
IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024 19487

Toward a Standard Approach for UAS-Based
Multiangular Dataset Collection for BRDF Analysis
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Abstract—In this work, we address the bidirectional reflectance
distribution function (BRDF) characterization of homogeneous
surfaces by means of multiangular datasets acquired with an
unmanned aerial system (UAS) carrying a multispectral sensor
(MAIA) replicating the spectral characteristics of the multispectral
instrument onboard Copernicus Sentinel-2 satellite. The UAS field
campaign was performed in clear-sky conditions over two different
test sites, a vegetation cover and an asphalted area, exhibiting
different behaviors in terms of surface reflectance anisotropy. A
dual angular approach for the processing of the reflectance mea-
surements is examined: a conical configuration considering a cone
angle of 10° (hemispherical conical-reflectance distribution) and
a directional configuration (hemispherical directional-reflectance
distribution) considering a cone angle of 3°. Afterward, the retrieval
of the parameters of the Ross–Li–Maignan BRDF model was im-
plemented by a least-squared fitting of the UAS reflectance mea-
surements for each MAIA band. The accuracy of the modeled re-
flectances was evaluated and the overall relative root-mean-square
error between the measured and modeled reflectances was less than
10% for both test sites. The outcomes of the present study go toward
the definition of a standard approach for UAS-based measurements
with high angular resolution features for BRDF modeling, avoiding
the well-known issues related to the use of ground-based and
satellite-based instruments, and proving the UAS effectiveness in
supporting calibration and validation activities of satellite missions.

Index Terms—Bidirectional reflectance distribution function
(BRDF), multiangular acquisition, surface reflectance anisotropy,
unmanned aerial system (UAS).
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I. INTRODUCTION

MOST natural surfaces show reflective anisotropic charac-
teristics, i.e., they are non-Lambertian even if the surface

type is homogeneous. They reflect electromagnetic radiation
in different ways and different amounts depending on viewing
and illumination conditions and reflective features of the sur-
face. Such behavior depends on the level of anisotropy of the
surface itself that can be quantitatively described by the bidi-
rectional reflectance distribution function (BRDF) [1]. BRDF
has received increasing attention over the years in advanced
satellite data analysis for the albedo computation [2], [3], as a
correction technique to normalize the observations to a standard
angular configuration [4], as intrinsic surface signature used to
retrieve bio-geophysical parameters [5], and as cross-calibration
reference to radiometrically calibrate satellite sensors [6], [7].
However, there is currently a lack of extensive in situ validation
data to assess the quality of BRDF data and modeling over
different land covers. One of the major challenges in this respect
is the spatial representativeness of the reference data and its
comparability to the satellite pixel scale.

Many research activities focused on BRDF validation uti-
lize ground-based multiangular instruments and satellite-based
multiangular and multispectral data [2], [8], [9], [10], [11].
Although reflectances at any observation angle can be obtained
using ground-based instruments, the measurement process is
complex and time-consuming, affected by human interference,
and only “punctual” measurements can be obtained. Moreover,
the difficulties in accessing some areas and in assembling the
in-site instrumentation lead to higher costs of the field cam-
paign. Satellite remote sensing provides large area observations
and multiangular imaging capability, even if several missions
can work only from a few observation angles; on the other
hand, spaceborne sensors have coarse spatial resolutions or poor
revisiting times that hardly meet the needs of precise surface
characterization [12].

The development of unmanned aerial system (UAS) technol-
ogy offers the possibility of overcoming the above problems.
In UAS-based applications, nadir observation data are mostly
acquired [1], [13], while multiangular surveys are less used
[15]. Recently, the use of the UAS for BRDF measurement and
modeling of target surfaces is growing [16], [17], [18], [19],
[20], but the measurement setup and data processing are often
dissimilar, as well as the accuracy evaluation of the modeling is
not always exhaustive.
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The proposed work will analyze the reflectance angular distri-
bution at two test sites. Reflectances will be measured by a UAS-
based multispectral camera with multiangular acquisitions, and
from a novel perspective with respect to the previous works,
providing the following:

1) a theoretical discussion leading to a change on the com-
mon use of the “bidirectional” term in most experimental
measurement contexts;

2) a dual “angular” approach in the data processing of the
observed UAS imagery will be proposed as representative
of measurements in the directional and conical configura-
tion;

3) an evaluation of the BRDF modeling accuracy for both
approaches.

The present methodology and outcomes are aimed at propos-
ing an innovative multiangular UAS-based measurements col-
lection protocol and their processing technique, looking forward
to the systematic production of reference in situ validation
datasets to improve and optimize the operational BRDF cor-
rection algorithms. A dual configuration approach (directional
and conical) is tested and the corresponding “response” of the
selected BRDF model is evaluated for one of the test sites
(vegetation cover). This comparison is intended to provide a
representation of the two different types of acquisition geom-
etry that are most commonly considered when dealing with
observations from space- and ground-based instruments, while
it is not intended to be a fully comprehensive study of the
entire angular domain that outlines a general rule. In particular,
the dual configuration approach (directional and conical) for
BRDF modeling by reflectances collected from UAS has not
yet been explored in the literature to the best of our knowledge.
A key aspect of the presented procedure is that the system
and the used acquisition protocol allow for a very flexible data
sampling, leading to a complete and optimal representativeness
of the surface under investigation. A significant point is that the
multispectral camera installed on the UAS and used in this study
[21] is specifically designed to be compliant with the bands of
the optical sensor installed onboard of Copernicus Sentinel-2
(S2) satellite [22]. This is a fundamental operational feature to
support calibration/validation activities for satellite missions at
higher spatial resolution, such as S2, where the knowledge of
the reflectance angular distribution function for a surface plays a
key role. A first qualitative comparison between S2 reflectances
and Ross–Li–Maignan [23] derived reflectances over the Site 1
test area test area will also be outlined.

II. THEORETICAL BACKGROUND: TERMINOLOGY USAGE

Several literature articles refer to the BRDF derivation from
satellite observations [3], [24] and, lately, from images acquired
by UAS [18], [19], [25]. As pointed out in [1], the use of
the “directional” term should be ascribed to infinitesimal solid
angles which, in most experimental measurement contexts (from
space–aerial–ground-based sensors), do not exist. Schaepman-
Strub et al. [1] consider as a “striking oversight” the assumption
of the “measurements of the BRDF” since neither the inci-
dent irradiance nor the measured reflected radiation is properly

directional. Usually, incoming and reflected radiance observa-
tions are performed in a conical or hemispherical geometry,
unless the instantaneous field of view (IFOV) of the sensor is
adequately narrow to consider the radiance on it constant. In the
text, we introduce the reflectance distribution (RD) acronym to
indicate the angular distribution of the measured reflectances.
We follow the practice to consider the angular characteristics
of the incident radiance as named first, followed by the angular
geometry of the reflected radiance, before the RD acronym.

A. Incident Radiation: Directional or Hemispherical?

For measured or derived Earth’s surface reflectances from
satellite, aircraft/UAS or from the ground, the incident solar radi-
ation geometry is hemispherical (H). Even if a solar zenith angle
(SZA) is fixed, the incident radiation is not simply directional, as
the BRDF term would seem to imply. The radiation reaching the
surface, coming from the Sun’s direction, is the direct normal
irradiance (or beam irradiance, W/m2). But sunlight is also scat-
tered back into space and toward the Earth’s surface, this term
is called diffuse irradiance. Therefore, the total solar radiation
incident on a horizontal surface (global irradiance) is the sum of
the diffuse and the direct normal irradiance projected onto the
horizontal surface. Under cloudless conditions, the diffuse irra-
diance is on the order of 15%–20% of the global hemispherical
irradiance [26]. In fact, for reflectance measured by UAS with
multispectral sensors, a hemispherical sunlight sensor is usually
mounted on board to measure the global downwelling irradiance
in each spectral band during the survey.

B. Reflected Radiation: Directional or Conical?

The most common observational configuration for space-
borne, airborne, and ground-based sensors is the hemispheri-
cal (H)–conical (C) one [1], leading to hemispherical conical-
reflectance distribution (HC-RD) for multiangular acquisitions
rather than bidirectional reflectance quantities.

From spaceborne optical sensors, the reflectance products are
often derived by an integration over a narrow solid angle on the
order of tenths of a degree, such as MODIS. In this case, the HC-
RD can be considered as hemispherical directional-reflectance
distribution (HD-RD), where HD stands for hemispherical (H)–
directional (D).

Finally, some literature articles address the BRDF measure-
ment and modeling by UAS [18], [19], neglecting the geometri-
cal and angular specifications above. For instance, these works
consider the overall surface reflectivity measured inside the
sensor field of view (FOV) that can be on the order of 20°–30°,
providing an HC-RD rather than a bidirectional product.

Ultimately, the remote sensing measurement setup from dif-
ferent platforms does not properly provide bidirectional re-
flectance values and resulting RD functions should be consid-
ered as approximations of the BRDF.

III. MATERIALS

A. UAS Platform and Multispectral Sensors

The UAS used in this study consists of a high versatility
hexarotor frame designed to support a take-off weight up to



PETRACCA et al.: TOWARD A STANDARD APPROACH FOR UAS-BASED MULTIANGULAR DATASET COLLECTION FOR BRDF ANALYSIS 19489

Fig. 1. (a) UAS with MAIA S2 multispectral camera on two-axis gimbal; ILS module with GPS antenna installed on top of the UAS. (b) Ground station.

TABLE I
SPECTRAL CHARACTERISTICS OF THE MAIA S2 MULTISPECTRAL CAMERA AND S2 MSI INSTRUMENT (SPECTRAL CHARACTERISTICS REFER TO PLATFORM

SENTINEL-2A)

8.1 kg, with a maximum flight time up to 20 min and real-time
mission management through a dedicated ground station (see
Fig. 1). It is equipped with a DJI A2 flight unit, including
inertial measurement unit and global positioning system (GPS)
ensuring stabilized flight, and autonomous and repeatable sur-
veys. The UAS has been designed and optimized for producing
multiangular acquisition, using a programmable gimbal able
to stabilize and tilt the multispectral camera according to the
desired geometry. The main instrument on board is the MAIA S2
multispectral camera, providing high-resolution images at nine
bands in the visible/near-infrared (VIS/NIR) electromagnetic
spectrum regions (see Table I). MAIA S2 [21] has the same
wavelength intervals as the European Space Agency (ESA) S2
multispectral instrument (MSI) sensor, as reported in Table I.
The system is also equipped with an irradiance light sensor

(ILS), as shown in Fig. 1, measuring the hemispherical down-
welling solar radiation in each MAIA band and allowing the
correction for irradiance changes during the survey, such as those
caused by clouds. The use of the ILS is crucial for the surface
reflectance computation since it provides the reference values of
the incident radiation for all bands at the exact time of shooting
for each image. The MAIA S2 FOV is 35° horizontal and 26°
vertical, with an image size of 1280 pixels × 960 pixels. The
IFOV related to every pixel is approximately 0.03°. When the
flying height is 100 m, the ground spatial distance is 4.7 cm, and
the image size is 60 m × 46 m. The software used to process the
raw file of MAIA S2 camera is provided by the producer. It is
a professional software for geometric correction, coregistration,
and radiometric correction of the multispectral images in the raw
format. Radiometric correction also adopts a rigorous method
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Fig. 2. Two test sites in Rome, Italy (source: Google Earth). (a) Site 1, vegetated area (latitude 41.876119°N, longitude 12.668271°E) and (b) on-ground picture
collected in the moment of the survey. (c) Site 2, paved area (latitude 41.853472°N, longitude 12.601621°E) and (d) on-ground picture collected in the moment of
the survey.

based on the ILS measurements to produce calibrated reflectance
values at each band [21].

B. Study Area

Two test sites of different land covers were selected for
the acquisition and processing of UAS MAIA S2 images (see
Fig. 2). Each site was chosen with a coverage as homogeneous
as possible. Besides, the capabilities of the system and the flex-
ibility of the employed acquisition protocol allow for complete
representativeness of the targeted surface even when changing
viewing directions.

The first set of measurements was carried out on 30 April 2021
(around 12:45 local time, flight height 120 m) in a vegetated area,
specifically a wheat field, close to the Borghesiana neighborhood
in Rome, Italy, hereafter called “Site 1.” The SZA was 27° and
the solar azimuth angle (SAA) was 169°.

The second set of measurements was acquired on 3 July 2021
(around 10:40 local time, flight height 10 m), considering a
paved area, specifically an asphalt surface in the “Tor Vergata”
University of Rome, hereafter called “Site 2.” The SZA was 37°
and the SAA was 108°.

The survey time for both sites was about 15 min, during clear-
sky conditions. A certain degree of uncertainty is related to the



PETRACCA et al.: TOWARD A STANDARD APPROACH FOR UAS-BASED MULTIANGULAR DATASET COLLECTION FOR BRDF ANALYSIS 19491

Fig. 3. Scheme of the flight planning for both sites: image acquisition at 12
VAA, from 0° to 330°, 30° step; for each VAA, 7 VZA, from 0° to 60°, 10° step,
are considered.

change of SZA and SAA during the survey time: it is assumed
that the Sun lies in a fixed position during the image acquisition
(SZA and SAA values are selected at half of the survey).

IV. METHODOLOGY

A. RD Measurement Setup and Data Processing

We developed an ad hoc flight plan that mimics the goniometer
acquisition systems, obtaining very high resolution multiangular
dataset over a large scale and representative of the test sites,
but overcoming the limitations of the on-ground installation of
a goniometer, which are accessibility, installation costs, target
representation, and integrity. The flight plan (see Fig. 3) shows
a circular set of way points (green pins) in which the UAS stays
in hovering for a few seconds and acquires pointing the camera
toward the enclosed area looking at the center of the site with a
specific camera tilt. The obtained dataset consists of MAIA S2
multispectral acquisitions collected for 7 different view zenith
angles (VZAs), by controlling the angle of the gimbal, and 12
different view azimuth angles (VAAs), for a total of 84 images
for each band. Specifically, the VAA ranges from 0° to 330° with
a step of 30°, and the VZA from 0° to 60° with a step of 10°. The
UAS covers all the VAAs for a fixed VZA, i.e., for the VZA of
0°, the VAAs are covered from 0° to 330°, then the inclination
of the camera is increased by 10° and all VAAs are scanned,
and so on. The flight plan is stored in the ground station and
automatically executed by the UAS, ensuring the best accuracy
and repeatability over time and different target surfaces.

Since the MAIA vertical FOV is 26° in the VZA direction, the
multiangular observation data with a 10° step cause a theoretical
overlapping of 16° between two consecutive image acquisitions:
this data overlapping has to be eliminated in one of the two

images. In the azimuth direction, with a horizontal FOV of 35°,
the theoretical overlapping of two consecutive VAA (30° step)
is only 5°.

The data processing for the RD computation followed two
approaches.

1) HC-RD (conical configuration): A cone angle of 10° verti-
cal and horizontal (subtending about 370 × 370 pixels) is
considered for each specific acquisition geometry (specif-
ically,± 5° steps around the VZA), discarding the areas of
the image, which do not frame the target surface. This cone
angle avoids data overlapping between two consecutive
images. A single value of reflectance is computed by
averaging the reflectances of the pixels of the subtended
area, for a total of 84 measurements for each band.

2) HD-RD (directional configuration): A cone angle of 3°
vertical and horizontal (subtending about 110 × 110 pix-
els) is considered for each specific acquisition geometry,
discarding the areas of the image, which do not frame
the target surface. A single value of reflectance is com-
puted by averaging the reflectances of the pixels of the
subtended area, for a total of 252 measurements for each
band. Assuming a uniform RD over the selected angle,
the signal can be considered as acquired in a directional
configuration. A configuration with angles lower than 3°
was not considered because the subtended area, consist-
ing of a few pixels, would not always have guaranteed
representativeness of the land cover under investigation.

Reflectance patterns will be represented in a polar coordinate
system to better interpret and compare the data in the zenith-
azimuth angular domain at the different spectral bands.

B. BRDF Model

The multiangular measurements made by the UAS at the
two sites, with both approaches, can be used to infer a BRDF
model for any viewing zenith/azimuth angles in the different
spectral bands. The model was derived by taking the UAS re-
flectance measurements as input observations and fitting a mod-
ified version of the kernel-driven RossThick–LiSparse (Ross–
Li) semiempirical linear model, called Ross–Li–Maignan [23].
Since in the Ross–Li model, operationally used for the MODIS
BRDF products [3], [24], [27], the volumetric kernel does not
consider the hotspot effect (which accounts for the reflectance
increase that takes place when the Sun and the view directions
are coincident), the Ross–Li–Maignan model was adopted to
bridge this gap. Although other modified versions of the standard
Ross–Li model were implemented [28], the Ross–Li–Maignan
formulation has proved to fit with high accuracy the hotspot
signature and it has shown to have good performance also in
comparison with other BRDF models [23].

Given a specific surface, this model can be used to simulate the
reflectance anisotropy at any viewing and illumination geometry.
The Ross–Li model is a linear combination of basic scattering
kernels expressed as follows:

R (θs, θv, ϕ; λ) = fiso + fvolKvol (θs, θv, ϕ; λ)

+ fgeoKgeo (θs, θv, ϕ; λ) (1)
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Fig. 4. Scheme of the viewing and illumination geometry in a generic UAS-sun
configuration. Definition of principal plane (PP, dashed red line), cross plane (CP,
dashed green line), sun zenith angle θs (SZA), and VZA θv.

where R is the reflectivity at wavelength λ, θs is the SZA, θv is the
VZA, φ is the view-Sun relative azimuth angle (φv-φs); Kgeo is
the geometric optical kernel (LiSparse kernel) derived by Li and
Strahler [29]; Kvol is the volumetric scattering kernel (RossThick
kernel) initially derived by Roujean et al. [30], and successively
modified by Maignan et al. [23] in order to take into account the
hotspot effect. These kernels describe the fundamental physical
theory of the volumetric and surface scattering. The coefficients
fiso, fvol, and fgeo represent the proportion of the isotropic reflec-
tion, volumetric, and geometric scattering, respectively. These
three model parameters can be obtained by fitting the multiple
observed reflectances (multiangular and multispectral) using a
least square approach, after calculating Kvol and Kgeo for each
measurement point with its specific acquisition geometry.

It is important to point out that (1) provides a BRDF modeling
since θs, θv, and φ can be supplied as specific directions in the
reflectance simulations. As reported in Section II, remote sens-
ing observations used to fit the model do not properly provide
bidirectional reflectances (a hemispherical diffuse irradiance is
summed to the beam irradiance at θs, and the IFOV may not
be narrow enough), leading to an approximated measurement of
the BRDF.

In this work, the input reflectance measurements refer to the
SZA and SAA of the two experimental campaigns, reported
in Section III-B. In Section VI, the modeling issues will be
reported.

V. RESULTS

A. HC-RD/HD-RD Measured Patterns (Site 1)

In this section, the results of the HC-RD and HD-RD mea-
surements by MAIA S2 at the different spectral bands will be
reported for Site 1. In general, by using a polar coordinate
system to represent the zenith-azimuth angular patterns, the solar
principal plane (PP) and the cross plane (CP) can be highlighted
(see Fig. 4). The solar PP is the vertical plane containing both
the incident ray of the Sun and the zenith direction (dashed
red line in Fig. 4); the CP is orthogonal to the PP (dashed

green line in Fig. 4). The two planes identify the backward (the
CP side with the Sun) and the forward direction (the CP side
opposite with respect to the Sun) of the scattered radiation. For
example, surfaces with a certain degree of roughness, such as
vegetated area, are expected to exhibit a reflectance prevalence
in the backward direction, while flat surfaces in the forward
direction (specular scattering). In Fig. 4, the VZA θv, i.e., the
angle between the local zenith and the UAS line of sight from
the sensor to the surface, and the Sun zenith angle θs (SZA), i.e.,
the angle between the local zenith and Sun line of sight from the
Sun to the surface, are also displayed.

In the following polar plots representing reflectances mea-
sured by MAIA camera (see Figs. 5, 7, and 10), the cross points
between the radius (i.e., VAAs) and the concentric circles (i.e.,
VZAs) correspond to the reflectance value measured by MAIA
camera, while the areas in between refer to the interpolated
value of reflectance. Note that the polar diagrams describe a
different configuration geometry compared with the flight plan
in Fig. 3, which is intended to depict instead how and where the
acquisitions are collected by the UAS.

1) Approach 1: HC-RD (10° FOV): The HC-RD polar plots
for the measurements collected 30 April 2021 on Site 1 consid-
ering a cone angle of 10° are shown for all bands of the MAIA
multispectral camera (see Fig. 5).

Given the wide variability of the reflectance values in the
different bands for vegetated surfaces, different color scales have
been used for a better visualization of the reflectance angular
dynamic. For VIS bands, the main variations of the HC-RD are
observed close to the PP, i.e., in the plane where the Sun lies,
with the higher values in correspondence of the Sun position,
i.e., in the backward direction, as expected from a vegetated area.
When the sensor is facing away from the Sun (backscattering
direction), it sees the well-illuminated side of the vegetation,
which gives higher reflectance; when the sensor is facing the
Sun (forward scattering direction), it sees instead the shadowed
side of the vegetation, which leads to lower reflectance. In
the RedEdge (RE) NIR bands, the anisotropic effects are less
evident in the viewing azimuth directions, while it grows by
increasing VZA. This is because the shadows are weaker due
to a smaller absorption of radiance by chlorophyll in the NIR
spectral range [31].

The spectral signature at different VZAs (from 0° to 60°) for
a VAA of 180° (close to the PP) is reported in Fig. 6.

The VAA of 180° corresponds to the direction close to the
Sun azimuth position (PP) in the backward scattering direction.
The reflectance curves describe a typical vegetation target in the
VIS-NIR spectrum, and the increase of VZA leads to an overall
increase of the reflectance values in each band except for the
bands that exhibit a more pronounced hotspot effect, such as
B4, for which a local increase of reflectance in the VZAs close
to the SZA is observed (see the lower value of reflectance of the
curves at VZA 50° and 60° compared with the curve at 20° and
30°, which indeed are closer to the SZA).

2) Approach 2: HD-RD (3° FOV): The HD-RD polar plots
for the measurements collected 30 April 2021 on Site 1 consid-
ering a cone angle of 3° are shown for all bands of the MAIA
multispectral camera (see Fig. 7).



PETRACCA et al.: TOWARD A STANDARD APPROACH FOR UAS-BASED MULTIANGULAR DATASET COLLECTION FOR BRDF ANALYSIS 19493

Fig. 5. HC-RD polar plots for the nine bands of MAIA multispectral camera for site 1 considering a cone angle of 10°. The white star indicates the Sun position
at the time of the field campaign. Be aware of the color scaled on the side of the polar diagrams for understanding of the reflectance dynamic.

Fig. 6. Site 1, 10° FOV: spectral signature observed by MAIA at different
VZAs (from 0° to 60° with a step of 10°) for a VAA of 180° (close to the PP).
The SZA is 27° and the SAA of 169°.

The same general considerations of Fig. 5 are valid for Fig. 7;
the dynamic of the reflectance along the VZA, VAA, and bands
is the same for the two approaches. However, we want to specify
that, in this case (cone angle of 3°), the grid in the polar diagram
is denser, given the procedure adopted to retrieve the reflectance
dynamic (see Section IV-A), which involves a total of 252 mea-
surements for each band. More complex and structured behavior
of the HD-RD can be observed compared with the HC-RD. The
latter has indeed a smoother pattern than the former, given the
lower number of observations each of which is averaged over a
wider area for HC-RD (about 370 × 370 pixels) compared with
HD-RD (about 110 × 110 pixels).

3) Comparison Between Approaches 1 and 2: In Table II,
the root-mean-square difference (RMSD), the relative RMSD
(rRMSD, i.e., the ratio between RMSD and the mean on
the observed dataset that facilitates the comparison between
datasets with different scales), and the correlation coefficient
(CC) between reflectances measured for both HC-RD and
HD-RD approaches are reported for each MAIA band for
Site 1. For each band, the comparison is performed over
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Fig. 7. HD-RD polar plots for the nine bands of MAIA multispectral camera for site 1 considering a cone angle of 3°. The white star indicates the Sun position
at the time of the field campaign. Be aware of the color scaled on the side of the polar diagrams for understanding of the reflectance dynamic.

TABLE II
RMSD, RRMSD, AND CC FOR EACH BAND BETWEEN REFLECTANCES

ACQUIRED BY HC-RD AND HD-RD APPROACHES FOR SITE 1

the 84 HC-RD measurement samples by selecting the cor-
responding HD-RD measurements at the same geometrical
pointing.

The low values of RMSD and rRMSD in Table II lead us
to infer that the HC-RD and HD-RD approaches are in good
agreement with each other, i.e., the difference in the reflectance
values between them is small. This is also confirmed by the
high value of the CC. A general increase of the RMSD between
the two procedures can be observed moving from VIS bands to
RE-NIR bands since the reflectance dynamic range increases,

while the rRMSD is quite uniform across the bands, except for
band 4.

B. Modeling of HC-RD/HD-RD Measurements (Site 1)

With reference to Section IV-B, once MAIA data have been
processed and reflectance values have been extracted for each
VZA and VAA, at fixed SZA and SAA, the dataset is used
to find the parameters fiso, fvol, and fgeo of the semiempirical
Ross–Li–Maignan model (1), which best fit the measurements
(after computing Kvol and Kgeo by knowing the Sun and acqui-
sition geometries). The MATLAB curve fitting toolbox, based
on the least squared method, was used to fit the reflectance
observations. Retrieved model parameters can then be used in
forward model runs to reproduce reflectances for any viewing
geometry.

In this section, a comparison between the measured and the
modeled patterns, obtained by running the forward model for
the same acquisition geometry of the measured data, is reported
for Site 1.

Fig. 8 reports the fitted model parameters fiso, fvol, and fgeo
for each band of the MAIA multispectral camera considering the
multiangular reflectances obtained by both approaches 1 and 2,
i.e., HC-RD and HD-RD measurements.
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TABLE III
RMSE, RRMSE, AND CC BETWEEN MEASUREMENTS AND MODELED REFLECTANCES FOR EACH BAND AND FOR HC-RD AND HD-RD APPROACHES (SITE 1)

Fig. 8. Site 1: parameters fiso, fvol, and fgeo of the Ross–Li–Maignan model
for each band of MAIA and for both HC-RD (10° FOV) and HD-RD (3° FOV)
approaches.

As previously highlighted, fiso, fvol, and fgeo represent the
proportion of the isotropic reflection, volumetric, and geomet-
ric scattering, respectively. For this vegetated surface, the fvol
parameter is predominant among others, especially above B6
(750 nm): this seems reasonable being the vegetation surface
mostly dominated by a volumetric scattering mechanism. Fur-
thermore, fiso has a greater weight with respect to fgeo and it
grows above B5 (700 nm).

In Table III, the root-mean-square error (RMSE), the relative
RMSE (rRMSE), and the CC between measured and modeled re-
flectances are reported for both HC-RD and HD-RD approaches
for Site 1. These metrics give a quantitative insight of the model’s
accuracy in representing the observed reflectances.

Fig. 9 displays the modeled HC-RD (right column) and HD-
RD (left column) for B3 and B8 MAIA bands of Site 1.

According to the metrics in Table III, the performance of the
model is higher using the approach which considers measure-
ments with a cone angle of 10° to feed the Ross–Li–Maignan
model. Indeed, both the RMSE and the rRMSE are smaller and
the CC is higher for the HC-RD approach compared with the
HD-RD metrics. In particular, the maximum rRMSE is of 10%
for the HC-RD approach, while the maximum rRMSE is of 15%
for the HD-RD approach. In other words, for the methodology
adopted in this work and given the Ross–Li–Maignan model,

measurements that involve a more homogeneous and wider sur-
vey area (370 × 370 pixels for a cone angle of 10°) can be better
replicated by the specific model under consideration. Looking
at Fig. 9 is pretty straightforward to notice that both model
simulations for the HC-RD and HD-RD approaches exhibit a
smoothed dynamic of the reflectance, despite the latter being
derived by a denser grid and a higher number of observations.
This leads us to consider that the Ross–Li–Maignan model is
not able to entirely capture and replicate articulated and detailed
reflectance behavior even if fed with a larger number of obser-
vations. Thus, the Ross–Li–Maignan model exhibits best fitting
performances when considering the measurement protocol with
a cone angle of 10° instead of a cone angle of 3° for the retrieval
of the reflectance values according to the analysis presented in
this study. The rRMSE computed solely along the PP for Site 1
is less than 10% for the HC-RD configuration, proving a similar
fitting ability of the Ross–Li–Maignan model for both the PP
and the entire set of data, as analyzed in Table III. It has to be
noticed that the data selected to compute the rRMSE along the
PP are the closest ones from the Sun’s geometry.

C. Measurements and Modeling for Site 2

In this section, the results obtained for the HC-RD mea-
surements by MAIA S2 at the different spectral bands will be
reported for Site 2.

Following the analysis made for HC-RD and HD-RD for
Site 1, where an overall better performance of the forward
Ross–Li–Maignan model in replicating HC-RD values for the
procedure developed in this work was found, the description of
the results for the asphalt field campaign (Site 2) is, therefore,
outlined considering the reflectances collected in a cone angle
of 10° (370 × 370 pixels).

However, the comparison between the measurements in the
HC-RD and HD-RD configuration has been carried out also for
Site 2 and it is summarized in Table IV for the sake of brevity,
where the RMSD, rRMSD, and CC for each MAIA band are
reported.

From the metrics in Table IV, a low level of discrepancy is
observed between the two approaches. Comparing the results
of Tables II and IV, a smaller difference between HC-RD and
HD-RD approaches for Site 2 is found with respect to Site 1.
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Fig. 9. Site 1: polar plots of the simulation by Ross–Li–Maignan model of the HC-RD and HD-RD measurements for the B3 and B8 MAIA bands.

The rRMSD is indeed around the 2% for Site 2 compared with
5% for Site 1.

The HC-RD polar plots for the measurements collected on
3 July 2021 on Site 2 considering a cone angle of 10° are shown
for all bands of the MAIA multispectral camera (see Fig. 10).

From Fig. 10, a prevalent backward scattering mechanism can
be observed for the asphalt site. The same backward scattering
was observed also for the vegetation site (see Fig. 5) with the
difference that the reflectance peak is more pronounced for
vegetation, while for asphalt, the maximum of the reflectance is
more spread in all the backward plane of the polar diagram. This
behavior can be explained considering the presence of medium–
high elements for the vegetation area, which are not present
instead in the asphalt area that is characterized by a relatively
homogeneous degree of roughness. Moreover, the roughness of

the asphalt site is also the reason why the polar diagrams do not
exhibit a forward scattering mechanism (specular reflection),
as would be expected for a perfectly flat surface. Besides, a
narrower range of variability of the reflectance values among
MAIA bands can be observed for Site 2 compared with Site 1.

The spectral signature at different VZAs (from 0° to 60°) for
a VAA of 120° (close to the PP) is reported in Fig. 11.

The reflectance in Fig. 11 shows a trend in accordance with
the hotspot effect. The spectral signatures highlight indeed a
maximum of the reflectance lying between the VZA 20° and 50°
curves, as expected since the SZA is around 37° at the time of
the field campaign and given that the surface is characterized by
a backward scattering mechanism. The red and the cyan curves
(VZA 30° and 40°, respectively), i.e., the curves with VZA closer
to the SZA, exhibit indeed the highest reflectance values. A
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Fig. 10. HC-RD polar plots for the nine bands of MAIA multispectral camera for Site 2 considering a cone angle of 10°. The white star indicates the Sun position
at the time of the field campaign.

TABLE IV
RMSD, RRMSD, AND CC BETWEEN REFLECTANCES ACQUIRED BY HC-RD

AND HD-RD APPROACHES FOR SITE 2

narrower range of the reflectance dynamic along the bands (from
about 0.16 to about 0.28) can be observed compared with the
range for the vegetation site (from about 0.04 to about 0.6, see
Fig. 6) characterized by a greater reflectance variability.

As can be noted from the polar plots for Site 1 and Site 2, the
anisotropic effects depend on several factors: the type of surface
under examination, the hotspot effect in correspondence to the
Sun position, the VZA, the VAA, and the spectral bands.

Fig. 11. Site 2, 10° FOV: spectral signature observed by MAIA at different
VZAs (from 0° to 60° with step of 10°) for a VAA of 120° (close the PP). The
SZA is 37° and the SAA 108°.

Fig. 12 reports the fitted model parameters fiso, fvol, and fgeo
for each band of the MAIA multispectral camera considering
the multiangular reflectances obtained by the HC-RD approach
for Site 2.
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Fig. 12. Site 2: parameters fiso, fvol, and fgeo of the Ross–Li–Maignan model
for each band of MAIA and for HC-RD (10° FOV) approach.

TABLE V
RMSE, RRMSE, AND CC BETWEEN MEASUREMENTS AND MODELED

REFLECTANCES FOR EACH BAND FOR THE HC-RD APPROACH (SITE 2)

Fig. 12 shows that, for the asphalt surface, the fiso parameter
is predominant among others from B4 onward, while the fvol
parameter is predominant from B1 to B3. fgeo is the parameter
showing less contribution. In general, the Ross–Li–Maignan
parameters retrieved for the asphalt surface are less spectrally
variable than the parameters retrieved for the vegetated surface.

Table V reports the RMSE, the rRMSE, and CC between mea-
surements and modeled reflectances for the HC-RD approach for
Site 2.

The metrics in Table V highlight that the reflectances simu-
lated with the Ross–Li–Maignan model are in good agreement
with the reflectances measured in the asphalt field campaign. The
maximum rRMSE is indeed less than 9%. The rRMSE values
are slightly better than the ones found for the HC-RD in Table III
for the vegetation field campaign, and an increase in the model
accuracy is observed going to VIS to NIR for Site 2. The rRMSE
computed solely along the PP for the Site 2 is less than 9% for the
HC-RD configuration. This result proves again the same fitting
ability of the Ross–Li–Maignan model for both the PP and the
entire dataset, as reported in Table V. As for the computation
of rRMSE along the PP for Site 1, the data used to compute
the rRMSE along the PP are the closest ones from the Sun’s
geometry also for Site 2.

Overall, the Ross–Li–Maignan model exhibits good perfor-
mances when applied to HC-DR measurements for both sites,
with a rRMSE below 10%.

VI. DISCUSSION

The UAS technology with multiangular imaging capability
proved its potential for reflectance pattern measurement and
BRDF modeling of target surfaces. However, the measurement
setups and data processing are often dissimilar and not standard-
ized, as well as the accuracy evaluation of the modeling. In this
work, we proposed a UAS-based experimental campaign at two
test sites analyzing a dual “angular” approach (HC-RD and HD-
RD) in the data processing as representative of measurements
in the directional and conical configurations, usually considered
when dealing with observations from space- and ground-based
instruments. The comparison between the two approaches in
terms of measured reflectance patterns and the corresponding
metrics shows a high agreement between the two operating
modes; however, a more variable pattern of the HD-RD was
observed with respect to the HC-RD. The HC-RD has a smoother
pattern as expected due to the lower number of observations and
the averaging over a wider area.

Concerning the modeling of the measurements between the
two approaches in relation to Site 1, both model simulations
exhibit a similar smoothed reflectance dynamic, despite HD-RD
being derived by a denser angular grid and a higher number
of observations. With regard to the procedure developed in
this work, it can be observed that the Ross–Li–Maignan model
shows the best fitting performance when considering the UAS
measurement protocol with a cone angle of 10° instead of 3°.
In future works, we aim to obtain higher accuracy of modeled
reflectances through the development of an advanced model
based on neural networks (NNs). If in fact the development of
more detailed BRDF kernel-based models involves the design
of ever more complicated formulation of the kernels describing
the scattering mechanisms, the NN-based algorithms are an
effective tool for solving nonlinear complex problems, which
involve the interdependence of many variables. Moreover, the
UAS technology has proved to be a very efficient instrument
to quickly and easily collect extensive multiangular reflectance
measurements that can be used as a robust and representative
dataset for the training of a NN model. The possibility to set
up a NN model for the retrieval of reflectances at different
viewing and illumination geometries with higher performances
compared with the standard BRDF models would be a significant
step forward toward the development of ever more refined and
accurate BRDF correction techniques for satellite sensors.

As reported previously, the MAIA S2 multispectral camera
used in this study has the same bands as the S2 satellite.
This is a fundamental operational feature to improve calibra-
tion/validation activities for satellite missions at higher spatial
resolution, such as S2.

A. Comparison Between Copernicus S2 Measurements and
Modeled Reflectances

By way of preliminary investigation and without presum-
ing to provide a full and exhaustive assessment, a qualitative
comparison between reflectance measured by S2 sensor and
reflectance generated from the Ross–Li–Maignan model at the
same viewing and illumination geometry of S2 sensor is reported
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Fig. 13. Reflectance patterns for S2 MSIL2A product collected on site 1 area
30 April 2020 at 10:00 UTC [T33TUG] with VZA 2.5°, VAA 111°, SZA 29.7°,
and SAA 151° (red curve) and Ross–Li–Maignan simulations generated at the
same viewing and illumination geometries of S2 (black curve).

in Fig. 13. The S2 MSI Level-2A product providing atmospher-
ically corrected surface reflectance [32] has been used.

Net of possible atmospheric interference due to adjacent
clouds and particular aerosol effects, the comparison between
the S2 reflectance on Site 1 and the Ross–Li–Maignan repro-
duced reflectance shows how the pattern is similar, albeit a wider
gap between the S2 and the modeled reflectance is recorded for
the NIR bands, i.e., the most spectrally sensitive to vegetation,
compared with the VIS/RE bands. The latter aspect may be
related to a more accurate target representation obtained using
the UAS platforms, which acquire at centimeter spatial resolu-
tion and low altitudes drastically reducing both spectral mixing
problems and atmospheric interferences inherent to satellite
platforms. The different spatial representativeness of UAS and
S2 MSI sensor introduces a certain degree of uncertainty in the
comparison, despite the S2 data in Fig. 13 have been prepro-
cessed to obtain a 10-m spatial resolution for all the S2 bands
(which is quite high for satellite optical sensors). According to
the developed flight strategy, the UAS-based dataset shows high
performance in surface characterization, which leads to more ac-
curate Ross–Li–Maignan model parameters retrieval. The idea
behind this qualitative comparison is to provide an example of
possible operational use of UAS-based BRDF computation, as
the proposed UAS and acquisition protocol proves to be valuable
support for validation and calibration activities of the S2 sensor
reflectance. A more comprehensive and detailed analysis of the
discrepancies between S2 and modeled reflectances requires a
focused study involving a comparison with a large and diverse
amount of S2 data, which is beyond the scope of the present
work.

In the following, further issues of the BRDF modeling proce-
dure, UAS potential and uncertainty, and future research direc-
tions are highlighted.

B. Modeling Issues

1) The chosen kernel-driven Ross–Li–Maignan semiempir-
ical linear model gives reasonable fits to field-measured

reflectance datasets, and it is able to accurately represent
the angular reflectivity patterns of different surfaces [33].
Since the model is linear and has few parameters, it can
be more easily and quickly inverted, albeit models with
more parameters may be generally highly accurate [30].
Besides, it is preferable when the input dataset has a sparse
angular sampling: a limit of this work is the model imple-
mentation with input reflectance measurements referred
to the SZA and SAA of the two experimental campaigns.

2) The performance of a model is driven by the accuracy
of the estimated parameters; therefore, the quality of
the observed reflectances is fundamental. The field data
should be acquired under sufficient angular sampling,
under clear-sky condition and in a brief time interval
so that the surface’s characteristics and the atmospheric
conditions do not change during the acquisition period.
Moreover, the performance of a model to simulate the
reflectance directional signature depends on the land
covers [34].

3) The existing kernels of the kernel-driven models are based
on a physical approximation of a hypothetical scenario.
Therefore, kernels have different adaptabilities for dif-
ferent scenarios: if the application scenario deviates sig-
nificantly from the kernel assumptions, the kernel-driven
model can exhibit poor performance.

4) The Ross–Li–Maignan model performs well under most
observational conditions. As found by Li et al. [34], un-
der different Sun-sensor geometries, the fitting ability is
positively correlated with SZA, showing poorer accuracy
when SZA is large.

C. UAS Potential and Uncertainty

1) UAS market is experiencing a rapid development, then the
exploitation of UAS potential requires knowledge on the
state-of-the-art solutions in order to speed-up and optimize
the operations.

2) Access to in situ data is a key for research development.
Actually, UAS has the potential to collect dataset using
sensors with similar characteristics of satellite multispec-
tral sensors, with the advantages of strong flexibility in
terms of geometry of acquisition, spatialization of the in-
formation, spatial resolution, and selection of the test sites.
Moreover, UAS acquisition campaigns have cheap costs.
The creation of accurate UAS dataset with high quality
and high angular resolution features, and the definition of
standard data processing and flight protocols for specific
applications should be encouraged by space agencies in
order to create integrated solutions to support and optimize
the quality of satellite data products.

3) The UAS system has an intrinsic level of uncertainty
coming from onboard sensors in charge of positioning
(GPS, barometer, and compass) and sensor noise. These
aspects have to be deeply evaluated in order to improve
the data quality.

4) A fixed position of the Sun during the field campaigns has
been assumed, although actually the Sun position varies
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during the UAS acquisitions (the flight time for each field
campaign was about 15 min), this leads to a degree of
uncertainty in the data elaborations and, consequently, in
the results.

D. Future Research Directions

1) UAS acquisitions over different surface types and under
different illumination conditions.

2) The use of different BRDF models to fit the UAS measure-
ments, such as nonlinear models with machine learning
techniques.

3) Use of calibration panels for the radiometric correction of
the data frame (made with the equipped ILS to date).

4) The UAS multispectral acquisition with an S2-like sensor
(MAIA S2) can be exploited to investigate the following:

a) BRDF (or its approximation) modeling of several sur-
faces at high spatial resolution with new test sites;

b) calibration/validation activities on S2 data;
c) create a training dataset based on the UAS acquisition

for artificial intelligence super-resolution algorithms
dedicated to S2 data.

5) In situ absolute radiometric calibration of satellite sensors
is usually done by measuring the field surface reflectance
and atmospheric parameters while the satellite is passing
over the calibration site. During the calibration process,
surface reflectance measurement errors can be transferred
to the calibration coefficients. For a satellite sensor with
a large FOV, the surface reflectance error can be caused
by the off-nadir angle of the sensor when observing the
calibration site. The knowledge of the BRDF model for
a surface plays a key role in solving the problem of the
difference in viewing angle between satellite- and ground-
based measurement data.

VII. CONCLUSION

In the context of the use of UAS for the BRDF modeling
of target surface, the proposed work aims to pave the way
in defining good practices for the collection of reference in
situ validation dataset to improve and optimize the operational
BRDF correction algorithms. This research addresses for the
first time the issue of the angular geometry of the acquired
observations and the related data processing approaches under
specific experimental conditions. The most advanced collection
measurement techniques by means of UAS are used to provide
innovative acquisition methods, especially in terms of multian-
gular sampling capability of the area under investigation. This
goes in the direction of tracing a path toward global guidelines
for UAS-based surface reflectance products employed for BRDF
modeling and, therefore, for calibration and validation activities
of satellite missions with high spatial resolution. A point to
be underlined is that the present research does not presume to
provide a full compendium of rules to be strictly followed when
dealing with BRDF characterization from UAS, but it is intended
to offer recommendations in terms of UAS acquisition protocol
and data elaboration techniques based on our experience, open-
ing the way toward a standardization of the methods for BRDF
retrieval by means of UAS.

Moreover, we are preparing to evaluate the performance of
machine learning techniques for the BRDF modeling, and also
the challenge of integrating measurements collected above other
surface types is considered to set up a robust dataset for the
inversion of different models.

ACKNOWLEDGMENT

The authors would like to thank Ph.D. Stefano Casadio for
his support in giving useful directions and suggestions on the
research activities.

REFERENCES

[1] G. Schaepman-Strub, M. E. Schaepman, T. H. Painter, S. Dangel, and
J. V. Martonchik, “Reflectance quantities in optical remote sensing—
Definitions and case studies,” Remote Sens. Environ., vol. 103, no. 1,
pp. 27–42, 2006.

[2] J. G. Salomon, C. B. Schaaf, A. H. Strahler, F. Gao, and Y. Jin, “Validation
of the MODIS bidirectional reflectance distribution function and albedo
retrievals using combined observations from the aqua and terra plat-
forms,” IEEE Trans. Geosci. Remote Sens., vol. 44, no. 6, pp. 1555–1565,
Jun. 2006.

[3] C. B. Schaaf et al., “First operational BRDF, albedo nadir reflectance prod-
ucts from MODIS,” Remote Sens. Environ., vol. 83, no. 1/2, pp. 135–148,
2002.

[4] D. P. Roy et al., “A general method to normalize Landsat reflectance data
to nadir BRDF adjusted reflectance,” Remote Sens. Environ., vol. 176,
pp. 255–271, 2016.

[5] J. V. Martonchik et al., “Determination of land and ocean reflective,
radiative, and biophysical properties using multiangle imaging,” IEEE
Trans. Geosci. Remote Sens., vol. 36, no. 4, pp. 1266–1281, Jul. 1998.

[6] Q. Zhou, L. Tian, J. Li, and W. Li, “Assessment of bidirectional reflectance
effects on desert and forest for radiometric cross-calibration of satellite
sensors,” ISPRS J. Photogramm. Remote Sens., vol. 160, pp. 180–194,
2020.

[7] N. Byford and C. A. Coburn, “Temporal variation in surface bidirectional
reflectance of the railroad valley vicarious calibration test site in Nevada,”
Can. J. Remote Sens., vol. 48, pp. 722–736, 2022.

[8] W. A. Abdou et al., “Ground measurements of surface BRF and
HDRF using PARABOLA III,” J. Geophysical Res., Atmos., vol. 106,
pp. 11967–11976, 2001.

[9] Y. Jin et al., “Consistency of MODIS surface bidirectional reflectance
distribution function and albedo retrievals: 2—Validation,” J. Geophysical
Res., Atmos., vol. 108, 2003, Art. no. 4159.

[10] Z. Wang et al., “Evaluation of MODIS albedo product (MCD43A)
over grassland, agriculture and forest surface types during dormant and
snow-covered periods,” Remote Sens. Environ., vol. 140, pp. 60–77,
2014.

[11] K. Z. Doctor, C. M. Bachmann, D. J. Gray, M. J. Montes, and R. A. Fusina,
“Wavelength dependence of the bidirectional reflectance distribution func-
tion (BRDF) of beach sands,” Appl. Opt., vol. 54, 2015, Art. no. F243.

[12] Y. Yanjuan, Y. Guangjian, and W. Jindi, “The approach on leaf area index
inversion using multiangular and multispectral data sets,” J. Remote Sens.,
vol. 6, pp. 117–122, 2005.

[13] S. Jay et al., “Exploiting the centimeter resolution of UAV multispectral
imagery to improve remote-sensing estimates of canopy structure and
biochemistry in sugar beet crops,” Remote Sens. Environ., vol. 231, 2019,
Art. no. 110898.

[14] G. Singhal, B. Bansod, L. Mathew, J. Goswami, B. U. Choudhury, and
P. L. N. Raju, “Estimation of leaf chlorophyll concentration in turmeric
(curcuma longa) using high-resolution unmanned aerial vehicle imagery
based on kernel ridge regression,” J. Indian Soc. Remote Sens., vol. 47,
no. 7, pp. 1111–1122, 2019.

[15] P. P. J. Roosjen, B. Brede, J. M. Suomalainen, H. M. Bartholomeus,
L. Kooistra, and J. G. P. W. Clevers, “Improved estimation of leaf area index
and leaf chlorophyll content of a potato crop using multi-angle spectral
data—Potential of unmanned aerial vehicle imagery,” Int. J. Appl. Earth
Obser. Geoinf., vol. 66, pp. 14–26, 2018.

[16] T. Hakala, J. Suomalainen, and J. I. Peltoniemi, “Acquisition of bidirec-
tional reflectance factor dataset using a micro unmanned aerial vehicle and
a consumer camera,” Remote Sens., vol. 2, pp. 819–832, 2010.



PETRACCA et al.: TOWARD A STANDARD APPROACH FOR UAS-BASED MULTIANGULAR DATASET COLLECTION FOR BRDF ANALYSIS 19501

[17] Z. H. Mao, L. Deng, F. Z. Duan, X. J. Li, and D. Y. Qiao, “Angle effects
of vegetation indices and the influence on prediction of SPAD values in
soybean and maize,” Int. J. Appl. Earth Observ. Geoinf., vol. 93, 2020,
Art. no. 102198.

[18] Z. Pan, H. Zhang, X. Min, and Z. Xu, “Vicarious calibration correc-
tion of large FOV sensor using BRDF model based on UAV angular
spectrum measurements,” J. Appl. Remote Sens., vol. 14, no. 2, 2020,
Art. no. 027501.

[19] M. Kim, C. Jin, S. Lee, K.-M. Kim, J. Lim, and C. Choi, “Calibration of
BRDF based on the field goniometer system using a UAV multispectral
camera,” Sensors, vol. 22, no. 19, Oct. 2022, Art. no. 7476.

[20] J. J. M., J. R. Jimenez-perez, L. Padua, F. R. Feito, and J. J. Sousa,
“An efficient method for acquisition of spectral BRDFs in real-world
scenarios,” Comput. Graph., vol. 102, pp. 154–163, 2022.

[21] E. Nocerino, M. Dubbini, F. Menna, F. Remondino, M. Gattelli, and
D. Covi, “Geometric calibration and radiometric correction of the MAIA
multispectral camera,” Int. Arch. Photogramm., Remote Sens. Spatial Inf.
Sci., vol. 42, pp. 149–156, 2017.

[22] A. Gatti and A. Bertolini, “Sentinel-2 products specification document,”
Thales Alenia Space, Cannes, France, Accessed: Feb. 23, 2015. [Online].
Available: https://earth.esa.int/documents/247904/685211/Sentinel-
2+Products+Specification+Document

[23] F. Maignan, F. -M. Bréon, and R. Lacaze, “Bidirectional reflectance
of Earth targets: Evaluation of analytical models using a large set of
spaceborne measurements with emphasis on the hot spot,” Remote Sens.
Environ., vol. 90, no. 2, pp. 210–220, 2004.

[24] W. Lucht, C. B. Schaaf, and A. H. Strahler, “An algorithm for the retrieval
of albedo from space using semiempirical BRDF models,” IEEE Trans.
Geosci. Remote Sens., vol. 38, no. 2, pp. 977–998, Mar. 2000.

[25] G. Crucil, H. Zhang, K. Pauly, and K. Van Oost, “A semi-empirical
anisotropy correction model for UAS-based multispectral images of bare
soil,” Remote Sens., vol. 14, no. 3, 2022, Art. no. 537.

[26] D. R. Myers, “Solar radiation resource assessment for renewable en-
ergy conversion,” Comprehensive Renewable Energy, vol. 1, pp. 213–237,
2012.

[27] W. Wanner, X. Li, and A. H. Strahler, “On the derivation of kernels for
kernel-driven models of bidirectional reflectance,” J. Geophysical Res.,
Atmos., vol. 100, no. D10, pp. 21077–21089, 1995.

[28] Z. Jiao et al., “A method for improving hotspot directional signatures
in BRDF models used for MODIS,” Remote Sens. Environ., vol. 186,
pp. 135–151, 2016.

[29] X. Li and A. H. Strahler, “Geometric-optical bidirectional reflectance
modeling of the discrete crown vegetation canopy: Effect of crown shape
and mutual shadowing,” IEEE Trans. Geosci. Remote Sens., vol. 30, no. 2,
pp. 276–292, Mar. 1992.

[30] J. L. Roujean, M. Leroy, and P. Y. Deschamps, “A bidirectional reflectance
model of the Earth’s surface for the correction of remote sensing data,” J.
Geophysical Res., Atmos., vol. 97, no. D18, pp. 20455–20468, 1992.

[31] P. P. Roosjen, J. M. Suomalainen, H. M. Bartholomeus, and J. G. Clevers,
“Hyperspectral reflectance anisotropy measurements using a pushbroom
spectrometer on an unmanned aerial vehicle—Results for barley, winter
wheat, and potato,” Remote Sens., vol. 8, no. 11, 2016, Art. no. 909.

[32] J. Louis et al., “Sentinel-2 Sen2Cor: L2A processor for users,” in Proc.
Living Planet Symp. Spacebooks Online, 2016, pp. 1–8.

[33] F. M. Bréon, F. Maignan, M. Leroy, and I. Grant, “Analysis of hot spot
directional signatures measured from space,” J. Geophysical Res., Atmos.,
vol. 107, no. D16, 2002, Art. no. AAC-1.

[34] H. Li, K. Yan, S. Gao, W. Song, and X. Mu, “Revisiting the performance
of the kernel-driven BRDF model using filtered high-quality POLDER
observations,” Forests, vol. 13, 2022, Art. no. 435.

Ilaria Petracca (Member, IEEE) received the Lau-
rea degree in environmental engineering (cum laude)
in 2020 and the Ph.D. degree in computer science,
control and geoinformation in 2024 from the Tor
Vergata University of Rome, Rome, Italy, where she
is currently a post-graduate research fellow.

From 2022 to 2023, she was a Visiting Student
with Space Telecommunications, Astronomy and Ra-
diation Laboratory, Department of Aeronautics and
Astronautics, Massachusetts Institute of Technology,
Cambridge, MA, USA. She works as an EO Data Sci-

entist with GEO-K S.r.l., Rome, Italy. Her major research area includes volcanic
ash detection and precipitation retrieval by means of neural networks and satellite
data, and bidirectional reflectance distribution function characterization using
unmanned aerial system.

Daniele Latini received the Laurea degree in
telecommunication engineering from the University
of Rome “Tor Vergata,” Rome, Italy, in 2010, and the
Ph.D. degree in geoinformation from the Tor Vergata
University of Rome, Rome, Italy, in 2015.

In 2013, he was a Visiting Student Researcher with
Jet Propulsion Laboratory (JPL), California Institute
of Technology, Pasadena, CA, USA, working on in-
terferometric analysis using NASA UAVSAR data.
In 2016, he obtained the license for UAV piloting in
critical scenarios (A2 pilot licence). In 2020, he com-

pleted the post-Laurea master program “Design, Application, and Regulation of
Unmanned Aerial Vehicle System (PARS)” with the University of Rome “Tor
Vergata.” Since 2010, he has been working in the field of remote sensing with
Earth Observation Laboratory, Tor Vergata University, Rome, Italy, and then with
its spin-off GEO-K. His activity is focused on the analysis of multispectral and
synthetic aperture radar (SAR) remote sensing product, deeply investigating the
ensemble of neural networks’ techniques and architectures for a broad field of
application, as well as on the integration of different technology solutions, such
as artificial intelligence and on-board data processing. As a Project Manager,
he has been responsible for several contracts funded by ESA, ASI, European
Commission (HORIZON), and Italian Ministries (PRIN and PNRR), in the
matter of EO products and services development in collaboration with various
companies and research institutes. He was an External Professor with Tor Vergata
University for the M.S. degree integrative course in “Microwaves.” He has also
been a Teacher in the “Postgraduate Master Program in “geoinformation and
geographic information systems” with Tor Vergata University and he is the
author of various publications in the field of Earth observation with multispectral
and SAR data processing.

Marco Di Giacomo received the Laurea degree in
ICT and Internet engineering (cum laude) in 2023
from the Tor Vergata University of Rome, Rome, Italy,
where he is currently working toward the Ph.D. degree
in computer science, control and geoinformation.

Since July 2022, he has been working as an Earth
Observation Data Engineer with GEO-K S.r.l., Rome,
Italy. His primary research areas include air qual-
ity, thunderstorm, and fog forecasting using machine
learning approach and bidirectional reflectance dis-
tribution function characterization using unmanned
aerial system.

Fabrizio Niro received the Ph.D. degree in physics
from the University of Paris-Sud, Orsay, France, in
2003, specializing in molecular high-resolution spec-
troscopy and radiative transfer models in the thermal
infrared domain.

He spent two years as a Visiting Scientist with the
Department of Physical Chemistry, Bologna, working
on retrieval methods for atmospheric remote sensing.
Since 2005, he has been working with European
Space Agency (ESA/ESRIN), based in Frascati, Italy,
as a scientific and management Consultant for Serco,

Hook, U.K. He started as a remote sensing Specialist in support to algorithm
development and calibration/validation (cal/val) activities for the MIPAS mis-
sion. In 2012, he was involved in cal/val preparatory activities for EarthCARE
and Aeolus missions. Since 2015, he has been focusing his career on optical
land imaging sensors, first as a remote sensing Expert and lead of the PROBA-V
Quality Working Group, then as a Coordinator of various cross-cutting cal/val
activities for land products validation. As a result, in April 2022, he was
appointed as a Vice-Chair of the Land Products Validation Subgroup of the
Committee on Earth Observation Satellites Working Group on cal/val.

https://earth.esa.int/documents/247904/685211/Sentinel-2protect $elax +$Productsprotect $elax +$Specificationprotect $elax +$Document
https://earth.esa.int/documents/247904/685211/Sentinel-2protect $elax +$Productsprotect $elax +$Specificationprotect $elax +$Document


19502 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

Stefania Bonafoni (Senior Member, IEEE) received
the Laurea (cum laude) and Ph.D. degrees in elec-
tronic engineering from the University of Perugia,
Perugia, Italy, in 1997 and 2000, respectively.

Since 2005, she has been with the Department
of Engineering, University of Perugia, where she
teaches the class of remote sensing. Her research
activity concerns the remote sensing of the Earth’s
atmosphere and surface: land surface temperature
and albedo from satellite-based sensors; downscaling
techniques for satellite images; microwave radiome-

try from satellite and ground-based sensors for the estimation of atmospheric
parameters; GPS for propagation delay and water vapor analyses; and GPS
radio occultation for atmospheric profiling. She is an Associate Editor for the
GRSS-IEEE Section of IEEE Access journal.

Fabio Del Frate (Senior Member, IEEE) received the
Laurea degree in electronic engineering and the Ph.D.
degree in computer science from the Tor Vergata
University of Rome, Rome, Italy, in 1992 and 1997,
respectively.

From 1995 to 1996, he was a Visiting Scientist
with the Research Laboratory of Electronics, Mas-
sachusetts Institute of Technology, Cambridge, MA,
USA. In 1998 and 1999, he was with ESRIN Cen-
tre, European Space Agency (ESA), Frascati. Since
1999, he has been with the University of Rome “Tor

Vergata,” where he is currently a Full Professor, teaching courses on remote
sensing and applied electromagnetism in various master’s and Ph.D. programs.
In the same university, he is also the Coordinator of the “Design, Application,
and Regulation of UAVs” master program and Erasmus Coordinator for the engi-
neering macroarea. In the framework of remote sensing educational international
activities, he has been a Lecturer with different European Universities (Prague,
Trier, and Cracow). He is, or has been, a Principal Investigator/Project Manager
of several ESA and Italian Space Agency (ASI) funded research projects, an
author of more than 200 international scientific publications, with a special
focus on feature extraction algorithms from EO data using neural networks.
In 2015, he was appointed by the European Organization for the Exploitation
of Meteorological Satellites Associate Scientist for activities regarding the
estimation of precipitation rate from satellite data. In 2019, he received an
appointment by ESA as a Visiting Professor with ESA ESRIN Center to provide
support in the use of artificial intelligence for Earth observation data processing.
In 2006, he cofounded GEO-K srl, the first spin-off company of the University
of “Tor Vergata” of which he is currently the President. He has been an Associate
Editor for the journal IEEE Geoscience and Remote Sensing.

Open Access funding provided by ‘Università degli Studi di Roma “Tor Vergata”’ within the CRUI CARE Agreement



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


