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ABSTRACT
The objective of this investigation was to study and optimize
a hyperspectral unmanned aerial vehicle (UAV)-based remote-
sensing system for the Brazilian environment. Comprised mainly
of forest and sugarcane, the study area was located in the
western region of the State of São Paulo. A novel hyperspectral
camera based on a tunable Fabry–Pérot interferometer was
mounted aboard a UAV due to its flexibility and capability to
acquire data with a high temporal and spatial resolution. Five
approaches designed to produce mosaics of hyperspectral
images, which represent the hemispherical directional reflectance
factor of targets in the Brazilian environment, are presented and
evaluated. The method considers the irradiance variation during
image acquisition and the effects of the bidirectional reflectance
distribution function. The main goal was achieved by comparing
the spectral responses of radiometric reference targets acquired
with a spectroradiometer in the field with those produced by the
five different approaches. The best results were achieved by
correcting the bidirectional reflectance distribution function
effects and by applying a least squares method to a radiometric
block adjustment using only the image data, thereby achieving a
root mean square error of 11.35%.
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1. Introduction

The use of unmanned aerial vehicles (UAVs) as remote-sensing platforms has increased
explosively in recent years (Colomina and Molina 2014). These types of platforms are
highlighted by their scalability, persistence, flexibility, technologies, and opportunities,
as well as their ability to fly in dangerous environments (Everaerts 2009). They can be
used in many application areas, such as archaeological, agricultural, and forestry assess-
ment and monitoring. UAVs have lower operational costs than airborne platform-based
systems and are feasible for the acquisition of higher temporal resolution data than
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conventional manned airborne platforms. Moreover, UAVs can fly below clouds, thus
offering a weather-resistant remote-sensing tool. The rapid development of miniaturized
hyper- and multispectral-sensor technologies has also enabled the capture of high
spatial and spectral resolution images with UAVs, which opens up totally new remote-
sensing opportunities (Saari et al. 2013; Aasen et al. 2015).

In several recent studies, pushbroom scanning-based hyperspectral sensors have
been implemented in UAVs (Zarco-Tejada, González-Dugo, and Berni 2012; Hruska
et al. 2012; Büttner and Röser 2014; Suomalainen et al. 2014; Lucieer et al. 2014).
Miniaturized hyperspectral imagers operating in a 2D frame format principle are a
novel sensing approach for the capture of spectral signatures (Mäkynen et al. 2011;
Saari et al. 2013; Honkavaara et al. 2013; Näsi et al. 2015; Aasen et al. 2015). A 2D frame
format provides strong geometric and radiometric constraints due to its rigid rectangu-
lar geometry and multiple overlapping images (Honkavaara et al. 2012a). This framework
offers interesting possibilities for UAV remote sensing because it results in more stable
imaging geometries than pushbroom scanning and uses fewer ground control points
(GCPs) and lower grade inertial navigation systems (INSs).

For remote-sensing applications, e.g. forest, hydrological, and agricultural monitoring,
radiometric calibration is a fundamental requirement since the rigorous analysis of the
spectral features of targets is commonly employed to extract information. Therefore,
radiometric calibration must minimize and correct sensor-related nonuniformities,
effects of illumination changes caused by cloud coverage, and effects of the bidirec-
tional reflectance distribution function (BRDF) (Honkavaara et al. 2009). Several recent
studies have used reflectance targets and the empirical line method to perform reflec-
tance transformations (Laliberte et al. 2011; Aasen et al. 2015). Another popular
approach is to utilize physical radiative transfer modelling-based correction approaches
utilizing either in situ atmospheric observations or default atmospheric parameters
(Richter and Schläpfer 2002; Zarco-Tejada, González-Dugo, and Berni 2012; Büttner
and Röser 2014). For multiview imaging technologies that capture image blocks with
overlapping frame images, radiometric block adjustment-based approaches are highly
relevant. They are based upon observations of the same object in different images from
different directions. The method assumes that the object should provide a similar
reflectance in all images, and thus, a model is developed to simulate the differences
in radiometric values in different images (Honkavaara et al. 2012b, Honkavaara et al.
2013). Hakala et al. (2013) integrated an additional irradiance sensor attached to a UAV
to compensate for illumination variations into this method. This method has been used
previously in the context of agricultural applications (Honkavaara et al. 2013; Hakala
et al. 2013) and in forest applications (Näsi et al. 2015).

The objective of this investigation was to develop and assess a UAV-based
approach for capturing hyperspectral image mosaics in a Brazilian environment con-
stituted of tropical forest and sugarcane plantation areas. The steps to achieve this
goal included (1) defining the spectral setting of the camera; (2) applying a radio-
metric correction and spectral band matching for the images; (3) performing a radio-
metric block adjustment; (4) checking the best parameters for the radiometric block
adjustment based on quality control information; and (5) analysing and concluding
information about the most suitable technique considering the regional characteris-
tics of illumination.
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1.1. Study area

Located in the western region of São Paulo State (22°23ʹ53″ S, 52°31ʹ00″ W), the study
area comprises a protected area managed by the Chico Mendes Institute of
Biodiversity Conservation (ICM-Bio) that was created by the Brazilian Government to
conserve and manage natural resources. The area belongs to the Ponte Branca
fragment of the Black Lion Tamarin Federal Reserve and covers an approximate
area of 11 ha that is mainly classified as forest within a sugarcane plantation
neighbourhood. According to the Köppen classification system, the regional climate
is tropical wet with dry seasons in the winter (June–September) and intense summer
rains (December–March).

In the beginning of the summer (December), cloud cover is denser due to the
summer rains that can occur at any hour of the day. After the summer and during the
autumn, there are still clouds during the day, but they were less intense than those
during the summer. During this time, the velocity of the wind increases, causing a
variation in the cloudiness. The minimum cloud cover occurs during the middle of the
winter (August) through the dry season and increases in the spring. The capability to
operate in cloudy conditions is thus important for a remote-sensing system due to the
high probability of cloud cover.

The area of surveying was almost flat and was divided by a road leading to a forest
towards the south and to a sugarcane field towards the north. The sugarcane field was
more than 2 m high during the date of the aerial survey. The sugarcane was roughly
uniform since it possessed areas infected with the mosaic virus and red stripe disease,
which degrade this type of crop. Almost the entire cultivated area was densely covered
by sugarcane, making the influence of the background insignificant. However, in some
regions where the coverage density was lower, the influence of soil on the spectral
response was greater. The forested area was at the initial stage of regeneration due to
the proximity of the road and the sugarcane plantation. It was mainly composed of
pioneer species such as Eugenia uniflora and Dilodendron bipinnatum. Moreover, there
were different levels of height, with trees up to 15 m above the ground.

2. Materials and methods

2.1. UAV and hyperspectral camera

The platform used for the acquisition of the hyperspectral images was developed by
Sensormap Geotechnology, a UAV octocopter, model SX8 (Figure 1(a)). The UAV is
controlled by the DJI Wookong-M autopilot with flight time of 30 min with a 5 kg
payload. A set of sensors was attached to the UAV platform, consisting of a frame format
hyperspectral camera based on a Fabry–Pérot interferometer (FPI) with one irradiance
sensor and one global positioning system (GPS) receiver, an INS Novatel SPAN-IGM S1,
and a Raspberry Pi B+, which was used to record the raw INS data, which was further
post-processed to provide the position and attitude data of the platform.

The FPI camera (model DT-0014a) belonging to São Paulo State University (UNESP)
used in this work is a commercial camera that was constructed in 2014 by Senop Ltd.
(Figure 1(b)). With an adjustable air gap between the FPI, different spectral bands can be
acquired in the range of 500–900 nm with a minimum spectral resolution of 10 nm at
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the full width at half maximum (FWHM). The camera system is described briefly below,
and details of the camera are given by Oliveira, Tommaselli, and Honkavaara (2016).

The UNESP FPI camera has two CMOSIS CMV400 complementary metal oxide semi-
conductor sensors to acquire up to two spectral bands simultaneously. The custom
optics of the camera comprises an uncalibrated focal length of 8.6 mm, an f-number of
2.8 and a field of view (FOV) of 37° in the image x and y directions. The dimensions of
the frame sensor are 1023 × 1023 pixels with a square pixel size of 5.5 μm. In practical
applications, when operating as a standalone device, images of the data cube have
1023 × 648 pixels in the no-binned mode using a maximum of 25 spectral bands, which
are selected flexibly for each application. In addition, it is possible to select the exposure
time in consideration of the application and weather conditions during fieldwork.

The camera also has its accessories which are a GPS receiver and an irradiance sensor,
both are connected to the camera. The single frequency GPS receiver records the
position (latitude, longitude) and the GPS time of the first spectral band of each
image. The positioning data recorded by this sensor were not used because the payload
of the UAV system has an INS integrated to it, with a dual frequency Global Navigation
Satellite System (GNSS) receiver and an inertial measurement unit (IMU) that provides a
more accurate position and orientation for each image. To correlate the position and
orientation provided by the INS, the time information of each image was used.

The irradiance sensor has a photodetector with cosine collector optics and is used to
measure the incident irradiance at the instant of each image acquisition in the spectral

Figure 1. (a) The SX8 UAV, and (b) a hyperspectral camera based on a piezoactuated FPI with a GPS
receiver, an irradiance sensor, and a compact flash memory card.
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sensitivity range of 400–1000 nm. However, the sensor is not calibrated to measure in
physical units of [W sr−1]. During the flight, images with respective position and
irradiance data are recorded in a compact flash memory card. The total weight of the
system, including the camera and accessories, is lower than 720 g with dimensions of
77 mm × 89.5 mm × 172.7 mm (Senop 2017), which are feasible for use in UAV
platforms.

The major complication of the camera is the sequential spectral band acquisition. The
need to change the air gaps of the FPI as well as the presence of two frame sensors and
platform movement produces a hyperspectral data cube in which spectral bands are not
perfectly aligned, resulting in a slightly different position between bands of the same
image. This band alignment issue is resolved in the image post-processing phase.

2.2. Determining the spectral setting of the camera

The hyperspectral setting of the camera was optimized for this application in considera-
tion of the spectral responses of vegetation in the study area. Leaf samples from eight
vegetation species were collected in the field and were stored in Styrofoam boxes to
preserve their spectral properties until their measurement in the laboratory. The species
were (1) Pouteria ramiflora, (2) Croton floribundus, (3) Astronium graveolens, (4)
Aspidosperma ramiflorum, (5) Handroanthus avellanedae, (6) Hymenaea courbaril, (7)
Eugenia uniflora, and (8) Sugarcane.

Vegetation spectra were acquired in the laboratory using a portable spectroradi-
ometer, a FieldSpec® Handheld UV/NIR from Analytical Spectral Devices (ASD). The
acquisition was performed following the geometry suggested by McCoy (2005) to
avoid burning the leaves with the halogen lamp as well as to prevent shadows from
the instrument and the influence of neighbouring spectral responses. One leaf of each
species was measured (Figure 2) because the purpose of this task was mainly to define
the spectral configuration of the camera, not to determine the spectral signatures of the
samples. Moreover, the predefined central wavelength and FWHM for each air gap of
the FPI were used, resulting in non-integer values for the spectral bands. Table 1 shows
the 25 spectral bands selected.

Figure 2. Reflectance factor of species belonging to the study area used to define the spectral bands
of the FPI camera.
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2.3. Field work and flight

The image acquisition was carried out on 19 May 2015, in the beginning of the dry
season. The UAV was operated by Sensormap Geotechnology. A flying altitude of 160 m
above the terrain was maintained with a flight speed of 4 m s−1, providing images with a
ground sample distance (GSD) of approximately 10 cm. The exposure time was 10 ms.
The image block contained two image strips with a forward overlap exceeding 50% and
a side overlap greater than 30%. Each flight strip was 850 m long and 100 m wide. The
aerial surveying was carried out between 12:55 and 13:09 (UTC-3) when the Sun zenithal
and azimuthal angles varied from 42°46ʹ12″ to 43°27ʹ36″ and from 349°54ʹ36″ to 345°
13ʹ12″. During the aerial surveying, the illumination conditions varied due to the
different levels of cloud cover.

Three radiometric reference targets made with ethyl vinyl acetate (EVA) in white, grey,
and black with nominal reflectances of 85%, 47%, and 4%, respectively, were distributed
in the area. The targets had dimensions of 0.8 m × 0.5 m. They were used to calculate
the absolute parameters used to correlate the digital number (DN) of the images with
radiometric data collected in the field. The ASD spectroradiometer, using the geometry
described by McCoy (2005) and Milton et al. (2009), was used to collect data in the field
to determine the hemispherical conical reflectance factor (HCRF) (Schaepman-Strub
et al. 2006) for each reference target.

Additional radiometric reference targets were distributed in the area to control the
accuracy of the image processing. Seven radiometric reference targets made with EVA
were used. In addition, natural targets were used to check the radiometric processing.
These targets were composed of both healthy and diseased sugarcane leaves (infected
with the mosaic virus), canopies of weed, and sandy soil. Figure 3 shows the spatial
distribution of the targets and pictures of the targets in the field.

The radiometric targets were measured in the field using the ASD spectroradiometer
just after the imaging acquisition. The measurements were taken using a one degree
FOV with a nadir view 1 m above the target. However, the sugarcane leaves were
measured at 30 cm above the leaves to acquire a more representative spectra about
the degree of health of the sugarcane.

First, the ASD spectroradiometer was optimized using a Spectralon® plate to deter-
mine the integration time and to correct the dark current. Second, a series of ten
measurements was acquired to minimize random errors that may occur during data
acquisition. Then, the average spectra for each target was calculated. Finally, to acquire
the final spectra of the targets, a mean smoothing filter of seven points was applied to
minimize random noise (Tsai and Philpot 1998).

The irradiance sensor of the camera was attached to the top of the UAV (Figure 1(a)).
This sensor collected relative irradiance data for each image to provide information

Table 1. Spectral settings for the hyperspectral camera (λ = central wavelength of the spectral
band).
λ (nm) FWHM (nm) λ (nm) FWHM (nm) λ (nm) FWHM (nm) λ (nm) FWHM (nm) λ (nm) FWHM (nm)

506.07 15.65 580.08 15.14 650.28 15.85 699.62 21.89 749.65 19.43
520.00 17.51 591.49 14.67 660.27 24.11 709.71 20.78 770.46 19.39
535.45 16.41 605.64 13.82 669.96 21.70 719.99 20.76 790.21 18.50
550.76 15.16 619.55 14.59 680.06 21.00 729.56 21.44 810.15 17.66

INTERNATIONAL JOURNAL OF REMOTE SENSING 4915



about the incident radiant flux in the imaged area. Irradiance data were also acquired in
the field using the ASD spectroradiometer to support the image processing tasks.

The ASD spectroradiometer was also placed in the study area to acquire irradiance
data. It was located in the western part of the study area at the beginning of the flight
area and was situated close to target 3 (Figure 3(a)). The spectroradiometer collected
radiance data with a Spectralon® plate using a one degree FOV. The irradiance was then
calculated based on Rees (2013). In sequence, the irradiance data from the ground were
associated with each image by using their acquisition times. Furthermore, spectral
resampling (Stein, van der Meer, and Gorte 2006), as illustrated by Equation (1), was
applied to determine a single irradiance measurement for each image comprising the
spectral range of the camera,

Ei; j ¼ � E λð ÞRj λð Þdλ� �
= � Rj λð Þdλ� �

(1)

where E is the spectral irradiance measurement of the image i in the spectral range of
the camera for band j; E(λ) is the irradiance measurement for each wavelength λ in the

Figure 3. Spatial distribution of the radiometric reference targets, which are used for the imaging
processing and quality control tasks. (a) Study area; (b) EVA in white, grey, and black (targets 1, 2, 5,
8, 9, 10, 11, ELG – grey target used for the empirical line method with a mean HCRF of 47%, ELW –
white target used for the empirical line method with a mean HCRF of 85%, and ELB – black target
used for the empirical line method with a mean HCRF of 4%); (c) Healthy sugarcane (target 3); (d)
diseased sugarcane (target 4); (e) weed (target 7); and (f) sandy soil (target 6).
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desired spectral range; and Rj is the spectral response function of each spectral band. In
the case of the FPI camera, the spectral response function of each band was approxi-
mated using a Gaussian function.

2.4. Hyperspectral imaging processing

Images acquired with an FPI hyperspectral camera are processed similarly to regular
frame format imagery. However, specific processing steps are required due to the time-
sequential operating principle of the camera (Honkavaara et al. 2013). Figure 4 presents
the workflow adopted to process the FPI images.

Aiming to transform the DN into radiance values with units of [photon pixel−1 s−1]
and to correct noise caused by dark current, radiometric calibration parameters
provided by Senop Ltd. and the dark imagery acquired before the flight are required.
The software Hyperspectral Imager is used, provided by Senop Ltd., to apply dark
current and radiometric corrections and transform the binary raw images into the
Environment for Visualizing Images image format file (*.dat), a flat-binary raster file
with an American Standard Code for Information Interchange header file as
complement.

A band registration is required because of the time-sequential operating principle of
the camera, which causes misalignments of the individual bands of the hypercubes. This
camera requires 0.90 s to acquire 25 spectral bands using an integration time of 10 ms.
Considering the flight height and speed of the UAV used to image acquisition, 160 m
and 4 m s−1, respectively, the distance between corresponding pixels in the first and in
the last spectral band was around 32 pixels, in the flight line direction. The average
difference between corresponding pixels in two sequential spectral bands is less than
2 pixels (1.33 pixels). To correct this displacement, we used the software provided by
Senop Ltd. for the band registration. It uses features of interest and 2D transformations
to align the bands. Tommaselli et al. (2015) also show an assessment of spectral bands
registration from images acquired with this camera.

Figure 4. Workflow used to process the image acquired with the FPI hyperspectral camera.
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Aerial triangulation was carried out to calculate accurate exterior orientation para-
meters (EOP) for each image. A band centred on 709.71 nm was used in the aerial
triangulation; it was empirically chosen as a reference since it showed good contrast
between the objects in the scene. The photogrammetry module of Erdas Imagine was
used to perform the aerial triangulation and is used with the pre-calibrated interior
orientation parameters from Berveglieri and Tommaselli (2016). The EOP measured with
a Novatel SPAN S1 INS and post-processed in Waypoint Inertial Explorer software were
used as weighted constraints in the bundle block adjustment, with a standard deviation
of 50 cm for the perspective centres positions and 10° for the attitude angles. In
addition, five GCPs located in the corners and middle of the area were used to perform
the bundle block adjustment, in which the initial values of the EOPs, provided by the
INS, were refined using tie points and GCPs.

The BRDF effects and illumination variations were corrected by applying a radiometric
block adjustment approach as proposed, and developed, by Honkavaara et al. (2012a,
2012b, 2013) and Hakala et al. (2013). In this study, different parameters were applied for
the radiometric processing to verify the set that best fits the Brazilian environment. The
method used in this study is described in Section 2.5.

Finally, an orthorectified hyperspectral reflectance mosaic was calculated by applying
the geometric and radiometric model parameters. For geometric processing, a digital
surface model (DSM), which was calculated using images acquired from a previous flight
and supplied by the Topocart Company, was used. Berveglieri et al. (2016) reveal more
details about the image processing procedure used to calculate the DSM with a 45 cm
GSD, which was resampled to 10 cm in this work.

2.5. Radiometric block adjustment

A radiometric block adjustment is based on the assumption that the same object should
provide a similar DN in all of the images in which it appears (Honkavaara et al. 2012b,
Honkavaara et al. 2013). The method uses the grey DN values of the radiometric tie
points in the overlapping images as observations, and it determines the model para-
meters describing the differences among the DNs in the different images (i.e. the
radiometric model) indirectly via the weighted least squares principle. In this study,
we used the average reflectance in an object area of 2 m × 2 m for the radiometric tie
points. The model for the DN is given in Equation (2),

DNj;k ¼ arel jðaabsRj ;k θi; θr;φð Þ þ babsÞ (2)

where Rj,k(θi,θr,φ) is the bidirectional reflectance factor of the object point k in an image
j; θi and θr are the respective illumination and reflected light (observation) zenith angles,
φi and φr are the azimuth angles, respectively, and φ = φr − φi is the relative azimuth
angle; aabs and babs are the parameters for the empirical line model for transforming the
reflectance into DN values (Smith and Milton 1999); and arel_ j is the relative correction
parameter with respect to the reference image to correct for the illumination differences
between the images. The linear BRDF model of Walthall et al. (1985) was implemented
by Honkavaara et al. (2013) to model the effects of anisotropy. The parameters used can
be selected according to the demands of the data set in consideration.
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In this study, various approaches to calculate the value of arel_ j were tested. Hakala
et al. (2013) proposed a multiplicative correction factor (arel_ j) based on irradiance
measurements acquired during image acquisition. This correction factor, shown in
Equation (3), is calculated for each image by dividing the irradiance of the reference
image by the irradiance of the other images,

arel j ¼ Eref=Ej (3)

where Ej and Eref are the spectral irradiance measurements during the acquisition of an
image j and a reference image ref. In the case of UAV measurements, the non-calibrated
values were used. For the ground spectrometer, the relative correction factor was
calculated for each band. The relative correction factors were treated as observations
in the adjustments, and the a priori standard deviations for the purposes of weighting
were set to 0.05.

Five different correction approaches were applied to the dataset. First, no corrections
were applied (no_corr). Next, the BRDF correction was applied (BRDF_only), but a
constant value was used for the multiplicative correction factor (arel_ j = 1). Two methods
based on in situ irradiance observations were applied to calculate the value of arel_ j: the
irradiance data from the FPI camera’s sensor (BRDF_rela_cam) and the irradiance data
from the field (BRDF_rela_ground). Finally, in the last approach, a constant value was
used as the initial value in the radiometric block adjustment (arel_ j = 1), after which this
parameter was adjusted using only image information (BRDF_rela). These image proces-
sing options are summarized in Table 2.

2.6. Accuracy assessment

The accuracy assessment of the hyperspectral image mosaics included an evaluation of
the internal uniformity and the external accuracy. The internal uniformity of the mosaics
was evaluated using a coefficient of variation (CV) over the block area (Honkavaara et al.
2012b). It was derived by calculating the CV of each radiometric tie point and then
calculating the average CV value for all of the tie points.

In situ reflectance measurements were used to carry out an absolute accuracy
assessment of the mosaic. This included seven radiometric reference targets made
with EVA, which were not used to calculate the empirical line parameters, and the
four natural targets (see details in Section 2.4). The HCRF values of the field

Table 2. Corrections applied in the radiometric bundle adjustment.

Correction method
BRDF

correction arel_ j

No correction (no_corr) No 1 (constant)
Only BRDF correction (BRDF_only) Yes 1 (constant)
BRDF correction and relative parameters calculated from
the irradiance sensor of the camera (BRDF_rela_cam)

Yes Initial value from the radiance sensor of the
camera. Refined based on image
information

BRDF correction and relative parameters calculated from
the ground (BRDF_rela_ground)

Yes Initial value from the irradiance sensor on the
ground. Refined based on image
information

BRDF correction and initial relative parameters with the
same value (BRDF_rela)

Yes Initial value of 1. Refined based only on image
information
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measurements were compared to the hemispherical directional reflectance factor
(HDRF) values obtained from the mosaics, and the root mean square error (RMSE) was
calculated to evaluate the best radiometric correction.

First, the in situ measurements acquired using the ASD spectroradiometer were
applied to spectral resampling (see Equation (1) in Section 2.3) to calculate the HCRF
of each spectral band of the camera. Then, since the coordinates of each target were
known, they were located within the orthorectified hyperspectral mosaic, and the values
of the HDRF were obtained for the pixel corresponding to those coordinates.

3. Results and discussion

3.1. Irradiance data

Figure 5 presents the relative irradiance measurements of each image that were
acquired both by the irradiance sensor of the camera attached atop the UAV and by
the ASD spectroradiometer on the ground. At the beginning of the flight, during the first
flight line towards the southeast, the observed irradiance measurements from the
ground and the UAV sensors were consistently similar, demonstrating a rising irradiance
level (0.60–1.20 W sr−1 on the ground). After the UAV turned around, the UAV-mounted
sensor measured a very low irradiance level, whereas the ground-based irradiance
remained quite constantly within the range from 1.00 to 1.20 W sr−1. The variations in
the beginning of the flight were caused by illumination variations induced by clouds;
during the second flight line, the low irradiance level in the UAV was likely due to the
tilting of the irradiance sensor away from the Sun. Also, the 800 m distance between the
UAV and field station might have caused some differences in the irradiance levels
measured on the ground and by the UAV.

3.2. Radiometric block adjustment

The aforementioned processing scheme provided different sets of values for the arel_ j
parameters (Figure 6) for each correction, image, and spectral band. By analysing
Figure 6, it is possible to verify that for BRDF_rela_cam, the relative parameters tried

Figure 5. Relative irradiance measurements acquired by the irradiance sensor of the hyperspectral
camera attached to the UAV (left, blue line) and by the spectroradiometer on the ground (right, red
line).
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to compensate for higher values of the irradiance that were registered by the UAV
sensor in the first flight strip. In the second flight strip, the irradiance values were lower,
and consequently, the relative parameters were higher. The behaviour of the relative
parameters in BRDF_rela_ground was similar, although they demonstrated a lower
variance of arel_ j, which could be explained by the lower variance of the irradiance
data acquired by the ground spectroradiometer compared with the data from the UAV.

Moreover, it is observed that for all of the images in BRDF_rela_cam and for most of
the images in BRDF_rela_ground, the values of arel_ j were higher than one, suggesting
the irradiance flux was lower for the other images than for the reference image, which is
confirmed by Figure 5. When the parameters of BRDF_rela are considered alone, it is
observed that the irradiance flux in all of the images are almost the same because the
values of arel_ j are nearly one.

Figure 6. Final relative parameters (arel_ j) for the corrections for each image and spectral band: (a)
BRDF_rela_cam, (b) BRDF_rela_ground, and (c) BRDF_rela.
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Using different parameters for the radiometric block adjustment, five different hyper-
spectral mosaics were produced (Figure 7). In all of the situations, a non-homogeneous
area can be noticed in the lower right corners of the mosaics, which were caused by
shadows of clouds during the image acquisition.

The importance of the radiometric block adjustment can be verified by analysing
Figure 7(a). This figure presents the mosaics without corrections, and the influence of
the BRDF and the illumination variation are visible. However, when the BRDF correction

Figure 7. Enhanced mosaics (band centred on 749.65 nm) for the five different parameters applied
during the radiometric bundle block adjustment: (a) no_corr; (b) BRDF_only; (c) BRDF_rela_cam; (d)
BRDF_rela_ground; and (e) BRDF_rela.
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was applied (Figure 7(b)), a variation of the illumination still occurred, which is seen as
the higher intensity level of the southern flight line.

When using the irradiance data from the camera’s sensor, a higher variation of
luminosity can be observed (Figure 7(c)). Analysing the UAV attitude data, it was
found that the radiance sensor was leaning towards the Sun during the first flight
strip, which caused higher irradiance values as confirmed in Figure 4. In addition, the
roll and pitch attitude parameters varied more in the first than in the second flight strip.
Considering this, the initial coefficient factors for the radiometric bundle adjustment
were affected, as was the final mosaic.

For the mosaic with the BRDF_rela_ground correction (Figure 7(d)), the differences in
the mosaic were probably caused by differences in the illumination conditions at the
ground station and in the area where the images were acquired; the spectroradiometer
was located in western part of the survey area, approximately 800 m away from the end
of the first flight strip. The BRDF_rela correction (Figure 7(e)) provided the best uni-
formity when visually assessed.

3.3. Uniformity of the mosaics

Figure 8 shows the CVs for each band. The factors ranged from 0.08 to 0.11 for the
mosaic without corrections (no_corr). Considering the BRDF_rela correction, which pre-
sented the lowest RMSE, the CV was 0.07–0.10, which is half the variation of the
BRDF_rela_cam coefficients (0.15–0.19). Additionally, for the BRDF_only and
BRDF_rela_ground corrections, the CVs were 0.07–0.11 and 0.08–0.10, respectively. In
previous studies of agricultural areas, CVs of approximately 0.06 were obtained in
agricultural fields where the correction was successful (Honkavaara et al. 2013). The
factor is dependent not only on the homogeneity of the mosaic but also on the object
characteristics. In this area, the forested part increased the CVs. The CVs were higher in
the spectral bands centred on 506.07 and 650.28 nm, probably due to the spectral
position of these bands, which were located along the borders of each sensor of the
camera. These bands were left out from the detailed analysis. The results of analyses of
the CVs were consistent with the visual assessment of the mosaics in Section 3.2.

Figure 8. Coefficients of variation of the radiometric tie points for each type of correction (no_corr,
BRDF_only, BRDF_rela_ground, BRDF_rela_cam and BRDF_rela).
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3.4. Quality of the spectral data

Figure 9 shows the spectral response of the targets acquired in the field that were
considered to be ground truth as well as those acquired in the image mosaics that were
generated with the different imaging processing parameters. The BRDF_rela_cam cor-
rection was not used in Figure 9, since it presented higher discrepancies and would
affect the data visualization.

The spectra measured on the ground were different from the UAV mosaics. The
reference spectra were smooth, whereas the spectra measured from the UAV mosaics
were more variable. These differences could be explained by the vibrations of the
platform and by sensor calibration inaccuracies; in the laboratory measurements, we
did not observed such variations, and thus, the impacts of vibrations are a more likely
explanation.

Substantially large differences also appear between the UAV mosaic-based spectra
and the ground reference spectra for many targets. Many factors may have caused these
differences. When considering the image corrections, depending on the case, the
correction parameters used were of different quality. One should also notice that the
BRDF correction was determined for the vegetation and thus would not be the correct
model for non-vegetated targets and would deteriorate the results for those targets. The
different measurement geometries of the ground spectrometer and the FPI camera may
also cause differences in the spectral values (Schaepman-Strub et al. 2006). These
aspects are considered in the following for each target by analysing the RMSEs between
the spectra from the mosaics and the reference spectra.

Considering target 1 (black EVA), the lowest RMSE values were obtained for the
BRDF_rela_ground and BRDF_rela corrections, which were 0.02 and 0.06, respectively.
The graphical analysis of these spectra in Figure 9 shows that the higher differences
occurred in the near infrared region. This can be explained by the target location in the
field, which was adjacent to sugarcane, which has a high reflectance in this part of the
electromagnetic spectrum and increases the amount of diffuse light, thereby affecting
the observed reflectance.

For the grey targets (targets 2 and 11), the lowest RMSE values varied between 0.07–
0.08 and 0.04–0.06 for the no_corr and BRDF_rela corrections, respectively. The
BRDF_rela correction thus presented the best results for this target. The spectra from
the mosaic with the BRDF_rela_ground correction were biased and showed clearly lower
reflectance values than the reference spectra. A possible explanation for this bias is the
use of irradiance values acquired in the field from a fixed position for the initial values of
the relative correction, which did not correspond to the irradiance in the object during
data acquisition, as well as an inaccurate BRDF correction.

For the white targets (targets 5, 8, 9, and 10), the lowest RMSE values varied between
0.02–0.08 and 0.03–0.04 for the BRDF_only and BRDF_rela corrections, respectively.
Similar to the grey targets, biases were observed in the spectra with the
BRDF_rela_ground correction.

For the healthy sugarcane leaf spectra (target 3), the best RMSE values were obtained
with the BRDF_rela (0.09) and BRDF_only (0.10) corrections. For the diseased sugarcane
leaf (target 4), the best RMSE values were observed with the BRDF_rela_ground (0.04)
and BRDF_only (0.08) corrections. When analysing these differences, it is necessary to
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Figure 9. HCRF spectra acquired in the field, considered to be the ground truth, and HDRF spectra
acquired for the no_corr, BRDF_rela, BRDF_only, and BRDF_rela_ground corrections for the targets:
(a) 1 – black EVA; (b) 2 – grey EVA; (c) 3 – healthy sugarcane; (d) 4 – diseased sugarcane; (e) 5 –
white EVA; (f) 6 – sandy soil; (g) 7 – weed; (h) 8 – white EVA; (i) 9 – white EVA; (j) 10 – white EVA;
and (k) 11 – grey EVA.
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consider the different geometries of the field- and image-based measurements. In the
field reference measurement, the HCRF spectra were acquired for leaves in the case of
UAV imaging. In the mosaics, the HDRF values were measured for the canopy and were
thus influenced by the different stages of development of the vegetation, the back-
ground, and, most importantly, the sugarcane structure and image acquisition geome-
try, both of which caused the influence of vegetation and shadows in the spectra
measured from the images.

The RMSEs were lower for the weeds (target 7) than for the sugarcane. This could be
explained by the fact that the reference spectra, which were acquired with the ASD
spectroradiometer in the field, were collected for the canopy, which is more similar to
the measurement geometry from the images. The best RMSE values were 0.04 for the
BRDF_rela and no_corr corrections. Analysing the spectra of this target in Figure 9, it can
be noticed that the higher differences occur in the red-edge and near-infrared regions.

Finally, for the soil (target 6), the BRDF_rela_ground and no_corr corrections gave the
lowest RMSE values of 0.03 and 0.10, respectively. However, the BRDF_rela correction
showed RMSE values that were more similar to the no_corr correction, 0.11. Many factors
may have impacted the large RMSE values, including effects from the adjacent sugar-
cane and issues with the BRDF corrections.

Table 3 presents the mean differences and RMSEs for the eleven reference targets for
each correction method. Similar values for the mean differences for the imaging proces-
sing no_corr (−0.012), BRDF_only (−0.023), and BRDF_rela (−0.012) corrections, which
were different from those of BRDF_rela_ground (0.111) and BRDF_rela_cam (0.829), were
noticed. Even with equal mean differences between the no_corr and the BRDF_rela
corrections, the latter showed a better accuracy with a RMSE of 11.35%. Moreover, for
the BRDF_rela_cam correction, the RMSE (275.27%) was more than twenty times higher
than the RMSE found for the mosaic produced by corrections based on the radiometric
block adjustment using the same initial parameters (BRDF_rela).

3.5. Comparison and outlook

The empirical results showed that the BRDF_rela correction provided the best results
with the test data set with the Brazilian vegetation (Figure 7(d)). Similar results were
obtained by Hakala et al. (2013) in agricultural fields with wheat and barley. The results
showed that the camera radiance sensor, as it was implemented in the UAV, should not
be used as a source of information for radiometric processing without corrections. A
compensation for the attitude variations from the irradiance observations might be
conducted in future works. Another possibility is to utilize the ground irradiance, but
only after positioning it closer to the centre of the survey area. In this study, better
results were obtained using the initial relative correction factors calculated without the
use of irradiance measures after applying the BRDF correction.

Table 3. Mean differences and RMSE values for each correction.

Statistics

Correction

no_corr BRDF_only BRDF_rela_cam BRDF_rela_ground BRDF_rela

Mean differences (1) −0.012 ± 0.057 −0.023 ± 0.056 0.829 ± 0.864 0.111 ± 0.095 −0.012 ± 0.049
RMSE (%) 13.17 13.69 275.27 33.77 11.35
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Considering the right side of the mosaic, where the images were under partial cloud
cover, it can be noticed that the images could not be corrected with the current version
of the radiometric block adjustment. It is recommended to avoid using this part of the
mosaic for remote-sensing applications. In future studies, the performance of shadow
correction algorithms (Adeline et al. 2013) or the separation of shadowed and non-
shadowed areas in the analysis should be evaluated.

The importance of the BRDF effects and their correction can also be seen in
Liesenberg, Galvão, and Ponzoni (2007), which presented differences in the classification
of physiognomies for different seasonalities and geometries of view using data from the
Multi-angle Imaging SpectroRadiometer. The results of Burkart et al. (2015) showed
differences in three vegetation indices by considering different geometries of view in
a wheat study site. Lastly, Aasen (2016) published results about uncorrected BRDF effects
and showed different spectral responses and different normalized difference vegetation
index values for a barley field. These results highlight the importance of the correction of
BRDF effects.

4. Conclusion

The objective of this investigation was to optimize a hyperspectral UAV-based remote-
sensing system to the Brazilian environment. The sensor was a novel, tunable FPI-based
frame format hyperspectral imager. The images were acquired and processed using five
different parameters.

An empirical study was carried out in an area composed of sugarcane and forest
vegetation. The spectral settings of 25 bands in the range from 500 to 900 nm were
selected based on the spectral responses of vegetation objects of interest in the
research area. Hyperspectral UAV imagery was captured under varying illumination
conditions, which are typical to the area.

Different options for correcting the image radiometric differences due to illumination
changes were studied. The methods employed in this study included the use of spectral
image data directly without any corrections, with the utilization of data from ground and
from UAV-based irradiance sensors, and with image-based corrections in the context of
a radiometric block adjustment of a multiview image block. Independent reference
targets were used as quality control information for each approach to determine
which approach best fits the Brazilian environment.

In general, the methodology considering the irradiance measures acquired by the
spectroradiometer located at a fixed position in the field, such as the one collected by
the irradiance sensor of the camera that was mounted in the UAV, did not produce the
best results. The best results were obtained by considering only the image information
and applying the radiometric block adjustment.

The accurate spectral data are of interest for many applications. Hyperspectral UAV
remote sensing presents excellent opportunities for various environmental applications,
but it also sets new challenges for radiometric processing because UAVs are often
operated in varying illumination conditions. The irradiance observations from on-
board the UAV or from the ground are expected to be helpful for correcting the
illumination changes, but further improvements to the hardware are required in order
to obtain reliable irradiance data. An important challenge was the effects of the BRDF
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due to object anisotropy. The radiometric block adjustment-based method was used for
the first time in the Brazilian environment, and it was shown to efficiently compensate
for both illumination variations and BRDF effects. Further improvements will improve
the accuracy, versatility, and reliability of the approach.
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