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Abstract: Detailed knowledge of nearshore topography and bathymetry is required for a wide variety
of purposes, including ecosystem protection, coastal management, and flood and erosion monitoring
and research, among others. Both topography and bathymetry are usually studied separately; however,
many scientific questions and challenges require an integrated approach. LiDAR technology is often
the preferred data source for the generation of topobathymetric models, but because of its high cost,
it is necessary to exploit other data sources. In this regard, the main goal of this study was to present a
methodological proposal to generate a topobathymetric model, using low-cost unmanned platforms
(unmanned aerial vehicle and unmanned surface vessel) in a very shallow/shallow and turbid tidal
environment (Bahía Blanca estuary, Argentina). Moreover, a cross-analysis of the topobathymetric
and the tide level data was conducted, to provide a classification of hydrogeomorphic zones. As a
main result, a continuous terrain model was built, with a spatial resolution of approximately 0.08 m
(topography) and 0.50 m (bathymetry). Concerning the structure from motion-derived topography,
the accuracy gave a root mean square error of 0.09 m for the vertical plane. The best interpolated
bathymetry (inverse distance weighting method), which was aligned to the topography (as reference),
showed a root mean square error of 0.18 m (in average) and a mean absolute error of 0.05 m. The final
topobathymetric model showed an adequate representation of the terrain, making it well suited for
examining many landforms. This study helps to confirm the potential for remote sensing of shallow
tidal environments by demonstrating how the data source heterogeneity can be exploited.

Keywords: topobathymetry; shallow tidal environment; unmanned platforms; hydrogeomorphic zones

1. Introduction

The marine coastal zone is a highly energetic environment occurring along a continuum of
coastal land, intertidal area, and aquatic systems [1]. Detailed knowledge of nearshore topography
and bathymetry is required for a wide variety of purposes, including ecosystem protection, coastal
management, and flood and erosion monitoring and research, among others. Besides, coastal
elevation/depth data are useful to coastal models, for imposing boundary conditions and building
computational domains [2].

Remote monitoring of coastal elevation/depth data takes many forms [3]. For example, bathymetry
can be mapped from active sensors, such as sound navigation and ranging and light detection and
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ranging (LiDAR) systems, as well as from passive optical and radar remote sensing and aerial
photography imagery [4]. In recent years, unmanned platforms, like UAV (unmanned aerial vehicle)
or USV (unmanned surface vessel), have emerged as a promising technology for surveying, providing
new opportunities for collecting useful data in remote or inaccessible areas. These platforms have a
wide range of survey configurations, allowing them to ensure optimal data collection [5]. Particularly,
the latest technologies in topographic surveying are related to the development of a powerful approach
called Structure from Motion (SfM), which combines well-established photogrammetric principles
(basically, image matching and bundle adjustment) with modern computational methods [6]. This trend
is confirmed in many studies involving topographic surveys over coastal zones [7–12]. Tonkin et al.’s
study [13] makes reference to a new methodological frontier for acquiring topographic data based on
UAV-SfM, of great interest for scientists working in geomorphology.

Both topography and bathymetry on the marine environments are usually studied independently,
depending on the specific thematic and methodological contexts [14,15]. However, many scientific
questions and societal challenges (e.g., coastal erosion, flooding risk, coastal defenses, etc.) require an
integrated approach [15]. There are challenges when attempting to get continuous topobathymetric
maps [16–20]. Thus, if topographic and bathymetric data are collected separately, it is complex to use
them together due to differences in format, projection, resolution, accuracy and datums [16,21]. Other
challenges are associated to the complex nature of the coastal zone, such as the alternation between
flooded and non-flooded areas/regimes, shallow depths, high-turbidity waters, high-velocity currents,
and strong waves, among others, thereby making the topographic and/or bathymetric surveys difficult
to conduct.

There exist a small number of studies involved in attempting to integrate topographic and
bathymetric data sources in the marine coastal zone. Some studies reported an integrated approach
by merging topographic LiDAR data and hydrographic surveys, which were carried out in the
USA coast [16,22–24]. Quadros et al. [17] focused on the integration of the separately acquired
topographic and bathymetric LiDAR data in Port Phillip Bay (Australia). Other studies generated
a topobathymetric model by using airborne green LiDAR and demonstrated that it is capable of
seamless mapping, even in environmentally challenging coastal zones (high-turbidity water and
high-energy tidal environment) [20,25]. Danielson et al. [19] presented an updated methodology used
by the US Geological Survey Coastal National Elevation Database for the integration of a topography
component that is primarily composed of LiDAR data, with a bathymetry component that consists
of hydrographic sounding and LiDAR data. Unlike the abovementioned studies, Collin et al. [15]
used Pleiades-1 triplet imagery to retrieve a seamless over the island of Moorea (French Polynesia) in
which the topography was achieved from stereo and tri-stereo photogrammetry and the bathymetry
was achieved from quasi-nadiral multispectral data; the validation was performed by using airborne
LiDAR topobathymetry measurements.

As it can be noticed, LiDAR is often the preferred data source for the generation of topobathymetric
models, but it is not available in many parts of the world because of its higher cost and, therefore,
other data sources need to be exploited [14]. In this regard, the main goal of this study is to present a
methodological proposal to generate a topobathymetric model by using low-cost unmanned platforms
(UAV and USV) in a very shallow/shallow tidal environment. This study was conducted in an area
containing turbid tidal courses, tidal flat, and permanently exposed areas, in the Bahía Blanca estuary,
Argentina. A second goal is to perform a cross-analysis of the topobathymetric and the tide level data
to provide a classification of hydrogeomorphic zones: supratidal, intertidal, and subtidal.

2. Study Area

The study area is located in the inner part of the Bahía Blanca estuary (Buenos Aires Province,
Argentina) and includes a meandering tidal channel, tidal flat, and permanently exposed areas as
main features (Figure 1). A tributary of the Sauce Chico river flows into the estuary at the study area,
representing a minor source of freshwater to the system. Bahía Blanca estuary is a mesotidal coastal
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plain environment dominated by a quasi-stationary semidiurnal tidal wave [26]. Estuary waters are
characterized by high turbidity levels predominantly at the inner part [27]. The region is dominated by
the middle latitude westerlies and the influence of the Subtropical South Atlantic High, inducing NW
and N winds with an average speed of 6.7 m s−1 for more than 40% of the time, and strong SE–S winds
for about 10% [28]. Prevailing winds usually experience a short fetch, limiting their ability to create
wave development.
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Figure 1. Study area location map. Modified from Melo W.D., Instituto Argentino de Oceanografía.

The study area is part of a protected area called Área Protegida Humedal Puerto Cuatreros. The area
is densely populated by the burrowing crab Neohelice granulata, which is a significant bioengineer,
producing major changes in the geomorphology of the Bahía Blanca estuary [29,30]. Due to both its
muddy nature and its condition of protected area, the study area is not easily accessible.

3. Material and Methods

The main stages for developing the topobathymetric model are summarized in the flowchart
in Figure 2.
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Figure 2. Flowchart showing the main stages of the proposed methodology. UAV: unmanned aerial
vehicle; SfM: structure from motion; USV: unmanned surface vessel; GCP: ground control point;
CP: checkpoint; PC: point cloud; BPC: Bathymetric point cloud; TPC: topographic point cloud.
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3.1. Topography

3.1.1. Data Acquisition

SfM-photogrammetry was used to generate the topography from suitable imagery. A DJI Phantom
3 standard quadcopter was used to capture RGB images of large size (4000 px × 3000 px) (Figure 3a).
The flight was performed under optimum weather conditions (clear sky and wind speed less than
6 m s−1), in November 2018. In order to cover a larger area (i.e., non-flooded condition), the flight
was made at low tide level during spring tide. To ensure a high degree of overlap, the flight path
was designed as straight flight lines sampling a 30 × 30 m grid pattern (Figure 3b), over a surface
of approximately 30,000 m2, at an average height of 70 m above ground level. The flight path was
prepared using the commercial software Litchi (VC Technology Ltd, UK). The flight speed was set at
3 m s−1, and the images were taken every 2 s. The total survey time was 20 min.Remote Sens. 2020, 12, x FOR PEER REVIEW 5 of 19 
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Figure 3. Equipment for topographic survey: (a) unmanned aerial vehicle (UAV); (b) flight path;
(c) ground control points and checkpoints (left), and marker (18 cm diameter) (right); and (d) real-time
kinematic (RTK) GPS base station (left) and rover (right).

3.1.2. Data Processing

The common steps in the standard SfM algorithm consist of the following: (i) feature detection,
feature matching, and photo alignment; (ii) sparse reconstruction and bundle adjustment; (iii) dense
point cloud generation; and (iv) elevation model and orthomosaic reconstruction. All of these steps are
detailed in the literature [31,32]. The whole processing was performed by using Agisoft PhotoScan
software. In this study, the high setting was chosen to get the best possible photo alignment accuracy
and dense point cloud quality. The SfM algorithm was executed on a personal computer equipped
with Intel i7 Quad Core and 8GB of memory. Once built, the dense point cloud was carefully cleaned,
removing unsafe points, such as edge regions and water regions. With respect to the latter, in waters
where the turbidity is high enough, as in this case, the SfM algorithm will fail to produce a successfully
3D reconstruction.
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3.1.3. Indirect Georeferencing and Accuracy

The navigation system of the UAV used in this study has a low level of accuracy (vertical: ±0.5 m,
horizontal: ±1.5 m) that is not acceptable for direct georeferencing. Therefore, ground control points
(GCPs) were necessary to define the coordinate reference system. In this study, seven well-distributed
GCPs were measured on highly visible markers in the study area immediately prior to flight (Figure 3c).
It was not possible to get a large number of control points, not just because of the difficult accessibility
of the study area, but also because of the susceptibility to human disturbances given the condition of
protected area. The GCPs were measured by using a real-time kinematic (RTK) GPS Piksi, which is a
low-cost alternative carrier phase RTK with centimeter-level relative positioning accuracy (Figure 3d).
The RTK GPS base station was located over a known point previously determined with a Sokkia
Radian IS operating in static mode (Figure 3d, left). The georeferencing was carried out by using
Agisoft PhotoScan software. At the same time, in order to assess the accuracy of the SFM model,
four checkpoints (CPs) were measured in the study area, using the RTK GPS Piksi immediately prior
to flight (Figure 3c). Both sets of CPs and model coordinates (WGS 84, UTM zone 20S) were then
compared to each other to determine the spatial quality in the horizontal and vertical planes.

3.2. Bathymetry

3.2.1. Data Acquisition

The bathymetry was performed by using a low-cost USV (Figure 4a,b; Table 1). The USV,
developed by Alejandro J. Vitale (2014), at the Argentine Institute of Oceanography, is based on the
Arduino open electronic platform (Ardupilot; https://ardupilot.org/). The vehicle is fitted out with
an autopilot system and echo sounder, using a Garmin Echo 100 (Garmin International Inc., Olathe,
KS, USA) transducer that operates at 200 kHz. The echo sounder system is integrated with a Mission
Planner software to monitor the echo sounder profile during the field work. All data (i.e., GPS, acoustic
profile and navigation parameters) are saved on a memory card on board at 5 Hz.
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Table 1. Technical specifications of the unmanned surface vessel (USV) (EMAC, USV v1.5).

USV Specification Description

Technical Specifications

Cruising speed 1.5 m s−1

Vehicle weight ≈12 kg (depending on battery configuration)
Payload weight 4 kg

Maximum payload weight 7 kg
Storage capacity 5 L

Dimension 1 × 0.45 × 0.27 m
Standard operation time 6 h
Standard battery bank 4S - 32,000 mA (2 batteries, 4S - 16,000 mA)
Extended battery bank 4S - 64,000 mA (4 batteries, 4S - 16,000 mA)

Autopilot Ardupilot 2.5 (stable-2.5.1/apm2)
Radio telemetry modem RDF900, 900Mhz, 1W

Sonar option 1 Garmin echo™ 100 (modified to capture the sonar
signal; depth resolution: 0.1% FS)

Sonar option 2 Bluerobotics - Ping Sonar

Working conditions

Air temperature range −10 to 50 Cº
Wind speed tolerance Up to 14 m s−1 (calm waters)
Wave height tolerance Up to 1 m

Minimum turning radius 2.5 m
Water flow tolerance (opposite flow direction) Up to 0.5 m s−1

Water level depth From 0.3 up to 100 m (depending on transducer)

A continuous and consistent survey is critical to the quality of the bathymetry [33]. Data sampling
is typically performed as either zig-zag or parallel to the centerline of the channel [34]. In this study,
a zig-zag (round-trip) trajectory was performed, giving an argyle pattern to cover as much area as
possible (Figure 4c). Moreover, a parallel trajectory was performed (Figure 4d). The USV moved at a
constant speed of 1 m s−1, to ensure an equidistant and optimal sampling (5 points per meter) over a
surface of approximately 12,000 m2. The total survey time was 35–40 min. The survey was carried
out during high spring tide and optimum wind (wind speed less than 5 m s−1) and wave conditions
(Figure 4a,b), in January 2019.

3.2.2. Data Processing and Accuracy

Corrections for tides at measurement time were made, using data from the tidal reference station at
Ingeniero White Port, located less than 10 km from the study area (Figure 1). Tide level was measured
every 2 min by using a Valeport tide gauge. The 0 m level corresponds to that of Argentine Naval
Hydrographic Service.

Bathymetric point cloud (BPC) is very sparse compared to that of the topographic model. Therefore,
interpolation is required to increase the point cloud density. In this study, the most commonly used
interpolation methods in bathymetric mapping, such as inverse distance weighting (IDW), kriging (K),
natural neighbor (NaN) and minimum curvature (MC), were considered. The Surfer software was
implemented in the data interpolation procedure. Accuracy of each interpolated BPC was assessed against
the reference data (i.e., georeferenced TPC) by using typical accuracy measures that consider different
aspects of prediction accuracy: root mean square error (RMSE), mean average error (MAE), and coefficient
of determination (R2). These statistical measurements are described by the following equations:

RMSE =

√√
1
n

n∑
i=1

(
pi − ai

)2
(1)
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MAE =
1
n

n∑
i=1

∣∣∣pi − ai
∣∣∣ (2)

R2 =


1
n
∑n

i=1(pi −
−
pi)(ai −

−
ai)√

1
n
∑n

i=1(pi −
−
pi)2 1

n
∑n

i=1(ai −
−
ai)2


2

(3)

where pi is the estimated value by using a specific interpolator at point i, and ai is the actual value
at the same point. For this, R software was used. To assess the accuracy, each interpolated BPC
set was aligned to the TPC by means of an iterative closest point algorithm, since a conversion of
source elevation data to a given vertical datum is required to avoid errors and discontinuities. Final
bathymetric data were obtained based on the best interpolation result. Before merging both TPC and
BPC, overlapping points were removed from the interpolated BPC, in order to keep only the region of
points on the low tide level. Alignment and merging of the two point clouds were performed by using
CloudCompare software.

4. Results and Discussion

4.1. SfM Topography: Derivation and Accuracy

A total of 380 images were used to generate the SfM model. An adequate overlap of the images
was achieved, as can be seen in Figure 5a. Figure 5b shows the cleaned dense point cloud (or TPC) with
its RGB data. The resultant TPC has a density of about 1200 points per square meter. The model, after
accounting for mosaicking and orthorectification processes, has a resolution of 3.6 cm/px. A visual
inspection of the orthomosaic reveals that undesired morphologic features were not detected and that
the color balancing was good except for the sunshine effect in a small portion of the water remnant
flowing into the tidal channel (Figure 5c). The total computer time required for obtaining the SfM
reconstruction was 19 h.
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The accuracy of the indirect georeferencing was calculated by Agisoft PhotoScan software, from
the differences between the x, y, and z coordinates of the seven GCPs measured by RTK GPS, and their
coordinates pointed out on the SfM model (Table 2, upper part). The RMSE of the model with seven
GCPs was 0.15 and 0.13 m in the x and y coordinates, respectively, and 0.07 m vertically. The accuracy
of the SfM model at each CP measured by the RTK DGPS is presented in Table 2 (lower part). The RMSE
was 0.10 and 0.06 m in the x and y coordinates, respectively, and 0.09 m vertically. The mean absolute
value (MAV), which is obtained from the average of the absolute value of each CP error, was about
0.07 and 0.08 m for the horizontal and vertical planes, respectively. In particular, it is important to
highlight that the vertical MAV and RMSE values were lower for GCPs than for CPs, which was
crucial for ensuring an adequate photogrammetric output. According to the literature review carried
out by Andersen [20], the vertical accuracy of conventional topographic LiDAR data varies, ranging
from ±0.10 to ±0.15 m. Therefore, in this study, the accuracy values are similar in comparison with
previous studies.

Table 2. Ground control point (GCP) and checkpoint (CP) errors in the x, y, and z coordinates. All values
are expressed in m. SD: standard deviation; MAV: mean absolute value; RMSE: root mean square error.

GCP/CP X Y Z

GCP1 0.239 0.206 −0.094
GCP2 −0.0208 0.126 0.102
GCP3 −0.110 −0.148 −0.055
GCP4 0.0139 −0.184 0.005
GCP5 0.0556 −0.003 0.074
GCP6 0.1095 0.0312 −0.100
GCP7 −0.266 −0.008 0.018
Mean 0.003 0.003 −0.007

SD 0.161 0.139 0.079
MAV 0.116 0.101 0.064

RMSE 0.149 0.129 0.074
CP1 −0.130 −0.036 0.106
CP2 −0.075 0.067 0.027
CP3 0.126 0.015 0.096
CP4 −0.063 −0.080 −0.113

Mean −0.036 −0.009 0.029
SD 0.112 0.064 0.101

MAV 0.099 0.049 0.086
RMSE 0.103 0.056 0.092

4.2. Bathymetry Accuracy

The accuracy of interpolated bathymetric datasets using most common interpolation methods was
performed against the reference TPC, along the random transects and the perimeter in the overlapping
region (Figure 6 and Table 3). Combinations of interpolation parameters (e.g., search, smoothing factor,
etc.) were previously evaluated by using cross-validation and visual examination, to avoid artifacts in
the interpolated surface. In addition, the accuracy is affected by the spacing of the interpolation grid,
making it an essential parameter [35]; therefore, grid spacing at 0.25 and 0.50 m was assessed.

In average terms, the IDW interpolation method (power parameter: 1, smoothing factor: 2, number
of neighborhoods: 8) showed the best RMSE (0.18 m) and MAE (0.05 m) values among all considered
methods (Table 3). Moreover, IDW method had the highest values of R2 (0.90) (Table 3). This may be due
to the sampling pattern, which is characterized by samples with sufficient spatial regularity covering a
large portion at a density of 2–3 points per square meter. The grid spacing at 0.50 m showed the best
results for all methods. K and NaN methods gave similar results (RMSE ≈ 0.21 m; MAE ≈ 0.09 m).
The worst results were obtained with the MC method (RMSE ≈ 0.25 m; MAE ≈ 0.11 m). A comparison
with other studies is not feasible, since there is no consensus about which interpolation method performs
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the best in generating bathymetric surfaces [36,37]. The performance of the interpolated datasets along
the random transects indicates that there is no spatial trend across the study area (Table 3).
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IDW25

RMSE 0.092 0.258 0.168 0.114 0.139 0.271 0.167 0.174 0.224 0.179
MAE −0.058 0.251 0.059 −0.055 −0.100 0.216 0.138 0.002 0.050 0.056

R2 0.900 0.926 0.569 0.960 0.979 0.946 0.986 0.992 0.921 0.909
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RMSE 0.099 0.238 0.195 0.099 0.164 0.258 0.158 0.153 0.213 0.175
MAE −0.068 0.211 0.087 −0.048 −0.119 0.202 0.129 0.043 0.046 0.054

R2 0.910 0.893 0.533 0.967 0.972 0.948 0.986 0.987 0.927 0.903

K25

RMSE 0.170 0.379 0.263 0.107 0.173 0.271 0.167 0.205 0.215 0.217
MAE 0.059 0.346 0.214 0.034 −0.081 0.126 0.054 0.169 0.026 0.105

R2 0.640 0.838 0.795 0.948 0.915 0.896 0.958 0.973 0.917 0.876

K50

RMSE 0.163 0.369 0.235 0.118 0.165 0.251 0.129 0.209 0.221 0.207
MAE 0.013 0.329 0.189 0.023 −0.077 0.093 0.045 0.169 −0.005 0.087

R2 0.595 0.800 0.826 0.942 0.919 0.906 0.976 0.971 0.912 0.872

NaN25

RMSE 0.168 0.344 0.301 0.101 0.181 0.242 0.172 0.142 0.207 0.207
MAE 0.009 0.317 0.233 0.042 −0.082 0.153 0.000 0.110 0.030 0.090

R2 0.680 0.902 0.714 0.945 0.916 0.937 0.952 0.985 0.923 0.884

NaN50

RMSE 0.196 0.360 0.257 0.121 0.162 0.203 0.119 0.205 0.215 0.204
MAE 0.027 0.328 0.221 0.059 −0.037 0.112 0.016 0.171 0.010 0.101

R2 0.562 0.868 0.855 0.957 0.910 0.953 0.978 0.980 0.916 0.886
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Table 3. Cont.

Interp.
Method

Error
Analysis T1 T2 T3 T4 T5 T6 T7 T8 P Average

MC25

RMSE 0.211 0.396 0.296 0.118 0.206 0.278 0.186 0.329 0.237 0.251
MAE 0.046 0.365 0.245 0.050 −0.088 0.107 0.045 0.269 0.028 0.118

R2 0.551 0.867 0.809 0.939 0.872 0.878 0.951 0.945 0.898 0.857

MC50

RMSE 0.225 0.400 0.278 0.116 0.194 0.254 0.144 0.311 0.243 0.241
MAE 0.045 0.358 0.230 0.044 −0.086 0.067 0.032 0.244 −0.003 0.103

R2 0.455 0.809 0.848 0.946 0.887 0.893 0.971 0.956 0.891 0.851

4.3. Final Topobathymetric Model

The final obtained topobathymetric model, illustrated in Figure 7, has a spatial resolution of
approximately 8 cm (TPC) and 50 cm (BPC). Here, it is interesting to remember that the accuracy
results of the topobathymetric model gave an RMSE value of 0.09 m (topography) and an RMSE of
0.18 m and a MAE of 0.05 (bathymetry) for the vertical plane. The few studies that provide accuracy
topobathymetry in shallow coastal waters used LiDAR technology, and they reported values from
±0.04 m [20] to ±0.10–0.14 m [25]. Therefore, our results are in line with these studies, but using
different methodology and cheaper technology.Remote Sens. 2020, 12, x FOR PEER REVIEW 12 of 19 

 

 

Figure 7. Different views of the point clouds: (a) topographic point cloud; (b,c) topobathymetric 

point cloud showing the merging of two data sources and its main terrain features. 

 

Figure 8. Transverse topobathymetric profiles: (a) location map and (b) profiles including zoom 

views at the edges between TPC and BPC. 

4.4. Cross-Analysis of the Topobathymetric and Tidal Data 

Figure 9 shows the frequency plots belonging to the tide level at Ingeniero White Port for ten 

years (2010–2019) and the topobathymetric levels for the study area. Both plots were considered 

together, for easy comparison. For this purpose, the topobathymetric data were referred to the 

datum plane of Ingeniero White Port. The terms mean high/low water spring (MHWS and MLWS) 

and mean high/low water neaps (MHWN and MLWN) apply only to those regions with a 

semidiurnal regime [39,40], as in this case, as seen in Figures 9 and 10. Spring tides mark the limit 

between supratidal, intertidal, and subtidal hydrogeomorphic zones [41] (Figures 9 and 10). 

The tide level exhibits a bimodal distribution with peaks at about 0.8 (MLWN) and 4.0 m 

(MHWN). The peak that corresponds to high tides is notably higher than the low tide peak, 

indicating a large diurnal inequality. According to the tide gauge data, the flooding by tidal water of 

the supratidal zone (water levels more than 4.7 m) happens 0.97% of the time (i.e., a total of about 85 

h a year) (Figure 9); in contrast, subaerial exposure with water levels less than 0.1 m happens 1.28% 

of the time (i.e., a total of about 112 h a year) (Figure 9). These results are associated with the findings 

Figure 7. Different views of the point clouds: (a) topographic point cloud; (b,c) topobathymetric point
cloud showing the merging of two data sources and its main terrain features.

The topobathymetric model retains a clear definition of many terrain features. For instance, several
types of tidal courses that are present in the study area [38], such as a channel, a creek (width: 10–200 cm
and depth: 10–200 cm), and gullies (width: 10–100 cm and depth: 5–100 cm), are well represented in
the model (Figure 7c). The exceptions are tidal rills and grooves (widths less than 2–10 cm and depths
less than 1–5 cm), and crab burrows—crab Neohelice granulata—(depth usually less than 5 cm), which
require a higher spatial resolution to be obtained. Another feature observed is the presence of little
exposed rock on the bottom channel. Regarding the subtidal zone, both 3D-perspective view of the
model (Figure 7b) and transverse profiles (Figure 8) exhibit a flat bottom in the U-shape form, as would
be expected in shallow environments. It can be seen that the transverse topobathymetric profiles from
Figure 8 show a good transition between TPC and BPC, despite the differences in their data (density,
reference plane, etc.).
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Figure 8. Transverse topobathymetric profiles: (a) location map and (b) profiles including zoom views
at the edges between TPC and BPC.

4.4. Cross-Analysis of the Topobathymetric and Tidal Data

Figure 9 shows the frequency plots belonging to the tide level at Ingeniero White Port for ten years
(2010–2019) and the topobathymetric levels for the study area. Both plots were considered together,
for easy comparison. For this purpose, the topobathymetric data were referred to the datum plane of
Ingeniero White Port. The terms mean high/low water spring (MHWS and MLWS) and mean high/low
water neaps (MHWN and MLWN) apply only to those regions with a semidiurnal regime [39,40],
as in this case, as seen in Figures 9 and 10. Spring tides mark the limit between supratidal, intertidal,
and subtidal hydrogeomorphic zones [41] (Figures 9 and 10).
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of the tide, allowing us to classify the study area into hydrogeomorphic zones (subtidal, intertidal,
and supratidal).
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Figure 10. Images of the topobathymetric model covered by the tide at different stages/conditions:
(a) MLWS; (b) MLWN; (c) MSL; (d) MHWN; and (e) MHWS. MHWS/MLWS: high/low water spring;
MHWN/MLWN: high/low water neap; MLS: mean sea level.

The tide level exhibits a bimodal distribution with peaks at about 0.8 (MLWN) and 4.0 m (MHWN).
The peak that corresponds to high tides is notably higher than the low tide peak, indicating a large
diurnal inequality. According to the tide gauge data, the flooding by tidal water of the supratidal
zone (water levels more than 4.7 m) happens 0.97% of the time (i.e., a total of about 85 h a year)
(Figure 9); in contrast, subaerial exposure with water levels less than 0.1 m happens 1.28% of the time
(i.e., a total of about 112 h a year) (Figure 9). These results are associated with the findings of Perillo
and Piccolo [42], who studied the deviations of the tide levels from the predicted astronomical tides at
Ingeniero White Port. They found maximum values larger than 2 m which coincide with the winds
blowing from the NW (predominant direction) and from the SW. The latter are intense wind events
that are related to the local phenomenon called sudestada, whose effect is stronger when it coincides
with the high tide.

The frequency plot of the topobathymetric levels exhibits two large peaks, corresponding to
the subtidal channel (values centered at about 0 m) and to the edge of the upper intertidal zone
(values centered at about 4.5 m) (Figure 9). Moreover, a noticeable peak at about 5.5 m is observed,
which corresponds to a small elevated island (Figures 9 and 10e). According to the topobathymetric
data, the supratidal zone occupies 5% of the study area, while the subtidal zone occupies 8.5%
(Figures 9 and 10). However, it should be remembered that a large portion of the supratidal zone
(vegetated by halophytic shrubs) was removed from the analysis. The remaining intertidal zone
occupies 76.5% of the study area (Figures 9 and 10). It is interesting to note that both peaks of tide level
remain inside the largest peaks of topobathymetry, as was expected (Figure 9).

In particular, Figure 10a,b, which illustrates the topobathymetric model at low tide conditions
(i.e., MLWN and MLWS), allows us to identify the different tidal courses according to Perillo [38],
who defined the water in low tide level as one of the criteria for classifying them. Thus, courses
containing tidal water, such as the tidal channel and one creek (Figure 7c), can be clearly identified.
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Unlike these tidal courses, the gullies, which have a significant presence, are not reached by the tidal
inundation at low tide levels.

4.5. Advantages, Limitations and Applications of Topobathymetry

There are limitations and challenges for carrying out topobathymetric surveys in coastal regions.
Firstly, these environments involve flooded and non-flooded areas that require specific survey needs
in terms of technology and methods, as reflected in this study. Besides, it is well-known that these
regions are hydrodynamically complex. This complexity is given partly by the multiplicity of periods
on which the tide varies, but also by the seasonal, but otherwise random, frequently significant
influence of storm surges [39,43]. In this regard, topographic and bathymetric surveys are subject to
the stage of the tidal level (e.g., spring/neap tides and high/low tide level). For example, in this study,
topographic and bathymetric surveys were carried out during spring tidal conditions, at low and high
tide, respectively, to ensure larger sampling areas. The daily tidal cycle of high and low tides leads to a
short surveying time that must be taken into account when preparing the field campaign. In another
study, Jaud et al. [8] outlined similar challenges for monitoring mudflat morphodynamics, but they
only focused on topographic surveys using SfM.

Regarding the wave conditions, its non-uniform behavior in shallow waters causes inaccuracy
in the bathymetry that requires further corrections. In particular, estuaries, lagoons, or enclosed
embayments are fetch-limited environments that are protected from ocean-generated waves [44],
minimizing the wave effect. In regard to the current study, it should be remembered that the bathymetry
survey was carried out in an area where waves are generally fetch-limited; besides, the survey was
carried out under optimum wind and wave conditions (wind speed less than 5 m s−1; Figure 4a,b).

Boat-based surveys in shallow (depths between 1 and 10 m) and very shallow (depth less than 1 m)
waters are difficult or sometimes even impossible to overcome due to problems related to maneuvering
performance [45]. Operations in these shallow environments require the draft to be low and that there
be a protection mechanism for the propellers, just like the USV [46]. The shallow draft of the USV used
in this study is 0.15 m, which enables it to carry out bathymetric surveys in very shallow waters in
a suitable way; thus, the platform allows a wide range of depths, from 0.3 to 100 m, to be covered.
Another aspect of interest is that the maneuvering performance in narrow tidal courses is controlled by
the minimum turning radius of the platform, which is 2.5 m in this case. Path planning becomes a
crucial factor for USV’s control system that deserves special attention in shallow/very shallow waters,
as well as in narrow tidal courses.

Table 4 summarizes the costs and characteristics of the survey equipment that was used in this
study. The total cost of the survey equipment, including the RTK GPS, was approximately US $2500.
The autonomy, which is expressed by the battery capacity, is low for UAV (15–20 min), thereby affecting
the flight time; in contrast, with regard to the USV, because of its design (storage capacity) and its high
paid load (Table 1), it can reach an operation time by approximately more than one order of magnitude
compared to UAV. The survey rate is higher for the UAV (≈ 0.16 km2 h−1 at 70 m height) than for the
USV (≈ 0.06 km2 h−1).

The working conditions, such as atmosphere state and water level, are far more demanding for
unmanned platforms than for RTK GPS (Table 4). The wind speed is the most critical parameter
impacting directly on the UAV and indirectly on the USV (wind-generated gravity waves), putting
them at risk of being damaged or lost. An advantage of shallow environments is that they are not
affected by shadows from elevated features which are unfavorable for generating of image-based point
clouds. When UAV images are taken under partially cloudy skies, the SfM algorithm would fail due to
the cloud shadow effect, especially in homogeneous regions. Cloudy skies can also make RTK GPS
surveys difficult or unreliable, especially when high accuracy is required.

The complexity varies from one equipment to another (Table 4). In relative terms, the UAV is the
simplest for the operational stage, but it acquires the greatest complexity in the post-processing stage,
since it involves the most time-consuming, computationally intensive, and critical part (e.g., indirect
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georeferencing process), as was detailed in the flowchart in Figure 2. In contrast, the USV is simple in
the post-processing stage, but it is slightly more complex than the UAV in terms of operational stage,
since it requires careful maneuvering, mainly in shallow and narrow water bodies. The unmanned
platforms are generally designed to be used by a single person, while the RTK GPS must be performed
by at least two persons, especially in muddy estuarine environments, as in this study, and requires
more expertise and time-consuming work (e.g., base station definition, setting tasks, etc.).

Table 4. Costs and characteristics of the survey equipment used in the field study. WS: wind speed;
WLD: water level depth.

Brand
/Model Price (US$) Auto-

Nomy
Survey Rate

(km2 h−1)
Working

Conditions
Operational
Complexity

Post-pro-
Cessing Complexity

Sample Point
Density

Inva-
Sivity

UAV DJI/Phantom
3 standard 500 to 600 15 to 20 min

≈0.16
(at 70 m
height)

WS up to
7 m s−1;
no rain;
sunlight

Simple Complex High Low

USV EMAC/USV
v1.5

800 to
1000 6 to 8 h ≈0.06

WS up to
10 m s−1;

WLD from
0.3 m,
waves

heights less
than 0.5 m

Medium Simple Medi-um Low

RTKGPS Swiftnav/Piksi
RTK 1000 4 to 24 h -

Clear sky
to party
cloudy

Complex Simple Low Mediumto
high

It is well-known that, compared to ground-based techniques, the unmanned platforms allow
non-destructive and non-invasive surveys. In contrast, the use of RTK GPS, which is performed
by walking across each of the fixed points (GCP and CP), can cause damage to estuarine habitats.
The latter can be overcome by using UAV equipped with high-accuracy RTK GPS, but it is an expensive
option, since its cost is two-to-three times higher than that of the whole equipment used in this study.

Regarding the applicability of the proposed methodology under different coastal conditions, wave
disturbance is presented as the most important obstacle, in which the significant vessel motion caused
by wave action affects the bathymetric survey. In order to solve this issue, an option is to put on
board the RTK GPS Piksi and to use its vertical positioning data during the post-processing correction
stage. If necessary, the IMU (Inertial Measurements Unit) data from Ardupilot can be used to improve
post-processing correction. It should be noted that the technology on board the USV (GPS, echo
sound system, and autopilot; Table 1) can be migrated to a more suitable platform in terms of size
and power, in a reliable and relatively cheap way, in order to work properly under different forcing
factors (e.g., strong winds and extreme sea/river currents). Therefore, considering all mentioned above,
the methodology can be adapted to different conditions and environments, with a non-significant
increase in costs.

5. Conclusions

In this study, a methodology to generate a topobathymetric model in a shallow/very shallow
and turbid tidal environment, using low-cost equipment, was presented. As a main conclusion,
a continuous terrain model was built with a spatial resolution of approximately 0.08 (TPC) and 0.50 m
(BPC). With respect to the TPC, the accuracy of the SfM gave a RMSE value of 0.09 m for the vertical
plane. The best interpolated BPC (IDW method, grid spacing at 0.50 m), which was aligned to the TPC
(as reference), showed on average an RMSE of 0.18 m and a MAE of 0.05 m. Our results are in line with
other findings, but using different methodology and cheaper technology.

The final topobathymetric model showed an adequate representation of the terrain, making it
well suited for examining many landforms. Tidal forms that are present in the study area, such as
a channel, a creek, gullies, and U-shaped bottoms, among others, were well identified in the model.
As was expected, other small forms, such as tidal rills or grooves and crab burrows with depths
usually less than 5 cm, could not be identified, highlighting a scale issue that could be explored in
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future studies. In addition to this, for modeling purposes, since the spatial resolution of the resultant
topobathymetric model is at least four-to-five times better than that required for existing coastal
models, a down-sampling procedure could be applied in order to generate a coarse grid and, therefore,
to reduce the computational time and complexity.

The total cost of the survey equipment used in this study for topobathymetry was about US$ 2500,
which is much less than any other alternative. Besides, there are clear advantages in using unmanned
platforms, such as their high portability and non-destructive nature, which imply that they are a good
alternative to traditional survey technologies. The use of UAV equipped with high-accuracy RTK GPS
is actually less time-consuming, but it is also far more expensive.

This study helps to confirm the potential for remote sensing of shallow tidal environments,
by demonstrating how the data source heterogeneity can be applied. Finally, the study presented
here provides a framework for topobathymetric survey that applies to other environments/conditions,
since the technology on board the USV can be migrated to a suitable platform, in a reliable and relatively
cheap way, in order to work properly under different forcing factors.
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