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Abstract—Thermal infrared satellite observations of the Earth’s
surface are key components in estimating the surface skin temper-
ature over global land areas. However, depending on sun illumi-
nation and viewing directional configurations, satellites measure
different surface radiometric temperatures, particularly over
sparsely vegetated regions where the radiometric contributions
from soil and vegetation vary with the sun and viewing geometry.
Over an oak tree woodland located near the town of Evora,
Portugal, we compare different satellite-based land surface tem-
perature (LST) products from the Moderate Resolution Imaging
Spectroradiometer on board the Terra and Aqua polar-orbiting
satellites and from the Spinning Enhanced Visible and In-
frared Imager on board the geostationary Meteosat satellite with
ground-based LST. The observed differences between LSTs de-
rived from polar and geostationary satellites are up to 12 K due to
directional effects. In this letter, we develop a methodology based
on a radiative transfer model and dedicated field radiometric
measurements to interpret and validate directional remote sensing
measurements. The methodology is used to estimate the quanti-
tative uncertainty in LST products derived from polar-orbiting
satellites over a sparse vegetation canopy.

Index Terms—Field experiment, land surface temperature
(LST), Moderate Resolution Imaging Spectroradiometer
(MODIS), Spinning Enhanced Visible and Infrared Imager
(SEVIRI), viewing directional effects.

I. INTRODUCTION

HERMAL infrared satellite observations of the Earth’s
surface are key components for estimating the surface
energy balance over global land areas, which is critical for
modeling and predicting climate and environmental changes,
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and for many applications in hydrology and in vegetation
monitoring. Land surface temperature (LST) can be retrieved
from thermal infrared remote sensing measurements after
atmospheric and surface emissivity corrections, which are usu-
ally associated with large uncertainties [1], [2]. For most of the
applications, the requirement for LST accuracy is around 1 K
[2]. Furthermore, the interpretation of satellite-derived LST is
complicated by the fact that surface radiometric temperatures
vary with satellite viewing angles and sun geometry, and the
magnitude of these effects depends on canopy structure and
water stress level [3]. Directional effects are more pronounced
over sparsely vegetated regions, where changes in illumination
or viewing configurations are usually associated with large dif-
ferences in surface component fractions within the satellite field
of view, i.e., vegetation and bare soil in shaded or sunlit areas
[4], [5]. Over cotton row crops, Kimes and Kirchner [6] showed
radiometric temperature differences up to 14 K, when in situ
measurements are acquired at nadir or 60° off-nadir zenith
viewing angle. Over pine stands, Lagouarde et al. [7] observed
similar angular effects based on directional airborne data.
Finally, misinterpretations of LST products can significantly
affect surface flux estimates [8] and have led to skepticism
regarding utility of LST in land surface modeling [9].

This letter presents a methodology to monitor the quality
of polar-orbiting satellite LST products over sparsely vege-
tated areas, such as woodlands or open forests with low tree
coverage. The approach combines local field radiometric mea-
surements and a radiative transfer model to characterize sun
illumination and viewing directional effects on LST standard
products derived from the Moderate Resolution Imaging Spec-
troradiometer (MODIS). First, we present a validation method-
ology that accounts for anisotropy of land surface thermal
emission to interpret satellite observations. We describe the
in situ data sets and the radiative transfer model that we have
used in this study. Directional effects have been quantified by
comparing LST products derived from MODIS and the Spin-
ning Enhanced Visible and Infrared Imager (SEVIRI). Then, we
apply the methodology for evaluating MODIS LST products.

II. METHODOLOGY DESCRIPTION

For sparse vegetation covers, we assume that LST derived
from directional satellite observations can be described by a
combination of n radiometric components [6]

=
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Fig. 1. Directional images of a 50 m X 50 m area simulated by the DART
model—the illumination configuration is for Evora, Portugal, on July 30 at
12:30 P.M. (sun direction: 8 = 25° and s = 223°). Viewing configurations
for (left) MODIS (6, = 62° and ¢, = 270°) and (right) SEVIRI (¢, = 45°
and @, = 167°).

with
e=> [ilQa Qe D filQ, Q) =1
i=1 i=1

where (2 is the sun direction and 2, is the satellite viewing
direction (with (2) = (0, ), where 6 and ¢ are the zenith
and azimuth, respectively), LST(Q2,,€2,) is the LST product
derived from directional satellite observations, and f; (€2, €2,)
is the fraction of the sensor field of view occupied by surface
component ¢ with a temperature 7T; and a broadband emissivity
€;. € 1s the broadband surface r-emissivity [10].

Here, we assume that the cover consists of three main
components, i.e., the tree canopy and the soil in sunlit and
shaded areas [11], [12]. No distinction is made between sunlit
and shaded parts of crowns. Each individual temperature 7T;
is measured at ground level and assumed to be isotropic. The
radiometric measurements represent the emission of elementary
surface components but also integrate multiple scattering within
the canopy and between the soil and the atmosphere. We use
the discrete anisotropic radiative transfer (DART) model [4],
[13] (http://www.cesbio.ups-tlse.fr/us/dart.html for a detailed
description of DART) to calculate the contribution f;(€2,€2,)
of each surface radiometric component to MODIS and SEVIRI-
like directional images. The DART model represents radiative
transfer in short wave and thermal infrared domains within
heterogeneous canopies characterized by a 3-D structure. We
have selected the DART model because it simulates remotely
sensed directional images (Fig. 1) accounting for the actual or
a statistical distribution of trees.

III. TEST SITE AND DATA DESCRIPTION
A. Test Site Description

The study site is located in an evergreen oak woodland near
Evora, Portugal. The latitude and longitude coordinates of the
site location are 38.54° N and 8.00° W, respectively. The site
is composed of a sparse oak tree canopy (30—40 trees/ha) and
a grassland soil. The site has been selected by the Satellite
Application Facility on Land Surface Analysis (Land SAF) and
the European Organisation for the Exploitation of Meteorolog-
ical Satellites for validating SEVIRI LST products [11], [12],
and the Karlsruhe Institute of Technology set up a permanent
LST validation station [14]. The area around the station (around
8 km x 8 km) is homogeneous in terms of land cover type and
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Fig. 2. Daytime MODIS viewing zenith angles depending on overpass times
(solar local time) over Evora, Portugal.

tree coverage, ensuring low spatial variability at 1-5-km spatial
resolution.

B. Field Data

Two thermal infrared radiometers—model KT-15.85 IIP
from Heitronics—are mounted on top of two 10-m-height masts
to measure the radiometric components of tree canopy and sun-
lit soil. Measurements of soil temperature in shadow areas were
not available for our study, and we assume that the radiometric
temperature of shadow areas can be approximated reasonably
well by the tree canopy temperature. Indeed, Kabsch et al.
[11] observe differences in radiometric temperature of trees and
shadow areas lower than 1 K at Evora in 2006. The KT-15
measures radiance between 9.6 and 11.5 pm with a field of view
of 8.5° and provides brightness temperatures with an absolute
accuracy of £0.3 K [14]. An additional KT-15 radiometer faces
the sky with 53° elevation angle and measures the channel-
specific incoming longwave radiance; sky radiances combined
with surface emissivity from Land SAF [15] are used to derive
LST from brightness temperature [14].

C. MODIS Data

We use daily daytime and nighttime gridded LST Collection
5 products derived from MODIS on board the Terra and Aqua
satellites. The satellite overpass times at the equator are around
10:30 A.M./P.M. (solar local time) for Terra and 1:30 A.M./P.M.
for Aqua, and the spatial resolution is ~927 m. A view-angle-
dependent generalized split-window algorithm [16] is used to
derive LST products from MODIS bands 31 and 32 centered
on 11.03 and 12.02 pm, respectively. The accuracy of the
LST product is reported to be 1 K for homogeneous surfaces
with known emissivity [16]. However, differences can be much
larger (e.g., up to 10 K) over more heterogeneous landscapes
due to inconsistency between the satellite footprint and the
spatial representativeness of ground-based LST [17]-[19]. For
a specific location on Earth, MODIS viewing zenith angles
reach values up to 60°, and spatial resolution degrades up to
2.8 km along scan. MODIS viewing zenith angles depend on
satellite overpass times (Fig. 2). A negative (positive) value of
the viewing zenith angle means that MODIS is viewing the site
from the east (west).
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D. SEVIRI Data

We use a standard LST product derived by the Land SAF
with a split-window algorithm [12]. The product is retrieved
from measurements of the SEVIRI instrument on board the
geostationary Meteosat Second Generation (MSG) satellite.
The formulation of the Land SAF split-window algorithm is
the same as that for MODIS but was adapted to the SEVIRI
channels centered on 10.8 and 12.0 ym. SEVIRI LST data have
a spatial resolution of 3 km at nadir and a temporal resolution
of 15 min. Using in situ measurements obtained at Gobabed,
Namibia, the accuracy (bias) and precision (standard deviation
(STD) of the errors) of the SEVIRI LST product were shown to
be around 0.4 and 1.2 K, respectively [14]. Over Evora, SEVIRI
viewing zenith and azimuth angles are around 45° and 167°,
respectively.

IV. RESULTS
A. Spatial Representativeness of Ground-Based LST

The area surrounding the station is homogeneous in terms
of land cover types and tree coverage [12], and we assume
that scaling effects are insignificant and can be neglected at
moderate resolution (1-5 km). This hypothesis allows us to
compare ground and satellite data irrespective of spatial res-
olution. To verify such a hypothesis and quantify the spatial
variability of LST around the station, we use LST products from
the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) with a spatial resolution of 90 m [20].
Two clear-sky ASTER granules (March 13 and September 5)
were available in 2009. We estimate LST at various moderate-
resolution pixel sizes by aggregating ASTER pixels from 90 m
to 1 km (for MODIS) and to 5 km (for SEVIRI) centered on
the station location. To evaluate potential impact of geolocation
errors, we aggregate ASTER pixels over 1 x 1 km? spatial
moving windows around the station. All aggregated 1-km pixels
include the station location. Results show that changes in
spatial resolution or pixel geolocation do not significantly affect
aggregated ASTER pixel values in terms of mean LST, and
differences in aggregated LST products are less than 1 K. How-
ever, significant STD values, i.e., 2.3 K, are obtained during
the dry season within each aggregated block. Therefore, even
if ASTER is able to observe significant LST spatial variability
at 90-m resolution due to local changes in tree density, such a
variability is diluted when pixel values are aggregated to the
effective LST at coarser resolution.

B. Comparison of In Situ MODIS and SEVIRI LST Products

To demonstrate the effect of viewing angles on satellite
LST retrievals, we first compare satellite-based LST products
derived from MODIS and SEVIRI (Fig. 3). Due to different
orbit characteristics, MODIS sensors are viewing the site from
east or west, whereas SEVIRI is viewing the same site from
the south, observing mostly sunlit scenes in comparison with
MODIS. Differences up to 12 K are observed for MODIS
viewing zenith angles higher than 40°. However, the satellite
products are in good agreement at night regardless of view-
ing configurations, clearly showing that the main differences
between daytime SEVIRI and MODIS products are related to
shadow effects and temperature gradients within the cover.
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Fig. 3. Ground-based radiometric temperatures of unshaded soil and tree
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Fig. 4. Differences between SEVIRI and MODIS daytime LSTs over Evora
depending on MODIS view zenith angle. SEVIRI viewing angle is fixed: 6, =
45° and ¢, = 167°. Solid (dotted) lines represent mean (STD) values of LST
differences from April 1 to October 31, 2009.

For further analysis, we select the seven-month period from
April 1 (day of year (DOY) 91) to October 31 (DOY 304),
2009, when differences between sunlit soil and tree canopy
temperatures are more pronounced. The observed differences
are up to 25 K in July due to water stress that primarily affects
the grassland soil.

For the selected period, 593 quality-checked MODIS gran-
ules are available, made up of 287 daytime and 306 nighttime
observations. For high MODIS viewing zenith angles around
+60°, the differences between MODIS and SEVIRI daytime
LST estimates exceed 8 K on average (Fig. 4) and reach a
maximum of 12 K over the observation period. However, we
have found lower differences—around 4 K on average—when
MODIS on board Aqua observes the site from the west with
similar off-nadir view zenith angles. In that case, the sun
azimuthal angles are around 245°, i.e., configurations for which
SEVIRI is viewing significant shadow areas compared to earlier
MODIS overpass times. MODIS and SEVIRI observe a similar
fraction of soil in sunlit areas. This effect is demonstrated
hereafter using modeling results.
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Fig. 5. Mean directional fractions of sunlit soil viewed by MODIS/Terra,

MODIS/Aqua, and SEVIRI (at MODIS overpass times). Directional fractions
are derived from processing directional images simulated by the DART model.
The selected period is from April 1 to October 31, 2009.

C. Characterization of Radiometric Components Using DART

We use the DART model to simulate directional remotely
sensed images (Fig. 1) and calculate the fractions f;(f2s,
Q,) (1). The surface is represented by a 50 m x 50 m discrete
scene with horizontal and vertical resolutions of 0.5 m. The
canopy structure is represented using a random distribution of
trees and a spherical distribution of leaf angles. The density of
trees and the average diameter of the tree crowns are estimated
around 28 trees/ha (2800 trees/kmg) and 12 m, respectively,
using spectral Ikonos images acquired in June 2005 [21]. The
retrieved tree cover fraction is 0.31. For the seven-month pe-
riod, the sun azimuthal angle varies from 115° to 175° for Terra
overpasses and from 185° to 245° for Aqua overpasses (180°
representing the sun in the south), and the zenithal angle varies
from 15° to 60° for both Terra and Aqua. Fig. 1 shows two
simulated images of the site as seen by SEVIRI and MODIS on
DOY 211 around 12:30 p.M. Differences in fractions of tree
canopy and shadow viewed by the sensors explain the main
differences in LST products (Fig. 3). Fig. 5 shows the average
simulated fractions of soil in sunlit area viewed by MODIS and
SEVIRI during the selected period as a function of MODIS
view zenith angle.

For SEVIRI aboard a geostationary satellite, the fraction of
sunlit soil only depends on the position of the sun. Over the
observation period, it increases with time in the morning and
decreases with time in the afternoon due to sun—site—satellite
configurations. For MODIS, the fraction of sunlit soil depends
on both, the satellite and sun positions, and reaches its highest
values (around 0.51) for viewing directions around nadir. The
differences in sunlit soil fractions viewed by SEVIRI and
MODIS are maximal for high MODIS viewing zenith angles,
except for late afternoon Aqua overpass times (MODIS viewing
zenith angles around +60° and observations from west) for
which MODIS and SEVIRI are viewing a similar portion of
sunlit soil. Such a configuration explains the lower differences
previously observed between MODIS/Aqua and SEVIRI LST
products for positive viewing zenith angles (Fig. 4). For both
Terra and Aqua, the fraction of tree canopy in the satellite
footprint varies from 0.31 when MODIS observes the scene
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TABLE 1
B1As, STD OF THE DIFFERENCES, AND ROOT-MEAN-SQUARE ERROR
(RMSE) BETWEEN GROUND-BASED AND SATELLITE-DERIVED LSTS

Experience Bias STD RMSE
EXP1 4.46 3.28 5.53
Day EXP2 3.66 2.93 4.69
EXP3 0.64 2.86 2.93
EXP1 -0.42 1.79 1.84
Night EXP2 -0.24 1.82 1.83
EXP3 -0.24 1.82 1.83
EXP1 1.95 3.58 4.07
All EXP2 1.65 3.11 3.52
EXP3 0.18 242 242
MODIS vs. ground-based LST
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Fig. 6. Daytime MODIS LST standard products versus ground-based LST
(black dots) accounting (EXP3) or (gray dots) not (EXP1) for directional
fractions of canopy and soil components.

at nadir to around 0.45 for a viewing zenith angle of 60°. For
SEVIRI, this fraction is constant at around 0.37 at a zenith view
angle of 45°.

D. Polar-Orbiting-Satellite-Derived LST Versus
Ground-Based LST

In order to isolate the relative importance of each surface
radiometric component (1), we performed three numerical ex-
periments accounting for different combinations of soil and tree
canopy radiometric temperatures. The first experiment (EXP1)
is based on a linear combination of sunlit soil and tree canopy
radiometric temperatures regardless of directional effects. Con-
sidering nadir viewing as basic configuration, the fraction of
tree canopy (firee) is set to the tree cover fraction derived from
IKONOS data, i.e., 0.31. With fso1 = 1 — firee, the fraction
of soil is 0.69. The second experiment (EXP2) accounts for
changes in viewing directions in the calculation of f.c. using
DART. Both EXP1 and EXP2 neglect shadow effects. In the
third experiment (EXP3), three surface components are taken
into account to assess the ground-based LST, i.e., tree canopy
and soil in sunlit and shaded areas, and the portions of each
component for a given viewing configuration are calculated
using DART. Here, we assume that the broadband emissivity
of each component is constant. Validation results clearly reveal
the significant dependence of LST products on satellite viewing
and sun illumination configurations (Table I and Fig. 6).
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When comparing daytime MODIS observations with
ground-based LST, we find a bias and a standard deviation of
the differences of about 4.5 K and 3.3 K, respectively, without
consideration of directional effects (EXP1), and around 0.6 K
and 2.8 K, respectively, when accounting for viewing configura-
tions (EXP3). Directional effects strongly affect the bias but do
not significantly influence the standard deviation of the differ-
ences, which seems more related to other sources of uncertainty
associated with errors in satellite pixel size and geolocation,
atmospheric corrections, emissivity effects, or cloud masking.
The observed differences in bias when calculated for EXP1 and
EXP2 are lower than 1 K and reflect the effect of an increase
in the tree canopy contribution when the view zenith angle
increases. The difference obtained between EXP2 and EXP3
(Abias of around 3 K) describes the effect of shadow that is
predominant in our case. Observed biases between ground- and
satellite-based LSTs are significantly reduced when using
nighttime data since effects of structural shading, evapo-
rative cooling, and surface-air temperature differences are
smaller.

V. CONCLUDING REMARKS

Users of satellite products put a high priority on the provision
of product accuracy. In this letter, we have demonstrated the dif-
ficulty in validating satellite LST products over relatively sparse
vegetation canopies using in situ measurements and have shown
the need to account for illumination and viewing configurations
when aggregating ground-based data. In this context, we have
developed a validation methodology to monitor the quality
of polar-orbiting satellite LST products in terms of accuracy
and precision and evaluate retrieval algorithm performance.
The methodology is based on the DART model that simulates
the radiometric contributions of each surface component to
directional satellite observations. Using ground-based data over
a woodland near Evora, Portugal, we show that taking into
account directional effects strongly reduces biases calculated
between ground-based and satellite products, i.e., from a bias of
around 4.5 K when neglecting observation geometries to 0.6 K
when accounting for viewing configurations using DART.

At the global scale, directional effects on satellite-derived
LST are difficult to quantify due to the lack of information
regarding the canopy structure and temperature distribution
within the cover. Directional effects need to be taken into
account, particularly when considering that the assimilation
of data into weather or climate models and the definition of
long-term satellite data records for climate studies both require
fully validated and reliable observations distributed over the
globe.
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