

demonstrate significant inter and intra-annual variation in LAI in the winter months (as 

opposed to predominantly in the summer months in Skukuza and Bellevue, located in 

summer rainfall regions), with large variation about the mean at these times, and relatively 

consistent values in summer months (Fig. 21B). Long-term average maxima of 

approximately 6.1 LAI are noted in summer, with values in winter fluctuating erratically 

between approximately 2.4-5.9. Annual LAI for 2004 reflect long-term patterns described 

above, with highly erratic fluctuations in winter months, and relatively more consistent 

patterns in summer (Fig. 22).    

 

Maximum and minimum LAI retrieved over the nearly 10-year period of data availability 

was 8.8 (retrieved on a single occasion), and 0.5 (retrieved on a single occasion), 

respectively, with frequency distribution demonstrating negatively skewed values and a 

predominance of retrievals between ~4.8-6.3 (Fig. 21A). Seasonal amplitude in LAI at this 

site was 70 % (LAI = 3.4) of the long-term average (4.9) which, although the lowest peak to 

trough difference for all the sites assessed in this study, is still considered high for this system 

relative to values reported at other evergreen broadleaf forest sites (Dye, et al., 2008; Myneni, 

et al., 2007). These data largely contradict the observations of Dye, et al. (2008), who suggest 

that Groenkop forest is characterized by generally stable canopy dynamics across the year, 

with a combined canopy and understory LAI of approximately 4.  

 

LAI retrieval quality 

Phenological patterns described by the algorithm at this site demonstrate a high proportion of 

erratic, apparently non-physical values, particularly in the winter months, as described above. 

Both LAI maxima and minima returned over the period of analysis, 8.8 and 0.5 respectively, 
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appeared to be beyond realistic bounds expected for this system, with long-term average LAI 

(4.9) exceeding that reported by Myneni, et al. (2007) for the Amazon forest (4.7), based on 

5-years of data retrieved using the Collection 4 version of the RT algorithm. On this basis, it 

was concluded that MODIS was generally unable to realistically describe canopy 

phenological dynamics in this system, with particular inaccuracies evident during winter 

months. 

 

Retrievals performed via respective execution branches of the algorithm in 2004 are plotted 

in Figure 22. Relatively high instances of retrievals performed by the backup algorithm (13 % 

of retrievals in 2004), considered low quality, and the RT algorithm with saturation (54 %), 

considered moderate quality, are evident (Yang, et al., 2006); the proportion of best quality 

retrievals successfully executed by the RT algorithm, just 33 % in 2004, was the lowest by a 

significant margin of all the sites assessed in this study.  

 

Two factors explain the occurrence of retrievals by methods other than main RT approach in 

this instance: firstly, as described earlier, RT algorithm failure occurs in high cloud 

conditions and conditions of atmospheric contamination; the southern Cape region of South 

Africa experiences frequent frontal systems, associated with significant cloud cover, that pass 

over this region of the country during winter (Dye, et al., 2008), and would seem to explain 

observed RT algorithm failure almost exclusively at this time of the year. Secondly, retrievals 

over dense vegetation canopies, typically above 3.5 LAI, can result in saturation of the 

optical signal, where low sensitivities of LAI to surface reflectances occur, a condition 

described as saturation and which results in inaccuracies in modelled LAI (Shabanov, et al., 

2005). Several improvements were implemented to the RT algorithm to address this issue, 

discussed in Section 5.4.4. 

 

Comparison of modelled and measured water fluxes 

ETMODIS was evaluated over three discrete periods of four, seven and seven days in February, 

June, and September/October in 2004 (Figs. 24A, 25A and 26A). Modelled 

evapotranspiration for these periods was 9.7, 10.3 and 17.0 mm respectively, relative to 

measured evapotranspiration of 12.5, 11.6 and 22.4 mm (LAS system) (Table 5). These 

figures represent an underestimation of modelled versus measured evapotranspiration in each 

case of 22.4, 11.2 and 24.1 mm respectively (Table 5).  
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Linear regression models fitted to ETMODIS and LAS data returned r2 values of 0.98, 0.43 and 

0.8 for the February, June and September/October validation datasets respectively (Figs. 24B, 

25B, 26B and Table 5), with values in the winter validation periods representing the highest 

returned for any of the sites assessed in this study; conversely, the summer value represented 

the second lowest returned for any site. Given the high proportion of retrievals by execution 

branches other than the main RT algorithm at this site, each data point used in validation was 

labelled to indicate which retrieval approach was applied, thus contributing to establishing 

confidence limits in the data, where 0 = main RT algorithm (best possible quality), 1 = RT 

with saturation (moderate quality), and 3 = backup algorithm (poor quality). Modelled data 

clearly demonstrate better agreement with measured data during summer (r2 = 0.98 and 0.8 in 

February and September/October, respectively), with significantly poorer agreement during 

winter (r2 = 0.43 in June). This is despite the fact that the single retrieval used in validation in 

February was performed using the backup algorithm, reportedly of low quality. Two 

retrievals used in the September/October validation period were both performed using the 

main RT approach, while two retrievals used in the June validation period were performed 

using the backup approach and RT approach with saturation, respectively; this would in part 

explain the poor agreement observed in the data in June. 

 

There were significant uncertainties and potential sources of error identified in model 

application at the Groenkop site, relating predominantly to the apparent unreliability of LAI 

retrievals by the RT and backup algorithms, particularly in winter, submitted to ETMODIS; to a 

lesser extent, similar to the LAS site at Skukuza, the small number of data points available for 

validation and effects of discrepancies in temporal scales of input LAI data and modelled 

outputs, were also of concern, and would have been a factor despite high r2 values in summer 

validation periods. 

 

5.4 Uncertainties in ETMODIS and measured flux data 

Several potential sources of error and uncertainty were identified in model performance and 

evaluation, discussed in Sections 5.3.1 to 5.3.4, which have implications either for model 

performance directly (i.e. model accuracy), or validation (i.e. the measure of model 

performance); the former imply errors in ETMODIS, while the latter imply errors or 

uncertainties in the approach to evaluation of ETMODIS. Five broad types of error and 

uncertainty are identified:  
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1. uncertainties in measured evapotranspiration data from ground-based instrumentation 

used in validation in each case; 

 

2. differences in the flux components being evaluated; 

 

3. differences in flux footprint dimensions of ground-based instrumentation and MODIS 

pixels in complex landscapes, and uncertainties related to scaling up; 

 

4. uncertainties in the RT algorithm and inputs, and ultimately MOD15A2 LAI submitted to 

ETMODIS; and 

 

5. uncertainties in ETMODIS, including assumptions and parameterization. 

 

These are discussed in the following sections. 

 

5.4.1 Uncertainties in measured flux data and limits of instrument accuracy 

Micrometeorological instruments have generally been shown to be capable of delivering high 

quality estimates of surface fluxes in most ecosystems, assuming rather extensive criteria 

regarding instrument set-up (including minimum fetch requirements and sensor 

configurations) and data analysis and processing are met (Savage, et al., 2004; Glenn, et al., 

2007; Zeweldi, et al., 2009). They remain subject to several sources of error and uncertainty 

however (Glenn, et al., 2007), which may ultimately yield inaccuracies in validation of 

modelled outputs. Glenn, et al., (2007) review several studies assessing the performance of 

EC systems in a range of conditions, concluding that flux estimates from these systems are 

associated with errors in the order of 20-30 %, as validated by independent techniques; errors 

may be systematic (i.e. apply consistently to all or parts of the daily cycle) or random 

(Moncreiff, et al., 1996). They report a similar spread in values (20 %) for estimates obtained 

in experiments using the BR technique. While any errors or inaccuracies in measured flux 

data used for validation in this study could not be quantified, there were some concerns 

regarding certain datasets in particular, which demonstrated a number of apparent anomalies; 

these included EC data from the flux tower at Skukuza, and SLS data from Bellevue.  

 

Cursory observation of EC (Fig. 7) and LAS (Fig. 12) data at the Skukuza sites revealed 

marked differences in the magnitude of evaporative fluxes registered at respective sites and 
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years, where EC data demonstrate consistently lower values than the LAS instrument where 

datasets overlap (Figs. 7 and 12; the same data are plotted in Figure 27 for comparison). 

While any comparison of these data must be done with caution, and cognisant of specific, 

variable microclimatic conditions driving evapotranspiration at each site between years, it 

may nevertheless be reasonable to expect some level of agreement between the data, given 

the proximity of the sites, and similarity in biophysical conditions and MODIS LAI values 

observed in each case (Figs. 6 and 11). Despite the large discrepancies in precipitation 

between years at Skukuza however, where approximately double the amount of precipitation 

in 2005 was recorded in 2007, evapotranspiration recorded by the LAS in 2005 over two 

discrete periods was markedly higher than that recorded by the EC in 2007 (Fig. 28). 

Observation of cumulative rainfall for respective periods reveals that greater volumes of 

precipitation fell in the first months of 2005 relative to 2007 (Fig. 27), however; in 

combination with the possibility of higher levels of soil moisture storage in 2005 at the LAS 

site, this may to some extent explain this phenomenon. Nevertheless, other than to note these 

apparent discrepancies, without additional field measurements it is difficult to make any 

conclusions regarding the accuracy of respective datasets however. 

 

 
Figure 27: Comparison of EC and LAS data for Skukuza sites in 2005 and 2007 respectively, 

indicating LAI for both years (y axis is logarithmic). 
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The other instance where concerns regarding measured flux data emerged was Bellevue, 

where seemingly high rates of evapotranspiration were recorded by the SLS (patched with 

BR and EC data) instrument deployed at the site in 2003. For 365 days in 2003, 634.6 mm 

evapotranspiration was recorded by Savage, et al., (2004), which exceeded rainfall of 478.9 

mm for the same period. Evapotranspiration may exceed precipitation in certain cases where 

plants are able to access stored soil moisture, or where soil moisture is augmented, for 

example by fog drip or lateral water flows in the soil profile (Dye, et al., 2008), and has been 

noted to occur in the KwaZulu-Natal midlands area where significant mist events may occur 

(Clulow, 2007). Significant disagreement between ETMODIS and ETa in this instance 

(evapotranspiration was under-predicted by 42 %) however, in combination with the fact that 

annual ETa exceeded precipitation, perhaps suggest that closer examination of validation data 

at this site may be required. 

 

5.4.2 Differences in flux components being evaluated 

A second contributing factor to the observed differences in modelled and measured data may 

be attributable to differences in the flux component/components being evaluated in respective 

approaches; ground-based micrometeorological instruments measure total moisture flux, i.e. 

evaporation from soil and canopy surfaces, and transpiration from vegetation, within the flux 

footprint, whereas ETMODIS, being based entirely on the FAO-56 equation (which calculates 

ET0 for a fully vegetated surface) and LAI, effectively provides an estimate of transpiration 

only. Because transpiration dominates evaporative fluxes in most systems (Williams, et al., 

2004), potential error introduced into modelled evapotranspiration in this way is probably 

negligible, however, may theoretically become significant where vegetation cover is very low 

and soil evaporation represents a larger component of total evapotranspiration; this is difficult 

to account for given that there is no easy way to differentially measure evaporation and 

transpiration simultaneously.  

 

Both Bellevue and Groenkop sites almost certainly comprised full, actively 

photosynthesizing vegetation cover throughout periods of validation, and evaporation is 

likely to have comprised a negligible proportion of total moisture flux; however, during the 

dry season in Skukuza, when much of the vegetation becomes dormant, evaporation from soil 

surfaces may have represented a significant fraction of total evapotranspiration, and the 

inability of ETMODIS to account for these fluxes could potentially have introduced measurable 

error. The 15.7 % underestimate of evapotranspiration by ETMODIS relative to the LAS in 
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2005 would support this reasoning (Table 5); in contrast however, the 31.7 % overestimate of 

evapotranspiration relative to flux tower measurements in 2007 suggests that any error 

introduced by neglecting soil evaporation by the model was, in this instance, relatively 

insignificant. 

 

5.4.3  Differences in MODIS pixel size and ground-based flux footprint dimensions in 

complex landscapes 

Differences in the dimensions of the MODIS pixel and flux footprints of micrometeorological 

instruments introduces significant uncertainty into validation, given that it is difficult to 

determine to what extent ground-based flux measurements are representative of conditions 

within the satellite pixel; this uncertainty is compounded in complex landscapes and where 

differences in pixel/footprint dimensions are large (Glenn, et al., 2007). Validation sites for 

this study were specifically selected to limit landscape complexity to the extent possible, 

however, there were concerns at the Bellevue site, where large differences in 

micrometeorological flux measurement footprint and MODIS pixel area occurred, in 

combination with a high degree of surface heterogeneity (Figs. 3 and 28). Fetches reported by 

Savage, et al., (2004) for the SLS and EC instruments were 90 and 138 m for transmitter and 

receiver respectively in prevailing north westerly winds (SLS), and 135 m for the portable EC 

instrument, significantly smaller than the 1 km2 MODIS pixel area (Fig. 28). 
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Figure 28: Aerial image of the Bellevue site (MODIS pixel footprint in white outline) 

indicating the SLS path to the NW; high land cover variation is evident, with high plant 

biomass loads visible to the south and east of the SLS flux footprint. 

 

In this case, it would be expected that natural grassland/woody savanna areas and riparian 

vegetation components to the south and east of the pixel would typically dominate spectral 

reflectances in the MODIS pixel, resulting in LAI observations unrepresentative of spectrally 

weaker areas (such as would be expected for the flux footprint area of micrometeorological 

instrumentation) and the pixel as a whole, ultimately introducing error into modelled data, 

and disagreement with measured fluxes. 

 

Both Groenkop and Skukuza sites (EC flux tower and LAS) on the other hand demonstrated 

little or no visible land cover variation within the MODIS pixels used in validation (Figs. 2 

and 4), largely eliminating any uncertainty in this regard. In addition, the flux footprint of the 

LAS instruments used at Skukuza in 2005 and Groenkop, given its capability for longer beam 

path lengths (4250 and 3200 m respectively), is better representative of the 1 km2 MODIS 

pixel area than both the SLS instrument, as well as the EC flux tower, with a fetch of 600 m 

in the prevailing wind direction at Skukuza. 

 

In addition to these uncertainties, land cover variation also presents several complex 

challenges to remote observation of vegetation characteristics, as well as the radiative transfer 
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algorithm and remotely-sensed inputs specifically (Privette & Roy, 2005; Garrigues, et al., 

2008), introducing further uncertainty into model validation. With regards to the former, 

mixed vegetation types and vegetation clumping at sub-pixel scales are generally not well 

described by global radiative transfer models (Garrigues, et al., 2008), and present particular 

difficulties to remotely-sensed land cover classification, which is a key input to the MODIS 

RT algorithm (discussed in Section 2.7.1); these uncertainties are addressed in the following 

section. 

 

5.4.4 Uncertainties in LAI RT algorithm, and algorithm inputs 

Remotely-sensed LAI is a key input to ETMODIS, and although no rigorous sensitivity analysis 

was conducted in this study, model performance is recognised to be highly sensitive to LAI 

estimates provided by the MODIS RT algorithm. Generally, the quality of LAI modelled 

using the RT algorithm is determined by two main factors:  

 

1. uncertainties in algorithm inputs (surface reflectances retrieved by the MODIS instrument 

and land cover inputs derived from the MOD12Q1 product); and  

 

2. model uncertainties, or the consistency between RT simulations stored in the algorithm 

LUTs, and corresponding MODIS surface reflectances (Shabanov, et al., 2005). 

 

While it was not possible to assess uncertainties relating to MODIS surface reflectances and 

inconsistencies with LUT simulations stored in the algorithm directly, published literature 

dealing with validation of the LAI product was reviewed to establish algorithm performance 

in the systems encountered in this study, particularly broadleaf forests, given the high 

proportion of low quality retrievals observed in this study. A large number of publications are 

available that address the issues of validation and uncertainty in the LAI products (for 

example, Privette, et al., 2002, Shabanov, et al., 2005; Heinsch et al., 2006; Garrigues, et al., 

2008).  

 

Algorithm failure and overestimation of LAI in broadleaf forests, specifically in earlier 

versions of the product, were discovered to be due to inaccurate radiative transfer parameters 

(specifically leaf albedo), the fact that no distinction was made between evergreen and 

deciduous broadleaf classes, and a high sensitivity of the algorithm to noise in surface 

reflectances for high LAI in the saturation domain. Several improvements were introduced to 
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the most recent version of the algorithm, termed Collection 5 (utilized in this study) to 

address these issues. Key improvements include an eight biome land cover classification 

system (as opposed to the six biome system incorporated into Collection 3, and earlier 

versions of the algorithm), where broadleaf and needle leaf forest classes are divided into 

evergreen and deciduous sub-classes, and improvements in RT simulations in the saturation 

domain (a new stochastic radiative transfer model was applied, allowing better representation 

of canopy structure and spatial heterogeneity typical of woody biomes, and to achieve 

improved radiometric consistency between simulated and MODIS reflectance values) 

(Shabanov, et al., 2005). Recalculations by the new stochastic RT model resulted in an 

increase of 10-15 % in the proportion of global retrievals performed by the best quality main 

algorithm in forest biomes, and Collection 4 anomalies over deciduous broadleaf forests 

(overestimation through the year and failure in summer) and evergreen needleleaf forests 

(overestimation of seasonal peak) were significantly reduced (Yang, et al., 2006). Despite 

these improvements in the algorithm, the accuracy of retrievals is, however, ultimately 

limited by the accuracy of MODIS surface reflectance inputs. 

 

Several steps have been introduced in an attempt to reduce error in this regard, including 

compositing to limit the effect of cloud and aerosol contamination (Knyazikhin, et al., 1999), 

utilizing data retrieved at different overpass times (either from Terra, which retrieves data in 

the morning, or Aqua, which retrieves in afternoon), and the combination of reflectance data 

from both Terra and Aqua to ensure that best available data is used (Mȕnch, et al., In Press). 

Recent LAI products from the Aqua satellite, and combined Terra/Aqua products, are 

discussed later in this thesis. 

 

Land cover classification uncertainties 

With regards to uncertainties relating to land cover inputs specifically, these may be 

relatively easily evaluated by interrogating the MOD12Q1 land cover dataset submitted to the 

RT algorithm in the MOD15A2 product. Land cover, in combination with MODIS spectral 

information, is a key input into the RT algorithm affecting retrieval quality (Shabanov, et al., 

2005). It determines unique model configurations and fixed parameter values appropriate to 

each biome that yield information on vegetation architecture and radiative transfer regimes 

(Privette, et al., 2002; Kauwe, et al., 2011). Land cover classification utilized in the 

Collection 5 RT algorithm is based on the IGBP system, comprising eight classes 

differentiated according to grasses and cereal crops, shrubs, broadleaf crops, savannas, 
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broadleaf forests (with evergreen and deciduous subclasses), and coniferous forests (with 

evergreen and deciduous subclasses). 

 

The MOD12Q1 land cover classification for each of the MOD15A2 pixels assessed was 

interrogated to establish confidence limits in algorithm performance; the analysis confirmed 

correct classification in all cases with the exception of the Bellevue site, which was 

incorrectly classified as “urban and built up” (Fig. 29B). The extent to which erroneous land 

cover classification may have forced errors in LAI values modelled by the RT algorithm (and 

ultimately propagating into errors in ETMODIS) is not quantified, although non-physical values 

would be anticipated. Land cover classification errors would seem to present a somewhat 

intractable problem in global remote sensing approaches of this nature, particularly in highly 

complex and dynamic landscapes, where classification based on spectral information is 

inherently more challenging; this is amplified in moderate resolution products such as 

MODIS, where large variation in land cover may occur within individual pixels footprints, in 

this case 1 km2.  
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A. 

 

B. 

 
 C. 

 

 

Figure 29: MOD12Q1 Land cover classification for A. Skukuza, B. Bellevue, and C. 

Groenkop sites. 

 

5.4.5 Uncertainties in ETMODIS, and parameterization of terms:  

The fifth type of uncertainty relates to ETMODIS, including its theoretical basis and 

assumptions, as well as specific uncertainties related to parameterization of input variables, 

including the following: 

 

• the assumption that ETa never exceeds ET0; 

• uncertainties associated with identification of pixel LAImax input to ETMODIS; 

• uncertainties associated with potential microclimatic differences at weather stations 

used to calculate FAO-56 input to ETMODIS, and flux measurement sites;  
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• conflicts in temporal resolution of input MODIS LAI data, and modelled daily 

evapotranspiration outputs; and 

• uncertainties associated with the use of class A-pan data to parameterize ETMODIS in 

the absence of suitable FAO-56 data. 

 

These points are discussed below. 

 

Model assumptions:  

A key assumption of ETMODIS is that ETa never exceeds ET0, assumed to occur when LAI = 

LAImax (Equation 20); this relationship determines the scaling of ETa from ET0, and therefore 

has fundamental implications for model performance. However, this assumption may not 

always hold, specifically in systems characterized by very high LAI, such as forests; the FAO 

definition of a reference surface is defined as a grass surface of uniform height in full 

physiological activity, where surface resistance is 70 s m-1 with an assumed (active) LAI of 

half actual LAI, where LAI is assumed to be 24 x vegetation height (0.12), resulting in active 

LAI of 1.44 (Equations 16 and 17, Chapter 2) (Allen, et al., 1998). Dye, et al., (2008) 

reported that reference evapotranspiration as calculated by the FAO-56 method 

underestimated measured fluxes (LAS) at Groenkop forest when ET was high, and 

overestimated fluxes at low ET, which they suggest is due to the assumption of a constant 

surface resistance in the FAO-56.  

 

Although the relationship between LAI and canopy conductances appears to be non-linear 

and variable due to changes in leaf-level stomatal conductance rates in response to external 

stimuli, given the large difference in the LAI of these surfaces (maximum LAI retrieved at 

Groenkop was 6.8; Fig. 21A), it would be reasonable to assume that these systems are 

capable of higher rates of evapotranspiration than the FAO reference surface, borne out by 

the results of Dye, et al. (2008). This would suggest that the range of systems within which 

ETMODIS may confidently be applied should be restricted to those with LAI values that at least 

approach those assumed for the reference surface. 

 

Uncertainties regarding identification of pixel LAImax 

The maximum LAI parameter value submitted to ETMODIS (LAImax) has significant 

implications for model performance. The approach assumes that optimal levels of 
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productivity are achieved in the system within the approximately 10-year time-span of 

MODIS data (represented by the LAImax value returned for some 460 retrievals), thus 

establishing the upper bound against which system performance and water use is scaled in 

ETMODIS. However, given that remotely sensed data are by nature prone to multiple sources of 

uncertainty, some difficulty was encountered in attempting to solve LAImax in an objective 

manner in certain cases. At the Bellevue and Groenkop sites in particular, several seemingly 

anomalous LAI values were returned over the 10-year period of analysis; in combination with 

relatively high incidences of low quality retrievals performed with the backup algorithm at 

Groenkop, and the RT algorithm with saturation, significant uncertainty was introduced into 

parameter selection at these sites.  

 

Maximum LAI values retrieved by MODIS, and submitted to ETMODIS, at Groenkop over the 

approximately 10-year period of analysis was 6.8, and 2.2 at Bellevue (Figs. 15A and 21A 

respectively), both of which are considered uncharacteristically high for these systems 

(Asner, et al., 2003; Dye, et al., 2008; Myneni, et al., 2007) (see Sections 5.3.3 and 5.3.4 for 

a discussion of retrieval uncertainties at these sites). To evaluate the effect of non-physical 

LAImax values submitted to ETMODIS on model results, the model was run using a parameter 

value of 1.7, the average LAI for grasslands based on the results of 28 studies using various 

destructive and non-destructive approaches, and synthesized by Asner, et al., (2003). Based 

on this value, ETMODIS predicted 344.65 mm evapotranspiration for the 235 days of flux data 

availability relative to ETAVE of 460.19, representing an underestimate of 25.1 %, as opposed 

to 42.0 % using the 2.2 LAImax parameter value (the coefficient of determination obviously 

remains unchanged). This demonstrates the sensitivity of ETMODIS to LAImax, where an 

inverse relationship between LAImax and modelled evapotranspiration exists. 

 

Proximity of weather stations used to calculate FAO-56 inputs to ETMODIS to flux 

measurement sites 

FAO-56 calculations used to derive ETMODIS are in most instances based on 

micrometeorological data recorded at the nearest operational automatic weather station 

(where indicated, however, class A-pan data were submitted due to an absence of operational 

automatic weather stations within reasonable proximity to validation sites), which vary in 

proximity to respective validation sites. Differences in micrometeorological conditions 

measured at weather stations, determining the ET0 component of ETMODIS, were assumed to 

be negligible, and the effect of distance has largely been ignored; differences in 
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micrometeorological conditions may conceivably become a factor where larger distances, or 

significant differences in altitude occur, however.  

 

Application of ETMODIS at both Groenkop and Bellevue utilized FAO-56 inputs calculated 

based on data recorded at the sites themselves at validation periods, and A-pan data for 

remaining periods, measured at distances no further than 12 – 13 kilometres away. While 

variations in micrometeorological conditions were likely negligible in these instances, the 

distances between flux measurement sites at Skukuza and the location of Malekutu weather 

station used in calculating the FAO-56 input were significantly larger, approximately 42 

kilometres in each case, although the altitudinal difference was relatively small: 538 m at 

Malekutu and 365 m at the flux measurement site. To establish whether micrometeorological 

differences may have been a factor in model performance, ET0 calculations from an earlier 

time period, recorded at the nearby Skukuza weather station4 located some 11.5 kilometres 

from the flux measurement sites, were compared to calculations from the Malekutu station 

for the same period; little discernible difference was noted between the datasets, and it was 

concluded that differences in micrometeorological conditions were unimportant despite the 

relatively large distance separating measurement sites in this instance.  

 

Conflicts in temporal resolution of input LAI data and modelled daily evapotranspiration  

The MOD15A2 LAI products are produced as 8-day composites, where the highest LAI 

value observed over the composting period is returned (Knyazikhin, et al., 1999); there is a 

clear conflict in using temporally coarse data to produce higher resolution modelled outputs, 

in this case at daily time-steps. Where estimates of water use are required over shorter time 

periods, these discrepancies in temporal resolution of model inputs may result in potentially 

significant inaccuracies in evapotranspiration estimates by ETMODIS, particularly where daily 

variation in LAI is high; this may to some extent have explained the poor agreement between 

modelled and measured fluxes observed in June 2005 at Skukuza, where a coefficient of 

determination of 0.36 was returned over a period of 8-days (Fig. 14B and Table 5).  

 

Model errors introduced through the submission of course resolution inputs can be resolved 

by increasing the temporal resolution of inputs, or degrading the resolution of modelled 

outputs; for water resource management applications, estimates of water use at daily time-
                                                 
4 Skukuza meteorological station (SANParks) is located in close proximity to the flux tower and LAS sites, 
however no microclimatic data were available for periods corresponding with validation in this study. 
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steps are desirable, and it is therefore preferable to increase the temporal resolution of LAI 

data submitted to the model, rather than degrade the resolution of model outputs. A combined 

LAI product (i.e. incorporating spectral information from both Terra and Aqua satellites) 

(MCD15A3) with a shorter 4-day compositing period became operationally available during 

the course of this research, and provides an opportunity to better match data input and output 

resolution. Its use within an FAO-56 formulation presents an opportunity for future 

investigation. 

 

Use of FAO-56 with class A-pan data  

In several instances, particularly in long-term (annual) applications of ETMODIS, it was 

necessary to rely on class A-pan data to parameterize ETMODIS where FAO-56 data were 

absent; as class A-pan provides a measure of evaporative demand of the atmosphere only, 

without accounting for vegetation controls on moisture fluxes, use of these data would 

inevitably introduce errors into ETMODIS, although were not quantified in this study. In nearly 

all cases, validation was performed using model outputs based on the FAO-56; however, A-

pan data was used at Bellevue, and would be expected to have influenced model performance 

at this site. Gaps in data availability are a recurring problem in applications of this nature, and 

class A-pan data were applied in this study to demonstrate the potential for secondary data 

sources where circumstances dictate. 

 

5.5 ETMODIS - opportunities and constraints to general application for water resource 

management objectives 

Scientifically rigorous, rule-based approaches to dealing with several key aspects of 

uncertainty would need to be developed in any attempt to operationalize ETMODIS for 

application over wider areas in South Africa; leading on from the points discussed in Section 

5.4.6, these relate to the following issues: 

 

• Selection of LAImax value submitted to ETMODIS 

The difficulties relating to objective selection of appropriate LAImax values for input to 

ETMODIS, and the implications of variations in the LAImax value for model performance, have 

been demonstrated in Section 5.4.6; MODIS pixel-level quality assessment information 

supplied with each image tile provides a useful first approach to evaluating reliability of 

retrievals, although significant uncertainty remains that is not described, particularly where 

complex land cover types are encountered (discussed below). A consistent, defensible 
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approach to identifying LAImax values for input to ETMODIS for the range of landscapes 

assessed would therefore be needed, and represents a significant challenge to operationalizing 

the approach over wider areas. 

 

• Model application in complex landscapes, and resulting uncertainty 

Related to the first point, landscape complexity presents particular difficulties in terms of 

remote observation of vegetation characteristics, including radiative transfer modelling, and 

land cover classification; issues relating to mixed pixels where spectral signatures may be 

dominated by spatially unrepresentative but high biomass vegetation types has been 

discussed in Section 5.4.6, as have the complexities of accurate land cover classification, 

particularly by moderate resolution sensors in these conditions.  

 

Several errors in land cover classification in the MOD12Q1 product (submitted to the RT 

algorithm) were encountered in the approach to this study, particularly in the Bellevue area, 

assumed to be attributable to the high variation of land cover in the region (Figs. 3 and 29B). 

Heterogeneous commercial and subsistence production landscapes characterize much of 

South Africa’s higher rainfall areas, and are often where information on evapotranspiration is 

especially needed, coinciding with areas where uncertainties in terms of remotely LAI inputs 

are likely to be highest. In this context, the quality of water use estimates required will set 

limits with respect to the degree of catchment land cover heterogeneity within which the 

model could confidently be applied (i.e. defining acceptable levels of uncertainty), where a 

need for high confidence estimates would effectively exclude heterogeneous catchments. 

 

• Representivity of climate data used to calculate ET0 input to ETMODIS 

In any application of ETMODIS at landscape scales, the footprint of flux estimation, ultimately 

at the level of the individual MODIS pixel, will with few exceptions be separated in space 

from the localities of ground-based weather stations at which weather data required to 

calculate the ET0 component of ETMODIS must be acquired. Given the uncertainty that 

potential differences in microclimate introduces to modelled outputs, rules would be required 

describing the acceptable range (in terms of distance; altitude) within which these data 

remain representative with respect to pixel (LAI) locations. 
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• Algorithm performance in forest biomes 

Despite the improvements to the RT algorithm implemented in Collection 5 MOD15A2 data 

to address high incidences of algorithm failure reported in earlier versions in broad-leaf 

forests (Shabanov, et al., 2005; Garrigues, et al., 2008), in the approach to this study, LAI 

retrievals were found to be highly erratic and generally unrealistic in this biome, particularly 

in winter, and specifically in indigenous broadleaf forests; interrogation of quality assessment 

data at Groenkop in 2004 revealed high proportion of retrievals by the backup algorithm (in 

winter), and main approach with saturation (throughout the year). Although information on 

cloud state, provided with the MOD15A2 data, was not interrogated, this is expected to be the 

cause of algorithm failure in these instances.  

 

In addition to the Groenkop site reported in this study, it is noted that similar results were 

obtained at several other forest sites not reported here. Based on these results, MODIS LAI 

retrievals over forests in South Africa appear to be associated with unacceptable levels of 

uncertainty, and given the unreliability of LAI inputs, ETMODIS is probably unsuitable as an 

approach for estimating continuous vegetation water use in these systems. 

 

 

6. Summary & Conclusions 

With growing human pressures on land and water in this century, it is widely acknowledged 

that integrated approaches to water resource management, in which explicit recognition is 

given to the connectivity of the hydrological cycle and the role of vegetation in water balance 

partitioning, are key to sustaining the country´s future water requirements. Post-Apartheid 

water legislation and policy, which strongly embraces the ideals of Integrated Water 

Resource Management (IWRM), provides a clear mandate to accomplish this, recognising 

that land use activities may have significant impacts on the hydrological cycle and should be 

regulated in terms of consequences for water resources. A major obstacle to achieving 

integration of land and water resource management to any real extent however, has been the 

technical difficulty of measuring the water use of land-based activities at appropriate time 

and spatial scales. Currently, satellite remote sensing is the only method by which criteria in 

respect of data continuity and spatial and temporal resolution can be met (Glenn, et al. 2007).  

 

In this thesis, a novel evidence-based approach for deriving continuous, spatially distributed 

estimates of evapotranspiration at daily time-steps and 1-kilometre spatial resolution is 
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described, based on functional convergence theory (Field 1991), and using the standard 8-day 

MODIS LAI product to adjust the FAO-56 Penman-Monteith equation according to 

vegetation physiological status. The approach responds to the need for simple, yet 

theoretically robust satellite-based techniques for the estimation of actual evapotranspiration 

over large landscape areas in South Africa, which typically demands relatively complex 

methodologies requiring extensive parameterization procedures (Gibson, et al., 2009; Mȕnch, 

et al., In Press). ETMODIS was tested at four sites located within three different ecosystems in 

South Africa, using validation flux data measured in earlier studies by means of EC and BR 

systems, and both large aperture and surface layer scintillometers; with two exceptions, 

ETMODIS was able to produce estimates of vegetation water use to within11.2– 24.1 % of 

measured fluxes, applied over a wide range of time periods (4 – 235 days) (Table 5). 

Coefficients of determination, describing the extent to which observed fluxes are explained 

by the model, again with two exceptions, ranged between 0.67 – 0.98, and are within the 

range of values reported for several published satellite-based evapotranspiration models 

reviewed by Glenn, et al., (2010). While the outliers cannot be ignored, potential causal 

factors with respect to these four instances where relatively large discrepancies in flux 

volumes and poor agreement between modelled and measured data were observed are 

comprehensively examined. 

 

Analysis of the possible causes of errors of uncertainty highlighted a variety of potential 

underlying causes for biases observed between modelled and measured data; broadly, these 

relate to: 

 

• uncertainties and potential error in measured data used in model evaluation, which 

have implications for model performance measures (i.e. errors in validation); 

 

• uncertainties and error in MODIS LAI input to ETMODIS, which have direct 

implications for model accuracy; and 

 

• uncertainties and error in ETMODIS itself, including model assumptions and 

parameterization. 
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Of these, probably the most significant source of uncertainty relates to model application in 

complex landscapes. Landscape heterogeneity presents particular difficulties to remote 

observation of land cover and vegetation characteristics, including LAI, particularly over the 

larger spatial scales of the moderate resolution sensors. Due to the sensitivity of the ETMODIS 

to LAI inputs, inaccuracies in this term yield potentially significant errors in modelled 

outputs; this is problematic given that much of South Africa’s higher rainfall catchments, 

where estimates of vegetation water use are often particularly needed, are characterized by 

heterogeneous commercial and subsistence production landscapes.  

 

Also of concern is the assumption by ETMODIS that ETa never exceeds ET0 (given that ET0 is 

based on a hypothetical surface in full physiological activity and never water limited) and that 

ETa = ET0 when LAI = LAImax. Earlier studies indicate that evapotranspiration in highly 

productive ecosystems does in fact exceed rates calculated for the FAO reference surface. 

Although the relationship between LAI and canopy conductance is non-linear and varies due 

to stomatal responses to environmental stimuli (Dye, et al., 2008), given that stomatal 

conductance is unknown, higher LAI must be assumed to equate with higher canopy level 

conductance; this would suggest that model application should strictly be limited to systems 

where LAI approximates that of the reference surface. Allen, et al., (1998) calculate 

photosynthetically active leaf area as half total leaf area, where leaf area = 24 x vegetation 

height (0.12 m), resulting in active LAI of 1.44, and total LAI of 2.9. 

 

With respect to the opportunities and constraints of ETMODIS as a viable approach for 

addressing queries regarding water use of land-based activities on an operational basis in 

South Africa, key issues relate to spatial and temporal scales required, and acceptable levels 

of uncertainty in modelled outputs. With regards to the former, spatial resolution of flux 

estimates by the model are ultimately determined by MODIS pixel resolution, which for all 

global LAI products currently available is 1 km2; MODIS products were developed for 

application at global scales, however, at landscape and catchment scales, most relevant to 

water resource management objectives, particularly in complex landscapes, the lack of 

resolution of land cover heterogeneity at 1-km becomes increasingly significant. For practical 

purposes, this effectively limits the use of the approach to relatively homogenous landscapes, 

where the “minimum mappable unit” is 1 km2. Application of the technique in complex 

landscapes is associated with a high level of uncertainty, increasing with the degree of 

heterogeneity, discussed in Section 5.4. 
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Regarding temporal resolution, the standard MOD15A2 product is delivered as an 8-day 

composite to reduce impacts of cloud and atmospheric contamination on retrievals, where the 

highest LAI value observed over the 8-day period is returned. Although MOD15A2 LAI is 

used to produce flux estimates at daily time-steps in this approach, this inevitably propagates 

error in modelled data, the significance of which is inversely proportional to the duration of 

observation. Essentially, therefore, confidence limits in daily time-step data are relatively 

lower, being optimal at 8-day time-steps. For water resource management purposes, where 

longer-term changes in water balance components are of interest, this may be adequate, 

however it presents a problem in ecohydrological research-related applications, where high 

levels of detail, and certainty, regarding fluctuations in vegetation water use are typically 

needed. 

 

Finally in this respect, and related to these issues, a key factor in considering potential areas 

of application of ETMODIS is the degree of certainty required in modelled outputs. The 

strength of the technique is its ability to offer continuous, spatially and temporally resolved 

estimates of vegetation water use at near-real time, the value of which lies in the high quality, 

validated remotely sensed LAI data, and its basis in sound, well-established physical theory, 

i.e. the FAO-56 Penman-Monteith equation. The simplicity of the approach may be perceived 

as both a strength and a weakness however, in that on one hand, parameterization 

requirements are low, reducing uncertainty and allowing widespread application, while on the 

other, important physical processes are neglected, for example soil and canopy evaporation, 

or changes in leaf-level stomatal conductances to ambient conditions, for example. 

Nevertheless, validation of model performance in this study suggests that it is in most cases 

able to produce flux estimates to within relatively close approximations of 

micrometeorological measurements. In this context, ETMODIS offers a useful means to assess 

vegetation water use over wide areas and across time, where alternatives are to a large extent 

unavailable, although it remains experimental and confidence limits should be set on the basis 

of further testing. 

 

6.1 Recommendations for further research  

Several potential avenues of future research directed at improving the performance of the 

basic approach described in this study are evident, discussed below.  
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• Testing uncertainties 

Primarily, such research would comprise further application of the model in a range of 

different ecosystems, and additional examples from the same ecosystems, towards testing the 

analyses of uncertainties presented in this thesis. This demands high quality validation data at 

scales which at least partially correspond with satellite pixel footprints, typically from 

micrometeorological instruments (and particularly the LAS instrument, given its capability 

for long path lengths, and therefore larger flux footprints), which are likely to become 

increasingly widely available in the near future as technologies become more accessible and 

affordable. This would contribute to describing the uncertainty in the model in its current 

form. 

 

• New global MODIS LAI products  

Since the release of the MOD15A2 8-day LAI product from the Terra satellite, and 

subsequent to the initiation of this study, additional Terra and Aqua, and combined 

Terra/Aqua four and eight day LAI products have become operationally available, including: 

  

~ the 8-day MYD15A2 product from the Aqua satellite; 

 

~ the Terra/Aqua combined 8-day MCD15A2 product; and  

 

~ the combined Terra/Aqua 4-day MCD15A3 product.  

 

The potential advantages of the Aqua/MYD15A2 and combined MCD15A2 products are 

associated with the different overpass times of the respective satellites (Terra captures images 

in the morning, and Aqua in the afternoon), which has important implications for spectral 

reflectances measured at the surface (Mȕnch, et al., In Press). The potential implications for 

LAI and ETMODIS would need to be determined. 

 

The MCD15A3 product offers the opportunity to improve the temporal resolution of LAI 

inputs to ETMODIS, and increase the confidence in modelled outputs at high time-steps. 

Evaluation would need to consider the potential compromise in quality of LAI given shorter 
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compositing periods however, in combination with the disadvantage of higher data 

processing requirements. 

 

• MOD16 global ET product 

At the time of preparation of this thesis, a global evapotranspiration product was newly 

released on an operational basis by the MODLAND team, based on the algorithm developed 

by Mu, et al., (2011), which uses the Penman-Monteith (Monteith, 1964) logic (as described 

in Section 2.6.4). Essentially, the MOD16 ET algorithm relies on gridded meteorological data 

and information on surface resistance, derived using the MOD15A2 LAI product to relate 

stomatal to canopy scale conductance, to produce 8-day, monthly and annual estimates of 

evapotranspiration at 1-km2 spatial resolution. No comparison of MOD16 ET and ETMODIS 

was performed during this study, however it would be interesting to evaluate the extent to 

which respective approaches demonstrate agreement. While the MOD16 ET product is based 

on advanced technique and physical theory, its designation as a global product inevitably 

implies certain trade-offs with respect to quality and precision of data inputs. ETMODIS 

represents a significantly more simple approach than Mu, et al., (2011), however has the 

advantage of being based on local, real-time microclimatic data. 
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