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Abstract: This study investigates the impact of environmental conditions on reflectance values
obtained from multispectral Unmanned Aerial System (UAS) imagery in inland waters, focusing
on sun glint, cloud glint, wind-generated waves, and cloud shading projections. Conducted in two
reservoirs with differing water qualities, UAS platforms equipped with MicaSense Altum and DJI
Phantom 4 Multispectral sensors were used to collect multispectral images. The results show that sun
glint significantly increases reflectance variability as solar elevation rises, particularly beyond 54◦,
compromising data quality. Optimal flight operations should occur within a solar elevation angle
range of 25◦ to 47◦ to minimize these effects. Cloud shading introduces complex variability, reducing
median reflectance. Wind-generated waves enhance sun glint, increasing variability across all spectral
bands, while cloud glints amplify reflectance non-uniformly, leading to inconsistent data variability.
These findings underscore the need for precise correction techniques and strategic UAS deployment
to mitigate environmental interferences. This study offers valuable insights for improving UAS-based
monitoring and guiding future research in diverse aquatic environments.
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1. Introduction

Freshwater is one of the most vital human survival and well-being resources, as it
sustains various aspects of life, including drinking water, agriculture, health, and industry.
However, due to the increasing pressure of human activities, inland reservoirs are becom-
ing more exposed to various forms of pollution from urbanization and industrialization.
Therefore, it is crucial to effectively assess and monitor pollution in inland water if society
wants to benefit from this valuable resource.

In situ field sampling provides detailed information at specific locations and times,
but it is costly, time-consuming, and often needs to be repeated frequently. In contrast,
remote sensing (RS) offers a synoptic, more comprehensive view across larger areas and
over multiple periods [1,2]. As a complementary monitoring technique, RS can observe
water quality from a local to a global scale with a revisit time of 3 days of public harmo-
nized data [3], improve the efficiency of field operations by pinpointing pollution and
anomaly hotspots [4], and produce water quality parameters modeling and mapping,
such as chlorophyll-a concentration [5], turbidity [6], colored dissolved organic matter [7],
phycocyanin [8], cyanotoxins [9], water clarity [10], among others.

Although satellite-based remote sensing techniques for measuring water reflectance
generally offer suitable temporal and spatial resolution, they encounter significant limita-
tions in detecting and monitoring rapid processes and phenomena with restricted spatial
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extents [11]. These limitations become particularly pronounced when monitoring small
and medium-sized water bodies that demand high spatiotemporal resolution or during
emergency responses where timely data acquisition is crucial. Additionally, satellite obser-
vations are often hindered by cloud cover [12,13]. In this way, unmanned aerial systems
(UASs) equipped with multispectral or hyperspectral sensors offer the capacity for observ-
ing small-scale variations in water surface and complement RS satellite analysis that suffers
from mixed pixels and shore adjacency effects.

The UAS is a comprehensive platform encompassing the aerial vehicle itself, sensors,
telemetry systems, ground-based workstations, and software for operating and controlling
aerial missions. In addition to not requiring atmospheric corrections [14] and the potential
to monitor regions with narrow water bodies [15] and urgent events that require high-
frequency monitoring, UASs also show advantages for developing water quality parameters
observations because of their easy deployment on-demand and portability for carrying
multiple specific sensors [11].

Surface reflectance is a crucial remote sensing metric that provides important insights
into the ecological and biogeochemical conditions of water bodies. Accurate measurements
are essential for understanding water quality, as they involve separating the radiance
coming from the water itself from the radiance reflected off the surface, enabling more
precise environmental monitoring and management [16]. Variations in reflectance can
serve as indicators of changes in the concentration of water constituents, temperature [17],
clarity (Secchi disk depth) [18], and algal blooms [19], among others. However, the use of
UASs in aquatic surface imaging is still a challenge. Factors such as sun, sky and cloud
glints, wind-generated waves, and cloud shading can significantly introduce noise and
affect the accuracy of reflectance measurements [20–22], which could potentially lead to
misleading reflectance-based post-processing steps, such as water constituents’ retrievals,
feature extractions, and data analysis.

For instance, Ref. [20] demonstrated that the effects of sun glints and waves signif-
icantly affect the reflectance of images, with a standard deviation of 9.3% compared to
only 2.8% for unaffected ones. In the realm of regression models for retrieving water
parameters, models derived from calm water spectra consistently outperformed models
that included these factors, showing higher co-relation values. In addition, Ref. [23] pro-
posed an algorithm that integrates a Foreground Attention-based Semantic Segmentation
Network (FANet) to correct sun glints and restore the texture of coral reefs in UAS-acquired
Red-Green-Blue (RGB) imagery. This approach significantly enhanced the accuracy of the
segmentation process, improving the subsequent task of coral reef mapping. Ref. [24] also
emphasized the challenges and strategies for avoiding sun glint. They developed an artifi-
cial neural network that automatically detects sun glints in RGB images captured by UASs
in shallow waters. The model achieved 99% accuracy, with a precision of 79% and a recall
of 54%, showcasing its potential for conducting UAS as remote sensing in clean and shallow
water. Ref. [16] compared four methods for removing sun glints to obtain more accurate RS
retrievals of water constituents. The most effective method identified was a pixel-based
analysis of near-infrared wavelengths to account for the sun glint. After corrections, the
multiple linear regressions applied to UAS images’ reflectance with in-situ chlorophyll-a
and total suspended solids values resulted in 37% and 9% relative errors, respectively.

UAS images are more accurate in capturing the fine details of water surface reflectance;
however, they are also more susceptible to noise from surface disturbances. This heightened
sensitivity can lead to significant variations in reflectance values between adjacent pixels,
creating challenges for accurate data interpretation. As the UAV’s altitude increases, these
surface noise effects merge and become less pronounced, leading to a smoother reflectance
profile. However, this merging only partially eliminates the problem, as residual noise can
still affect the overall accuracy of the reflectance data. Therefore, despite the benefits of
high-resolution imagery, there remains a critical need for effective correction methods to
mitigate the impact of water surface noise, ensuring that the high spatial detail does not
come at the cost of data reliability [25].
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Despite the potential of UASs in aquatic surface imaging, the precision of reflectance
measurements is subject to influence by different environmental factors, with sun glint
being the most extensively studied in the literature. However, the understanding of
these influences remains incomplete, hindering the effective utilization of UASs for RS
water quality monitoring. Thus, this study aims to provide a comprehensive analysis
of the variability in reflectance measurements obtained from multispectral UAS images,
considering the influence of key environmental factors such as sun glints, cloud glints,
wind-generated waves, and cloud shading. The objective is to elucidate their impact on the
reflectance readings in UAS imaging systems, ultimately aiming to improve the reliability
and interpretability of UAS RS water quality monitoring data.

2. Material and Methods
2.1. Study Areas

This study analyzed two reservoirs and three distinct areas (Figure 1): the Vargem das
Flores Reservoir, and the upstream and downstream sections of the Pampulha Reservoir,
which are separated by a sediment control barrier. These areas were selected due to their
size, usage, and water quality differences. Sun glint effects were analyzed using aerial
images from the Vargem das Flores Reservoir, collected on 17 November 2021, using the
sensor MicaSense Altum. For cloud glint, wind-generated waves, and cloud shading
effects, images from both sections of the Pampulha Reservoir, collected on 10 March 2022,
using the sensor FC6360 from DJI Phantom 4 Multispectral, were analyzed. The effects
were examined independently: sun glint images from Vargem das Flores were compared
only among themselves, while images of cloud glint, wind-generated waves, and cloud
shading were analyzed separately for the upstream and downstream sections of Pampulha.
This approach minimized interference from water quality differences between the two
Pampulha sections.
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2.1.1. Vargem das Flores Reservoir

The Vargem das Flores Reservoir (Figure 1 (left)) is situated in the metropolitan area
of Belo Horizonte, Minas Gerais State (S 19.8959054 W 44.1482116). It is primarily used for
urban water supply and is characterized by clear waters with low turbidity and chlorophyll
levels. The reservoir covers an area of 5.5 km2, has a maximum depth of 25 m, and holds a
volume of approximately 40 hm3. The reservoir is managed by the company Companhia
de Saneamento de Minas Gerais.

2.1.2. Pampulha Reservoir

The Pampulha Reservoir (Figure 1 (right)), located in Belo Horizonte (S 19.8512955
W 43.9796154), has been recognized as a UNESCO Cultural Heritage site since 2016. This
reservoir is a key example of Brazil’s modernist architectural movement, initiated in 1940.
Despite its cultural significance, the reservoir has suffered from eutrophic conditions since
1984 [26]. The reservoir is within a densely populated hydrological basin and receives
significant inflows of untreated wastewater and rainwater runoff, containing high levels
of sediments, organic matter, and nutrients. It covers an area of 2.6 km2, has a maximum
depth of 16 m, and holds a volume of approximately 10 hm3. Currently, the reservoir is
managed by the Municipality of Belo Horizonte. Notably, a sediment control barrier within
the reservoir creates two distinct water characteristics: upstream of the barrier, the water
has a brown hue, while downstream, it exhibits a predominantly green tint.

2.2. Unmanned Aircraft Systems

Two commercial UASs, designed for photogrammetric multispectral mapping and
equipped with downwelling sunlight sensors to measure irradiance at the time of image
capture, were employed to capture multispectral images of the reservoirs:

(i) NUVEM-ALTUM UAS: A semi-integrated UAS equipped with a MicaSense Altum
sensor mounted on a Nuvem Spectral UAV. This UAS was controlled via a radio controller,
with mission planning conducted using NCONTROL software on a laptop. A USB telemetry
antenna was connected to the laptop to enable telemetry. The gimbal system has a single-
axis configuration fixed at a −90◦ nadir angle, with the sensor azimuth angle aligned with
the flight direction.

The spectral configuration for the MicaSense Altum sensor is as follows: Blue at
475 ± 20 nm, Green at 560 ± 20 nm, Red at 668 ± 10 nm, Red-Edge at 717 ± 10 nm, Near-
Infrared (Near-IR) at 840 ± 40 nm, and Thermal Infrared LWIR at 8–14 µm. The spatial
resolution is 3.2 MP (2064 × 1544) for the multispectral channels and 160 × 120 pixels for
the LWIR channel.

(ii) DJI P4M UAS: The DJI Phantom 4 Multispectral is equipped with an integrated
FC6360 camera. This UAS was fully designed by the original manufacturer. It was con-
trolled using an SDK remote controller, with mission planning conducted on a tablet
running the DJI GS Pro app. A versatile 3-axis gimbal system allows for a wide range of
motion, enabling tilt adjustments from −90◦ (nadir angle) to +30◦.

The spectral configuration for the DJI P4M UAS is as follows: Blue at 450 ± 16 nm,
Green at 560 ± 16 nm, Red at 650 ± 16 nm, Red-Edge at 730 ± 16 nm, and Near-IR at
840 ± 26 nm, with a spatial resolution of 2.1 MP (1300 × 1600). Additionally, the DJI P4M
UAS includes an RGB Panchromatic band and features a First-Person View (FPV) capability.

2.3. Collection of UAS Images
2.3.1. Sun Glint Effect

To study the impact of sun glint on the reflectance of inland water in UAS imagery, the
UAS missions over the Vargem das Flores Reservoir were meticulously planned to capture
this effect under varying sun-sensor geometries. Sun glint occurs when sunlight is directly
reflected off the water surface towards the sensor, increasing the measured radiance that
does not originate from the water column. The intensity of sun glint is highly dependent
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on the solar-sensor geometry and the surface roughness of the water, which is influenced
by wind speed and other environmental factors [16].

The imagery was collected using the NUVEM-ALTUM UAS during 15-min photogram-
metric flights with 75% longitudinal overlap and 65% side overlap. These flights were
conducted at an altitude of 100 m. To minimize unwanted scattering of sun glint along the
flight paths, the mission planning ensured that the UAS sensor’s azimuth angle—aligned
with the flight direction due to the fixed gimbal—was intentionally matched with the
average Solar Azimuth Angle for each mission time [27,28]. Figure 2 illustrates the flight
paths for each mission. Only images capturing the water surface were analyzed, while
those containing terrestrial features were excluded.

Limnol. Rev. 2024, 2, FOR PEER REVIEW 5 
 

 

dependent on the solar-sensor geometry and the surface roughness of the water, which is 
influenced by wind speed and other environmental factors [16]. 

The imagery was collected using the NUVEM-ALTUM UAS during 15-min photo-
grammetric flights with 75% longitudinal overlap and 65% side overlap. These flights 
were conducted at an altitude of 100 m. To minimize unwanted scattering of sun glint 
along the flight paths, the mission planning ensured that the UAS sensor’s azimuth an-
gle—aligned with the flight direction due to the fixed gimbal—was intentionally matched 
with the average Solar Azimuth Angle for each mission time ([27,28]. Figure 2 illustrates 
the flight paths for each mission. Only images capturing the water surface were analyzed, 
while those containing terrestrial features were excluded. 

 
Figure 2. Flight paths of the UAS missions conducted over Vargem das Flores Reservoir to study 
the impact of sun glint on water reflectance. Each colored dot represents the coordinates of images 
for a mission: 1st Flight (yellow), 2nd Flight (light blue), 3rd Flight (green), and 4th Flight (red). 

Literature was considered to analyze the sun glint effects caused by the Solar eleva-
tion angle. Ref. [27] advised maintaining a Solar elevation angle between 30° and 45°, 
while [29] suggested angles between 30° and 60°. Ref. [28] recommended using glint re-
moval procedures for angles ranging from 35° to 75°. Additionally, Ref. [30] recom-
mended a maximum Solar elevation angle of 90° minus half the field of view (FOV) of the 
camera sensor. 

Given the available battery capacity, during springtime, flights were scheduled to 
start at the beginning of each hour from 07:00 to 10:00 AM on 17 November 2021 (see Table 
1). This schedule allowed for the assessment of a wide range of solar elevation angles, 
ensuring comprehensive data collection for the analysis. Weather conditions were sunny 
(no clouds) with wind speeds below 1 m/s. In Table 1, the multiplication factor (*5) denotes 
the sensorʹs acquisition of imagery across five distinct spectral bands (Blue, Green, Red, 
RedEdge, and Near-Infrared). Each set of five images represents a single multispectral 
scene. 

  

Figure 2. Flight paths of the UAS missions conducted over Vargem das Flores Reservoir to study the
impact of sun glint on water reflectance. Each colored dot represents the coordinates of images for a
mission: 1st Flight (yellow), 2nd Flight (light blue), 3rd Flight (green), and 4th Flight (red).

Literature was considered to analyze the sun glint effects caused by the Solar elevation
angle. Ref. [27] advised maintaining a Solar elevation angle between 30◦ and 45◦, while [29]
suggested angles between 30◦ and 60◦. Ref. [28] recommended using glint removal proce-
dures for angles ranging from 35◦ to 75◦. Additionally, Ref. [30] recommended a maximum
Solar elevation angle of 90◦ minus half the field of view (FOV) of the camera sensor.

Given the available battery capacity, during springtime, flights were scheduled to start
at the beginning of each hour from 07:00 to 10:00 AM on 17 November 2021 (see Table 1).
This schedule allowed for the assessment of a wide range of solar elevation angles, ensuring
comprehensive data collection for the analysis. Weather conditions were sunny (no clouds)
with wind speeds below 1 m/s. In Table 1, the multiplication factor (*5) denotes the sensor’s
acquisition of imagery across five distinct spectral bands (Blue, Green, Red, RedEdge, and
Near-Infrared). Each set of five images represents a single multispectral scene.
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Table 1. UAS Flight and Solar Data for Sun Glint Analysis with NUVEM-ALTUM UAS at Vargem
das Flores.

Flight
Number

Multispectral
Images

Time
(GMT-3)

Solar
Elevation

Solar
Azimuth

Sensor
Azimuth

1st 222 × 5 = 1110 07:02–07:19 24.9◦–28.8◦ 102.4◦–101.3◦ 103

2nd 219 × 5 = 1095 08:21–08:37 43.1◦–46.9◦ 97.8◦–96.9◦ 97

3rd 256 × 5 = 1280 09:09–09:24 54.3◦–57.8◦ 95.2◦–94.3◦ 93

4th 232 × 5 = 1160 10:08–10:22 68.2◦–71.5◦ 91.7◦–90.7◦ 90
Note: The multiplication factor (×5) indicates that each flight captured images across 5 spectral channels (Blue,
Green, Red, RedEdge, Near-IR). Thus, each set of 5 images represents one complete multispectral scene.

2.3.2. Cloud Glints, Wind-Generated Waves, and Cloud Shading Projections Effects

Studying the effects of environmental conditions, such as cloud glints, wind-generated
waves, and cloud shading projections, presents a challenge due to the unpredictability of
these phenomena. This contrasts with the more prepared procedure for collecting sun glint
data. These effects cannot be planned for specific flights as they depend on minor, sudden,
and unpredictable changes in environmental conditions. Images exhibiting these effects
were sourced from a research project aimed at modeling aquatic constituent concentrations
(chlorophyll, turbidity, and phycocyanin) using UAS Remote Sensing.

Therefore, the images captured by the DJI P4M UAS at the Pampulha Reservoir on
10 March 2022, during summertime, were specifically selected because they displayed
these phenomena. The day featured intermittent cloud cover, and ground wind speeds
ranged from 1 to 3 m/s at the take-off area. To minimize strong sun glint effects caused by
high solar angles, available images were selected between 07:34 and 10:06 AM when solar
elevation was between 23◦ and 54◦.

Given the varying water qualities in the Pampulha Reservoir, the UAS images were
initially sorted based on their location, either upstream or downstream of the net barrier
controlling sediment propagation. To further assess the spectral response concerning
different water qualities, surface water quality measurements were taken using the YSI
EXO2 Multiparameter Water Quality probe on the same day of UAS data collection. Mea-
surements were conducted both upstream and downstream of the sediment retention net.
The median values recorded upstream (N = 16) and downstream (N = 8) of the net were
13.9 and 9.1 relative fluorescence units (RFU) for chlorophyll-a and 54.6 and 7.1 Formazin
Nephelometric Units (FNU) for turbidity, respectively.

The similar median chlorophyll-a values at both locations suggest comparable algae
levels. However, the pronounced difference in turbidity indicates a significantly higher
concentration of suspended sediments upstream. This difference can be attributed to
the net, which slows down the water velocity, favoring sedimentation before the water
crosses the net downstream. This mechanism likely reduces the amount of suspended fine-
grained particles in the water downstream of the net, leading to lower turbidity readings
downstream. This supports separating the reservoir into two distinct environments to
independently analyze the effects of cloud reflections, wind-generated waves, and cloud
shading projections.

Subsequently, the categories “upstream of the net” and “downstream of the net”
were divided into affected and non-affected groups based on the visual perception of sky
glints, waves, and shading projections, as illustrated in Figure 3. Non-affected images
were those minimally or not influenced by these interferences. Within this framework, we
independently compared the outcomes of each environmental condition. The details of the
image dataset are presented in Table 2.
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Figure 3. Spatial distribution of DJI P4M UAS images in the Pampulha Reservoir (10 March 2022)
categorized by the effects of cloud glints, wind-generated waves, and cloud shading projections.
The images are divided into upstream (west section) and downstream (east section) of the sediment
retention net.

Table 2. Multispectral image dataset for comparing degrading effects upstream and downstream
with DJI P4M UAS at the Pampulha Reservoir.

Degrading Effect Multispectral Images
(Upstream of the Net)

Time
(GMT-3)

Multispectral Images
(Downstream of the Net)

Time
(GMT-3)

Cloud glint - - 47 × 5 = 235 07:34–09:28

Wind-generated waves 24 × 5 = 120 09:28–09:42 53 × 5 = 265 07:35–08:39

Cloud shading projections 52 × 5 = 260 09:14–09:48 32 × 5 = 160 08:35–10:06

No degrading effect 31 × 5 = 155 09:20–09:49 39 × 5 = 195 07:38–09:58

Regarding exposure settings during image collection, both UASs used the automatic
exposure mode rather than manually configuring values for focal length, ISO, and exposure
time. We adopted this approach because when sun glint affects the sensor or terrestrial
land appears in the sensor’s view, the ISO and exposure time automatically adjust to the
new brightness conditions. Additionally, it is impractical to manually adjust exposure
settings for each image collection, particularly without a first-person view, as is the case
with the MicaSense Altum. Ref. [31] used auto mode in the MicaSense sensor but expressed
concerns about the impact on image quality and subsequent processing. Moreover, after
testing six different exposure settings, Ref. [32] confirmed the high efficiency and accuracy
of the auto mode of the DJI P4M UAS.

2.4. Processing of Multispectral UAS Imagery

Due to the spectral properties of water, which result in lower reflectance signals
compared to terrestrial targets, it is crucial to perform reflectance calibration to effectively
distinguish clear water from turbid water and chlorophyll algae blooms [33,34].
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In this study, the radiometric calibration process for multispectral UAS imagery in-
volves capturing irradiance data from both a ground-based Calibration Reflectance Panel
(CRP) and a Downwelling Light Sensor (DLS) mounted on the drone. The CRP reflects
incoming radiation, and given its known reflectance properties, this reflected radiance can
be used to calculate the incoming irradiance for each spectral band. Concurrently, the DLS
sensor, positioned on top of the drone facing the sky, measures the downwelling irradiance
directly. The CRP tracked changes in irradiance before and after each flight, while DLS
captured irradiance levels precisely at the moment of each photo, which is crucial for
detecting sudden changes like cloud cover.

The DLS sensors used were manufactured by DJI and MicaSense. However, the CRP
from MicaSense was employed to calibrate images from both sensors, as DJI does not
provide a CRP for their multispectral sensor. This decision was influenced by previous
successful calibrations using non-specific reflectance panels by [32,35].

The selected samples were calibrated using Agisoft Metashape 2.0 software. To achieve
precise radiometric calibration in Metashape, the methodology for both UAS images
leverages the comprehensive model provided by MicaSense (GitHub: MicaSense RedEdge
and Altum Image Processing Tutorials. 2024. Available online: https://github.com/
micasense/imageprocessing (accessed on 19 August 2024).). At the first step of radiometric
calibration, raw data obtained from the multispectral UAS sensor were converted into
absolute spectral radiance (LUAS) (W m−2 sr−1). This model converts raw pixel values
from the captured images into absolute spectral radiance values, accounting for various
factors including sensor black level, sensitivity, gain, exposure settings, and lens vignette
effects. All necessary parameters are extracted from the image metadata. The pixel values
are normalized by dividing them by 2N (where N is the bit depth of the image), converting
them into a range from 0 to 1. The vignette model corrects for light sensitivity fall-off in
pixels further from the center by applying a polynomial function, whose parameters are
also stored in the metadata. The correction process followed the equation:

LUAS(λ) = V(x, y)× a1
g
× p(λ)− pBL

te + a2y − a3tey
(1)

where: p is the raw pixel value, pBL is the black level value, a1, a2, a3 are the radiometric
calibration coefficients, V(x, y) is the vignette polynomial function for pixel location (x, y), t
is the image exposure time, g is the sensor gain setting.

The systematic differences between the irradiance measurements obtained from the
CRP and DLS can significantly impact the accuracy of the reflectance values derived from
multispectral UAS imagery. Equations (2) and (3) address these differences by providing a
correction factor, Cor(λ), that adjusts the reflectance values recorded by the UAS sensor. This
correction factor is derived from the linear relationship between the irradiance measured
by the CRP (IRRCRP(λ)) and the DLS (IRRDLS(λ)), encapsulated in the coefficients a and
b. These coefficients are determined through a regression analysis accounting for the
sensors’ spectral responses, sun-sensor geometry, and atmospheric scattering, among other
environmental conditions [36].

IrrCRP(λ) = a × IrrDLS(λ) + b (2)

Cor(λ) =
a

1 − (b×RCRP)
π×LCRP(λ)

(3)

The MicaSense CRP used in this study is constructed from materials that exhibit
diffuse reflectance, meaning they scatter incident light uniformly in all directions, a charac-
teristic typical of Lambertian surfaces. These surfaces reflect light equally regardless of the
observation angle, making them ideal for accurate calibration purposes.

https://github.com/micasense/imageprocessing
https://github.com/micasense/imageprocessing
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Equation (4) further refines the reflectance calculation by normalizing the radiance
values LUAS with the irradiance measured by the DLS, and then applying the correction
factor Cor(λ). This normalization process is essential because the irradiance recorded by the
DLS reflects the instantaneous light conditions during each image capture, accounting for
transient changes such as cloud cover or varying solar angles. As a result, the corrected re-
flectance RUAS COR(λ) provides a more reliable representation of the true surface properties.

RUASCOR(λ) =
LUAS(λ)

IrrDLS(λ)
× Cor(λ) (4)

Worth noting that when capturing the photo of the CRP, the DJI P4M UAS sensor was
approximately 50 cm away from the panel, and the MicaSense Altum was around 100 cm
away. In this manner, the images containing the QR code and the panel target were sharp
(not blurred) and easily recognized during calibration steps.

The radiometrically calibrated images were then imported into a Python script and
resized by a factor of 1/10 for both width and height, thereby reducing the number of
pixels by a factor of 1/100. This step was necessary to ensure that the processing servers
could handle and process the amount of data extracted from all the samples of each group.

2.5. Statistical Analysis of Reflectance Values

The statistical analysis of reflectance values aimed to elucidate the effects of environ-
mental conditions, such as sun glint, cloud glint, wind-generated waves, and cloud shading
projections, on UAS imagery. The calibrated reflectance values were categorized based on
these conditions and further divided by spectral bands (Blue, Green, Red, Red Edge, and
Near-IR). Summary statistics, including mean, standard deviation, Coefficient of Variation,
and Signal-to-noise Ratio were calculated for the pixels in each categorized group and
across different spectral bands to provide insights into the central tendency, variability, and
data quality.

The mean provides the average reflectance value for each group, representing the
central tendency of the data. The standard deviation (Std Dev) measures the spread or
dispersion of reflectance values around the mean, indicating the level of variability in the
data. A higher standard deviation suggests greater variability. The Coefficient of Variation
(CoV) is a standardized measure of dispersion, calculated as the ratio of the standard
deviation to the mean. It allows for comparisons of variability between different spectral
bands and conditions, regardless of the magnitude of the reflectance values. A higher
CoV indicates greater relative variability. The Signal-to-Noise Ratio (SNR) compares the
magnitude of the signal (mean reflectance) to the level of noise (standard deviation). A
higher SNR indicates that the signal is stronger relative to the noise, suggesting that the
reflectance data are more reliable and less affected by environmental disturbances.

Boxplots and Probability density functions (PDFs) were plotted to visualize the distri-
butions and identify notable patterns. Symbols in boxplots are lower and upper outliers
represented by dots below and beyond the whisker, the minimum and maximum values
at the bottom and top of the whisker, the first quartile and third quartile at the lower and
upper edge of the box, and the median as an orange horizontal line within the box. The
statistical analyses were performed using Python with libraries such as NumPy, SciPy,
and Pandas for data manipulation and calculations. Visualization was carried out using
Matplotlib to generate PDF plots and other graphical representations.

3. Results
3.1. Sun Glint

The study aimed to analyze the variations in sun glint effects at different times of the
day during UAS (Unmanned Aerial System) flights. Data were collected using the NUVEM-
ALTUM UAV, capturing five spectral bands: Blue, Green, Red, Red Edge, and Near-IR.
The flights were conducted on a sunny day at four specific times: 07:02 AM, 08:21 AM,
09:09 AM, and 10:08 AM, on 17 November 2021, at the same spot on Vargem das Flores
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Reservoir, with ground wind speeds below 1 m/s. Therefore, variations in reflectance are
likely related to the sun-sensor geometry rather than water quality differences and the glint
and shadows observed in waves and cloudy conditions.

Figure 4 presents a boxplot analysis of the reflectance values across these times and
spectral bands. Additionally, Figure S1 provides a complementary visualization of the
same data, with a Y-axis scale ranging from 0 to 0.15 for the first two flights and from 0 to
1.00 for the last two flights.
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The spectral behavior remained consistent across all four flights, with the Green band
showing higher mean reflectance than the Blue and Red bands, caused by the absorption
characteristics of chlorophyll-a in low turbidity waters [37,38]. The Red Edge and Near-IR
bands exhibited lower reflectance values compared to the visible bands, which can be
explained by the high water absorption coefficient in the infrared [39]. Moreover, there
was a slight increase in Near-IR reflectance, which could be associated with mineral and
organic suspensions [40].

From the first to the fourth flight, the boxplots revealed a systematic increase in
the minimum, median, maximum, and quartile values. Simultaneously, lower outliers
decreased. In addition, the data distribution became more dispersed, with an increase in
the interquartile range (IQR) and the number of outliers, indicating greater variability as
the solar elevation angle increased. The low irradiance reaching the water surface likely
prevented the occurrence of glint in the early flights. For instance, the Green band’s median
values increased from 0.0034, 0.0051, and 0.018 in the first three flights to 0.081 in the fourth
flight, representing a relative increase of 50%, 252%, and 350% compared to the previous
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flight. Similarly, the Green band’s maximum values rose from 0.0045, 0.0066, and 0.0245 to
0.1671, reflecting a relative increase of 46%, 271%, and 583%.

Figure 5 provides a detailed statistical analysis, showing the mean, CoV, standard Std
Dev, and SNR for each spectral band and flight time, along with the PDF of the reflectance
values. This figure is crucial for understanding the impact of sun glint on the data’s quality
and distribution. The histograms within the figure are normalized so that the area under
the curve sums to one, offering a probabilistic view of the reflectance values. Higher peaks
in the density indicate more frequent reflectance values, while flatter areas signify less
frequent values.

The data reveal a clear pattern where, as the sun’s elevation angle increases, the CoV,
Std Dev, and mean across all spectral bands also rise, following the trend: 4th flight > 3rd
flight > 2nd flight > 1st flight. This simultaneous increase in CoV, Std Dev, and median
reflects greater variability and a shift in central tendency in the reflectance values due to
the intensifying sun glint, which escalates with the sun’s elevation. Conversely, an inverse
relationship is observed with the SNR, which decreases as the sun glint increases. For
example, comparing the first and the fourth flights, the Red band means increased from
0.0018 to 0.1290, CoV rose from 0.15 to 1.63 and SNR decreased from 6.52 to 0.62.

This suggests that the data quality diminishes with increased sun glint, as noise be-
comes more pronounced relative to the signal. The decrease in SNR and the corresponding
increase in CoV and Std Dev can be observed through the reduction in the density peak
from the first to the fourth flight and the broadening of the base of the density curve.

Furthermore, as illustrated in the boxplot, the variability and central tendencies
between the first and second flights are minimal, in contrast to the significant increase
observed in the third and fourth flights, which indicates a corresponding decline in data
quality. Therefore, to utilize the images from the third and fourth flights—where solar
elevation angles exceed 54.3◦—for developing products that require precise and consistent
reflectance measurements, it is crucial to apply appropriate corrections to the imagery
beforehand, as recommended by [28]. Given that higher noise levels necessitate greater
caution in both the application and interpretation of results, the sun glint correction process
must be meticulously detailed to address the complexities related to the magnitude and
variability of the data

Our findings agree with those of [30], who recommended a maximum solar elevation
of 58.7◦ for sensors with an FOV of 62.7◦, as our study demonstrates that sun glint at this
solar elevation (third flight) significantly compromised the magnitude and distribution of
the reflectance readings in this case. Furthermore, our results partially agree with [27] who
advocate for conducting flights when the solar elevation is between 30◦ and 45◦. These
conditions, approximately corresponding to our first (24.9◦ to 28.8◦) and second (43.1◦

to 46.9◦) flights, yielded the lowest CoV and the highest SNR. Therefore, provided that
the sensor’s azimuth is aligned with the solar azimuth, the optimal interval for capturing
images without strong sun glint effects over aquatic reservoirs can be extended to a solar
elevation range between 25◦ and 47◦.

The results underscore the necessity of carefully selecting sensor azimuth and flight
times to mitigate the impact of sun glint and to ensure the acquisition of high-quality data
for applications involving reflectance-based products.
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3.2. Cloud Shading, Wind-Generated Waves and Sky Glint
3.2.1. Pampulha Reservoir—Upstream of the Net

The analysis of spectral responses under varying environmental conditions—specifically
cloud glints, wind-generated waves, and cloud shading—reveals distinct variations in
the reflectance values of pixels from images captured at the Pampulha Reservoir. The
images, taken during the DJI P4M UAS survey on 10 March 2022, were classified into
affected and non-affected groups based on visual identification of these phenomena. These
groups were further divided into upstream and downstream categories, allowing for an
independent comparison of each environmental condition’s impact on the spectral behavior
of the water surface. Images categorized as upstream of the net were collected between
09:14 and 09:49; therefore, glints caused by solar elevation are not considered in this section.
Figure 6 presents boxplots that illustrate these comparisons, highlighting the differences in
reflectance values under these varied conditions.
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Figure 6. Boxplot analysis of pixel reflectance values under different environmental conditions at
the Pampulha Reservoir (upstream of the net) on 10 March 2022, collected with DJI P4M UAS. The
orange line represents the median reflectance for each band, indicating the central tendency of the
data distribution.

For the cloud shading condition, although no clear trend was observed in the median
reflectance values across the five multispectral bands, there was a notable decrease in
minimum values, along with an increase in the third quartile (Q3), maximum values, and
the length of the upper tail of outliers.

These distribution changes can be attributed to the camera’s exposure adjustments
in response to varying light conditions. When cloud shading reduces overall illumination
in the scene, the sensor automatically increases its ISO sensitivity to capture details in
low-light areas. However, this adjustment can inadvertently lead to over-saturation in
non-shaded pixels, resulting in higher reflectance values for Q3, maximum, and outliers.
The reduction in minimum values is linked to pixels that remain shaded despite the
sensitivity adjustment.

This outcome aligns with the unpredictability and challenges noted [20], which demon-
strated that the impact of shadow on UAS water reflectance is complex, with no consistent
trend observed across different scenarios. The uncertainty in reflectance values may be
caused by changes in the relative proportions of bright versus shaded areas in the images,
as well as abrupt reflectance changes associated with incident angles and line-of-sight
interactions due to the roughness of waves [41].
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In the presence of waves, the boxplot analysis demonstrates a generalized increase in
reflectance values, as evidenced by elevated first and third quartiles, maximum values, and
upper outliers, as well as higher median values across all bands. This pattern suggests wave-
induced variability in reflectance data is primarily due to enhanced sun glint, resulting
from the dynamic reflection angles on the water surface. These observations are consistent
with [21], which indicates that waves significantly increase sun glint, raising reflectance
values and broadening their distribution compared to unaffected areas.

Figure 7 (left) presents the PDF of pixel reflectance values from each band, categorized
by the presence or absence of the phenomena in images from upstream to the net area
of the Pampulha Reservoir. A distinct differentiation is observed when analyzing the
spectral bimodal distribution responses of the Unaffected, Wind-generated Waves, and
Cloud Shading conditions in the region. In agreement with the boxplot analysis, across the
five multispectral bands, the reflectance data reveal that the introduction of wind-generated
waves and cloud shading conditions results in increased means and standard deviations,
reductions in the prominence of both peaks and a broadening of the density curve’s base,
indicating a change in magnitude and variability of the affected reflectance data.

The CoV and SNR metrics provide additional insights: under cloud shading, there is a
notable increase in CoV for most bands, accompanied by a decrease in SNR, except in the
blue band. Conversely, under the influence of wind-generated waves, CoV decreases while
SNR increases, reflecting a contrasting and unexpected pattern. Although these variations
in CoV and SNR are relatively small and lack a strong trend, as observed in sun glint
analysis, they underscore the subtle yet significant impact of these environmental factors
on the UAS reflectance readings over the water surface.

The presence of two distinct peaks in the distribution is likely explained by the
heterogeneous turbidity concentrations (from 17.8 to 79.1 FNU) within the upstream area or
due to different solar elevation angles, since the images located in this area were acquired
from 09:14 to 09:48, with solar elevation ranging from 45◦ to 55◦. The latter is less probable
because the three categories (Unaffected, Wind-generated Waves, and Cloud Shading) have
samples well distributed along this time interval.

Furthermore, the observed spectral behavior in all upstream groups shows higher
reflectance values in the Green and Red Edge and lower in Blue and Red, which is associated
with the spectral response of chlorophyll-a in eutrophic waters [38]. The strong signal
observed in the Red Edge band may be attributed to elevated turbidity levels, as this band
has been recognized by several researchers as an effective indicator for monitoring turbidity
or suspended solids in optically shallow regions [42,43]. The predominant Green and Red
Edge spectra response is similar to the results of [44] using a Micasense RedEdge-M sensor
in Lake Batalon and Kis Balaton (Hungary), with varied trophic status and suspended
matter concentration, similar to the Pampulha Reservoir.

It is important to note that the accuracy of the correction steps could have been influ-
enced by the spectral configuration mismatch between the Calibration Reflectance Panel
(CRP) and the sensor, as the CRP was designed by Micasense while the sensor employed in
this particular analysis was manufactured by DJI. This spectral misalignment may have
contributed to inconsistencies in the radiometric calibration process. Additionally, the
calibration on a day with intermittent cloud cover, rather than consistently overcast or com-
pletely sunny conditions, might have further impacted the accuracy of the reflectance data,
potentially introducing variability that could obscure the distinctiveness of the unaffected
downstream group as a control.
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3.2.2. Pampulha Reservoir—Downstream of the Net

Following the upstream analysis, which highlighted the significant influence of en-
vironmental conditions such as cloud shading and wave-induced variability on spectral
reflectance, this section focuses on the downstream area of the Pampulha Reservoir. Besides
those cited effects, cloud glints were perceived on images collected in the downstream area
during the UAS survey on 10 March. Figure 7 (right) presents the PDFs and Figure 8 the
boxplots illustrating the data distribution and statistical analysis in the study area.
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Figure 8. Boxplot analysis of pixel reflectance values under different environmental conditions
at the Pampulha Reservoir (downstream) on 10 March 2022, collected with DJI P4M UAS. The
orange line represents the median reflectance for each band, indicating the central tendency of the
data distribution.

The unaffected downstream data were initially intended to serve as a control, with the
expectation of consistent spectral patterns and lower variability compared to the affected
groups. However, while the data did not reveal unique patterns in standard deviation,
CoV, or SNR, it still provided a useful baseline for comparison. Images in this category
were selected between 07:38 and 09:58 A.M. and were near water quality measurements
(N = 6) that showed chlorophyll levels ranging from 7.4 to 9.1 RFU and turbidity between
5.1 and 13.3 NTU, suggesting a relatively stable environment. The Green band dominates
the spectral response, likely due to the presence of chlorophyll algae in low-turbidity
environments [37,38].

Regarding the downstream unaffected data, they showed lower reflectance in the
Red Edge and Near-IR bands, along with higher reflectance in the Green band compared
to the upstream unaffected data. This pattern is consistent with the characteristics of the
Pampulha Reservoir, where chlorophyll predominantly influences the spectral behavior
downstream of the net. Moreover, the greater disparity between the Green and Red bands
in the downstream data accounts for the more distinct brownish hues in the upstream area
and greenish hues in the downstream area.

The analysis of the downstream data under cloud shading conditions reveals a signifi-
cant reduction in median reflectance values across all multispectral bands, accompanied by
the most notable decrease in the interquartile range (IQR) compared to other conditions.
This reduction in IQR results in higher density peaks in the distribution across the five
bands (Figure 7 (right)). Additionally, even with this strong alteration in IQR the shaded
downstream data boxplot exhibits higher and longer tails of upper outliers, which is a
similar pattern observed in the upstream shaded data and in [20].

The spectral behavior observed under cloud shading deviates notably from the typical
pattern seen in the downstream data, where green and red wavelengths generally exhibit
the highest reflectance. This shift in spectral dominance could potentially be associated
with variations in water quality; however, it is more likely caused by optical effects due
to cloud shading. This is because the water quality conditions (N = 4), characterized by
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relatively low levels of chlorophyll (7.4 to 10.6 RFU) and turbidity (5.0 to 7.0 NTU), are
similar to those in unaffected downstream areas. Moreover, the solar elevation was also
similar, with the cloud-shaded images and unaffected images well distributed between
08:35 and 10:06.

In contrast, the spectral responses downstream under the influence of wind-generated
waves showed increased IQR, mean, and median reflectance values, as well as higher
standard deviation and CoV, while SNR decreased. The boxplot also displays higher
and longer upper outlier tails, indicating a broader distribution of reflectance values and
increased variability. These findings are consistent with observations from wave-affected
upstream Pampulha data and in [21].

The effects are likely due to the dynamic agitation of the water surface caused by the
waves, as the images were taken between 07:35 and 08:39. Nearby water quality samples
(N = 6) showed chlorophyll levels ranging from 8.7 to 10.6 RFU and turbidity between
6.2 and 9.6 NTU, similar to the unaffected downstream group. Despite the wave-induced
agitation, the spectral behavior remains consistent with the unaffected downstream data,
with the green band continuing to show the highest reflectance.

The downstream data influenced by cloud glint were the only ones to exhibit shorter
upper outliers. However, the affected pixels showed an increase in maximum, mean,
and median reflectance values. Despite this, no consistent pattern was observed in CoV,
standard deviation, or SNR, highlighting the complex nature of spectral variability under
cloud glint. Nonetheless, the dominant spectral behavior was maintained, with the green
band continuing to exhibit the highest reflectance. Although the images were acquired
between 07:34 and 09:28, water quality samples (N = 9) collected near these image coor-
dinates showed chlorophyll concentrations ranging from 8.0 to 14.1 RFU and turbidity
levels varying between 6.2 and 47.5 NTU, indicating that the images were captured under
diverse water conditions. This was particularly evident for images near the sediment net,
where turbidity was higher. Along with the effects of sky glint, these varying water quality
conditions likely contributed to the increased central tendency and maximum values.

4. Discussions
4.1. Sun Glint

Among the degrading effects studied in this work, sun glint is the most discussed
in the literature. The phenomenon is caused on the water’s surface due to varying sun
elevation angles and azimuth angles concerning the UAS sensor. It occurs when the
sunlight incidence angle is equal to the reflection angle, causing specular reflections of
direct sunlight onto the sensors [27,28,30,45]. To illustrate that the sun glint intensifies with
the increase in the sun elevation angle, Figure 9 represents samples of imagery used in
this study.

When observing that the minimum values on the 4th flight were lower than the
ones from the earlier flights, it indicates that in the presence of intense sun glints, the
sensor employs automatic exposure adjustment mechanisms to counter the effects of the
overexposure condition, involving a reduction in the sensor’s ISO sensitivity and narrowing
the sensor aperture. Consequently, not only the area affected by the sun glint will reduce
the reflectance values, but in the entire image, leading to pixels with lower signal readings
in areas non affected by sun glints. This sensor behavior was also observed in cloud-shaded
images in the Pampulha Reservoir.

Furthermore, as pointed out by [46], tilting the sensor up to 15◦ off-nadir allows it to
diminish and move the sun glint to the edge of the images (Figure 10). However, changing
the gimbal angle will also change the coordinates of the image’s central point, which will
no longer match the GPS point stored in the photo’s metadata. For a flight at 40 m height,
a 15◦ tilt in the gimbal will cause a displacement of approximately 10 m to the image
coordinate system. In a flight at a height of 120 m, this displacement will be approximately
32 m. Depending on the size of the reservoir and the spatial scale of the RS application in
development, it may be an issue.
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Figure 10. Reduction in sun glint effect when tilting the sensor up to 15 degrees off-nadir. Red-Edge
images from DJI P4M UAS sensor, on the Pampulha Reservoir, on 14 September 2022, 09:44 AM. Sun’s
elevation angle was 51◦. Images were taken at the same time, with a height of 40 m. The left image
was taken with a nadir tilting angle (90◦). The right image was taken with 75◦ (or 15◦ off-nadir).

For sun glint experimental tests in the present work, the alignment of the UAS sensor’s
azimuth angle with the average sun azimuth angle was successful in demonstrating the
intensification of sun glint following the sun elevation angle. To avoid sun glint effects
due to the sun’s position, Ref. [27] recommended a minimum sun elevation angle of
30◦ and a maximum of 45◦, while Ref. [29] recommended between 30◦ and 60◦, and
Ref. [28] suggested angles between 35◦ and up to 75◦, when using glint removal procedures.
Moreover, Ref. [30] recommended a maximum solar elevation of 90◦ minus ½ field of view
(FOV) of the camera sensor, which in the case of the Micasense Altum (FOV = 62.7◦) would
be 58.7◦.

Our findings suggest that the ideal time frame for capturing images over aquatic
reservoirs with minimal sun glint can be broadened to a solar elevation angle ranging from
25◦ to 47◦. Adhering to the recommended sun elevation angles is essential for reliable
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UAS-based water reservoir reflectance measurements, thereby minimizing sun glint and
improving data liability and accuracy.

4.2. Cloud Glints

When capturing UAS images of calm inland reservoirs, cloud glints can be reflected
off the water surface into the sensor’s field of view, resulting in glare from the clouds on the
captured image. This phenomenon occurs due to the reflective properties of water, where
the smooth surface acts like a mirror, reflecting the surrounding environment, including
the sky, clouds, trees, and buildings. Under nearly full overcast conditions, the water
surface reflects a uniform gray tone, while a few scattered clouds produce distinct, irregular
reflections. Figure 11 illustrates this contrast.
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Figure 11. Samples of images with projections of clouds and gray sky reflex on the water surface.
Images were collected with UAS DJI P4M RGB sensor, at the Pampulha Reservoir (downstream of
the net), on 12 May 2022, between 10:14 and 10:19 AM, when the sun elevation angle was 45◦.

The results of this study provide valuable insights into the complex interactions
between cloud glint, spectral behavior, and water quality parameters in UAS imagery of
inland reservoirs. The shorter upper outliers observed in the downstream data influenced
by cloud glint suggest a potential attenuation effect on higher reflectance values. However,
the increase in maximum, mean, and median reflectance values in affected pixels indicates
that cloud glint can still amplify reflectance, likely due to enhanced light scattering.

The absence of a consistent pattern in the CoV, Std Dev, and SNR underscores the
complexity of spectral variability under cloud glint conditions. This variability suggests
that while cloud glint can alter the reflectance values, it does so in a non-uniform manner,
complicating correction procedures.

A comprehensive comparison of the effects of sky glint on UAS images would benefit
from data collected from areas with varying turbidity and pigment levels, including regions
before the net sediment barrier in the Pampulha Reservoir. This study was limited to
post-barrier areas, which constrained the scope of the findings.

4.3. Wind-Generated Waves

Waves cause glints by reflecting sunlight off the varying angles of the wave facets on
the water’s surface. As the surface of the water undulates due to wind-generated waves,
these wave facets act like small mirrors that reflect sunlight. When the angle of a wave
facet aligns with the direction of the incoming sunlight and the sensor’s field of view, it
results in bright spots, known as glint. This glint increases the apparent brightness in the
captured images, leading to variability and noise in the reflectance data factors [16,47].

The findings of this study highlight the significant influence of wind-generated waves
on the reflectance values captured by UAS in both upstream and downstream sections of
the Pampulha Reservoir. Observed in both upstream and downstream areas, the increased
variability and extremity in reflectance data caused by waves underscore these environmen-
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tal factors’ challenges to accurate remote sensing of aquatic environments. Moreover, the
consistent pattern of elevated median and maximum reflectance values across all spectral
bands suggests that the dynamic nature of waves introduces noise and variability into the
data. However, due to consistency, algorithms that focus on addressing these changes have
the potential to reduce interferences caused by waves.

Figure 12 illustrates the contrast in brightness between the crests and troughs of waves,
caused by low-intensity sun glint resulting from variations in the angle of incidence. This
visual evidence supports the observed changes in statistical metrics.
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Figure 12. Aerial images show the contrast in brightness between the crest and trough of waves,
caused by the low-intensity sun glint arising from variations in the angle of incidence. These samples
were collected at the Pampulha Reservoir on 10 March 2022, by a DJI P4M UAS between 10:14 and
10:19 AM. The higher visibility of waves is due to differences in wind speed.

To mitigate the impact of waves on reflectance measurements, capturing images with
the sensor positioned perpendicular to the wave propagation direction is recommended.
This approach reduces the visibility of waves and their effects, as waves are more distinctly
visible from the front or rear than from the side edges. Additionally, using a downward-
looking (nadir) view minimizes the contrast between the crests and troughs of waves,
further diminishing their impact on reflectance data [41].

The dynamic nature of wind-generated waves, shaped by variables like wind speed,
wave height, water depth, and surface roughness, poses significant challenges for accurate
UAS sensing. The complex interplay of these factors leads to unpredictable reflectance
patterns, making it difficult to develop generalized algorithms for correction. Existing
literature, such as studies on the classification of seaweed communities [48] and optical
reflectance models for chlorophyll-a [49] and turbidity [50], highlights the complexities and
obstacles posed by waves in remote sensing applications.

4.4. Cloud Shading Projections

The impact of cloud shading on UAS-based reflectance measurements reveals both
subtle and complex interactions with the underlying water surface, particularly in areas
with varying turbidity and chlorophyll concentrations. Effects observed upstream and
downstream share few similarities, such as the reduction in minimum values and the
shortening of the upper tail of outliers. However, there are clear distinctions, notably in
the interquartile range (IQR) and changes in spectral behavior. No definitive patterns
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were consistently observed, highlighting the unpredictable nature of cloud shading im-
pacts. These findings agree with [28], who noted that abrupt illumination changes, such as
those caused by entering a cloud-covered area, disrupt the homogeneity of spectral fea-
tures, complicating the interpretation of derived spectral, structural, or classification-based
data products.

Our results also align with those of [20], who described similar variability in reflectance
data due to the unpredictable interactions between shadows and glint, which can either
cancel each other out or cause sudden shifts in reflectance. This unpredictability, coupled
with sensor sensitivity adjustments, explains both the reduced values in shaded regions
and the presence of higher outliers in unaffected areas. These phenomena illustrate the
nuanced challenges in interpreting UAS-based reflectance data. Moreover, our findings
corroborate with [51], emphasizing that variable cloud cover can significantly affect the
accuracy and signal-to-noise ratio (SNR) of reflectance measurements due to fluctuating
illumination conditions. Under clear skies, reflectance is more stable and easier to model,
but under cloudier conditions with diffuse illumination, reflectance measurements become
increasingly difficult to interpret. Figure 13 illustrates how cloud shading projections
impact the collected images.
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Figure 13. Aerial images show the dark areas caused by cloud shading projections. Images were
collected at the Pampulha Reservoir, on 10 March 2022, by DJI P4M UAS, between 10:14 and 10:19 AM.

It is worth observing that the shadow cast by sudden clouds on the water surface
jeopardizes the reflectance values because images will have misrepresented bright (no
shading) and dark (shading) areas. In this case, the irradiance data collected by the DLS,
which are used to calibrate the radiometry, do not represent the different irradiance on
bright and dark areas, only at the image center (when the nadir tilting angle is 90◦).

5. Conclusions

This study provides a comprehensive analysis of the impact of various environ-
mental conditions on the reflectance values obtained from inland waters using multi-
spectral UAS imagery. The findings highlight the significant influence of sun glints,
cloud glints, wind-generated waves, and cloud shading on the accuracy and reliability of
reflectance measurements.

The analysis of sun glint effects on UAS-based reflectance measurements revealed
that as the sun’s elevation angle increases, so does the intensity of sun glint, leading to
significant variability in reflectance values across all spectral bands. The study found a
systematic increase in the mean, standard deviation, and CoV of reflectance values with
higher solar angles, particularly noticeable in the third and fourth flights where the solar
elevation exceeded 54◦. This variability introduces noise, reducing the SNR and potentially
compromising data quality. The findings suggest that for accurate UAS-based water quality
monitoring, flight operations should ideally occur within a solar elevation angle range of
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25◦ to 47◦ to minimize sun glint effects. Proper geometry of sensor azimuth with the solar
azimuth can further control these effects.

Cloud shading introduces complex and subtle changes in reflectance measurements,
as observed in both upstream and downstream sections of the Pampulha Reservoir. The
results indicate a general reduction in median reflectance values and increased variability
in the presence of cloud shading. This effect is particularly challenging to correct due to
the unpredictable nature of cloud movements and their impact on illumination conditions.
The study found that cloud shading often leads to lower minimum reflectance values and
shorter upper outliers, which can distort the overall spectral response. These findings
emphasize the importance of considering cloud cover during UAS missions, as even slight
changes in shading can significantly affect reflectance measurements and, consequently,
the accuracy of water quality assessments.

Wind-generated waves were shown to introduce considerable variability in reflectance
values by creating dynamic surface conditions that enhance sun glint and scatter light
irregularly. The results demonstrated an increase in the mean, standard deviation, and
CoV of reflectance values under wave-influenced conditions, with the spectral response
showing higher reflectance values across all bands. This effect was consistently observed in
both upstream and downstream sections of the Pampulha Reservoir.

The presence of cloud glints was found to amplify reflectance values by reflecting
bright patches of cloud cover off the water surface into the UAS sensor’s field of view.
While this effect generally increases maximum and median reflectance values, it does
so in a non-uniform manner, leading to unpredictable changes in data variability. The
study observed that cloud glints resulted in higher maximum values but did not show a
consistent trend in CoV or SNR, highlighting the complexity of correcting for this effect.
The findings suggest that areas with varying turbidity and pigment levels may respond
differently to cloud glints.

This research contributes valuable insights into the limitations and potential of using
UAS for inland water monitoring. By identifying the specific environmental conditions
that affect reflectance measurements, the study lays the groundwork for the development
of more accurate correction methods and improved UAS deployment strategies. These
advancements are crucial for enhancing the precision of environmental monitoring and
supporting the sustainable management of water resources. Future studies should build
on these findings by integrating them into broader monitoring frameworks and exploring
the application of these insights in other types of aquatic environments.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/limnolrev24040027/s1, Figure S1. Boxplot analysis of pixels’ reflectance
values for five spectral bands (Blue, Green, Red, RedEdge, Near-IR) across four NUVAM-MICASENSE
UAS flight times (07:02 AM, 08:21 AM, 09:09 AM, and 10:08 AM) on 17 November 2021, at Vargem
das Flores Reservoir. The Y-axis in this figure is wider than Figure 4, particularly to illustrate the
outliers between the first and second flights and between the third and fourth.
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