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Abstract

Satellite retrieved values of Land Surface Temperature (LST) over heterogeneous pixels generally
depend on viewing and illumination angles as well as on the characteristics of the land cover. A
geometrical model is presented that allows estimating LST of a given pixel for any viewing and
illumination angles. The Boolean scene model is used to estimate the per-pixel fractions covered by
the following three scene components: sunlit background, shaded background and vegetation.
Estimates of the average area covered by canopies and by shadow are derived from the projection of a
single arbitrarily-shaped vegetation element (e.g. ellipsoidal or conical tree canopies) onto a fine scale
regular grid.

The model is applied to time-series of continuous in situ brightness temperature measurements as
obtained at the LSA-SAF validation site in Evora (Portugal) during 2011 and 2012. Measurements are
performed every minute by four radiometers, two of them observing the sunlit background and the
other two a tree crown and the sky at 53° zenith angle. It is assumed that the shadow temperature is
determined by daily maxima of air and sunlit background temperatures.

The resulting composite temperature is compared against LSA-SAF operational LST data as retrieved
from the SEVIRI instrument on-board Meteosat-8. Results show a bias of order of +1 K and a RMSE
of about 1.5K. LST data are also compared against MODIS (level 3) daily LST. The LST difference
between MSG and MODIS shows a strong dependence on viewing geometry that suggests relying on
the geometrical model to generate estimates of LST differences between the two sensors.Results
obtained with the model reveal a significant decreasing of the standard deviation error between the
Sensors.

Key-words: Land Surface Temperature; geometric effects; Meteosat Second Generation; LST

validation; land surface anisotropy
Resumo

A temperatura de superficie do solo (Land Surface Temperature - LST) é definida como a temperatura
radiométrica da superficie sobre terra, correspondendo a radiagdo emitida no infravermelho (1V)
térmico por uma camada com espessura da ordem da profundidade de penetracdo da radiacdo 1V, da
ordem do comprimento de onda. A LST é uma varidvel climatoldgica importante e, também, um
pardmetro de diagndstico das condi¢des da superficie do solo. Pode ser utilizada para estimar fluxos de
calor sensivel a superficie, a humidade do solo, a evapotranspiracdo e propriedades da vegetacao,
incluindo o seu stress hidrico.

A detecdo remota, nomeadamente a efetuada através de satélites, constitui o Unico meio disponivel
para a obtencdo de LST a uma escala espacial global e regular e com elevada frequéncia temporal. A
Land Surface Analysis Satellite Application Facility (LSA-SAF) dissemina, de forma operacional e em
tempo quase real, um produto de LST obtido por aplicacdo de um algoritmo do tipo “generalized split-
window” a observagdes de temperatura de brilho no topo da atmosfera efetuadas pelo Spinning
Enhanced Visible and InfraRed Imager (SEVIRI) a bordo dos satélites da série Meteosat Second
Generation (MSG).

A validagdo da LST da LSA-SAF envolve ndo so a sua comparacdo com medicdes in situ mas também
com a LST obtida por sensores a bordo de outros satélites. As principais fontes de discrepancias de
LST entre satélites sdo: 1) a calibracdo do sensor, 2) as fungdes de resposta, 3) a resolucéo espacial e
temporal, 4) a correcdo atmosférica aplicada, 5) as estimativas de emissividade de superficie adotadas,
6) a mascara de nuvens utilizadas e 7) a anisotropia angular. Destas, a sensibilidade da LST a
anisotropia angular é um dos tdpicos menos estudados. No entanto, os produtos de satélite de LST sdo,
em geral, varidveis direcionais, isto é, a LST obtida para uma dada cena, utilizando o mesmo sensor,
mas com angulos de visdo diferentes, frequentemente apresenta valores diferentes, dependendo de
fatores como o tipo de superficie, as caracteristicas do solo e a inclinacdo do terreno. A estrutura da
superficie tem uma influéncia importante na temperatura, devido particularmente a efeitos de
sombreamento pelos elementos de vegetagdo e inclinagdo do terreno que resultam numa dependéncia
da LST dos angulos zenital e azimutal de visdo. Para superficies homogéneas, a variabilidade da LST



é essencialmente funcdo da direccionalidade da emissividade, enquanto para superficies heterogéneas
a variabilidade angular estd na sua maioria associada as propor¢des observadas pelo satélite de
diferentes componentes que possuem as suas proprias temperatura e emissividade.

Existem diversos modelos de transferéncia radiativa que tratam de diferentes formas a anisotropia da
radiagio em zonas vegetadas. Os modelos Otico-Geométricos foram desenvolvidos em particular para
descrever florestas e outros cobertos vegetais descontinuos. Estes modelos operam assumindo que a
copa da vegetacdo pode ser descrita por objetos geométricos distribuidos espacialmente de acordo com
determinado modelo estatistico. A intersecdo e refleccdo de luz sdo calculadas analiticamente a partir
de consideracdes geométricas. Nestes modelos a radiancia de uma dada regido é estimada como sendo
uma média pesada das radiancias de cada componente basico (normalmente, o solo ao sol e a sombra e
a copa ao sol e a sombra).

Neste estudo apresenta-se um modelo geométrico que permite estimar as areas projetadas de cada
componente utilizando geometria de raios paralelos para descrever a iluminagdo de um Unico elemento
de vegetacdo tridimensional e a sombra que origina. Dada a forma e tamanho do elemento de
vegetacdo e a geometria de visdo e iluminacdo, as diferentes proporcGes podem ser estimadas
recorrendo ao formalismo do modelo Booleano, desde que se possa assumir que 0s objetos possuem
uma distribuicdo espacial aleatéria. O modelo Booleano inclui ainda a possibilidade de sombreamento
matuo entre objetos e a sobreposicdo de copas.

Este tipo de modelo 6tico-geométrico tem sido bastante utilizado por varios autores em estudos de
anisotropia de temperatura da superficie. O procedimento proposto no presente trabalho tem a
vantagem de recorrer a um método computacional simples para calcular as projecdes, em vez de
utilizar um método analitico mais rigido e complexo. O método consiste em projetar um elemento de
vegetacdo tridimensional (copa elipsoidal ou conica) numa malha de elevada resolucdo, o que permite
a utilizacdo de qualquer forma e tamanho para a vegetacdo e até mesmo a combinacgdo de diferentes
formas e tamanhos.

As radiancias das componentes sdo obtidas a partir de medicBes in situ da temperatura de brilho
provenientes da estacdo de validagdo de LSA-SAF em Evora. Estas medigfes sdo efetuadas a cada
minuto por quatro radidmetros que observam o solo ao sol (em dois pontos diferentes), a copa de uma
arvore e o céu a um angulo zenital de 53°, sendo a ultima medicdo utilizada para estimar a componente
de fluxo radiativo descendente refletido. Assume-se ainda que a temperatura da sombra é determinada
pelos valores maximos diarios das temperaturas do ar e do solo ao sol. O modelo é posteriormente
aplicado ao pixel do MSG que contém a estacdo de Evora, utilizando-se informagéo de terreno sobre a
densidade de arvores e a sua forma e tamanho médios.

A temperatura do composito resultante da combinacdo do modelo geométrico e das medices in situ é
entdo comparada com a LST operacional disseminada pela LSA-SAF. Os resultados mostram uma boa
concordancia entre a temperatura do compdsito e a LST, apresentando um viés de cerca de £1°C e um
erro médio quadratico de cerca de 1.5°C. Acresce gque 0s resultados mostram que existe um impacto
significativo de heterogeneidades da superficie na LST e, especialmente, que esse impacto varia ao
longo do dia e do ano uma vez que depende das temperaturas relativas do solo ao sol e a sombra e da
copa. Em relacdo a outros estudos efetuados, o presente trabalho proporciona uma avaliacdo mais
pormenorizada deste efeito, em particular gragas a analise efetuada a uma grande variedade de angulos
de visdo e iluminacdo, emissividades de superficie e coberto vegetal.

A simplicidade do modelo permite a sua aplicagdo a qualquer satélite, geoestacionario ou de orbita
polar. A LST foi, assim, igualmente comparada com o respetivo produto do sensor MODIS. A
comparagéo dos dois produtos mostra a presenca de um viés e de um desvio padréo dos erros de cerca
de 3°C. O modelo geométrico foi mais uma vez aplicado as medicGes in situ, de forma a estimar e
corrigir desvios entre as estimativas de LST com base nos dois sensores, que estdo associados a
geometrias de visdo diferentes. A aplicagdo desta corregdo resulta numa reducgdo significativa do
desvio padrdo dos erros, resultado este expectavel, dada a geometria de visdo varidvel do MODIS.
Quanto ao vies observado entre os dois sensores, este ndo pode ser atribuido a diferencas na geometria
de visdo, estando provavelmente relacionado com outras fontes persistentes de erro. As diferengas
observadas podem eventualmente ser atribuidas as discrepancias significativas observadas entre as
emissividades utilizadas pela LSA-SAF e pelo MODIS. Com efeito, no periodo de estudo, as
diferencas variam entre 0.005 e 0.01, com o MODIS a apresentar sempre valores mais elevados, facto
consistente com o Vviés negativo observado.



Os resultados obtidos sugerem que o procedimento proposto pode constituir uma ferramenta Gtil para a
validacdo e comparacdo de LST de diferentes sensores. O modelo geométrico apresentado representa
um ponto de partida para a compreenséo dos efeitos direcionais na LST. Pode antecipar-se que este
modelo vira a ser utilizado num estudo alargado de sensibilidade, a ser realizado para todo o disco
MSG — e por isso para uma vasta variedade de tipos de superficie e geometrias de viséo e iluminagao —
de modo a que sejam identificadas areas e periodos do dia e do ano em que estes efeitos sdo mais
pronunciados.

Palavras-chave: Temperatura de superficie; efeitos geométricos; Meteosat Second Generation;
validacdo de LST; anisotropia em superficies continentais
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Modeling the angular dependence of satellite retrieved Land Surface Temperature (LST)

1. Introduction

Land Surface Temperature (LST) is defined as the “skin” temperature of the earth’s surface over land.
The term “skin” is used as LST relates to the radiation emitted in the thermal infrared from a layer of
the order of the penetration depth, i.e, of the considered wavelength (Norman and Becker, 1995). LST
is an important climatological variable (Sellers et al, 1992) as well as a diagnostic parameter of land
surface conditions. It can be used to estimate surface heat fluxes (Mannstein, 1987; Caparrini et al,
2004), soil moisture (Carlson, 1986; Nemani et al, 1993), evapotranspiration (Kustas and Norman,
1996) and vegetation properties (Lambin and Ehrlich, 1997), including vegetation hydric stress
(Jackson et al, 1981).

Remote sensing is the only available method that allows retrieving LST on a global spatially
distributed scale and on a regular basis. The Land Surface Analysis Satellite Application Facility
(LSA-SAF) provides a LST product (Trigo et al, 2011) as obtained through the application of a
generalized split-window algorithm (Madeira, 2002) to the data from the Spinning Enhanced Visible
and InfraRed Imager (SEVIRI) on board Meteosat Second Generation (MSG) satellites.

The validation of the LSA-SAF LST involves its comparison with LST either as obtained from sensors
on-board other platforms, or by in situ measurements (Trigo et al, 2008). The main sources of LST
differences between sensors are (1) sensor calibration, (2) filter response functions, (3) temporal and
spatial resolutions, (4) atmospheric correction, (5) surface emissivity assumptions, (6) cloud mask, (7)
angular anisotropy (Barroso et al, 2005). The sensitivity of LST to angular anisotropy is the least
studied one. Nevertheless, satellite LST products are usually directional variables, i.e., hypothetical
LST retrievals obtained for the same scene, using the same sensor, but with different view angles
would likely produce different temperature values, depending on factors such as surface type, soil
characteristics and slope orientation relative to sun. Surface structure exerts an important role on the
temperature, due in particular to shadowing effects that result in a dependence of LST on the zenithal
and azimuthal view angles. For flat homogeneous surfaces, the variability in LST is mainly a function
of directional emissivity (Dash et al, 2002), whereas for heterogeneous surfaces the angular variability
is mostly associated to areal proportions of different components that have individual temperatures

and emissivities.

There are several types of radiative-transfer models that treat in different ways the anisotropy of
radiation in canopies. An overview is given in Jones and Vaughan (2010) that provides examples of
models that include the Turbid-medium models, the Monte-Carlo ray-tracing models, the radiosity
models, the Kernel-driven models and the Geometrical-optical models. Models of the latter type have
been developed particularly to describe forests and other discontinuous canopies. They operate by
assuming that the canopy may be described by an array of geometrical objects arranged in space

according to some statistical distribution. The light interception and reflection is computed analytically
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Modeling the angular dependence of satellite retrieved Land Surface Temperature (LST)

from geometrical considerations. For these models, the overall radiance at any angle is calculated as a
weighted average of the radiances from each component (usually, sunlit and shaded background and
sunlit and shaded canopy).

This study presents a geometric model that allows estimating the projected areas of the different
components using parallel-ray geometry to describe the illumination of a three-dimensional vegetation
element and the shadow it casts. As discussed in Strahler and Jupp (1990), if the size and shape of the
vegetation elements are fixed, if the viewing and illumination geometries are kept constant, and if
object centers are considered to be randomly distributed, then their proportions may be estimated
using the so-called Boolean model of Serra (1982). This formulation includes the possibility of mutual

shadowing between objects and crown overlapping.

This type of geometric-optical model has been used by several authors to solve radiative transfer
problems associated to surface heterogeneities related to vegetation (Li and Strahler, 1986; Franklin
and Strahler, 1988; Strahler and Jupp, 1990; Li and Strahler, 1992; Lagouarde et al, 1995; Ni et al,
1999), as well as in studies of surface temperature anisotropy (Minnis and Khaiyer, 2000; Pinheiro et
al, 2006; Rasmussen et al, 2010). Instead of relying on a more rigid analytical approach, the procedure
proposed in this work presents the advantage of using a simple computational method to calculate the
geometrical projections, with very few a priori conditions. The method consists in projecting a three-
dimensional vegetation object onto a fine grid, which allows the use of any vegetation shape and size

or the combination of different shapes and sizes.

Radiances are obtained from in situ measurements of brightness temperature from the LSA-SAF
validation site in Evora (Portugal). The model is then applied to the MSG pixel containing the Evora

site, using ground information on tree density and average tree shape and size.

The LSA-SAF LST is also compared against the equivalent MODerate resolution Imaging
Spectroradiometer (MODIS) product. The Geometric Model combined with in situ measurements is
finally used to estimate and remove LST differences between MSG and MODIS associated to viewing

geometry and surface heterogeneities.
2. Data and Methods
2.1 Satellite Data

2.1.1 MSG/SEVIRI

The LSA-SAF produces the LST product at full spatial and temporal resolution based on the
MSG/SEVIRI data, namely with a 15 minute sampling and a spatial resolution of 3km at the sub-

satellite point, which degrades with increasing distance from nadir, reaching about 5km over South-
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Western Europe. The product is available for all land pixels within the Meteosat disk, which have

viewing zenith angle lower than 70°.

This study was performed for the MSG pixel containing the Evora validation site (38.45°N, 8.00°W;
Southern Portugal). Sampling time was corrected for scanning delays, which for Evora corresponds to
adding 10 minute to the nominal image time. This value was estimated taking into account that the
scanning by SEVIRI is from east to west and south to north (Schmetz et al, 2002).

2.1.2 MODIS

The MODIS level 3 daily LST includes four observations, two of them derived from the AQUA
sensor (product MYD11A1, version 5) daytime and nighttime observations and the other two derived
from the TERRA sensor (product MOD11A1, version 5). Both products include emissivity values
used in the LST retrieval for bands 31 and 32 (centered at about 11.03 and 12.02 pm, respectively).
Information on geolocation was obtained from MODIS products MODO03 and MYDO03, version 5
(http://modis.gsfc.nasa.gov/).

In order to compare MODIS and MSG products, averages were computed of LST values from all 16
MODIS pixels lying within the chosen MSG pixel. Each MODIS observation was matched to the
closest MSG time in a 15 minute window. Cloud contamination was avoided by taking into account
the MODIS pixels with the highest quality flag. This means that if one of the pixels within the
selection has poor confidence level, the observation is rejected. Since MODIS data are provided at

local time, this implies adding about 30 minute to match MSG sampling time.

2.2 The Geometric Model

The impact of viewing and illumination geometry on LST retrievals was assessed by means of a
geometric model based on the Geometrical-Optical (GO) part of the Geometrical-Optical Radiative
Transfer (GORT) model (Ni et al, 1999). The model allows estimating the scene proportions of a
given pixel, assuming that the main components are sunlit background, shaded background and
canopy. Such geometric-optical thermal radiative transfer models should also differentiate between
sunlit and shaded canopy (Jones and Vaughan, 2010), however due to tree capacity to regulate its
temperature, temperature differences between the shaded and sunlit parts are expected to be negligible
when compared to the differences between sunlit background, shaded background and canopy at the
satellite’s pixel scale. It is therefore to be expected that the above mentioned three components should

be sufficient to capture the scene angular variability (Pinheiro et al, 2006).

We assume that the pixel’s radiance intercepted by the sensor may be estimated as a linear
combination of the radiances emitted by each of the scene components weighted by the respective
projected scene fractions. For our purposes we assume that any angular variation in the composite

radiance is exclusively due to changes in the scene fractions:
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Lav = fsunlit * Lsunlit + fshadow * Lshadow + fcano * Lcano (1)
g py py

where Layg is the pixel’s radiance, Lguniits Lshadow @Nd Lcanopy are sunlit background, shaded
background and canopy radiances, respectively, and fguniit, fshadow @Nd fcanopy are the respective

component fractions. Each component’s radiance is obtained from in situ measurements of brightness

temperature which are converted to radiances using Planck’s Law:

2mhc?
By(T(O, =
l( ( ¢)) 15 (ehC/AkT _ 1) (2)

where h is the Planck constant, k is the Boltzmann constant, ¢ is the speed of light, A is the
wavelength and T is the brightness temperature. Here we assume that a central wavelength of 10.8 um

is representative of the radiometers band that will be used in this study (Goéttsche et al, 2013).

The radiance reaching the radiometer is a combination of the radiance emitted and reflected by the
surface. The reflected part may be removed using measurements of radiance by a radiometer pointing
to the sky (Lsiy):

Lavg = Eeff * Lsrc + (1 — &efp) * Lsky (3)

where gq¢ is an effective emissivity that is calculated as a weighted average of the emissivity of

ground and tree components:
Eeff = FVC * €ree + (1 = FVC) * £grouna 4)

where the Fraction of Vegetation Cover (FVC) is the proportion of surface covered by vegetation. We
consider that FVVC provides a direct measure of green and non-green proportions of the pixel as seen
by a remote sensor. It may be noted that an estimate of the green and non-green proportions based on
scene fractions may lead to unrealistic values of emissivity since the ground is usually grassed during

winter, changing its emissivity.
The composite radiance L, is then converted back to temperature using again Planck’s Law:

hc

2mhc? ®)
AkIn (W + 1)

T(6,¢) =

2.2.1 The Boolean component

A geometric model was developed to estimate the fractions of sunlit background, shaded background
and canopy as seen by the sensor, using information on viewing and illumination geometry, canopy
shape and Percentage of Tree Cover (PTC), which is defined as the surface proportion covered by tree

Crowns.
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The geometric model is based on the Boolean Scene Model (Strahler and Jupp, 1990) that shows that
the gap probability q(6, ¢) between objects within a layer is

q(8, ) = e =A@ (6)

where ¢ is the density of object centers, 6 is the viewing zenith angle, ¢ is the viewing azimuth angle
and A(6,¢) is the average area of an object projected at angle (6,¢) onto the base of the layer.
Accordingly, in terms of the geometrical model, q(8,, ¢,) will represent the proportion of background
seen from the viewpoint at (6,, ¢,) when trees have an average areal projection A(6,,¢,) onto the
background, and the complement will be the proportion covered by trees (Figure 1). On the other
hand, the proportion of non-shaded background will be q(6;, ¢;). However, only a fraction of this,
denoted as the proportion q(6,, ¢,) of the background, will actually be visible by the sensor due to
overlapping of various scene components within the field of view. Thus, the proportion of illuminated
background visible to the viewer will be the joint probability which takes into account the overlapping

of the two projections:

Fsunlit = CI[(QV, ¢v): (91'1 ¢l)] = exp{—{[ﬁ(@v, ¢V) + A(gi' (l)z) - onerlap]} (7)

The fraction of shaded background is the fraction of seen background that is not illuminated

Fshaded = q(gw ¢V) - Fsunlit = exp{—(/T(QV, ¢V)} - Fsunlit (8)

and the fraction of canopy will be
E:anopy =1- Q(QVI ¢V) =1- exp{—{fT(QV, ¢V)} (9)

The projected areas A(6,¢) are simple to estimate analytically, however the computation of the
overlap area may be very complex. We use a projection of a single arbitrarily-shaped vegetation
element (an ellipsoidal tree in our case) onto a fine scale regular grid to obtain the projected areas and
respective overlap. The tree number density ¢ (m~2) is estimated using Percentage of Tree Cover
(PTC) and the size of tree crown (the average horizontal crown axis R in our case). Assuming random
overlap between trees (Liu et al, 2004):

‘- —In(1 — PTC)

p—y (10)
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(6, @)

Tt AB,0) 1 A6, 0)
Overlap =~ =~ Gap |

Figure 1 - Schematic representation of projected areas for a given viewing and illumination geometry.
The red shaded area is the projection of the trees at the illumination angle (6;, ¢;), which physically
represents tree shadow. The blue shaded area is the projection of the trees at the viewing angle
(6,, ¢,) which represents the area obscured by tree crown that will not be seen by the sensor.
Therefore, the sunlit background as seen by the sensor will be limited to the white area. Part of the
shaded area will be hidden by the crown, corresponding to the overlap area.

2.2.1.1  Input data

The geometric model requires input information on the Percentage of Tree Cover (PTC), Fraction of
vegetation cover (FVC) and average tree shape. A value of 0.3 was assigned to PTC based on the
percent of tree crowns observed in an IKONOS image (1 m resolution) for an area surrounding the
Evora station equivalent to that of a MSG pixel (Trigo et al, 2008). Information on FVC was obtained
from the LSA-SAF product Fraction of Vegetation Cover for the pixel containing the Evora site and
averaged over each month. The Evora scene was assumed to be composed by trees of ellipsoidal shape
with an average canopy horizontal radius R of 5 m, an average canopy vertical radius b of 2.5 m and

an average height of crown center H of 6 m.

The model also requires information on both illumination and viewing geometries, namely view zenith
angle, view azimuth angle, sun zenith angle and sun azimuth angle. View angles are available for each
remote sensor considered, whereas the sun angles may be calculated based on location, date and time

of day.

2.3 In situ measurements

The geometric model developed here was applied to time-series of continuous in situ brightness
temperature measurements as obtained at the LSA-SAF validation site in Evora (Portugal) from
October 2011 to September 2012. Measurements are performed every minute by four radiometers, two
of them observing the sunlit background at two different points, a third one observing a tree crown and

the last one pointing to the sky at 53° zenith angle, which is used to estimate down-welling reflective
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components. The site is particularly appropriated to this study as it corresponds to an area of
homogeneous and stable land cover (Quercus woodland).

When comparing the time series of the two radiometers measuring sunlit background temperature at
two different points, there is a conspicuous period in the evening for winter months (namely, October
to March) where one of the radiometers shows an abnormal deviation (Figure 3).

The periodicity of this contamination suggests it may be due to shadowing of the radiometer field of
view, thus corresponding to an incorrect input temperature of the sunlit background component. The
other radiometer does not show this contamination but its measurements are not reliable. The team
responsible for the maintenance of Evora ground station reported that the grass within the FOV of this
radiometer was grazed and no longer represented the surface under canopy in this area. This leads to a
change in the surface radiation properties, including a possible decrease in ground emissivity. Even so,
this second radiometer may be used to correct the other radiometer’s time series. An analysis of the

two time-series showed that they are linearly correlated to a good approximation (Figure 2):
Tgrassz - Tgr?;rslsl = a(Tgrassl - Té?ailrslsl) + .B (11)

where parameters a and £ may be estimated using robust regression (Table 1). Using the geometric
part of the geometric model, we computed shadow projections for two days with well-defined diurnal
cycles. Because the starting and ending times of the shadow contamination are clearly defined for
these days, the two to estimate the radiometer’s position relative to the tree (Figure 4-Figure 5).
Knowing the radiometer’s position we may automatically select the contaminated part of the time-

series and correct it.

Nov 2011

0 5 10 15 20 25 30
T _ Tmin
grass1i grass1

Figure 2 — Example of robust the regression (eq. 11) performed for November 2011.
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Table 1 — Estimates for parameters ¢ and g of eq. 11, and the respective 95% confidence
intervals, R-square and Root Mean Square Error.

October 2011
Estimate Confidence Interval R-square RMSE
o 0.910 [0.909, 0.912]
0.99 0.56
B 0.810 [0.794, 0.826]
November 2011
a 0.898 [0.897, 0.898]
0.99 0.41
B 0.505 [0.497, 0.512]
December 2011
a 0.946 [0.945, 0.947]
0.99 0.44
B 0.195 [0.187, 0.202]
January 2012
a 0.905 [0.904, 0.906]
0.99 0.36
B 0.325 [0.319, 0.331]
February 2012
a 0.868 [0.867, 0.869]
0.99 0.61
B 0.952 [0.942, 0.963]
March 2012
o 0.875 [0.874, 0.875]
1.00 0.47
B 1.456 [1.448, 1.465]

Since there is no information available about the shadow temperature, there is the need to have an

indirect estimation of it. For this purpose, it is assumed that, for each illumination zenith angle, the

shadow temperature is proportional to sunlit temperature, the proportionality constant being

determined by the ratio of maximum values of air to sunlit temperatures taken along the considered

day. Since the direct incoming radiation is removed from shaded surfaces, we expect their temperature

to be close to radiative equilibrium with air. However, air has a different heat capacity and therefore a

different response time than that of the ground to net radiation, resulting in a lag of the air diurnal

temperature cycle relative to that of the ground (Figure 6). The shadow temperature is accordingly

estimated by the following empirical model:

Tshadow(ei) = K(ei)Tsunlit (ei) (12)
where
( | T
| Tmax
Tmax sunlit
K(6 =4 air + . 6; — O™™), 9, < 90° 13
(8 rmex, + 5o g (0 = 07", (13)
L1, 6; > 90°
8 Sofia Ermida
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25 Nov 2011 25 Nov 2011
25 T 25 T T

— Tsunlit1
— Tsunlit2

— Tsunlit1
Tsunlit2
Tregress.

20

Brigthness Temperature (°C)
Brightness Temperature (°C)

0 L 0 . . .
00:00 06:00 12:00 18:00 00:00 00:00 086:00 12:00 18:00 00:00

25 Nov 2011
25 T T T

—e— Tsunlit2
—+—Tcorr

Brigthness Temperature (°C)

VA,

0 1 1 1
00:00 06:00 12:00 18:00 00:00

Figure 3 - Correction of shadow contamination onto the radiometer’s time series. In the
upper panels, blue and red curves represent each one of the observed temperature time
series by the two radiometers. The black curve represents the obtained time series through
regression (eq. 11). The lower panel presents both the corrected and original curves with a
15 minute sampling compatible with the LST sampling.
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11Feb2012 13:40 11Feb2012 16:20

25Nov2011 13:00 25Nov2011 15:40

Figure 4 — Starting times (left panels) and ending times (right panels) of shadow contamination to
the radiometer on the 11" of February 2012 (top panels) and on the 25" of November 2011
(bottom panels). Red dots indicate possible locations for the radiometer on that day.

Figure 5 — As in Figure 4 but with all possible locations merged together which allows estimating
the location of the radiometer relative to the tree (black dot).
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22" February 2012
30 ‘

N
(53]

]
o
T

-
(4]
T

10

Brightness Temperature (°C)

-5 I I
00:00 06:00 12:00 18:00 00:00

Figure 6 — Diurnal cycle of air, sunlit and shadow temperatures on the 22" of February 2012. Air
temperature presents a lag relative to the sunlit ground. Shadow temperature is obtained using the
model given by Eqg. 12.

3. Results and discussion

3.1 Comparison against LSA-SAF LST data

The composite surface temperature as obtained with our geometric model of viewing and illumination
geometries was then used to assess LST satellite estimation corresponding to the pixel containing the
Evora site. Results show a RMSE of order of 1 to 2 K throughout the year, the lower values being
observed during nighttime. The error standard deviation (STD) is of the same order of magnitude of
RMSE whereas the bias presents values between -1 and +1 K. These values suggest that the obtained
errors are related to other sources and that the model presents a good agreement with observed LST
(Figure 7).

For reference, we also show the comparison between satellite LST and ground composites following
the procedure used by Trigo et al. (2008) for LST validation, where the in situ brightness temperature
is a “simple composite” of ground observations, i.e. a weighted average of sunlit background and tree
crown temperatures, using the Percentage of Tree Cover. In this “simple composite”, neither the daily

and seasonal variations in the illumination geometry, nor the actual sensor viewing angle are taken
into account.

If we look at the error on an hourly basis it becomes clear that the geometric composition of ground
measurements is more important during daytime of the warmer months, i.e. when there is a higher
temperature contrast between sunlit and shaded background (Figure 8).
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Figure 7 — Monthly daytime (upper panel) and nighttime (lower panel) values of (a) bias, (b) Root
Mean Square Error (RMSE) and (c) error Standart Deviation (STD). Error is defined as composite
temperature minus SEVIRI-based LST. The blue line represents the composite of ground
observations with geometric model of the surface and the red line represents the “simple
composite” of ground observations.
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L
08:00
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Tea . . — I
00:00 04:00 08:00 12:00 16:00 20:00 24:00
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Figure 8 — Monthly and hourly bias defined as composite temperature minus SEVIRI-based LST. The
upper panel (a) refers to the composite of ground observations with the geometric model of the
surface whereas the lower panel (b) refers to the “simple composite” of ground observations.

3.2 Sensitivity to prescribed parameters

The sensitivity of ground surface temperature composites to values of ground and tree emissivity as
well as to Percentage of Tree Cover was evaluated by computing the temperature composites with

different values of these parameters. The result was then compared against SEVIRI-based LST.

3.2.1 Tree Emissivity

The impact of tree emissivity on the composite temperature has a high seasonal behavior, the impact
being particularly high in winter and spring months and negligible in summer and fall (Figure 9). This
feature is associated to the intra-annual variability of FVC (Figure 10), where values are extremely
low from July to November. It is worth mentioning that the value assigned to tree emissivity at the
Evora site is 0.9934, as estimated from lab measurements of tree leaves of the dominant type found

around the Evora site.
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Figure 9 — Monthly bias defined as composite temperature minus SEVIRI-based LST, for different
values of tree emissivity.
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025+
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Figure 10 — Monthly mean values of Fraction of Vegetation Cover (FVC) at the Evora site.

3.2.2 Ground Emissivity

The impact of ground emissivity presents a much weaker seasonal behavior, being slightly higher in
summer and fall (Figure 11). This feature is also related to the low values of FVC that result in an
effective emissivity that is mainly determined by that of the ground. The used ground emissivity value
for the Evora site is 0.9689. As in the case of trees, the ground emissivity is obtained from lab

measurements respecting to the typical soil types found around the Evora site.

—a—0.91
092
0.93
0.94
095
0.96
—+—0.97
—+— (.08
—+— (099
—— 1

BIAS
T

| I i I I | i
Qct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Figure 11 — As in Figure 9 but for ground emissivity.
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3.2.3 Percentage of Tree Cover

The effect of PTC on composite temperature has a marked intra-annual variability, which presents
opposite behavior during day and night (Figure 12). During summer there is a higher impact during
daytime which is due to the higher contrast between sunlit ground and tree temperature. During
winter, the highest contrast between ground and canopy temperatures tends to occur during night-time:
the tree is able to maintain its temperature slightly above that of the ground, particularly under clear
sky conditions when it is common to have radiative cooling under very stable conditions. Tree
temperature is also closer to air temperature than ground temperature, which often reaches
considerably lower values during night. As a consequence, the most pronounced sensitivity to PTC in

winter is observed for night-time measurements.

1
!

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep 0.4

BIAS

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

Figure 12 - As in Figure 9 but for percentage of tree cover (PTC), for daytime (upper panel) and
nighttime values (lower panel).

3.3 Impact of viewing geometry

The impact of changes in viewing geometry on surface temperature was assessed by making use of the
geometric model to compute composite temperature as a function of input view zenith and azimuth
angles. Figure 13 and Figure 16 present the temperature deviations from the original temperature field
as obtained for the view point of MSG at the Evora site, i.e. 8, = 45° and ¢, = 166°, for different

values of view zenith angle and view azimuth angle, respectively.

As it may be seen in Figure 13, for zenith angles lower than 45° (i.e., for the viewing perspectives
closer to nadir) the change in 8, results in an increase in temperature, as the respective fraction of
sunlit background increases (Figure 14). For zenith angles higher than 45°, the decrease in fraction of

sunlit background results in a decrease in composite temperature. This impact is stronger in summer
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months due to the higher contrast between shaded and sunlit background temperature. During night-
time the changes are negligible, as expected, since there is no contrast between sunlit and shadow. For
high zenith angles, however, these result in high fractions of tree canopy which has higher temperature
than the ground during night, and therefore positive deviations (Figure 13(d)).

With respect to the change in azimuth angle, we have analyzed two situations: the principal plane and
the orthogonal plane. As shown in Figure 16, a 180° rotation results in significant decrease in the
overlap between canopy and shadow leading to an increase in shadow fraction (Figure 18). The
increase in the proportion of this components results in a decrease in composite temperature. An
eastward rotation leads to an increase in composite temperature in the morning (Figure 16(a)), whereas
a westward rotation leads to an increase in composite temperature in the afternoon (Figure 16(c)). This
increase is related to the hot spot effect, i.e. when the sun is located behind the sensor resulting in a

significant reduction of the shadow fraction (Figure 19).
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Figure 13 — Dependence on month and hour of the day of deviations of composite temperature (°C) for
four values of 8, with respect to the reference composite temperature for 8, = 45°, which corresponds to
the MSG viewing geometry at the Evora site. The plots show the impact of view zenith angle change
from 6, = 45° to (a) 6, = 0° (A8, = —45°), (b) 8, = 20°(A8, = —25°), (c) 8, = 60°(AH, = +15°) and (d)
6, = 80°(Af, = +35°). The viewing azimuth angle is maintained for that of the MSG at the Evora site
(¢, = 166°).
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Figure 14 — As in Figure 13 but for deviations of sunlit background fraction.
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Figure 15 — As in Figure 13 but for deviations of shaded background fraction.
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Figure 16 — As in Figure 13 but showing the impact of changing the view azimuth angle from ¢, =
166° to: (a) ¢, = 70° (Ap,~ —90°), (b) ¢, = 160° (A, ~0°), (C) ¢, = 250° (A¢p,~ + 90°) and (d)
¢, = 340° (Ag,~180°). The viewing zenith angle is maintained for that of the MSG at the Evora site
(6, = 45°).
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Figure 17 — As in Figure 16 but for sunlit background fraction.
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Figure 18 —As in Figure 16 but for shaded background fraction.
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Ap = —45°

HOT SPOT

A¢ — Oo Ad) = 450

Ap = 140°

Figure 19 — Schematic representation of tree crown shadowing for different illumination/viewing
azimuths and for a fixed viewing and illumination zenith angles: 8, = 45° and 6; = 50°. As |A¢| =

|, — ¢;| increases, the masking of the shadow by the tree crown decreases leading to higher
fractions of shaded background.

Ad = 90°

3.4 Satellite inter comparison

The developed geometric model may be used to compare LST retrievals from different satellites. Here
we compare MSG LST against MODIS daily LST. Figure 20 shows the dependence of the daytime
LST difference between MSG and MODIS on MODIS viewing geometry. As expected from previous
results, there is a clear seasonal variability, summer and spring presenting the highest differences.
MODIS AQUA observations are about 90° east and west off the MSG view position and therefore are
particularly prone to the hot spot effect. Taking into account that MSG observations are always

warmer than MODIS during daytime observations, and since during daytime MODIS AQUA
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measurements are performed around noon, observations with azimuth angles of about 70° will be

much cooler due to the hot spot effect (see Figure 16) increasing the LST difference. Observations

with an azimuth angle of about 250° will suffer the opposite effect which results in smaller LST
differences. MODIS TERRA observations are slightly off the 90° east-west line of MSG, which results

in smaller LST differences for the same view zenith angle, as the hot spot effect is attenuated.

Moreover, daytime LST differences show a strong dependence on the MODIS view zenith angle as

depicted in Figure 21. Nighttime values show negligible dependence on zenith and azimuth angle. As

shown in Figure 13, the LST differences are within the range of those that were obtained using the

geometric model.

(b)

(d)

MSG-MODIS (°C)
14

MSG-MODIS (°C)
14

10

Figure 20 — Differences of daytime LST (MSG minus MODIS) in °C (colorbar) as a function of MODIS

viewing geometry, for (a) autumn, (b) winter, (c) spring and (d) summer. The zenith angle is
represented by the distance to the center and the azimuth angle is represented by the (clockwise)
angle with respect to the vertical diameter of each panel. The red star indicates the MSG view
geometry at the Evora site. The grey dashed line represents the MSG orthogonal plane.
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Figure 21 — LST differences (MSG minus MODIS) in °C as function of MODIS viewing zenith angle.
Dark dots refer to night-time values. Colored dots refer to daytime values: green for autumn, blue for
winter, for spring and red for summer values.

The geometric model was applied to the in situ measurements using the MODIS viewing geometry.
For the comparison against MODIS LST, the composite temperature is calculated using MODIS band
31 emissivity as the effective emissivity of the station field-of-view in equation 3, instead of the
SEVIRI values obtained with equation 4. By using MODIS emissivity, we eliminate a possible source
of discrepancies between MODIS and composite LST. We also avoid using a value that could possibly
favor the comparison with SEVIRI LST retrievals as obtained by the LSA SAF. MODIS emissivity
used in equation 3 ranges between 0.982 and 0.986. Figure 22 presents the comparison of both
MSG/SEVIRI and MODIS LST products with composite temperature, for instants when both MODIS
and MSG observations are available. MSG shows a better agreement with in situ observations then
MODIS, presenting a lower RMSE, error STD and bias for both daytime and night-time values (Table
2). MODIS LST tends to be cooler than composite temperature during the day and warmer at night. It
is worth mentioning that for both cases and when compared to the “simple compositing” of in situ
ground temperatures (with a fixed fraction of surface elements), the satellite — in situ differences are

substantially reduced once the geometric model is taken into account (Table 2).
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Figure 22 — Comparison of LST products as derived from (a) MODIS and (b) MSG/SEVIRI with the
respective composite temperature as obtained using the geometric model combined with in situ
measurements. Blue dots indicate night-time measurements whereas red dots respect to daytime
observations.

Table 2 - Root Mean Square Error (RMSE), error Standard Deviation (STD) and bias for the
difference between LST and composite temperature in °C, using the geometric model of the
surface (bold) and using the “simple composite” with fixed fractions of surface elements

(italics).
RMSE STD BIAS
2 Daytime 4.70 7.37 2.69 3.99 -3.86 -6.21
| Nighttime | 2.33 2.42 2.29 241 0.47 0.34
¢ | Daytime 1.64 4.27 1.40 2.77 0.86 -3.25
= Night-time 1.20 1.24 1.20 1.16 0.03 0.43

The model also allows calculating the expected deviations from MSG associated to the change in view

zenith and azimuth angle. Figure 23 shows the impact of correcting MODIS LST using the estimated

deviations related to viewing geometry. This correction results in a significant reduction of the

differences between the two LST products (Table 3). Because the LST differences depend on th
viewing geometry, which varies from observation to observation, this correction leads to a reduction i

the error standard deviation. There is however a quite high value of bias that indicates a systemati

e

n

c

source of error, which cannot be attributed to an error associated to variable view azimuth and zenith

angle. As shown in Figure 23, the dispersion in higher values of temperature is significantly reduced.
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Table 3 — Sample size (N), Root Mean Square Error (RMSE), error Standard Deviation
(STD) and bias for the LST difference (MSG minus MODIS) in °C.

Original Corrected
N RMSE STD BIAS RMSE STD BIAS
Daytime, T<40°C 90 3.54 2.67 3.21 4.14 1.64 3.81
Daytime, T>40°C 59 5.48 3.88 5.86 5.19 2.01 6.33
Nighttime 139 1.85 1.84 0.18 1.61 1.56 -0.43
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Figure 23 — MODIS LST versus MSG/SEVIRI LST before (upper panel) and after (lower panel) using
the geometric model to remove differences related to the viewing geometry. Blue dots indicate night-

time measurements whereas red dots respect to daytime observations.
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4. Concluding remarks

This work presents a procedure that allows estimating the impact of viewing and illumination
geometry on LST observations from space. The methodology is based on the identification of the main
elements that compose a given scene followed by the estimation of the respective fraction as seen by
the measuring sensor. By assuming that the temperature of each individual element is known, the LST
observation that would be obtained for any illumination and viewing angle may be then estimated..
Since the model relies on a computational method that allows calculating the geometrical projections
of an arbitrary object, it may be therefore applied to any land surface as long as values of average tree

shape and size, and of tree density are known.

The application of the model to ground measurements shows that there is a significant impact of land
heterogeneities on LST, and especially that such impact varies throughout the year and along the day
as it depends on the relative temperatures of the shaded and sunlit ground and tree components. When
compared to previous studies, the present one has the added value of providing a more thoroughly
evaluation of this particular effect through the analysis of a wide variety of viewing and illumination

angles, surface emissivities, vegetation and tree coverage.

When combined with in situ observations, the geometrical model reveals to be a useful tool in inter-
comparison of LST products from different sensors, since it allows the effective correction of
discrepancies related to viewing geometry. When corrections are applied to MODIS and MSG
retrievals of LST, taking the viewing geometries of both instruments into account, there is a significant

reduction in LST differences between the two sensors.

The obtained high positive bias of MSG LST with respect to MODIS. may be partly explained by the
differences between MODIS and LSA-SAF emissivities. For instance, in the studied dataset,
differences in emissivity vary between 0.005 and 0.01, the values of MODIS emissivity being always
higher. This feature may explain the tendency of LST retrieved by MODIS to be cooler that the one
retrieved by MSG.

The pixels radiance is estimated by a linear combination of each component’s radiances and using the
component’s fractions provided by the model. This implies that components radiances are uniform and
additive, which might not be true. For example, the radiance of shaded background is brighter toward
the edges of the shadow, instead of uniform. Effects like differential absorption and multiple-
scattering can be modeled by more sophisticated radiative-transfer models, however we expect them to

be negligible in this type of study (Strahler and Jupp, 1990).

Dependence of emissivity on viewing geometry is complex and difficult to assess and therefore it was
assumed that directional differences in emissivity are negligible when compared to variations due to
shadowing effects. Also, terrain slope should be incorporated for a correct formulation. The correction

involves adjusting the proportions of shaded crown and shaded background according to the specific
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slope angle and aspect of the site. For the Evora site the slope is rather small, but this correction
should be included if this methodology is to be applied to more sloping terrains.

4.1 Future work

The developed geometric model is a baseline for the understanding of directional effects on LST
retrievals. A sensitivity analysis may be performed by applying the model to the whole MSG disk —
and therefore for a wide range of land cover types, viewing and illumination geometries. Results
obtained may be used in turn to identify the regions, times of the day and of the year where directional

effects are likely to be more pronounced.

In the presented procedure, we have only considered three main components: canopy, and sunlit and
shaded background. We have also assumed that shadow’s temperature may be determined by air
temperature, which is available on a global scale. This means that the geometric model may be
inverted and observations from two different sensors like MSG and MODIS may be used to obtain

sunlit and canopy temperature.
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