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Abstract

Abstract

Until today, there is only little knowledge about the behavior of actual evapotranspiration (ET;) before
and after wildfires in Portugal, which can be estimated from remote sensing techniques.

In this thesis, an existing Simplified Two-Source Energy Balance model (STSEB) was adapted, based
on moderate resolution imagery to estimate £’7; and its contributing parts of transpiration and evaporation.
The study served to test the model and its precision. A bias of about =1 mm d~! for the estimated ET,
was observed, where evaporation was regularly overestimated and transpiration underestimated. This error
is acceptable for two-layer models based on satellite imagery, but estimates cannot be used for irrigation
management.

The evolution of the estimated E'T; after wildfires (up to four years) was analyzed at eucalypt stands
at the Caramulo mountain range in Portugal. By investigating the recovery of ET), after wildfire, the
difference between burnt and unburnt stands was mainly related to fire severity and stand characteristics.
Two to three years after the fire events, the difference between burnt and unburnt stands became non-
significant for all severity classes.

At the same region, the prediction of soil moisture deficit from drought indices was tested. The
drought indices empirically estimate the dryness of an area and are directly related to fire danger. They are
based on a simple water balance equation where effective rainfall and E'T, are the only input and output,
respectively. In this work the empirical equation of (E7T},) was substituted by the estimated ET, from
STSEB, which enhanced the spatial resolution of the drought indices, being regularly interpolated from
point estimates. Spatial patterns of soil moisture deficit were predicted, which indicated a relationship to
fire occurrences.

To conclude, the ET, estimated by the remote sensing based STSEB model, was used to make
observations of the water cycle on a regional scale. In contrast to other post-fire studies, eucalypt stands
in Portugal were found to be subject to a smaller hydrological impact after wildfires. This implies a fast
recovery and a smaller influence on streamflow and groundwater resources. Furthermore, the drought
indices, using the E'T}, from STSEB, identified areas with higher proneness to drought, by improving the
spatial resolution, using satellite imagery compared to traditional interpolation techniques. The results

support fire danger rating and might help to improve fire regime and forest management.

Keywords: energy balance equation, evaporative fraction method, Normalized Burn Ratio, Keetch-

Byram Drought Index, Drought Code
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Resumo

Resumo

O conhecimento sobre o comportamento da evapotranspiragdo real (E7}), antes e depois dos incéndios
florestais, especialmente pelo uso da detec¢do remota, € limitado.

No presente trabalho foi adaptado um modelo simplificado de equilibrio de energia de duas fontes
(STSEB), usando imagens de resolucdo moderada para estimar a E'T, e as suas componentes: transpi-
ragio e evaporacdo. O enviesamento da ET, foi de &1 mm d~!, onde a evaporagio foi regularmente
sobrestimada e a transpiracdo subestimada.

Foi observado o comportamento da E'T, estimada apds incéndios florestais (até quatro anos depois),
em eucaliptais da Serra do Caramulo, em Portugal. Investigando a recuperagdo da ET; apds um incéndio,
a diferenca observada entre dreas ardidas e nio ardidas deveu-se principalmente a diferentes caracteristicas
da floresta e a severidade do fogo. Dois a trés anos apés o fogo, a diferenca entre areas ardidas e ndo
ardidas tornou-se ndo significativa para todos as classes de severidade.

Além disso, foram testados indices de seca baseados num balanco hidrico simples, usando a ET,
estimada. Foram estimados padrdes espaciais de défice de dgua no solo, que se relacionaram com a
ocorréncia de fogo.

Para concluir, o modelo STSEB permite estimar a £T}, a uma escala regional, e acompanhar o ciclo
da 4gua em areas florestais usando técnicas da detecg¢do remota. Em comparagao com outros estudos dos
efeitos do fogo, o impacto hidrolégico apds incéndios florestais em eucaliptal foi menor neste estudo. Isto
revela uma recuperacao rapida e um menor impacte nos recursos hidricos de superficie e subterraneos.
Além disso, o modelo STSEB, juntamente com os indices de seca, identificaram dreas com maior propen-
s@0 a seca. Os resultados apoiam a cartografia de perigosidade de incéndio e podem ajudar a melhorar a

gestdo florestal.

Palavras chave: equacio de balango de energia, método da fragdo evaporativa, Normalized Burn
Ratio, Keetch-Byram Drought Index, Drought Code






Resumo (estendido)

Resumo (estendido)

O conhecimento sobre o comportamento da evapotranspiragdo real (&71}), antes e depois dos incéndios
florestais, especialmente pelo uso da detec¢do remota, ¢ limitado. Com as alteragdes climaticas e uma
ocorréncia crescente de desastres ambientais, nomeadamente incéndios florestais, torna-se necessario

estudar a relacdo entre o balanco hidrico e acorréncia de secas e incéndios florestais, a uma escala regional.

Para atingir este objetivo, este estudo aplicou um modelo simplificado de balango de energia de duas
fontes (STSEB), usando imagens de resolu¢cdo moderada (Landsat 5 e 8§ com 30 m e MODerate-resolution
Imaging Spectroradiometer, MODIS com 500 m de resolucdo espacial). Primeiramente, o modelo foi
testado para estimar a E'T;, e as suas componentes: transpiracao e evaporacio. Foram utilizados dados de
campo (medi¢des de fluxo de seiva e da evaporagdo com lisimetros), e método das flutuagdes instantaneas
(eddy covariance, EC) num olival. O enviesamento da ET}, foi de =1 mm d~!, onde a evaporagio foi
regularmente sobrestimada e a transpiragdo subestimada. A introdugdo no modelo da correccdo dos

factores beta levou uma melhoria das estimativas da F'T}.

Em segundo lugar, a recuperagdo da ET, estimada apds incéndios florestais (até quatro anos) foi
observada, comparando povoamentos de eucalipto ardidos e ndo ardidos localizados na Serra do Caramulo,
do centro-norte de Portugal. As dreas ardidas foram classificadas de acordo com a severidade do fogo,
utilizando indice espectral Normalized Burn Ratio. A diferenca absoluta de E'T, entre dreas ardidas e
ndo ardidas foi usada para identificar mudangas provocadas pelo fogo e acompanhar a sua magnitude
ao longo do tempo. Investigando a recuperagdo da E'T, ap6s um incéndio, a diferenca observada entre
dreas ardidas e ndo ardidas deveu-se principalmente a diferentes caracteristicas da floresta e a severidade
do fogo. Logo apds os incéndios, o solo contribuiu com cerca de 70% da densidade de fluxo de calor
latente (L E, W m~2) enquanto a vegetacdo apenas 30% de LE. Pelo contririo, em 4reas nio ardidas
estes valores foram de 20% e 80% de LFE, respectivamente. Dois a trés anos apds o fogo, a diferenca
entre florestas ardidas e ndo ardidas tornou-se ndo significativa para todas as classes de severidade do fogo

(baixa, moderada, severa).

Em terceiro lugar, foi testada a previsdo do défice de dgua no solo a partir de indices de seca na
mesma area de estudo. De modo a estudar a influéncia da E'T, antes dos incéndios florestais, foram
aplicados indices de seca usando a ET}, estimada pelo STSEB. Indices como o Drought Code (DC) ou
o Indice de Seca Keetch-Byram (KBDI) baseiam-se numa verséo simplificada da equacio do balanco
hidrico, em que a evapotranspiracao é considerada como o tnico termo de perda. As equagdes empiricas
incluem a evapotranspiracdo de referéncia (E1,,, na maioria dos estudos recentes ainda denominada
evapotranspira¢do potencial, E'T},), a partir da qual a evapotranspiragdo foi estimada. Essas abordagens
empiricas foram substituidas, no trabalho presente, pela ET), estimada a partir do STSEB, produzindo
também informacao espacial sobre o conteido de dgua do solo e resultando em uma resolugdo espacial

mais alta da cartografia de perigosidade de incéndio em comparacdo com as abordagens tradicionais

vii



de interpolacdo. Foram estimados padrdes espaciais de défice de d4gua no solo, que se relacionaram
com a ocorréncia de fogo. Foi encontrado um valor-limite, classificando as dreas como tendo menor ou
maior propensio a seca, e relacionando-as com a ocorréncia de incéndios florestais. Com o aumento das
condig¢des de seca, por ex. em julho, a classificacdo, usando o KBDI, permitiu identificar cerca de 75%
dos incéndios que ocorreram na drea de estudo numa drea pré-definida. Desta 4rea predefinida, 57% da
area foi classificada como propensa ao fogo e incluiu 75% da éarea ardida.

Além disso, foram testadas e utilizadas duas abordagens diferentes de coeficientes para estimar a
ET, em dias em que as imagens de satélite ndo estdo disponiveis: o coeficiente cultural ajustado (K, ,4;),
que combina o efeito da transpiracao da cultura, a evaporagdo do solo e o stresse hidrico; e o coeficiente
cultural basal (K},), que representa apenas o efeito da transpiracdo da cultura. O valor do K, € igual ao
da E'T;, quando ndo hd stresse hidrico e o efeito da evaporacdo do solo é nulo. Estes coeficientes foram
usados para estimar continuamente o teor de dgua no solo através de indices de seca (por exemplo, KBDI
e DC), para estimar a ET;, como producto da T}, do dia com o coeficiente retirado da dltima imagem
de satélite disponivel, que entram seguidamente nas equagdes simplificadas de balanco hidrico. Este
processo € repetido até a data em que estio disponiveis observacdes de satélite, que permitiam obter uma
nova estimativa da E'T, a partir do STSEB e consequentemente novos coeficientes.

Esta investigacdo fornece uma compreensdo das mudangas no balango de energia e na E'T},, e das
suas componentes numa regido extensa de floresta no centro-norte de Portugal. Através da aplicagdo do
modelo STSEB sobre as areas afectadas pelo fogo, foi obtida uma boa concordancia entre estimativas do
modelo e os fluxos de balango de energia medidos (densidade de fluxo de radiacdo liquida, R, ; densidade
de fluxo de calor sensivel para o solo, &; densidade de fluxo de calor sensivel para a atmosfera, H; e
LE) e, consequentemente, da E7, didria. Em comparacdo com outros estudos dos efeitos do fogo, o
impacto hidrolégico apds incéndios florestais em eucaliptal foi menor neste estudo, e isso deveu-se a fraca
severidade do fogo, j4 que a maioria deles foi classificada como fogo de gravidade baixa a moderada. Isto
revela uma recuperacao rapida e um menor impacto nos recursos hidricos de superficie e subterraneos.
Além disso, substituindo as estimativas da evapotranspira¢do nos indices de seca (KBDI e DC) pela
estimativa de F'T, pelo modelo STSEB, dreas com maior propensao a seca foram identificadas, sendo
fortemente relacionadas com a ocorréncia de incéndios florestais. A melhor distingdo destas dreas foi
alcancada através da maior resolugdo espacial devida ao uso de imagens de satélite, pois os métodos
convencionais ainda dependem da interpolagdo entre as estacdes meteoroldgicas. Além do mais, o modelo
STSEB, juntamente com os indices de seca, permitiram a identificacdo de dreas com maior propensio a
seca. Os resultados apoiam a cartografia de perigosidade de incéndio e podem ajudar a melhorar a gestdao
florestal. Num trabalho futuro, a aplicac@o dos indices de seca, KBDI e DC, em combinacio com a E'T;,
do modelo STSEB, serd testada para outras regides, por ex. Indonésia, usando diferentes observagdes por
satélite (por ex., Landsat, Sentinel). A este respeito a identificacdo de dreas com maior propensao ao fogo

serd melhorada usando abordagens de classificacdo mais sofisticadas.

Palavras chave: equacio de balango de energia, método da fragdo evaporativa, Normalized Burn
Ratio, Keetch-Byram Drought Index, Drought Code
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FWI

IC
iTDVI
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MODIS
NDTI
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PE
PWP
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Antecedent Precipitation Index

Canadian Forest Fire Weather Index

Crop Water Stress Index

Drought Code

Eddy Covariance

Enhanced Vegetation Index

Field Capacity

Canadian Forest Fire Weather Index

Internal Calibration

Temperature Dryness Vegetation Index
Keetch-Byram Drought Index

Leaf Area Index

Mapping EvapoTranspiration at high Resolution using Internalized Calibration
MODerate-resolution Imaging Spectroradiometer
Normalized Difference Temperature Index
Normalized Burn Ratio

Percentage Error

Permanent Wilting Point

Resistance Energy Balance Model

Root Means Square Error
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Soil Moisture Ocean Salinity product
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Symbols and variables

« Albedo, adim.

Qy Albedo from canopy, adim.

Qs Albedo from pure soil, adim.

vy Psychrometric constant, kPa,°C

A Vapour pressure curve slope, kPa, °C

ASM Change of soil water content with time, mm d~!

€ Surface emissivity, adim.

Es Emissivity of the pure soil, adim.

Ev Emissivity of the vegetation, adim.

thm Up-welling sky irradiance, W m~2 sr~! ym~!

Litm Down-welling sky irradiance, W m~2 sr—! zm~—!

0Q Change of soil water (soil water depletion in mm) during a certain time

1) Air density kg m™3

Orc Water content at field capacity, m® m—3

Owp Water content at wilting point, m® m—3

T Transmissivity, adim.

Ca Coefficient between 0.15-0.4 to obtain G from R,

Cp Volumetric heat capacity of air at constant pressure, J K~ m—3

DP Deep percolation, mm d—*

€a Actual vapour pressure, kPa

€s Saturation vapour pressure, kPa
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CHAPTER 1

Introduction

This work is the interface between forest hydrology and forest management, where a Two-Source Energy
Balance (TSEB) model from hydrological science is applied to forestry. The thesis is organized in three
parts presenting three different specific study purposes.

First, the simplified TSEB (STSEB, Sanchez et al., 2008b) was intensively tested for partitioning £T,
into its components (i.e. transpiration and evaporation), which until then had not been done in detail. For
this purpose data from a long-term water use study at an olive grove were used. Then, the new found
results, concerning the partitioning of E'T, were transferred to burnt eucalypt forests to investigate the
changes in E'T}, transpiration and evaporation after fire events. Finally, the remotely estimated ET}, from
STSEB was incorporated into fire danger indices to improve fire danger rating in forest stands, using a

novel methodology developed for this work.

1.1 Background: determination of evapotranspiration

The estimation of actual evapotranspiration (FT,, evaporated amount of water under non-standard
conditions, Allen et al., 1998) is highly important to water managers and land users as it is directly related
to crop productivity, and allows to optimize for irrigation strategies. There are many studies on water use
in agriculture (Green et al., 1989; Ferreira et al., 1996; Hugalde and Vila, 2014; Conceig¢ao et al., 2017).
Also the hydrological cycle of forest areas has been extensively studied, (e.g. David et al., 1994; Wilson
et al., 2001; Testi and Villalobos, 2009), where the evapotranspiration is often determined as a residual
term of the water balance (e.g. Pereira de Almeida and Riekerk, 1990; Baldocchi and Ryu, 2011). These
and studies about the variation of forest evapotranspiration with weather conditions and disturbances
(Kang et al., 2006; Bond-Lamberty et al., 2009; Whelan et al., 2015), were typically done at the catchment
scale in different ecosystems. As part of this work was done in eucalypt plantations, there was a particular
interest in finding studies about this tree species. However, studies focusing on the water cycle in eucalypt
forests have been mainly conducted in Australia (Langford, 1976; Watson et al., 1999; Nolan et al., 2014,
2015), that differed to Portugal in their soil properties and climatic conditions. Generally, water balance
studies give estimates over long periods and are reliable in determining the main input (precipitation) and
outputs (evapotranspiration, drainage and runoff, Monteith, 1994).

Another method to obtain evapotranspiration is the eddy covariance (EC) method, by measuring
exchanges of heat, mass, and momentum. It emerged in the late 1950s (Schotland, 1955; Suomi, 1957), but
only with the development of the current generation of sonic anemometers, the EC method became more
widely spread, not just by micrometeorologists but also by ecologists (Foken et al., 2012). Meanwhile, it
is often considered as the reference method in water use studies. However, the EC method, which operates
well on a field-scale, cannot be easily applied over areas with rugged and/or mountainous surfaces. The
processing and interpretation of the data requires extensively-trained personnel and is still very costly.

Typical water balance studies or the EC method do not provide information about the two separate
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ET, components i.e. transpiration and evaporation. Transpiration, which is the liquid water vaporization
from plant tissues and its removal to the atmosphere (Allen et al., 1998), can be estimated from sap flow
measurements, which require additional on-site measurements to obtain transpiration (David et al., 1997;
Wilson et al., 2001, e.g. stand sapwood cross-sectional area). Evaporation is the process of converting
liquid water to water vapour (vaporization) and removing it from the soil surface (Allen et al., 1998). It
can be obtained by using weighing lysimeters (Conceigao et al., 2017; Ferreira et al., 1996). Both on-site
measurements have the disadvantage that they are intensive in highly-qualified labour and, therefore,
costly and unfeasible over long time spans. With the emergence of remote sensing methods, it is possible

to obtain information on heterogeneous vegetation surfaces at different spatial and temporal resolutions.

1.2 Energy balance models and their concepts

The idea of dividing the evapotranspiration from vegetated surface into its contributing parts of soil and
canopy, considers partial vegetation cover conditions and is suitable to operate with Earth observation
systems to work over extended areas. In comparison, many ground based methods exist that accurately
measure the components of the water or energy balance at field-scale. The output of on-site measurements
are indispensable for model adjustments. However, it is not practicable to simply interpolate between those
field-scale measurements, as a high spatial variability of the different vegetation types and soil properties
exist (Scott et al., 2000; Sanchez et al., 2008a). In fact, over extended areas, local measurements are
only meaningful when the area is homogeneous. This is also applicable for the use of one-source models
that simplify the surface layer to a homogeneous vegetation layer of a certain height. A more detailed
description of point location measurements, their development, and the distinction from one-source to
two-source models is given in the introduction of Chapter 3.

All models based on flux gradient relationships (single or multi-layer models), consider the soil-plant-
atmosphere continuum as an electric circuit, where at least two resistances (i.e. stomata and boundary layer
resistance) must be overcome. Two-source energy balance models originated in the 1980s (Shuttleworth
and Wallace, 1985; Choudhury et al., 1987). These models consider the soil and the vegetation layer
as separate sources. Shuttleworth and Wallace (1985) used the concept of bulk stomata resistance and
aerodynamic resistance of the vegetation for the vertical transport (see Monteith, 1965). To that, they
added the concept of surface resistance of the substrates surface (r, upper soil surface, Monteith, 1981)
and the resistances in the canopy (r, mean canopy flow).

Norman et al. (1995) proposed a two-source energy balance model that includes brightness temperature
from remote sensing, assuming that the sensible heat flux density can be estimated from the surface
temperature (71;,q). The authors suggested to estimate the energy fluxes by the contribution of the soil and
the vegetation separately. It is difficult to estimate the different temperatures for the components of soil
and vegetation, when only one surface temperature is available. Several authors extract these temperatures
by establishing a relationship between the surface temperature (e.g. from satellite brightness temperature)
and vegetation indices and/or partial vegetation cover (Carlson et al., 2007; Yang et al., 2015; Kasim and
Usman, 2016).

This study is based on a model by Sanchez et al. (2008b) who further developed the model of Norman
et al. (1995) which has previously been validated (Zhan et al., 1996; Kustas and Norman, 1999). A general
scheme of the model, describing its input variables, processes, intermediate results and output is shown in
Fig. 1.1.

Until today there are few studies testing remote sensing based TSEB models to separate £'T; into



transpiration and evaporation. Colaizzi et al. (2014) only recently tested a TSEB model to calculate E'T;,
and its components at cotton fields. They requested researchers to conduct similar studies for different
crops and different water supply conditions, suggesting remote sensing platforms, from ground-based to
satellite scales (Colaizzi et al., 2016).

In Ortega-Farias et al. (2016) another TSEB model was tested for partitioning E'T into its components.
They obtained surface temperature at very high spatial resolution of 6 x6 cm, using multispectral and
infrared thermal cameras mounted to a helicopter-based unmanned aerial vehicle (UAV). Their results
encouraged to estimate transpiration and evaporation from lower spatial resolution (e.g. brightness
temperature from satellite product), applying TSEB models.

In this study the STSEB model that is designed to operate with remote sensing data to estimate E'T}
over different crops, was applied to benefit from these advantages.
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Figure 1.1: General overview of the input data (cylinders), processes (triangles) and generated output
(ovals) by the two-source energy balance model inspired by Sdnchez et al. (2008b)

The model was newly implemented in Python code and had first to be tested, even though the model’s
performance has already been studied over a variety of crops and forested areas (Sanchez et al., 2008b;
Sanchez, 2008; Sanchez et al., 2009).

For testing the STSEB model, data from a long-term study at an olive orchard (WUSSIAAME - Water
Use, Survival Strategies and Impact of Agrochemicals in Agricultural Mediterranean Ecosystems) were
actively collected and further processed. This study provided high-quality data of E'T}, and its components,
by the means of different field measurement techniques (EC, lysimeter and sap flow measurements) over
a period of three years. Long-term studies that provide own data for evaporation and transpiration from
diverse on-site measurements are rare. The only ground-based technique for transpiration is to measure
the sap flow, in which this research team has — as well as in other water use quantifications — several
decades of experience.

Since the STSEB model can be adopted to any vegetation type, it has benefited from the existing
datasets and the accumulated knowledge of the WUSSIAAME research team to explore the model for
partitioning E'T}, into its contributing parts, using remote sensing techniques. With this done, the model
was applied to the olive grove with the aim of testing the agreement between measured and estimated

E'T,, transpiration and evaporation as later described.



1.3 Wildfires and their effect on the water cycle

Wildfires disturb the terrestrial environment, the ecological aquatic processes and influence the water
cycle in terms of the water quantity (e.g. stream flow) and water quality of streams (e.g. water pollution
with nitrate inputs; increased water temperature by reduced tree shading, Hitt, 2003). They change the
soils composition (e.g. pH, minerals) and porosity (e.g. soil texture), and thereby reduce the infiltration of
the water into the soil. Hydrophobic substances lead to a higher water repellency (Nunes et al., 2016)
that causes increased runoff, mudflows and soil erosion (Shakesby et al., 1993; Montes-Helu et al., 2009;
Staley et al., 2017) especially in regions with steep slopes (e.g. Portugal, Prats et al., 2013). Wildfires, in
particular crown fires, lead to a decrease of leaf area index (LAI) that is related to rainfall interception
and vegetation transpiration (Mitchell et al., 2009). (Spracklen et al., 2012) observed a direct relationship
between the change of vegetation cover and the local micro-climate (i.e. rainfall). In the case of Portugal,
changes in E'T}, are not related to changes of precipitation because the continental precipitation recycling
ratio is extremely low, meaning there is no connection between these variables (Van der Ent et al., 2010).

Knowing the effects of fires on the water cycle, one becomes aware of the importance of determining
its components such as the E7,. No study was found local to Portugal, that deals with changes in
FET, after wildfires and its long-term recovery in eucalypt stands. This is important as recent literature
investigated changes of E'T}, that was up to double as high compared to E'T}, from long unburnt forests.
The differences lasted between 7 to 30 years (Nolan et al., 2014), affecting streamflow and consequently
water supply in Australia. The increase of E'T, may be explained by fire induced epicormic resprouting,
and together with an only partial defoliation, the overall leaf area might be temporarily higher than
compared to unburnt stands.

Sanchez et al. (2015) studied changes in the energy flux patterns after wildfires that affected a pine
and shrub area. For this purpose the STSEB model was applied using Landsat 5-TM and Landsat 7-
EMT+ images, and meteorological data from the study site. The pine area mitigated differences in
evapotranspiration between nine to eleven years, and the shrub area six to seven years after the fire.

In Portugal, only studies that investigated the effect of clear-cutting on the water cycle were found.
Hawtree et al. (2015) analyzed time series of long-term hydrologic impacts of afforestation in the Agueda
watershed that gave no implication of significant reductions in stream-flow. David et al. (1994) also studied
streamflow after clear-cutting of Eucalyptus globulus in two watersheds 60 km north of Lisbon, Portugal.
Only short-lived increases of streamflow were observed (about one to two years after clear-cutting).

The recovery time of E'T), to conditions before the fire breakout over a regional scale were investigated.
Using the STSEB model provided the opportunity to do this also for the components of E'T, (transpiration
and evaporation). In the literature, little is reported about the changes in transpiration and evaporation
after wildfires. Nolan et al. (2014) observed tree and shrub transpiration and forest floor evaporation after
wildfires at a re-sprouting mixed eucalypt forest. They showed that the contribution of the components
to the total evapotranspiration was still different three years after the fire compared to unburned areas.
The Australian study reported that the change in E'T;, and its components was mainly influenced by the
topography, through its effects on forest structure, the evaporative demand, and the fire severity.

However, in literature there are unburned forest studies that measured the transpiration of different
tree species. Roberts (1983) compared several studies from northern European tree species. The listed
studies lacked partly in description of the understory, but the forests covered a range of full canopy
cover to open stands. They found no significant differences for annual transpiration. Benyon and Doody
(2015) confirmed this finding for Eucalyptus globulus Labill. and Pinus radiata. As the ground-based

data collection of transpiration is rather work intensive (Benyon and Doody, 2015; Sun et al., 2017),
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only few studies exist, measuring the sap flow at forest stands. In Portugal David et al. (1997) measured
transpiration with the Granier sap flow method (Granier, 1985) to understand the evolution of transpiration
from Eucalyptus globulus canopies during drying periods, by assessing the role of the main controlling
factors. They concluded that the long-term trend of transpiration during the dry spring-summer period
was mainly controlled by the soil moisture deficit (SMD). The data of David et al. (1997) were also used
to obtain a possible stress coefficient (K,) for eucalypt stands. By knowing the soil water content, rainfall
(input) and the estimated daily ET}, it was possible to estimate when the soil water might be depleted

(permanent wilting point, PWP).

1.4 Fire danger rating

For fire danger assessment, the fuel moisture content plays an important role of the potential of fire
ignition and fire spread. According to Torres et al. (2018), only few studies link the soil moisture to fire
danger. Possible reasons might be that the retrieval of on-site soil moisture measurements are rather work
intensive and that they will only be valid on a field-scale (Brocca et al., 2007).

The estimation of SMD from space deal with other limitations. Many studies attempted to relate
vegetation indices from remote sensing data to wildfire occurrences (Chuvieco et al., 2004; Bisquert et al.,
2014). However, according to Qi et al. (2012) the soil moisture content has a much stronger correlation with
live fuel moisture than with measures of photosynthetic activity e.g. Normalized Difference Vegetation
Index (NDVI).

Another satellite data application is to retrieve soil moisture from microwave data, but the current
satellite products have spatial and temporal restrictions. For example, the Soil Moisture Ocean Salinity
product (SMOS; Level 3) is provided in 2-3 days interval with a pixel size of about 40 km, which in many
cases is too coarse for the end-user. Lately, Sentinel-1 microwave data is used to retrieve soil moisture
and is combined with other satellite products such as Landsat-7/8 for high spatio-temporal resolution
(Amazirh et al., 2018). An overview of remotely sensed soil moisture data is given by Mohanty et al.
(2017), listing the instruments and satellite platforms with their corresponding resolutions in time and
space.

For the reasons just mentioned, the regional fire danger rating systems are still mainly based on local
meteorological measurements. These measurements are used to estimate the moisture content of living
and dead fuels and the water content of the soil, being reliable for the assessment of fire danger. The
Drought Code (DC) is an index of the moisture content of deep, compact soil organic layers, closely
correlated with seasonal drought effects on plant fuels It belongs to the Canadian Forest Fire Weather
Index (FWI), which is a fire danger rating system released in Canada in 1970. The FWI consists of six
different subindices, where all are determined by daily meteorological recordings (e.g. temperature, wind
speed, relative humidity and rain). Three of the indices represent the fuel moisture of soil, dead and
living fuels. Another two subindices obtain the fuel consumption and the rate of spread, and a final index
represents the fire intensity as energy output rate per unit length of fire front (Van Wagner, 1974).

The DC is based on a very simple water balance equation, where the only input is the effective rainfall
(Per) and the output is the estimated E'T}, by dividing the reference evapotranspiration £ by two (in
the literature E'T;, is often referred to as potential evapotranspiration, E7},). The ET;, equation is based
on the approach of Thornthwaite (1948), who suggested to estimate water requirements of plants by using
air temperature (7,) and day length. The equation estimates he obtained were very imprecise and only

suitable for the region where the measurements were taken. Monteith (1994) cited Thornthwaite who
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criticized his own equation by saying: "This mathematical development is far from satisfactory...it is
completely lacking in mathematical elegance. It is very complicated and without nomograms and tables
as computing aids would be quite unworkable. The chief obstacle at present to the development of a
rational equation is the lack of understanding of why potential evapotranspiration corresponding to a given
temperature is not the same everywhere." (Thornthwaite, 1948). Nevertheless, since decades in practice,
but also for many research purposes the equation to retrieve E'7;, from the DC stays unmodified.

The Keetch-Byram Drought Index (KBDI) is another fire danger index based on the water balance
equation and often used to estimate SMD. The equation suggested by Keetch and Byram (1968) uses
the mean annual rainfall and the maximum daily temperature (7},,,x) to compute the drought factor. It
depends on several assumptions (i.e. arbitrary soil depth of 8 inches, evapotranspiration rate is a function
of weather variables and vegetation density).

Once again, the actual removal of water vapor is based on an empirical equation of E'T;,. For that
reason, the research presented in this thesis uses the estimated E7; from the STSEB model to improve
the actual water balance and to obtain a better spatial resolution (500 m, MODerate-resolution Imaging
Spectroradiometer, MODIS) for SMD estimation. This approach, its application, and the obtained results
are given in Chapter 5.



CHAPTER 2

Objectives and structure

This work is at the interface between water use and forest fire management, where traditional methods
from hydrology science are applied to the science of forestry to studying the impact of wildfires on
the hydrological water balance. Water relationships before and after fire outbreaks were investigated,
concentrating on the E'T,, estimated from remote sensing.

The research topic was divided into three main objectives:

1 testing the agreement between measured and estimated 7, and its contributing parts of transpira-

tion and evaporation from the STSEB model;

ii analyzing the quantitative changes of the energy balance fluxes, and therefore daily ET, after

wild-fires; and

iii identifying areas with higher proneness to fire, by the incorporation of estimated T, into drought

indices.

Each objective of this list was dealt with in a research paper and published (or submitted) to Scopus
indexed international journals, and are covered in chapters 3-5.

Chapter 3 describes the first study, where the STSEB model was tested for partitioning ET}, into
transpiration and evaporation. For this work, the model was implemented in Python code (according to
Sénchez et al., 2008b) and extended by the evaporative fraction method described by Gentine et al. (2007)
to obtain daily values. The model’s outputs were compared to field measurements of E'T,, transpiration
and evaporation, respectively. To improve daily estimates the 5-factor correction by Van Niel et al. (2011)
was implemented.

In Chapter 4, the STSEB model was applied to burnt eucalypt forests at the Caramulo mountain
range between Aveiro and Viseu. Fire-driven changes of the surface energy fluxes were investigated by
comparing burnt areas with close-by unburnt tree stands. Hereby, the burnt areas were classified into their
burn severity, resulting in information about changes in ET}, and the partitioning of transpiration and
evaporation after fire events.

Chapter 5 explores the use of the estimated T}, from STSEB for fire danger rating. For this reason
drought indices based on the water balance equation were modified by substituting the empirical equations
for evapotranspiration with ET, from STSEB. A classifier was introduced to identify the minimum area
prone to fire by including the maximum fire-affected regions. The basal crop coefficient (K.},) and the
adjusted crop coefficient (K ,4;) approach to estimate ET;, for days with no satellite observations were
applied.

Chapter 6 gives a general conclusion of the results and illustrates perspectives for follow-up projects.

Further methods and results, which have not been described or published yet, are included as supple-

mental material.






CHAPTER 3

Estimation and partitioning of actual daily evapotranspiration at an intensive olive
grove using a simplified two-source energy balance model, (Article I)

This paper describes the testing of the STSEB model in terms of estimating the components of ET,,
(i.e. transpiration and evaporation). For this reason, data from a long-term study at an olive grove was
exploited, due to familiarity with the study site, and the associated data collection. Beta-factor corrections

according to Van Niel et al. (2011) improved the model for ET), estimations.

This chapter was originally published in Agricultural
Water Management, 31 March 2018, (©Elsevier B.V.,,
available online:
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ARTICLE INFO ABSTRACT

Keywords: This study is based on the application of an existing simplified two-source energy balance (STSEB) model, using
Landsat medium-resolution satellite imagery (Landsat) to estimate instantaneous (at the satellite overpass time) and
Evaporation daily actual crop evapotranspiration (ET,) over an intensive olive grove. Daily values were obtained by the use of
Transpiration

the evaporative fraction method and corrected for latent heat, available energy, and evaporative fraction biases
(beta-factor correction). Model estimates were compared to ground-based measurements. Heat flux densities
(eddy covariance method) were recorded, and five Landsat images at approximately monthly intervals were
used, covering our study site in 2011. Comparison with ground measurements showed a maximum difference of
—0.6 mm day ! before, and 0.2 mm day ~! after beta-factor correction for the main plot.

The experimental site consisted of a main plot exposed to deficit irrigation, and two small subplots
where—during a limited period of time (six weeks)—one was temporarily not irrigated, and the other well-
irrigated for reference. One Landsat image was available for this limited period of time.

Additionally, the STSEB algorithm was tested for partitioning evapotranspiration into its evaporation and
transpiration components. Evaporation estimated from the STSEB model was compared with evaporation esti-
mated from a model adjusted from local lysimeter measurements. Transpiration data obtained from calibrated
sap flow measurements were, after local calibration, also compared to model estimates. Model results agreed
with the measured data, showing) under- and overestimation for transpiration and evaporation, respectively.

Evaporative fraction method

1. Introduction

Over the last decade, more and more traditional olive orchards
(< 100 treesha™!) have been replaced by intensive to super-intensive
ones (> 2000 treesha™ '), especially in the South of Portugal with
Mediterranean climate conditions. This development demands im-
proved water management and optimised irrigation practices in terms
of quantifying olive water requirements. This study aims to estimate
actual evapotranspiration (ET,) and its contributing parts of canopy
transpiration (LE,) and soil water evaporation (LE;), as the latter is
often seen as water loss for irrigated crops. An existing simplified two-
source energy balance model (STSEB) based on Norman et al. (1995)
and further simplified by Sanchez et al. (2008b) has been, in
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combination with satellite imagery, tested for separately estimating LE;
and LE, on a daily basis.

To estimate the amount of water transferred to the atmosphere from
different crops, various estimation approaches have been developed, in
general using implicitly (or explicitly) the leaf surface conductance
(bulk stomatal and leaf boundary layer). Due to the difficulty in ob-
taining this variable for every crop in any water status condition, simple
semi-empirical models have been used to calculate ET, for decades. The
principle is based on the reference evapotranspiration (ET,) estimated
from on-site collected meteorological data, which then is multiplied by
a crop coefficient, obtaining ETy, (k. = ET,,/ET,) and finally by a stress
coefficient (ks=ET,/ET,). In a well-known group of guidelines (FAO
Irrigation and Drainage Paper 56), Allen et al. (1998) proposed
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estimating ET, based on the Penman-Montheith equation, which in-
corporates aerodynamic and physiological parameters of a previously
defined reference grass to retrieve k. and k coefficients.

An alternative approach to obtain ET, and its contributing parts, LE,,
and LE,, was adopted from the energy balance equation (Eq. (A.1)). A
distinction is drawn between one- and two-source models, to account
for the different heat transfers from the soil surface and the plant ca-
nopy. One-source models assume one surface temperature and aero-
dynamic resistance for the zone of soil and vegetation cover while the
two-source models identify soil and vegetation layers as separate
sources of heat flux.

To date, many studies have been carried out over annual crops or
uniform land covers (Tasumi et al., 2005; Agam et al., 2010; Hoffmann
et al.,, 2016; Timmermans et al., 2007), and many studies have dealt
with heterogeneous ground cover (Bastiaanssen et al., 1998; Colaizzi
et al., 2016; Roerink et al., 2000), and only recently with tree crops
(e.g. olive orchards; Cammalleri et al., 2012; Pocas et al., 2014; Ortega-
Farias and Lépez-Olivari, 2012).

Due to the accessibility of satellite data, remote sensing based es-
timations of ET, (Sun et al., 2012; Peng et al., 2012; Minacapilli et al.,
2016), combined with energy balance models (Du et al., 2013; Ruhoff
et al., 2013), became more and more attractive, especially because only
a few additional meteorological variables (e.g., air temperature, wind
speed, global solar radiation) are needed, being regularly measured at
meteorological stations. Yang et al. (2015a) made a comparison be-
tween three two-source remote sensing evapotranspiration models,
where two of them were two-source energy balance models (TSEB) and
the third was the MOD16 ET, algorithm (algorithm according to
Norman et al., 1995 and Nishida et al., 2003b,a). Results showed that
MOD16 failed to reproduce spatial ET, patterns over particularly dry
environments, while the TSEB model was in agreement with the ET,
measurements.

Generally, TSEB models give reasonable results for ET,, and are used
for separately estimating LE, and LE, which, based on remote sensing
has not been tested yet, to its full extent. One reason might be that TSEB
models tend to overestimate LE; and underestimate LE, (Colaizzi et al.,
2014, 2016). Here, the STSEB model gives the opportunity to operate
on a larger scale (e.g. field-scale), due to relatively few input variables,
the use of standard meteorological data, and satellite imagery. Daily
values of ET,, LE,, and LE; were estimated using the Evaporative
Fraction (EF) constant method. Correction factors (beta-factors), ac-
cording to Van Niel et al. (2011), were tested to improve model esti-
mations.

On this background, the objectives of this study were to:

i estimate instantaneous ET, in discontinuous vegetation e.g., for an

olive grove;

ii detect significant reductions in evapotranspiration due to the water
status of the trees;

iii test the performance of the model for partitioning evapotranspira-
tion into its contributing parts (transpiration and evaporation); and

iv evaluate the overall ground cover dynamics (effect of canopies and
inter-row soil cover) affecting the use of satellite imagery.

On-site measurements of total ET,, obtained with the eddy covar-
iance (EC) method, and its contributing parts (LE; and LE,) were
compared to the model estimates. Consequently, the sections high-
lighting the results of the research at hand, as well as the discussion of
these results, are split in accordance with the aforementioned objec-
tives.

2. Materials and methods

A detailed description of the experimental set-up, instrumentation
and their specifications are given in Conceicao et al. (2017).
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2.1. Study site

This work is based on data obtained in an intensive olive grove in
the southeast of Portugal, located in the region of Alentejo in 2011
(latitude: 38°1’15.90” N, longitude: 8°10’44.50” W, Datum WGS84, 97
m above sea level). In September 2004, a 10-ha olive grove (cv.
Arbequina) with a tree spacing of 4.8 m, and a row spacing of 7 m was
installed, where a continuous area of 434-ha was selected for taking
measurements.

In 2010, the average height of the trees was 3.2 m, the average
canopy projected area was 5.7 m?, and the average leaf area index on a
total area basis was 1.01 m? m ™2 Further biometric measurements
were taken and are described in HAusler et al. (2014).

The climate in the region of Alentejo is temperate and is one of the
Mediterranean types, Csa, characterized by mild and wet winters and
very hot and dry summers (Koppen Geiger Classification Rubel and
Kottek, 2010). The average annual rainfall is about 580 mm, with
around 5% falling during summer time (http://www.ipma.pt/). The
soil was classified as Luvisol (Food and Agriculture Organization of the
United Nations (FAO), 2006) with a ApBtC profile.

The total olive orchard, with the exception of two subplots, during a
limited stress period, was deficit-irrigated. Each tree row had a line of
drippers spaced 0.75 m apart. The nominal flow for the deficit irrigation
was 1.6 L h ™!, which corresponds to an irrigation flux density of 0.31
mm h™!. During 2011 the deficit irrigation operated from 15 June to 26
September (103 days) with an average irrigation depth of 1.4 mm
day 1.

During six weeks, two subplots received different treatments. One
received no water at all (Subplot 2) and the other was well-irrigated
(Subplot 3; see also Section 2.2.3 and Conceicao et al., 2017). Pre-dawn
leaf water potential served to monitor and define the plant water status.
According to Fernandes-Silva (2008) plants are in comfort between
—0.4 MPa and —0.7 MPa. The observed values for the well-irrigated
Subplot 3 were never below —0.5 MPa (Conceicao et al., 2017). Trees
with a pre-dawn leaf water potential of down to —0.5 MPa were
therefore defined as being in comfort. Values below this point indicated
water-stressed olive trees.

2.2. On-site measurements

2.2.1. Measurement of energy heat fluxes at the main plot

The installation of EC sensors allowed the measurement of the flux
densities of latent heat flux density LE and sensible heat flux density H
with a three-dimensional sonic anemometer and a krypton hygrometer
(CSAT3-D and KH20, respectively, Campbell Scientific, USA), which
were mounted on a metallic tower at the height of 4.5 m above ground
and oriented into the dominant wind direction (Fig. 1). Raw fluxes (H
and LE) were recorded by a data logger (CR10X, Campbell Scientific,
USA), and 30 min averages were stored. Corrections for air density
variations (WPL-correction, Webb et al., 1980), and oxygen cross sen-
sitivity for krypton hygrometers (because of oxygen absorption, Tanner
et al., 1993) were performed.

The net radiation R,, was measured with net radiometers (NR2 and
NRlite, Kipp & Zonen, Netherlands) and the soil heat flux density G was
recorded, using six heat flux plates (heat flux sensors HFPO1 and HFT-
3.1 manufactured by Hukseflux and Radiation and Energy Balance
Systems, respectively) with known thermal conductivity. The heat flux
plates were buried in the ground at a depth of 0.05 m, perpendicular to
the flow direction. To quantify the heat stored in the soil layer between
0 and 0.05 m, copper-constantan thermocouples were used at 0.025 m
soil depth (1/30 Hz, 10 min average). Further information about
equipment and data processing, are described in Conceicao et al.
(2017).

A simplified footprint analysis (Schuepp et al., 1990) allowed the
evaluation of the relative contribution of fluxes coming from different
areas within the plot to the total measured flux. More than 85% of the
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Fig. 1. Image (a) shows a seven-year old intensive olive grove (cv. Arbequina) with a tree spacing of 7 x 4.8 m. The location of the experimental site is marked by a red square in the map
of Portugal (left corner, Képpen-Geiger Classification) Web references [1]. Image (b) gives an overview of the total test site with its numbered subplots (extracted pixels, 30 m, white
squares) and the location of the eddy covariance tower (main plot). The main wind direction is illustrated by white dashed arrows. Web references [2]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

measured LE came from an upwind area less than 140 m away from the
measurements’ point. LE and H fluxes were selected according to the
wind direction, taking into consideration the outputs from the footprint
analysis (Conceicao et al., 2017) in relation to the fetch for each di-
rection.

2.2.2. Transpiration and soil evaporation at the main plot

Using the thermal dissipation method (Granier, 1985), the sap flow
was recorded for seven trees in the main plot. Measurements were taken
every 60 s and averaged every 30 min by a data logger (CR3000,
Campbell Scientific, USA; for details see also Conceicao et al., 2017).

Measurements of LE; with micro-lysimeters were taken. In total, ten
lysimeters were installed. Here, six of them were along the tree line
with a spacing of 0.75 m and another four near the line, where two of
which were in the shade of the crown and two exposed to the sun
(Tezza, 2014). The lysimeter measurements were used to model LE; for
the days were no measurements were taken, using locally adjusted
model parameters, as described in Tezza (2014) and Conceicao et al.
(2017). By subtracting LEs (micro-lysimeters or model) from ET,,
measured at the EC tower, LE, was obtained. Subsequently, LE, was
compared with average sap flow data in order to correct it, obtaining a
time-series for LE, of the main plot under deficit irrigation where also
total LE was measured. Afterwards, it was possible to infer LE, for the
small Subplots 2 and 3, in the way explained in the following section.

2.2.3. Transpiration of the two subplots

For the duration of a stress period (3 August to 15 September, 2011)
the experimental site had additionally two small subplots outside the
footprint area of the main plot (Fig. 1). In each of the two subplots, sap
flow measurements for six trees were taken, also using the thermal
dissipation method as described by Granier (1985). Subplots 2
(38°1"13.99” N, 8°10’42.68” W) and 3 (38°1’11.81” N, 8°10'41.12” W)
were equipped with independent irrigation systems, and a stress period
was temporarily induced from 3 August (Day of the Year = DoY, 215)
until 15 September (258), 2011 in Subplot 2.

Only during the stress period of six weeks, Subplot 2 remained non-
irrigated, while Subplot 3 was kept well-irrigated for reference, (pre-
dawn leaf water potential above —0.5 MPa). This experimental lay-out
was used to analyse the impact of water shortage on water stress in-
dicators and water fluxes (Ferreira et al., 2012a). Before the beginning
of the stress period, all plots had reached maximum water status
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(comfort, > —0.5 MPa of pre-dawn leaf water potential). The main plot
(1) continued to be deficit-irrigated (approximately 1.4 mm day ).

The value of LE, for the well-irrigated Subplot 3 was obtained by
dividing LE, of the main plot by the stress coefficient of the main plot
(LE, 3 = LE, 1 + ks 1), which takes into account the LE, reduction in the
main plot, being deficit-irrigated. This factor (ks = 0.88) was retrieved
from the relationship between pre-dawn leaf water potential and ks or
relative LE, obtained during the stress period, (Ferreira et al., 2012b;
Conceicao et al., 2017), by using the values measured in all subplots for
the day of satellite overpass during this stress cycle. The same principle
was applied to LE, for the highly stressed Subplot 2 (day of satellite of
overpass on DoY 255, 2011) by using the measured relative LE, of this
plot (i.e., ks = 0.77, being LE, of stressed Subplot 2 = LE, of the well
irrigated Subplot 3 multiplied by 0.77, because LE, » = LE, 3 X ks ).

Five cloud-free Landsat 5 Thematic Mapper (L5-TM) images were
selected in approximately monthly intervals from May until October
2011, including one image during the stress period. The sensor aboard
Landsat 5 has a medium spatial resolution (30 m in visible and near-
infrared bands, and 120 m in the thermal band), and offers a detailed
observation of the Earth's surface. The Level 1 product of surface re-
flectance data (Level 1 product, Bands 1-5 and 7, atmospherically
corrected by Landsat Ecosystem Disturbance Adaptive Processing
System, LEDAPS), and the brightness temperature (Band 6), provided
by the U.S. Geological Survey Earth Resources Observation and Science
(EROS) Data Center (http://earthexplorer.usgs.gov/) were down-
loaded, and further processed.

For the estimates of the main plot a square of 3 x 3 pixels within the
footprint area was extracted and averaged, while for the Subplots 2 and
3 central coordinates were used to extract the corresponding pixels in
the images to compare with ground observations. The subplots them-
selves covered only around 941 m? (28 trees), corresponding to the
30 X 30 m pixel size of the visible band of Landsat. We have tested two
approaches — averaging over the overlapping pixels or using just the
closest pixel to the center of each subplot — and since the latter lead to
better estimates we have used it in our calculations, knowing that the
tree-lines were rather uniform.

Landsat-derived albedo (a), land surface temperature (T,,q) and
Normalized Difference Vegetation Index (NDVI, see Section 3.4) were
plotted against ET, for 15 observation days along the year 2011. The
time pattern of those variables was compared to verify that the input
data for the STSEB model were in line with the annual distribution of
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remote sensing data. Furthermore, simple and multiple regression
models, using as predictors a, T;.q or NDVI, were fitted to evaluate how
the STSEB model improved the ET, estimation over simple statistical
models.

The global solar radiation (S) was provided by the Copernicus
Atmosphere Monitoring Service (CAMS) and downloaded from SoDa
(Solar Energy Services for Professionals, http://www.soda-pro.com/).
Air temperature (T,) and wind speed (u) were measured on-site at the
EC tower, and the instantaneous values used for modeling are given in
Table 2.

The incident long-wave radiation (Lgy) was provided by the
Spinning Enhanced Visible and Infrared Imager (SEVIRI) aboard
Meteosat and retrieved with 3 km pixel size from the EUMETSAT
Satellite Application Facility on Land Surface Analysis (LSA SAF;
https://landsaf.ipma.pt/). Due to uniformity over a large area (Humes
et al., 2004), the Ly, value of the pixel that included the test site was
further processed.

Atmospheric transmissivity (z), hemispheric down-welling sky ir-
radiance (L},,) and hemispheric up-welling sky irradiance (L},,) were
obtained by introducing radio-sounding data into the MODTRAN 4.0
code (Berk, 1999). The atmospheric parameters (z, L, and Ll
served for atmospheric corrections in order to obtain T,,q from
brightness temperature and were calculated by the Atmospheric Cor-
rection Parameter Calculator (http://atmcorr.gsfc.nasa.gov/, Barsi
et al., 2003).

2.3. Model description

The STSEB model (Sanchez et al., 2008a) is based on the energy
balance equation (Eq. (A.1)), and estimates instantaneous values for R,,,
H and G (W m~?) from meteorological data and satellite imagery, in
order to obtain LE. To retrieve daily values from the instantaneous ones,
the EF method (described at the end of this section) was applied, i.e. the
ratio of LE and the available energy during satellite overpass. G was
estimated as a portion of R,, (Eq. (A.11), Choudhury et al., 1987), and
considered for retrieving daily ET,, using the EF method.

2.3.1. Instantaneous values

One of the key processes in the STSEB model is the successful par-
titioning into the contributing parts of the vegetation (v) and the soil (s)
(Timmermans et al., 2007; Kustas et al., 2012; Sadnchez et al., 2015b) in
order to obtain P, (Eq. (1), Valor and Caselles, 1996). This means that
P, is calculated from the NDVI (Eq. (A.5)) and the coefficient K (Eq.
(A.6)):

1 _ ot
P = NDVI,
v NDVI NDVI
(1 - NDVIS) —Kx (1 - NDVIV) (D)

Both (NDVI and K), were calculated from the red- and near-infrared
bands (B; and B,). Band designations (B;) for Landsat satellites are
provided by the official site of U.S. Geological Survey (USGS, http://
www.usgs.gov/). The fully vegetated and bare soil areas were manually
selected by the use of the NDVI, and averaged. They are referred to by
the subscripts of v and s, respectively (Region of Interest ROL;

Table 1
Changing soil (s) and vegetation (v) characteristics for different Landsat 5 images, where
B; and B, denote the red and near-infrared bands, respectively.

Image (L5-TM) B, By By B NDVI  NDVI,  NDVIg
23 May 2011 0.341 0.210 0.041 0.131 0.40 0.782 0.237
24 Jun 2011 0.399 0.281 0.040 0.197 0.43 0.814 0.187
26 Jul 2011 0.378 0.294 0.049 0.206 0.38 0.768 0.175
12 Sep 2011 0.375 0.285 0.039 0.201 0.39 0.810 0.173
30 Oct 2011 0.408 0.177 0.044 0.125 0.40 0.803 0.175
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Table 2

Average records of model variables for the main plot (3 x 3 pixels) at the time of satellite
overpass. T, represents the air temperature and u the wind speed recorded at the eddy
covariance tower. T, and T were extracted by plotting P, (partial vegetation) against land
surface temperature T,,q, and were fixed to certain values for modeling (see Section 2.3
for details).

Date (DoY) T, (°C) T, (CC) Ts (°C) u(ms™ b P,

23 May (143) 28.7 34.9 37.8 1.4 0.27
24 Jun (175) 27.9 28.5 45.3 1.6 0.39
26 Jul (207) 29.2 29.7 46.9 1.5 0.37
12 Sep (255) 27.5 29.6 41.9 1.2 0.37
30 Oct (303) 20.7 22.3 34.9 0.8 0.28

Table 1). The ROIs obtained for the NDVI, and NDVI; classification were
also used to obtain the average values of the bands for vegetated and
bare soil regions for K. The classification of the NDVI into vegetated and
bare soil regions are found in Sobrino et al. (2004).

Separating Ts and T, when only T;,q4 is available is probably the most
intricate issue in the STSEB models. Hereby, for each day, T;aq retrieved
from the thermal band (Eq. (A.7)) was plotted against P, (main plot,
3 x 3 pixels), where isolines with an almost linear relationship were
obtained (Carlson, 2007; Yang et al., 2015b; Kasim and Usman, 2016).
First estimates for the components soil T and canopy T, temperature of
Traq Were retrieved. Here, higher temperatures related to low values of
P, (bare soil pixels), represented the estimate of T;, while lower tem-
peratures related to high values of P, (vegetated pixels) gave the esti-
mate for T, during satellite overpass (Table 2).

The partitioning of the different fluxes into soil (1 — P,) and canopy
(P,) components was used to estimate Hs (Eq. (A.10)) and H, (Eq.
(A.9)), separately. To be consistent, this approach was also applied to
estimating the contributing parts of soil and vegetation cover for R,
adapting Eq. (A.2), by using the soil and canopy specific emissivities
and a. Following this methodology, the component fluxes of LE; and
LE,, as well as total LE were retrieved, applying:

G
LEg =Ry — Hi— ————

Y a-R) 2
LE, = Ry — Hy 3)
LE = R,LE, + (1 — B)LE; (€))

2.3.2. Daily values

Finally, daily values were retrieved by applying the EF constant
method as described in Ruan et al. (2014). This algorithm assumes that
EF is constant during the daytime hours, and is defined for the total
scene, and the individual portions of canopy and soil, respectively as:

BR, = LB
Ry — G (5)
LE,;
EE,; = v,i
nv,i (6)
LE;
ER;= —>—
ns,i — Gi (7)

where i denotes the instantaneous values measured (or estimated) at
the time of satellite overpass for the total (t) scene, the canopy (v) or
soil (s) contribution (Gentine et al., 2007).

However, Van Niel et al. (2011) address three major surface energy
balance interactions with EF that result in a bias. Those interactions are
called beta-factors and represent the systematic errors in LE, in the
available energy (R, — G), and in the evaporative fraction (assuming
daytime self-preservation). The combined influence of the beta-factors
was determined and multiplied as explained in Van Niel et al. (2011).
The daily values of ET, were then multiplied by the combined beta-
factors as listed in Table 4. Physical background and application of the
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beta-factors must be retrieved from the given reference as this is beyond
of the scope of this paper.

Daily ET, (mm day’l) were retrieved from instantaneous observa-
tions using (Ruan et al., 2014):

ETa,daily = 8.64 X 107 X EEM

X Pu (8

where L is the latent heat of vaporization given in MJ kg%, p,, is the
water density (1000 kg m ~2), and EF, is the evaporative fraction for the
total scene, the soil, or the vegetation contribution (Egs. (5)—(7)).

2.4. Time series analysis of remote sensing data

The STSEB model relies on the surface reflectance and the thermal
band of L5-TM. However, for the time series, Landsat 7 Enhanced
Thematic Mapper Plus (L7-ETM +) data were also available. A total of
15 observations, from May 15, 2011 until October 30, 2011, were
evaluated, testing the representativeness of the five observations used
for the STSEB model. Since the STSEB model was not used to estimate
ET, for the additional ten dates, we limited ourselves to looking at the
relation between Landsat-derived variables used in the STSEB model,
and in-situ measured ET,. The combination of TM and ETM + data for
the STSEB model, would have further complicated our analysis and add
additional variability (different sensors and orbits), and was therefore
not considered.

To investigate whether ET, could be modeled by simple linear re-
gression on the predictor variables @, NDVI and T;.q, (Which were ex-
tracted from a time series of Landsat data), multiple linear regression
techniques were used. The linear model assumes that the response
variable can be written as a linear function of the predictors, plus a
Gaussian random error ¢. Formally,

Y = 60 + ﬁlxl(,-) + -~-+ﬁpxp(,~) +¢, i=1,..,n 9)

for the n observations and p predictors, where ¢; has a Gaussian dis-
tribution with mean 0 and fixed but unknown variance o>. The good-
ness-of-fit is evaluated with the coefficient of determination R?, which
measures the proportion of the variability of the response that is ex-
plained by the regression model. Nested models (i.e. where only a
subset of predictors is considered) were compared using a F-test to
understand if the inclusion of additional variables lead to a significant
increase in the coefficient of determination (Dytham, 2011).

3. Results

3.1. Instantaneous ET,

The satellite-derived R,, was underestimated by at most 26 W m ™2,
compared to that measured. On average, the estimated values mis-
matched the ground measurements by only —3% (Mean Absolute
Deviation = MAD of 17 W m ™ 2). The absolute maximum difference for
Hwas 27 Wm™2, resulting in a relative deviation of 4% (MAD of 16 W
m™2). For G, a maximum absolute difference of —3 W m~2 was ob-
served, and on average the values differed from the measured soil heat
flux densities by —1% (MAD of 1.3 W m~2) for the main plot. For LE,
the maximum deviation of 28 W m™?2, resulting in an error of 18%
(MAD of 36 W m~2), on average, for the days analysed (see also
Table 3).

3.2. Daily ET,

Comparing the daily estimated values of R,,, LE, and H with the ones
observed at the main plot, differences of —3% (MAD of 5 W m~2), 14%
(MAD of 15 W m~2), and 3% (MAD of 5 W m™~2) were observed on
average, respectively. Instantaneous values of G were estimated (Eq.
(A.11)) and considered for modeling in order to retrieve daily values of
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Table 3

Comparison of ground-based measurements with instantaneous model estimates of the
energy balance surface fluxes (Meas. = Measured and Estim. = Estimated), where R,, is
the net radiation, H the sensible heat flux density, LE the latent heat flux density and G the
soil heat flux density.

Date (DoY) HWm™? LE (Wm™?) R, (Wm™?) G(Wm™?

Meas. Estim. Meas. Estim. Meas. Estim. Meas. Estim.
23 May (143) 154 181 193 247 625 613 189 186
24 Jun (175) 183 182 258 299 621 595 114 115
26 Jul (207) 148 175 242 267 570 550 108 107
12 Sep (255) 166 141 234 256 513 517 123 120
30 Oct (303) 119 120 157 196 371 347 31 30

LE by using the EF constant method. In Fig. 2, the daily measured G is
given which was between —0.6, and 17 W m ™~ 2 for the five days used
for this study.

Generally, the daily estimated ET, of the subplots were lower than
the ones from the main plot with the exception of DoY 255, which was
the observation day during the stress period. On that day, ET, either
measured or estimated from the model, was higher in Subplot 3 being
well-irrigated. Therefore, Subplot 3 evapotranspirated more than the
main plot, which was kept deficit-irrigated. The model was able to
detect a clear difference to Subplot 2 receiving no irrigation water at
that time (Table 4).

Even though the differences between observed and estimated values
were rather small (with exception of DoY 207) for the main plot, ET, for
Subplots 2 and 3 were underestimated, assuming the same conditions in
comparison with the main plot, except for DoY 255 (e.g. tree height and
tree distribution, water application and irrigation scheduling). Thus,
the beta-factor correction as described by Van Niel et al. (2011) was
used to account for systematic errors made in LE, available energy
(R, — G) and the evaporative fraction (assuming daytime self-pre-
servation). The estimations, especially for DoY 207, could be improved
(Table 4). In the main plot a difference of only 0.1 mm day’1 (before
0.6 mm day_l) between measured and estimated ET, was achieved
after applying the beta-factor of 1.19. Subplots 2 and 3 were also cor-
rected by this factor, reducing the underestimation from 1.0 mm day ~*

to 0.3 mm day .

3.3. Evaporation/transpiration partitioning

The possibility of separating evapotranspiration into its contributing
portions of LE, and LE; by means of the STSEB algorithm was explored.
Again, the EF constant method (Egs. (2)—(8)) was used to estimate daily
values from the records during the satellite overpass, and the beta-
factor correction was applied as describe in Section 2.3.2.

A clear difference in LE, was recorded during the stress period,
which lasted from DoY 215 to 258 (3 August until 15 September, 2011).
During this time, the main plot was kept deficit-irrigated while Subplot
2 was not irrigated at all (stressed), and Subplot 3 was kept near field
capacity (control). Accordingly, Subplot 3 transpired the most during
the stress period, while in relative terms Subplot 2 transpired the least.

The daily measurements of LE, at the main plot and the subplots
with the corresponding estimates are given in Fig. 3. For DoY 255 the
graph displays extra data due to the fact that this was during the stress
period applied to Subplot 2, when LE, for Subplots 2 and 3 were also
measured. For the main plot the greatest differences were observed for
DoYs 175, and 207, with an underestimation of 1.4 mm day_l, fol-
lowed by DoY 255, with an underestimation of 1.0 mm day .

For the Subplots 2 and 3 the greatest differences between observed
and estimated LE, were recorded at DoY 175 when the overestimation
was 1.9 and 1.6 mm day ', respectively (Fig. 3).

In summary, the estimated daily LE, values for the main plot and the
subplots were underestimated. For the stress period (DoY 255), the
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Fig. 2. Comparison of daily model estimates with ground-based measurements (R,,, H, LE, and G).

STSEB algorithm was able to detect differences in LE, for the different
water applications (Fig. 3, where Subplot 3 was highest (control), fol-
lowed by the main plot (deficit-irrigated) and the Subplot 2 (stressed).

The fraction of LE (after application of EF method and systematic
error correction) was compared with the model estimates, showing
relatively large differences (overestimation) for the DoYs 175, 207, and
255, of at most 1.1 mm day ~*, but good agreement for the DoYs 143
and 303 + 0.2 mm day~?, Table 5.

3.4. Time series analysis of remote sensing data

As discussed, the Landsat data were used to derive a (Eq. (A.3)),
NDVI (Egs. (A.5), (1) and (A.6)), and to estimate T,,q (Eq. (A.7), see also
Fig. 4b). Fig. 4a depicts the relations between the Landsat 5-7 derived
variables (@, NDVI, and T,.q), and ET, in-situ observations. One can
notice that the five observations used in earlier sections were well
distributed among the available data, which is an indication of their
representativeness.

Fig. 4a shows that a had the best correlation with ET, and that they
were positively correlated. This resulted from the combined effect of
both canopy and inter-row components of the Landsat signal: as
summer progresses, the herbaceous component of ground cover dries
out, and therefore the soil's reflectance increases. Simultaneously and
independently, LE, rates also increase due to irrigation in combination
with a higher atmospheric demand.

NDVI (Fig. 4a), on the other hand, showed a very weak correlation
with ET,. As expected, it showed lower values in summer, since the soil
surface was almost bare, and increased when the natural conditions
were favourable for the development of the ground cover. Therefore,
NDVI variation reflected mostly the ground cover dynamics, which was
mostly driven by the inter-rows, since the leaf area of olive tree ca-
nopies was relatively stable over the course of the year (Hausler et al.,
2016). In the STSEB model, NDVI was in fact used essentially to

Table 4

distinguish the soil from the canopy. It is worth noting that Landsat-
derived a and NDVI happen to have an almost opposite time pattern,
although a correlates more with ET,.

Multiple linear regression analysis of the data in Fig. 4a was per-
formed to understand if a combination of variables could describe the
ET, values. The most important individual variable was a, followed by
Traa, leading to a small increase of the goodness-of-fit from R* = 0.49 to
R? = 0.54. The inclusion, however, of NDVI did not improve the model
significantly (p = 0.5205). This is further evidence that the STSEB
model made better use of Landsat-derived data than a multiple re-
gression model.

4. Discussion
4.1. Instantaneous ET,

At the olive orchard LE fluxes showed the largest error in relation to
the other energy heat fluxes (18%) and were overestimated, on average.
However, the errors for R, (—3%), H (4%) and G (—1%) were rather
small. Sanchez et al. (2015a) reported relative errors of 4%, 40%, 14%,
and 40% for Ry, G, H, and LE, respectively, at a burnt forest area during
the satellite overpass. With the exception of G, this tendency agrees
with our results, applying a similar version of the STSEB model and
comparing its estimates to EC measurements. In another study the en-
ergy heat fluxes were estimated from a two-layer model and compared
to instantaneous values from EC measurements at an olive orchard
(Ortega-Farias et al., 2016). They reported a rather small error of G
(2%), which agrees with our findings. R, and H were generally both
underestimated by around 5%, while our observations resulted in an
underestimation of R,,, and an overestimation of H. The largest error
was determined for LE (7%), a constant overestimation, which is in
agreement with our results. Nevertheless, in our case study LE had a
larger deviation mainly due to the first observation date (23 May, DoY

Estimations of total ET, before and after the application of the beta-factor correction. Absolute values and difference between ET, (mm day ~ ') from EC method and the estimates from the
STSEB model are listed. RMSE is the root mean square error. The linear regression (slope of 0.95, R> = 0.90) between ground measurements and estimated ET,, indicated a good
correlation even before the beta-factor correction. The beta-factor is the combined factor of systematic error correction in satellite-derived LE, which was applied according to Van Niel
et al. (2011). On DoY 255 (stress period from 3 August to 15 September, 2011) the measured ET, (main plot 1) does not apply to Subplots 2 and 3.

Date (DoY) Measured (EC) Estimated (Model) Subplot 2 Subplot 3 beta-factor
Before RMSE After Before After Before After

23 May(143) 3.5 3.6 0.08 3.7 3.4 3.5 3.3 3.3 1.02

24 Jun (175) 4.1 4.0 0.18 4.2 3.6 3.8 3.7 3.9 1.05

26 Jul (207) 4.4 3.8 0.20 4.5 3.4 4.1 3.4 4.1 1.19

12 Sep (255) 3.3 3.2 0.10 3.2 2.9 2.9 3.4 3.4 1.00

30 Oct (303) 1.8 1.7 0.05 1.9 1.3 1.4 1.4 1.5 1.06
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Fig. 3. Comparison between measured and estimated transpiration of the main plot and the subplots. The standard deviation of the 3 X 3 pixels extracted at the main plot (model

estimates) is indicated by error bars.

Table 5
Comparison between daily measured and modeled LE, (Tezza, 2014) with the estimated
data from the STSEB model.

Date (DoY) Estimated Absolute
(STSEB)

LE; (mm day’l)

Measured and
modeled

LE (mm day ") Difference (mm

day™1)
23 May(143) 25 2.3 -0.2
24 Jun (175) 0.8 1.9 1.1
26 Jul (207) 0.7 1.5 0.8
12 Sep (255) 0.8 1.3 0.5
30 Oct (303) 0.7 0.8 0.1

143), when LE was overestimated by 54 W m~2 due to the under-
estimation of P,. In order to estimate T, and T, the radiometric surface
temperature T,,q was plotted against the partial vegetation cover P,
(described in Section 2.3). This relationship depends on soil moisture
and surface emissivity (Carlson, 2007; Yang et al., 2015b; Kasim and
Usman, 2016). Between 16 and 23 of May there were several rain
events with a total of 42.7 mm, moistening and darkening the soil, and
thus influencing the reflectance on DoY 143. On this day, NDVI; was
significantly higher compared to the other days (Table 1), and conse-
quently decreased the estimate of P,. This variable is calculated from
the vegetation index NDVI (Eq. (A.5)) and the coefficient K (A.6), both
retrieved from the bands B, and Bs. Thus, T, was higher, leading to an
overestimation of LE.

4.2. Daily ET,

In our case study, the model estimates for daily ET, had the ten-
dency to be underestimated (maximum underestimation of —0.6 mm
day™!) before and to be slightly overestimated (maximum over-
estimation of 0.2 mm day ~ 1 after the beta-factor correction (Table 4).
A tendency of underestimating ET, in TSEB models was also reported by
Sanchez et al. (2015b) and Kustas et al. (2013), while Ortega-Farias and
Lopez-Olivari (2012) stated an overestimation of ET,, depending on the
phenological stage of the crop, plant moisture, and temperature stress
(Zhuang and Wu, 2015). Pocas et al. (2014) stated a maximum over-
estimation of 0.8 mm day~'. The study by Pocas et al. (2014) was
conducted at a super-intensive olive grove not far from our site (75 km),
applying the EF method to obtain daily values for (partly) the same
dates and Landsat imagery, in 2011. In their study, ET, was estimated
using a one-source energy balance model (Mapping Evapotranspiration
at high Resolution using Internalised Calibration, METRIC) and the
surface energy balance fluxes were compared to ground measurements
(EC method). They reported a mean bias of 12.6% between measured

and estimated daily ET,. This is much higher than in our study where
the mean bias was < 5%, thus, indicating better results for hetero-
geneous vegetation surfaces when a two-source energy balance model is
used.

4.3. Evaporation/transpiration partitioning

As stated in Section 3.3 for Subplots 2 and 3, differences of more
than 1.4 mm day’1 were reported. Colaizzi et al. (2014) reported much
smaller discrepancies of 0.79 mm day ~* for LE; and 0.76 mm day ' of
LE, in a fully irrigated cotton field, at Bushland, Texas, using a TSEB
model to estimate the components of ET, for different time intervals.
One reason could be the difference in P,: Subplots 2 and 3 had much
lower P, values than the main plot (P, differences of 0.2, data not
shown), which implies reduced canopy fraction. Ortega-Farias et al.
(2016) and Ortega-Farias and Lépez-Olivari (2012) stated that canopy
training systems and their associated canopy geometry may sig-
nificantly affect the partitioning into the energy heat flux densities.
Another possible explanation would be that the thermal band has a
lower spatial resolution of 120 m as compared to the other bands with a
spatial resolution of 30 m. Therefore, the T,.q for a pixel of a higher
resolution than 120 m might not yield the actual surface temperature,
and result in errors calculating ET,. Uncertainties in temperature of 1 K
(Ta, Ty, and Ts) have the greatest impact on STSEB flux estimates, and
result in errors of up to 30% in LE (Sanchez et al., 2008b).

The systematic underestimation of LE, and overestimation of LE;
might not only be related to the STSEB model itself, but also to the
retrieval of the daily values by the use of the EF constant method. This
method assumes diurnal self-preservation of ET,, which is often not the
case, as shown by Lhomme and Elguero (1999) among other authors.
Gentine et al. (2007) have investigated the EF principle for ET,, LE; and
LE, separately. That study showed that the soil component of EF can be
assumed to be constant. Here, we have applied the beta-factor correc-
tion also to EF;, which might have partly contributed to the over-
estimation of LE,, as the multiplication factors were larger than one
(Table 4).

4.4. Time series analysis of remote sensing data

So far, our analysis has focused on each date at a time, which we
now extend by a brief description of the temporal pattern of our vari-
ables. To that end, we have analysed a denser time series of the major
Landsat-derived variables (NDVI, a, T;.q) of the STSEB model. Fig. 4b
depicts those Landsat 5-7 responses and relates them to ET,. It suggests
that the overall ground cover dynamics of the study area is driven by
the heterogeneity of the olive grove at the Landsat spatial resolution
scale, with both, canopies and inter-rows land cover, affecting the
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Fig. 4. Relation between Landsat-derived a, Taq, and NDVI and in-situ measurements of evapotranspiration for 15 observations in 2011. The top figures indicate the relation between
each Landsat variable — L5-TM and L7-ETM+ - and crop evapotranspiration (ET,). The top center figure depicts TOA brightness temperature, available from Landsat Climate Data
Record. The lower figure depicts the same observations along time, and includes also measured transpiration values. The five observations discussed in the previous sections are depicted

in solid, with the respective date.

signal. This explains the positive correlation found between a and ET,,
which is contrary to Eq. (A.2) (if ET, was proportional to R,), but is a
result of the combined effect of the dry and hot summer conditions over
both components of the system (irrigated plants and increasing drier
soil in between plant rows). Moreover, Fig. 4b confirms that the dates
that were used as inputs of the STSEB model are in fact representative
of the observations along the year.

5. Conclusions

Instantaneous and daily energy heat flux densities, and subse-
quently ET,, were estimated for an intensive and deficit-irrigated olive
grove in the region of Alentejo, Portugal. The performance of a STSEB
model was tested, and the possibility of partitioning evapotranspiration
into its components (LE, and LE;) was investigated by comparing its
estimates with on-site measurements.

i The results show good agreement between measured and estimated
Ry, G, H, and LE for instantaneous values on crop trees which have a
relatively stable phenology over the course of the year.

ii The maximum difference recorded between modeled and measured
daily ET, was — 0.6 mm day’1 (with a RMSE of 0.2) before, and 0.2
mm day ! after applying a correction factor, which is in agreement
with other studies.

iii After beta-factorcorrection the partitioning of evapotranspiration
into its contributing parts showed a maximum underestimation of
1.4 mm day ! for LE, and a maximum overestimation of 1.1 mm
day ™! for LE, at the main plot.

iv Although satellite data with resolution of 30 m (reflectance) and 120
m (temperature) was poorly correlated with measured ET, and LE,

(R? approximately 0.5), which is not surprising due to the hetero-
geneity of the land cover in one pixel, the STSEB model was able to
obtain refined estimates for stress conditions that fit the estimates
from ground measurements.

In conclusion, these results add to those previously reported in the
literature, resulting in an under- and overestimation of daily values of
LE, and LE, respectively, which were retrieved by applying the EF
method and the beta-factor correction. Nevertheless, the remote sensing
based application of the STSEB model showed a good performance in
the estimation of instantaneous and daily ET, from medium-resolution
satellite images, and is therefore useful for irrigation management to
optimize crop production in relation to agricultural water use.
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Appendix A. Summary of STSEB approach

The energy balance equation is:
Ry=H+LE+G (A1)
where R, is the net radiation (W m~2), H the sensible heat flux (W m~2), LE the latent heat flux (W m~2) and G the soil heat flux (W m~2).

The R, was estimated from the albedo a, the global solar radiation S (W m ™ 2, the incident long-wave radiation Ly, (W m ™), the total emissivity
¢, the Stefan-Boltzmann constant ¢ (5.67 X 10™%, W m~2 K~ %), and the radiometric land surface temperature Ty,q:

Ry=(1—a)S + eLgy — €Ty (A.2)
The value of a is given by the equation of Dubayah (1992), using Landsat imagery, where the visible, near-, and short-wave infrared bands (B; -

B) contribute to the total a by weighing the bands with a corresponding factor (assuming Lambertian surface):

a = 0.221B; + 0.162B; + 0.102B; + 0.354B, + 0.059B;5 + 0.0195B; (A.3)
The emissivity components for canopy . and soil ¢; were established on the basis of vegetation characterizations and their emissivities using the

equation suggested by Rubio et al. (1997). Values of e. = 0.987, and ¢, = 0.965 were adopted for this research. The surface emissivity was estimated

using the equation proposed by Valor and Caselles (2005), taking into account the partial vegetation cover P, and the emissivity components ¢, and

s

€=¢PR + &(1 — B)(1 — 1.74R) + 1.7372R,(1 — R) A4

The estimation of P, is based on the Normalized Difference Vegetation Index NDVI and the coefficient K both retrieved from the Landsat surface
reflectance bands B4 and Bs:

NDvI = Bt = Bs
B, + B; (A.5)
— B4v — B3v
B4s + BSs (A6)

To obtain T,,q from a single thermal band, different approaches such as the mono-channel algorithm (Qin et al., 2001) or the single-channel
algorithm (Jiménez-Munoz, 2003), based on the radiative-transfer equation, were developed. Here, in-situ radio-sounding data estimated by 4.0
MODTRAN code (Berk, 1999; Barsi et al., 2003) were used and introduced in the following equation:

Loen = [eB(Taa) + (1 — €)Ldpl7 + Ly (A7)

where L, is the Top of Atmosphere (TOA) radiance, i.e. the radiance measured by the sensor, ¢ is the emissivity of the land surface, B(T;,q) is the
radiance of a black body given by Planck's Law, 7 is the total atmospheric transmissivity, L}, is the atmospheric down-welling, and L/}, the
atmospheric up-welling spectral irradiance (Table A.1). After correcting the radiance for atmospheric and emissivity effects, T;,q was obtained.

In the STSEB approach, proposed by Sanchez et al. (2008b), the total sensible heat flux H is obtained by dividing the surface into canopy and soil

contributions, H, and H, respectively:

H=RH,+ (1 - R)H; (A.8)

H, = pcpn —h T,
Tq (A.9)

T, — T,

H = pCpr—
g (A.10)

where pC, is the volumetric heat capacity of air at constant pressure (J K~ ! m™3). The estimation of the aerodynamic resistances r, for stable and
unstable conditions used for this work are based on the general framework described in Norman et al. (1995), and Li et al. (2005) and adapted
according to Brutsaert (1999). A summary of the expressions to estimate these resistances is given by Sanchez et al. (2008b).

Table A.1
Atmospheric parameters (transmissivity, up- and down-welling sky irradiance) estimated from 4.0 MODTRAN (Berk, 1999), as well as incident-longwave radiation L.y, and global solar
radiation S at the time of satellite overpass.

Image (L5- T LaTtm (Wm~2 Laltm (Wm—2 Lgoy (W SW
TM) st~ ' um~1Y) sr~lum™1) m~2) m~3?)
23 May 2011 0.71 2.22 3.60 371 910
24 Jun 2011 0.85 1.18 1.99 339 934
26 Jul 2011 0.76 2.05 3.35 375 884
12 Sep 2011 0.80 1.68 2.73 347 796
30 Oct 2011 0.73 2.01 3.19 328 574
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The instantaneous soil heat flux G is given by:

G=Cs(1 - R)Ry
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(A.11)

where Cg is the ratio of G/R,, when field measurements were around 0.3 for the period of time considered in 2011 (Conceicao et al., 2017), and P, is

the partial vegetation cover.
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CHAPTER 4

Assessment of the indirect impact of wildfire (severity) on actual evapotranspiration in
eucalyptus forest based on the surface energy balance estimated from remote sensing
techniques, (Article Il)

As the STSEB model can be applied over different types of vegetation, this second work profited from
the results of the olive grove, and a comparison of the STSEB estimates to EC data over grassland (A).
The only different and influencing variable between the study areas was the vegetation height. Sensitivity
analysis of Sanchez et al. (2008b, 2009) showed that the height has only a small impact on the output of
the energy heat fluxes and evapotranspiration. Within this work the influence of tree and shrub height on
evapotranspiration was tested, using data from fire-affected areas and different satellite platforms. The
results of the sensitivity analysis are provided in the section of Supplemental material B.

Here, the STSEB model was applied to a fire-affected area with eucalypt stands, to estimate £'T}, and
its components of transpiration and evaporation. Differences for the estimates of the model, between
burnt and unburnt areas, were determined. The time of recovery of T, and its components to conditions

before the fire was estimated, where the severity of the fire had a strong impact.
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guently its water cycle with implications on the surface energy
fluxes. Persisting droughts and catastrophic forest fires
initiated this case study of pure eucalyptus stands in north-
central Portugal. Although many studies have investigated
changes in actual evapotranspiration (ET,), surface energy
flux patterns, and the related physical parameters, only a few
concentrated on the fire-driven changes in pure eucalyptus
stands in the Mediterranean climate. This study aims to under-
stand the consequences of wildfires on the water cycle,
namely the ET,, and the surface energy heat fluxes by applying
a simplified two-source energy balance model in combination
with medium-resolution imagery (Landsat 8). A total of 21
different burnt locations were evaluated, which burned
between 2011 and 2013. Estimated surface energy fluxes and
daily ET, were compared to nearby control sites (unburnt)
during satellite overpass for the time after the fire (2013-
2015). The fire scars were classified into their burn severity,
using the differenced Normalized Burn Ratio. The absolute
difference of ET, (A ET,) between unburnt and burnt locations
was used to identify fire-driven changes in magnitude and its
evolution over time. Our results show that for the unburnt
stands, the contributions to the total latent heat flux were
around 80% from the canopy and 20% from the soil, while
for the burnt site the contributions were around 30% (canopy)
and 70% (soil) shortly after the fire. Inter-annually, the differ-
ence in ET, increased during the rainy season, which was
related to the epicormic shooting, the fast regrowth rate of
foliage, and the abundance of water. Generally, smaller differ-
ences in ET, were related to the severity classification and
stand properties (i.e. tree species and soil characteristics).
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Two to three years after the fire events, A ET, became non-
significant for all severity classes, leading to an impact on the
total water cycle smaller in comparison to other post-fire
studies.

1. Introduction

According to the 6th National Forest Inventory (ICNF 2013a), the eucalyptus tree
Eucalyptus globulus Labill. (Tasmanian blue gum) is the most widespread tree species in
Continental Portugal with 26% of the total forest cover. The wood is mainly used for pulp
and paper production and its plantation is supported by the industry. In 2010, eucalyptus
forests occupied 811,943-ha, corresponding to an increase in area of 13% since 1995.

The areas to where the eucalyptus species expanded are also the ones increasingly
affected by wildfire. Between 2001 and 2012, almost 225,000-ha of eucalyptus were
affected by wildfires (ICNF 2013b). In Europe, Portugal belongs to the southern top five
most fire-affected member states according to the records between 1980 and 2008 (JRC
Scientific and Technical Report 2008). A changing climate with hot and dry summers in
combination with the highly flammable characteristic of eucalyptus forests (Luke and
McArthur 1978; Mirra et al. 2017) promotes fire occurrences (JRC Scientific and Technical
Report 2008). These lead to a partial or even complete removal of the vegetation cover
and change the soil properties (Nunes et al. 2016; Hawtree et al. 2015), which in return
disturb the natural water cycle and need years to recover (Whelan et al. 2015; Nolan
et al. 2014; Sanchez et al. 2015). The regrowth of the biomass and its impact on the
water dynamics are directly related to the severity of the fire (Nolan et al. 2014; Maia
et al. 2012). The classification of burn severity is often used as a measure of changes in
vegetation structure and moisture content, being also suitable to be monitored by
remote sensing (Cocke, Fulé, and Crouse 2005; Escuin, Navarro, and Ferndndez 2008).

It is of utmost importance to understand and predict the implications of fire events
for the water dynamics. The removal of vegetation by fire has direct influence on the
microclimate, the precipitation, the streamflow, and subsequently the water resources
for production systems and local residents. To that avail, we study the recovery of actual
evapotranspiration (ET,) in fire-affected eucalyptus stands, as well as the energy heat
fluxes and their contributing parts from soil and canopy.

In the literature, many studies were carried out in forests to determine the relationship
between the water dynamics and disturbances such as wind-throw (Hirano, Suzuki, and Hirata
2017), drought (Tursilowati et al. 2012; Whelan et al. 2015; David et al. 2007; Glenn et al. 2011),
logging (de Almeida and Riekerk 1990; Spracklen, Arnold, and Taylor 2012; Iroumé and
Palacios 2013), and wildfires (Ueyama et al. 2014; Bond-Lamberty et al. 2009; Nolan et al.
2014). Bosch and Hewlett (1982) tested the validity of generalizations about the relationship
between forest cover and water yield of Hibbert (1967), by analysing a total of 94 catchment
experiments worldwide. The results showed that a reduction of forest cover (e.g. clear-cut,
wildfire) regularly resulted in increasing water yields independently from the tree species, with
the exception of one study by Langford (1976). The latter author reported a reduction in
streamflow from three to five years after the wildfire in Eucalyptus regnans stands. Subsequent
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studies also observed this effect for other eucalyptus species in Australia (Buckley et al. 2012;
Nolan et al. 2015). However, in the Portuguese Agueda watershed, Hawtree et al. (2015)
analysed a time series of the long-term hydrological impact of afforestation of mainly
eucalyptus and pine plantations, showing no significant change in streamflow.

The application of remote sensing-based two-source energy balance (TSEB) models has
the advantage of estimating energy heat fluxes over vast areas (e.g. field-scale, regional-
scale) compared to surface-based techniques. Fire effects on energy fluxes have been
extensively studied in eucalyptus (Shakesby et al. 1993; Nolan et al. 2014) and other forests
(Montes-Helu et al. 2009; Ueyama et al. 2014; Whelan et al. 2015; Sanchez et al. 2015), often
using the ground-based eddy covariance method as reference. Its results of surface energy
heat fluxes and ET, are reliable, but, in contrast to remote sensing-based approaches, only
on a local-scale for homogeneous vegetation covers directly upwind from the instruments
(Ghassam 1989; Scott et al. 2000). Algorithms such as the simplified TSEB model (STSEB)
allow the assumption of heterogeneous surfaces (Cristébal et al. 2017; Sdnchez et al. 2015;
Du et al. 2013). Here, this two-source layer model estimates the contributing parts of soil and
canopy to the total heat flux densities of net radiation (R,), sensible heat (H), and latent heat
(LE), giving additional information about their origin. Other models, such as the Terrestrial
Ecosystem Process Model (Biome-BGC, Kang, Kimball, and Running 2006; Bond-Lamberty
et al. 2009), make assumptions about the water dynamics also on a regional scale, using on-
site measurements. A weakness of the Biome-BGC model approach might be that it does
not include explicit energy balance calculation and therefore gives no information about
the energy balance fluxes. This might simplify the need of input parameters, but leads to
crude calculations of, for instance, the soil temperature. Furthermore, it is not designed to
simulate ET, over poorly drained areas, which is one condition of our case study.

In Portugal, only few studies have focused on the water balance of eucalyptus stands
(Boulet et al. 2015; De Almeida and Riekerk 1990; Hawtree et al. 2015). To our knowl-
edge, there is none investigating the hydrological implications of wildfires for the energy
balance fluxes of H (W m~2) and LE (W m~2), where the latter can be directly converted
into evapotranspiration ET, (mm day~'). Therefore, we applied a simplified version of
the STSEB (Sanchez et al. 2008; based on Norman, Kustas, and Humes 1995), together
with remotely sensed data (Landsat 8) to assess the energy flux patterns and the ET,
over fire-affected areas. This model has already been tested over a variety of different
vegetation types in combination with remotely sensed data with an accuracy of
+1.0 mm day~ ' (Hausler et al. 2018; Sanchez et al. 2008; Sanchez et al. 2007;
Sanchez et al. 2009; Sanchez et al. 2011; Sdnchez et al. 2015). Fire scars were classified
into their burn severity. For each class, the difference between burnt and control sites of
ET, was determined to identify fire-induced changes and its evolution over time (up to
four years). Stand and fire properties (i.e. distribution of vegetation to soil surface and
severity of fires) were used to explain the course of the recovery by:

(i) assessing the post-fire changes of instantaneous LE (LE;, at the time of satellite
overpass) and its contributions from canopy and soil;

(i) analysing the recovery of ET,, on a daily basis, from pure eucalyptus stands after
wildfires with different levels of fire severity and stand properties (i.e. greenness,
partial vegetation cover).
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2. Materials and methods
2.1. Study area

This study comprises a large part of the Caramulo mountain range, about 20-30 km
inland from the city of Aveiro, in the north-central part of Portugal (Figure 1). According
to Koppen-Geiger, the climate classification corresponds to the Csb type (Koppen 1936).
The climate is humid Mediterranean, characterized by high annual precipitation
(750 — 2000 mm), leading to biomass production and thereby accumulating fire fuels.
The summer seasons are mild and dry, promoting wildfires.

The principal soil types are humic Cambisols and Leptosols that are derived from
schist (and granite, depending on the exact site locations) with very shallow soils
(down to only 20 cm). Their textures are between sandy loam and silt loam and a
high stone content. The impenetrable bedrock is made of granite and schist (soil
properties and compositions are given in Shakesby et al. 1993; Tavares Wahren
et al. 2016).

At present, the Caramulo mountains are predominantly covered by plantations of
eucalyptus (Eucalyptus globulus Labill.) and to a lesser extend with maritime pine (Pinus
pinaster Ait.). The maritime pine becomes increasingly substituted by eucalyptus stands
after wildfires (Forest inventory COS 2007 level 5). Generally, eucalyptus is a fast-growing
tree species, with short rotation cycles of typically 10-12 years and three to four rotation
cycles between planting.
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Figure 1. Yellow areas: fire scares of 2013, red areas: fire scares of 2012, and pink areas: fire
scares of 2011, green triangles: forestry inventory plots, blue dot: Pousadas station, violet dots:
meteorological stations, green dot: station of Aveiro/Suburban area used for validation. The
meteorological station Pousadas is operated by the Department of Environment and Planning &
CESAM; the other four meteorological stations are operated by the Instituto Portugués do Mar e
da Atmosfera.
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2.2. Selection of control and burnt sites

The fire scar maps were provided by the ICNF (2013a), and the areas with pure
eucalyptus stands selected by overlapping with the forest inventory COS 2007, level 5
data. At the centre of our study site was the meteorological station Pousadas, where the
fire scars were chosen within a radius of 15 km.

A total of 8574-ha were selected that burnt in the years 2011, 2012, and 2013 (Table 1).
The burnt and control sites were selected within and immediately outside the burnt areas.
For small fire scars, only one pair of control and burnt site was considered (< 50-ha), while
two to five pairs were fitted into large fire scars (>800-ha) with a minimum distance of
1 km between them. The sizes ranged between 3 x 3 and 9 x 9 pixels, depending on the
size of the burnt area. All sites were chosen to coincide or be as close as possible
(maximum 2 km) to plots of the National Forest Inventory 2006, for which also data
from the Paper Industry Portuguese Association (CELPA, measurements from 2007 to
2010) were available. The vertical distribution of the vegetation was analysed on-site by
the measurement of stand characteristics such as tree height, tree type, and height of
understory. The vertical vegetation structure is needed for calculating the aerodynamic
resistances and must be assumed to be similar for the surrounding area. Furthermore,
both burnt and control sites were selected to be at least 90 m away (at least three pixels,
with a pixel size of 30 m) from the burnt area boundaries. Control and burnt sites were
also visually (aerial photography) compared to each other to eliminate structural influ-
ences (small roads, or buildings, which cannot be seen at satellite imagery) and to find
similar forest stand structure. Then, the surface reflectance of the control and the burnt
site was compared to each other, using satellite images acquired approximately one
month before the fire event. For the fires of 2011 and 2012, Landsat 5 images (bands b,
1-5 and 7) were used, while for the 2013 fires, Landsat 8 images (b, 1-7) have been
already available. If the average surface reflectance of each band of both sites was within
one standard error (see, for example, Figure 2), they were defined as comparable and,
therefore, constituting a pair (Sanchez et al. 2015).

2.3. Stand biometry

During 2007-2010, eucalyptus inventories were carried out by CELPA in privately owned
properties. The year of the forest inventory closest to the fire year was selected, and the
data used to project the stand growth with the Web-Globulus 3.0 empirical model
(Tomé, Oliveira, and Soares 2006). To obtain the mean tree height of an eucalyptus
stand, different variables must be known. Stand density, stand age, and dominant height
served as model input to predict the quadratic mean diameter at breast height (dbh),

Table 1. Description of fire scars.

Year  Area burnt Description Fire scar sizes Time of wildfire
(ha) (ha)
2011 118 Many small sized ones 6-51 August/September, with one exception in April

2012 1113 Several with different sizes 24-929 Beginning till end of September
2013 7343 Two fire scars 815; 6528 July and August, respectively
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Figure 2. The dots indicate the average of the estimated ET, of the control sites for each observation
day. The standard deviation is indicated and used to define the natural variability between different
test stands (about 0.5 mm day~").

from which the mean tree height can be estimated. This was done for the years
2013-2015 with the Web-Globulus 3.0 version available at Palma (2013).

The understory characteristics were obtained from the 5th National Forest Inventory
(AFN 2010) of Continental Portugal and the CELPA inventory plots with the main
herbaceous species of Rubus spp., Ulex spp., and Erica spp. The average understory
height was estimated to be around 1.0 m (Boulet et al. 2015). After a fire, the shrub
height was estimated to be 0.4 m, 0.7 m, and 1.0 m for the first, the second, and the
third plus following years, respectively.

2.4. Remote-sensing and meteorological data

From May 2013 till September 2015, 16 Landsat 8 images distributed by the US
Geological Survey (Collection 1, Level-2) were processed (approximately five per year).
Cloudless images for Path 204 and Row 32 were selected, with an overpass time around
11:15 UTC scene centre time. Aboard, the Operational Land Imager sensor (visible and
near-infrared bands), and the Thermal Infrared Sensor have a medium spatial resolution
of 30 m and 100 m, respectively, offering a detailed observation of the Earth’s surface.
The Level-1 of the surface 8 reflectance code (LASRC) product, b, 7, and the brightness
temperature, byo (LTO8 for Collection 1), were downloaded and further processed.

In total, five meteorological stations in the study area were selected for providing
on-site measurements of the air temperature (T,, K), the wind speed (u, m s7'), and
the global solar radiation (S, W m~2) (Table 2 and Figure 1). These variables were
interpolated and maps were created using the ordinary kriging technique (Section
3.1.1). At the Aveiro/Suburban area station, being the sixth station listed at Table 2,
measurements of T, and u served for validation and were therefore not included in
the interpolation procedure. Since April 2014, the system is operating, which consists
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Table 2. Location of the meteorological stations are given. Point measurements of Ta, u, and S were
taken and used for interpolating the data (ordinary kriging) over the study area. Measurements at
Aveiro/Suburban area were not included in the kriging technique, but used for validation.

Meteorological station Latitude (°) Longitude (°) Elevation (m)
Pousadas 40.6144 —8.3166 432
Viseu/C. C. 40.7149 —7.8959 636
Aveiro/Universidade 40.6354 —8.6596 5
Anadia 40.4388 —8.4399 45
Arouca 40.9269 —8.2611 270
Aveiro/Suburban area 40.6142 -8.6516 19

Table 3. Range of ANBR to classify different severity burn
levels, which was adapted from Key and Benson (1999).

Severity classification Range of ANBR
Unburned <0.099

Low 0.100-0.255

Moderate—low 0.256-0.410

Moderate-high 0.411-0.660

High >0.660

Table 4. Soil and canopy reflectance and NDVI values for the different dates are listed. Mean values
for the different regions of interest (ROI) from L8 scenes are given.

L8 acquisition date bs, bs bay bas NDVI, NDVI,
20 June 2013 0.339 0.278 0.053 0.167 0.750 0.262
6 July 2013 0.342 0.258 0.028 0.178 0.841 0.193
23 August 2013 0.396 0.156 0.029 0.087 0.862 0.230
8 September 2013 0.369 0.202 0.027 0.121 0.863 0.253
10 October 2013 0.303 0.185 0.025 0.072 0.844 0.232
27 November 2013 0.277 0.130 0.023 0.086 0.849 0.205
19 March 2014 0.387 0.126 0.041 0.084 0.804 0.202
6 May 2014 0.409 0.193 0.037 0.122 0.832 0.227
9 July 2014 0.398 0.227 0.027 0.146 0.872 0.221
29 October 2014 0.180 0.254 0.030 0.170 0.714 0.216
6 March 2015 0.202 0.213 0.024 0.140 0.784 0.217
25 May 2015 0.374 0.201 0.033 0.120 0.831 0.260
28 July 2015 0.381 0.204 0.026 0.127 0.865 0.238
29 August 2015 0.329 0.150 0.029 0.106 0.834 0.186
30 September 2015 0.177 0.128 0.022 0.084 0.830 0.198

of a 12-m tall tower, located at the suburban area of Aveiro, Portugal (40°36'51.07"N,
8°39'05.90"W, Datum WGS84). A three-dimensional sonic anemometer (Windmaster
Pro, Gill Instruments, Lymington, UK) was installed, directly measuring the three
components of wind speed and virtual temperature. The instrument allowed to
calculate T, and u. The 10-Hz raw flux data were stored, using the data logger
Xlite 9210 (Sutron Corporation, Sterling, VA, USA). The measurements were inte-
grated and recorded at 30-min intervals.

The incident longwave radiation Ly, was provided every 30 min by the Spinning
Enhanced Visible and Infrared Imager (Seviri) aboard Meteosat. The data were down-
loaded from the EUMETSAT Satellite Application Facility on Land Surface Analysis (LSA
SAF), with a spatial resolution of 3 x 3 km?. Due to uniformity of Ly, over large areas
under cloud-free sky conditions (Humes et al. 2004), the pixel values for Lgy, covering
the corresponding test sites, were further processed.



8 M. HAUSLER ET AL.

Table 5. Atmospheric parameters (transmissivity, up- and down-welling sky irradiance) estimated
from 4.0 MODTRAN code, as well as incident-longwave radiation Ly and solar global radiation S at
the time of satellite overpass. (The value for S is the one measured at the Pousadas station.).

L8 acquisition T Lhm Lrom Ly S
date Wm=2 s um™) Wm=2s " um™) (Wm™2) (k) m2)
20 June 2013 0.83 1.24 2.06 333 850
6 July 2013 0.69 2.59 418 415 899
23 August 2013 0.80 1.61 2.65 359 818
8 September 2013 0.89 0.88 1.49 317 834
10 October 2013 0.88 0.96 1.62 322 683
27 November 2013 0.95 0.35 0.60 242 473
19 March 2014 0.83 1.22 2.04 303 714
6 May 2014 0.81 1.38 2.28 340 934
9 July 2014 0.82 1.48 244 333 957
29 October 2014 0.78 1.67 2.76 345 534
6 March 2015 0.95 0.35 0.61 259 718
25 May 2015 0.84 1.20 2.00 331 942
28 July 2015 0.72 241 3.76 372 927
29 August 2015 0.81 1.66 2.70 373 848
30 September 2015 0.81 1.48 243 331 711

Table 6. Ratio of R, 4/R,; used to estimate daily values of the energy balance fluxes obtained by the
STSEB model.

Year 2013 Year 2014 Year 2015
Month Day Ratio Day Ratio Day Ratio
March - - 19 0.237 6 0.194
May - - 6 0.280 25 0.282
June 20 0.295 - - - -
July 6 0.284 9 0.284 28 0.290
August 23 0.267 - - 29 0.267
September 8 0.240 - - 30 0.220
October 10 0.201 29 0.170 - -
November 27 0.130 - - - -

To obtain land surface temperature T,,4 from brightness temperature, satellite data
had to be atmospherically corrected. Thus, hemispheric down-welling sky radiance Litm,
hemispheric up-welling sky radiance thm, and atmospheric transmissivity T were

obtained through the Atmospheric Correction Parameter Calculator by Barsi, Barker,
and Schott (2003), using MODTRAN 4.0 code (Berk 1999).

3. Methodology
3.1. Preliminary work

3.1.1. Kriging

The ordinary kriging technique was applied, which uses a semivariogram model to inter-
polate meteorological data such as T,, u, and S (Liu, Shi, and Erdem 2010; Rehman and Ghori
2000; Hengl et al. 2012). Maps of the area of interest were created and used for the model.

3.1.2. Fire severity classification
The severity of the fire, which describes the extent of the damage to the vegetation, was
derived from the Normalized Burn Ratio (NBR). This index is related to vegetation vitality
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and water content in vegetation and soil (Veraverbeke et al. 2010), combining near-
infrared (bs) and shortwave infrared (b;) reflectance, as given in Equation (1):

bs — by
bs +b;°

NBR = (1

The change in surface vegetation and ground properties by the fire is characterized
by a drop in the reflectance in the (bs) and the (b;) (Garcia and Caselles 1991; see also
Figure 3(b)). Pre- and post-fire images were compared using the NBR where changes are
qualitatively ranked into low- to high-severity burns. The difference between pre- and
post-fire images is called ANBR (Equation (2)), and its intervals for the different severity
classes used for this study are given by Key and Benson (1999). see also Table 3.

ANBR = NBRpre—fire - NBRpost—fire- (2)

6 July 2013

Reflectance

0.15
0.10
0.05
0.00
bl b2 b3 b4 b5 b6 b7
Landsat band number
-e-Control area —+—Burnt area
(a)
23 August 2013
0.35
0.30
0.25
Q
2 020
3
2
3 0.15
=2
0.10

bl b2 b3 b4 bS b6 b7
Landsat band number

-e-Control area —+—Burnt area

(b)

Figure 3. One example of a 2013 fire comparing control and burnt area before (Landsat 8 image
taken on 6 July 2013) and after the fire (Landsat 8 image taken on 23 August 2013).
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3.2. STSEB model

3.2.1. Latent heat flux retrieval
The STSEB model estimates the energy balance fluxes of R, (W m~2), H (W m~2), and G
(W m~2) from remote-sensing data and meteorological variables. The instantaneous
values of LE (W m~2) are retrieved by solving the energy balance equation (R, = H +
LE + G) for LE. Total R, and H are retrieved by summing up the contributions of canopy
(subindex v) and soil (subindex s), which are individually estimated.

The total R, is the sum of R, and R, s, weighted by its corresponding vegetated and
bare soil contributions (Sdnchez et al. 2008), expressed as:

Rn = Pan7v + (1 - Pv>Rn,s> 3)

where P, stands for partial vegetation cover and was obtained by a simple equation
(Equation (4)) introduced by Valor and Caselles (1996) using the Normalized Differenced
Vegetation Index (NDVI, Equation (5)) to estimate the proportions of bare soil and total
vegetation cover of each mixed pixel. Again, the NDVI is used to select vegetated and
bare soil pixels within the satellite images. After selecting pure soil and vegetated
locations (region of interest), the mean NDVI of each proportion was taken, indicated
as NDVI, and NDVI;, respectively (Table 4). The ranges for the NDVI comprising vege-
tated and bare soil pixels were used as described in Sobrino, Jiménez-Munoz, and Paolini
(2004). P, and NDVI were obtained as follows:

(1 _ NDVI)
NDVI,
P, = . 4
v <—|_NDVI>_K><<1_NDVI> @
NDVI, NDVI,

bs — by
bs + bs’

NDVI =

(5)

where b stands for the corresponding band of Landsat 8 (Table 4), and the coefficient K
is given by

b5,s - b4,v

K=Y
b57s - b4,s

(6)
Consequently, the contributions of canopy and soil to the total R, are calculated by
establishing a balance between the short- and longwave radiation for each component,
separately:

Rav = (1 —a,)S + &Ly — &0T,. 7)

Ras = (1 — a5)S + &Lsy — &0T, (8)

where the albedo for canopy a, and soil a; were assumed to be 0.14, and 0.18,
respectively. These values are given in Wilson and Henderson-Sellers (1985) for ever-
green broadleaf trees, and typical soil albedo classified according to their colour and
moisture content. The emissivity components for canopy &, and soil & were assumed to
be values of &, = 0.982 and &5 = 0.950 on the basis of vegetation characterizations and
their respective emissivities by Rubio, Caselles, and Badenas (1997) and Valor and
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Caselles (1996). The Stefan-Boltzmann constant is 0 (5.67 x 1078, W m~2 K™*) and the
soil temperature is T given in kelvin (K).

Following this concept, the total H is once again obtained by dividing the surround-
ings into canopy and soil contributions:

Hzvav+(1 _PV)HS7 (9)

where H, and H;, for the time of satellite overpass (instantaneous values), are
expressed as

T.—T
a
Ts —Ta
Hs = pC : 1
s Pprg+rg (11)

Here, p stands for air density (kg m~3) and C, (kJ kg~' K™') denotes the air-specific heat
at constant pressure. T, and T are the temperatures of the vegetation and the soil,
respectively, both also given in kelvin (K). The estimations of the aerodynamic resis-
tances r, (m s~') for stable and unstable conditions are based on Sanchez et al. (2008).
To obtain T,,4 from a single thermal band, different approaches are available, such as the
mono-channel (Wang et al. 2015) or the single-channel algorithm (Jimenez-Munoz et al.
2014) based on the radiative transfer equation. Here, the following equation was used:

Lsen = [EB(Trad) +(1 - E)Lgtm]r + Lgtm? (12)

where L, is the top of atmospheric radiance, i.e. the radiance measured by the sensor, €

is the land surface emissivity, and B(T,,q) (K) is the radiance of a black body given by

Planck’s Law. The variables T, Litm (Wm=2sr" um™'), and thm Wm=2sr " um~") were

obtained by introducing radio-sounding data into MODTRAN 4 code (Table 5) as
explained in Section 2.4.

The surface emissivity was estimated by the equation proposed by Valor and Caselles
(2005), using Py, and its emissivity components &, and &:

£=gP, +&(1—P)(1—1.74P,) +1.7372P,(1 = P,). (13)

By inverting Equation (12), and correcting the radiance for atmospheric and emissivity
effects, the radiometric surface temperature T,,4 (K) was obtained.

In order to run the model, the temperatures for T, and T have to be estimated, for
which following relationship was used:

Pu(B)& T4 + (1 — P, (6))& T4
! .

(14)

Trad =

Separating T, and T, from T,,4 without having ground measurements for comparison is
difficult, but crucial to obtain good estimates for ET,.

By plotting P, against T,,q, isolines with an almost linear relationship can be retrieved
(Equation (14)), indicating lower temperatures for fully covered pixels and higher tem-
peratures for bare soil pixels (Carlson 2007; Yang et al. 2015; Kasim and Usman 2016).
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Here, a linear relationship (y = mx + t) between T,q and P, was assumed to extract
the radiometric temperature components from Equation (15).

eThy = Py (&T) —&Td) + eT? . (15)
y X m t

In the following, the values for T,,q and P, were extracted over the areas of interest (control
and burnt sites separately) with squares of increasing sizes (3 x 3 up to 15 x 15). Then, the
variables were plotted against each other to get the temperatures for canopy and soil by
assuming a linear relationship between them as given in Equation (15). At least 9 x 9 pixels
were necessary to include mixed pixels with higher and lower vegetation cover to get good
estimates for T and T,. Larger areas (11 x 11 or 15 x 15 pixels) gave similar results with no
significant changes in temperatures. For this study, we decided to extract 11 x 11 pixels to
determine T and T, as in very few cases the extraction of 9 x 9 pixels still differed compared
to larger areas. This procedure was done for each control and burnt site separately.

In order to run the model, first estimates of H and LE are required. In the literature,
different approaches such as the Priestley-Taylor equation and others (Sanchez et al.
2008; Venturini et al. 2008; Liou and Kar 2014) are proposed to obtain first estimates. As
a first approximation, stable conditions for the aerodynamic resistance were assumed
(where the transport of heat and momentum are equally efficient) to approximate H and
LE. Then, they were further estimated to unstable conditions, using an iterative process
to calculate the aerodynamic resistances from stable to unstable conditions (see
Appendix of Sanchez et al. 2008).

The soil heat flux density G is retrieved as a fraction of R, with:

G = Co(1— Py)Rn. (16)

This ratio differs with vegetation cover and the time of the day (Clothier et al. 1986; Allen
et al. 1998; Kustas and Daughtry 1990), being higher for dry soils and lower under wet
conditions (ldso, Aase, and Jackson 1975). For our study, C; was set to 0.4 for the dry
months of the year (July, August, and September), when the understory vegetation is
senescent (Hausler et al. 2016) and the soil moisture decreased (Idso, Aase, and Jackson
1975). Cs was set to 0.15 for the other months of the year, when soil moisture was
increased and the understory was green. A ratio of about 0.1 for full cover was
suggested by Kustas and Daughtry (1990), and for agricultural purposes by De Bruin
and Holtslag (1982) for a short grass pasture.

Finally, LE during satellite overpass was retrieved by subtracting H and G from R,,.
Waterbodies and urban areas were masked within all images to avoid any influence or to
be misleadingly considered as uncovered (e.g. bare soil) surfaces.

To obtain daily values from the instantaneous ones, the following relationship was con-
sidered (Seguin and Itier 1983):

(17)

This relationship is representative for cloudless days. To obtain daily values, the instan-
taneous values taken around midday (here, Landsat 8 overpass time around 11:15 a.m.)
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were used. Thus, assuming that G can be neglected on a daily scale (Seguin and ltier
1983; Kustas and Daughtry 1990), the energy balance equation is written as:

Rnd = Hq + LEq, (18)

and LE4 finally obtained as a residual term combining Equations (17) and (18), retrieving:

Rn,d
Rn7i

LEy = (R — Hi). (19)
The ratio of R, 4/Rn;i is dependent on latitude, day of the year, and the time of day, but
independent of the type of vegetation (Table 6) (Wassenaar et al. 2002; Sobrino et al.
2005; Sanchez et al. 2007; Cristobal et al. 2011; Sanchez et al. 2015).

3.3. Changes of daily ET,

The estimated LE4 (W m~2) was converted into ET, (mm day~'). To assess the recovery of
ET, after a wildfire, the total difference of ET, (A ET,, subtraction of the estimated ET, at
the burnt site from the control area) was investigated (see Figure 4).

AETa = ETa7 control site — ETa7 burnt site - (20)

To define the recovery of the stand to the original state before the fire, a threshold was
established. The estimated ET, of all control sites used for this study was averaged and
the standard deviation calculated. The standard deviation was <0.5 mm day ' (Figure 2)
for almost all observation days. Thus, this benchmark of & 0.5 mm day~—' was defined as
the indicator of natural variability between test stands.

[0 - -Low to moderate low severity burn (9 cases)

—DModerate-high severity burn (12 cases)

Difference in ET, (mm day ')

0 365 730 1095 1460

Days after fire

Figure 4. The graph shows the evolution of A ET, (difference in ET, between control and burnt site
in mm day~') over the period of time after the fire event. Moderate-high- and moderate—low-
severity burns are plotted separately showing the average of 12 and 9 affected plots with the
standard deviation indicated in green and blue, respectively. The classification into fire severity levels
is given in Key and Benson (1999).
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4. Results
4.1. Fire severity classification

A total of 21 sites that mostly burnt during the dry months of August and September
were evaluated. The direct impact, which was caused by the fires on vegetation and soil,
was classified by their severity using the ANBR. Nine of the burnt areas were graded as
low- to moderate-low-severity burns, while 12 of them were categorized as moderate-
high-severity burns. The paired burnt-unburnt sites revealed minor differences in
Figure 3(a) before the fire as opposed to Figure 3(b) after the fire.

4.2. Kriging technique

The interpolated maps of u and T, created by ordinary kriging technique were compared
to measurements taken at the Aveiro/Suburban area station. The relationships were very
strong, with the coefficient of determination R? of 0.92 in the case of u and 0.83 in the
case of T, (Figure 5). The root mean square error was 0.2 m s~' and 1.0°C and the mean
absolute error was 0.2 m s~' and 0.8°C for u and T,, respectively.

4.3, Latent heat flux retrieval

The differences in total as well as canopy and soil LE between the neighbouring burnt
and unburnt sites were determined for three dates (23 August 2013, 9 July 2014, and 29
August 2015) at the time of satellite overpass. These dates were chosen as the July-
August period corresponds to the summer dry period in the study region, when the
peak of fire occurrences tends to occur and when differences in the vegetation’s
phenological status between the exact dates are expectantly minor. Figure 6 compares
the relative contributions of LE; and LE, for the neighbouring pairs of control and burnt
sites on the three referred dates.
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Figure 5. Figures (a) and (b) show the relationship between measured and estimated T, and u,
respectively, where variables were recorded at the Aveiro/Suburban area station, and the estimates
modelled with the ordinary kriging technique.
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Figure 6. Figures (a), (b), and (c) show the contributions of soil (LE;) and canopy latent heat flux (LE,) to
the total latent heat flux during satellite overpass (LE;) in percentage for the years 2013, 2012, and 2011,
respectively. For the specific observation day, the fire scars were averaged (right column) and plotted
against the respective average of the associated control sites (left column). Note that the total LE; from
the burnt and unburnt sites differ from each other in magnitude (see Section 4.3).

For the 2013 wildfires, the soil contribution to the total LE in August 2013 (i.e.
immediately after the fires) contrasted sharply between the burnt and unburnt sites,
with on average 75% vs 25% (Figure 6(a)). This soil contribution at the unburnt sites
varied little between years as well as between burnt areas. The absolute difference in
total LE between the 2013-burnt and neighbouring control sites was similar immediately
after the fire in August 2013 (120 4 70 W m~2) and roughly one year later in July 2014.
In August 2015, however, this difference was less than half/roughly twice as small (54 +
27 W m~2). In 2013, there were four moderate-high and three moderate-low fire scars
monitored. Their tree density was between 800 and 1800 trees-ha~', the tree age was
between 8 and 14 years, and their estimated tree height was between 12.4 and 16.8 m.

For the 2012 fire events, on average LE, and LE; contributed to equal parts after one
and two years of the fire occurrence for the days of observation (Figure 6(b)). There was
a tendency of higher soil contribution in the first and higher canopy contribution in the
second year for the observation days in summer. During the observation year 2015
(three years after the fire), the distribution changed to about 70% of the canopy and
around 30% of the soil (Figure 6(b)). The total differences in LE between control and
burnt site were around 90 &+ 44 W m~2, 100 £+ 53 W m~2, and almost 60 £+ 30 W m—2
for the first, second, and third year of observation, respectively. In 2012, the moderate-
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high-severity burns outweighed the moderate-low classified fire scars with six to two
observations. The tree density was between 600-1100 trees-ha~', the tree age was
between 7 and 8 years, and their estimated tree height was between 10 and 12.6 m.

For the fire events in 2011, the average proportion changed of around 70% LE, and
30% LEs to about 80% and 20% for LE, and LEs, respectively, from the second to the
third year after the disturbance. The proportion of soil and canopy to the total LE
suddenly changed for the date at the fourth year of observation in 2015, where the
contribution of the canopy exceeded 83%, which was larger than the canopy contribu-
tion at the control area (80%). In contrast, the soil contributed with 17%, being also
smaller than the LE at the control stand with around 20% (Figure 6(c)). The difference in
LE, in absolute terms, was around 56 + 28 W m~2 for the second year, 33 & 16 W m~2
for the third year, and — 51 4 26 W m~2 for the fourth year on average, indicating
higher LE at the burnt site during satellite overpass. In 2011, four fire scars were
classified as moderate-low to low- and two as moderate-high-severity burns. The tree
density was between 600 and 1800 trees-ha™', the tree age was between 6 and 9 years,
and their estimated tree height was between 11.5 and 14.4 m.

4.4. Changes of daily ET,

In agreement with the first research hypothesis, the greatest A ET, between the control
and the fire-affected site occurred during the first year of observations (i.e. 2013) for all
classifications. The differences in ET, between the unburnt and 2013-burnt sites, imme-
diately after the fire in August 2013, seemed to relate to ANBR. In the case of the burnt
sites at moderate-high severity, a sudden increase in A ET, appeared shortly after the
fire and a second peak around March.

In March, A ET, was around 1.5 mm day~' on average. For the moderate-low cases, A
increased in a constant manner with time since the fire and also reached its maximum
around March, with an average of A ET, around 0.9 mm day ' after the first year of the fire.

In the second year, the average of all cases has been already beneath the threshold of
0.5 mm day~', marking the natural variability within the plots. This means that there was
no significant difference in ET, and that the sites were defined to be equivalent. Even
though the average might have been returned to the division of natural variation, this
does not mean a recovery to the former status of the forest. This is indicated by the
standard deviation showing a large distribution in A ET,, where moderate-high-severity
cases were in the range of 0.0 to almost 1.0 mm day~', and moderate-low cases within
an interval of — 0.2 to 0.7 mm day~' around March. By the end of the second year
(August/September), moderate-low to moderate-high cases ranged between — 0.5 mm
day~' (both) and 0.7 and 1.1 mm day~’, respectively.

After the third year, the moderate-high classified areas did not show any extreme
peaks, but rather started to decline with an average becoming slightly negative A ET,
(around — 0.1 mm day~') by the end of the fourth year. For the moderate-low cases,
the average of A ET, reached the — 0.5 mm day~' threshold in the last quarter of the
fourth year, suggesting a further decrease in A ET,, which means higher evapotranspira-
tion at the burnt site compared to the control after the fire. At this point, the standard
deviation marks a range of around 0.0 to — 0.8 mm day~' for A ET,.

-1
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5. Discussion
5.1. Latent heat flux retrieval

In this study, one year after the 2013 fire, and two to three years after the 2012 fire, the
LE, and LE; contributed to the total LE on average to almost equal parts during satellite
overpass. This result is comparable to the ones obtained by Nolan et al. (2014), even
though methods, site description, and classification of fire severity differ from our
approach. They conducted a study in the Maroondah and Coranderrk catchments with
a vegetation mix of wet ash-type and mixed eucalyptus stands. At the moderately burnt
areas, transpiration contributed between 42% and 59% after one to two years after the
fire, on average (interception 28-43%, forest floor evapotranspiration 13-15%, Nolan
et al. 2014). In our study, the portions of LE, and LE; were about 80% and 20%,
respectively, of the overall LE. In unburnt stands, Nolan et al. (2014) reported a con-
tribution of LE, between 64% and 71% which is less than the ones estimated here.

Our results show higher LE, compared to the control sites after the fourth year of the 2011
fires (mostly moderate-low-severity burns). Higher LE, (compared to control area) were also
recorded by Nolan et al. (2014) for moderate-severity burns already around January of the
third year after the fire (records given in mm month~"). The increase of LE, was observed for
trees and shrubs (>1.2 m), as well as for forest floor ET, (including vegetation smaller 1.2 m, but
no shrubs). LE, of trees and shrubs higher than 1.2 m accounted for the largest contribution to
the total ET,, where 21-42% was coming only from shrubs.

Most species of the Mediterranean climate are adapted to fires and regenerate by resprout-
ing or seed germination (Tessler, Wittenberg, and Greenbaum 2016). After only a few weeks,
shrubs start to regrow (Silva, Rego, and Mazzoleni 2002; Bastos et al. 2011), followed by the
trees’ regeneration. The eucalyptus tree is not only well adapted to fire, but adaptations such
as lignotubers, extensive root systems, epicormic buds, and hard woody capsules ensure their
survival and fast recovery (Catry et al. 2013; Nolan et al. 2015; Aran et al. 2013).

In central Portugal, Catry et al. (2013) assessed the post-fire survival in eucalyptus
stands, where after one year tree mortality was rather low (3.9%). For most Eucalyptus
globulus trees, the most common post-fire regeneration type was basal resprouting
(lignotuber, 89.2%) followed by epicormic shooting (20.9%) among all sampled trees.

Comparing our results with other, mainly Australian studies (Watson et al. 1999; Nolan et al.
2014; Nolan et al. 2015), the recovery in terms of ET, seems to be slower. One reason for a
slower regrowth might be the very low soil depth in central Portugal, having low water storage
capacity and an almost impenetrable bedrock, making deep rooting impossible and giving the
trees only a limited access to soil and groundwater (Santos et al. 2016). Nevertheless, it should
be mentioned that the exceeding of ET, compared to unburnt stands after only few years is not
the regular case. Other tree species such as, e.g. pines need many years to make a recovery. Six
to seven years after the fire, Sdnchez et al. (2015) were still able to record differences between
control and burnt site of around 140 4+ 30 W m~2 for total LE during satellite overpass.

5.2. Changes of daily ET,

As explained in Section 3.1.2, the measure of ANBR identified the severity of fire
events in the eucalyptus stands in 2013-2015, which were ranked according to the



18 M. HAUSLER ET AL.

intervals given by Key and Benson (1999). This index has already been successfully
applied to different species and environments (Escuin, Navarro, and Fernandez 2008;
Miller and Safford 2012; Veraverbeke et al. 2010) and classified the burnt sites into
moderate-low- to low- and moderate-high-severity burns, implying rather small
damages to the stands and a high survival rate of the trees. Mortality of eucalyptus
stands is not only dependent on the severity of the fire, but also on other factors or
properties of the stand. Here, the trees were 6-14 years old and in their second or
third rotation. According to Silva, Feith, and Pereira (2007), mortality decreases with
age and increases with the number of rotations, which implies a rather shortened
recovery time for our study sites.

As expected, after a fire event, the A ET, of all cases increased rapidly, due to the
removal of the understory to a large degree and a partial or total damage to the tree
crown. Figure 7 shows a clear difference in NDVI, P,, and T,,4, comparing the fire scars to
the surrounding area. The NDVI is a measure of ‘greenness,’” while P, expresses the
fractions of vegetated and bare soil surface. After a fire disturbance, both decrease
drastically, due to the removal of green parts of the vegetation. At the same time, T,aq
increases due to the darker surface of charred residuals. It should also be noted that
there are other processes involved beyond changes to vegetation cover; an increase in
the persistence of soil water repellency after the fire would also limit soil water storage
and therefore decrease ET, at the burnt site (Nunes et al. 2016).

L5  3.0km

0.0

.
84w 15  3.0km

(d)

Figure 7. Figures (a), (b), and (c) show the variables NDVI, P,, and T4 (K), respectively, calculated
from Landsat 8 images, which were taken on the 23 August 2013. In the lower left corner of all sub-
figures, a fire scar from August 2012 is marked with a dashed line, while at the opposite a fire scar of
July 2013 is visible. Figures (d), (e), and (f) show the same variables for the 25 May 2015. The fire
events of 2012 (lower left) and 2013 (lower right) are surrounded with dashed lines. For comparison,
a fire scar of March 2015 is visible at the upper left corner, but was not used for this study.
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Nevertheless, A ET, between control and burnt site started to decline rapidly. This
might be partly explained by the shrublands which have higher rain interception in
Mediterranean climate compared to other climates (Garcia-Estringana, Alonso-
Blazquez, and Alegre 2010). They also start regrowing only shortly after environmen-
tal disturbances, e.g. fire (Silva, Rego, and Mazzoleni 2002; Bastos et al. 2011). Both,
interception and regrowth, may contribute to a large part to the overall ET, (see also
Section 5.1). Moreover, the eucalyptus species has special adaptions that enhance
their regrowth by basal regeneration (lignotuber) (Catry et al. 2013) and/or strong
epicormic shooting triggered under certain circumstances, such as sudden increase of
light availability due to the damage of the tree crown or the removal of close-by
standing plants (Lane et al. 2010). This fast recovery was also observed in other
studies, mentioning other survival strategies and regeneration of the forest from
resprouting and seeds (Tessler, Wittenberg, and Greenbaum 2016; Nolan et al. 2014;
Aran et al. 2013), where especially at the beginning a strong competition is observed
and only with time, when the vegetation becomes larger and crowns start to close,
the forest becomes subject to a natural thinning process (Tessler, Wittenberg, and
Greenbaum 2016).

The study by Nolan et al. (2015) showed a peak in total ET, at resprouting eucalyptus
forests 2-3 years after the fire, which was up to 29% above unburnt stands. The authors
claim that the increase in ET, at the burnt site might be related to the combined effect
of epicormic regrowth, and an only partial defoliation of the trees, causing a higher
demand of water by a temporary higher leaf area index compared to adjacent unburnt
tree stands. The severity of the fires was classified as moderate, and pre-disturbance
conditions were reached after 5-8 years post-fire, being 8-12 years for high-severity
burns in south-eastern Australia.

In our study, higher ET, was only recorded in the case of the 2011 fires, four years after
the fire event. The 2011 fires were mostly classified as moderate-low- to low-severity
burns, where the burnt sites exceeded ET, of the control sites by roughly 2% on a daily
scale. However, Watson et al. (1999) reported total ET, being twice as high compared to
unburnt stands 7-30 years after the fire in mountain ash forests (E. regnans).

In contrast, post-fire ET, might remain low for other tree species as shown in the case
of pine trees in south-eastern Spain with Mediterranean climate, where A ET, at the
burnt site was still 1.0 mm day~' 11 years after the fire disturbance (Sanchez et al 2015,
tree densities of 450 trees-ha™').

Both, the shortage of water released to the atmosphere and a higher water demand
after a fire, are disturbances to the water cycle. Our results showed no significant
changes in daily ET, after the second year of the fire event, regardless of the burn
severity. This is also supported by the findings of Hawtree et al. (2015), showing no
significant changes in the streamflow at the Agueda watershed which comprises a large
part of our study area.

6. Conclusions

The relationship between evapotranspiration and tree regrowth/recovery after fire dis-
turbances in pure eucalyptus stands was observed by applying an STSEB model based
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on satellite observations. The study was conducted in the Caramulo mountain range,
located in the centre of Portugal. A total of 21 burnt sites of pure eucalyptus stands were
investigated by comparing ET, to nearby control sites that had similar stand properties.
The results show:

(i) to the total LE at the unburnt stands (control sites); LE, (about 80%) and LE;
(about 20%) had similar contributions for all years of observation at the satellite
overpass;

(ii) the recovery to pre-fire conditions is rather different from other studies, namely
A ET, has already been much smaller in the third year after the fire event in
comparison;

(iii) higher ET, at the fire-affected areas compared to control sites is only recorded at
mainly moderate-low- to low classified severity burns after four years of the fire
event (with increasing tendency);

(iv) generally, areas with lower severity classification had smaller differences in A
ET.. The largest A ET, was observed during the first year, continuously decreas-
ing over the observed four years after the fire; and

(v) Inter-annually, A ET, increased during the rainy season, which is related to the fast
regrowth rate of foliage and epicormic shooting, and the abundance of water.

Even though A ET, moved back to the threshold we defined as natural variability
between stands (4 0.5 mm day~ '), a full recovery to the former condition was not
reached after four years of observations. A few of the burnt sites even responded with
higher ET, in comparison to the control sites probably related to the combined effect
of basal and epicormic shooting, the recovery of the tree crown, and the germination
of seeds.

To conclude, the effect of fire events on A ET, in eucalyptus stands was rather small in
the north-central part of Portugal. Nevertheless, longer time series (>8 years) would be
necessary to ensure the settlement of A ET, and give solid statements about the time of
recovery in ET,, the impact on the water budget, and consequently leading to adapta-
tions in the fire management of Portugal.
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CHAPTER B

A promising new approach to estimate drought indices for fire danger assessment
using remotely sensed data (Article Ill)

In this third part, the improvement of soil moisture estimations SMD from drought indices was investigated,
by replacing empirical equations from evapotranspiration with E'T;, from the STSEB model. Soil moisture
is related to fuel moisture content and therefore, with decreasing water content, to fire danger. The method
described in Chapter 5 to estimate the soil moisture deficit for fire danger rating was also tested at a
study site in Indonesia, where the results are provided in the section of Supplemental material D of the

manuscript.
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ABSTRACT

One of the crucial input variables in fire danger rating systems is the water content of the soil, as well as of the
living and dead fuels. This study concentrates on the Keetch-Byram Drought Index (KBDI) and the Drought Code
(DC), which are both used to estimate the soil moisture deficit (SMD) and are inherent parts of well-established
fire danger rating systems.

These indices assume a simple water balance equation where effective rainfall is the only input and evapo-
transpiration is the only loss term, retrieved from empirical equations. We propose a method to increase spatial
resolution of estimated SMD from KBDI and DC by replacing the empirical estimation of evapotranspiration with
the actual evapotranspiration (ET,) estimated by the remote-sensing based Simplified Two-Source Energy
Balance model (STSEB). For the days with no satellite observations, the basal crop coefficient (K.,) and the
adjusted crop coefficient (K .qj) approach for water stress conditions were applied to obtain continuous daily
estimates for fire danger rating. A new approach was suggested to find a threshold dividing areas into fire-prone
and fire-safe, regardless of the status of the drought indices.

Both drought indices (KBDI and DC) benefited from the estimated ET, of the existing STSEB model obtaining
SMD maps with higher spatial resolution (compared to conventional methods and products using interpolation
techniques). Areas with higher proneness to drought and therefore to occurrence to fire were identified in the
north-central part of Portugal, where e.g. on 16 July 2015, in the case of KBDI 47% of a specific area was
classified as fire-prone and about 67% of the fires occurred within the identified area of this year.

This new approach generated information on the water status of the soil at a spatial resolution of 500 m,
which can be useful for forest management to identify endangered areas, as the danger of fire increases with
increasing drought conditions.

1. Introduction

are a measure of the dryness of the soil layer (see Drought Code, DC for
the deep duff layer, Van Wagner, 1974).

In many ecosystems, forest fires are a part of the natural regenera-
tion cycle. However, as the number and size of forest fires in Portugal
(Parente et al., 2018) increase (e.g. 508,763 ha in 2017, ICNF, 2018),
wildfires mean extreme damage to the environment and the production
systems.

For protection, fire rating systems were introduced to warn against
the risk of fire at an early stage. The most prominent ones such as the
McArthur Forest Fire Danger Index (FFDI, used in Australia, McArthur,
1967) and the Canadian Forest Fire Weather Index System (CFFWIS,
used in Canada, Alaska and Portugal), include drought indices, which

* Corresponding author.
E-mail address: aal8795@isa.ulisboa.pt (M. Hausler).

https://doi.org/10.1016/j.agrformet.2019.04.015

Drought indices are typically driven by weather conditions, as fire
danger, fire ignition and spreading are related to air temperature (T,),
wind speed (u) and direction, air humidity and solar irradiance
(Sharples et al., 2009). At present, fire danger assessment involves in-
terpolation of weather data from point observations at weather stations.
Even in countries with local observations from a dense network of
weather stations, interpolation techniques result only in little spatial
variation, since they are, overlooking the role of vegetation type and
structure (Aguado et al., 2003). Moreover, meteorological variables
have considerable limitations for estimating soil moisture content,
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Fig. 1. The map gives an overview of the spring-fire, showing its location, and distances to measurement points. Pou = Pousadas; Lou = Lourizela; SAC = Serra de

Cima.

which is a key factor in fire danger. Only recently Krueger et al. (2015)
presented a strong relationship between soil moisture and wildfire size
for Oklahoma. The authors stressed the necessity to develop innovative
approaches that explicitly take soil moisture data into account for as-
sessing fire danger. Over the last years, soil moisture related drought
indices were further developed from existing ones or were newly pro-
posed.

Garcia-Prats et al. (2015) developed a version of the KBDI that was
adjusted to Mediterranean environments and took into account silvi-
cultural operations (e.g. thinning) that influence the soil moisture
content. The KBDI and other drought indices, such as DC or Palmer
Drought Index (Palmer, 1965) are based on a simple soil water balance
model, where evapotranspiration is assumed to be the only loss term to
the water balance. To this end, they modified the coefficients of the
empirical equation that includes the estimation of the reference eva-
potranspiration (ETo). The ET, (or ET,,) constitutes the maximum pos-
sible water vapor rate due to the prevailing meteorological conditions,
when water supply is unlimited. It is defined as the evaporation from
the soil plus the transpiration from a hypothetical reference grass, with
a crop height of 0.12m, a fixed surface resistance of 70sm ™' and an
albedo of 0.23 (Allen et al., 1998). ET, is often denoted as potential
evapotranspiration (ET,), even though the concept of ET, has been
replaced since the 1970s (Doorenbos and Kassam, 1979; Irmak and
Haman, 2003; Allen et al., 1998).

A replacement of the authors’ called empirical ET, equation of KBDI
by the Hargreaves and Samani reference evapotranspiration equation
(Hargreaves and Samani, 1985) was suggested by Snyder et al. (2006),
which also improved the soil moisture deficit (SMD) estimates from
KBDI. Ganatsas et al. (2011) adapted the variables of maximum air
temperature (Tp,.x), and the mean annual rainfall (MAR; Eq. (4)) to
adjust KBDI to Mediterranean conditions. Holgate et al. (2017) sug-
gested to substitute soil moisture estimations from KBDI, with in-
novative approaches such as the Antecedent Precipitation Index (API)

or with soil moisture products from satellite platforms. This was done
by Vinodkumar et al. (2017) and Kerr et al. (2010), who recently in-
vestigated API and the Soil Moisture Ocean Salinity product (SMOS) for
their suitability in fire danger rating applications, respectively. Both
API and SMOS simplified and improved soil moisture estimates.

With the emergence of satellite imagery, nearly daily and world-
wide coverage of soil moisture data are provided (e.g. SMOS). The
downside of satellite soil moisture products is the spatial resolution of
several kilometers (e.g. SMOS; Level 3, with an average spatial re-
solution of about 40 km), which is rather coarse for operational fire
management (Carlson and Burgan, 2003). Typically, fire danger ratings
from data of weather stations are either provided as interpolated maps
or gridded with a spatial resolution between 1 km? and 9 km? (Carlson
and Burgan, 2003; DaCamara et al., 2015).

In this study we aim to:

—

. incorporate the estimated ET, from the Simplified Two-Source
Energy Balance model (STSEB, Sanchez et al., 2008; Hausler et al.,
2018b) into drought indices,

ii. provide higher spatial resolution of KBDI and DC, using satellite

observations,

iii. test two different coefficients to obtain the drought indices for days

with no satellite observations, and

iv. find a threshold for drought indices to identify areas which are more

fire-prone than others.

The goal of this work is to spatially enhance soil water balance es-
timation and thus to improve fire danger rating by identifying areas
that are at risk of faster soil drying.

The STSEB model makes use of the MODerate-resolution Imaging
Spectroradiometer (MODIS) that has an almost daily coverage with a
pixel size of 500 m. The spatial resolution of the estimated soil water
deficit from KBDI and DC (obtained with ET, from STSEB, using MODIS
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imagery) presented here is therefore higher compared to conventional
products (e.g. pixel size of 3km, fire risk product of LSA SAF). The
modified drought indices were applied to the example of a (1) spring
fire and an (2) extended fire-affected area at the Caramulo mountain
range in Portugal, 2015.

2. Materials and methods
2.1. Study area

This study concerns a fire-affected area in the Caramulo mountain
range, which is 20 to 30 km inland from the city of Aveiro, in the north-
central part of Portugal (Fig. 1). The humid Mediterranean climate
classifies as the Csb type (Belda et al., 2014) with high annual rainfall
between 750 and 2000 mm. The main precipitation regularly occurs
during the cooler winter months, resulting in biomass production and
accumulating fire fuels, while the warmer and dry summer months
promote wildfires. We investigated spring and summer wildfires that
occurred in 2015, which has been a particular dry year and fire oc-
currences above the average since 2003. In particular, we studied a
spring wildfire (2 to 6 April 2015) that burned 1.5-ha of eucalypt
plantations (Eucalyptus globulus Labill.), and a comprised area affected
by spring and summer fires of about 6400 km?, from which 108.6 km?
were burnt and the greatest part was classified as forests (75 km?). Only
2.9-ha were burned for agricultural use and the rest was unidentified.

For the eucalypt trees an average height of 15.3m was estimated
from a web application (Web-Globulus 3.0 version available at Palma
(2013), see also Hausler et al., 2018b), with a tree density of about 580
trees per ha, and an average age of 11 years, in their second and third
rotation as input. Comparing tree heights from forest inventory, the
height of 15.3 m showed also to be a good fit as average tree height for
the larger forest area that was investigated. The STSEB model operates
independently from the vegetation type, and differences of + 1 m tree
height result in biases smaller than 1-2% of ET, (Sanchez et al., 2008).

The soils are shallow (from 20 cm down to 100 cm) with humic
Cambisols and Leptosols as the principle soil types. Their textures range
from sandy loam to silt loam, and have a high stone content. Granite
and schist form the almost impermeable bedrock. Further details about
the soil properties are given by Shakesby et al. (1993) and Wahren et al.
(2016).

2.2. Meteorological data and remote sensing

The Pousadas meteorological station provided the instantaneous (at
satellite overpass) measurements of air temperature (T, °C), wind
speed (u, m s7h, global solar radiation (S, kJ m~32) and daily pre-
cipitation (mm) to run the STSEB model. For the estimation of the SMD
over a larger area these variables were interpolated from the mea-
surements taken at the weather stations given in Table 1. Maps were
created using the ordinary kriging technique (Liu et al., 2010; Rehman
and Ghori, 2000; Hengl et al., 2012; Mukhopadhaya, 2016) and were
used for the model.

For the year 2015, 46 cloudless images for tile 17/4 from MODIS/
Terra imagery were processed, which are distributed by LAADS DAAC.
The reflectance values of the near-infrared band (NIR) and the red band
(RED) were taken from the daily product of MOD09GQ.006 (VO006,
level-2) with a grid size of 250 m. The surface albedo product was given
by MCD43A3.006. The land surface temperature (Ty,4, K) was obtained
from the split-window algorithm as the swath product MOD11L2.006,
which has a pixel size of 1000 m. The product of T,,q had to be re-
processed with the geolocation product of MODO03.006. For the pro-
cessing of all MODIS products, the MODIS tools for swath and raster
products were used and scaled to a spatial resolution of 500 m.

The Spinning Enhanced Visible and Infrared Imager (SEVIRI)
aboard Meteosat provided the incident long-wave radiation (Lgy,
W m~?) with a temporal resolution of 30 min. At satellite overpass the
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Table 1

Location of the meteorological stations are given. Daily point measurements of
Ta, u, GSR, and precipitation were taken and used for interpolating the data
(ordinary kriging) over the study area.

Meteorological station Latitude (°) Longitude () Elevation (m)
Pousadas 40.6144 —8.3166 432
Viseu/C. C. 40.7149 —7.8959 636
Aveiro/Universidade 40.6354 —8.6596 5
Anadia 40.4388 —8.4399 45
Arouca 40.9269 —8.2611 270

values for Ly, were downloaded from the EUMETSAT Satellite
Application Facility on Land Surface Analysis (LSA SAF) with a spatial
resolution of 3 x 3 km. Over large areas the Ly is rather uniform when
the sky is unclouded (Humes et al., 2004), therefore the average value
for Ly, covering the corresponding test site was further processed.

2.3. Soil properties and measurements

The soil characteristics were determined at three different sites
(Serra de Cima = SdC, Lourizela = Lou, Macieira de Alcéba = MdA).
The soil water content was measured at different soil depths (e.g. SAC at
two depths ranges between 0-50 and 50-100 mm), using either a hand-
held probe (Decagon, EC-5 sensors at SAC and Lou) or permanently
installed Decagon EC-5 sensors with recordings taken in 15 min inter-
vals and stored with a Decagon data logger at SAC. The continues
measurements of the soil water content were later used to be compared
with the estimates of KBDI and DC (Fig. 4). The soil water retention was
obtained from soil samples in the laboratory (pressure plate method
and, for SdC, also evaporation method) to determine the permanent
wilting point (PWP) and the field capacity (FC). The FC was defined at
pF-value' of 2.54 with 0.32, and the PWP at pF-value of 4.2 with 0.16
volumetric fraction of soil water content, on average. Details for SAC
are given by Boulet et al. (2015) and Nunes et al. (2016), and ad-
ditionally for Lou by Santos et al. (2016). Field characteristics of MdA
are described by Nunes et al. (2018). The soil properties such as soil
depth, soil composition and soil type are summarized in Table 2.

2.4. Drought indices

Background

Drought indices (Turner, 1972; Keetch and Byram, 1968; Van
Wagner, 1974) provide long-term information of the dryness of the soil
and duff layer from weather conditions, the plants’ water use and the
soil water holding capacity. For this study, two drought indices where
applied:

e The Keetch-Byram Drought Index (KBDI) that was developed by
Keetch and Byram (1968) and is incorporated into the McArther
Forest Fire Danger Index.

e The Drought Code (DC), as part of the Canadian Forest Fire Weather
Index System (CFFWI, Van Wagner, 1974), finds its application
mainly in Europe, e.g., in Portugal.

The purpose of both indices is to estimate the progress of drought by
using a simplified version of the soil water balance equation to observe
changes in the soil moisture content. In the following, we would like to
highlight the assumptions made for drought indices, where authors
assumed runoff, deep percolation, and capillary rise as zero. The em-
pirical equations are merely based on the effective precipitation and ET,
which are assumed to be the only input and output of the water balance

! The pF-value refers to the soil moisture retention curve (pF-curve) that gives
the relation between soil moisture suction and soil moisture content.
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Table 2
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List of catchments (Pou = Pousadas, Lou = Lourizela, SAC = Serra de Cima, MdA = Macieira de Alcdba), where soil water content and the soil water retention curve
(pF-curve, which is the tension given as the logarithmic value of cm water) were obtained to retrieve average values for field capacity (FC, pF 2.54) and permanent
wilting point (PWP, pF 4.2). The measurements from Lourizela are representative for the Pousadas study area. Soil depths (z;), maximum measurement depths (2,),
soil textures, and pF-curve are given below. The abbreviations Lpu and Cmu stand for Leptosols and Cambisols, respectively.

Catchment FAO soil type 2 (cm) 2 (cm) Soil texture (%) pF-curve
Sand Silt Clay pF 2.54 pF 4.2
Pou and Lou Lpu 25 25 36 52 12 0.23 0.10
SdC Cmu 65 33 21-26 56-55 23-19 0.31 0.13
sdC Lpu 35 35 23 59 18 0.31 0.13
MdA Cmu 100 50 38-45 45-39 17-16 0.47 0.24
MdA Cmu 75 38 62-63 24-25 13-12 0.30 0.17
MdA Lpu 40 40 61 27 12 0.30 0.17
equation, respectively. The value of (P.g) is hereby identical to pre- Table 3

cipitation minus interception:
ASM = I + Py — ET, — RO — DP — SF )

where ASM is the change of soil water storage (mm day_l), I is the
irrigation (mm day '), which does not apply for this study, P is the
precipitation (mmday~!), ET, is the actual evapotranspiration
(mm dayfl), RO is the runoff (mm dayfl), DP is the deep percolation
(mm day 1), and SF is the subsurface flow (mm day ).

We should stress that for this equation to be valid, one assumes that
plants are using water only from the soil layer that was taken as control
volume. However, Mediterranean plants that have to withstand con-
trasts in water availability, develop deep roots and often use water from
the subsoil or from even further below. In practical terms, it is very
difficult to quantify changes in water storage below the soil. Therefore,
the simplified approach, often used in this context, gives a perception of
how fast soil water is depleted. In the case of deep roots, this concept
should be applied very carefully, due to the fact that after the soil water
is depleted (attains the PWP), it is no more valid.

Both drought indices assume an arbitrary soil depth and a type of
soil, such that the lower limit represents the storage at field capacity
(FC), and the upper limit the permanent wilting point (PWP), with the
difference being the water holding capacity e.g., KBDI with 203.2 mm
(Keetch and Byram, 1968, 8 in). Such high values are very unrealistic
for the conditions of this study area. However, they could represent
water taken from deeper soil layers.

To begin with the estimation of the drought indices, a period of
abundant precipitation needs to be selected to reach full FC (Keetch and
Byram, 1968). Here, the start date was 5 March 2015, after two weeks
of heavy precipitation (> 500 mm).

Then, the drought indices are calculated daily, where the only input
to the soil water balance is P.¢ and the only output is ET,. The P is the
actual water reaching and infiltrating the soil, after a part of the pre-
cipitation was intercepted by the upper vegetation layer. The ET,
cannot as easily be obtained as ET,, because it is not only dependent on
meteorological conditions, but also on the vegetation type, the soil
water status, and non-standard conditions such as the presence of plant
diseases, low soil fertility or soil salinity (Allen et al., 1998). However,
in the 1970s, researchers used the ET, for drought indices, applying to it
a reduction function that was supposed to approximate the evapo-
transpiration to its actual value ET,.

Thornthwaite (1948)'s equation was used, which estimates ET, from
temperature and day length, because evapotranspiration depends on
sunshine hours and their seasonal variations. This basic concept was
adopted by Turner (1972) for the DC and has been partly incorporated
by Keetch and Byram (1968) for the KBDI. The assumptions made for
the drought indices (DC and KBDI) are given in Table 3 and are in detail
discussed by Van Wagner (1985). In the Appendix information about
the negative exponential evapotranspiration pattern is given where
Fig. 8a shows the evapotranspiration time-lag. Other assumptions such
as the reservoir capacity, rainfall interception and effect, presentation

Properties and differences between the drought indices DC and KBDI. This table
was adopted from (Table 1. Basic properties of drought indexes, Van Wagner,
1985) and additional information was added.

Object DC KBDI
Reservoir capacity 100 mm 8in
Comparison value 100 mm 203.2mm (8in.)

Evapotranspiration pattern Negative exponential Negative exponential

Time-lag, 25 °C in July 48 days 88 days

Soil material represented Organic layer, Mineral soil
25kgm™?2

Rainfall interception 2.8 mm 5.08 mm

Rainfall effect Reduced to 83%, then Additive
additive

Presentation style Absolute Absolute

Scale type Reverse log scale of Reverse log scale of
reservoir content reservoir content

Frequency of calculation Daily Daily

style, scale type and frequency of calculation are covered in the fol-
lowing sections of KBDI and DC computation. For a deeper under-
standing references to the original sources are provided.

Since the water balance is only valid if ET, is known, and by ana-
lyzing the assumptions made by some scientists (e.g., including vege-
tation density, setting a limit corresponding to total rainfall) to estimate
evapotranspiration, the empirical equations were substituted by the
estimated ET, from STSEB for spatial improvement of the soil water
balance. The detailed calculations of KBDI and DC, and the parts re-
placed by ET, are explained and referred to below.

Keetch-Byram Drought Index
The KBDI decreases with (P.g) and increases with daily evapo-
transpiration given as:

KBDI, = KBDI4_; + 86Q — Ry @

where KBDIj is the KBDI on the observation day (mm), KBDI4_ is the
KBDI on the day before the observation day (mm), §Q is the change of
soil water (soil water depletion in mm) during a certain time of Jt,
which is one day (24 h) as recommended by Garcia-Prats et al. (2015),
and Py is the net rainfall (mm). Py represents the actual water
reaching and infiltrating the soil depths without interception. Keetch
and Byram (1968) defined a threshold of 5.08 mm (0.2 in) of rainfall
which must be exceeded to be considered for calculation. Examples of
how to obtain P are given in Keetch and Byram (1968).
8Q is defined as:

203.2 — Q) x (0.968¢(0-0876xTmax+1.552) _ 8.3
= ( Q x( ° ) x 1073

5Q 1+ 10.886(_0‘00173XMAR) (3)

where Q in Eq. (3) is the accumulated soil water depletion (mm) and
the upper limit of the soil water capacity is 203.2 mm (being 800 i.e.
81in of water in the original version of Keetch and Byram (1968)). The



M. Hadusler, et al.

maximum air temperature (T,,x) is given in °C, and describes the daily
ET, as a function of Tpax (Keetch and Byram, 1968). The mean annual
rainfall (MAR) was obtained by the average annual rainfall measure-
ments at the Pousadas station for the years 2014 to 2017 (here: MAR
was 1500 mm, on average).

(0.9683(0'0876XTmaX+1'552) _ 83)

ET 1+ 10.888(—0.00173XMAR) (4)

where ET is the evapotranspiration (mm day_l) and the numerator of
Eq. (4) is ET, (or ET,, Keetch and Byram, 1968; Garcia-Prats et al.,
2015). Later, ET was substituted by the estimated ET, of the STSEB
model. In order to compare the end result with a scale of 0 to 800, the
KBDIy is multiplied by the factor (100/25.4).

Drought Code
Equivalent to the KBDI, the DC decreases with P.g and increases
with daily evapotranspiration given as:

DCq = DCq4_; + 0.5ET, %)

where DCjy is the DC from the observation day (mm), DCq4-_1 is the DC
from the day before the observation day (mm), and ET is the reference
evapotranspiration (mm day ~'). The ET, is halved, because according
to Van Wagner (1987) the scale length of the DC is in a sense one-half of
the original Stored Moisture Index (Turner, 1966). By taking the half of
ET,, the evapotranspiration becomes dependent on the reservoir capa-
city (soil water content), and therefore water is limited. The restriction
of water violates the definition of ET,. Later, the term of 0.5ET, of Eq.
(5) was replaced by the estimated ET, from STSEB.
The empirical equation for ETy, is as follows:

ETy = 0.36 X Tpayx + Lf (6)

where Tp.x is the maximum daily air temperature (°C) and Lf is the
seasonal correction for day length. This empirical equation to obtain
ET, (Eq. (6)) was firstly introduced by Thornthwaite and Mather
(1955), where Lf changes with latitude and season. For the Caramulo
mountain range, following values for Lf were used: January to De-
cember with —0.5, 0.7, 3.5, 6.4, 8.9, 11.0, 12.7, 9.6, 5.9, 1.5, 0.01, and
—0.4, respectively. The Lf values were retrieved from meteorological
recordings at the Pousadas station (monthly averages for 2014 to
2017), using the equation given by Turner (1972).

The moisture equivalent (RP, Eq. (7)) after rain is expressed as
percentage of dry soil (Girardin et al., 2004):

800

RP = 2(DCa_1/400)

+3.937 X Py o
where DCq4_1 is the DC from the previous observation day (mm), Peg is
the effective rain calculated from Eq. (8), and 3.937 is a constant to
adapt P to the metric system.

To obtain the P that adds to the water storage after interception of
the canopy, following relationship was established:

Rt = 0.83 X (Paaity — 1.27) 8)
where P is the effective rainfall, which is only considered for days
where Pgay exceeds 2.8 mm. The Pgajy is the actual measured rainfall

in the open for one day (24 h).
The current drought status is given by Eq. (9):

DCq4 = 400 In(800/RP) (©)]

which enters again Eq. (5). The procedure and restrictions to obtain the
DC are well described by Turner (1972), Van Wagner (1974), and
Girardin et al. (2004). The source code for the CFFWI is provided by
Wang et al. (2015).

2.5. STSEB model

To give a full description of the STSEB model is beyond the scope of
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this paper. However, a short description of the main assumptions, as
well as differences to the recently published applications of the model
by Héusler et al. (2018a,b) are given.

The STSEB model is based on the energy balance equation (Eq.
(10)):

R,=H+LE+ G (10)

where R, is the net flux radiation density (Wm™2, Eq. (11)), H is the

sensible heat flux density (Wm™2, Eq. (12)), LE is the latent heat flux

density (Wm™2) and G is the soil heat flux density (Wm ™2, Eq. (15)).
During satellite overpass, the total R, is obtained as follows:

Ry=(1—a)S+ eLgy — eaTiy 1y

where a is the albedo (MCD43A3), S is the global solar radiation
(kJm™32), Lgy is the incident long-wave radiation (W m~32), ¢ is the
emissivity (obtained by Valor and Caselles, 1996), o is the Stefan-
Boltzmann constant (5.67 X 1078, Wm ™ 2K~*), and T,.q is the land
surface temperature (MOD11L2, K).

The instantaneous values of H is given by:

H=PRH, + (1 - R)H; 12)

where P, is the partial vegetation cover, retrieved as described by Valor
and Caselles (1996). The H, (Eq. (13)) and Hg (Eq. (14)), are the sen-
sible heat flux densities over pure vegetated (v) and soil (s) pixels at the
time of satellite overpass (instantaneous values), and are expressed as:

T, — T,

H= C \ a

VTR 13)
T — T,

Hy = pCp——
rg+ (14)

Here, p is the air density (kgm™?) and C, (kJkg~'K™") is the air
specific heat at constant pressure. The vegetation temperature T, and
the soil temperature T; are given in Kelvin (K). The r? is the aero-
dynamic resistance to heat transfer between the sink levels (s m™Y), r;’
is the aerodynamic resistance to heat transfer between the canopy and
the reference height (sm™?), and r is the aerodynamic resistance to
heat flow in the boundary layer immediately above the soil surface
(sm™Y). The estimations of the aerodynamic resistances r, (s m™?Y) for
stable and unstable conditions are explained by Sanchez et al. (2008) in
the Appendix.

The value of G is obtained as a fraction of R, with:

G =Cc(1 —R)Ry 15)

For our study, Cg was set to 0.3 (see also Hausler et al., 2018b).

To obtain daily values, the relationship between H and R,, during
satellite overpass was taken:
H _ He
Rni Rnd (16)
which is only representative for cloudless days.

Thus, assuming that G can be neglected on a daily-scale (Seguin and
Itier, 1983; Kustas and Daughtry, 1990), the daily LE (or ET,) is ob-
tained as a residual term, using Egs. (10) and (16).

2.6. Crop coefficients

The concept of the crop coefficient (K.) is well-established and has
been applied for different crops and environments for decades
(Conceicao et al., 2017; Ferreira et al., 1996; Testi et al., 2004;
Watanabe et al., 2004; Lazzara and Rana, 2010; Zhang et al., 2013;
Sanchez et al., 2014; Paco et al., 2014). The value of K. can be sepa-
rated into its components, where K, is the sum of transpiration (K.,)
and evaporation (K.) components, as follows:

ET, = (KsK + K.) X ETy, 17)
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where KK, + K is also denoted as K .q; (adjusted crop coefficient),
which combines the effect of crop transpiration, soil evaporation and
water stress into one coefficient, ET, is the actual evapotranspiration
from STSEB, and K; is the stress coefficient, which is equal to one, when
there is no water stress. The value of K, is the basal crop coefficient, K.
is the soil evaporation coefficient, and ET, is the reference evapo-
transpiration (Eq. (18)).

The value of K. (or K, if K, is equal to zero) is obtained experi-
mentally, in the research context, by measuring ET, and calculating
ET,. For practical applications, K. is generally obtained from tables or
algorithms that take into account crop parameters, such as the leaf area
index or the ground cover.

With remote sensing techniques, it is possible to estimate vegetation
indices that can be related to crop coefficients (Eq. (17)). Some remote
sensing techniques allow to estimate crop coefficients for large areas,
which is an advantage in the case of heterogeneous landscape or at a
field-scale in case of very heterogeneous soil cover. In one of the ap-
proaches used here (STSEB model), the simple empirical equations
(Egs. (2) and (5)) were modified to spatially enhance the SMD esti-
mations from the drought indices.

The estimated ET, from STSEB was included to represent the actual
reduction on evapotranspiration with impact on the soil water balance,
but this was only feasible for days with satellite observations.

The value of ET, was calculated from the FAO Penman-Monteith
method with grass parameters (Allen et al., 1998), which is the re-
ference method in water use and irrigation management:

900
0.408A(Ry — G) + vt (es — €a)

A+y@A + 0.34u,) (18)

ETO =

where A is the slope of the vapor pressure curve (kPa,’C), y is the
psychrometric constant (kPa,’C), Tpyean is the daily mean temperature
(°C), uy is the wind speed (ms~ ') at a height of 2 m, e; is the saturation
vapor pressure (kPa), and e, is actual vapor pressure (kPa). Measure-
ments of the weather data were provided from the Pousadas station.

The K. .qj (taking into account water stress to get K) was obtained
by dividing the estimated ET, from STSEB with ET, (Eq. (18)), in ac-
cordance with Eq. (17) for days with satellite observations.

In the other approach, Nunes et al. (2016) assumed that the soil
evaporation can be neglected for summer, when the upper soil layer is
dry. Following other researchers, they suggested a method to obtain K,
from the Normalized Difference Vegetation Index (NDVI) for unstressed
conditions at eucalypt stands. Their empirical method was developed
from unburnt eucalypt stands in the same region as our study. Knowing
that NDVI does not significantly vary for higher canopy cover (Hausler
et al., 2016; Gamon et al., 1995) over short periods of time, we slightly
modified the equation and applied as follows:

Ko = a x (NDVI — NDVIy) 19

where a is an empirical scaling coefficient (a = 2.74), the NDVI is the
last recorded NDVI from satellite data, and NDVI, represents the NDVI
for bare soil pixels, where no vegetation transpiration is assumed. The
procedure to obtain NDVI and NDVI; is explained by Hiusler et al.
(2018a,b). By dividing the value obtained from K, X ET, (the so-called
crop evapotranspiration) with K, (Eq. (19)), we get an estimation of K.

For the days where satellite data were unavailable, K., and K aq;
values of the previous day were used to estimate ET,, by employing the
day's ET,. This procedure continues until a cloud-free observation day
allows again to retrieve, pixel-by-pixel, new values of K, and K¢ aq
from the respective method. The value for ET, is obtained by multi-
plying ET, with K¢, and K. .q; from each pixel. Then, estimated ET,
enters the equations of the drought indices. In summary, a combined
Kb and K o4 approach allows to bridge the gaps (here greatest gap was
about two weeks) between two satellite observations and provides
pixel-wise information of ET,.
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2.7. A threshold for fire-prone areas

We hypothesized that areas that are drier than others will remain
drier over time, and therefore become more susceptible to fire, as the
ignition and propagation are favored by drought and certain weather
conditions.

The values of the KBDI and DC represent the absolute soil water
content and determine the time of increased fire danger. Their values
are also grouped into stages (e.g. KBDI stages from O to 7) expressing
the current drought condition. Here, it was not our goal to question this
subdivision, but to introduce a threshold to identify areas that might be
drier and therefore more fire-prone than others already at the beginning
of the season. A division into fire-prone to fire-safe areas might be
helpful for fire management to ensure a good distribution of resources
and initiate fire-preventing activities.

Due to the use of satellite images the spatial resolution of the
drought factors was increased showing small variations between
neighboring pixels. Normally, the ranges of the pixel values are very
small at the beginning of the season and increase with time. Theses
ranges of the drought factors are regularly too small to draw any further
conclusions, but with the introduction of a threshold, areas with values
smaller than the threshold itself were classified as less prone to fire and
vice-versa.

To find a threshold that delimits fire-prone areas from areas with
less fire danger a segmented histogram approach (Raju and Neelima,
2012) was applied. Hereby, an initial threshold S; (here mid-range
value) was selected, segmenting the image into two classes. Group 1
included all pixels defined as fire-prone > S; and group 2 incorporated
the ones classified as fire-safe <S;. Then, the average values of group 1
and 2 were computed and a new threshold found by:

_ Avg. 1+ Avg. 2
- 2 (20)

The new threshold from Eq. (20) was applied and the procedure
iterated till the difference of S; was insignificantly small (e.g. variation
smaller than 0.1 for the fire danger index). This procedure is called
basic global thresholding and results in a histogram that partitions the
image into two classes.

As the spatial range of SMD is different for each day (e.g. smaller
after heavy rains, when soils are saturated and larger, when the soils
become drier), the threshold must be independent of the data range. In
this study, five days of the 46 days with satellite observation were
randomly chosen to obtain a threshold to identify areas that are more
fire-prone than others. Five days were sufficient to find a threshold as
the histogram-based image segmentation varied only little between the
images. The histogram-based image segmentation identified the
threshold at which (a) the smallest total area assigned as fire-prone
coincided with (b) most of the fire scars of 2015. In the case of the
eucalypt stands in the central-north of Portugal the threshold was set to
60.6%.

Example: To identify the area as still fire-prone, the value for the
threshold of 60.6% of the total data range must be obtained and sub-
tracted from the upper limit of the total data range (e.g. 3 July 2015:
absolute differences of data range for KBDI is 10.5, 60.6% is 6.3,
maximum value of 185.5 minus 6.3 gives the lower limit of 179.2).
Matrices were produced and overlaid with the fire scars of 2015 to
identify the relationship of SMD to fire occurrences.

Si

3. Results
3.1. Application of ET, from STSEB

Evapotranspiration is assumed to be the only loss term of the sim-
plified water balance model from KBDI and DC, leading to a reduction
of soil moisture content and consequently to an increase of fire danger.

As no direct measurements of evapotranspiration were available,
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Fig. 2. The graph compares ET from the drought indices to the ET, from the reference method (Penman-Monteith) and the ET, from STSEB, where all estimates are

given in mmd ™",

the ET from KBDI and DC were compared to the reference method from
FAO Penman-Monteith and the estimates of ET, from STSEB (Fig. 2).
Regularly, the estimates of ET, from the two-layer model were lower
than the ET, from FAO Penman-Monteith (Eq. (18)). At the beginning
of the season, ET, from STSEB was slightly higher than ET,, which is
probable true for eucalypt plantations, as the trees have a high water
demand and did not suffer from stress after heavy rains in March, 2015
(> 500 mm). Later, ET, from STSEB becomes smaller than the reference
method, which was expected due to limitations of water resources
during the drier season of the year. Thus, ET, from STSEB fits the es-
timates of ET, from FAO Penman Monteith method well. Assuming
these values are representative, the ET from KBDI and DC were mostly
under- and overestimated, respectively. Generally, the ET from DC
showed less scatter than ET from KBDI and the reference method, and
reached values up to 13mmd~'. The ET from KBDI showed a wide
range of values for ET, especially during the drier months of the year
(June to August), reaching from 1mmd~* to 14mmd .

3.2. Crop coefficients

Results showed that the K, hardly changed during the cycle with an
average value of 1.20. From the beginning until the end of May, the K,
was mostly below the average value (minimum of 1.03) and for the
remaining observation period above the average (maximum of 1.37).

This was different for the K. ,qj, which had an average value of 1.14.
At the beginning of the cycle, it went up to a value of 1.51 and
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continuously decreased till the end of June with a value of 0.78 (Fig. 3).
Subsequently, both coefficients were applied.

In Fig. 4, a comparison between measured SMD close to Pousadas
station and estimated SMD from KBDI and DC is given, where the
drought indices was retrieved from (i) the original empirical equations
and also by (ii) using ET, from STSEB (for days with satellite observa-
tions) combined with the crop coefficient approaches (no satellite ob-
servations).

The original DC version was the most responsive one to drying ef-
fects, reaching its limit by mid-July, which indicated very high fire
danger. The DC, obtained from STSEB ET, and the coefficients, was
lower than the original one from the beginning of the cycle until May,
when there was heavy precipitation. Up to this point the DC, using K aq;
steadily diverged from the original version, but less than the DC ob-
tained from K. The latter rose approximately only one third compared
to the original DC until the first week of May, and decreased when rain
was falling.

There was a clear difference between the K, and the K a.qj ap-
proach. After heavy rains, the DC from K, and K. ,q; progressively es-
timated less SMD compared to the original DC. The DC from K aq;
reached the upper limit (very high fire danger) on the 10 of August.
This was almost three weeks later than the original DC on the 23 of
July. The DC from K, was less responsive and only estimated a max-
imum of SMD less than 70% until the next rainfalls in mid-September.

In the case of the original KBDI version, the drought code had a
strong response to a rainfall event at the end of March, showing the
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Fig. 3. Seasonal trend of basal crop coefficient (K.,) and adjusted crop coefficient (K aq), as they are obtained from Eq. (19) and Eq. (17).
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Fig. 4. Comparison of the soil moisture deficit (SMD) from on-site measurements at the Pousadas station, with the original Keetch-Byram Drought Index (KBDI) and
Drought Code (DC), as well as from the combined Simplified Two-Source Energy Balance Model (STSEB) and crop coefficient approaches.

lowest value compared to the other drought code versions until the
beginning of May. After the period of heavy precipitations in May, it
subsequently increased and peaked at about 90% of SMD on the 11 of
September. In the case of the KBDI from crop coefficients, both mi-
micked the progress of the original DC until May.

Then, the KBDI from K ,q; basically followed the original version of
DC and was partly even higher and thereby closer to the measured
SMD, while the K., approach slowly decreased over time and converged
to the curve of the original KBDI. On the 5 of August, the KBDI from
K. aqj reached the upper limit, that defined the point were no more soil
water was available for the vegetation to be extracted. The estimated
KBDI from the K, approach peaked at about 84% of SMD on the 13 of
September.

In general, the original DC and the KBDI from K_ ,4; yielded similar
results, indicating fire danger earlier (about end of July) than the other
versions. The less responsive one was the DC from the K, approach.

3.3. A threshold for fire-prone areas

The use of MODIS satellite imagery allows to estimate SMD with a
pixel size of 500 m. This makes it possible to determine the degree of
dryness per pixel and identify areas that might dry out earlier than
others. Small differences in SMD were detected early in the season and
increased with time (e.g. drier area in March detected, one month be-
fore the actual fire occurred; first column of Fig. 5a and b). These dry
areas overlay with the fire scars of the 2015 spring fires, although the
absolute numbers of drought indices were still low, indicating no fire
hazard.

Identifying differences per pixel also allowed to observe SMD
changes after fires. The main fire we used for this study (on 2 April
2015) was identified on the drought index images produced from ET, of
the STSEB model and combined with the K. .4; approach (Fig. 5a and b).
The values for KBDI and DC (representing SMD) increased after fire,
when ET, also increased.

Fig. 6 shows sub-figures with an area of 6400 km?, with the Pou-
sadas station located at the center point of each image. The images
include masks of all the fires that occurred within the image margins in
2015. The total area burnt was about 1% of the total area shown in the
figures.

When applying the threshold method (Section 2.7) to KBDI and DC,
classifying the image into fire-prone and fire-safe areas, about 56.7% of
the 2015 fire scars intersected with the classified fire-prone areas in
both cases already on 9 March 2015 (Table 4). Generally, the drier the
area becomes, the better the threshold works, being more precise in
matching fire-prone areas with the fire scars. To give further examples:

on 8 July, 63.9% for KBDI and 45.7% for DC intersect with the areas
classified as fire-prone. On 27 July, this is 74.5% and 52.2% for the
classified fire-prone areas of KBDI and DC, respectively. Fig. 5¢ and
Fig. 6¢ show the NDVI and ET, of the different scenes for comparison.

4. Discussion
4.1. Application of ET, from STSEB

By merely comparing the empirical equations for ET from drought
indices with the reference method (FAO Penman-Monteith), the ET
from KBDI and DC were under- and overestimated, respectively. The ET
from both indices was far from reality during summer time, suggesting
more than 13mm d ™!, which was about the double value of ET,. The
ET from KBDI was generally lower than to the reference method and
showed great variability. Few values were even higher than ET from DC
that was related to very high temperatures (> 30 °C). According to
Keetch and Byram (1968), the relationship between Ty.x and ETj is
exponential (numerator). By dividing the numerator by the denomi-
nator obtained from a fixed value of MAR, this results in an exponential
raise.

Generally, by replacing the empirical equations for evapo-
transpiration with the remote sensing-based ET, from STSEB and the
crop coefficients, information on the progressive change in soil
moisture content was retrieved on a pixel-by-pixel scale (Fig. 5a, b and
Fig. 6a, b). Even though many studies adapted drought indices for SMD
estimations, these enhancements were regularly limited to point ob-
servations and did not yield detailed spatial information.

4.2. Crop coefficients

The K, approach is simple and only needs the NDVI to continuously
monitor transpiration (assuming K. = 0) from satellite with a spatial
resolution of 500 m. According to Anderson et al. (2012) the NDVI
changes in a slow response to soil moisture, because long-term stress
causes changes in vegetation indices (Ferreira, 2017). Over short per-
iods of time, especially at high canopy cover (leaf area index > 4), K.,
and NDVI do not change significantly (Hausler et al., 2016; Gamon
et al., 1995). Therefore, we assumed that K, values can be applied for
several consecutive days without satellite observations. The value of Ky,
showed little variation along the period under analysis (March to early
August). Values higher than one indicate that there might have been
evaporation for the time of observation. In May, after heavy rains, the
K, slightly increased, on average, reflecting the growth of tree leaves
and therefore more transpiration.
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22 July 2015 Fig. 5.Image (a) shows Keetch-Byram
g arCh 20};5 26:Jung 2015 z Drought Index (KBDI) and (b) Drought Code

(DC) of the wildfire in 2015, retrieved from
the actual evapotranspiration (ET,) of the
Simplified Two-Source Energy Balance
model (STSEB) and the adjusted crop coef-
ficient (K,aq;) for clouded days. The first row
shows the drought index with its actual va-
lues, the second row the classification into
fire-prone (grey) and fire-save (blue) areas.
Fig. (c) shows the estimated daily ET, in the
first row and the NDVI in the second row.
The columns are the days, 6 March (about
one month before the fire), 26 June (about
two months after the fire), and 22 July 2015,
respectively. (For interpretation of the re-
ferences to color in this figure legend, the
reader is referred to the web version of this

article.)
ET.
(mm day™)
NDVI
(\Eul Kilometers /Q//\
/N

Since, no direct measurements for transpiration at the eucalypt drying period, using the Granier method (Granier, 1985) for sap flow
stand has been available, we assume a reduction of water consumption measurements. This is not indicated by the values of K, being still
starting in July. David et al. (1997) showed a continuous decrease of above 1 by the end of July.
daily transpiration in a mature eucalypt stand in Portugal, during a The K. .q; (Eq. 5.19) includes three effects: crop transpiration, soil
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evaporation, and the water stress. At the beginning of the cycle, the
values for K. .q; were high, on average, indicating that there was no
water stress (Ks = 1) and there was evaporation from the soil (K. > 0).
As time progresses, the upper soil layers dry out and the evaporation
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Fig. 6. The figures demonstrate an area of
about 6400km? around Pousadas station
(centre point) with indicated fire margins of
2015. Image (a) shows the Keetch-Byram
Drought Index (KBDI) and (b) the Drought
Code (DC) retrieved by using actual evapo-
transpiration (ET,) from the Simplified Two-
Source Energy Balance model (STSEB) and
the adjusted crop coefficient (K¢ aq;). The first
row shows the drought index with the actual
values and the second row the classification
into fire-prone (grey) and fire-save (blue)
areas. Image (c) demonstrates the estimated
daily ET, from STSEB in the first row followed
by the NDVI in the second row. The columns
are the days, 6 March, 26 June, and 22 July
2015, respectively. (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this
article.)

component goes to zero (see values around end of May). After heavy
precipitation, at the beginning of May, K .q; shortly increased, and then
decreased continuously. With decreasing soil water content, it is more
difficult for the trees to extract water and they experience water stress,
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Table 4

For the year 2015 some examples are given in percentage, listing the areas
which were classified as fire-prone (i.e. Fire-prone, classified) and then later
also affected by fire (i.e. Fire-affected, intersected). The threshold has been set
to 60.6%, which represented the lowest value of a particular data range and day
when areas where still classified as susceptible to fire.

Date KBDI DC
Fire-prone Fire-affected Fire-prone Fire-affected
classified intersected (%) classified intersected (%)
(%) (%)
9 March 2015 52.2 56.7 51.8 56.7
7 April 2015 47.6 55.3 41.0 50.2
29 Mai 2015 35.4 47.1 29.9 41.9
2 June 2015 38.8 51.9 31.1 46.4
26 June 2015 43.4 57.4 29.1 44.7
8 July 2015 45.5 63.9 28.1 45.7
16 July 2015 47.0 66.7 29.3 47.4
27 July 2015 56.6 74.5 34.5 52.2

when the water reservoir in soil decreases to a certain threshold (lower
end of RAW, Eq. (22)). However, the K ,q; reached only a lower limit of
0.8 by the end of the observation period, which indicated only the
beginning of stress conditions. Even though the bedrock is sometimes
considered relatively impermeable (Nunes et al., 2016), the trees seem
to have found an efficient strategy to find access to water. In the lit-
erature, there is only little reported about K, in forest stands, as they
are regularly not a subject to irrigation management. Alves et al. (2013)
reported values for the dual crop coefficient K. (including only K., +
K.) for newly planted eucalypt stands (up to two years old) under ir-
rigation management in Brazil. The K. ranged from the initial growth
state to the mid-season state from 0.6 to 0.8, respectively, which is, as
expected, lower than the values found in this study.

4.3. A threshold for fire-prone areas

Fire danger increases with decreasing water holding capacity of
soils and the dryness of the upper layer of the soil (Snyder et al., 2006;
Kumar and Dharssi, 2017). Several authors showed an existing corre-
lation between soil moisture state and fuel moisture content (Burgan,
1988; Viegas et al., 1999). Thus, methods to estimate the SMD were
developed to approximate the fuel moisture content and rate the cur-
rent state of fire danger.

By the incorporation of ET, from STSEB, the drought indices esti-
mated small spatial differences of SMD over larger areas with a pixel
size of 500 m (see Figs. 5a,b and 6a,b, first row) already early in the
season. These differences allowed to distinguish areas that are drier
than others and therefore are more prone to fire. With the so-called
basic global thresholding a histogram was obtained to partition the
image into two classes and prioritize areas for fire protection activities
(Figs. 5a,b and 6a,b, second row). The occurrence of wildfires at eu-
calypt stands could be shown to be related to the dried out areas.

Small fluctuations or even the differentiation of different soil
moisture levels can neither be determined by interpolation techniques
(see: Portugal), nor by fire danger products that regularly do not exceed
spatial resolutions of several kilometers (e.g. LSA-SAF, fire risk product
including DC with 3km x 3 km spatial resolution, Trigo et al., 2011).

Even though the threshold worked well in our case, an evaluation
based on fire occurrences might be biased, as the cause of the fires
where mainly unknown (> 70%). This means fire might have been
started, where the soil moisture conditions were not favorable e.g.
“cleaning” of agricultural areas, but was included for the evaluation of
the threshold. Furthermore, the KBDI and DC are only a measure of soil
moisture and a proxy of fuel moisture content, which are not the only
driving factors for fire danger. Other factors such as fire ignition and
propagation (e.g. favorable weather conditions) (Chuvieco et al., 2004)
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with the influence of human interactions, make the relationship rather
complex (Bisquert et al., 2011). For future work, this should be further
considered to improve the threshold.

5. Conclusion

To date, fire danger rating is based on interpolation techniques
between meteorological stations that give only little information about
the local conditions of fire danger (Aguado et al., 2003). Our study
aimed to combine traditional methods (e.g. two-source energy balance
models) with remote sensing, to enhance SMD estimations in terms of
its daily, spatial resolution. The use of MODIS products allowed a
simplified and fast adaption of the STSEB model (Sanchez et al., 2008),
which is rather complex compared to the empirical equations of KBDI
and DC. Drought indices related to SMD were tested in terms of SMD
prediction and spatial resolution. By the use of satellite imagery the
SMD was estimated over larger areas and we hypothesized that areas
that are dryer than their surrounding areas are more susceptible to fire.
For the case of Portugal it showed that the occurrence of wildfires at
eucalyptus stands was related to SMD, and with the use of a threshold,
regions where classified into prone and less prone to fires. For days
without satellite observations, two difference crop coefficient ap-
proaches were suggested to be able to continue SMD estimations. The
results showed that:

i. the estimated ET, from STSEB enhance the spatial resolution
(500m) of both indices compared to traditional interpolation
techniques,

ii. the crop coefficient approaches allowed the continuous estimation

of drought indexes for cloudy days without satellite observations at

the pixel level,

it showed that the DC is more sensitive to changes in ET, than the

KBDI,

iv. and to estimate ET,, K aqj should be preferred to K, as the value of
K, only obtains ET,, when K. is zero, and K is one.

iii.

Our study allowed to obtain spatial information of soil moisture
variations on a pixel level of 500 m. These variations were, especially at
the beginning of the season very small, but persisted as the year pro-
gressed. It showed that a relationship between areas that dried out
earlier and burnt areas existed. This is valuable information can help to
adapt forest and fire management by identifying areas with less soil
moisture holding capacity, where dense vegetation should be avoided
and where fire fighting measures should be prioritized.

To sum up, traditional fire danger rating is useful, but must be
improved by the state of the technology to reduce wildfire events and
ensure people's safety. Different problems need different solutions. With
our contribution, we show a new aspect to fire danger rating in terms of
spatial resolution and variation of SMD. In a future work, we will focus
on creating a map of Portugal, pointing out potential “hot spots” and
extend the application to other regions (Table 5).
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Table 5

Acronyms and variables used in this article.
Abbreviation Definition
CFFWI Canadian Forest Fire Weather Index
DC Drought Code
FC Field Capacity
KBDI Keetch-Byram Drought Index
MODIS MODerate-resolution Imaging Spectroradiometer
PWP Permanent Wilting Point
SMOS Soil Moisture Ocean Salinity product
SMD Soil Moisture Deficit
STSEB Simplified Two-Source Energy Balance model
Y Psychrometric constant, kPa,"C
A Slope of the vapour pressure curve, kPa,"C
8Q Change of soil water content during a certain time of 8t
Orc Water content at field capacity, m®m =3
Owp Water content at wilting point, m®>m >
p Air density, kgm ™3
(e Air specific heat at constant pressure, kJ kg 'K~ !
DP Deep percolation, mm day ~!
e, Actual vapour pressure, kPa
e Saturation vapour pressure, kPa
ET, Actual evapotranspiration for individual crops, mm day ~*
ET. Crop evapotranspiration under standard conditions, mm day ~
ET, Daily reference evapotranspiration, mm day ~*
ET, Daily potential evapotranspiration, mm day ~*
H Sensible heat flux density, Wm ™2
Gq Daily soil heat flux density, Wm ™2 day "
G Soil heat flux density, Wm ™2
K. Dual crop coefficient, adim.
K agj Adjusted crop coefficient, adim.
Ko Basal crop coefficient, adim.
K. Soil evaporation coefficient, adim.
K Water stress coefficient, adim.
LE Latent heat flux density, Wm ~2
Lf Seasonal correction factor for day length, adim.
MAR Mean annual rainfall, mmy !
NDVI Normalized Difference Vegetation Index, adim.
NDVI, Normalized Difference Vegetation Index of the soil, adim.
pF-curve The relation between soil moisture suction and soil moisture

content, pF
Pyaiy Actual measured rainfall in the open of one day (24 h)
Pege Effective rainfall that is the actual water reaching and infiltrating
the soil depths without interception, mm day ~*

Si Initial threshold, separating a value range into two classes
R, Net radiation, Wm 2
RO Runoff, mm day ~*
RP Moisture equivalent after rain, % of dry soil
TAW Total available soil water in the root zone, mm
Tmax Maximum daily air temperature, °C, or K
Trmean Mean daily air temperature, °C, or K
Timin Minimum daily air temperature, °C, or K
T, Temperature of the vegetation, K
Ts Temperature of the soil, K
Uy Wind speed at 2m height, ms™!
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For drought indices, a negative exponential relationship for the reduction of the soil water content caused by evapotranspiration over time is
assumed. The time to deplete the water reservoir, if the evapotranspiration proceeded at the “max. potential rate” (Van Wagner, 1985), was called
the evapotranspiration time-lag (t, Fig. 8), being the most important measure of a drought index (Keetch and Byram, 1968; Van Wagner, 1985). By
linking the aforementioned assumptions to expressions used in water use and irrigation management, the total available water is:

TAW = 1000(8pc — Bwp)Z:

@n

where 1000 is a scaling factor, Orc is the water content at FC (m®m™3), Oyyp is the water content at PWP (m®>m~3), and Z, is the soil depth (m).
The water, which is available without reduction in ET,, is called “readily available water” (RAW) and is determined as follows:

RAW = p x TAW

(22)

where p is the average fraction of TAW (Eq. (21)) and often assumed to be a value between 0.6 and 0.8 (Allen et al., 1998), but according to recent



M. Hadusler, et al. Agricultural and Forest Meteorology 274 (2019) xxx—xxx

FC (mm)
& Ke=1 ‘
] RAW
c
S
& TAW
5
2
a Ke<1
PWP
(mm)

time (t)

Fig. 7. Scheme of soil water depletion over time, where FC is the field capacity, PWP the permanent wilting point, RAW the readily available water and TAW the total
available water content of the soil.

studies (Ferreira, 2017), this parameter can be as low as 0.5 for some Mediterranean species.

In water use science, it is assumed that ET, is equal to ET, over grassland as long as there is no restriction to water, meaning that soil water
content is above a threshold, which is the lower limit of RAW (Eq. (22)). When the soil water is below RAW, the vegetation starts to suffer from water
stress. The effects of soil water depletion depend on the vegetation as described by Ferreira (2017), and a general scheme how soil water is depleted
is demonstrated in Fig. 7.

This can be different for drought indices, as the process of water content reduction is expressed by a negative exponential relationship (Fig. 8a).
Any factor that effects the evapotranspiration rate, e.g. T,, day length, will also have an effect on the time-lag. Keetch and Byram (1968) further
limited the evapotranspiration rate by including the mean annual rainfall (MAR). They claim that the vegetation density is a function of MAR and
consequently of the vegetation capacity to transpire water, when the weather variables are constant. These authors claim that the vegetation-rainfall
relationship is described by an exponential curve, where the rate of moisture removal increases with increasing vegetation density, and because of
that, with increasing MAR (Fig. 8b).
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Fig. 8. The water content reduction by evapotranspiration over time (also called evapotranspiration time-lag t) is given by (a), and the relationship between
vegetation density and mean annual rainfall (MAR) by (b).
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CHAPTER 6

Conclusion

This research provides an understanding of changes in the energy balance and ET},, with its components
over an extended region in the north-central part of Portugal. An existing STSEB model was successfully
applied for partitioning E'T, into transpiration and evaporation. To my knowledge, in Hausler et al. (2018)
(Chapter 3) it was the first time that the remote sensing based STSEB model was tested for partitioning
FET,, using medium-spatial resolution satellite imagery (e.g. in contrast Ortega-Farias et al. (2016) used
remote sensing data from drone overflights for partitioning). A good agreement between model estimates
and measured energy heat fluxes (R, G, H, LF), and accordingly daily ET, were obtained. Sanchez
et al. (2016) applied the STSEB model with a set of three thermal-infrared radiometers at a vineyard, but
obtained rather large underestimations for transpiration. In Héusler et al. (2018) the model was improved
implementing the use of the beta-factor correction presented by Van Niel et al. (2011) with a RMSE of
< 1.5 mm day~! for both evaporation and transpiration. Furthermore, the STSEB model was able to
obtain refined estimates for stress conditions that fit the estimates from on-site measurements. To date, the
bias of E'T},, and its components between measured and estimated values are suitable for environmental
studies, but are still too large for irrigation scheduling. This might be corrected by improving the retrieval
for soil and vegetation temperatures and the use of new satellite products with higher spatial and temporal

resolution e.g. Sentinal 2 with a spatial resolution of 10 m and a temporal coverage of about three days.

By applying an energy balance model combined with satellite observations, new insights about the
energy balance fluxes over extended forested areas in Portugal, were given. The partitioning of E'T},
showed that evaporation and transpiration from unburnt areas contributed with 20% and 80%, respectively.
These results extend and improve previous ones that investigated the water cycle after disturbances of
forest plantations. It showed that the effect of fire events on E'T, in eucalypt stands was rather small in
the north-central part of Portugal and that it depended on fire severity (e.g. eucalypt stands in Australia,
Nolan et al., 2015). While disturbances to the water cycle result in a change of the micro-climate and
the stream-flow, this study suggests no significant changes in daily E'T, after the second year of the fire
event, regardless of the burn severity. Thus, the return to the previous ET, of water is completed after
a few years, which has a corresponding influence to the groundwater and the water flow of rivers. In
the scope of this work at the Caramulo mountain range the STSEB model additionally gave evidence of
continuous transpiration of the eucalypt trees along the year despite the shallow soil depth. It suggests that
the trees are able to penetrate "cracks" of the bedrock that give access to further water sources. However,
other authors assumed that the eucalypt tree, after depleting the soil moisture, has no access to possible
groundwater, reasoned by the relatively impermeable bedrock of the study area (Nunes et al., 2016). In
order to consolidate the results of a fast recovery to pre-fire conditions in terms of ET,, it would be
necessary to observe a longer time-series. In addition, to retrieve absolute values instead of making a
comparison between burnt and unburnt stand, on-site measurements of E7, and its components with e.g.
mini-lysimeters, sap-flow measurements should be carried out in a future work. The assumption that the

eucalypt trees at the Caramulo mountain range have access to water sources other than the soil water
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content, will be investigated in a follow-up study. For that, the K of eucalypt trees at the study site will
be obtained to estimate when the soil water content should be depleted. By reaching the PWP the trees
should have no further access to water, starting to wilt and die.

Observing the estimated daily ET}, before fire outbreaks did not provide predictive ability regarding
wildfires occurrences by itself, but was successfully implemented into drought indices that were useful to
identify areas that showed higher proneness to fires. The drought indices, KBDI and DC, are based on a
simple water balance where the only water loss is evapotranspiration estimated from empirical equations
of E'T,, . By replacing the evapotranspiration with the estimated E7T;, from STSEB, the water balance
estimation improved in terms of absolute values for KBDI and DC. Both indices improved in terms of
their spatial resolution of SMD estimation by using MODIS satellite imagery derived from the STSEB

ET,. In addition, with the coefficient approaches (K, and K

c,adj)> 1t Was possible to continue ET,

estimation for days without satellite data on a pixel-by-pixel scale.

Within the framework of this thesis, the application of the STSEB model to improve fire danger rating
by implementing E'T}, into the simple water balance assumptions of KBDI and DC, was most promising.
The modified drought indices will be tested for other regions and climates. First encouraging results
were achieved for the Palangkaraya drained forest in Indonesia. Areas which burned in September 2015
demonstrated to dry up faster than the surrounding areas with higher KBDI and DC values already in
August 2015 (see Appendix D.2). The estimate of SMD from KBDI and DC can be further improved
by applying a more sophisticated technique to obtain a threshold to identify fire-prone areas with higher
accuracy. With the development of computing power and the emergence of new satellites with higher
spatial and temporal resolution, the application of remote sensing based models is becoming increasingly
attractive. In a future work the incorporation of rainfall products with a pixel-wise resolution instead of
interpolation techniques over large areas will be tested. Image classification methods might also be helpful
for better vegetation height estimations. The implementation of the STSEB model for ET), estimation
into fire danger rating routines would help to adapt forest and fire management, support fire fighters to

prioritize certain areas, and prepare the population that lives in endangered areas.
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SUPPLEMENTAL MATERIAL A

Model assessment over grassland

Since April 2014, an eddy covariance (EC) system over grassland is operating, which consists of a 12 m
tall tower, located at the sub-urban area of Aveiro, Portugal (40°36°51.07”N, -8°39°05.90”W, Datum
WGS84). A three dimensional sonic anemometer (Windmaster Pro, Gill Instruments, Lymington, UK)
was installed, directly measuring the three components of wind speed and virtual temperature. The
instrument allows to calculate beside 7T, and u, also the energy heat flux densities of H and LE. For the
instrumentation details please consider Chapter 4.

Measurements of H and L FE taken at the eddy covariance tower were also compared to the estimates
from the STSEB model during satellite overpass. H and LE were determined with R? of 0.80 and 0.61,
respectively. Generally, H was mostly underestimated with RMSE of +50 and MAE of 40 W m™2,
and LE was rather overestimated as the residual of the energy balance equation. The RMSE and MAE
resulted in 90 W m~2 in both cases. The EC measurements also provided daily values for H, LE, and
ET,, which were compared to the estimates given by the model (Table A.1). For H4, the RSME was +40
and the MAE 30 W m~2, being mostly underestimated, while a RSME of 450 and a MAE of 50 W m—2
for daily L E4 was obtained. Comparing observations with the estimations of ET},, the RSME was +1.4,
and the MAE 1.2 mm d~'. Differences between measured and estimated daily £7T}, ranged between 0.1
and 1.5 mm d~!, with the exception of 29 August 2015 with an overestimation of 2.5 mm d—!. The

absolute values are given in Table A.1.

Table A.1: Operability test of the STSEB model by comparing estimates with measurements of daily H,
LE and ET, at the EC tower. The left columns show the measured values; the right columns show the
estimated ones from the STSEB model. EC measurements have only been available since the year 2014.
All Landsat 8 images were acquired for satellite path 204 and row 34 for only cloudless days.

Date Hy LE,4 ET,
Wm™2) | (Wm2) | mmd™!)
9 July 2014 70 [ 50 |77 | 105 |27 | 3.7
29 October 2014 9 [ 3] -1]50 ] -]18
6 March 2015 17 ] 6 (40| 64 |14 ] 22
25 May 2015 58 |43 |70 | 104 | 25| 3.7
28 July 2015 11587 (30| 76 | 1.1 | 2.6
29 August 2015 98 (40 [ 24| 90 |09 | 3.2
30 September 2015 | 40 | 13 | 40 | 48 | 1.6 | 1.7
MAE 24 36 1.2
RMSE 28 41 1.4

Note that the estimates of E'T;, over grassland served to test the operability of the STSEB model,
but cannot account for a robust validation since no on-site measurements over eucalypt stands were
available. The STSEB model has already been successfully tested over different types of vegetation

(Sanchez (2008); Sénchez et al. (2011)) in combination with remotely sensed data and an accuracy of
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+1.0 mm d~'. In our study the differences between measured and estimated ET), over grassland were
within an acceptable range (between 0.1 to 1.5 mm d—!; Table A.1), with the exception of one observation
day (29 August 2015, 2.3 mm d~!). To partly account for this uncertainty no absolute values of ET),
over Eucalyptus were evaluated, but only the difference between burnt and unburnt sites. Generally,
surface energy flux models, yielding around 50 W m~2, are considered to be acceptable for surface energy
modelling according to Seguin et al. (1999) and Kalma et al. (2008). This statement is also conform
with our results for instantaneous and daily energy heat fluxes, with the exception of LE at the time of
satellite overpass. The discrepancy between observed and estimated values was larger compared to other
studies. In Cristébal et al. (2017) H and LE showed RMSE values between £38 W m~2 to £46 W m~2.
They recently applied a two-source energy balance model over Arctic tundra in Alaska, comparing model
results to EC measurements. Ortega-Farias et al. (2016) used a two-source algorithm to estimate the
components of the energy balance over a drip-irrigated olive orchard. LE and H were estimated with a
RMSE of £50 W m~2 and 56 W m~2, and a MAE of 43 W m~2 and 46 W m~2, respectively. Two
different versions of the TSEB model were applied to a heterogeneous advective environment in China by
Song et al. (2016). Their findings coincide with ours, showing larger discrepancies between observed EC
measurements and estimated values. For H the RMSE was between £56 W m~2 and £79 W m~2, while
the RMSE for LE ranged from +52 W m—2 and 487 W m~2, depending on the version of the model. In
this study H was mostly underestimated, leading to an overestimation of L F as the residual of the energy
balance equation. This was also observed by (Sanchez, 2008), who applied the STSEB model over corn,
resulting in a RMSE of 424 W m~2 for H and +48 W m~2 for LE.
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SUPPLEMENTAL MATERIAL B

Influence of tree height

The impact of average tree (th) and shrub height (sh), being input variables for the STSEB model to
estimate F'T,, was tested as there was no information of follow-up treatments after fire events e.g. forest
clearing that would have altered the average heights.

Thus, a sensitivity analysis at burnt and unburnt eucalypt stands close to Aveiro at the Caramulo
mountain range was applied, using Landsat data (Chapter 4) and MODIS data (Chapter 5). All variables
used for the STSEB model were fixed. Only the tree heights changed from 0.1 m to 18.0 m with small
steps at the beginning (0.01 to 2.0 m with a step-size of about 30 cm), followed by one meter steps up
to 5.0 m tree height, and after that alterations of two meters from 10.0 to 18.0 m. All tree heights were
simulated with shrub heights of 0.01, 0.1, 0.3, 0.7 and 1.0 m.

The absolute percentage error (PE) for different scenarios for one to four years after the fire and also
for the different fire severity degrees (moderate and high severity burns) was obtained, where PE is given
in Equation B.1, taking the average for the specific year and fire severity.

The Percentage Error was calculated as:

ETa,small - ETa,tall

PE(%) = 100 x
( ) ETa,small

(B.1)

where ET, ¢man is the lower vegetation height (small = smaller height) and ET}, ¢,y is the upper
canopy height (tall = taller height) different (i.e. taller) to ET}, gran.

For each step in shrub height at the unburnt areas, the changes in ET}, are smaller than 0.1 mm d~*,
when tree height is smaller than 1 m, on average. With increasing tree height, the influence of shrub
height converges to zero (regularly less than 0.04 mm d~! in ET},, with trees taller than 5 m, on average).
Evaluating the influence of the vegetation height for moderate and high severity fire event cases, the
impact is much higher (Table B.1). Nevertheless, one should keep in mind that the increase of average
canopy height of several meters was most probably not the case of high severity cases at the study site,

and can be excluded for the moderate to low severity cases.
Table B.1: Example of worst case scenario about one month after the fire event. Here, a control area with

tree height of 14.0 m and a shrub height of 1.0 m was assumed. The burnt sites’ average tree height was
proposed to be 1.0 m with a ground cover of 0.1 m.

Year Burn severity PE (%)

2012 moderate 12.6
2012 high 22.5
2013 moderate 18.0
2013  high 22.4

Generally, the sensitivity analysis showed that the largest differences occur for small trees (<1 m)

with short ground-cover, and shortly after the fire up to one year. With increasing tree height (taller than
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2 m) the difference becomes <5% for each step of 1 m, when shrub height does not change (e.g. shrub
height is 0.3 m for 2 and 3 m height trees), and becomes insignificantly low when trees are higher than
5 m, on average (e.g. shrub height 0.1 and 0.7 m for tree heights of 5 m and 10 m, respectively result in an
absolute difference of E'T), of less than 5%).

Additionally, the influence of different tree and shrub heights was also tested, using MODIS satellite
data. In Table B.2 different scenarios are given, supporting the findings for the burnt stands. The worst
scenario (Comb.1) gives an PE of 22%; the greater the difference between the tree and/or the shrub heights
the larger the error. Nevertheless, the PE is only about 10% for large differences between average canopy
and ground cover heights, and about 1-2% for 1-2 m differences in tree height, regardless of the shrub
height.

Table B.2: Different combinations (Comb.) of tree (ht) and shrub heights (hs) and their absolute difference
in Percentage Error (PE)

Scenario | htl shl  th2  sh2 | PE (%)

Comb.1 | 0.0 0.01 180 0.3 22.0
Comb.2 | 03 001 50 03 13.2
Comb.3 | 0.3 0.01 140 03 18.1
Comb.4 | 1.0 0.10 140 0.7 12.6
Comb.5 | 1.0 0.10 18.0 1.0 12.9

In Silva et al. (2007) an extensive evaluation of tree mortality after fires is given, concerning eucalypt
stands in Portugal, which would also alter the average canopy height. Generally, tree mortality after
wildfires is dependent on tree age and rotation. Trees older than 5 years have a survival of more than 50%
and trees older than 10 years more than 60%. Tree mortality increases with the rotation of the forest stand
(second and third rotation up to 80%; Silva et al., 2007). In the case of the eucalypt tree, the bark usually
protects the wood from the impact of the flames. After wildfires the burnt stands are usually exploited
by the forest owners, as the logs might be still of economic interest after removing the bark of the burnt
trees. In Portugal there are no selective cuts, leaving the trees that were unaffected by the fire, as the forest
became irregular and for this reason more complicated to manage.

In our study (Chapter 4 and Chapter 5) the eucalypt trees were older than 8 years, where most stands
were affected by low to moderate-low fire severity burns, indicating a rather high survival of the trees.
However, tree stands were all in their second and third rotation, increasing the mortality of the trees. For
this study it was assumed that the average tree height of most stands was probably unaffected, as the
probability of mortality of the trees was rather small, concerning the burn severity classifications and the
tree age of the stands. In 2016, all stands, inclusively reference forest stands were burned, leaving no
opportunity for on-site exploration. Nevertheless, the sensitivity analysis concerning tree height indicated

a rather small influence to the output (i.e. E'T}) in case of a change in average canopy height.
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SUPPLEMENTAL MATERIAL C

Estimation of the water stress coefficient of E. globulus

In literature there was no water stress coefficient (K) for eucalypt stands found. The K describes the
effect of soil water stress. In dry soils the water is strongly bound by capillary and absorptive forces, which
means that the potential energy of the water drops below a certain threshold. Thus, the water extraction
becomes more difficult for the plant and results in water stress. To estimate F7T, under non-standard
conditions the K is multiplied by the K. and E'T,, (Eq. C.1; Allen et al., 1998):

ET, = K. K ET, (C.1)

Several authors that investigated the water balance at the Caramulo mountain range assume no access
to water resources after soil water depletion. This assumption was investigated by determining the possible
period of time, in which the soil water content would be exhausted, which would have the wilting of
the plant as consequence. Using the average field capacity (FC), permanent wilting point (PWP) and
soil depth (Z;) from on-site measurements, the total available soil water (T"AW) in the rooting zone was

obtained by:

TAW = 1000(6pc — wp)Z: (C.2)

where ¢ is the water content at field capacity (m3 m~3), Owp is the water content at wilting point
(m® m~?), and Z, is the soil depth (m). The absolute values are reported in Chapter 5.
The water, which is available without reduction in ET,, is called readily available water (RAW) and

is determined as follows:

RAW = p x TAW (C.3)

where p is the average fraction of TAW. Here, we assumed p to be 0.7 (see also fruit trees in Allen
et al., 1998). The average measured values for T"AW (60.8 mm) and RAW (42.6 mm) at the Caramulo

mountain range were used.

Example 1: As a first approach to estimate K we assumed following conditions: the daily E'T, is
6 mm d—!, the K_ is 1, resulting in a daily ET, of 6 mm d~! (see Table C.1). The K was obtained by:

o _ TAW — S BT,
ST TAW — RAW

Applying Eq. C.4 with the upper assumptions given in Table C.1, the trees start to suffer from water

s forET, > RAW (C.4)

stress on the 8th day, when the sum of the soil water consumption is higher than RAW (>42.6 mm). In
this example for the Caramulo mountain range the soil water content would be depleted after 19 days,
when the water consumption is equal or higher than 7AW (60.8 mm). Then, the permanent wilting point

would have been reached, meaning the plant/tree is starting to dry up and die.
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Table C.1:

Day ET, K. ET. S ET, ET, K, | Y ET, (K,)
mm d—! mmd! | mmd! | mmd! mm d—!

1 6 1 6 6 6 1.0 6
2 6 1 6 12 6 1.0 12
3 6 1 6 18 6 1.0 18
4 6 1 6 24 6 1.0 24
5 6 1 6 30 6 1.0 30
6 6 1 6 36 6 1.0 36
7 6 1 6 42 6 1.0 42
8 6 1 6 48 4.2 0.7 46.2
9 6 1 6 50.4 3.6 0.6 49.8
10 6 1 6 534 2.4 04 52.2
11 6 1 6 54.7 2.0 0.3 54.2
12 6 1 6 56.2 1.5 0.3 55.7
13 6 1 6 57.2 1.2 0.2 56.9
14 6 1 6 58.1 0.9 0.2 57.8
15 6 1 6 58.7 0.7 0.1 58.5
16 6 1 6 59.2 0.5 0.1 59.0
17 6 1 6 59.5 04 0.1 59.4
18 6 1 6 59.8 0.3 0.1 59.7
19 6 1 6 60.1 0.2 0.0 60.0

Example 2: In David et al. (1997) the stomatal conductance (gs) and transpiration in eucalypt stands

were measured, which can also be used to obtain the water stress coefficient (X) as follows:

K_Tr

=
T'rmax

(C.5)

where T'r is the transpiration of a certain day (mm d=1) and Trpay is the maximum transpiration (mm d—1

under standard conditions e.g. no water stress.
Table C.2: Transpiration and stomatal conductance are closely related to each other; therefore stomata

closure is also related to the available soil water content. DoY stands for Day of the Year, g5 is the stomatal
conductance, T'r is the measured transpiration at the forest stand, 7'r,¢ is the relative transpiration.

DoY ¢ Tr(mmd™') Tre (mmd!)

146  0.35 3.1 1.00
159  0.27 3.2 1.03
167  0.19 22 0.69
181 0.14 2.0 0.63
188  0.12 1.5 0.47
208  0.09 1.3 0.41
216 0.07 0.8 0.25
Min - 0.5 0.16

The Figures C.1a, C1.b, and Cl.c show the relationships between 1'r and gs, Ty and gs, and K
with Day of the Year (DoY), respectively, retrieved from on-site measurements at eucalypt stands taken by
David et al. (1997). These relationships are dependent on the biophysical properties of the plant species

and the local meteorological conditions.
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Figure C.1: Fig. C.1a shows the relationship between transpiration and stomatal conductance, Fig. C.1b
demonstrates the relationship between relative transpiration and stomatal conductance and Fig. C.1c gives
the relationship between K and the Day of the Year (DoY).
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At the end of the cycle, when the soil is dry, it is assumed that transpiration is basically equal to E'T5.
In this special case, the relative transpiration is the reduction in E'T}, of the vegetation, and can be treated
as equivalent of K. Having a good relationship between K and DoY (R? = 0.91) we suggest, in absence
of on-site measurements that for similar local conditions this relationship is useful as an operational tool
to estimate the K for Eucalyptus at other locations.
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SUPPLEMENTAL MATERIAL D

Classifier retrieval at the example of Indonesia

Classifier retrieval for the case study in Portugal:

In Chapter 5, a segmented histogram approach (Raju and Neelima, 2012) was applied to delimit
fire-prone areas from areas with less fire danger. Hereby, an initial threshold S; (here mean value) was
selected, segmenting the image into two groups. Group 1 included all pixels defined as fire-prone >S;
and group 2 incorporated the ones classified as fire-save <.S5;. Then, the mean values of group 1 and 2

were computed and a new threshold found by:

5 = Meanl ;L Mean?2 D.1)

The new threshold from Eq. D.1 was applied and the procedure iterated till the difference of .S; was
insignificant small (e.g. variation smaller than 0.1 for the fire danger index). This procedure is called

basic global thresholding and results in a bimodal histogram that partitions the image into two groups.

0--l.IIIII|I|IIIII.Il-l -.--_
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Figure D.1: Example of segmented bimodal histogram to classify the areas into their proneness to fire.
Here 3 July 2015 is given, where the minimum between the two maximums represents the initial threshold.
Five images were classified and the average taken to obtain the average threshold of 60.6%.

As the value ranges differ for each day, the threshold was expressed in percentage. In total, five images
were used to obtain an average threshold of 60.6% and applied for the other days. The result for KBDI
and DC in Portugal are reported in Chapter 5.
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Figure D.2: Image (a) shows false color images (Landsat 8) from before (24 May 2015) and after (16
September 2015) the fire over Central Kalimantan, Indonesia. Image (b) compares the Latent heat (LE),
NDV I, KBDI and DC with each other from the 16 August 2015 (one months before the wildfires) with
the borders of the fire scars later in the year.

Example Indonesia:

The same approach was applied for the Palangkaraya drained forest, Indonesia. Meteorological data
was provided by Takashi Hirano (Hokkaido University, Japan) from the station at Palangkaraya listed at
the Asia Flux Net with the following results.

Figure D.2a shows false color images from MODIS satellite data taken over Central Kalimantan,
Indonesia on the 16 September 2015. In Figure D.2b a comparison between LE, N DV I, KBDI and
DC is given for the 16 August 2015, one month before the actual wildfires occurred, where fire scars are
represented by dashed lines. The areas which were later affected by fires demonstrated lower values for
KBDI and DC, indicating a higher SMD. As mentioned in Chapter 5 the SMD is related to fuel moisture,
thus, to fire danger. In the cases of LE and N DV I the higher SMD did not show significant changes
around this area.
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