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Abstract: The Bidirectional Reflectance Distribution Function (BRDF) of soils is frequently assumed
to be Lambertian in remote sensing applications, even though many soils are observed to have a
distinct backscatter. This is largely due to the difficulty of obtaining accurate in-situ BRDF of these
materials over the entire hemisphere. The objective of the work presented here is to describe a new
technique that combines the measurement of field BRDF data on desert and beach sands measured
at night with a model that reproduces the backscatter except in a small region around zero phase
angle. It is found that this combination produces parameterized BRDF of sufficient accuracy to allow
its inclusion in a remote sensing materials database. The measurement technique was developed
in the laboratory and transitioned to perform in-plane BRDF field measurements of sands at night.
Field measurements were obtained using a portable light source and field spectrometer over the
range of 0.4–2.4 micrometers. The spectrometer sensor optics and light source were mounted on
a portable, manually operated goniometer allowing in-plane measurements to within 3 degrees of
backscatter. Unlike daytime measurements, corrections for background were unnecessary, and BRDF
was obtained by referencing to a Spectralon calibration standard. Analysis of the spectrometer field
data used a variant of the Shadow Hiding Opposition Effect (SHOE) wherein a series expansion of
Legendre Polynomials was substituted for the angularly dependent backscatter function. It is shown
that when the out-of-plane scattering and the backscatter peak are small, this model provides an
adequate description of the BRDF. The combination of the nocturnal in-situ measurements with an
analysis using a model that can describe the backscatter produces parameterized BRDF for these
sands of sufficient accuracy to allow inclusion in the NEFDS materials database. Measurement and
analysis techniques are assessed, sample results for both the laboratory and field data are shown, and
the extension to future soils measurements are discussed.
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1. Introduction
1.1. Overview

Under the Materials Measurement program of the Nonconventional Exploitation
Factors Data System (NEFDS) [1,2], BRDF had been measured in the laboratory and field for
several beach and desert sand sites and incorporated within the NEFDS database. Typical
remote sensing applications for spectral reflectance measurements of beach or desert sands
include the vicarious calibration of satellite sensors [3,4], study of materials where sand is a
contaminant or background in a larger scene [5,6], the determination of soil particle sizes [7],
disturbed soil studies [8–11] and mapping evaporite mineral distributions [12,13]. Model
parameters obtained as a function of wavelength from the current measurements have
been incorporated within the NEFDS software database, allowing users of the software
to quickly compute BRDF for a given reflection geometry. The equipment, procedure
and analysis techniques in this program have been examined throughout the program’s
lifetime to decrease the statistical variation of the results and increase the measurement
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and analysis efficiency. Field measurements are now made at night using the same portable
light source, mountings and spectrometer used in the laboratory. Analyses of the measurements
are performed using best fits to variants of the Shadow Hiding Opposition Effect (SHOE) BRDF
model [14–16] for particulates. Improved procedures and analysis techniques are discussed
below. A discussion of extensions of this work and suggestions for improvements are provided.

1.2. The NEFDS Program

The Nonconventional Exploitation Factors Data System/Database (NEFDS/NEFDB) is
a system of high-quality data and algorithms for spectro-radiometric exploitation, thermal,
polarimetric, and radar modeling. The NEFDS software and database is unique in that,
unlike with traditional spectral libraries, it provides a system of data, parameters, and models
that permit the characterization of effective reflectance, emissivity, and aperture radiance
estimates, as a function of arbitrary source, sensor, and target geometry. The materials
database includes Directional Hemispheric Reflectance (DHR) and Bidirectional Reflectance
Distribution Function (BRDF) for over 2000 and 750 materials, respectively. In addition,
material thermal and electromagnetic bulk properties were included in the database.

BRDF is included for most materials using the Modified Beard Maxwell (MBM) [17,18]
model. Model parameters are determined from more than one thousand polarized and
unpolarized measurements for each material, which are measured at each of five laser
wavelengths at the Optical Measurement Facility (OMF) at Wright Patterson Air Force Base.
Imagery and description files were included within the Graphical User Interface (GUI)
for the user. Over 100 modeled atmospheric database items allow users to approximately
correct for atmospheric extinction, scattering and radiative effects (upwelling and down-
welling). Sensor response functions and source irradiance database items are also available.
The software package also includes an Application Program Interface (API) that allows for
implementation of NEFDS algorithms into external software.

1.3. Soils Materials in the NEFDS

Laboratory DHR had been measured for soils throughout most of the NEFDS program.
However, field BRDF is desirable for remote sensing applications, especially for sands, as
the crust known to exist on soils in the field is hard to recreate in the laboratory. In addition,
particulates such as sands are known to have a backscatter peak in their reflectance and
thus simple assumptions such as Lambertian scattering, which is used as a reasonable
assumption for soil BRDF, does not adequately describe the angular distribution for all
reflection geometries. Early attempts at field BRDF measurements for the NEFDS soils
program [19,20] were performed in daylight with a portable field spectrometer using the sun
as a source. The movement of the sun, atmospheric corrections and multiple scattering from
environmental sources made interpretation of the data, even within simple models, difficult.
Measurements made at the USGS laboratory of soil samples returned from the field sites
that used the portable Analytic Spectral Devices (ASD) Field Spec Pro spectrometer [21]
available through Malvern Panlytical Ltd., (Malvern, UK), and an unpolarized tungsten
halogen light source [22] were more successful. The sensor and source were mounted on
photographic tripods and aligned to the required angles using digital protractors. In-plane
data were acquired using the light source in a darkened room. These measurements were
referenced to a Spectralon polytetrafluoroethylene (PTFE) calibration panel manufactured
by Labsphere. Initially, data were analyzed within a simple empirical model that assumed
a polynomial background with Gaussian peaks at the forward and backward reflection
angles. The more physically based nine-parameter MBM model, used to parameterize
laboratory BRDF data from OMF, was found to not provide adequate fits to the field data.
While analysis of the data within the MBM model was not feasible, Hapke’s particulate
BRDF SHOE model proved more successful. This semi-empirical BRDF model is based on
radiative transfer theory, but includes a model, added ad hoc, for the observed backscatter
peak seen in soil BRDF measurements. The height and width of this peak are determined
empirically through data fits but can be related to soil physical properties [14].



Remote Sens. 2022, 14, 5020 3 of 13

BRDF measurements for several of the sands returned from the field were measured
in the laboratory using both the USGS equipment and Northrop Grumman’s Horizontal
Mount Scatterometer (HMS) [23] at several VNIR laser wavelengths. The Northrop Grum-
man HMS obtained BRDF to within 1.5 degrees of the backscatter peak, allowing extraction
of the peak width and height within a fit to the SHOE model. These were held fixed within
the analysis of the USGS data, which were obtained to within 3 degrees of backscatter.

A modification of the original Hapke model, described in the following sections pro-
vided sufficient accuracy to allow the inclusion of laboratory and field BRDF measurements
for seven different soils in the NEFDS database by the end of September 2019.

2. Materials and Methods
2.1. Equipment and Measurement Procedure

Equipment used for reflectance measurements in the NEFDS soils program included
the portable VNIR/SWIR Field Spec Pro spectrometer, shown in Figure 1, set up for
laboratory use (left) and for use in the field for the Nevada desert site near Railroad
Valley (right). The light reflected from the target is collected by a lens with either a
1-degree or 5-degree field of view and transferred to the ASD spectrometer via fiber-optic
cable. The sensor optic and light source were mounted on swing arms using either photo-
tripods or a simple goniometer platform. The reflection angles were determined by digital
protractors on the swing arms. Angular distributions of reflectance, which were measured
with respect to a Spectralon calibration panel with the sensor angle fixed, were used to
extract model parameters within the Hapke BRDF model. An in-plane calibration spectrum
was taken for each reflection measurement at a given sensor and source angle. In the
laboratory, the Spectralon panel was the same depth as the target container, so no offset
in height was required for the calibration measurement. However, for the calibration of
field measurements the tripod would be raised by the height of the Spectralon panel for the
duration of the calibration. Measurements of these calibrated “white-referenced” spectra
were made at about 10-degree intervals, between a −70- and 70-degree zenith source angle,
for three positions of the sensor. Measurements typically were made to within 3 degrees of
backscatter. Sensor and source field-of-view coincidence were verified by laser pointers
mounted on the swing arms collinear with the sensor and light sources. At the soil surface,
the areal field of view for the 1-degree foreoptic was approximately 3 cm in width (major
axis) at 60 degrees zenith, and 19 cm width for the 5-degree field of view foreoptic.
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Figure 1. (a) Equipment setup for laboratory measurements. Portable ASD spectrometer and Lowel
halogen photographic light source are mounted on tripods with swing arms. (b) Field measurements
using same source and sensor as used in laboratory measurements. Angles are measured by digital
protractor mounted on swing arms in both cases.
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Later measurements in the program used a goniometer constructed out of aluminum
struts to mount the source and sensor. While goniometer designs for the measurement of
BRDF have been extensive, ranging from simple designs using inexpensive materials to
automated designs capable of measuring over the entire hemisphere [24–28], our design
effort led to a portable, inexpensive platform capable of in-plane measurements using our
laboratory equipment over a 140-degree range to within 3 degrees of backscatter.

An upgraded version of the field goniometer constructed of 80–20 [29] aluminum
struts is shown below. The inexpensive platform is 122 × 61 cm at the base, has swing arms
of 46 and 66 cm in height and weighs about 9 kg.

Field measurements using this platform require a small trench to be dug to allow the
pivot point of the swing arms to be coincident with the soil surface, as shown in Figure 2b.
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2.2. Nocturnal Field Measurements

Daylight measurements of soil reflectance using the sun as a source require either an
absolute measurement of solar intensity, in which case atmospheric corrections must be
applied, or relative measurements with respect to a calibrator, where the solar intensity is
assumed not to change during the measurement. Corrections to absolute measurements
of solar intensity can be substantial, even for cloudless daylight measurements of solar
light transmitted through the atmosphere [30] under clear sky conditions. Changes in
solar intensity must be monitored in daylight measurements as even light clouds can cause
significant reductions in intensity.

Both laboratory and field measurements presented in this work are taken under
darkened conditions. A Spectralon calibration spectrum was acquired with each soil
reflectance measurement and a ratio determined. These “white-referenced” data were
outputs of the spectrometer software for later analysis.

Field BRDF measurements for the NEFDS soil program are performed at night using
the same equipment and techniques developed for laboratory measurements The portable
halogen source was mounted on the swing arm of either the tripod or goniometer platform
and was adjusted to the desired illumination angle for the length of the measurement, at
the desired fixed sensor angle. This allowed full angular distributions to be accumulated,
unlike solar daytime measurements. Some problems unique to night measurements in the
field were encountered, most notably during warm, wet conditions, when flying insects are
abundant. These insects were attracted to the goniometer source light and could make data
acquisition difficult, if not impossible.

The top layer of soil, roughly 1 cm in thickness, was returned to the USGS laboratory
in sample bags. Samples were spread without compaction onto a tray approximately
25 cm in diameter, wetted using a water bottle spray (simulating raindrops) and allowed
to dry to form a crust. BRDF and DHR laboratory measurements were made in an air
condition-controlled environment, under darkened conditions using the same equipment
(for BRDF) as used for the in-situ measurements. DHR was measured over the VNIR/SWIR
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range using a grating spectrometer and in the Thermal Infrared (2.0–14 microns) using a
Fourier Transform Interferometer. Both instruments were equipped with an integrating
sphere. Photography of the field site and laboratory samples, including photomicroscopy,
are included as part of the NEFDS database.

2.3. Model and Data Analysis Procedures
2.3.1. Data Analysis Procedures

The Spectralon calibrated “white-referenced” spectra were: (1) corrected for angle
offsets and Spectralon degradation; (2) averaged over three measurements collected at
each reflection setting; and (3) binned within analysis fitting codes. These codes use
the Levenberg–Marquardt algorithm [31,32] to obtain the best fit of the data to one of
two variants of the Hapke BRDF model; either the Shadow Hiding Opposition Effect
(SHOE) [14–16] or the surface phase function (SPF) variant introduced by Shepard and
Helfenstein [33,34]. The SHOE model is a radiative transfer model that describes the
backscatter peak seen in soils as a combination of a geometric shadowing model and
a coherent backscatter model relevant within a few degrees of backscatter. The SHOE
algorithm used in this analysis is a 4-parameter description of the scattering that includes
only shadow hiding—the single particle albedo, the height and width of the backscatter
peak, and an asymmetry scattering parameter that describes the average of the cosine of
the scattering angle within an Henyey-Greenstein [35] empirical phase function.

The surface phase function variant of Hapke’s BRDF model substitutes a polynomial
expansion for the backscatter in the original SHOE model. The difference in the calculated
BRDF ratioed to the calibrator Spectralon between the two models can be seen in Figure 3,
in which laboratory data taken at 544 nm are shown for two New Jersey beach sands,
with best fits derived using both the SHOE and the surface phase function models. These
data were taken at a fixed sensor angle of 45 degrees zenith. The width and height of
the backscatter peak were determined from separate fits to data (collected with Northrop
Grumman’s HMS) and held constant for the SHOE model fits to the ASD data presented
here. Using the SHOE model, the backscatter peaks for the beach and desert sands included in
the NEFDS database were small, typically having a Full Width Half Maximum (FWHM) width
of about 2 degrees. The surface phase function modification provided a good fit to the data;
thus, the Shepard and Helfenstein model variant has been chosen for analysis of the ASD field
data. This allowed a determination of the BRDF over the hemisphere with a limited dataset,
except near (within a degree or two) the backscatter peak. Future goniometer development
could allow field measurements closer to the backscatter peak and thus reconstruction of the
BRDF using the height and width parameters of the SHOE model.
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(red) or the surface phase function variant (blue). (a) New Jersey Beach Sand NEFDS designation
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Beach Sand NEFDS 1282SOLH data taken at 45 degrees Source Zenith. Note the dip in the reflectance
at backscatter for the surface phase function model is a result of taking a ratio with Spectralon, which
has a slight increase in reflectance at zero phase angle.
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2.3.2. BRDF Model Parameters within Hapke’s SHOE Model

In the SHOE model, the BRDF is given as the bidirectional reflectance divided by the
cosine of the incident zenith angle ϑi, µi = cos(ϑi) producing:

BRDF(i, e, g) =
w

4π

1
µe + µi

{[1 + B(g)]p(g) + H(µi)H(µe)− 1}

where i and e are the incident and emitted reflectance angles, respectively, and g is the
phase angle, and

B(g) =
B0

1 + (1/h) tan(g/2)

H(x) =
1 + 2x

1 + 2γx

In these equations, the incident light makes an angle ϑi with the normal to the surface
and is reflected from the surface at an angle ϑe with respect to the surface normal towards
the sensor. The phase angle g is the difference between the incident and emitted angles,
w is the single scattering albedo, µe is the cosine of the reflection zenith angle ϑe, h and
B0 are the width and height of the backscatter peak, respectively, and the function H(x) is
an approximate solution to an integral equation [14–16,36] with

γ =
√

1− w.

The scattering phase function p(g) describes the angular pattern into which power
is scattered. The BRDF can then be seen to be a function of three adjustable parameters,
w, h and B0, plus the parameters of the scattering phase function, when the incident and
emitted reflectance angles (i, e) are known. The scattering phase function can add from
zero to four (or more) additional parameters to these three, depending on the complexity of
the data to be described. Isotropic scattering gives p(g) = 1, while the phase function that
describes the molecular dipole scattering of unpolarized visible light, Rayleigh scattering,
is given by [37]

pR(g) =
3
4

(
1 + cos2g

)
Data taken and incorporated into the NEFDS in Hapke’s SHOE model are described

by the Henyey-Greenstein equation [14] given by:

p(g) =
1− ξ2

(1 + 2ξcosg + ξ2)
3/2

with ξ defined as the “asymmetry factor,” describing the amount of forward-backward
asymmetry to the scattering. If the angles are known, the function p(g) can instead be
viewed as a function of the asymmetry parameter ξ, p = p(ξ), and used as a fit parameter
to the reflection data. Data within this model were analyzed with best fits to the four model
parameters w, h, B0 and ξ. In the NEFDS, four soil materials were analyzed within the
SHOE model and are presented within the database.

2.3.3. BRDF in SPF Modification

Note that Hapke’s BRDF model as described above can be rewritten in the following form:

BRDF(i, e, g) =
w

4π

1
µe + µi

[F(g) + C(µe, µi)]

where the surface phase function is defined by

F(g) = [1 + B(g)]p(g)
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The angularly dependent product of H-functions is defined here as

C(µe, µi) = H(µe)H(µi)− 1

In the above model, we have expressed this product function as well as the SPF as
functions of the reflection angles, not in terms of the SHOE backscatter parameters h and
B0 and “asymmetry factor” ξ.

The Shepard-Helfenstein modification of Hapke’s model parameterizes the function
F(g) in terms of Legendre polynomials expressed as an expansion in the phase angle g.
The coefficients of the Legendre polynomials are the parameters of interest describing the
material reflection properties, instead of the three parameters h, B0 and ξ derived from the
SHOE model. While the form of the derived model for the BRDF is the same as the original,
with the single parameter albedo parameter w identical in the two models, the modified
parameterization does not require a peak described by the parameters h and B0. This is
an advantage if one wishes to reproduce experimental BRDF datasets, though only the
parameter is linked directly to a physical property of the material—the albedo. While the
original Hapke SHOE model parameter h, the width of the backscatter peak, can be shown
to be a function of the particle size and packing fraction, the parameters of the Legendre
function do not directly represent physical properties of the particulate under study. They
are an empirical fit to the data.

The modified Hapke model can then be written as above, but with the functional form
as below

F(g) = 1 +
N

∑
n=1

anPn

where Pn is the Legendre Polynomials of order n, the summation starting at n = 1 and the
parameters fit to the data are the coefficients an.

As shown in Figure 3, if the backscatter peak is small, the error in describing the
BRDF is small using the SPF variant of Hapke’s model. The albedo parameter w and
up to three polynomial coefficients are determined in the fitting procedures within the
Shepard-Helfenstein modification of Hapke’s model [34,38].

BRDF was obtained from this model for 284 wavelengths over the range of the spec-
trometer measurements, from approximately 400–2440 nm. As the measured quantity
from the spectrometer is BRDF ratioed to a Spectralon calibrator, Spectralon BRDF was
calculated within the analysis code to obtain a ratio of target BRDF to the Spectralon at that
wavelength. The calculated Spectralon BRDF was obtained from NEFDS MBM-modeled
BRDF from OMF measurements on either a pristine or weathered panel. A constant 3%
error was added in quadrature to the measured data to account for the uncertainty in
Spectralon BRDF.

Best fit modeled BRDF was integrated over the hemisphere to obtain DHR for com-
parison with laboratory measured DHR (8-degree source angle). This integrated BRDF is
included within the NEFDS for each measured field dataset.

3. Recent Results

Removal of the soil from a site for laboratory measurements changes its physical
structure and reflection characteristics. Thus, it should be a goal of the program to measure
BRDF for soils in-situ. Field data were taken on both beach and desert sands for incorpora-
tion into the NEFDS. Recent data on desert sand were from the lower part of an alluvial
fan at a site near Mountain Pass, CA. The sample measured both in the laboratory and in
the field, consists mostly of (90–93%) poorly sorted, very fine to coarse sand with granitic
granule sized, subangular rock fragments, that form a weak crust. The site is shown on the
left of Figure 4, taken from a few meters distance in the day. A recreation of the surface in
the laboratory is shown on the right of Figure 4, from a nadir viewing position at about the
same source angle as for the field image. A metric ruler at the bottom of the right image
shows the larger pebbles to be a few millimeters in size.



Remote Sens. 2022, 14, 5020 8 of 13

Remote Sens. 2022, 14, x FOR PEER REVIEW 8 of 14 
 

 

The modified Hapke model can then be written as above, but with the functional 
form as below 

𝐹(𝑔) = 1 + 𝑎 𝑃  

where Pn is the Legendre Polynomials of order 𝑛, the summation starting at n = 1 and the 
parameters fit to the data are the coefficients 𝑎 . 

As shown in Figure 3, if the backscatter peak is small, the error in describing the 
BRDF is small using the SPF variant of Hapke’s model. The albedo parameter 𝑤 and up 
to three polynomial coefficients are determined in the fitting procedures within the Shep-
ard-Helfenstein modification of Hapke’s model [34,38]. 

BRDF was obtained from this model for 284 wavelengths over the range of the spec-
trometer measurements, from approximately 400–2440 nm. As the measured quantity 
from the spectrometer is BRDF ratioed to a Spectralon calibrator, Spectralon BRDF was 
calculated within the analysis code to obtain a ratio of target BRDF to the Spectralon at 
that wavelength. The calculated Spectralon BRDF was obtained from NEFDS MBM-mod-
eled BRDF from OMF measurements on either a pristine or weathered panel. A constant 
3% error was added in quadrature to the measured data to account for the uncertainty in 
Spectralon BRDF. 

Best fit modeled BRDF was integrated over the hemisphere to obtain DHR for com-
parison with laboratory measured DHR (8-degree source angle). This integrated BRDF is 
included within the NEFDS for each measured field dataset. 

3. Recent Results 
Removal of the soil from a site for laboratory measurements changes its physical 

structure and reflection characteristics. Thus, it should be a goal of the program to meas-
ure BRDF for soils in-situ. Field data were taken on both beach and desert sands for incor-
poration into the NEFDS. Recent data on desert sand were from the lower part of an allu-
vial fan at a site near Mountain Pass, CA. The sample measured both in the laboratory 
and in the field, consists mostly of (90–93%) poorly sorted, very fine to coarse sand with 
granitic granule sized, subangular rock fragments, that form a weak crust. The site is 
shown on the left of Figure 4, taken from a few meters distance in the day. A recreation of 
the surface in the laboratory is shown on the right of Figure 4, from a nadir viewing posi-
tion at about the same source angle as for the field image. A metric ruler at the bottom of 
the right image shows the larger pebbles to be a few millimeters in size. 

 
(a) (b) 

Figure 4. (a) Mountain Pass, CA, alluvial fan site as seen from a few meters distance in late after-
noon. Latitude: N 35 degrees 22 min 2.273 s. Longitude W115 degrees 34 min 43.5 s. North is towards 
the bottom of the figure. The image is of a region approximately 3 m in extent. (b) Nadir view of 
laboratory recreated soil surface as measured at USGS, illuminated with a strobe light at about the 

Figure 4. (a) Mountain Pass, CA, alluvial fan site as seen from a few meters distance in late afternoon.
Latitude: N 35 degrees 22 min 2.273 s. Longitude W115 degrees 34 min 43.5 s. North is towards
the bottom of the figure. The image is of a region approximately 3 m in extent. (b) Nadir view
of laboratory recreated soil surface as measured at USGS, illuminated with a strobe light at about
the same angle of incidence as the field image, scale in millimeters at bottom of photo. BRDF field
measurements were made at about 05:00 UT, 28 September 2017.

Angular distribution data measured both in the field and laboratory were analyzed
with the SPF model variant of the Hapke model; field data are presented along with the
model fits in Figure 5a. The 544 nm field BRDF data ratioed to Spectralon are shown ranging
from −70 to 70 degrees source angle, taken at a fixed sensor angle of 30 degrees, along
with best fits from the field and laboratory measurements. These data show a pronounced
backward asymmetry that would be modeled within the SHOE model as a combination of
negative asymmetry parameter ξ and a backscatter peak at −30 degrees zenith. The SPF
variant can model the asymmetry, though it cannot reproduce a peak at backscatter. As
the Spectralon calibrator has a small backscatter peak, the “white-referenced” data, which
is a ratio of the calculated BRDF to Spectralon, slightly decreases in the backscatter peak
region, as shown in Figure 5a.

Remote Sens. 2022, 14, x FOR PEER REVIEW 9 of 14 
 

 

same angle of incidence as the field image, scale in millimeters at bottom of photo. BRDF field meas-
urements were made at about 05:00 UT, 28 September 2017. 

Angular distribution data measured both in the field and laboratory were analyzed 
with the SPF model variant of the Hapke model; field data are presented along with the 
model fits in Figure 5a. The 544 nm field BRDF data ratioed to Spectralon are shown rang-
ing from −70 to 70 degrees source angle, taken at a fixed sensor angle of 30 degrees, along 
with best fits from the field and laboratory measurements. These data show a pronounced 
backward asymmetry that would be modeled within the SHOE model as a combination 
of negative asymmetry parameter 𝜉 and a backscatter peak at −30 degrees zenith. The 
SPF variant can model the asymmetry, though it cannot reproduce a peak at backscatter. 
As the Spectralon calibrator has a small backscatter peak, the “white-referenced” data, 
which is a ratio of the calculated BRDF to Spectralon, slightly decreases in the backscatter 
peak region, as shown in Figure 5a. 

 
(a) (b) 

Figure 5. (a) Mountain Pass alluvial sand field and laboratory BRDF relative to Spectralon taken at 
30 degrees source Zenith for 544 nm data with best fits using the SPF variant of Hapke’s BRDF 
model. (b) integrated BRDF over the hemisphere (right) for both field and laboratory measurement 
for the Mountain Pass site. Measured laboratory DHR is shown to be consistent with the integrated 
BRDF values obtained from either the field or laboratory data. 

DHR values obtained from integration of the measured BRDF over the hemisphere 
(Figure 5b) are essentially identical for the field and laboratory data. DHR data show a 
high reflectance in the VNIR, which is commonly observed in non-organic sandy soils, 
with contributions from water absorption at approximately 1400 and 1900 nm. A feature 
due to aluminum hydroxide found in either muscovite or clay is seen at about 2200 nm. 
The integrated BRDF results are approximately within 1-standard deviation errors of the 
measured laboratory DHR. 

The nearly identical field and laboratory results presented here are not necessarily 
typical, as it is difficult to reproduce the physical structure of the soil surface in the labor-
atory. In addition to the admixing of different layers of soils returned from the field, the 
wetting and drying of the soil in the laboratory may not reproduce the hysteresis effect of 
natural repeated wetting and drying of the crusted soil in the field [39,40]. 

More interesting are the results presented in Figure 6, which are the integrated BRDF 
extracted from data taken on Chincoteague Island beach. BRDF integrated over the hem-
isphere from model fits to data taken in the laboratory on returned samples are shown in 
black. Data taken from an area approximately 50 m from the shoreline, which consists of 
a thin veneer (<1 cm) of wind-rippled sand that covers wave-swash deposited sand, are 
shown in green. Field data from the swash zone, which has been wetted by the incoming 
tide, are shown in red. The integrated laboratory BRDF from model fits to data taken on 

Figure 5. (a) Mountain Pass alluvial sand field and laboratory BRDF relative to Spectralon taken at
30 degrees source Zenith for 544 nm data with best fits using the SPF variant of Hapke’s BRDF model.
(b) integrated BRDF over the hemisphere (right) for both field and laboratory measurement for the
Mountain Pass site. Measured laboratory DHR is shown to be consistent with the integrated BRDF
values obtained from either the field or laboratory data.

DHR values obtained from integration of the measured BRDF over the hemisphere
(Figure 5b) are essentially identical for the field and laboratory data. DHR data show a
high reflectance in the VNIR, which is commonly observed in non-organic sandy soils,
with contributions from water absorption at approximately 1400 and 1900 nm. A feature
due to aluminum hydroxide found in either muscovite or clay is seen at about 2200 nm.
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The integrated BRDF results are approximately within 1-standard deviation errors of the
measured laboratory DHR.

The nearly identical field and laboratory results presented here are not necessarily typ-
ical, as it is difficult to reproduce the physical structure of the soil surface in the laboratory.
In addition to the admixing of different layers of soils returned from the field, the wetting
and drying of the soil in the laboratory may not reproduce the hysteresis effect of natural
repeated wetting and drying of the crusted soil in the field [39,40].

More interesting are the results presented in Figure 6, which are the integrated BRDF
extracted from data taken on Chincoteague Island beach. BRDF integrated over the hemi-
sphere from model fits to data taken in the laboratory on returned samples are shown in
black. Data taken from an area approximately 50 m from the shoreline, which consists of
a thin veneer (<1 cm) of wind-rippled sand that covers wave-swash deposited sand, are
shown in green. Field data from the swash zone, which has been wetted by the incoming
tide, are shown in red. The integrated laboratory BRDF from model fits to data taken
on returned samples (black) are seen to be identical to within the measurement errors of
laboratory DHR (blue) measured with a grating spectrometer and integrating sphere.
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Figure 6. Shown are data taken on Chincoteague Island beach sand: Extracted DHR from laboratory
(black), field dunes (green) and field swash zone (red) BRDF data. Laboratory measured DHR (blue)
are identical within the measured error with the integrated laboratory BRDF results.

The relatively high reflectance is in part due to the quartz composition of the sample,
rounded by frictional processes with only a small admixture of feldspar and organics.
Quartz spectral features are not seen in these VNIR/SWIR spectra, but the characteristic
crystalline quartz structure is seen in visual magnified imagery of the sand and in FTIR
laboratory data of the samples, where the restrahlen feature from 8 to 9.5 micrometers is
prominent [41]. The top few millimeters of crusted, wind-rippled sand were well-sorted
and transported by wind; thus, they will have an enhanced reflectance compared to the
more poorly sorted underlying wave swash deposited sand [42]. Enhanced reflectance
of crusted soils has also been observed to occur in laboratory crusting experiments [43].
When the soil is removed from the field for laboratory measurements, the thin veneer of
wind-rippled crusted sand is destroyed; also, the sampling technique collects some of the
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underlying, less reflective, swash zone sand. Soil hysteresis makes reproduction of the field
crust unlikely. It is not surprising that the laboratory data, which was wetted only once
and allowed to dry to form a crust, has a different reflectance than the measured field data.
Spectral features from water absorption at about 1400 nm and 1900 nm are larger in the
field reflectance data when compared with the reflectance of the dried laboratory sample,
which was kept in a temperature and humidity-controlled environment. Not only are the
water spectral features very large for the field swash zone data, but the average reflectance
is also much smaller in the VNIR away from those spectral features. This is a general
feature of the reflectance seen for wetted materials and is caused by the increased scattering
and absorption of incident light by the water that replaces the air in the voids between
sand grains. It should be noted that the value of the reflectance of the sand measured in
the swash zone is 12 percent less than value measured in the dunes at 1000 nm. This is
consistent with the 12.5% reduction seen with a 20% water volume of a Florida quartz
beach sand (NEFDS 1136QuartsS) from [5]. Though this is a reasonable value for the water
content of the swash zone sand, other effects must be considered, such as a difference
between the structure of the field dunes and swash zone sand, and instrumental effects,
including condensation on the sensor optics. To prevent condensation on the optics, we
recommend measurements in warm, humid environments use heat tapes to keep the optics
free from condensation.

4. Discussion

Continual improvement of the data acquisition process, equipment and analysis
technique allowed incorporation of in-situ soil reflectance measurements into the NEFDS
materials database. A portable spectrometer and light source mounted on a lightweight
goniometer platform has been used to collect sufficient data to do a best-fit within a variant
of Hapke’s BRDF model. The features seen in the recorded spectra of these beach and
desert sands data are typical of minimally altered soils with a small organic matter content
as described in Stoner and Baumgardner [44]. Water absorption features are seen in the
beach sand, and both the depth of the features and overall reflectance are clearly correlated
to the amount of water present in the sand. Some spectral features indicative of hydroxyl
content is seen in the desert sand. Specific mineral content indicative of quartz, for instance,
which is a major component of the beach sand, is not seen in the VNIR/SWIR spectra
discussed herein.

The BRDFs for these soils do have a significant backscatter, which is modeled within
the SPF variant of Hapke’s model as a large contribution to the 1st order Legendre polyno-
mial. The backscatter gives a maximal contribution at zero phase angle, going to zero at
90 degrees. SHOE model fits might give a better approximation, but as seen in Figure 3,
there would only be a significant difference between the two approaches at small phase
angles. In the case of the beach sand shown in Figure 6, integrating the laboratory BRDF
over the hemisphere gives virtually identical results to the value of measured DHR using a
laboratory integrating sphere, thereby supporting the supposition that the backscatter peak
is small enough to ignore except within a few degrees of zero phase angle.

Future goniometer development would allow the measurement of in-plane BRDF with
greater efficiency and precision as well as the performance of out-of-plane measurements.

The 80–20 aluminum platform has recently been used in both laboratory and field
measurements of desert sands using the SPF variant of Hapke’s BRDF model. Though this
goniometer did allow data to be acquired to within 3 degrees of backscatter, laboratory
BRDF has been obtained to within 1.5 degrees of the backscatter peak for several desert soils
using the SHOE model and the Northrop Grumman HMS [23]. As soil porosity is related
to the backscatter peak width in Hapke’s model, porosity changes due to soil crusting
could be obtained using this instrument. Assuming equant particles and a narrow particle
size distribution, the porosity would be related to the width of the backscatter peak as an
exponentially decreasing function of the backscatter peak width [14]. If measurements
closer to the backscatter peak become possible in the field, the porosity, at least within
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model assumptions, can be included in measured materials databases (using reflection
measurements only) as well as BRDF measurements of the backscatter peak region. This
information would be of use to a variety of remote sensing customers.

5. Conclusions

This effort has been focused on conducting field BRDF measurements on in-situ desert
and beach sands. Results of this effort include:

The development of BRDF measurement techniques in the laboratory that have been tran-
sitioned to field use at night. This includes nocturnal measurements that allow extraction of soil
BRDF uncontaminated by scattered background light inherent in daylight field measurements.

The development of an inexpensive goniometer and analysis techniques that allow a
full set of in-plane reflectance measurements to be acquired in one measurement session.

Comparisons of in-situ field soil measurements with laboratory-measured samples
returned from the field. BRDF laboratory and field data were obtained that can be com-
pared directly or integrated over the hemisphere to provide comparisons with calibrated
measurements using a grating spectrometer and integrating sphere. Laboratory and field
BRDF measurements agree for the desert sand example presented in this work, while there
are deviations between the laboratory and field measurements for the beach sand. This
difference is attributed to the difficulty in reproducing the conditions found in the in-situ
environment of the beach sand, such as soil moisture and crusting, in the laboratory.

Analysis of reflectance data was conducted with two versions of Hapke’s BRDF Model:
the SHOE and the SPF variants. The SPF variant is shown to provide results consistent
with SHOE except in the difficult to measure region near zero phase angle. The results of
the analyses were the BRDF parameterization of seven (7) desert and beach sands. The
BRDF parameters are included in the NEFDS database for use with NEFDS algorithms to
determine the reflectance of the soils for specific source, sensor, and target geometries.

Planned efforts include a more precise determination of the BRDF in the backscatter
plane, out-of-plane measurement studies, studies of sediments, such as playas, which
exhibit specular behavior, the study of porosity within Hapke’s model using crusted and
uncrusted sand samples in the laboratory, and comparisons with satellite calibration efforts.

Author Contributions: Conceptualization, J.C.M.; Methodology, J.C.M. and J.E.W.; Software, J.E.W.;
Validation, J.C.M., J.E.W.; Formal analysis, J.E.W.; Investigation, J.C.M.; Resources, J.C.M.; Data
curation, J.C.M., J.E.W.; Writing: original draft preparation, J.E.W.; Writing: review and editing,
J.C.M.; Visualization, J.E.W.; Supervision, J.C.M.; Project administration, J.C.M. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by United States Geological Survey, the United States Department
of Defense and Cortana Corporation.

Data Availability Statement: Requests for data and the NEFDS should be made to Tim Boyce,
Cortana Corporation, 520 N. Washington St., Suite 200, Falls Church, VA, USA 22046.

Acknowledgments: The authors wish to acknowledge Jack Salisbury, Tim Boyce, Carol May, Jim
Crowley, Sasha Alexander, Richard Haberstroh and Michael Metzler for their support and encourage-
ment in the field measurement aspects of the program.

Conflicts of Interest: The authors declare no conflict of interest.



Remote Sens. 2022, 14, 5020 12 of 13

Abbreviations

API Application Programming Interface
AFB Air Force Base
ASD Analytical Spectral Devices
BRDF Bidirectional Reflectance Distribution Function
DHR Directional Hemispheric Reflectance
FTIR Fourier Transform Infrared
FWHM Full Width Half Maximum
GUI Graphical User Interface
HMS Horizontal Mount Scatterometer
MBM Modified Beard Maxwell
NEFDS Nonconventional Exploitation Factors Data System
OMF Optical Measurement Facility
PTFE polytetrafluoroethylene
SHOE Shadow Hiding Opposition Effect
SPF Surface Phase Function
SWIR Short Wave Infrared
VNIR Visible/Near Infrared
USGS United States Geological Survey
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