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Abstract: The use of UAV (unmanned aerial vehicle) platforms and photogrammetry in bathymetric
surveys has been established as a technological advancement that allows these activities to be
conducted safely, more affordably, and at higher accuracy levels. This study evaluates the error levels
obtained in photogrammetric UAV flights, with measurements obtained in surveys carried out in
a controlled water body (pool) at different depths. We assessed the relationship between turbidity
and luminosity factors and how this might affect the calculation of bathymetric survey errors using
photogrammetry at different shallow-water depths. The results revealed that the highest luminosity
generated the lowest error up to a depth of 0.97 m. Furthermore, after assessing the variations in
turbidity, the following two situations were observed: (1) at shallower depths (not exceeding 0.49 m),
increased turbidity levels positively contributed error reduction; and (2) at greater depths (exceeding
0.49 m), increased turbidity resulted in increased errors. In conclusion, UAV-based photogrammetry
can be applied, within a known margin of error, in bathymetric surveys on underwater surfaces in
shallow waters not exceeding a depth of 1 m.
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1. Introduction

Bathymetry is the study of the underwater depths of all water bodies, including
oceans, rivers, and lakes, based on measuring the distance from the floors to the surfaces
of these water bodies [1]. These data generate navigational charts, 3D models, seafloor
profiles, information about the marine environment, and shaded relief maps, among
other things [2,3]. In addition, advancements in specialized technology have meant that
bathymetric survey equipment can be used to carry out increasingly accurate analyses on a
global scale [4,5].

These technological advancements have enabled the development of acoustic instru-
ments geared towards bathymetry, such as single-beam [6,7] and multibeam [8,9] echo
sounders, which require an aircraft or ship for their transportation and operation. How-
ever, both echo sounders have advantages and disadvantages in terms of cost, scope, and
size [10,11]. Multibeam echo sounders and laser scanning have been used to conduct
surveys both inland and in coastal waters [12,13]. The comparative advantages of using
unmanned aerial vehicles (UAVs) are decisive in terms of the cost and accuracy of under-
water measurements [14,15]. In addition, these vehicles are used because of their potential
for large-scale mapping and the possibility of accessing remote and restricted places [16,17].
It is important to note that UAVs are vulnerable to physical capture and node-tampering
attacks, so it is advisable to consider security techniques to ensure communication between
the UAV and its ground station [18]. The main vulnerabilities of UAVs that can lead to
security problems are as follows: sensor tampering and imitation of the GPS signal, drone
malware affecting drone control and data, cyber or physical attacks to the UAV’s flight
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controller and ground control station, and the wireless communication network used in the
UAV [19]. In the past few years, lidar (light detection and ranging) systems have become
more popular in surface mapping as the laser equipment can be mounted on an aircraft
(be it a fixed-wing or rotary aircraft). Lidar involves the transmission of laser light using
infrared and green wavelengths of the electromagnetic spectrum through the water to
calculate seafloor depth and obtain dense data points. This technology can be expensive,
but it enables the surveying of an area day and night, with an extension of up to 70 m,
depending on the water clarity [2].

Another method used in aerial mapping is photogrammetry [20,21]. In recent years,
the combination of digital photogrammetry and UAVs has allowed the extraction of 3D
geometries from 2D images [22,23]. This results in point clouds with photorealistic texture,
triangulated meshes, DEMs, and orthomosaics. To ensure the quality of the images, it is
important to consider both the UAV and camera parameters, e.g., the definition of the aerial
extent of the survey, the ground sampling distance (GSD), the distance between the camera
and the subject, the focal length, the sensor size, and the pixel size [24,25]. Compared
with lidar technology, photogrammetry with UAVs can be a less expensive method for
surveying shallow waters [26]. In addition, photogrammetric flights can help surveyors
carry out surveys of more complex areas [27,28].

Previous Works

Underwater surveys, such as those of riverbeds and coastal seabeds, can also be
conducted using UAV photogrammetric techniques [29,30]. Furthermore, these photogram-
metric techniques can be used instead of bathymetric mapping techniques by employing
echo sounders and satellites in clear and shallow waters [31,32]. This facilitates an un-
derstanding of the representation of the surface of the marine relief, which can be used
for biodiversity studies aimed at understanding the routes taken by aquatic animals, to
determine the boundaries of preservation areas, or to facilitate the exploitation of natural
resources [33,34]. In other research, the use of the WorldView-2 stereo pair was proposed
as an alternative to the different methods of satellite-derived bathymetry to extract bathy-
metric information [35,36]. The process consists of four steps: photogrammetric extraction,
error and noise removal, refraction correction, and reference reduction. The study area for
this research was Harbor Coral, Canada. The Canadian Hydrographic Service provided
specific depth measurements for the validation process. The results showed a mean error
of 0.031 m and an RMSE of 1.178 m.

A new approach to address failures of other correction techniques for SfM data col-
lection [37] was analyzed in two study areas; the controlled area was a pool with shallow
water, approximately 15 cm, and 1.2 m in diameter, filled with coarse gravel, and the
fieldwork was carried out in the Blanco River in Vermont. The proposed approach obtained
an accuracy of approximately 0.02%. However, it works efficiently with unobstructed water.
Later, a satellite-derived bathymetry photogrammetric technique [38] was applied to five
study areas in the Canadian Arctic with varying background and surface conditions using
the WorldView-2 stereo pair. An RMSE between 0.78 m and 1.16 m was obtained at 12 m.
It was concluded from the experiments that to carry them out successfully the sea floor
should not present many obstructions and be as flat as possible.

Other research has evaluated the feasibility of using satellite-derived bathymetry in
shallow waters. The selected study areas were the Ganquan and Zhaoshu islands in China,
where the water can be up to 20 m deep in certain areas. The investigation concluded with
an RMSE of 2.09 m for Ganquan Island and an RMSE of 1.76 m for Zhaoshu Island [39]. In
addition, [40] compared two techniques that incorporated the satellite-derived bathymetry
stereo photogrammetry approach, automatic digital surface modeling, and manual 3D to
assess the accuracy of seabed estimations in an area with shallow water near Cambridge
Bay, Nunavut, in the Canadian Arctic. The manual 3D technique obtained an RSME no
greater than 1.88 m for depths up to 12 m. The automatic technique showed an RSME of
up to 4 m in shallow water. Table 1 presents a summary of the previous works consulted.
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Table 1. Summary of previous works.

Authors Techniques Sensor Results Precision
Topographic and

Erena et al. (2019) [27] Photogrammetry UAV bathymetric B
measurements for

reservoirs

Photogrammetry (feature

. . . Satellite Calculation of in-image Mean error of 0.031 m and
Hodul et al. (2018) [33] extraction and image (WorldView-2) depths RMSE of 1.178 m
geometry)
Depths over 0-12 m
Log-ratio model (LRM) Sentinel-2 High-resolution LRM-Ens: 0.94 m
Surisetty et al. (2021) [34] and log-linear model multi-spectral images bathymetry maps for LLM-Ens: 0.66 m
(LLM) coastal applications LRM-SVR: 0.57 m

LLM-SVR: 0.39 m
Accuracy of ~0.02% of the

A Multi-view stereo . flying height
Dietrich (2016) [3] photogrammetry UAv Point cloud Precision of ~0.1% of the flying
height
RMSE by study area:
Coral Harbor: 0.78 m
. Satellite Cambridge Bay: 1.16 m
Hodul et al. (2019) [36] Photogrammetry (WorldView-2) ) Queen Maud Gulf: 0.97 m
Arviat: 1.02 m
Frobisher Bay: ——
. . RMSE:
Cao et al. (2019) [37] Tw}/lvot—medla ¢ (S‘i;dig;. 2) Digital elevation model 5m: 2.09 m
photogrammetry orldView: 20 m: 1.76 m.
Automatic and 3D manual Improvement of CHS RMSE:
Chénier et al. (2018) [38] hotoerammetr Satellite (Canadian Hydrographic 10-12 m: 1.65 m (automatic)
p g y Service) charts 10-12 m: 0.90 m (3D manual)

Although determining water depths using photogrammetry can be a more efficient
and less expensive process than using a traditional method in surface or shallow wa-
ters [31,37], the photogrammetric technique used in bathymetry must account for different
external environmental and water-related factors [41]. These factors include weather [42,43],
luminosity [44,45], refraction [46,47], and water turbidity [37,48], which may influence the
quality of aerial images and the performance of the UAV, resulting in different error margins
in the results of the bathymetry representation for certain aquatic surfaces [49].

Climatic variables, such as precipitation, air temperature, solar radiation, and wind
speed, influence the quality of photographs taken during drone flights [50,51]. Illuminance
is the total luminous flux incident on a surface, measured in lux [51,52]. Because radical
changes in outdoor brightness can cause poor accuracy or a loss of information [49], this
factor is important in photography and video recording as it enables the adjustment of
camera parameters to obtain the best possible image quality [53].

Refraction is another factor that exerts an effect when using photogrammetry in
bathymetry [15,54]. Light refraction in the water causes the depth surveyed to appear to
be less than the actual depth [54]. Hence, surveys may require a correction process [55].
On the other hand, in photogrammetric surface surveys with water, the degree of tur-
bidity will define the detail levels that can be obtained for underwater surfaces [33,34].
Turbidity, water surface roughness, and maximum light penetration depth reduce accu-
racy in underwater surveys and can even suppress surface textures in images collected in
photogrammetry [34,48]. The general objective of this study is to evaluate the error levels
obtained in photogrammetric UVA flights, with measurements obtained in surveys carried
out in a controlled water body (pool) at different depths. The UVA flights were carried out
at different times and in different solar radiation conditions. The turbidity of the water
was altered using a chemical compound to assess the influence of turbidity on the survey
errors, enabling other researchers to use the results as a methodological model and apply
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it in other regions of the globe, and to consider future analyses in uncontrolled natural
environments.

This article is structured as follows. Section 2 describes the equipment selected for
the experiment, the instruments used to collect environmental data from the test site, and
the data collection process and methodology. Next, in Section 3, the results of nine pho-
togrammetric flights with different environmental factors are compared with a conventional
topographic survey, and the results of other research projects are discussed. Finally, in
Section 4, the conclusions of this study are shared.

2. Materials and Methods
2.1. Equipment Used

The characteristics and specifications of the materials and equipment used are de-
scribed below. A DJI Mavic 2 Pro quadcopter drone [56,57] was used to conduct the
photogrammetric survey. It is a small, foldable, and easy-to-transport drone with a built-
in 20-megapixel camera. Its camera quality, flight duration capabilities (30 min), and
portability make this drone a suitable option for photogrammetric studies [57,58].

A TB 210 IR Giardino turbidity [59] was used to measure water turbidity and an
LM-200LED Amprobe lux meter [60] was used to control the luminosity rates. For the
georeferencing of the photogrammetric survey, a Topcon global navigation satellite system
(NGSS) [61] was used to take control points, enabling better information collection accuracy,
as is shown in Table 2. This allows other researchers to extend the proposed methodology
and apply it to other case studies. It is necessary to specify methodology to improve
scientific research and make the scientific use of UVAs increasingly innovative [62,63].

Table 2. Specifications of the equipment used in this study.

UAV Mavic 2 Pro [56]

Weight/maximum payload

recommended 7348/743 8
Maximum flight time 25 min
Maximum ascent and descent 5m/sand 3 m/s
speeds
Satellite positioning system GPS-GLONASS
Camera 20MP
Battery life 30 min
Transmission distance 8 km
TB 210 IR Turbidity Meter [59]
Light source Infrared LED (860 nm)
Accuracy £2.5% reading or £0.01 NTU (whichever is greater)
Handling Acid and solvent-resistant polycarbonate membrane

Suitable measuring cuvettes

Weight
Measurement range

Environmental conditions

Round 24 mm cuvettes
400 g
0.01-1.100 NTU
5-40 °C with a relative humidity of 30-90%

LM-200LED Light Meter [60]

Measurement units
Measurement range
Battery

Accuracy

External height/width/depth

Lux or footcandle
20,000 lux or 20,000 footcandle
9V
3%

38 mm/63 mm/130 mm
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Table 2. Cont.

Hiper VR GNSS Receiver [64]

Channels 226

Static H: 3 mm + 0.4 ppm

H: 5mm + 0.5 ppm

RTK V:10 mm + 0.8 ppm
H: 1.3 mm/°Tilt; Tilt < 10°
RTK, TILT Compensated H: 1.8 mm/°Tilt; Tilt < 10°

Operational time RX mode, 10 h; TX mode 1 W, 6 h
Internal radios Max transmit power: 1 W; range: usually 5-7 km

Internal nonremovable 8-GB SDHC
150 mm? x 100 mm? x 150 mm3/<1.15 kg

Memory

Dimensions/weights

2.2. Methodology

Figure 1 is a flow chart showing the methodology used. It consists of four general
steps: area preparation, data collection, data processing, and data analysis.

1. Area
preparation

Definition of
™

Set GCP on
flight area area
2. Data
collection
Meteorological Water parameters UAV flight
parameters measurement measurement
3. Data
processing
Set GCPin Processingin
. ™ -
project photogrammetric software
4. Data
analysis
Point cloud Error Variable
comparison assessment analysis

Figure 1. Methodology flow chart.

2.2.1. Area Preparation

A survey was conducted using conventional topographic equipment in which three
ground control points (GCPs) were placed outside and two control points were placed
inside the underwater area (Figure 2). and georeferencing of the area was assessed through
a GNSS, as is shown in Table 3 [61].

Table 3. Control points coordinates.

cp X Y zZ
Al 285,760.180 8,663,121.950 202.408
A2i 285,753.580 8,663,122.740 202.638
Bl 285,759.970 8,663,118.480 203.848
B2 285,757.120 8,663,127.770 203.848
UL23 285,751.352 8,663,118.494 203.848
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Figure 3 denotes the pool measurements and the finished floor levels (FFLs) for each
pool step used as a reference in the error calculations.

- Saly L

HMe=
23 |y 4

Figure 2. Ground control points (GCPs) in the study area. Al, A2, B1, B2 and UL23 are the names of
the control points.

9.87m

6.80m

FFL+/-0.00 .
WATERLINE -0.15 FFL +/- 0.00

“FFL-0.2425
[ FFL-0.485

4~ FFL-0.7275

Lo FFL-0.97
FFL-1.25

SECTION 1

Figure 3. Plan and section using measurements from the topographic equipment.

2.2.2. Data Collection

For this investigation, a 67.5 m? swimming pool within the campus grounds of the
University of Lima, located in Santiago de Surco, Lima, Peru, was set as the study area, as
is shown in Figure 2. As Figure 4 shows, three types of flights were carried out: with an
empty pool (flights 1 to 10), with the pool filled with clean water (flights 11 to 18), and with
copper sulfate added to the pool water to simulate changes in the turbidity of the water
(flights 19 to 26).
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Figure 4. (A) Empty pool. (B) Pool filled with clean water. (C) Pool filled with copper sulfate.
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Copper sulfate was used to suspend particles on the water surface by dissolving the
component and mixing it using a water pump. Copper sulfate (CuSO4) is an inorganic
component that controls algal and plant growth in pools, lakes, and ponds [65]. However,
its use in large quantities can affect the immediate turbidity of the water until it dissolves
completely. It is important to note that because of the water movement and the time that
elapsed during the day, different turbidity layers were present in the pool during each
flight, and different tests for turbidity were performed along the pool. Water samples were
taken at different pool areas for each flight to verify the turbidity levels.

When recording the climatological parameters during the flights, luminosity, wind
speed, and air temperature were considered [49]. These parameters were measured for
every flight. The survey flight plans were developed using the Pix4Dcapture free mobile
app [64] and performed over the pool area indicated in Figure 2. Before starting these UAV
flights, test flights were performed at heights of 10 m and 30 m. However, the resulting
images were blurry at 10 m due to the surface proximity. In addition, the low height made
recognizing the common points in the processed images difficult. Therefore, we used the
following constant parameters in our flights: flight heights of 30 m and 50 m, as shown in
Figure 5, 80-75% overlap, and a camera angle of 90°. Table 4 lists the 26 flights conducted
based on these parameters.

< Home CH {:}

™ Mavic 2 Pro

23 Mavic 2 Pro Cam...
2 0%

== 0%

.,
s KO

*ﬂ N/A

Speed: 0.0 m/s

Alt: 0.0 /30.0 m

N/A m away

O
48 x 50 m | @ ‘ START

2min:59s

(A)

Figure 5. Cont.
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< Home = {:}

' Mavic 2 Pro
=) Mavic 2 Pro Cam...
3 0%

= 0%

-,
Ko

*ﬂ 7

Speed: 0.0 m/s
Alt: 0.0 /50.0 m
N/A m away

(B)
Figure 5. (A) Flight plan at 30 m. (B) Flight plan at 50 m.

Table 4. Selected flight parameters.

Selected Flight Parameters

Flight Start Time Flight Height (m) GSD (cm/px) Camera Angle Overlap
1 7:53 30 0.70 90° 80-75%
2 7:58 50 117 90° 80-75%
3 10:41 30 0.70 90° 80-75%
4 10:46 50 117 90° 80-75%
5 14:10 30 0.70 90° 80-75%
6 14:13 50 117 90° 80-75%
7 7:35 30 0.70 90° 80-75%
8 7:39 50 117 90° 80-75%
9 14:33 30 0.70 90° 80-75%
10 14:37 50 117 90° 80-75%
11 15:39 30 0.70 90° 80-75%
12 15:44 50 117 90° 80-75%

13 10:36 30 0.70 90° 80-75%
14 10:40 50 117 90° 80-75%
15 14:23 30 0.70 90° 80-75%
16 14:26 50 117 90° 80-75%
17 11:40 30 0.70 90° 80-75%
18 11:40 50 117 90° 80-75%
19 12:10 30 0.70 90° 80-75%
20 12:10 50 117 90° 80-75%
21 14:27 30 0.70 90° 80-75%
22 14:30 50 117 90° 80-75%
23 14:45 30 0.70 90° 80-75%
24 14:48 50 1.17 90° 80-75%
25 8:38 30 0.70 90° 80-75%
26 8:41 50 117 90° 80-75%

Notes: GSD = ground sampling distance (i.e., the distance between two consecutive pixel centers measured on the
ground); m = meters; cm = centimeters; px = pixels.

For the flights in Figure 4C, the turbidity level of the pool was managed throughout
the day in NTU (nephelometric turbidity units). In Figure 6, the steps in the varying and
measuring of the turbidity are denoted. During the day, pool water samples were taken
before adding the copper sulfate compound to change the turbidity level of the water.
The original turbidity level was set at 3.74 NTU (the World Health Organization (WHO)
has established that water turbidity should not exceed 5 NTU for human consumption;
however, less than 1 NTU is ideal (WHO, 2020)) for flights 11 through 18.

For flights 19 to 22, 1.5 kg of copper sulfate and pool water were mixed in a container
(Figure 6a). After the component was dissolved, it was poured into the pool (Figure 6b),
and an electric pump was used to recirculate the water and obtain a uniform mixture,
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as is shown in Figure 6¢c. The first turbidity test yielded an average of 20.54 NTU when
recirculating the component in the pool water (Figure 6d). We then ran turbidity tests
every 2 h to check whether external factors, such as light and temperature, affected the
results [15,43]. Finally, for flights 23 to 26, another 1.5 kg of copper sulfate was added
(making a total of 3 kg) during these tests. The average turbidity level, in this case, was
47.41 NTU.

Figure 6. Steps for changing and measuring turbidity: (a) add a copper sulfate compound to some
pool water in a container; (b) pour the mixture into the pool using an electric pump; (c) recirculate the
pool water with the help of an electric pump; (d) measure the water turbidity using a turbidity meter.

Additionally, when recording the meteorological parameters during the flights, the
parameters of luminosity, wind speed, and air temperature were considered, as is shown
in Table 5 [66]. These parameters were measured at different times of the day, preferably
morning, noon, and afternoon, to observe changes in the weather. The highest luminosity,
between 86,700 Ix and 83,400 1x, was recorded during noon, while the lowest luminosity
varied between 2300 Ix and 2600 Ix. The wind speed remained stable during the flights
(around 3 m/s). The air temperature presented a variation of 4 °C during the flights (the
highest temperature recorded was 19 °C, and the lowest was 15 °C).

Table 5. Meteorological and water parameters during the flights.

Selected Flight Parameters

Flight Reference Turbidity Luminosity Wind Speed Air Temperature
Time (NTU) (Ix) (m/s) (@)
1 7:53 - 3300 2 15
2 7:58 - 3500 2 15
3 10:41 - 24,800 2 17
4 10:46 - 23,200 2 17
5 14:10 - 21,200 2 19
6 14:13 - 20,600 2 19
7 7:35 - 2300 1 15
8 7:39 - 2600 1 15
9 14:33 - 71,200 3 18
10 14:37 - 69,500 3 18
11 15:39 4 15,800 2 16
12 15:44 4 15,400 2 16
13 10:36 4 19,400 2 15
14 10:40 4 20,100 2 15
15 14:23 4 60,800 2 18
16 14:26 4 60,300 2 18
17 11:40 4 83,400 2 17
18 11:40 4 86,700 2 17
19 12:10 20.54 86,000 2 18
20 12:10 20.54 86,500 2 18
21 14:27 20.54 54,000 2 18
22 14:30 20.54 66,500 2 18
23 14:45 47.41 67,000 2 18
24 14:48 47.41 66,000 2 18
25 8:38 - 15,700 2 16
26 8:41 - 13,600 2 16
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The study area was defined as an environment in which different water turbidity levels
could be managed and simulated. Suspended substance particles and organic or inorganic
matter might affect water clarity in a natural environment. This parameter was measured
at the study site for each flight conducted, together with the other meteorological factors,
since these aspects can influence the image quality when using photogrammetry [30].

2.2.3. Data Processing

In total, 26 UAV flights were performed to generate photogrammetric surveys at
different degrees of water turbidity, during which flight and weather parameters were
recorded. However, from flight 11 onwards, water the turbidity levels started to vary before
the photogrammetric flights were conducted.

The Pix4Dmapper software [67] was used for photogrammetric processing, through
which a point cloud and an orthomosaic were obtained. The information from which the
images were generated was entered into the software to achieve this processing. The three
control points on the dry ground were used to georeference the surveys, and the 2 control
points underwater were used to determine the accuracy of the results [25]. Table 6 shows
the accuracy found for each flight using the two underwater control points as reference.
For flights 23 to 26, the control points could not be recognized due to the turbidity levels.
Figure 7 shows the point cloud of the pool obtained from a photogrammetric flight (a), a
side view of the depth of the pool (b), and a general view of the image processing with the
location of the photographs, the ground control points, and the context of the study site (c).

Table 6. Accuracy for control points underwater.

. Accuracy for Control Point A1 (cm) Accuracy for Control Point A2 (cm)
Flight X Y V4 X Y z
1 0.005 —0.004 0.009 0.000 0.011 0.047
3 0.009 0.002 0.032 0.002 0.008 0.061
5 0.002 —0.006 0.050 —0.007 0.014 0.108
7 0.005 —0.002 0.011 0.003 0.009 0.046
9 0.009 0.001 0.002 —0.003 0.016 0.048
11 0.020 —0.010 —0.022 0.010 0.050 0.038
13 0.010 0.000 —0.072 0.020 0.020 0.008
15 0.010 0.000 —0.072 0.010 0.010 —0.002
17 0.000 —0.010 —0.092 0.010 0.000 —0.012
19 0.040 0.000 —0.152 0.000 0.040 —0.052
21 0.040 0.000 —0.132 0.000 0.030 —0.042
23 - - - - - -
25 - - - - - -
Average 0.014 —0.003 —0.040 0.004 0.019 0.023

(b)

Figure 7. Pool image processing: (a) top view of the point cloud; (b) side view of the point cloud;
(c) image processing view.
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FFL -1.20

FFL +/-0.00

FFL -1.20

FFL +/-0.00

FFL -1.20

Post-processing was conducted to filter the noise from the point cloud. This eliminates
extreme or atypical values for the surface when obtaining photogrammetric information.
Because the body being assessed is a known object on which a previous topographic survey
had been conducted to determine its measurements, as is seen in Figure 7, this can be used
as a foundation for noise filtering [68]. For this research, point filtering was performed
manually because the case study is not a large area, and the shape of the surface is known.

3. Results
Data Analysis

Of the 26 flights realized, those flown at a height of 30 m were chosen for the study
comparison. From observing the 30 m and 50 m flights, we determined that the lower
resolution of the 50 m flights affected the visualization of the data and point clouds. The
point clouds obtained from the thirteen 30 m flights were compared against those of the
survey conducted with conventional instruments [69]. The differences found in the finished
floor levels (FFL) of the steps and the bottom of the pool were used to calculate the vertical
error. Figure 8 provides four examples of point clouds, wherein the red lines represent
the levels obtained using a UAV and the blue lines represent the levels obtained from
conventional topographic surveys. The figure shows the distortion in the point clouds for
flights 11, 15, 19, and 23. The examples correspond to flights made at a height of 30 m.
The point cloud from flight 11 was obtained from a pool without water and serves as a
reference of the surface without distortion.
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Figure 8. Comparison between the point clouds obtained using a UAV and those obtained from
conventional topographic surveys.
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Since the luminosity and temperature of the remaining three flights are similar, it is
easy to observe how the turbidity has changed. In these examples, the point clouds do
not faithfully represent the depth of the pool. Even as the depth increases, the distortion
of the point clouds increases, and the accuracy of the distances between the measured
levels decreases. Flight 23 shows an extreme distortion of the point cloud, which presented
levels of 47.41 NTU on average, the highest level recorded in the experiment. This result
is consistent with the observations of other studies [15,29] in which the turbidity of the
water directly influenced the variations in the results obtained from data collected using
UVAs. This study’s high degree of innovation is worth noting, as it simulates a controlled
environment. It is assumed that studies in uncontrolled environments involving water
resources can be very variable and result in a high variation in errors during data collection
with UVAs.

Charts were generated where the relationships between the errors obtained in the
bathymetric surveys were assessed at different pool depths. The variables of depth, lux,
and NTU (turbidity) were the most affected during the flight surveys. On the other hand,
the wind speed and the temperature did not influence the errors since they did not vary
significantly during the flights. Figure 9 presents an assessment of the errors found at
different depths, considering the variation in luminosity and turbidity during the surveys.
The errors found in each flight with a water-filled pool were grouped. The bars represent
the luminosity level (in lux) recorded during each flight, the orange line indicates the
turbidity (in NTU), and the gray line denotes the error at each depth. For example, at a
constant turbidity of 4 NTU, an almost constant error is presented at each depth up to the
highest luminosity, recorded at 0.73 m, which generated the highest error. Likewise, at
a continuous turbidity of 21 NTU, there was a constant error up to a depth of 1.20 m, at
which point the luminosity was relatively high even if it was not the highest recorded. On
the other hand, when the turbidity changed from 21 NTU to 47 NTU, the error increased
and the high turbidity did not allow the recording of the values for the last flight, even
with a low luminosity. According to these relationships [30], it is understood that water
surfaces with greater turbidity are more challenging to study with photogrammetry.

Because of the refraction of light, a correction must be made due to the change in
medium (air-water). Considering Snell’s law [70] and the coefficients nl1 = 1 for air and
n2 = 1.33 for water, it was found that the equation provides a real solution if the height
difference is greater than or equal to 0.236 m. The heights obtained in this case study were
smaller than those obtained in many other case studies. Because of this, and because our
intention was only to study the influence of external factors on photogrammetric surveys,
refraction was not considered in the comparison of the results obtained.

In a study comparing the results of photogrammetric surveys for bathymetry in coastal
waters with and without GCP in the submerged area, it was found that at a depth of 0.74 m,
a difference of 35.2% was obtained in the survey [71]. In this study, the error obtained at
0.73 m varied between 9% and 18% when there was a constant turbidity of 4 NTU, which
was lower than the parameters recorded [71], and showed an error of 13% when presented
with a level of 21 NTU. Another photogrammetry study conducted in shallow waters
obtained an RSME of 0.18 m [72]. This study recorded errors between 0.023 m and 0.324 m
at different depths.

Overall, the highest luminosity generated the lowest error up to a depth of 0.97 m. In
addition, after assessing the variations in turbidity, two situations were observed: At shal-
lower depths, and up to a depth of 0.49 m, the increases in turbidity positively contributed
to error reduction. However, at depths exceeding 0.49 m, the increased turbidity level
increased the error. This happens because in shallow waters greater turbidity decreases
refraction [73]. Nevertheless, as depth increases, it becomes less relevant due to the angle,
and light beams travel longer distances through the air and water [74]. These factors result
in the two previously observed situations, wherein the error depends on the depth assessed,
even when the same parameters are recorded in a survey [71].
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Figure 9. Assessment of the errors found at different depths, considering the variation in luminosity
and turbidity during the surveys.

Additionally, the average errors found in the underwater control points on the Z-
axis of Al and A2 were 0.04 m and 0.023 m, respectively, while X- and Y-axes presented
errors under 2 cm. Unfortunately, values for the last flights couldn’t be recorded due to
turbidity. This is consistent with the limitations of photogrammetry in accurately surveying
coordinates on the Z-axis.

At depths exceeding 0.97 m, the effects from turbidity and luminosity cease to fol-
low an established pattern. This is consistent with the findings of a study published by
David et al. [71], which concluded that UAV photogrammetry can be applied in bathymet-
ric surveys conducted in shallow waters that do not exceed the depth of 1 m. In addition,
the authors [71] conducted flight tests in sets consisting of two or three flight repetitions
under the same conditions to compensate for possible flight complications, such as poor
visibility.
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4. Conclusions

This study shows the limitations of photogrammetry in obtaining data on the Z-axis
underwater. Control points above water and underwater provided information to compare
with the values obtained from the surveys to determine the error of the photogrammetry of
surfaces in shallow water. Environmental factors, such as turbidity and luminosity, affected
the accuracy of the information obtained from the controlled site using the same body of
water. The ground control points (GCPs) gave coordinates that allowed the point cloud to
be georeferenced correctly. According to [75], three control points should be adequate to
obtain an acceptable degree of precision. As Figure 2 shows, five control points were used
in these experiments, and their corresponding coordinates are presented in Table 3.

On flights 23 to 26, with a turbidity of 47.41 NTU, two control points located at the
bottom of the pool were no longer visible. Consequently, the values of the underwater
control points could not be obtained, as is shown in Table 6.

Ref. [76] concluded that when using a UAV, there is a greater predisposition for the
flight path to be influenced by the wind due to the weight of the tool and the flight height,
especially when it does not have a controlled path. For this reason, the flights were carried
out at heights of 30 m and 50 m over a defined section, as is shown in Table 4 and Figure 5,
respectively. The wind speed remained in the range of 1 m/s to 3 m/s, with 22 of the
26 flights carried out in a wind speed of 2 m/s.

Temperature influences the operation of the UAYV, especially when it is used in high
temperatures. In the present study, the temperature did not affect the operation of the UAV
since the flights were carried out at temperatures below 20 °C (specifically, in the range of
15 °C to 19 °C, as is shown in Table 5).

On the other hand, the results revealed that the highest luminosity generated the
lowest error up to a depth of 0.97 m. In this case, two situations were observed for the
turbidity variations: (1) at shallower depths (not exceeding 0.49 m), increased turbidity
levels positively contributed to error reduction; and (2) at greater depths (exceeding 0.49 m),
increased turbidity resulted in increased errors.

Finally, UAV-based photogrammetry can be applied, within a known margin of error,
in bathymetric surveys of underwater surfaces in shallow waters not exceeding a depth
of 1 m. In practice, this survey method could be applied to map shallow rivers, lakes, or
coastal waters. It represents an affordable option for surveying any water rise changes or
periodically monitoring soil erosion.

Further research could focus on comparing the information obtained from photogram-
metry with that obtained from other bathymetric survey methods involving drones, such
as those using echo sounders or integrating lidar sensors into UAV platforms [77], or even
those using aerial or boat-type drones.
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