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Abstract—Despite its relation to a number of environmental
parameters, ultraviolet (UV) reflectance is rarely used in remote
sensing. In this study, we investigate the applicability of UV-vis re-
flectance for vegetation monitoring with unmanned aerial vehicles
(UAV). We measure point reflectance over the study area using a
UAV-borne spectrometer, project the points onto the Earth’s sur-
face, and interpolate them to obtain continuous reflectance images.
We use the leaf area index (LAI) to demonstrate the applicability
of UV reflectance for vegetation monitoring. Our results show that
the UAV reflectance images match the Sentinel-2 reflectance. Our
validation shows that the inclusion of UV reflectance to the visible
reflectance in LAI models leads to the r2 increase of up to 29.2%
and RMSE decrease of up to 18.9% in comparison to the LAI mod-
els using visible reflectance only. We have shown that measurement
of UV reflectance is feasible in the 320–400 nm range using UAV
remote sensing and that hyperspectral UV-vis reflectance imaging
is useful for vegetation monitoring. Moreover, the obtained results
lead us to believe that improvement of our measurement system,
or conducting the experiments in a different location should make
it possible to measure the reflectance at a wavelength of 290 nm.
Finally, we discuss other potential applications of UV in remote
sensing.

Index Terms—Interpolation, hyperspectral imaging, ultraviolet
sources, vegetation, vegetation mapping.

I. INTRODUCTION

MONITORING of ultraviolet (UV) reflectance is an im-
portant aspect of environmental surveillance, which has

gained a lot of attention as advanced spectrophotometers have
enabled both laboratory as well as in-situ measurements of
the interaction of the UV spectrum with the Earth’s flora and
fauna. While the entire range of UV radiation is measured in
wavelengths from 10 to 400 nm, the portion that reaches the
Earth’s surface (and thus, is of greatest interest to researchers)
is represented by wavelengths between 280 and 400 nm [1], [2].

The fact that the UV and visible (vis) light spectra have
similar properties and can be measured by the same instruments
enables analysis of an object’s absorbance, transmittance, and

Manuscript received 29 November 2023; revised 28 February 2024; accepted
7 April 2024. Date of publication 15 April 2024; date of current version 29 April
2024. This work was supported in part by the Statutory Funds of Electronics,
Telecommunications and Informatics Faculty, Gdansk University of Technology.
(Corresponding author: Tomasz Berezowski.)

The authors are with the Faculty of Electronics, Telecommunications and
Informatics, Gdansk University of Technology, 80-233 Gdańsk, Poland (e-mail:
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reflectance over a broader part of the electromagnetic spectrum.
This method of research is commonly referred to as UV-vis
spectroscopy [3]. In the last decade, the reflectance of ultra-
violet and visible wavelengths has been broadly applied to the
analysis of water organic and mineral constituents in a variety of
cases [4]. Aquatic applications of UV-vis spectroscopy involve
the research of marine pollution, both with heavy metals [5] as
well as microplastic compounds [6]. Environmental applications
of UV-vis also include the detection of atmospheric pollution
with various particles, including nitrogen oxide compounds [7],
or heavy metals and particulate matter [8]. Ultraviolet spec-
troscopy is also widely used in monitoring the composition
of the atmosphere, including measurement of aerosols’ vertical
distributions [9] and the identification of explosive compound
traces in the atmosphere [10], [11]. An emerging application of
UV-vis spectroscopy is the detection of arctic mammals on snow
backgrounds [12].

This being said, the prime area of use for ultraviolet
reflectance has traditionally been the monitoring of vegetation.
Healthy plant leaves have been shown to exhibit increased
reflectance in the 280–330 nm wavelength range, and the effect
appears to be related to terrain altitude, sun exposition, and
season [13], [14]. Other research has shown that narrow-band
UV reflectance is correlated with the chlorophyll [15],
nitrogen [16], [17], phenolic acid [18], and anthocyanin
flavonoids [19] content. Moreover, recent studies suggest that
the change in UV reflectance of plant leaves in response to
stressors is distinct enough to allow the automated detection
of such events within days from infection, even before the
occurrence of visual indicators [20].

It needs to be noted, however, that the majority of the
aforementioned analyses have been performed either in-situ or
in laboratory conditions. Due to atmospheric attenuation, the
satellite remote sensing of ultraviolet reflectance is challenging
enough to have sparked research on its estimation from visible
bands [21], as well as from atmospheric backscattering via a
radiative transfer model [22]. The obtained results, due to their
limited granularity, are primarily applied to large-scale objects
such as algae blooms [23].

In parallel to in-situ and satellite-based observations, there
have been several attempts at integrating a UV-capable spec-
trometer with an unmanned aerial vehicle (UAV) platform. A
compact UV spectrometer on a UAV was used for measuring
sulfur dioxide atmospheric flux after a volcanic eruption [24].
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The spectrometer was designed to observe wavelengths between
245 and 400 nm for the purpose of detecting SO2 spectral
signatures in the air column above the UAV. This application
of UV spectroscopy has since become a practice in monitoring
volcanic eruptions [25], [26]. Different research has shown that
a well-calibrated UAV-based spectrometer can produce reli-
able point measurements of reflectance below the UAV in the
338–824 nm range at 10-m altitude over land [27]. This being
said, the research focused on comparing airborne spectrometer
readings to in-situ observations, and did not explore any potential
applications of airborne spectroscopy or produce any reflectance
images. Another study presented a method of fusing data from
an airborne multispectral camera with compact spectrometer
footprints for the purpose of obtaining high-resolution imagery
for precision farming [28]. However, while the applied spec-
trometer could measure wavelengths in the range of 350 to
800 nm, the multispectral camera only observed wavelengths of
490 nm, 550 nm, 680 nm, 720 nm, 800 nm, and 900 nm, and thus
the proposed methodology was not tested for the UV spectrum.
Another approach consisted of a compact spectrometer attached
to a UAV for the purpose of monitoring water quality [29].
While that study primarily analyzed spectrometer footprints in
nadir in the visible and near-infrared parts of the electromagnetic
spectrum (400–800 nm), it also did not produce any reflectance
images.

Other UAV-borne spectrometer applications have been ap-
plied to land cover classification [30], measuring land surface
albedo for hydrological purposes [31], extracting plant pheno-
type traits [32], and mapping soil organic carbon content [33];
however, none of those use cases involved measurements of the
UV spectrum.

While UV-vis spectroscopy has a wide range of applications
for in-situ measurements, and certain attempts have been made
at its application to satellite and UAV remote sensing, it has not
been deeply explored in practical cases. In particular, no appli-
cations of UAV-based UV-vis spectroscopy for plant monitoring
have been presented, and other uses have been limited to the
analysis of point-based measurements in the 350–400 nm range
of UV wavelengths. The latter may be partially due to the fact
that very few hyperspectral sensors designed for use with drones
can measure wavelengths in the UV spectrum, and none of them
are sensitive to wavelengths below 350 nm [34].

In this study, we investigate the applicability of UV-vis re-
flectance for vegetation monitoring using remote sensing. So
far, this topic has only been investigated in in-situ laboratory
experiments. For this reason, we measure the point reflectance
over the study area using a UAV spectrometer, project the points
onto the Earth’s surface using the UAV’s position and orien-
tation, and interpolate them to obtain continuous reflectance
images. We validate the images against Sentinel 2 broadband
reflectance images. Finally, we demonstrate the applicability of
our UV-vis images for leaf area index (LAI) modeling. We use
LAI as a proxy for vegetation monitoring because it is easily
measured in the field and it correlates with similar visible and
infrared spectral features of other vegetation properties such as
pigment and nitrogen content [35], [36]. With these experiments,
we want to show that the measurement of hyperspectral UV-vis

Fig. 1. Measurement system in our study site.

TABLE I
ELLIPTICAL FOOTPRINT OF ROVER SPECTROMETER FOR FLIGHT ALTITUDES

USED IN THIS STUDY

reflectance is feasible using UAV remote sensing and that the
reflectance is useful for vegetation monitoring, which has thus
far been overlooked in research.

II. METHODS

A. Reflectance Measurements

1) Measurements System: We measured the reflectance fac-
tor (hereinafter referred to as “reflectance”) using a pair of
spectrometers, one of which (rover) was mounted on a UAV
platform while the other (reference) was located on the ground
(Fig. 1). Both spectrometers were OceanOptics STS UV-VIS
with a 189–667 nm overlapping range at an average spectral
sampling distance of 0.47 nm. The spectrometers have a 200 μm
entrance slit which produces a full width at a half maximum
(FWHM) resolution of 12 nm. The radiance was recorded as a
digital number (DN) ranging from 0 to 16383 (14 b).

The rover spectrometer was fixed 0.20 m below the GNSS
antenna of the UAV and was pointing nadir. The fore optics
was a 74-UV-VIS lens to achieve a narrow field of view (FOV).
The FOV of this setup, according to our measurements, can
be approximated by a 2.00◦(in the UAV azimuth direction) by
1.15◦ ellipse. The on-ground footprint increased with the flight
altitude (Table I). The rover spectrometer was controlled by
a Raspberry Pi 3 computer, which continuously recorded the
radiance data along with the global positioning system (GPS)
time, geographical coordinates, and orientation of the UAV.

The reference spectrometer was fixed on a stand pointing nadir
at a 0.50 m square PTFE white reference panel. The fore optics
was a QP600-025-XSR optical fiber of 0.25 m length, 600 μm
diameter, and an average relative transmission in the UV-VIS
range of 87%. The optical fiber was used to achieve a broad (25◦)
FOV while preventing pollution inside the spectrometer, which
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would be the case if no fore optics was used. The spectrometer
was controlled by the OceanView 1.6.7 software installed on a
Windows 10 computer for continuous recording of the radiance
diffused from the white reference panel. The computer clock
was synchronized to GPS time.

We used a DJI 900 UAV with a PixHawk 2.1 Cube Black flight
controller and a Here+ RTK GNSS (rover and base station) with
a U-blox NEO-M8P processor. In total, we conducted five UAV
flights, three on 2019-07-19 at altitudes of 30 m, 60 m, and
90 m, and two on 2019-09-20 at altitudes of 20 m and 90 m. The
flights were conducted using automatic flight mode. The flight
lines were directed east-west and distanced by 5 m. The UAV
velocity was 2 ms−1.

The reference and rover spectrometers used the same integra-
tion time, which was between 40 and 100 ms. A shorter integra-
tion time (40 ms) was used for measurement on 2019-07-19 and
longer integration times (50–100 ms) were used on 2019-09-20
due to the reduced solar irradiance on that day. Given the UAV
velocity of 2 ms−1, the measurement footprint was elongated by
0.08 m and 0.20 m in the azimuth direction for the 40 ms and
100 ms integration times, respectively. Data collected from all
sensors was integrated and processed in custom-written software
to extract the location and spectral content of every measured
point.

2) Reflectance Calculation: The radiance recorded by both
spectrometers was interpolated linearly to a 0.5-nm spectral
resolution. Further, the reference spectrometer radiance was
interpolated linearly in time to match the rover spectrometer
measurement time. Following this preprocessing step, the re-
flectance ρλ [-] was calculated as

ρλ =
lu,λ
ld,λcλ

ρr,λ (1)

where λ is the wavelength [nm] for which the reflectance is
calculated, lu,λ[DN] is upwelling radiance factor recorded by
the rover spectrometer, ld,λ[DN] is downwelling radiance factor
recorded by the reference spectrometer, ρr,λ [-] is the reflectance
of the white reference panel, and cλ[-] is a calibration factor
for the reference spectrometer. Calibration of the reference
spectrometer using cλ is required because each spectrometer
has different light transmission due to the fore optics; cλ also
accounts for the manufacturing differences of the spectrometers.
Thus, cλ is the ratio between radiance factors [DN] measured at
the same time over the white reference panel using the rover
(lur,λ) and reference (ldr,λ) spectrometers

cλ =
lur,λ
ldr,λ

· (2)

In this study cλ was calculated before each UAV flight.
3) Calculation of Measurement Coordinates: We calculated

the position of a single reflectance measurement for the rover
spectrometer in 3-D space, described by coordinates px (easting)
[m], py (northing) [m], and pz (elevation) [m], as

⎡
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pz
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where ht is known terrain elevation [m], gx, gy , and gz are the
sensor’s horizontal and vertical position obtained from the UAV
GNSS [m], S is a rotation matrix representing the orientation
of the sensor within the UAV, and α, β, and γ represent the
UAV’s orientation [rad] expressed in yaw, pitch, and roll, re-
spectively, as obtained from the UAV flight controller. Before the
calculations, the UAV position is transformed from the original
WGS-84 (EPSG:4326) coordinate system into a local projected
coordinate system, which in our case was EPSG:2180.

4) Reflectance Images: To derive reflectance images for a
given band from point measurements, we used the inverse
distance weighted (IDW) algorithm. We chose IDW because
it is suitable for interpolation of irregularly distributed data by
making it possible to calculate a local result irrespective of the
number of neighboring data points. Moreover, our preliminary
study showed that IDW is suitable for interpolation of spectral
reflectance measurements [37]. An IDW interpolation result in
a given block (raster cell) is calculated using measurements
located closer than a specified distance. Each measurement
contribution is weighted proportionally to its distance to the
interpolation block with a certain exponent. In this study, we
used an exponent of two, maximum distance for measurement
selection of 12 m, and the block size (and interpolation grid)
was 5×5 m. The interpolation was conducted using the gstat R
package [38].

Before conducting the interpolation, we filtered out mea-
surements that have been assessed as low quality. In the first
step, we filtered out measurements for which ld,λ <90% of the
maximum radiance for a given UAV flight. This step removed
measurements affected by cloud coverage, including high clouds
such as cirrus, which are difficult to spot with the naked eye.
In the second step, we removed measurements where the UAV
orientation in any of the yaw, pith, or roll axes changed faster
than 12.5◦s−1. This step filtered out rapid UAV movements
during which the measurement footprint would be too wide
for interpolation. The 12.5◦s−1 angular velocity threshold is
equivalent to a 0.44 m footprint elongation at a distance of 50 m
at a 40-ms integration time.

To evaluate the quality of the IDW-derived reflectance images,
we compared them with Sentinel 2 satellite data. Sentinel 2 has
the Multispectral Imager (MSI) sensor with 13 spectral bands in
the 443–2202 nm range. The Sentinel 2 bands which overlapped
with our spectrometers were aerosol (443 nm), blue (493 nm),
green (560 nm), and red (664 nm). We, however, did not use
the aerosol band due to a too-low spatial resolution (60 m).
The three remaining bands were in 10 m spatial resolution.
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Fig. 2. Study Area with boundary of vegetation types and locations of LAI measurements indicated. A true-color orthoimage acquired on 2019-07-19 is used as
the background.

For the comparison, we interpolated the UAV reflectance using
IDW to the 10 m raster of the Sentinel 2 image. We used the
Sentinel 2 MSI spectral response function to average the UAV
reflectance in the Sentinel 2 bands. We performed this validation
only for the 2019-07-19 flight at an altitude of 90 m because the
reflectance images interpolated for this flight covered the largest
area. We did not perform this assessment for the September
flights because the Sentinel 2 images acquired close to this time
were cloud-covered. We used a Level 2 A Sentinel 2 image
acquired on 2019-07-20. The Level 2 A processing produces a
bottom-of-atmosphere reflectance orthoimage.

Note that in this validation we used the Sentinel 2 visible
bands to validate our method of producing UAV-vis reflectance
images. Our reasoning behind this approach was that the Sentinel
2 validation only applies to a part of our methodology workflow,
i.e., reflectance sampling using the UAV and interpolation to
the images. This is because, for this part of the methodology,
the radiative transfer of UV and visible spectrum follows the
same principles. To prove that our interpolated UV band images
carry valuable information that is different than in the visible
band images we performed the LAI modeling and validation
(Section II-D).

B. Study Area

Study area was a 6050 m2 (110×55 m) flat, open area
covered by low grassland (57%) and a herbaceous meadow
(43%) situated 146 m amsl in the suburbs of Gdynia (18.45◦

E, 54.50◦ N), northern Poland (Fig. 2). Within the grassland
part, 58% was regularly mowed and used as an amateur airfield;
the height of the vegetation was up to 0.15 m with major
bare soil gaps. The dominant plant species in the airfield were
from the Poa, Pilosella, and Aremisia genera, The remaining
42% of the grassland was occasionally mowed for hay. Within
this area, the height of the vegetation was up to 0.35 m and
the bare soil gaps were smaller than in the former case. The
dominant plant species in the grassland were from the Poa,

Aremisia, Taraxacum, and Trifolium genera. The herbaceous
meadow vegetation height was up to 0.80 cm (individual plats
reached a height of 1.50 m) and was completely covering the
soil. The dominant plant species in the meadow were from the
Poa, Rumex, Solidago, Aremisia, Cirisium, and Vicia genera.

The measurements conducted in July reflected vegetation in
the second half of the growing season with a number of species
blooming. Whereas during the September measurements, the
plants were fully developed, with some of the plants in the death
phase.

Meteorological data were obtained from the Institute of Me-
teorology and Water Management in Poland for the Oksywie
station located 8.5 km north-east to the study area. During the
measurements on 2019-07-19 9:00-12:00 UTC, nearly clear
sky conditions were present with cloud cover of 1 to 4 oktas,
horizontal visibility of 60 km, wind speed of 5ms −1, and air
temperature of 20◦C. On 2020-09-20 9:00-12:00 UTC, the cloud
cover was 3 to 5 oktas, with horizontal visibility of 60 km, wind
speed of 4 ms−1, and air temperature of 14◦C.

C. LAI Measurements

We measured the LAI [-] on 2019-07-19 and 2020-09-20 after
the last UAV flight conducted for a given day. We used a Li-Cor
LAI-2200C device with a view cap that crops the FOV to a
270◦ quadrant. For each location, we conducted one measure-
ment above the canopy followed by five measurements below
the canopy. The below-canopy measurements were distributed
within an area of 1 m2. To minimize the effect of direct sunlight
we shaded the sensor during the measurements without affecting
the recordings in the 270◦ FOV. The geographical position of the
measurements was recorded by a handheld GNSS device with a
horizontal accuracy in open space of less than 2 m [39].

D. LAI Modeling

We used linear regression to model the LAI using reflectance
from the UV and visible spectra. Our aim was to test the
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applicability of the interpolated UV-vis reflectance images rather
than developing a best-possible LAI model. In this case, a linear
model highlights better the relationship than a nonlinear machine
learning model, which would strongly exploit relations between
predictors and would lead to decreased interpretability.

We established separate models for each UAV flight at various
spectral resolutions. In each model, the central wavelengths of
the bands were the same, i.e. from 340 nm to 620 nm in 40 nm
intervals, which resulted in two UV bands and six visible bands.
To test the individual potential of the UV and visible bands,
we established models in three scenarios: 1) using only the two
UV bands; 2) using only the six visible bands; and 3) using all
nine UV-vis bands. We obtained the predictors by sampling the
reflectance images at the LAI locations without any spatial av-
eraging or buffering. To test the effect of the spectral resolution,
we calculated the predictor bands in seven bandwidths: 1 nm,
3 nm, 5 nm, 10 nm, 20 nm, 30 nm, and 40 nm. The widest
band was 40 nm because any wider bandwidths would cause
band overlapping and inclusion of reflectance below 320 nm
(see Section III-A).

We used 50% of the data to train the regression models and
the remaining 50% of the sample was used for validation. We
quantified the performance of each model by calculating the co-
efficient of determination r2 [-] and the root mean squared error
(RMSE) [-] between the measured LAI values and the predicted
LAI from the validation sample. The r2 expresses (in the form of
a fractional value between 0 and 1) how well the observed LAI
variance is replicated by the model. Therefore r2 shows how
each model overall was suitable to explain the relation between
the interpolated reflectance images and LAI rather than focusing
on the absolute error of the model. The absolute error in the same
units as the LAI measurements (dimensionless) was quantified
using RMSE, which has the minimum (lowest error) equal to 0.

To identify the importance of predictors in the LAI regression
model, we calculated the value of the t statistic [-]. The t statistic
is the ratio of the predictor coefficient estimate to the standard
error of the coefficient estimate in a linear regression model.
The higher the absolute value of the t statistic, the lower the
contribution of standard error, hence, the higher the importance
of the predictor. Using the t-student statistical distribution, the
p-value, or the significance level, was calculated for each t. A
p-value smaller than 0.1 or 0.05 usually indicates a significant
predictor in a linear regression model.

III. RESULTS

A. Reflectance Measurements

The spread of the reflectance measurement positions and the
fraction of the points removed by filtering increased with the
rise of the flight altitude (Fig. 3). The applied filtering removed
274 (22%), 278 (28%), and 316 (31%) measurements from the
flights at 30, 60, and 90 m, respectively, in July, and 196 (27%)
and 187 (31%) measurements from the flights at 20 m and 90 m,
respectively, in September. The majority of the removed points
were located at the ends of the flight lines, where the UAV had
to turn around before measuring the next line.

Fig. 3. Reflectance measurements point locations calculated using (3) for 30 m
(left) and 90 m (right) flights in July with indication of point locations removed
due to filtering.

Fig. 4. Median (lines) and 2.5%–97.5% range (polygons) of the radiance factor
measurements (lu,λ and ld,λ) normalized to the median of each measurement.
The vertical dashed line indicates the 320 nm wavelength threshold above which
we used the radiance factor for experiments in this study.

The UV 320–400 nm band radiance was between 9.5% and
70% of the median radiance measured by the reference spec-
trometer, and between 5.1% and 58 % for the rover spectrometer
(Fig. 4). The lowest values occurred for the shortest wavelengths,
during the increasing cloud cover in the study area, and over
low-UV-reflecting objects (in case of the rover spectrometer).
The median DNs for the radiance factor measured by the roving
spectrometer, lu,320−400nm, were 134 for the 30 m, 166 for the
60 m, and 180 for the 90 m flights in July, and 31 for the 30 m,
as well as 73 for the 90 m flights in September. On average,
an increase of lu,320−400nm by 1 DN resulted in an increase
of ρ320−400nm (1) by 0.0001 and by 0.0007 for the July and
September flights, respectively.

The reflectance spectra had a similar shape for different
vegetation types in both the July and September measurements
(Fig. 5). Higher reflectance in the UV spectrum was denoted for
the September than for the July flights. The herbaceous meadow
vegetation was characterized by a broader reflectance range in
the λ>600 nm bands when compared to grasslands for both July
and September.

The correlation between the reflectance measurements in-
creased with the increasing flight altitude. Its mean value was
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Fig. 5. Median (lines) and 2.5–97.5% range (polygons) of the reflectance (ρλ) over three vegetation types present in the study area for July at 30 m and September
at 20 m altitude flights.

Fig. 6. Correlation between reflectance measurements (ρλ) for all flights in July and September.

0.66 (30 m), 0.71 (60 m), and 0.79 (90 m) for the July flights,
and 0.64 (20 m), and 0.79 (90 m) for the September flights
(Fig. 6). The reflectance was strongly correlated within the
visible bands (0.91 mean) except for the 520–570 nm band
(0.68 mean). The reflectance was also strongly correlated within
the UV bands (0.96 mean). However, a weaker correlation was
observed between the UV and visible reflectance, with mean
values of 0.77 (30 m), 0.81 (60 m), and 0.88 (90 m) for the
July flights, and 0.62 (20 m), and 0.85 (90 m) for the September
flights. With the exclusion of the 520–570 nm band, the mean
correlation of the UV and visible reflectance was 0.76 (30 m),
0.80 (60 m), and 0.87 (90 m) for the July flights, and 0.66 (20 m),
and 0.88 (90 m) for the September flights.

1) Reflectance Images: The smoothness of reflectance im-
ages increased with the increase in flight altitude [Fig. 7(a)],
but the images acquired on the same day present a similar
spatial pattern. Comparison of the images from both dates
reveals changes in the vegetation such as a darkening of certain
vegetation patches and the removal of bright mowing residues
in the western part of the study area. Both UV bands show
increased reflectance in September in the south-eastern part of
the herbaceous meadow and in the western part of the grassland

[Fig. 7(b)]. The UV reflectance in the airfield remained at a
similar level in the images from both dates. Overall, the pattern
of UV bands in all captured images is similar, but more details
can be noticed in the low-altitude flights.

The blue, green, and red reflectance images matched the
Sentinel 2 reflectance [Fig. 8(a)]. Overall, the UAV reflectance
overestimated the Sentinel 2 reflectance with the strongest bias
in the green band (0.043), followed by the red band (0.040), and
the blue band (0.020). The spatial comparison of the reflectance
images shows that the shapes of the vegetation features in the
UAV datasets resemble those depicted by Sentinel 2 [Fig. 8(b)].
That being said, differences between both images could be
distinguished at the boundary.

B. LAI Measurements

In total we sampled 90 and 80 LAI measurements on 2019-
07-19 and 2020-09-20, respectively. For the July measurements
LAI ranged from 0.05 to 5.22 with a median of 1.36, whereas for
the September measurements LAI ranged from 0.00 to 7.39 with
a median of 0.81. The LAI median in the herbaceous meadow
were the highest of all vegetation types and increased from
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Fig. 7. True-color compositions (a) and the UV reflectance. (b) in 5 nm spectral resolution and 5 m spatial resolution for all UAV flights conducted in this study.

2.77 in July to 3.89 in September. In the mowed grassland the
LAI median decreased over time from 1.09 in July to 0.62 in
September. Similarly, the LAI median in the airfield decreased
from 0.24 in July to 0.08 in September. The highest values of LAI
were present in the south-eastern part of herbaceous meadow,
where the dense vegetation cover was present, and were equal
to 5.52 in July and 7.39 in September.

The measured LAI values were negatively correlated to UV
and visible reflectance (Fig. 9). The strongest correlation was for
the 520–530 nm bands for the July flights, 450 nm band for the
September flight at 20 m, and 375 nm band for the September
flight at 90 m. The correlation was stronger for certain UV bands
than for such visible bands as λ>625 nm, λ ∈(400 nm, 425 nm),
or λ ∈(490 nm, 500 nm) for all flights. A weak correlation
spectral feature was present in the λ ∈(520 nm, 570 nm) bands
in September flight.

C. LAI Modeling

The validation r2 and RMSE of the LAI regression model
depended on the flight altitude, flight period, and the spectral
resolution of predictor bands (Fig. 10). The highest r2 and
lowest RMSE for each flight was always achieved for the UV-vis
models. Within the July flights, the highest r2=0.65 was for the
60 m altitude and 30 nm spectral resolution and the RMSE was
0.767 (15% of the LAI range), whereas for the September flights,
the highest r2=0.69 was for the 90 m altitude and 20 nm spectral

resolution and the RMSE was 1.20 (16% of the LAI range). The
predicted LAI maps show good spatial agreement with the LAI
measurement points (Fig. 11).

The inclusion of the UV predictors in the UV-vis models
increased the r2 and decreased the RMSE in reference to the
visible predictors models more for the July than for September
flights. For the best UV-Vis models, the r2 increase in reference
to the visible predictors models was 9.2% (30 m), 29.2% (60 m),
and 10.4% (90 m) for the July flights, and 4.1% (20 m), and 1.2%
(90 m) for the September flights. Whereas for the UV-Vis models
with the lowest RMSE, the RMSE decrease in reference to the
visible predictors models was 3.6% (30 m), 18.9% (60 m), and
6.1% (90 m) for the July flights, and 2.9% (20 m), and 1.7%
(90 m) for the September flights.

In the July flights, the UV-vis models had a higher r2 than the
visible predictors models for all spectral resolutions. The visible
predictors models had a higher r2 than the UV models, except
for the 90 m flight, with the predictor bandwidth lower than
30 nm. In the September flights, the UV-vis models had a higher
r2 than the visible predictor models for bandwidths greater than
20 nm for the 20 m flight, and greater than 10 nm for the 90 m
flight. The same pattern of model quality was observed in terms
of the RMSE.

The mean r2 of the UV models in July for the 90 m flight was
0.47, which was higher than for the 30 m (0.37) and 60 m (0.38)
flights. The mean RMSE of the UV models for the 90 m flight
was 0.95, which was lower than for the 30 m (1.04) and 60 m
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Fig. 8. Comparison of Sentinel 2 reflectance acquired on 2019-07-20 with the UAV reflectance acquired on 2019-07-19 during the 90 m flight. The UAV
reflectance was interpolated using IDW to the Sentinel 2 raster (10 m spatial resolution) and averaged using the spectral response function for the Sentinel 2 MSI
sensor. The (a) panel presents pixel-by-pixel scatter plots with the 1:1 boundary represented by a dashed gray line. The (b) panel presents a comparison of the
RGB images from both sensors, accompanied by a high resolution orthoimage acquired on 2019-07-19 (0.15 m spatial resolution) for reference. Note that the UAV
reflectance image has three pixels missing in the NW corner due to a lack of measurement points for interpolation. The UAV orthoimage has a different hue than
the reflectance images due to white balance processing by the nonradiometric camera.

Fig. 9. Correlation coefficient between LAI and reflectance (ρλ) for all measurement points.
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Fig. 10. LAI linear regression models’ validation r2 and RMSE with increasing bandwidth of the predictors for all flights. The values vary by the group of used
predictor bands: UV-340 nm, and 380 nm; Vis-420 nm, 460 nm, 500 nm, 540 nm, 580 nm, and 620 nm; UV-vis - all. The RMSE values are in the same units as
LAI-dimensionless; the data range of LAI values used for validation was 0.05 to 5.03 in July and 0.00 to 7.39 in September.

Fig. 11. Predicted LAI maps for the best models from the July (60 m altitude, 30 nm bandwidth) and September (90 m altitude, 20 nm bandwidth) flights. Each
map is overlaid by the values of all LAI point measurements sampled on the same day. Color scales are the same for maps and point measurements.

(1.07) flights. The r2 values for the 90 m flight, unlike for the
30 m and 60 m flights, decreased with the decreasing spectral
resolution (the reverse of the increasing bandwidth).

The mean r2 of the UV models in September was similar for
both flights and was equal to 0.40 for the 20 m flight, and 0.42 for

the 90 m flight. The r2 of the UV models clearly decreased for the
highest spectral resolution (down to 0.36 for the 1 nm bandwidth)
for the 20 m flight. The r2 of the VIS models decreased for
bandwidths greater than 40 nm. The r2 values in the 90 m flight,
unlike in the 20 m flight, decreased with the decreasing spectral
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Fig. 12. Importance of the predictor bands as quantified using the t statistics in a linear regression model for UV-Vis models of all flights. Significant predictors
are indicated with a red or black frame depending on their significance level (p-value).

resolution. The same pattern of model quality was observed in
terms of the RMSE.

The importance of the predictor bands varied with the band-
width and flight period (Fig. 12). The number of significant
predictors increased with the increasing flight altitude for both
the June and September flights. The pattern of the predictor
importance for the different bandwidths was similar for all
altitudes within each month, but varied between the June and
September flights. Overall, the most important band was 420 nm,
as it was significant in all flights (although not in all bandwidths).
The UV predictors were important only in the July flights
and their importance was higher for the wider bands. In the
September flights this pattern was not observed and none of
the UV predictors were significant. Moreover, the 460 nm and
500 nm predictors were not significant in the September flights,
unlike in the June flights. The VIS predictor bands with a central
wavelength longer than 500 nm were significant only for the July
flight at an altitude of 60 m and for both September flights.

Of the UV predictors, the 380 nm band had on average higher
importance than the 340 nm band. The 380 nm band was also
more often significant, while the 320 nm band was significant
only for the June 90 m flight. The 380 nm band was the most
important of all predictors in the 40 nm bandwidth model for
the July flight at 90 m.

IV. DISCUSSION

A. Reflectance Measurements

The reflectance acquired using the simultaneous measure-
ments of the rover and reference spectrometers showed the
expected vegetation pattern in the visible spectrum. When com-
pared to other studies where the UV reflectance for vegetation
was measured, the ρλin the UV spectrum was also similar [16],
[40]. Initially, we planned to calculate the reflectance with the aid
of an atmospheric correction radiative transfer model. However,
our simulations with the 6S model [41] indicated that at the flight
altitudes up to 90 m and under the atmospheric conditions as in
our study, the atmospheric effect on reflectance was negligible.
Moreover, [29] have shown that the reflectance in the UV-vis

range for aquatic areas can be measured by a UAV at altitudes
of between 20 m and 100 m, given neutral weather conditions.

We were unable to measure the UV reflectance for wave-
lengths shorter than 320 nm. This limitation was primarily due
to the UV reflectance itself, which was as low as 0.02 for
the vegetation in the study area. Because of this, the radiance
measured by the rover spectrometer for λ<320 nm was too low
for registration. On the other hand, the reference spectrometer
measured radiance DN at a high enough level for wavelengths as
short as 290 nm (Fig. 4). The median radiance of the reference
spectrometer at λ ∈(290 nm, 320 nm) was 310 DN, so in an ideal
situation, it would be able to measure the reflectance ρ290−320

at a resolution of 0.0032. Therefore, if an object with brighter
UV reflectance was measured by the rover spectrometer, we
would be able to calculate the reflectance for wavelengths shorter
than 320 nm. For wavelengths shorter than 290 nm, the solar
irradiance (at our geographical latitude and day of the year) was
to low to be recorded by the measurement system we used in
this study.

The second limitation was the measurement system we used in
this study. Radiance measurements at levels higher than the noise
in the UV spectrum could theoretically be done if the integration
time of the spectrometers was longer. However, practice has
shown that a longer integration time than the one used in the
presented study would cause elongation of the measurement
footprint due to UAV linear and angular velocities. Increasing the
integration time could also result in spectrometer saturation for
wavelengths with higher solar irradiance than UV or for objects
with higher reflectance. A solution to this limitation could be the
use of spectrometers with higher sensitivity in the UV spectrum
than the silicone CMOS detector used in this study.

The spectrometers we used in this study had a very high spec-
tral sampling resolution (0.47 nm), but lower FWHM (12 nm),
which caused averaging of the reflectance from neighboring
wavelengths. As a result, we were unable to investigate the effect
of narrow UV spectral features for vegetation monitoring as
they were attenuated within the FWHM. On the other hand, the
effect of deep and narrow spectral features should be, to some
extent, visible in the reflectance spectra due to the high spectral



BEREZOWSKI et al.: UAV-BASED HYPERSPECTRAL UV-VIS INTERPOLATED REFLECTANCE IMAGES FOR REMOTE SENSING OF LAI 8761

sampling resolution of the spectrometers. This is supported
by the fact that the r2 values were sensitive to the predictor
bandwidth in our experiments even for bands narrower than
FWHM (Fig. 10). A narrower FWHM could be obtained by
using a spectrometer with a narrower slit. On the other hand,
a narrower slit decreases the amount of light that enters the
spectrometer, increasing the integration time required to achieve
the same radiance measurement level. Because the focus of
this study was on obtaining UV reflectance at a possibly short
wavelength rather than on detecting narrow spectral features, we
decided to use a spectrometer with a wide slit.

B. Reflectance Images

Comparison of the UAV reflectance images with the Sentinel
2 reflectance showed that our method of IDW interpolation of
projected points of reflectance measurements produces realistic
results (Fig. 8). This comparison allowed us to validate the
reflectance in the red, green, and blue bands, for which Sentinel 2
provides acceptably high-resolution reflectance data. However,
due to the spectrometer’s instantaneous measurement of radi-
ance at all wavelengths, we expect that other bands, including
UV, were also properly interpolated.

The UAV overestimation of the Sentinel 2 reflectance
(Fig. 8) may have at least two sources. The first may be a result of
inaccurate measurement of the reference panel for calculating
correction factor cλ ( (2)). Any inaccuracy in this step would
propagate to all reflectance measurements for which this cλ

was used. Yet, if this was the case, a systematic shift would be
observed for the median reflectance between the flights (e.g.,
in Fig. 5), which did not occur. The second possible source
of the reflectance overestimation could be a systematic error
in the Sentinel 2 Sen2Cor [42] atmospheric correction method
during the Level 2 A product generation. Other studies have also
reported overestimation or underestimation of Sentinel 2 Level
2 A products when compared to ground-surface reflectance
measurements [43], [44], [45].

While IDW has been shown to produce good-quality re-
flectance images, other methods, such as linear interpolation
(triangulation), or geostatistics could be used instead [37]. The
simplest approach would be to use linear interpolation, which is
deterministic and does not make any assumptions about the data.
However, the linear interpolation approach would not perform
well for irregularly distributed data with outliers. In such a case,
an outlier could significantly affect the result, as its influence
would linearly decrease over a potentially long distance (de-
pending on how sparse are the measurements). On the opposite
side, in the case of regular measurements, a linear interpolation
approach followed by aggregation to a desired spatial resolu-
tion could produce a valid result. Yet, in our case, especially
for low-altitude flights, the grid was not regular and locally
sparse (between the flight lines). In addition, small footprints
were likely to produce outliers (e.g., from small gaps in the
vegetation cover). IDW uses information from all neighborhood
measurements at a given distance, not only from a given simplex,
which attenuates the outliers effect in the interpolated block.

Geostatistical methods such as kriging could also be used
instead of IDW. The ordinary kriging interpolation, similarly

to IDW, interpolates the result using the neighboring mea-
surements. The difference is that it requires a semivariogram
model to be estimated before interpolation for each interpolated
variable (each reflectance band in our case). Therefore, ordinary
kriging requires more supervision than IDW. Yet, a number of
studies have compared ordinary kriging with IDW for different
geophysical parameters and shown that they often lead to similar
results [46], [47]. Other kriging approaches that could be used
for interpolation are co-kriging and kriging with external drift.
The co-kriging interpolation uses the relationship with other
variables measured at the same locations, but which are unknown
elsewhere. In the case of reflectance interpolation, these could
be reflectance in other bands. Kriging with external drift uses
the relationship with a variable that is known in every location,
which could be a multispectral orthoimage acquired using a cam-
era. We are skeptical about both of the latter kriging approaches
for reflectance interpolation, because, as we have shown, UV
reflectance is not strongly correlated to the reflectance of the
visible spectrum (Fig. 6). The use of uncorrelated variables could
result in invalid interpolation results, however, this should be
investigated in the future.

C. LAI Modeling

Correlation between all bands increases with the increasing
flight altitude (i.e., with the increasing spectrometer footprint)
due to spatial averaging (Fig. 6). When a gap in the vegetation
(e.g., soil, shadow, etc.) covers a high fraction of a spectrometer
footprint, the correlation between bands decreases in compar-
ison to a situation where the footprints are larger and each
contains a similar fraction of vegetation and gaps. Therefore,
an increased spectrometer footprint effectively leads to a more
smoothly interpolated reflectance image which lacks spatial
features that cause decorrelation between the reflectance in
different bands. The low-altitude flights (20 m and 30 m) had
too-small footprints, which led to validation with lower r2 and
greater RMSE than for the high-altitude flights from the same
day (Fig. 10). At the same time, their lower correlation between
the reflectance in the UV and VIS bands (Fig. 6) indicated that
the data from the low-altitude flights contained more spectral
information.

The UV reflectance was an important predictor for LAI
modeling in July (Fig. 10). In particular, the inclusion of UV
predictors into the linear regression model resulted in an in-
creased correlation (or decreased scatter) between the measured
and modeled LAI in reference to the visual predictors model
(Fig. 13). Still, this effect is barely visible for the experiments
conducted in September. Another aspect which demonstrates
that the UV predictors were irrelevant for the LAI in September
is the predictors’ importance, which was higher for the July
flights (Fig. 12). Also, the correlation of the UV reflectance
with the LAI in the September flights decreased in comparison
to the flights at similar altitudes (30 m with 20 m, and 90 m with
90 m) in July. Finally, the UV reflectance was less correlated to
the visual reflectance in the 60 m and 90 m flights in July than
in the September 90 m flight (when excluding the 520–570 nm
bands). This means that the UV reflectance in July was related
to phenomena that did not affect the visual reflectance, and
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Fig. 13. Relation between measured and modeled LAI in the validation sample for the models with the highest r2 in July (60 m altitude, 30 nm spectral resolution)
and September (90 m altitude, 20 nm spectral resolution). Panel columns differentiate the plots by the group of predictor bands used in each model.

that did not occur in September. These indicators of decreased
modeling applicability of UV bands in September could be
related to changes in the vegetation that occurred between the
two measurement dates. In September, the LAI values reached
their maximum in the herbaceous meadow, whereas they started
to decline in the grasslands. Many species were blooming in July,
whereas only residues of flowers were occasionally present in
September.

In each flight, the 420 nm band was important for the LAI
regression. This was likely because green vegetation had much
lower reflectance (0.025) than bare soil (0.071) in this band.
Given that higher LAI values lead to a decreased soil fraction in
the spectrometer footprint, the 420 nm band was a good indicator
of the vegetation fraction in a pixel. The 340 nm and 380 nm UV
bands also had higher reflectance for bare soil (0.050 and 0.057,
respectively) than for green vegetation (0.013 and 0.017, respec-
tively). Therefore, their role in the regression could be similar to
the 420 nm band. The ratio between the green vegetation and bare
soil reflectance decreased with longer wavelengths. Therefore,
the longer wavelength bands were worse for discriminating the
bare soil fraction than the shorter wavelengths bands.

As reported in many studies, annual and perennial vegeta-
tion change the composition of their pigments (e.g., chloro-
phylls, carotenoids, or anthocyanins) during their development
stages [48], similarly to deciduous trees during senescence [49].
The chlorophylls and carotenoids content in leaves usually ex-
hibit a decline at the end of the phenological cycle [50], [51]. The
anthocyanins content pattern is difficult to generalize, because it
is often dependent on environmental conditions [48], [52], [53].
The pigments vary in the location of their absorption features in
the UV-vis spectrum. The peak absorbance of chlorophyll-a is
at 660 nm and 428 nm, chlorophyll-b at 642 nm and 452 nm,
and carotenoids within the 436–475 nm range; chlorophyll-a
also exhibits higher UV absorbance than chlorophyll-b and

carotenoids, especially in the 300–350 nm range [54]. The
peak absorption of various anthocyanins is in the 565–602 nm
range also with high absorbance in the UV, especially in the
200–350 nm range [55]. The plant pigments have increased
reflectance in certain parts of the UV-vis spectrum: 525–550 nm
for chlorophylls, >500 nm and <375 nm for carotenoids, and
375–500 nm for anthocyanins [56]. In this study, we observed
increased reflectance in the UV bands in September when
compared to the June flights for all vegetation types (Fig. 5),
which can be interpreted as decreased absorption of UV light by
chlorophyll-a and increased UV reflectance by carotenoids and
anthocyanins. A similar effect of decreased UV reflectance was
observed when comparing oak leaves from different stands that
varied in the composition of their pigments [40]. In the same
fashion, the reflectance should also increase between July and
September for the 642–660 nm range, which was the case in
our study for the grassland (not in the airfield) and herbaceous
meadow (Fig. 5).

We expected to observe spectral features characteristic of
the presence of flowers, such as an increase of UV, blue and
yellow reflectance [56], in the July flights followed by their
diminishment in September. To investigate this, we compared
the reflectance in July and September in individual spectrom-
eter footprints for areas where flowers were abundant in July
(e.g., yellow flowers in the north-eastern part of the study
area–Fig. 2). Contrary to expectations, we identified the same
reflectance pattern in these locations, as described in the previous
paragraph concerning the change in the composition of the
pigments.

Of the aforementioned vegetation changes that resulted in
modeling differences between the two measurements dates, the
highest effect can be attributed to the first one, i.e., the higher
soil fraction in the spectrometer footprint. This is confirmed by
the presence of a weak correlation in the λ ∈(520 nm, 570 nm)
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bands in the September flights (Fig. 9). A further analysis of
this feature (data not shown) reveals that it is a result of the
high soil fractions (or very low LAI) in the airfield part of the
study area. Notably, this weak correlation was not present for
other vegetation types in September and was present (but in a
stronger form due to the higher LAI) in the airfield in July.

It should be noted that the UV predictors became important
only after spectral averaging into broader bands, which may
have two reasons. First, there could have been too much noise,
especially in the 340 nm band, which prevented the narrow UV
bands from being useful predictors. Second, it is possible that
the important spectral features for LAI estimation (Fig. 9) did
not coincide with the bandwidth intervals selected for this study
(every 40 nm), which meant that they were omitted from the
narrower bands, but included in the broader bands.

D. Significance of UV Reflectance for Remote Sensing of
Vegetation

In our opinion, remotely sensed UV reflectance is an interest-
ing data source that could deliver complimentary information to
the currently used near-infrared reflectance. This is because a
number of laboratory studies have shown that UV spectral fea-
tures can be useful for monitoring various aspects of vegetation.

We chose LAI as a proxy for demonstrating the capabilities
of UV reflectance for vegetation monitoring because LAI is
an easily measurable indicator of vegetation development and
vitality. At the same time, however, properties of vegetation
such as LAI, pigments content, and nitrogen content not only
correlate with the same spectral features in the visible and
near-infrared spectrum [35], [36], but often also correlate with
one another. Because of this, estimation based on the visible and
infrared reflectance makes it hard to distinguish between these
individual properties. One solution is the inversion of radiative
transfer models, which simulate the effect of the properties of
the vegetation on the reflectance [57]. Another solution may
be the use of UV reflectance, which has been tested so far in
in-situ experiments for vegetation monitoring. The inclusion of
UV predictors in vegetation property models other than LAI
could be beneficial because UV reflectance can be related to
the chlorophyll, nitrogen [15], [16], [17], and phosphorus [58]
content in the vegetation. On the other hand, some studies report
a weak correlation between the chlorophyll content and UV
reflectance [59]. Therefore, such UV reflectance applications
still have to be tested in a separate remote sensing field study.

A number of studies have shown that anthocyanins, or more
generally flavonoids, in vegetation interact with the UV spec-
trum by absorbance or reflectance [18], [19], [60], [61]. The
presence of these compounds can be used to identify stressed
vegetation [62], and their content can also depend on environ-
mental conditions [15]. The fact that parts of the spectrum used
in the aforementioned experiments were successfully measured
in our study indicates that such measurements could also be
performed via UV-vis remote sensing.

Another application of remote sensing in which UV re-
flectance could be useful is the analysis of plant functional traits.
This includes assessment of properties of the leaf epidermis

such as pubescence [63] and the presence of wax [64], [65].
However, in such cases, one should proceed with caution as the
UV reflectance and transmittance is higher in plants with a thin
epidermis than in plants with a thick epidermis, where the UV
absorbance is greater [66]. Therefore, the viability of UV remote
sensing of the properties of vegetation related to inner leaf cells
may be limited in the case of the presence of wax, pubescence,
or a thin epidermis.

Moreover, UV reflectance can be useful not only for remotely
sensing the properties of an entire canopy, but also for the
investigation of smaller objects. The contrast in UV reflectance
is used by animals to identify flowers [67]. This feature can
be used for improving the remote sensing of pollination type,
which thus far has been done with the use of the visible and
near-infrared spectrum [68]. UV reflectance is also an early
indicator of vegetation disease [20] and therefore could be an
interesting alternative to sensing chlorophyll fluorescence in
precision agriculture [69]. This being said, the fact that we were
unable to identify flowers in our study shows that the remote
sensing of such local features is challenging and requires a much
higher spatial resolution.

V. CONCLUSION

In this study, we have demonstrated for the first time a method-
ology to create hyperspectral UV reflectance (forλ>320 nm) im-
ages using a low-altitude remote sensing platform and presented
its applicability to vegetation monitoring. The UV reflectance
obtained in our method was not strongly correlated to the re-
flectance of visual bands because we interpolated it directly from
the measurements. Our technique of producing interpolated
reflectance images was accurate, as they resembled very well
independent reflectance data from the Sentinel-2 sensor. Our
results show that UV reflectance was applicable for vegetation
modelling as it was an important predictor that improved LAI
modeling in the month of July when compared to models using
visual bands only. We attribute this improvement to the sensitiv-
ity of UV reflectance to the properties of the vegetation that were
pronounced in July. In the month of September, the improve-
ment of LAI modeling by the inclusion of UV reflectance was
marginal, which was likely due to the changes in the vegetation
properties. Yet, this aspect has to be investigated further in
a follow-up study involving measurements of plant pigments.
Two very important factors of the presented methodology are
the distribution of the reflectance measurement points and their
footprint size. In general, small, sparsely distributed footprints
have proven to be less valuable for modeling reflectance im-
ages than bigger footprints, as the latter provided better spatial
averaging.

The obtained results indicate that future research should focus
on the following aspects:

1) change of flight parameters and sensors to enable the
acquisition of UV reflectance over shorter bands, which
in our opinion should be possible down to 290 nm;

2) increase in the density of spectrometer measurement
points at low altitudes to obtain an appropriate spatial
representation for small footprints;
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3) comparison of the UV reflectance with near-infrared re-
flectance with respect to both information redundancy and
the potential for vegetation monitoring;

4) investigation of the feasibility of remotely sensed UV
reflectance in the modeling of the properties of vegetation
that have thus far been estimated using UV in laboratory
analyses.
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