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guarantees end users’ freedom to run, study, share, and modify the tools. 
The development of an open-source Savanna Water Use and Water Stress 
Tool is essential to help improve rangeland resources management based 
on scientific evidence. In furthering the Nexus Approach, the integration of 
stakeholders’ perspectives within the framework of the project is promoted 
and Capacity Development actions reinforced.

2.	 The project focuses on safeguarding ecosystem services and livelihoods in 
Southern Africa, a region which is prone to water scarcity and where climatic 
change projections show that the ratio of temperatures/precipitation will 
progressively increase. This region has been a focus area of UNU-FLORES 
ever since its establishment in December 2012. The Institute started various 
initiatives in sub-Saharan Africa collaborating with a network of partners, 
among others addressing drought management. 

3.	 TIGER project 410 supports the Sustainable Development Goals (SDGs), 
shaping and dominating the internal development agenda for the coming 
decades, with UNU-FLORES and UNU in general being deeply involved in 
activities related to monitoring and implementation. The project outcomes 
are particularly relevant for SDG 6 (Ensure availability and sustainable 
management of water and sanitation for all), SDG 13 (Take urgent action 
to combat climate change and its impacts by regulating emissions 
and promoting developments in renewable energy), and SDG 15 
(Protect, restore and promote sustainable use of terrestrial ecosystems, 
sustainable manage forests, combat desertification, and halt and 
reverse land degradation and halt biodiversity loss), among other SDGs.

Overall, TIGER project 410 and in particular the tools introduced in this handbook 
are timely and pertinent considering the trends of global change. We hope that 
the TIGER tools will be taken up widely for resources management in African 
Savannas and developed further for additional applications in other regions.

Reza Ardakanian, Director
Stephan Hülsmann, Head of Unit, Systems and Flux Analysis considering Global 
Change Assessment

FOREWORD

Savannas are among Africa’s most productive multifunctional landscape – 
supporting wildlife, livestock, crops, and livelihoods – but experience frequent 
droughts, aggravated by climate change and other human-induced changes. To 
maintain ecosystem productivity while ensuring food security, we need to rely on 
an integrated management and monitoring of resources. Due to the interlinkages 
between resources, and between resources and society, their sustainable 
management requires a holistic perspective. This kind of integrated resources 
management has in recent years also be termed a Nexus Approach. At UNU-
FLORES where advancing a Nexus Approach to the sustainable management 
of environmental resources is a main mission and focus, we seek to continuously 
develop tools to facilitate this development for stakeholders and practitioners.  

In December 2015 UNU-FLORES, together with the University of Limpopo 
and the University of Western Cape (South Africa), were selected as one 
of the ten TIGER Water for Agriculture teams for conducting joint research 
for integrated water management, within project 410 “Remote Sensing of 
Water Use and Water Stress in African Savanna Ecosystem from Local to 
Regional Scale: Implications for Land Productivity”.

This project was considered highly relevant for advancing UNU-FLORES’s 
mission from three aspects:

1.	 An integrated management requires integrated tools, which are 
able to address and reduce uncertainties associated with resources 
management by the use of timely and precise information of ecosystem 
dynamics, in this case derived from Earth Observation data. Scientific 
open data sources are essential for monitoring ecosystems, especially 
in emerging countries with ground data scarcity, unreliable monitoring 
networks, and restricted data access. However, these data sources have 
to be homogenised and processed in order to derive information that 
can cover stakeholders’ needs. 

Open-source software, like the Water Observation Information System 
(WOIS) developed by the TIGER Initiative, is valuable in this regard, since it 
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SYMBOLS

A ..............  Maximum value of the ratio G/RnS
B .............  Soil heat flux calculation constant
ET0 ...........  Reference evapotranspiration
F ..............  Photosynthesis
ƒC .............  Fractional ground cover
ƒg ..............  Green vegetation fraction
Fx' ............  Relative contribution per running metre along the wind direction
Fx'y' ...........  Source strength for the footprint model
G ..............  Soil heat flux
H..............  Sensible heat flux
hC .............  Canopy height
Hc.............  Canopy sensible heat flux
Hs.............  Soil sensible heat flux
k ..............  Leaf angle distribution function
k'..............  Damping coefficient
Kcb............  Basal crop coefficient
Ke.............  Evaporation crop coefficient
Ks.............  Water stress coefficient
LE ............  Latent heat flux
LEC ...........  Canopy latent heat flux
LES ...........  Soil latent heat flux
NIR ..........  Near infrared part of the spectrum
p'..............  Empirical parameter defined to computed fc
PR............  Precipitation
R..............  Surface runoff
RA.............  Aerodynamic resistance
Rn............  Net radiation
RnC...........  Net radiation reaching the canopy
RnS...........  Net radiation reaching the soil
RS ............  Resistance to the heat flow in the boundary layer above the soil 
RX.............  Resistance to heat flow of the vegetation leaf boundary layer 
S ..............  Energy storage within the biomass



s'.............. Instantaneous fluctuations of the state variable
Sdn...........  Incoming solar radiation 
SWIR........  Medium-infrared part of the spectrum
t ..............  Time interval
T' .............  Instantaneous fluctuations of the air temperature
T0 .............  Aerodynamical temperature
TAC ...........  Air temperature in the canopy – air space 
Tair ...........  Air temperature above the canopy
TC ............  Canopy temperature
TIR...........  Thermal part of the spectrum
TRAD ..........  Radiometric surface temperature
tS .............  Time in seconds relative to solar noon
u(z)..........  Wind speed at height z
VI.............  Vegetation index
VIS ...........  Visible part of the spectrum
w'.............  Instantaneous fluctuations of the vertical wind speed
αPT ...........  Priestley-Taylor coefficient
ϕ..............  Viewing angle 

1. INTRODUCTION
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WHY SAVANNAS ARE IMPORTANT

Savannas are among the most complex, variable, and extensive biomes on 
Earth (Scholes and Walker 2004; Beerling and Osborne 2006), covering half 
of Africa (Sankaran and Ratnam 2013). Approximately one fifth of the world 
population live in or around savannas (Asner et al. 2015). Savannas support 
wildlife, livestock, rangelands, crops, and livelihoods (Scholes and Archer 
1997), playing an important socioeconomic role in rural areas. Most of the 
world’s savannas are found in Africa, with smaller concentrations in India, 
Australia, America, and Europe (Wilgen 2010; Papanastasis 2004).

Savannas provide valuable ecosystem services at local, regional, and global 
scales (Kamaljit 2006). These multifunctional uses include grazing for meat 
production, recreation and tourism, sites for educational and research studies, 
preservation of indigenous culture, and land use for agriculture. Savanna 
ecosystem stability has a great influence in global land-surface processes 
and Earth water and carbon cycles, maintaining biodiversity, improving soil 
fertility, and maintaining regional hydrological balance (Kamaljit 2006).

There are many definitions for the term “savanna”, however, for the purpose 
of this guide, savannas will be defined as grasslands with scattered trees 
and shrubs, ranging from almost pure pastures to more closed woodlands 
(Fig. 1). The herbaceous layer is almost continuous, with bare soil patches 
and an uneven cover of trees and bushes, which allows sufficient light 
penetration to support the understory vegetation (Scholes and Archer 
1997). These ecosystems are found between deserts and tropical rainforests 
(Asner, Levick, and Kennedy-Bowdoin 2009; Asner and Levick 2012), but this 
study is focused on semi-arid and arid savannas, which present a distinct dry 
season with no rain and high temperatures, where droughts naturally occur.

Savanna distribution and structure (e.g., characteristics and spatial patterns of 
vegetation, dominant species, water and soil nutrient status, etc.) are mainly 
determined by four factors (Sankaran and Ratnam 2013; van Wilgen 2010):

•	 The effect of herbivores on savanna vegetation depends on body size, 
population density, and on whether the species is a browser, mixed 
feeder, or grazer.

•	 Fire acts as a regulator of savanna structure and composition, by preventing 
tree seeding, and sapling survival and growth, or by burning the herbaceous 
layer allowing for woodland expansion. The degree of harshness depends 
on the intensity, season, and frequency of the fire (Bond et al. 2008).

•	 Soil characteristics (e.g., texture, mineral nutrient content) also regulate 
savanna structure. Ecosystem nutrient cycles are mostly determined by soil 
moisture and seasonal rain patterns, as nutrient uptake is associated with water. 
However, the effect of nutrient availability on savanna distribution is still unclear.

Fig. 1: Different vegetation layers in a savanna: tree, shrubs, and grasses in Kruger National Park of 
South Africa (Image: freestock/Nicolas Raymond)
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•	 Water availability, influenced by annual rainfall, soil infiltration capacity, 
evapotranspiration, soil texture, and the hydrological regime, plays a 
critical role in defining savanna ecology and structure.

These water-limited ecosystems with seasonal water availability are 
highly sensitive to changes in both climate conditions and in land-use/
management practices (Schnabel, Dahlgren, and Moreno 2013; IPCC 2014; 
Kueppers et al. 2005; Bond et al. 2008), and water scarcity situations have 
been aggravated by global warming. These changes are modifying not only 
their structure, affecting the ecosystem's long-term functioning (Baldocchi 
and Xu 2007), but also the land-atmosphere linkages and the regional water 
and carbon cycles, in ways still unknown (Jeltsch, Weber, and Grimm 2000; 
Bond and Keeley 2005). Most significant threats, caused by anthropogenic 
factors, are:

•	 Fires provoked by human activity, which make the original canopy recovery 
difficult.

•	 Agriculture and livestock farming adding pressure to savanna ecological 
status, with overgrazing interfering with vegetation and soil structure (e.g., 
compaction, soil erosion, etc).

•	 Resources overexploitation (timber, herbs, mushrooms, etc.), indiscriminate 
hunting, over-extraction of fuel and minerals, etc.

In South Africa, where the study was conducted and remote sensing 
tool tested, savannas cover about a third of the land area (Wilgen 2010), 
providing two vital services: wildlife-related tourism and cattle ranching. It 
is estimated that around 9.2 million of South Africans benefit directly from 
these ecosystem services, through the use of resources. 

Savannas occupy the northern, southern, and eastern part of the country 
(Fig.  2), with arid savannas extending to the southern Kalahari. They have 
different climatic and ecological characteristics, being defined according to 
their prominent canopy layer: shrubveld if the upper vegetation is near ground 
level and bushveld if characterised by dense and tall vegetation (Asner et al. 

2015). According to Asner et al (2016), summer rainfall is essential for South 
African savannas, and fires are the major factor shaping their structure.

Fig. 2: Map of South African biomes
(based on BGIS by SANBI- South African National 
Biodiversity Institute)

Since savannas are highly influenced by human activities, private and 
institutional practices play a key role in their conservation, improving 
people’s living standards and providing employment opportunities. There 
is a need to develop a mechanism for monitoring water availability and 
vegetation dynamics in savannas, at both the regional and local scales.

5
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2. OUR TIGER PROJECT 410

WHY A TOOL FOR SAVANNAS?

The aim of this project is to account for African savannas’ water use, water 
stress, and the influence of invasive species on water availability using Earth 
Observation (EO) data, providing accurate and timely information to support 
decision-making processes at different scales. The results will improve 
the understanding of water use (evapotranspiration, ET) and water stress 
evolution over a key multifunctional African ecosystem (Fig. 3), monitoring 
how climate change is influencing its productivity and health state.

The project seeks to develop a savanna water use and water stress product 
for supporting water monitoring and assist agricultural authorities to 
determine vulnerable areas and enable their sustainable management. The 
improvement of productive savanna management will increase ecosystem 
productivity and resilience, allowing the population depending on these 
systems to adapt progressively to climate change, and helping to ensure 
food security by diversifying the current agricultural sector.

Fig. 3: Savanna regions ranging 
from Tropical (green), Subtropical, 
Temperate, Mediterranean and 
Montane (yellow)
(based on Köppen-Trewartha 
climate classification) 
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Savannas are among Africa’s most productive landscapes, supporting 
livestock, crops, and livelihoods (Mbatha and Ward 2010). This ecosystem 
experiences frequent droughts, aggravated by climate change and other 
human-induced changes, such as invasive species, with severe implications 
on the regional water balance, biodiversity, and agricultural productivity. 
Although monitoring programmes for savanna water use have been 
established in certain areas, these are largely restricted to point-based/small 
scales, not providing timely distributed information for planning purposes. 

The Earth Observation (EO) data provided by Sentinel 2’s and Sentinel 3’s 
new missions will allow us to map the water use/stress and the invasive 
species distribution across the African savannas (Fig. 4), as well as to monitor 
seasonal and long-term temporal variations. 

To monitor savanna ecosystem water use/stress in a semi-continuous spatio-
temporal way, this project integrates two different ET-estimation approaches, 
with different conceptual/operational capabilities and limitations. Kc-FAO56 
(Allen et al. 1998), integrating reflectance-based “crop” coefficients, is used 
to derive unstressed savanna evapotranspiration (with high spatial resolution), 
and the two-source surface energy balance model (TSEB) (Norman, Kustas, 
and Humes 1995) integrating radiometric surface temperature allows the 
determination of water stress across savannas (with low spatial resolution).

The choice of the two approaches is based on their proven ability to estimate 
ET over partially vegetated heterogeneous landscapes (Cammalleri et al. 
2010; Gonzalez-Dugo et al. 2009), as well as over savanna-type ecosystems 
(Andreu et al. 2013; Campos et al. 2013).

This procedure was tested over eddy covariance experimental sites in South 
Africa (Fig. 5), using different satellite data sets (during 2011–2012: SPOT 5 
MS & AATSR, since June 2015: Sentinel 2 MSI & MODIS/Sentinel 3A SLSTR). 
The high spatial resolution of visible and near infrared (VIS/NIR) data and the 
vegetation’s different spectral response will be used to precisely map water 
use and stress over the savanna.

Fig. 4: Modelling savanna ecosystem with Sentinel data

Fig. 5: Study area where the savanna tool was tested and validated



3. REMOTE SENSING 
IN THEORY
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EARTH OBSERVATION TECHNIQUES

Nowadays, remote observation techniques of the Earth’s surface have 
become an essential tool to support decision-making processes (and policy 
recommendations) in many sectors, such as agriculture, forestry, weather 
forecasting, or land-use policy (Alcaraz-Segura 2014). Earth Observation 
(EO) data characteristics – global coverage, with various temporal (hourly, 
weekly, bi-weekly) and spatial (metres to tens of kilometres) resolutions; non-
destructive nature; immediate transmission, digital format, and the open 
accessibility of some of them (e.g., Sentinels mission from the European 
Space Agency, or Landsat series and MODIS missions from NASA) – make 
them essential to evaluate ecosystems functioning in developing countries, 
due to ground data scarcity, unreliable monitoring networks, lack of data 
access, and, in some cases, lack of technical expertise (Sheffield et al. 2014). 

Fig. 6: EO scheme for gathering and processing information

However, the existence of these data sources has not necessarily resulted 
in benefits for society. They have to be processed and analysed, sometimes 
using complex statistical approaches and modelling techniques, in order to 
derive information that can be used by stakeholders.

Between the surface and sensor there is an energy interaction, either due to 
the solar energy reflectance (visible-VIS and near infrared-NIR), an artificial 
energy beam reflectance (radar systems), or by self-emission of the surface 
(thermal/microwave). Signals are transmitted through the atmosphere and 
captured by the sensors, finally available for further processing in digital 
format (Fig. 6). The energy flux between the surface and the sensor takes 
the form of electromagnetic radiation and is defined by its wavelength 
and frequency. Although the electromagnetic spectrum is continuous, the 
detectors need to divide it into a number of bands within which the radiation 
shows similar behaviour.

The most frequently used regions in remote sensing are the visible part 
of the spectrum (VIS, 0.4–0.7 μm) and the near-infrared (NIR, 0.7–1.3 μm), 
useful for discriminating canopy masses and humidity; medium-infrared 
(SWIR, 1.3–3 μm), where reflectance of solar energy and emissivity from the 
surface are shown together; thermal (TIR, 3–100 μm), which includes the 
emissivity portion of the spectrum in terms of ground cover temperature; 
and microwave bands (1 mm–1 m), radiation that can penetrate clouds.

The reflectance is the proportion of the incident energy reflected by a 
surface, a dimensionless magnitude that ranges between 0 and 1. For a given 
surface, it varies depending on the wavelength, and the curve representing 
this variation is called the spectral signature. This spectrum is characteristic 
of each surface and state, and enables land uses, materials, canopy growth 
status, etc., to be discriminated and classified (Richards and Jia 2006).

When the electromagnetic radiation passes through the atmosphere it 
is attenuated by absorption and dispersion processes. The absorption is 
defined as the transformation that the energy undergoes when it passes 
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through a medium.  A fraction of the energy is absorbed by the atmospheric 
components (O2, CO2, O3, and water vapour) and emitted at different 
wavelengths.

Satellites used in remote sensing are designed to operate outside the 
regions where absorption effects are greatest, in what are called atmospheric 
windows (Fig. 7). The dispersion process produces a change in the direction 
of a portion of the incidence radiation in relation to the original one, due 
to the interaction between the energy and the suspended atmospheric 
particles. To avoid the effects of these processes in the analysis it is necessary 
to correct the original data acquired by the sensor using various methods, 
according to the part of the spectrum of interest (Gordon and Morel 1983; 
Saunders and Kriebel 1988; Asrar, Kanemasu, and Yoshida 1985; Lenoble 
1993; Kaufman and Sendra 1988).

Sensors mounted on satellites follow an orbit around the Earth depending 
on the objectives and characteristics of their mission. In general, orbits 
are defined by their height, orientation, and rotation relative to the Earth. 
Geostationary orbits are located at altitudes of around 36,000 km, always 
seeing the same portion of the globe because they replicate the angular 
speed of the Earth (e.g., meteorological satellites such as METEOSAT or GOES).

Fig. 7: Atmospheric windows for satellites (figure adapted from Casey, Kääb, and Benn 2012)

Most of the satellites are in polar orbit, covering the same portion of the 
surface at a fixed daily time, thus ensuring similar light conditions for the 
information they acquire (Fig. 8). In their movement around the Earth the 
satellites cover a given area of the surface, with the swath width depending 
on the satellite’s field of view (FOV) and the pixel size on the sensor’s 
instantaneous field of view (IFOV).

The resolution of a sensor is given by its ability to register and discriminate 
information, and it is dependent on the combined effect of a number of 

Fig. 8: Different satellite orbits – polar orbit at different speed from the Earth, and geostationary 
orbit at the same speed as the Earth
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criteria, such as its spatial, spectral, radiometric, and temporal resolutions 
(Fig. 9). 

The spatial resolution is determined by the IFOV, the height of the platform, 
and the sensor viewing angle. It is defined as the angular section in radians 
observed at a particular time. It usually refers to the distance corresponding to 
this angle over the surface. Thus, this distance will be the minimum size of the 
information registered: the pixel or picture element. The smaller the size of the 
pixel, the higher will the spatial resolution that the sensor can provide (i.e., it will 
be able to discriminate a larger number of surface objects).

The spectral resolution of a sensor is the number, wavelength centre, and 
width of spectral bands that it can discriminate and register, depending on 
the optical filter installed. Radiometric resolution is defined as the minimum 
quantity of energy that is needed to increase the pixel value by one digital 
number. It is referred to as the sensor sensitivity. The temporal resolution 
is the time interval between two successive image acquisitions of the same 
part of the surface, depending on the orbital and sensor characteristics. 

Generally speaking, meteorological satellites (e.g., NOAA, METEOSAT) have 
lower spatial resolution (approximately 103 m) and high temporal resolution 
(daily), and natural resources-monitoring satellites (such as Landsat, SPOT, 
IRS, etc.) have lower temporal and higher spatial resolution (approximately 
10–102 m).

From remote sensing information it is possible to derive biophysical 
parameters that describe the soil and canopy state and dynamics, such as 
albedo, surface radiometric temperature, fractional cover (ƒC), and Leaf Area 
Index (LAI) (Moran, Humes, and Pinter 1997; Glenn et al. 2008; Chuvieco and 
Huete 2010). Using simple numerical combinations of spectral information 
measured at different wavelengths, mostly the visible and near infrared 
regions of the spectrum, it is possible to extract information about the state 
and structure of the vegetation, minimising the perturbation caused by soil 
and atmospheric conditions (Huete 1988).

Such combinations are called vegetation indices (VI), and some of the most 
widely used are the Normalised Difference Vegetation Index (NDVI) and the 
EVI (Enhanced Vegetation Index), computed from the Blue (0.4–0.5 nm), Red 
(0.6–0.7 nm), and Near-InfraRed (NIR, 0.7–1.1 nm) regions of the spectrum 
(Asrar, Kanemasu, and Yoshida 1985; Choudhury et al. 1994; Wittich and 
Hansing 1995; Huete et al. 2002; Chuvieco and Huete 2010).

Early and late stages of plant water stress can be detected by means of 
the thermal portion of the spectrum, due to the direct link between the 
transpiration process and the vegetation thermal response (e.g., water 

Fig. 9: Spatial, spectral, and temporal resolution (Source: Jensen 2000)
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evaporation from the leaves to the atmosphere cools the plant (Idso and 
Baker 1967). Transpiration strongly affects the proper functioning of these 
systems, and a reduction in the vegetation water content has an impact 
on the growth of plants and their physiological functions (Hatfield 1997). 
Thus, with the launch of satellite-based thermal sensors, TIR information, 
capable of continuous distributed monitoring of the health of ecosystems, 
is available. 

Earth Observation Satellites Compilation

The different regions/bands in which the electromagnetic spectrum is 
divided (VIS, NIR, SWIR, TIR, microwave-MWIR, RADAR, LIDAR) have 
different applications, determined by their capabilities (Fig. 10).

Fig. 10: Main applications of each spectral region

As detailed in the previous section, satellites useful for monitoring Earth are 
mainly divided into Meteorological and Earth Observation (Fig. 11).

The World Meteorological Organization developed the Observing Systems 
Capability Analysis and Review Tool (OSCAR), which among other capabilities 
provides detailed information on EO satellites, instruments, and a list with 
past, current, and future missions and satellites for earth observation and 
meteorological purposes (https://www.wmo-sat.info/oscar/satellites). Table 1 
compiles and describes some of the principal satellites useful for Earth 
Observation purposes.

Fig. 11: Earth Observation satellites
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European Space Agency and Copernicus Programme

The European Space Agency (ESA) is an intergovernmental organisation 
with 22 Member States whose mission is to “...provide for and to promote, 
for exclusive peaceful purposes, cooperation among European States in 
space research and technology and their space applications...” (Article I 
of the ESA convention), through (a) space activities and programmes, (b) 
implementing a long-term space policy, (c) a specific industrial policy, and 
(d) coordination of European national space programmes. ESA has more 
than 50 years of experience, with eight centres around Europe, more than 
70 satellites being developed, and more than 20 in operation, and a budget 
of EUR 5.8 billion in 2016. 

Copernicus, the most ambitious Earth Observation programme to date, 
will provide accurate, timely, and easily accessible information to improve 
environmental management, to understand and mitigate effects of climate 
change, and to ensure civil (food, water, energy, etc.) security. To cover the 
operational needs of this programme, ESA is developing a new family of 
satellites called the Sentinels, based on two-satellite constellation, to improve 
temporal and spatial resolutions. Details of the different constellations are in 
Table 1 and Fig. 12.

Fig. 12: Sentinel satellites (based on ESA information)
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MEASURING EVAPOTRANSPIRATION

Water use in an ecosystem is determined by the vegetation transpiration 
(liquid water vaporisation from tissue to the atmosphere) and the evaporation 
from soil or water masses (water changed from liquid to vapour between 
the surface and the atmosphere). In practice, it is difficult to distinguish 
between the amount of water evaporated directly from bare soil and the 
amount transpired by vegetation in land surface areas, as both processes 
are affected by the structure of the vegetation.

The overall process is called evapotranspiration, ET (Fig. 13a). The 
change of state requires energy, supplied basically by solar radiation and 
to a lesser extent by the air surrounding the evaporative surface. When 
the surrounding air is saturated with water vapour, the net vaporisation-
condensation rate through the water-air interface is zero. Besides solar 
radiation, the meteorological factors that influence the process are wind 
speed, air temperature, and humidity (Penman 1947). The water and energy 
balance equations over a given system are coupled by the ET term, with 
the vaporisation latent heat of liquid water λ changing the evaporation flux 
ET [mm] into latent heat flux (associated with both evaporation from the soil 
and transpiration) LE [W m-2] (λ = LE/ET ).

Fig. 13: (a) Evapotranspiration process              (b) Factors determining transpiration

Plants lose water through their stomata (Fig. 13b), which are little openings 
on the leaf surface and to a lesser degree on the cuticle, through which water 
vapour and other gases (CO2 and O2) circulate. Only a small proportion 
of the water absorbed by the roots (5%) contributes to the formation of 
new canopy cells in the apex (growing areas) or is consumed in metabolic 
processes and hydrolytic reactions, while the rest is transpired to the 
atmosphere. Transpiration depends on the opening of the stomata, the 
energy available for changes of state, soil moisture and salt content, and 
the vapour pressure gradient between the saturated air of the intercellular 
space and the atmosphere, which is the force that drives the water vapour 
through the stomata (Brutsaert 2010). Interactions between the wind and the 
surface also influence this process, which has a thermo-regulatory objective, 
as the heat consumed chills the leaves, maintaining the temperature within 
certain optimal limits for biomass production. It is primarily responsible for 
the circulation of water and salts throughout the plant (Sharma 1985).

The processes of evaporation and transpiration take place simultaneously, 
and their relative proportions vary according to the growth state of the 
canopy and soil-water status. In the first phases of an annual grass, for 
example, the evaporation process will prevail, because the soil is mostly 
exposed and barely covered by vegetation. While the canopy is developing, 
it will gradually cover the soil until it reaches a maximum value at grass 
maturity, with water losses then due to transpiration. It is not easy to 
measure ET with field instrumentation (e.g., lisimeters, eddy covariance 
towers, scintillometers).

Energy Balance and Micrometeorological Methods

In energy balance (EB) methods (Fig. 14), water and energy exchanges 
between the vegetation system, the soil, and the atmosphere are assessed. 
Water and energy exchanges are defined by the net flux (mass/energy per 
unit of time and unit cross-section) of every component in their balance 
equations. The energy associated with the water vapour exchanged between 
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the surface and the atmosphere (latent heat of vaporisation, LE) is one of 
the most important energy fluxes, often limited by the available energy for 
the process. Due to this limitation it is possible to quantify LE by applying 
the law of energy conservation. For the simplified system the instantaneous 
energy balance equation can be expressed as:

where Rn is the net radiation flux which reaches the system [W m-2]; G is the 
soil heat flux by conduction between the surface and the soil [W m-2]; LE is the 
latent heat flux [W m-2], the energy flux associated with the water vapour flux 
ET [kg m-2 s-1] by means of the vaporisation heat L [J kg-1]; H is the sensible 
heat flux, the energy in the form of heat exchange by convection between 
the surface and the atmosphere [W m-2]. F is the photosynthesis energy flux 
[W m-2]; and S is the energy stored within the system. Equation 1 is usually 
simplified; for example, F, which represents 2–3% of the net radiation is 
ignored. In Equation 1 only vertical gradients are considered, and the net 
rate of energy transferred horizontally by wind advection is not taken into 
account. ET measuring systems using this approach include Bowen ratio, 
scintillometry, and eddy covariance methods.

The Bowen ratio (ratio between H and LE) energy balance (BREB) is an indirect 
micrometeorological method (Bowen 1926) that solves the energy balance 
equation by measuring air temperature and vapor pressure gradients in 
the near-surface layer above the evaporating surface. It is simple to apply 
since it does not require information about the aerodynamic characteristic 
of the canopies, but it may result in ET values without physical meaning 
when the Bowen ratio is close to -1. The Bowen ratio has been used in a 
variety of landscapes, and has proved to be an accurate method in semi-arid 
environments and tall crops (Dugas et al. 1991; Cellier and Brunet 1992; 
Frangi, Garrigues, and Haberstock 1996).

Fig. 14: Surface energy balance fluxes scheme

Rn = G + LE + H + F + dS ⁄dt

A scintillometer (Fig. 15a) is an optical device that measures small fluctuations 
of the air refractive index caused by temperature, humidity, and pressure-
induced variations in density. Current scintillometers measure sensible heat 
flux, and to obtain ET, measurements of the net radiation (Rn) and soil heat 
fluxes (G) are also required. Descriptions are available in (Meijninger and de 
Bruin 2000; Meijninger et al. 2002; De Bruin 2008).

Eddy covariance towers (ECT) (Fig. 15b) measure sensible and latent 
heat fluxes, momentum flux, and CO2 or other fluxes, depending on their 
configuration. The method is based on the covariance between fluctuations 
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in temperature and humidity (the concentration of interest), and upward 
and downward turbulent eddies (Fig. 16). Because these fluctuations 
are very fast, measurements of temperature, wind velocity, and humidity 
changes have to be made at high rates, with frequencies ranging between 
5 and 20 Hz, and very accurately (Lee, Massman, and Law 2010). The eddy 
covariance method is detailed in Annex 1.

The major assumptions made by this method are that: (a) the measurements 
at one point can represent an upwind area and are assumed to be made 
within the boundary layer of interest, (b) the fluxes measured come from 
the area of interest, (c) the air flow is fully turbulent, and (d) the terrain is 

Fig. 15a: Scintillometer located in Las Tiesas experimental farm (Source: REFLEX training 
course supported by the FP7-funded EUFAR and Cost-European Cooperation in Science and 
Technology Action-funded by ES0903 EUROSPEC, Barrax, Albacete, Spain) and (b) an eddy 
covariance tower (ECT) system located in Skukuza, South Africa (Source: Ana Andreu, field 
campaign experimental areas of CSIR, SA)

Fig. 16: Eddy covariance tower system scheme

(a) (b)

horizontal and uniform. This implies that field sites for these measurements 
need to fulfil certain conditions, such as being almost flat with an extensive 
footprint (area supplying the fluxes to be measured), and presenting a 
uniform and homogeneous landscape. The height at which the sensors must 
be placed depends on the height of the vegetation, the frequency response 
of the instruments, and the extent of the footprint and the fetch. 

The flux footprint (Fig. 17) is the area upwind the tower where the fluxes 
registered are generated, and this needs to be known to ensure the correct 
characterisation of the measurements. The mentioned concept “fetch” 
refers to the distance from the tower to the end of the measuring area. The 
footprint depends on the measurement height (footprint increases when 
height increases), the surface roughness (footprint decreases with increasing 
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roughness), and the thermal stability (for the same measurement height and 
roughness, changes in atmospheric stability can expand the footprint several 
times). Thus, a sufficient fetch with undisturbed area around the instruments 
is required for these measurements to be representative. Most of the 
contribution usually comes from the area located between the underneath 
of the tower and the end of the fetch, and a number of models to evaluate 
the footprint contribution are available (Schuepp et al. 1990; Kormann and 
Meixner 2001; Soegaard et al. 2003).

The instrument installed to provide the data is relatively fragile and expensive, 
requiring regular maintenance; but the methodology is highly reliable 
(Burba and Anderson 2010). The vertical (and horizontal) wind component 
is generally measured by a sonic anemometer, which registers wind speed 
by means of the speed of sound in air, using a short burst of ultrasound 
transmitted from one transducer to another. The “travel time” between 
transducers is directly related to the wind speed along the sonic transducer 
axis, and the speed of sound is directly related to air density, temperature, 

Fig. 17: Footprint contribution area scheme (based on Burba and Anderson 2010)

and humidity (Campbell Scientific, Inc. 2010; Burba and Anderson 2010). Air 
temperature is measured by using ultrafine wire thermocouples; it can be 
also determined sonically and be corrected later for the effects of humidity 
(Munger and Loescher 2008). Rain, dew, snow, and frost on the sonic 
transducer may change the path length, causing errors in measurements. 

Specific humidity is measured by means of quick-response hygrometers 
(Buck 1976; Campbell and Tanner 1985; Tanner 1988), which use a krypton 
lamp that emits two absorption lines that are absorbed by water vapour, and 
to a certain extent also by oxygen, such that the water vapour fluctuations 
need to be corrected for oxygen concentration. To measure CO2 flux, gas 
analysers are used: non-dispersive infrared (NDIR) sensor (LI-COR), narrow-
band or single line LASER-analyser. To characterise the same eddy scales, 
the measurements with the anemometer and the hygrometer must be made 
at the same point, or at least in very close vicinity, because the spatial 
separation underestimates the true covariance aimed to be measured 
between the wind speed and the fluctuations in humidity. 

For tall vegetation with big height measurements, the size of the eddies increases 
with the separation between the sensors having less influence on the accuracy 
of the relative measurements (Kaimal and Finnigan 1994; Foken et al. 2006; 
Lee, Massman, and Law 2010). Corrections are therefore required because of 
instrument separation, different frequency response, coordinate rotation, and 
the type of hygrometer employed (Tanner, Swiatek, and Green 1993; Villalobos 
1997; Aubinet et al. 1999; Horst 2000; Massman 2000; Massman 2001; Paw et 
al. 2000; Twine et al. 2000; Rannik 2001; Sakai, Fitzjarrald, and Moore 2001; 
Wilson et al. 2002; Moncrieff et al. 2005; Mauder and Foken 2013). 

Various software packages are available for processing and correcting raw 
data from ECT devices: EdiRE (Clement 1999), ECPack (Dijk, De Bruin, 
and Moene 2004), EddySoft (Kolle and Rebmann 2007), TK3 (Mauder 
and Foken 2013). Using this system turbulent heat fluxes often appear to 
be underestimated when their sum is compared to the available energy, 
Rn – G (closure of the energy balance equation; see Equation 1). Average 
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closure errors are around 20% to 30% (Twine et al. 2000; Wilson et al. 2002; 
Foken 2008; Franssen et al. 2010). Possible reasons can be found in the 
influence of the horizontal advection, the storage of heat in canopies, flux 
divergences, photosynthesis, errors in the measurement of Rn or G, the 
frequency response of the sensors, measurement errors on turbulent fluxes, 
and the separation of the instruments. 

In order to respond to the needs of the scientific community for CO2, water 
vapour, and energy flux data, a worldwide network database called FluxNet 
(Baldocchi et al. 2001), with more than 500 long-term micrometeorological 
tower sites equipped with ECT technology has been created (Fig. 18). 
Various types of canopy cover, including temperate conifer and broadleaved 
(deciduous and evergreen) forests, tropical and boreal forests, crops, 
grasslands, chaparral, wetlands, and tundra are monitored. Either regional 
networks or individual projects maintain the towers.

Measurement Methods Based on Soil-Water Balance

The most important hydrological methods for quantifying ET are soil-water 
balance and weighing lysimetry. The first method is an indirect one, in which 
ET is obtained as a residual term by measuring the remaining components 
in a soil-water balance equation. The input and output water fluxes are 
determined in the root zone of the soil, at regular intervals, and the equation 
for a given interval can be written as:

where ΔW is the net water amount accumulated in the soil plant system during 
the selected time interval (Δt), the water inputs during Δt are precipitation 
(PR), irrigation (I) in the case of irrigated crops, and the upward contribution 
from the water table (Cu), and the water outputs are evapotranspiration (ET), 
surface runoff (R), and deep percolation (D).

In areas with high slopes, inputs and outputs due to subsurface fluxes should 
also be taken into account. In arid and semi-arid areas with low slopes, the 
runoff term R may be neglected (Holmes 1984). This water exchange at the 
soil surface layer is conditioned by the physical properties of the soil, the 
vegetation characteristics, and the climate pattern shown by the distribution 
of dry and wet periods.

Lysimeters are isolated soil tanks, generally with a canopy of growths similar 
to the surrounding area. They are located in the field in order to simulate 
natural conditions, and are used to determine the ET of a grown crop, 
reference vegetation cover, or soil. Lysimetry was developed specifically for 
obtaining direct measurements of ET, calculating it as the water weight gain 
or loss of the soil contained in the instrument during a given time period 
(Sharma 1985). Because the root area is isolated from the environment, 

Fig. 18: Distribution of tower sites in the global network of networks
(Source: Oak Ridge National Laboratory Distributed Active Archive Center 2013)

ET = ∆W + PR  + I + Cu - R - D
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lateral fluxes, percolation, and capillary rise are null. The rest terms of the 
balance can be accurately determined. The water loss or gain is given by the 
mass change over time, obtained by continuously weighing the soil tank. 
For the lysimeter measures to be representative of whole field conditions, 
the density of the inside vegetation and the height and soil characteristics 
need to be similar to the surrounding area (Grebet and Cuenca 1991).

Plant Physiology Approaches

These methods analyse the water behaviour of individual plants based on 
their physiology. The chamber system (Reicosky and Peters 1977; Wagner 
and Reicosky 1996) and sap flow method (Cohen et al. 1988) are the most 
widely used (Rana and Katerji 2000).

The sap flow method is based on the assumption that this flow is related 
to the canopy transpiration rate. Applications at canopy scale require 
individual measurements to be extrapolated to the scale of interest, which is 
possible when the structure of the canopy and the spatial variability (density, 
height, and leaf area index, LAI) are known. The effect of evaporation from 
the soil does not influence this measurement and it is not assessed. In 
Mediterranean climates with low fractional covers, evaporation from soil can 
be a very important fraction of the ET (up to 20%), which means that an 
additional measurement system is required in combination with sap flow to 
estimate total ET. 

Chambers for measuring ET were described for the first time by (Reicosky 
and Peters 1977). These consist of a plastic chamber in which the air is 
mixed continuously. Vapour density is measured with infrared analysers 
and CO2 flux can be also evaluated. The chambers are suitable for research 
studies on orchard crops such as vines and olive trees (Katerji et al. 1994; 
Pérez-Priego et al. 2014).

HOW TO ACCOUNT FOR ECOSYSTEM WATER USE 
USING EARTH OBSERVATION DATA
(KC-FAO 56 AND TSEB MODELS) 

Due to the difficulties of ground ET measurement, along with the cost, 
maintenance of instruments, and the non-distributed nature of the data, 
significant research efforts have been put into estimating ET by using 
models with different physical foundations. These can be broadly classified 
into analytical and empirical models (Rana and Katerji 2000). The integration 
of remotely sensed data into evapotranspiration models has widened its 
area of application from point to basin and regional scales. 

There are basically two research lines devoted to ET estimation using 
remotely sensed information. The first approach uses the vegetation 
indexes (VI) derived from airborne or satellite measured surface reflectance 
to determine crop growth and to estimate the basal crop coefficient (Kcb) 
(Bausch and Neale 1990). Together with data coming from meteorological 
stations to compute the reference ET (ET0) that accounts for the atmospheric 
demand, it can be used to determine the actual ET of the crop (Allen et al. 
1998) (Allen et al. 1998). The second approach uses the surface radiometric 
temperature (TRAD) derived from the thermal bands of remote sensors to 
estimate ET as latent heat flux, as a residual of the energy balance. e.g., 
(Moran et al. 1994; Kustas and Norman 1996; Gillies, Kustas, and Humes 
1997; Bastiaanssen et al. 1998).

Detailed information about the two methods (used in this study to estimate 
water use in savannas) is compiled in Annex 2, 3 and 4.



4. TOOLS IN PRACTICE
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TIGER INITIATIVE AND WATER OBSERVATION AND 
INFORMATION SYSTEM

In 2002, responding to the urgent need for action in Africa, as stressed by 
the Johannesburg World Summit on Sustainable Development (WSSD), the 
European Space Agency (ESA) launched the TIGER initiative (Fig. 19) to promote 
the use of Earth Observation (EO) for improved Integrated Water Resources 
Management (IWRM) in Africa. The overall objective of the initiative is to assist 
African countries to overcome problems faced in the collection, analysis, and 
use of water-related geo-information, by exploiting the advantages of EO 
technology and developing EO-based information services. To fulfil the goal, 
the TIGER initiative train and support the capacity building of a critical mass of 
African scientists and institutions with the skills and capabilities to derive and 
exploit space-based water-relevant information (Fig. 20). 

Fig. 19: TIGER Initiative presence in Africa (Source: TCBF http://www.tiger.esa.int/page_training.php)

TIGER has been endorsed by AMCOW (African Ministerial Council on Water) 
and official recommendations towards its continuation have been received 
by African stakeholders during the First African Week in 2008 and with the 
El Jadida declaration, released by the community attending the African 
Association of Remote Sensing of the Environment -AARSE Conference in 
2012. TIGER involves more than 150 African institutions in 42 countries, who 
participate in development projects (e.g., TIGER project 410) and capacity 
building actions.

The Water Observation and Information 
System (WOIS) is an open-source software 
that aims to enable African water authorities 
to produce and apply a range of satellite 
EO-based information products needed for 
Integrated Water Resource Management.

Fig. 20: TIGER Initiative tools and objectives (Source: TCBF http://www.tiger.esa.int/page_training.php)
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HOW TO

The WOIS is available freely to any interested user pending a short 
registration. The WOIS was developed within the TIGER initiative as 
part of the TIGER-NET project in close collaboration with several African 
transboundary and national water authorities, which provided input on the 
specifications, tested, and demonstrated the use of the WOIS. Additional 
information about the WOIS can be found at the following link:
http://www.tiger.esa.int/page_eoservices_wois.php 

PRODUCT APPLICATIONS

Information about the spatiotemporal distribution of vegetation cover 
and ET will be aggregated at temporal scales useful for management and 
planning, providing vital baseline data for the development of sustainable 
management practices, as well as for evaluating the effect of current 
practices (e.g., fire, livestock densities, crop production, and grazing) in 
the ecosystem productivity and maintenance. This information also plays 
a critical role at the institutional level by assisting to establish areas under 
water stress where licensing for water use has to be curtailed or protection-
conservation actions should be taken. 

To continue improving the integration of the Savanna Water Use and 
Water Stress Tool in rangeland management, your contribution is highly 
appreciated. Please fill out the online survey about your preferences and 
suggestions at the following URL: bit.ly/2ov6cDP (questions are as outlined 
in Annex 5).



4544 

PROCESS 

Kc-FAO56, integrating reflectance data, is used to derive basal crop 
coefficient Kcb (with high spatial resolution) and ET0 (from meteorological data, 
distributed or point measurements), as detailed in Annex 2. Kcb is computed 
from VI-NDVI, and the evaporation coefficient (Ke) from precipitation 
data using a reduction coefficient. TSEB, integrating radiometric surface 
temperature, is used to determine the stress ecosystem evapotranspiration 
(with low spatial resolution), as detailed in Annex 4. The Ecosystem Stress 
Index (with low spatial resolution) is derived as the ratio of reference 
evaporation and actual evaporation. Finally, the Stress Evapotranspiration 
with high spatial resolution is derived integrating ESI as the water stress 
index (Ks) in Kc-FAO56.

SYSTEM REQUIREMENTS
(NO MINIMUM SYSTEM REQUIREMENTS FOR WOIS)

Computers equipped with Windows or Linux with WINE application
CPU: Intel Core i5-3570 Processor (Quad Core, 3.4GHz)
Memory: 8GB (2x4GB) 1600 MHz ddr3 Non-ECC
Disk space 

SOFTWARE NEEDED 

1.	 QGIS (free and Open Source Geographic Information System)
http://qgis.org

2.	 WOIS http://www.tiger.esa.int/page_eoservices_wois.php

3.	 pyTSEB Software from Dr. Nieto and Dr. Guzinski*
https://github.com/hectornieto/pyTSEB 
http://pytseb.readthedocs.io/en/latest/index.html 

4.	 Python and Jupyter Notebook (e.g., Anaconda, which conveniently 
installs Python, the Jupyter Notebook, and other commonly used 
packages for scientific computing)
https://www.continuum.io/downloads

Additional for Sentinel 2 images:

5.	 Science Toolbox Exploitation Platform (SNAP/STEP) – Sentinel 2 & 3 
Toolbox (requires Anaconda)
http://step.esa.int/main/download/  

6.	 Atmospheric correction sen2cor (based in radiative transfer model 
MODTRAN, which can be run in the graphic interface SNAP or by the 
terminal)
http://s2tbx.telespazio-vega.de/sen2cor

*pyTSEB will be integrated in QGIS and/or WOIS in the near future (item 4 would not be necessary)

DATA NEEDED

1.	 Earth Observation information
•	 Sentinel 2 multi-spectral image(s) from the area to be analysed (or 

SPOT)
•	 Sentinel 3/MODIS radiometric surface temperature from the area to 

be analysed

2.	 Meteorological variables (distributed-matrix or temporal data series)
•	 Air temperature
•	 Wind speed
•	 Relative humidity (vapour pressure)
•	 Incoming shortwave radiation (Sdn)
•	 Precipitation
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3.	 Canopy characteristics
•	 Canopy height (average)
•	 Leaf area index (LAI) and/or vegetation fractional cover (derived from 

EO data)

4.	 Other input variables
•	 Year, Day Of Year (DOY), time (be aware of data consistency)

Results
•	 Vegetation fractional cover – LAI & NDVI
•	 Non-stress vegetation ET with high spatial resolution (10m x 10m)
•	 Stress vegetation ET with low spatial resolution (1km x 1km)
•	 Ecosystem Stress Index with low spatial resolution (1km x 1km)
•	 Stress vegetation ET with high spatial resolution derived from the 

integration of the Ecosystem Stress Index (10m x 10m)

DETAILED STEPS

1. Non-stress vegetation ET (SNAP/STEP; WOIS-QGIS)
    Model framework: Kc-FAO56

1.1 Prepare data with SNAP/STEP to atmospherically correct S2 images
•	 Detailed steps described in: 

o  http://forum.step.esa.int/c/s2tbx/sen2cor
o  http://step.esa.int/thirdparties/sen2cor/2.3.1/%5BL2A-

SUM%5D%20S2-PDGS-MPC-L2A-SUM%20%5B2.3.0%5D.pdf
•	 Main EO input: 

o  Sentinel 2 image
•	 Results: Sentinel 2 images reflectance

Command line for atmospheric correction 
Basic application of the algorithm, just indicate the location where 
the level L1C is as follows:

L2A_Process-script.py [-h] [--resolution {10,20,60}] [--sc_only]
                             [--profile]
                             directory
Sentinel-2 Level 2A Prototype Processor (Sen2Cor). Version: 2.0.6, 
created:
2015.12.02, supporting Level-1C product version: 13.
positional arguments:
  directory             Directory where the Level-1C input files are located
optional arguments:
  -h, --help            show this help message and exit
  --resolution {10,20,60}
                        Target resolution, must be 10, 20 or 60 [m]
  --sc_only             Performs only the scene classification at 60m
                        resolution
  --profile             Profiles the processor's performance

Graphic interface SNAP
Open SNAP tool and in Tools > Plugins, there is an 'Available Plugins' 
tab. Locate  sen2cor plugin and install it. Restart SNAP. To verify the 
installation Upper toolbar > Optical> Thematic Land Processing 
tab > sen2cor tab. Launch the graphical interface of sen2cor. Select 
in 'processing parameters' tab the value 10 (it is the pixel size in 
the output image). Indicate output path (as defect, same path as 
the input image). Press Run (if the path is too long it may fail). The 
process on a computer with an i7 processor, 4 GB RAM, and SSD disk 
takes about 30 minutes. The output images are surface reflectances. 
It is recommended to check the spectral signatures of the different 
surfaces present in the scene.

1.2 Use of SNAP and/or QGIS and/or WOIS for NDVI, ƒC,
      LAI calculation
•	 The main input data is an image containing the study area. Any GDAL 

compatible raster format should work. The input should include: 
o  Visible band (Band 8 from S2)
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o  Near infrared band (Band 4 from S2)
o  Ancillary input: vegetation parameters

•	 Results: NDVI, fc, and LAI: the algorithm are/will be integrated into 
WOIS, but you can apply them with:
o  SNAP > Toolbar menu > Optical > Thematic Land Processing >
	  Vegetation Rad Indices > NDVI Processor. Once NDVI maps are
	  produced, follow: SNAP > Toolbar menu > Raster > Band Maths,
	  and code equations in Annex 3.
o  QGIS > Toolbar menu > Raster > Raster calculator.
	  Code equations in Annex 3.

1.3 Use of SNAP and/or QGIS and/or WOIS for Non-stress ET
•	 Input data: 

o  NDVI
o  Ancillary input: vegetation parameters and ET0-meteorological
	  parameters (Annex 2)

•	 Results: ET0, Ke, and Kcb surface, generated by applying the algorithms 
detailed in Annex 2. The algorithms are/will be integrated in WOIS, 
but you can apply them with:
o  WOIS – Hydrological Modelling – Reference ET
o  QGIS > Toolbar menu > Raster > Raster calculator

2. Stress vegetation ET (pyTSEB Software – TSEB-PT)

•	 Detailed steps described in:
o  http://pytseb.readthedocs.io/en/latest/README_Notebooks.html 

•	 Main EO input: 
o  Sentinel 3 (MODIS) image containing the radiometric temperature
	  (any GDAL compatible raster format) [degree Celsius]

•	 Model framework: TSEB-PT
•	 Ancillary input: 

o  Effective Leaf Area Index [m2/m2] (from Step 1) and/or
	 vegetation fractional cover

o	 View Zenith Angle [degrees] (from the image metadata)
o	 Canopy height [m]
o	 Canopy width-to-height ratio [w/hc] (optional)
o	 Vegetation green fraction, ƒg (optional)
o	 Air temperature [Celsius]
o	 Wind speed [m/s]
o	 �a: vapour pressure [mb]
o	 Sdn: Incoming shortwave irradiance [W/m2]

•	 Results: Stress Ecosystem Evapotranspiration with low spatial resolution

Install pyTSEB.
›› Open your terminal/command line window.
›› Type 'jupyter notebook'.
›› Access Jupyter notebook in your browser.
›› Look for .ipynb file from pyTSEB in your computer folder.
›› Follow detailed steps described in pyTSEB by Hector Nieto.

3. Stress index (SNAP-WOIS-QGIS) and
Stress Evapotranspiration at high resolution

•	 EO data: Results from Step 1 (ET0, Ke, and Kc) and Step 3 (ET).
•	 Model framework: Ratio between non-stress ET and stress ET
•	 Results: Ecosystem Stress Index (ESI) with low spatial resolution and 

Stress ET with high spatial resolution
Algorithms will be integrated in WOIS, but you can apply them in your area with:
•	 SNAP > Raster > Band Maths
•	 QGIS > Toolbar menu > Raster > Raster calculator

ESI = (ET0 (Step 1.3)/ET (Step 2))
Kc = Ke (Step 1.3) + Kcb (Step 1.3) ESI (of the area – Step 2)
Stress ET at high resolution = KcET0
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EDDY COVARIANCE METHOD

In a turbulent air flow, assuming that air density fluctuations and the mean 
vertical flow are negligible, the associated energy fluxes can be represented 
as the product of the mean air density (ρa) and the mean covariance between 
the instantaneous fluctuations (differences between the instantaneous value 
and the average value over a given time period) of the vertical wind speed 
(w’) and a state variable (s’):

The latent heat flux, LE, is computed from the covariance between w’ and the 
instantaneous fluctuations of the specific air humidity (q’).

By analogy, the sensible heat flux, H, is computed from the covariance 
between w’ and the instantaneous fluctuations of the air temperature (T’), 
following the equation:

where Cp is the specific heat for air at constant pressure. 

CROP COEFFICIENT METHOD
(WHEN ET IS COMPUTED WITH VEGETATION INDEXES) 

The basal crop coefficient Kcb obtained from multispectral imagery will be 
related to the ratio of non-stress canopy ET to reference ET (FAO-56 method). 
This provides robust and continuous estimation of the ET in an unstressed 
status (Fig. 21). Due to the high spatial resolution of the VIS/NIR information 
(10  metres), this approach provides the resolution required for farm/local 
scales. The inputs to compute ET0 are: the slope of saturation vapour pressure 
versus average temperature (Δ [kPa °C-1]), net radiation (Rn [mm Δt-1]) and 
soil heat flux (G [mm Δt-1]), the actual and saturation vapour pressure (ea and 
es [kPa]), the average temperature (T [°C]), wind velocity (u2 [m s-1]), and the 
resistance coefficients.

REFERENCE
Campos, I., J. Villodre, A. Carrara, and A. Calera. 2013. “Remote Sensing-Based Soil Water 

Balance to Estimate Mediterranean Holm Oak Savanna (Dehesa) Evapotranspiration under Water 

Stress Conditions.” Journal of Hydrology 494 (June): 1–9. doi:10.1016/j.jhydrol.2013.04.033.

ANNEX I ANNEX II

F≈ ρa w’s’ 

H = ρaCp w’T’

Lρa w’q’

Fig. 21: ET0 and crop 
coefficient method

*Campos et al. 2013

(A1.3)

(A1.2)

(A1.1)
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NORMALISED DIFFERENCE VEGETATION INDEX (NDVI)

NIR (band 8 of Sentinel 2) and Red (band 4 of Sentinel 2) bands are used to 
retrieve Normalised Difference Vegetation Index (NDVI), following the basic 
equation:

The scaled NDVI approach (Choudhury et al. 1994) method is used to retrieve 
ƒc(0) with NDVI remote data: 

where NDVIMAX and NDVIMIN represent a surface fully covered by vegetation 
(~0.9) and completely bare (~0.08), respectively. The parameter p represents 
the ratio of a leaf angle distribution term (k) to canopy extinction (k'), where 
p=k/k'. k is the leaf angle distribution function, which appears to range 
between 0.5–0.7 (Ross 1975) depending on the leaves being distributed 
randomly (k = 0.5), vertically (k < 0.5), or horizontally (k > 0.5). We believe 
that it is possible to assume a random distribution because the savanna 
ecosystem contains erectophile grasses and planophile oak trees. k' is the 
damping coefficient, ranging between 0.8 and 1.3 for the NDVI (Baret and 
Guyot 1991; Delegido et al. 2011). We used a weighted p parameter of ~0.9, 
with k ~0.5 and k' ~ 0.55.

ANNEX III

Leaf area index is derived from fractional cover by an exponential function as 
Choudhury (1987) suggested:

Because the model was originally developed for uniformly distributed crops, in 
the case of clumped canopies with partial vegetation cover such as savannas, 
the parameterisations have to be corrected by a clumping factor (Campbell 
and Norman 2009; Kustas and Norman 2000) in order to take the particular 
distribution of the vegetation into account. This factor corrects for the 
reduction in the extinction of the radiation in a clumped canopy as compared 
to a uniformly distributed one by multiplying the LAI by a clumping factor 
(e.g., calculation of clumping factor based on Kustas and Norman (2000)).

In the Santa Clotilde experimental site, the tree-local LAIL measured in 
the field was 2.6 and the fractional vegetation cover was ƒc = 0.2. So, the 
ecosystem leaf area index would be LAI = LAIL ƒc ≈ 0.52. If all the leaves were 
randomly distributed, then the transmission of this vegetated region will be 
ƒc exp (-0.5LAIL). The fraction of the nadir view occupied by the soil is then 
ƒc exp (-0.5 LAIL) + (1-ƒc) ≈ 0.854 so that exp (-0.5 Ω LAI) ≈ 0.854 yielding a Ω(0) 
for the trees of 0.61.

NDVI =                 
NIR – RED
NIR + RED

ƒc(0) = 1– �                                  �
p

              
NDVIMAX–NDVI

NDVIMAX–NDVIMIN

(A3.1)

(A3.2)

LAI = ln �                 �
ln�1–ƒc�

–k
(A3.3)
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ENERGY BALANCE, TSEB METHOD
(WHEN ET IS COMPUTED AS LE USING SURFACE 
RADIOMETRIC TEMPERATURE) 

The ET estimation approaches based on the energy balance equation require 
the aerodynamical temperature (T0) to be obtained – the extrapolation of 
the air temperature profile down to an effective height within the canopy 
at which the vegetation component of sensible heat flux arises (Kalma and 
Jupp 1990), which is not equivalent to the TRAD given by the sensor/satellite. 
Several schemes have been formulated with different degrees of complexity 
and requirements for input parameters to solve this problem. 

For regional estimations, considering the effects of a partial vegetation cover, 
the two-source EB model used in this study (Norman, Kustas, and Humes 1995; 
Kustas and Norman 1999) is of great interest; because it separately formulates 
the flux energy exchange between the atmosphere and the soil, and between 
the atmosphere and the vegetation. Moreover, it has a stronger physical basis 
than other models and allows for adaptation to the specific characteristics of 
each ecosystem, modifying some aspects of the energy balance to account 
for the particular physiological, phenological, and meteorological conditions.

The model used in this study was the updated version of the Two-Source 
Energy Balance (TSEB) model as described by (Kustas and Norman 1999) and 
(Li et al. 2005). The model assumes that the surface radiometric temperature 
(TRAD) is a combination of soil (TS) and canopy (TC) temperatures, weighted by 
the vegetation fraction (fC) derived from the sensor.

The surface energy-balance equation can be formulated for the entire soil-
canopy-atmosphere system, or for the soil (subfix s) and canopy (subfix c) 

ANNEX IV

F≈ ρa w’s’ 

TR(ϕ) = {fc(ϕ)TC
4 + [1–fc(ϕ)]TS

4 }¼

components separately (Fig. 22). Since the radiation formulation follows the 
“layer-approach” (Lhomme and Chehbouni 1999), a simple summation of the 
soil and canopy components yields the total flux.

The soil heat flux was estimated as a time-dependent function of the net 
radiation that reaches the soil, as follows:

where tS is the time in seconds relative to solar noon. A represents the 
maximum value of the ratio G/RnS, assumed to have a constant value of 0.35 
(Choudhury 1987; Kustas and Daughtry 1990; Friedl 1996), C[s] is the peak 
in time position, supposedly equal to 3,600 following (Cellier, Richard, and 
Robin 1996), and B[s] is set equal to 74,000 (Cammalleri et al. 2010).

Rn = RnC + RnS

H = HC + HS

LEc + LES

G = Acos[2π (tS+C)⁄B]RnS 

Fig. 22: Energy balance scheme of TSEB model and equation

(A4.2)

(A4.3)

(A4.4)

(A4.5)

(A4.1)
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Within the series resistance scheme, the sensible heat fluxes Hc, Hs, and H 
were expressed as:

where TAC [K] is the air temperature in the canopy – air space, Rx [s m-1] is the 
resistance to heat flow of the vegetation leaf boundary layer, Rs [s m-1] is the 
resistance to heat flow in the boundary layer above the soil, and RA [s m-1] is the 
aerodynamic resistance calculated from the stability-corrected temperature profile 
equations (Brutsaert 2010), using Monin-Obhukov Similarity Theory (MOST).

Finally, the canopy latent heat flux (LEC) was derived, using as initial assumption 
a potentially transpiring canopy following the Priestley-Taylor equation 
(Priestley and Taylor 1972):

where αPT is the Priestley-Taylor coefficient, usually taken as 1.26 [-], fg [-] is 
the green vegetation fraction, Δ [kPa K-1] is the slope of the saturation vapour 
pressure versus temperature,  and γ [kPa K-1] is the psychrometric constant.

If the vegetation is stressed, the Priestley-Taylor approximation, i.e. equation 
A4.9, overestimates the transpiration of the canopy and negative values of LEs 
are computed by the model. This unlikely condensation over the soil during 
daytime indicates the existence of vegetation water stress, and it is solved by 
an iteration process that reduces αPT until it yields a coefficient value of 0.1, 
when LEs becomes 0.
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SURVEY

Thank you for taking the time to fill this survey to improve our tool, which is 
going to be used in monitoring savannas ecosystem water use and stress to 
help to ensure water/food security integrating Earth Observation data. This 
survey will only take 5 minutes of your time to complete. Be assured that all 
the information provided is confidential and will just be used to improve the 
outcomes of the project.

1. Country of origin

_____________________________________________________________________________________________________________________________

2. Which department do you work in and what is your area of 
specialization? 

Department   _______________________________________________________________________________________________________

Area of specialization   _ ______________________________________________________________________________________

3. What are the social economic uses of savannas in your country,
if some?

  Agriculture         Tourism         Grazing         Traditional medicine

 Other/explain   _______________________________________________________________________________________________

_____________________________________________________________________________________________________________________________
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4. What are the major threats facing savannas in your country?

  Fire

  Climate variability

  Overgrazing

  Exotic species

  Clearance of land for agriculture and human settlement

5. Have you and your department/ministry made use of any tools utilising 
Earth Observation (EO) data?

  Yes

  No

If yes please explain some of the tools used:

________________________________________________________________________________________________________________________

________________________________________________________________________________________________________________________

6. What is the level of EO data public availability in your country?

_____________________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________________

7. What are the technological challenges you face in accessing and 
interpreting EO data?

  Lack of reliable internet access to download data

  Lack of enough storage capacity for data downloaded

  Lack of human resource capacity to process and interpret  the data

  Other (please explain):

________________________________________________________________________________________________________________________

________________________________________________________________________________________________________________________

8. What is the level of the technical knowhow in interpreting the data 
from EO and using it in monitoring tools in your department?

_____________________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________________

9. Would there be need for extensive training on the use of the tool and 
how to interpret the results? 

  Yes

  No

If yes please highlight the areas you would wish covered during training sessions:

_____________________________________________________________________________________________________________________________
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10. What would be needed to sustain the use of the tool in the long term 
and have it implemented in your country?

_____________________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________________

11. Who would be considered as the major stakeholders to make use of 
the tool and what would be their role in its implementation?

_____________________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________________

Thank You!
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