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Surface Bidirectional reflectance distribution function (BRDF) is a key intrinsic
geophysical variable depending only on the characteristics of the observed
medium. It is therefore the most suitable measurand to support the definition
of fiducial reference measurements (FRM). Field acquisition of surface reflectance
data relies on substantial assumptions and simplifications, often without
accounting for their impact. For example, the BRDF is a theoretical concept
and can never be measured in the field. In contrast, the hemispherical conical
reflectance factor (HCRF), which is the measurand obtained during field
campaigns, is impacted by all scene elements and is not intrinsic to the
surface. This study analyses the impact of four parameters (atmospheric
scattering, measurement device field of view cropping, acquisition duration,
non-Lambertian reference panels) on HCRF estimation. Simulations are
performed on a 3D vegetation scene, using the new radiative transfer model
Eradiate. It is found that among the aforementioned parameters, atmospheric
scattering alone leads to a relative root-mean-square error (RRMSE) of more than
10% between HCRF and reference Bidirectional reflectance factor (BRF).
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1 Introduction

Earth Observation (EO) aims at retrieving information about the state of the Earth
system, including vegetation, sea, atmosphere, snow and ice covers and other surface types.
The validation of the retrieved information requires independent knowledge about the Earth
system, which is obtained through fiducial reference measurements (FRM) (Sterckx et al.,
2020; Goyens et al., 2021). Dedicated test sites are set up for these various FRMs, including
vegetated areas (Bouvet et al., 2019). Among these FRMs, surface reflectance is a key
measurand used to characterize the state of the vegetation. Laboratory measurements of
vegetation and surface properties, simulation of surrogate vegetative canopies and empirical
models can provide useful approximations to real world surface reflectance (Jacquemoud
and Baret, 1990). However, in situ measurements are the ultimate way to provide surface
reflectance FRMs.

A variety of approaches for the acquisition of surface reflectance has been developed and
employed over time (Sandmeier et al., 1995; Abdou et al., 2001; Grenzdörffer and Niemeyer,
2012). Surface samples can be measured in a laboratory setting, using photogoniometers, if
the surface material allows for this approach. Samples of sand or concrete can be placed in
laboratory measurement devices, since their surfaces are homogeneous even on relatively
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small scales, and can be relocated without introducing changes to
material properties influencing the retrieved reflectance (Viallefont-
Robinet et al., 2019). The reflectance of a canopy however, can not
easily be retrieved in a laboratory. Vegetated surfaces are usually
highly inhomogeneous on the scales which are accessible to
photogoniometers. Larger plants like bushes or trees cannot be
placed under laboratory based photogoniometers at all.

To solve this, measurement devices have been developed
which can be placed on or near the actual surface of interest
and estimate surface reflectance in situ. Approaches using surface
mounted radiometers deliver high precision measurements and
dense sampling of the reflecting hemisphere (Painter et al., 2003).
Those devices face difficulties of their own, however. Surface
mounted devices can be hard to relocate and their proximity to
the surface limits the applicability to highly inhomogeneous
surfaces. Another approach, which uses radiometers deployed
on unmanned aerial vehicles (UAVs) to estimate surface
reflectance, has received a lot of attention lately (Grenzdörffer
and Niemeyer, 2012; Burkart et al., 2015; Origo et al., 2020; Deng
et al., 2021; Latini et al., 2021; Jurado et al., 2022). With the
UAV’s relatively small size and weight, the measurement setup
can easily be relocated to any human accessible location on Earth
and their flight elevation, on the order of magnitude of 100 m
allows for reflectance retrievals in even the tallest vegetation
settings, such as corn fields and mature forests.

Experimental protocols only provide access to the HCRF, while
the BRF is a purely theoretical quantity. However, under specific
experimental conditions on illumination and sensor, the HCRF can
become a proxy to the BRF. Such conditions are only met in a
laboratory setup, where the experiment can be restricted to a single
collimated light source and a detector with very narrow field of view.
In particular, UAV-based field measurements do not satisfy these
conditions. Lighting from the sky adds a significant diffuse part to
solar illumination and radiometers can employ large fields of view.
However, few ground-level reflectance retrieval protocols
acknowledge this fact (Origo et al., 2020) and many assume that
the measured HCRF is a direct proxy to the BRF.

This study analyses under which conditions the retrieved HCRF
deviates the most from the desired BRF. This analysis relies on UAV
observations simulated with Eradiate, a state-of-the-art 3D radiative
transfer model. Section 2 discusses why BRF should be considered as
a measurand for surface reflectance FRM instead of HCRF. For that
purpose, a set of parameters is selected and its relevance for this
objective is discussed (Section 3). These parameters are combined
into a set of experimental scenarios, described in Section 4. Section 5
explains how UAV simulations are performed using Eradiate.
Results of the simulation campaign are presented and
subsequently discussed in Section 6. Finally, Section 8 features
recommendations for future attempts at estimating the BRDF of
a surface from in situ measurements.

2 Surface reflectance FRM

The acquisition and elaboration of FRM is a key aspect of
calibration and validation (Cal/Val) activities. FRMs provide a
suite of independent, fully characterized and traceable ground
measurements that follow the guidelines outlined by the Quality

Assurance framework for Earth Observation defined by the
Committee on Earth Observation Satellites (CEOS) (Coll et al.,
2019). Surface reflectance is however a loose concept that needs first
to be defined following metrological standards (Nicodemus et al.,
1977). This requires selecting a measurand that depends only on the
state of the surface.

Among all the reflectance quantities defined by Nicodemus et al.
(1977), only the bidirectional reflectance distribution function
(BRDF), directional hemispherical reflectance (DHR) and
bihemispherical reflectance (BHR) are intrinsic to the
surface—the DHR and BHR being easily recoverable from the
BRDF. However, using the BRDF as the measurand is
impracticable for field measurements for two reasons. Firstly,
reflected radiance can only be measured within a solid angle of
finite size, i.e., a cone. Secondly, it is not possible to discriminate the
unscattered (direct) and scattered (diffuse) downwelling surface
radiation. Consequently, experimentally accessible reflectance
quantities are integrated over illumination directions, i.e., the
HCRF and BHR (Schaepman-Strub et al., 2006; Milton et al., 2009).

Using the HCRF as surface reflectance FRM leads to some
limitations as this measurand depends on the states of both the
surface and atmosphere. Interpreting it might therefore be
challenging. This study focuses on the uncertainty resulting from
the use of HCRF as a proxy for in situ BRDF retrievals. The BRDF is
defined as (Nicodemus et al., 1977)

fr θi,φi, θrφr( ) � dLr θi,φi, θrφr, Ei( )
dEi θi,φi( ) (1)

where dLr is the reflected radiance, and dEi is the incoming
irradiance. It depends on the zenith and azimuth angles (θi and
φi) of the incoming irradiance, and on the zenith and azimuth
angles (θr and φr) of the reflected radiance. Closely related to the
BRDF, expressed in SR−1, is the dimensionless bidirectional
reflectance factor BRF, defined as the ratio for the BRDF by
the reference BRDF of a perfectly reflecting Lambertian surface
(equal to 1/π):

RBRF θi,φi, θrφr( ) � πfr θi,φi, θrφr( ). (2)
As infinitesimal directional observations are not possible, only

the biconical reflectance factor (BCRF)

RBCRF ωill,ωobs( ) � π

ΩillΩobs
∫

Ωill

∫
Ωobs

fr θi,φi, θrφr( )dΩidΩr, (3)

where Ωill and Ωobs are the finite solid angles of the cones of
illumination and observation, can be measured. The BDRF is
integrated over finite solid angles Ωill and Ωobs for illumination
and observation directions and averaged by dividing by those same
solid angles. The integration measure Ω is the projected solid angle
and is defined as

Ω � ∫ dΩ � ∫ cos θdω (4)

Equation 3 applies for illumination only originating from
illumination direction ωi. In the field, incident irradiance
originates from multiple directions, as a result of atmospheric
scattering. Consequently, it is not possible to separate the
incident irradiance contribution originating from ωi from all
other incident directions. This leads to the definition of the final

Frontiers in Remote Sensing frontiersin.org02

Schunke et al. 10.3389/frsen.2023.1285800

https://www.frontiersin.org/journals/remote-sensing
https://www.frontiersin.org
https://doi.org/10.3389/frsen.2023.1285800


quantity used in this study, the hemispherical-conical reflectance
factor (HCRF), defined as

RHCRF 2π,ωobs( ) � 1
Ωobs

∫
2π
∫

Ωobs

fr θi,φi, θrφr( )dΩrdΩi (5)

by integrating the BRDF over all incident directions ωi and over a
finite solid angle Ωobs for the outgoing directions.

Importantly, an HCRF (Eq. 5) estimate can, under specific
conditions, be used to retrieve the BRF (Eq. 2) of a surface. For
this to be possible, the incident radiance field must cover a single
direction and the observation geometry must cover a single
direction: only then the dEi and dLr terms of Eq. 1 become
experimentally accessible.

3 Review of the parameters affecting
HCRF

3.1 Approach

Different types of devices have been developed to acquire HCRF
in the field [e.g., (Sandmeier et al., 1995; Abdou et al., 2001;
Grenzdörffer and Niemeyer, 2012)]. This study focuses on the
acquisition of surface HCRFs using UAV-borne radiometers. The
UAV-based approach is seen as the most relevant, as it is highly
flexible and can be employed in many places and under a variety of
conditions. Acquiring the HCRF of a region of interest with a UAV
is, by nature, a process which depends not only on the target surface
alone, but is always a combined observation of the surface and the
atmosphere. It is therefore of highest importance to identify all
surface and atmosphere related parameters as well as those of the
measurement apparatus and to quantify their influence on the
HCRF acquisition. In the following, we distinguish dependent
parameters (which depend on the measurement technique) and
independent parameters (which are only determined by the
observed scene).

The general approach is to identify the parameters that
critically influence the difference between the desired
measurand, i.e., the surface BRF as expressed by Eq. 2, and
the HCRF, the proxy measurand used in the field defined by Eq.
5. To keep the focus of the study clear, a series of parameters
directly related to UAV hardware have been omitted such as the
positioning and pointing accuracy of the measurement device,
radiometric noise and image post-processing. There is
abundant literature, covering different aspects of airborne
reflectance retrieval methods (Miura and Huete, 2009; Yusoff
et al., 2017; Hutton et al., 2020; Maguire et al., 2021). Since this
study is concerned with acquiring reflectance based surface
properties, the spectral sensitivity of the sensor was also
omitted.

3.2 Measurement dependent parameters

3.2.1 Field of view (FOV)
The definition of the BRF implies an infinitesimal FOV for the

recording sensor. Real sensors can only ever approximate this

behavior. Typical radiometers or cameras used for field
campaigns have a FOV reaching up to 30° (Pan et al., 2020; Li
et al., 2021a; Li et al., 2021b). These values are unsuitable to
accurately resolve the back scattering reflectance hotspot typical
of vegetated surfaces, which is much narrower than that.

3.2.2 UAV flight duration
The multi-directional acquisition of radiometric data by means

of a UAV flight requires time, during which the position of the Sun
in the sky changes. Similar to atmospheric scattering, the changing
celestial position of the Sun during the acquisition process
undermines the assumption under which the incoming radiation
is unidirectional.

3.2.3 Calibrated radiometric reference panel
According to Eq. 1, reflectance factors are based on the ratio

of reflected radiance and incident irradiance. For practical
reasons, the irradiance is not measured with an upward
pointing irradiance sensor. Instead, a surface with reflectance
close to 100% and close to Lambertian scattering properties,
referred to as calibrated reference panel (CRP), is placed
horizontally, and its reflected radiance is used as a
replacement for the irradiance. While CRPs are usually
assumed to have a perfectly Lambertian reflectance equal to
100%, the materials used to manufacture them [e.g.,
Spectralon (Bruegge et al., 1993)] do not have such ideal
properties, despite careful selection. Laboratory measurements
show a clear directionality of the material’s reflectance (Georgiev
and Butler, 2008). Especially in conjunction with the celestial
movement of the Sun, in situ measurements of the CRP will
impact the accuracy of the radiometric calibration.

3.3 Measurement independent parameters

3.3.1 Atmospheric scattering
Radiation scattering by the atmosphere makes the incoming

radiance field at the bottom of the atmosphere (BOA) more diffuse.
This is in fundamental contradiction with the perfect directionality a
true BRF retrieval through the proxy of the HCRF would require. In
other words, the more the atmosphere scatters radiation at the BOA,
the more diffuse the incoming radiance field at ground level, and the
more the difference between RHCRF and RBRF increases. A thorough
assessment of the impact of molecular (Rayleigh) and aerosol
scattering is therefore of prime importance.

3.3.2 Omitted parameters
Since this study aims to illustrate the effects of the

aforementioned parameters, other aspects of the simulation
design are simplified. The parameters of the surface type and
the Leaf area index (LAI) of the 3D vegetation are chosen such
that the BRF shows a pronounced hotspot, but no specific type of
vegetation is emulated. Finally, only a single type of vegetation is
considered, which removes adjacency effects, due to different
vegetation types entering the FOV of the sensor and multiple
scattering of radiation between the neighboring surface and the
atmosphere.
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4 Experimental setup

4.1 General approach

This study relies on simulations of a realistic 3D scene, which
was designed to be independent of the radiative transfer model
(RTM). To ensure this, a set of simplifying assumptions were made
during scene design. The scene is assumed to be translationally
invariant and flat. Additionally, the simulated atmosphere is
assumed to consist of discrete homogeneous layers of infinite
horizontal extent and homogeneous optical properties. The value
ranges for the various parameters of the experimental plan are
determined in the subsequent sections.

4.2 Choice of parameter values

4.2.1 Field of view
Two values are used for the FOV parameter: in the narrow

setting, the FOV is equal to 1°; in the wide setting, the FOV is equal
to 30°. The wide setting is chosen based on the total FOV of typically
employed sensors, while the narrow setting serves as an upper bound
for approaches which treat the pixels in a multi pixel sensor
individually (Pan et al., 2020; Latini et al., 2021).

4.2.2 UAV flight duration
The lower value in the range of the flight duration is an

instantaneous acquisition with no change in illumination
direction. For the upper value, flight patterns of the studies in
related literature were investigated and a typical UAV flight
duration to cover the hemisphere above a target area was found
to take around 20 min (Pan et al., 2020; Latini et al., 2021). On
15 June 2023 10:15 a.m., in Brussels (location of the authors of this
study) the Sun is located at around 50° zenith angle. To simulate the
celestial movement of the Sun, three points with a temporal spacing
of 20 min were chosen around this reference time. These three
points are interpolated linearly, to approximate the continuous
movement of the Sun. The corresponding illumination directions,
given as (zenith, azimuth), are (48.39°, 104.61°), (50.0°, 102.36°),
(51.48°, 100.17°). Figure 1 illustrates the observation and
illumination geometries.

4.2.3 Atmospheric scattering
Atmospheric scattering is described by two components in this

study. First, the molecular atmosphere, modelled using the US
Standard atmospheric profile from 1976 (Rodgers, 1976), exhibits
Rayleigh scattering. This contributes an aerosol optical thickness
(AOT) at 0.55 µm of 0.1. Second, an aerosol layer is added to the
atmosphere, which simulates typical aerosol situations in Central
Europe. The aerosol distribution was extracted from version 3 of the
MAC dataset (Kinne, 2019). The distribution is illustrated in
Figure 2. For the AOT at 0.55 µm, the values 0.1 (typical of clear

FIGURE 1
Polar plot of observation and illumination geometries.

FIGURE 2
Vertical distribution of aerosols, extracted from version 3 of the MAC dataset. The blue line denotes a gaussian fit, with a mean value of 950 m and a
standard deviation of 1,030 m.
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days) and 0.3 [typical high value in Brussels (Sinyuk et al., 2020)]
were chosen. Together with a setting that omits atmospheric
scattering, this leads to three simulated cases.

4.2.4 Calibrated radiometric reference panel
Two cases are considered. In the first one the CRP is an ideal

Lambertian surface with a BHR of 100%. In the second case, the
CRP is a Spectralon panel with 99% BHR (Georgiev and Butler,
2008).

Unfortunately, Georgiev and Butler (2008) provide data only
in the principal plane. To overcome this limitation, a fit of the
MVBP model (Pinty et al., 1990) to the provided data is
performed. The resulting parameters of the model are given in
Table 1 and a comparison of the fit to the principal plane data is
shown in Figure 3.

At this Sun zenith angle (SZA) value, the BRF of the CRP
shows pronounced anisotropy, especially a strong tendency for
forward scattering, as well as a slight back-scattering hotspot.
Note that the reflectance at the nadir is not 99%. The assumption
of 99% reflectance only holds if the total hemispherical
reflectance is considered. This is critical, as this study adopts a
measurement procedure from related literature (Latini et al.,
2021). Here two measurements of the reference panel are
taken, from the nadir, at the beginning and end of the 20-min
flight duration. The retrieved reflectances are averaged. The
actual nadir reflectance for this material is closer to 95%,
which means, that unless special care is taken and the actual

reflectance value is considered, this measurement approach will
overestimate reflectance in the field.

4.3 Illumination

Sun displacement in the sky during the 20-min duration of the
UAV flight is simulated by 3 points, shown in Figure 1. To
approximate the continuous displacement of the Sun, its position
is interpolated linearly between those three fixed points. For all
simulations that do not consider the Sun’s movement, the central
point (50.0, 0.0) is used for the illumination direction.

4.4 Vegetated surface

The surface in this study is designed in two parts, the soil and a layer
of vegetation. The soil is modelled using Lambertian scattering, with a
reflectance of 0.1 at 0.55 µm. The vegetation layer is created with a
procedural model, which approximates grass (Govaerts, 1995). The
individual blades of grass are modelled using bilambertian scattering,
with a reflectance of 0.14 and a transmittance of 0.09 at 0.55 µm. The
vegetated surface extends 40 m in all directions, which ensures, that the
entire visible surface is covered in vegetation for all simulated
geometries. Figure 4 shows the grass model rendered from both a
very short and a very long distance.

4.5 UAV observation

To acquire the surface’s reflectance field, the hemisphere of
outgoing directions is sampled every 10° for the zenith angles and 30°

for the azimuth angles (Pan et al., 2020; Latini et al., 2021). These
sampling densities correspond to 9 points along the viewing zenith
angle (VZA) dimension and 12 points along the viewing azimuth
angle (VAA) dimension. The sensor is pointed at the same location
in the vegetated surface for all simulations and the footprint
therefore changes with viewing geometry. Figure 1 illustrates the

TABLE 1 MVBP parameters obtained by fitting the model to measured
Spectralon reflectance at 0.3 µm. Data in Georgiev and Butler (2008) shows
minimal variation in the material BRDF between 0.3 µm and 0.55 µm.

Parameter Value

ω 0.999

Θ 0.209

rΛ 4.339

χi −0.060

FIGURE 3
The principal plane BRF of the best fit of the MVBP model to the simulated reference panel data for a SZA value of 60°. Negative VZA values
correspond to forward scattering. The BRF shows a strong tendency for forward scattering. Note that the BRF at the nadir is not 99%.
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measurement geometries as well as the positions of the Sun over the
20-min period mentioned above.

4.6 Reference case

The simulated UAV observations, in which the HCRF is retrieved,
are compared to a reference case in which access to the true BRF (Eq. 2)
of the vegetated surface describe in Section 4.4 is guaranteed. This
reference BRF, denoted REF in the following, is the quantity we want to
have a proxy for through the HCRF. It is obtained through a simulation
under ideal conditions, that is perfectly directional illumination at 50°

zenith and 0° azimuth, in the absence of a participating medium and
using a perfectly directional sensor.

4.7 Parameter combinations

The combinations of the four parameters chosen for this study
(FOV, UAV flight duration, CRP, atmospheric scattering), lead to a
total number of 24 simulated scenarios plus the reference BRF
simulation. Since the combination of measured CRP and
instantaneous acquisition is omitted, the number of scenarios
reduces to 18. To help identify the different scenarios, each
parameter’s values were assigned letters and each scenario is
denoted by a combination of four letters.

Table 2 lists all parameter combinations and their respective
shorthand. For further clarification on how the shorthand names are
composed, Figure 5 details an example. For example, the scenario in
which the parameters are closest to the reference case described in
Section 4.6, with Lambertian CRP, static solar position, narrow FOV
and no atmosphere would have a shorthand of LINN. The scenario in
which the parameters are furthest from the reference case, with a
Spectralon measured CRP, moving Sun, a wide FOV and a thick
atmosphere would have a shorthand of MRWH. All possible
combinations of the parameters were simulated. The only exception
is the combination of the non-Lambertian CRP at instantaneous
retrieval. The reason for simulating the non-Lambertian CRP is to

assess the influence of the variation in reflectance due to the changing
illumination across the time of flight of the UAV.

5 Simulation execution

5.1 The eradiate radiative transfer model

Simulations were performed with the Eradiate radiative transfer
model (RTM), an open-source 3D Monte Carlo ray-tracing model,
which supports explicit 3D geometry and vegetation as well as
complex multi-component atmospheric models (Leroy et al.,
2022). Its comprehensive Python interface makes it ideally suited
to simulate a set of varying scenes with changing parameters such as
the campaign described here.

5.2 Reference case simulation

To simulate the reference case, defined in Section 4.6, the
reflected radiance is computed with zenith and azimuth angle
steps of 1°. The irradiance from the Sun is known for the
simulation and can therefore be used to compute the BRF as
defined in Eqs 1, 2, as no atmospheric scattering and absorption
are accounted for. Eradiate automates this process and outputs the
BRF directly.

5.3 UAV observations

As mentioned in Section 3.2.3, reflectance values are computed
as the ratio between the observed radiance reflected by the scene and
the CRP. The reflectance is defined as

RHCRF � Lveg

LCRP
(6)

where Lveg is the reflected radiance from the vegetated surface and LCRP is
the reflected radiance from the CRP. This approach can be motivated

FIGURE 4
The grass surface rendered with a 20° FOV from a (left) 3 m and (right) 120 m distance, without an atmosphere. The solar zenith angle is equal to 50°

and the camera points in the back scattering direction. The 120 m-distance view shows the back scattering hotspot, very visible due to the absence of an
atmosphere in these simulations. The grass is created procedurally, with parametrizable distributions for the number of segments to each blade and the
angle between the segments. Tufts, made up of several blades, are scattered randomly on the surface. Created with eradiate.eu.

Frontiers in Remote Sensing frontiersin.org06

Schunke et al. 10.3389/frsen.2023.1285800

http://eradiate.eu
https://www.frontiersin.org/journals/remote-sensing
https://www.frontiersin.org
https://doi.org/10.3389/frsen.2023.1285800


from Eq. 1 directly. For individual incident and exitant directions the
derivative becomes the ratio. Under the assumption, that the CRP reflects
light in a perfectly Lambertian manner, the reflected radiance from the
panel can be identified as the incident irradiance in the BRDF definition.

The CRP is represented by a square shape of 1 m squared, with
the scattering properties of either the fitted MVBP model (Section
4.2.4) or a Lambertian model.

The UAV observations are simulated using a sensor that
emulates a multi-pixel perspective camera, positioned in the
scene and pointing towards the ground. Since the FOV is fixed,
the surface area which is visible in the rendered image changes with
the sensor’s position. The multi-pixel images are averaged to
produce one radiance value for the chosen observation
geometry. This emulates a radiometer with a finite FOV, which
records only one value. Two advantages of this approach are that
the pixels lead to a stratification of the samples across the sensor
plane and that the recorded radiance can be filtered by pixels. The
former reduces variance, while the latter allows for cropping of the
image to exclude regions of unwanted radiance, such as radiance
entering the sensor directly from the sky, which can occur at large
values of VZA.

The fixed FOV of the sensor introduces a problem. In oblique
observation geometries, radiance from unwanted directions, such as the
sky, can enter the sensor. A possible solution to this issue is manual
cropping of the images, to exclude contributions from undesired
directions. However, in a simulated campaign, cropping can be
automated, by creating a mask, which is applied to the images.

The mask for the canopy simulations is created by replacing the
vegetated surface with a flat surface with 100% Lambertian reflectance
and removing the atmosphere. This will yield an image, which records
high radiance values everywhere, where there is vegegation in the original
image and zero radiance for the sky. Figure 6 illustrates an oblique
observation for the canopy and the corresponding simulated mask.

For the simulations of the CRP, the required cropping region is
smaller. In this case, the mask is simulated by setting the reflectance
of the soil and the canopy to zero and removing the atmosphere. The
simulated image will show non-zero radiance values only for the
pixels, which contain the CRP.

The deviation Dr of each scenario from the REF case is defined as
the relative difference

Dr,i � RHCRF − RBRF

RBRF
(7)

where RBRF and RHCRF are defined by Eqs 2, 6. The overall deviation
of the different scenarios from the REF case was quantified by using
the relative root mean squared error between each scenario’s results
and the reference BRF:

ΔRRMSE � 100 ·
���������∑n

i�0 Dr,i( )2
n

√
(8)

6 Results

6.1 Reference case

The result of the simulations performed for the REF case are
presented in Figure 7, which shows the RBRF reference reflectance
values defined in Eq. 7. This quantity is the surface FRM defined
in Eq. 2.

FIGURE 5
Shorthand notations for simulated scenarios. The first position describes the CRP variants, where L denotes the Lambertian CRP and M denotes the
non-Lambertian CRP. The second position holds information on the acquisition time. Here, I denotes instantaneous acquisition, while R denotes real-
time acquisition. The third position describes the sensor FOV, where N denotes a narrow FOV and W denotes a wide FOV. Finally, the fourth position
describes the atmosphere. Here N denotes the absence of atmosphere, L denotes an atmosphere with an AOT of 0.2 and H denotes an atmosphere
with an AOT of 0.4.

TABLE 2 Shorthand notations for the 18 simulated scenarios and their
parameter combinations. The fist letter denotes the type of reference surface,
the second letter denotes the acquisition time, the third letter denotes the
measurement device’s FOV and the fourth and final letter denotes the type of
atmospheric scattering.

Atmosphere FOV Lambertian CRP Spectralon CRP

instant real
time

instant real
time

none 1° LINN LRNN — MRNN

30° LIWN LRWN — MRWN

light 1° LINL LRNL — MRNL

30° LIWL LRWL — MRWL

heavy 1° LINH LRNH — MRNH

30° LIWH LRWH — MRWH
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The overall shape of the reflectance profile is dominated
by the back-scattering hotspot (here at 50° zenith angle)
typical of vegetated surfaces. The BRF shows high
symmetry with respect to the principal plane, which is
attributable to the statistical isotropy and uniformity of the
vegetated cover.

The lower frame in Figure 7 shows the principal-plane transect of
the overall reference BRF. As this typically contains the most distinct
features of the BRF, the results of the simulated scenarios provided in
the following sections will be similarly provided. However, all statistical
quantities and relative differences between the scenarios and the
reference are computed across all geometries listed in Section 4.5.

6.2 Narrow FOV (**N* scenarios)

The Lambertian CRP with a narrow FOV and instantaneous
acquisition cases (LINN, LINL, LINH in Table 2) are presented first
(Figure 8). The LINL and LINH cases illustrate the effects of
atmospheric scattering on the HCRF values: increasing levels of
atmospheric scattering result in a less intense hotspot in the profile.

The results for the scenarios with Lambertian CRP but non-zero
acquisition time (LRN*) are shown in Figure 9. Visually these results
differ only by a very small amount from those of the instantaneous
acquisition scenarios (LIN*, Figure 8). Figure 10 shows the results
for the MRN* scenarios, which include the non-Lambertian CRP.
Compared to the LRN* and LIN* scenarios, the observed reflectance
values are overall higher.

6.3 Wide FOV (**W* scenarios)

The different atmospheric variants for the wide FOV and
otherwise ideal conditions, are shown in Figure 11. The high
relative difference values in the back scattering direction suggest
that simulations performed with such a wide FOV result in a poorly
resolved hotspot. Quantitatively this results in an increased
maximum Dr, which is higher than 13% for all cases, whereas it
is below 5% for narrow field of view in the **N* scenarios.

Combining the wide FOVwith the realistic flight duration yields the
LRW* scenarios, which are shown in Figure 12. The changes in ΔRRMSE

and maximum Dr, compared to the instantaneous scenarios (LIW*) is
small. While ΔRRMSE decreases slightly, the maximum Dr increases.

Finally, the wide FOV scenarios with the non-Lambertian
reference panel (MRW*) are shown in Figure 13. Between the

FIGURE 6
Left: A simulated canopy image, recorded at an oblique angle. A significant part of the image records radiance originating from scattering in the
atmosphere. Right: A render of a white surface without an atmosphere. Note how the position of the horizon on the left coincides with separating line
between the white and black areas on the right. The right image is used to mask the left and crop out unwanted radiance. Created with eradiate.eu

FIGURE 7
Simulated BRF for the REF case. Top: The full hemisphere.
Bottom: The principal plane (negative azimuth values correspond to
180° viewing azimuth angle). Stars indicate the direction of
illumination. The back scattering hotspot typical of vegetated
surfaces is clearly visible.
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LRW* scenarios and these, ΔRRMSE and maximum Dr,i increase for
the no atmosphere scenario, but decrease significantly for the
atmosphere scenarios.

Figures of the reflectances for all scenarios are available as
Supplementary Material.

7 Discussion

As expected, the ΔRRMSE is smallest for the LITN scenario
(0.4%), because the conditions encountered in this scenario
(Lambertian CRP, instantaneous acquisition, tight sensor
FOV, no atmosphere) are most similar to the conditions
under which the BRF of the REF case is simulated. The
largest, appears for the MRWH (non-Lambertian CRP, non-
zero time of flight, wide sensor FOV, heavy atmosphere)
scenario (8.7%). The influence of various parameters is
quantitifed by evaluating the change in mean RRMSE and
maximum deviation when changing a single parameter
(Table 3). For example, adding light atmosphere means, in
terms of scenario abbreviations, ***N → ***L.

The measurement device’s FOV is found to have a significant
impact. Here the values of 1° and 30° FOV were simulated. While the
former might be an overly idealized situation for a real measurement
device, the latter is typical for reviewed field measurement campaigns

(Li et al., 2021b; Pan et al., 2020; Li et al., 2021a). Although the mean
increase in ΔRRMSE when increasing the FOV is rather low at
0.4 percentage points, the maximum deviation increases by a
significant amount (4.7 percentage points). In the individual cases it
is found that a wide FOV under otherwise idealized conditions, the
LIWN scenario, leads to a mean ΔRRMSE of 1.3% with a maximum
deviation of around 13%. A close look at Figure 11 reveals that a
measurement device with such a large FOV performs poorly at
recording the back-scattering hotspot of the surface, even when an
idealized case with no atmosphere is considered. Figure 4 can assist in
the interpretation of these results: On this image, which shows a wide
FOV (20°) render of the surface, the back scattering hotspot is visible. A
wide FOV observation is equivalent to averaging all pixels in this image,
which results in pixels near the hotspot being blended with the pixels
outside the hotspot; in other words, the overall measured value contains
the hotspot signal, but is muted due to contributions from adjacent
pixels. On the other hand, an observation with a narrow FOV is
equivalent to considering only the central portion of the image, which,
in practice, means restricting the contributions to the measurement to
the near-hotspot pixels.

The largest contribution to bias between HCRF and BRF originates
from the scattering of light in the atmosphere. The atmosphere
parametrization used for these simulations includes a molecular
component featuring Rayleigh scattering (0.1 optical thickness (OT)
in the considered spectral band), to which is added an aerosol

FIGURE 8
Results for the LIN* scenarios (Lambertian CRP, instantaneous acquisition and narrow FOV, varying atmospheric density). The LINN scenario
matches the reference well, but the deviation increases with increasing atmospheric density.
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component with an OT of 0.1 (***L scenarios) or 0.3 (***H scenarios),
thus amounting for a total optical of 0.2 (***L scenarios) or 0.4 (***H
scenarios). Already with a total OT of 0.2, typical of clear days, themean

ΔRRMSE increases by 3.5 percentage points. With a total OT of 0.4,
typical of more hazy days, the mean ΔRRMSE increases by 7 percentage
points. In the LINH scenario (ideal CRP, instantaneous acquisition,

FIGURE 9
Results for the LRN* scenarios (Lambertian CRP, real acquisition
time and narrow FOV, varying atmospheric density). The scenario data
is lowered near the back-scattering hotspot, compared to the
reference result. The difference to the reference increases with
increasing atmospheric density.

FIGURE 10
Results for the MRN* scenarios (non-Lambertian CRP, real
acquisition time and narrow FOV, varying atmospheric density). Note
the slight overall increase in values, as compared to the LRN*
scenarios.

FIGURE 11
Results for the LIW* scenarios (Lambertian CRP, instantaneous
acquisition and wide FOV, varying atmospheric density). The back-
scattering hotspot is much less resolved, than in the reference result.

FIGURE 12
Results for the LRW* scenarios (Lambertian CRP, real acquisition
time and wide FOV, varying atmospheric density). The back-scattering
hotspot is much less resolved, than in the reference result. The
difference to the reference result increases with atmospheric
density.
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narrow FOV, atmosphere with 0.4 OT), theHCRF significantly deviates
from the reference BRF with a RRMSE of 7.6% and a maximum
deviation of 21.3% recorded in the back scattering direction. In the
LINL scenario (similar with 0.2 OT, typical of clear days), the RRMSE
(4.2%) and maximum deviation (11%), recorded in the back scattering
direction are still high.

The celestial movement of the Sun is found to have a minor
influence on the difference between HCRF and BRF with a mean
increase in ΔRRMSE of 0.1 percentage points. Here, a look at the
corresponding scenario LRTN, which uses idealized conditions aside
from the solar movement, reveals a mean bias of 1.5% with a
maximum deviation of 4.8%.

In terms of ΔRRMSE, the biggest deviation of 8.7% appears at the
MRWH scenario, which implements the least ideal conditions. The
highest maximum deviation at 21.9% occurs in the MRWH and
LIWH scenarios, which further emphasizes the importance of
atmospheric scattering.

8 Conclusion and outlook

This study illustrates the challenges of surface BRF estimation
from UAV-borne observations. As the BRF is a purely theoretical
quantity, in situ measurements can only approximate it and the
HCRF should be chosen as the more appropriate quantity. The
analysis relies on simulated UAV observations over a grassland with
the open-source 3D radiative transfer model Eradiate.

If bottom of atmosphere measurements are to be used as FRMs,
being able to estimate the uncertainty of the retrieved surface reflectance
is essential. The variables and parameters of such a measurement
approach have been discussed and a subset of four parameters with
high expected impact on the HCRF acquisition has been selected. For
those four parameters, the atmosphere, the FOV of the measurement
device, the celestial movement of the Sun and the non-Lambertian
reflectance of reference surfaces, typical and realistic values were chosen
based on a literature review.

In the presented experimental plan, the acquisition of the HCRF of
a highly realistic scene is recreated under different conditions. The bias
for each scenario, determined through comparison with a reference
BRF of the scene, is computed and from all scenarios the mean effect of
each parameter is extracted (See Table 3). In each row the effect of one
parameter is given, with the parameter name in the first column and the
corresponding shorthands in the second. Here the two letters in bold
print denote the parameters which were fixed, while capital X denotes a
placeholder, as all variants were averaged. For example XXXN means
LINN, LIWN, LRNN, LRWN, MRNN, and MRWN.

Based on the results of this simulation campaign, we issue
recommendations for the preparation of future efforts aiming at
retrieving BRF records through in situ HCRF retrievals: (i)
perform the measurements at a date and time when
atmospheric conditions are most favorable, i.e., diffuse sky
radiation is as low as possible, and (ii) crop images acquired
by UAVs and used for HCRF estimation to keep the effective
FOV as small as possible. Recommendation (i) ensures that the
illumination is as close as possible to an ideal directional light
source, while recommendation (ii) ensures that the sensor is as
close as possible to a directional radiance meter. Although
meeting the ideal conditions of the reference BRF simulation
case (perfectly directional illumination and sensor) is impossible,
based upon our results this approach will minimize the
magnitude of the issues encountered when attempting to use
field HCRF estimations as a proxy for surface BRFs.

Future developments could include the design of a protocol to
retrieve the intrinsic surface BRF from bottom of atmosphere HCRF
measurements, based on available data characterizing the

FIGURE 13
Results for the MRW* scenarios (non-Lambertian CRP, real
acquisition time and wide FOV, varying atmospheric density). Note the
slightly increased reflectance, compared to the LRW* scenarios. The
back-scattering hotspot is much less resolved, than in the
reference result. The difference to the reference case increases with
atmospheric density.

TABLE 3 Average increase in ΔRRMSE and maximum deviation for all parameters.

Parameter Abbreviations ΔRRMSE change Max Dr change

Light atmosphere XXXN → XXXL 1.6% → 4.4% 8.7% → 13.4%

Heavy atmosphere XXXN → XXXH 1.6% → 7.9% 1.6% → 21.1%

Field of view XXNX → XXWX 4.4% → 4.8% 12.0% → 16.7%

Solar movement XIXX → XRXX 3.7% → 3.8% 13.6% → 13.6%

Spectralon reference LXXX → MXXX 4.3% → 5.2% 14.1% → 14.6%
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atmosphere at the date and time of the acquisition. This should be
facilitated if the aforementioned recommendations are applied.
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