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Abstract: The results of absolute satellite-derived bathymetry (SDB) are presented in the current
study. A comparative analysis was conducted on empirical methods in order to explore the potential
of SDB in shallow water on the coast of Misano, Italy. Operations were carried out by relying on
limited in situ water depth data to extract and calibrate bathymetry from a QuickBird satellite image
acquired on a highly dynamic coastal environment. The image was processed using the log-band ratio
and optimal band ratio analysis (OBRA) methods. Preprocessing steps included the conversion of the
raw satellite image into top of atmosphere reflectance, spatial filtering, land and water classification,
the determination of the optimal OBRA spectral band pairs, and the estimation of relative SDB.
Furthermore, calibration and vertical referencing were performed via in situ bathymetry acquired
in November 2007. The relative bathymetry obtained from different band ratios were vertically
referenced to the local datum using in situ water depth in order to obtain absolute SDB. The coefficient
of determination (R?) and vertical root mean square error (RMSE) were computed for each method.
A strong correlation with in situ field bathymetry was observed for both methods, with R? = 0.8682
and RMSE = 0.518 m for the log-band ratio method and R? = 0.8927-0.9108 and RMSE = 0.35 m for
the OBRA method. This indicated a high degree of confidence of the SDB results obtained for the
study area, with a high performance of the OBRA method for SDB mapping in turbid water.

Keywords: satellite-derived bathymetry; QuickBird; Misano, Italy; turbid water; coastal area;
empirical methods

1. Introduction

Coastal zones are one of the most dynamic and rapidly changing environments at the global
scale. Such changes are strongly induced by anthropogenic pressure in synergy with natural coastal
processes and changes in global climate [1]. In fact, coastal areas are amongst the most heavily
populated areas in the world, with the presence of intensive economic development. At present,
approximately 44% of the global human population lives within 150 km of the coastal zone [2,3].
Population growth and economic pressure in coastal zones will continue to increase, not only in
the near future, but also centuries from now [4]. Therefore, considering the projected global climate
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change, it is crucial to comprehend the evolution of the coastal zone. For this reason, coastal zone
monitoring is an essential process for sustainable coastal management and environmental protection [5].
The continuous environmental monitoring of coastal areas is required for the maintenance of coastal
environments and to estimate the sustainability of current practice [6]. The processes, whether
natural or artificial, promote sand transportation (erosion, transportation, and sediment deposition)
and alter seabed morphology, both of which have important roles in the dynamic behavior of
coastal areas [7]. Consequently, the monitoring of offshore zones is also required for the analysis and
projection of coastal dynamics and environmental change [6,8]. Bathymetry is one of the key factors
used by scientists, hydrographers, and decision-makers operating in coastal zones. It provides useful
information on ecological and geomorphological process occurring in coastal areas. Accurate and
reliable bathymetry information is important for coastal erosion studies, maritime navigation, the
mapping and monitoring of benthic habits, dredging planning, and coastal management in general.
Traditional methods for bathymetry surveys use boats and ships equipped with multi-beam echo
sounder or single beam echo sounder [9,10] or topo-bathymetry Lidar [11,12]. Such methods are able
provide accurate water depth information; however, they are expensive and inefficient in hard-to-reach
shallow waters [13]. Multispectral satellite images present an alternative solution for research on
shallow water bathymetry. With their large swath width, satellites are able to provide information
over a large geographic area at a very low cost [14]. In particular, multispectral satellite images are
able to provide bathymetry information in shallow waters [15], aiding in the improvement of the
monitoring of shoreline variability [16]. In addition, studies conducted using stereo images [17-19] have
demonstrated a great potential for shallow water bathymetry mapping using data from remote sensing.

Jawak et al. [20] discussed bathymetry mapping technologies using satellite remote sensing.
They highlighted two types of satellite sensors capable of providing water depth information: (1) active
satellite sensors or altimeters, which emit artificial radiation to study the Earth’s surface or atmospheric
features (e.g., the synthetic aperture radar—SAR), and (2) passive satellite sensors, which detect solar
radiation reflected from the Earth (e.g., multispectral or optical satellite sensors). Passive sensors have
been used in satellite-derived bathymetry (SDB) studies via the estimation of the water depth on the
basis of the digital numbers (DN) of each pixel (representing reflectance or backscatter) of an image
acquired in the visible and/or near infrared (NIR) and microwave parties of the electromagnetic
spectrum [20].

The advancement of SDB has revolutionized the acquisition of water depth information with the
use of remote sensing techniques to obtain information about coastal environments [21]. Since their
establishment four decades ago [22] with the launch of Landsat-1 on 23 July 1972, many methods
have been developed for SDB. These methods can be grouped into empirical, semi-analytic, and
physical-based approaches [23]. They rely on wavelength of light and its propagation angle in the air
and in water, with the only difference being in the number of parameters and in situ data involved in
the processing of satellite images. Further details of these approaches can be found in [24], with a short
summary provided by [25,26]. Bathymetry from Earth observation data has been explored by many
authors [27-35] under various domains, such as underwater archaeology [25] and natural disaster
evaluation [34]. The authors of [36] used a simplified radiative transfer equation to retrieve both
SDB and water column in shallow waters without the need for a formal atmospheric correction
technique (i.e., the conversion of relative radiance into calibrated reflectance) or the use of existing
depth sounding data. However, they noted that some sensor configurations (e.g., near-nadir view
angle) and environmental conditions—including a clear sky, the time the sun is highest in the sky,
and less suspended water particles (clear water)—must be respected in order to obtain a good quality
satellite image with less atmospheric and glint effects for SDB study.

Bathymetry studies conducted in highly turbid water generally apply the radiative transfer
equation on multispectral images [37], or perform radiative transfer simulations on hyperspectral
images [38]. However the presence of turbidity reduces the visibility and impacts the light propagation
through the water, whereas the light sensed at the top-of-atmosphere (TOA) is strongly influenced
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by atmospheric composition [39]. Thus, by taking into account the changes in multispectral images
caused by atmospheric corrections over very bright and dark coastal waters [40], the main objective of
the current study was to harness the small amount of water depth information present in the blue,
green, red, and NIR spectral bands of TOA reflectance acquired over turbid water. More specifically,
we conducted a quantitative comparative analysis of the empirical methods commonly used in
bathymetric studies, namely, the log-band ratio and optimal band ratio analysis (OBRA) methods. We
intended to explore the potential of these two methods for a multispectral satellite image acquired
over a coastal area in order to determine which spectral band ratio was able to provide high accurate
water depth information in highly dynamic waters.

Although the scale and the accuracy of the absolute SDB obtained using these two methods
relies on suitable in-situ bathymetric datasets [41] and the number of points [42] used to calibrate
and validate relative SDB, in this study, we presented a calibration/validation methodology that
required a limited number of sounding points. The methodology was based on the equations of
Stumpf et al. [28] and Legleiter et al. [43]. These empirical methods are based on the theory that light is
attenuated exponentially with bathymetry and that the impacts of seafloor reflectance are minimized
at different spectral bands [20]. The log-band ratio, an enhanced version of the model described in [34],
makes use of the blue and green bands to estimate relative SDB and in situ data for vertical referencing,
whereas the NIR band is used for the separation of water and land. Furthermore, we used bathymetric
field data acquired in November 2007 using a single-beam echo sounder. This method reduces the
impact of atmospheric conditions, the water column, and the seafloor on the propagation of light via
the use of electromagnetic bands affected simultaneously by these factors [44]. Furthermore, the OBRA
method is a robust and optimized band ratio method for SDB estimations that explores all available
pair bands to identify the pair that is less sensitive to substrate variability and exhibits the closest linear
relationship with available in situ water depth information [45].

This methodology contributes to the use of satellite images in shallow water bathymetry studies
by allowing the integration of available bathymetry field data and the use of multispectral data to
calibrate and enhance the accuracy of relative shallow water bathymetry. To extract information
regarding water depth on high resolution satellite images, a series of pre-processing steps are required
in order to convert raw QuickBird image (digital numbers) acquired in September 2007 into TOA
reflectance. During the processing of the data, we followed a number of steps involving the removal
of speckle noise, the separation of dry sand and water, the calculation of optical depth limit and
relative bathymetry, and finally, statistical analysis and vertical referencing to local datum to obtain
absolute SDB.

2. Materials and Methods

2.1. Area of Study

The coast of the Emilia-Romagna region is composed of sandy beaches stretching over 130 km
and facing the northern Adriatic Sea in the northeast of Italy. It has undergone profound changes due
to human activities, particularly since the beginning of the 20th century, and in particular due to the
reclamation of large valleys, the leveling of extensive tracts of coastal dunes, and intense urbanization
of backshore areas. These changes, combined with the natural decrease of sediment supply by
rivers, climatic change, and subsidence, have caused significant beach erosion, which still persists
despite many coastal defense interventions having been carried out between 1960 and 1980 [46,47].
Hard shore protection structures are widely distributed and protect over 60% of the regional coastline.
Recently, the shorelines of protected areas have remained relatively stable due to human intervention,
including widespread beach replenishment [48]. Misano Adriatico is a well-developed tourist resort
in the Emilia-Romagna region close to Rimini and Riccione and located on the Northwest Adriatic Sea.
Misano Adriatico beach is under erosion and is already artificially defended through hard structures
and beach nourishment.
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The Figure 1 depicts the accumulations and loss of sediments on the cost of Misano for the period
of 2006-2012. Figure 1 was generated by comparing the results of multiple topo-bathymetric surveys
conducted on the coast of Emilia-Romagna. More specifically, aerial photographs and a ground-based
differential global positioning system (DGPS) were used for the monitoring of the shoreline evolution,
whereas for bathymetric and topographic mapping, multibeam/single beam echosounders and dynamic
laser-scanners were used, respectively. At the beginning of each survey, the bathymetric system was
calibrated according to IHO S-44 specifications in order to guarantee high quality bathymetry data.
In addition, a ground base station with a radio-modem was set up for the differential correction of
the DGPS real-time kinematic (RTK) positioning system for all offshore and onshore survey activities.
Detailed topographic maps of the emerged beaches were obtained via a dynamic laser scanner system
installed on a vehicle, acquiring 1000 points per second along a path parallel to and 100-200 m away
from the shoreline. The survey was conducted during low tide (-0.40 m) and calm sea conditions.
Each topo-bathymetry survey conducted during 2006-2012 produced a digital terrain model (DTM)
that was highly representative of the morphology of the emerged and submerged beaches, with a depth
of up to 6-8 m. The map derived from the difference between the DTMs represents the change in
altitude of the emerged and submerged beaches between 2006 and 2012 (Figure 1).
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Figure 1. Map of accumulation and sediment loss over the Port of Riccione during 2006-2012, modified
from [49]. It shows the accumulation of sediments on the seabed in the northernmost stretch of the
coast of Misano. Aguzzi et al. noted a loss of volume of approximately 24,000 m?® during the same
period (2006-2012), 13,000 m? of which originated from cliffs and 11,000 m?3 from the beach and cliffs.
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Nourishment has been carried out multiple times, using lime, gravel, and sand [50].
These materials dominate the sea bottom and complicate SDB study due to the presence and migration
of suspended sediments in the sea. Moreover, the river run-off brings in substantial quantities

of sediments that reduce the visibility and quality of sea water. High precision topo-bathymetry
studies realized between 2000-2005 and 20062012 revealed changes in sand volumes followed by
the movement of the ground [49,50]. Due to the availability of field data, we conducted a SDB along
the coastline for 4 km from Malindi Biky Beach, in the south, to beach of Riccione area 3, in the north

(Figure 2).
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Figure 2. True-color composite of QuickBird satellite image (acquired 7 September 2007) over Misano
Adriatico. Ocean basemap of Italy (A) indicating the location of Misano Adriatico (red dot) and (B)
true-color composite of QuickBird satellite image (acquired 7 September 2007) indicating the location

of the Rimini-Misano Coast (red rectangle).

2.2. Dataset

We used a DigitalGlobe QuickBird satellite image obtained from European Space Imaging [51].
This image was acquired on 7 September 2007 at 10:24:06 UTC. The image had a spatial resolution of
2.4 m for multi-spectral sensors and 0.6 m for panchromatic band (Table 1). Agreeable atmospheric

conditions were present during the acquisition of the image, with 0% cloud cover, mean solar azimuth
angle of 162.7°, mean off nadir view angle of 8°, and mean sun elevation of 51.2°.

Table 1. Main characteristics of QuickBird image used in this study.

Absolute Radiometric
Calibration Factors (W

QuickBird Bands R Sthisl li{adiolmte.tric xm~2 xsr'1x DN1)
esofution esotution and Effective Band
Width (um)

Panchromatic 0.6 m 450-900 nm 0.06447600 and 0.398
Blue 24m 450-520 nm 0.01604120 and 0.068
Green 24m 520-600 nm 0.01438470 and 0.099

Red 24 m 630-690 nm 0.01267350 and 0.071

Near infrared 24m 760-900 nm 0.01542420 and 0.114
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Bathymetric surveys on the coast of Misano Adriatico started over two decades ago with yearly data
acquisitions. The field data used for vertical referencing were provided by local authorities and were
acquired during a bathymetry survey conducted in November 2017. In particular, Planimetry data
were acquired using a topographic station on the ground with horizontal precision of 10 cm for
subsidence correction and georeferencing. Bathymetric data were acquired using a boat equipped
with sub-metric horizontal precision (Global Positioning System: GPS) and a 1 cm vertical precision
single-beam echosounder. The survey data were ultimetrely projected to mean sea level using tide
measures provided by a local tide station. The DraWinG output file formats contained water depth
ranging from 0.5 to 6 m.

The total vertical uncertainty (TVU) along with total horizontal uncertainty are International
Hydrographic Organization (IHO) reference standards used for quality and uncertainty assessment
for hydrographic survey order. The TVU was used for evaluation of water depth vertical accuracy
of in-situ data, and was estimated using Equation (1), whereas the maximum allowable horizontal
uncertainty of in-situ data, at a 95% confidence level, was taken as 2 m. This in situ bathymetry data
met required uncertainties of IHO standards for special order hydrographic surveys where 2 and b in
Equation (1) are equal to 0.25 m and 0.0075, respectively [52].

TVU = ++/a2 + (bxz)* 1)

where a represents the uncertainty component that does not vary with depth, b is a coefficient
representing the uncertainty component that varies with depth, z is the depth, and b X z represents the
uncertainty component that varies with depth.

Persistent coastal erosion on Misano Adriatico and sediments used for beach nourishment change
the optical properties of seawater. Although there were no available turbidity data in this region,
the fine sediments used during beach nourishment [49] can increase suspended sediment concentration
and ultimately increase the turbidity. This phenomenon can be observed from the satellite image,
with high reflectance in the NIR band and a notable low reflectance in blue and green bands [53].

2.3. Software Used

ArcMap (v. 10.2.2, ESRI) and its geo-processing tools in ArcToolbox were used to conduct the
pre-processing and processing of the data. In particular, ArcMap allows for the integration of the
mathematical equations necessary for converting digital numbers (raw data) into TOA reflectance and
for the processing of bathymetry information. Statistical analysis was performed using Microsoft Excel
(v. 2010, Microsoft Corporation).

2.4. Pre-Processing of Data

The image obtained from European Space Imaging is OrthoReady (2A) imagery projected,
based on ellipsoid WSG 84 UTM zone 33N, to the constant base elevation of Misano Adriatico coastal
area. It is a radiometrically and sensor-corrected product with 23 m horizontal accuracy.

2.4.1. Radiometric Calibration and Correction

There are two steps involved in the transformation of radiometric data to TOA spectral radiance [54].
First, the QuickBird radiometrically corrected image pixel values (digital numbers) were converted to
TOA band-integrated radiance pixels using the absolute radiometric calibration factor provided for
each band in the IMD files of data product (Table 1), as described in Equation (2).

Lpixel, Band = absCalFactorband = Qpixel, Band (2)
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where Lpixel, Band are TOA band-integrated radiance image pixels expressed in (W x m™2 X sr7!),
absCalFactorband is the absolute radiometric calibration factor expressed in (W x m~2 x sr~! x DN71),
and Qpixel, Band are radiometrically corrected image pixels expressed in (DN).

The second step is the transformation of TOA radiance image pixels, integrated for each band to
TOA spectral radiance, by applying Equation (3) integrating the effective bandwidth (A1) provided for
each band in the IMD files of data product (Table 1).

( LPixel, Band)
[AABand|

X m~2 X sr2 x um~2) 3)

LAPixel, Band =
where LAPixel, Band. are TOA spectral radiance image pixels averaged for each band, LPixel,Band

are TOA radiance image pixels integrated for each band, and AABand is the effective bandwidth for
each band.

2.4.2. Transformation to TOA Spectral Reflectance Image Pixels

The TOA spectral radiance is the quantity of radiance that is saved by the sensor, expressed in
watts per unit of source area, per unit of spectral response and per unit of wavelength (W x m™2 x
sr~! x um™!). This radiance is the amount of source energy on the surface, but also the amount of
energy backscattered into the atmosphere, and can affect bathymetry studies. Thus, the absorbed and
backscattered energy in the atmosphere should be removed from TOA reflectance. Equation (4) is used
to convert TOA spectral radiance to TOA spectral reflectance.

 mXLAXd2
~ ESUNA X cos(6s)

pp )
where pp is the TOA reflectance, ESUNA is the mean solar extra-atmospheric irradiance W X m~=2 x
um~!, d is Earth-Sun distance obtained from Julian Day acquisition time and 0s is the solar zenith
angle equal to 90 degrees minus the sun elevation angle at the time of image acquisition, which was
found in the IMD files provided with raw data.

Equations (1)-(4) were calculated using the spatial analyst tools/map algebra/raster calculator of
the ArcToolbox window.

2.5. Data Processing and Bathymetry Extraction

Following [55], the QuickBird satellite image was processed in ArcMap 10.2.2 in order to extract
SDB multispectral information.

2.5.1. SDB Retrieval

The pre-processing steps were performed in order to avoid the effect of atmosphere on the
reflectance received by satellite sensors.

Water-leaving TOA reflectance is a function of the bottom reflectance, water depth, and the
up-welling and down-welling operational diffuse attenuation coefficient. As the water depth increases,
the bottom reflectance detected by the optic multispectral sensors decreases until it can no longer
be detected [34]. With the use of empirical methods (e.g., linear-band log-band ratio and OBRA
methods), shallow water bathymetry can be determined by analyzing water-leaving reflectance.
The retrieval of SDB using empirical methods is based on the vertical referencing of the bathymetric
model (relative SDB) on the local datum. This bathymetric model is obtained through the logarithmic
transformations of spectral water-leaving reflectance. In situ bathymetric data is generally the main
source of information used to determine the calibration parameters via linear regressions, which are
then used for the fitting of the bathymetric model.
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Log-Band Ratio Method

The ability of satellite sensors to collect water information in multispectral bands allows for research
on seabed morphology and shallow bathymetry. For example, a methodological bathymetry approach
using two spectral bands (blue, green) in conjunction with in situ bathymetry, taking into account the
quality of water and the propagation of light through the water column [28], has been published.

Although most near infrared light is absorbed by clear water, it is still a useful parameter for the
land/water boundary extraction process [56]. Green and blue light penetrate the water column and
are exponentially attenuated as the water depth increases, leading to the principle of shallow water
bathymetry extraction [40]. The log-band ratio method of Stumpf et al. [28] for SDB mapping assumes
that the area has a uniform bottom and a log-band ratio of water-leaving reflectance that decreases
linearly with water depth. In the current study, we assumed that water-leaving reflectance contributed
to TOA reflectance, and applied Equation (5) for the estimation of SDB.

In(nRw(Ai))

Z:ﬂ’Zle

—mQ ®)
where Z(m) is absolute water depth (SDB), m1 is a tunable constant used to scale the ratio to the depth
(gradient of the line or gain), Rw (dimensionless) is observed spectral reflectance, for the n-factor we
can use any positive number large enough that for all the pixels in the image both the logarithms used
in the ratio are positive, m0 is the offset for the depth of 0 m (z = 0, y-axis intercept), Ai is the blue band,
and Aj is the green band.

OBRA Method

The log-band ratio method has the advantage of being less sensitive to substrate variation types.
This has been demonstrated by Stumpf et al. [28], who found that the spectral band reflectance
ratios of different benthic cover types at the same water depth have approximately equal values.
The availability of multispectral satellite images containing different water information, such as water
depth, suspended particles, seabed vegetation, and seafloor biomass, enhances the possibility of band
ratio variations. In order to reduce the impact of bottom types, it is important to carefully choose
pair bands for more efficient relative SDB estimations. The OBRA method of Legleiter et al. [43] uses
optimal spectral band pairs for a range of water depths and substrate types. It identifies spectral band
pairs that are minimally affected by bottom type variabilities; more specifically, two spectral bands
with a high coefficient of determination (R?) with the relative SDB estimated by Equation (6) and
in-situ bathymetry data among all possible band ratios. The bathymetric information is subsequently
determined by applying Equation (7).

_ In(nRw(Ai))
DB = Rw(A))), ©
Z = mlxXrSDB —m0 (7)

where Ai is spectral band i, Aj is spectral band j, and rSDB is the relative satellite-derived bathymetry
obtained from a pair of spectral bands.

2.5.2. Application of SDB Algorithm and Vertical Referencing

Land-Water Separation and Relative SDB

A line was interpolated on the near infrared band (Figure 3) of the satellite image to extract
a threshold value used to separate the land and water pixels for the blue and green bands. The water
and land pixels are easily identified in the near infrared image—the smooth (fluctuating) region with
low (high) values represents water (land).
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Figure 3. Threshold values extracted from the near infrared (NIR) band on the coast of Misano Adriatico.
The interpolated line indicates the area on which offshore and onshore reflectance values were extracted,
as presented on the profile. Constant and low values indicate water pixels, whereas high and fluctuant
values indicate land pixels.

Each pixel in three bands has been converted into floating-point representation, which allows
the data to support a wide range of digital numbers in big decimal representation. The band ratios
(In(blue)/In(green), In(green)/In(red) and In(blue)/In(red)) were determined following the application
of a low-pass three-by-three (kernel size 3 x 3) filter over the data. This process has the advantage
of smoothing the water part of red, green, and blue bands. The results of the band ratios provide
a relative SDB estimation, indicating the qualitative variation of water depth (Figures 4-6).
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Figure 4. Relative satellite-derived bathymetry (SDB) from the In(blue)/In(green) band ratio of
the QuickBird image, representing very shallow water near the shoreline and relatively deep
water. The shoreline (2007) indicates the separation of dry and wet sand for this image taken on
7 September 2007. Note the presence of main roads as well as built-up areas.
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shallow water near the shoreline and relatively deep water. The shoreline (2007) indicates the separation
of dry and wet sand for this image taken on 7 September 2007. Note the presence of main roads as well
as built-up areas.
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Figure 6. Relative SDB from the In(green)/In(red) band ratio of the QuickBird image, representing very

shallow water near the shoreline and relatively deep water. The shoreline (2007) indicates the separation

of dry and wet sand for this image taken on 7 September 2007. Note the presence of main roads as well

as built-up areas.

It is important to determine the extinction depth beyond which the relative bathymetry is not
reliable. This operation is performed by establishing a regression relationship between in situ known
bathymetry and relative SDB. On this in situ bathymetry, 25 points were digitalized by taking into
account the variation of water depths as well as the variation of water transparency (Figure 7).
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Figure 7. Locations of 25 points used for band ratio regression analysis. The black dots represent the
points digitalized on different isobaths with known water depth. Note the highly variable seabed

topography near the shoreline where the isobaths are too tight.

Available in situ bathymetry was limited to 6 m; this led us to restrict our analysis to this water
depth. We noted that some points have the same water depth but different relative SDB and did not
allow for the determination of extinction depth; for this reason, average mean values were computed
and a regression relationship was established on seven points (Figure 8). The extinction depth was
identified at 5 m water depth for all band ratios analyzed in the current study. Further analyses to
determine absolute SDB were conducted on six points, which presented a good relationship between
in situ data and relative SDB.

N} w IN v
o
@
()

in-situ water bathymetry (m)
[

0
0.94 0.942 0.944 0.946 0.948 0.95 0.952 0.954

Relative SDB

Figure 8. Determination of water depth extinction, example for in situ data and relative SDB from the
In(blue)/In(green) band ratio.
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Calibration of Relative SDB

Log-band ratio method

In order to obtain absolute bathymetry, we needed to reference the relative bathymetry to the local
datum. This process requires local information obtained from in situ bathymetry survey data. In the
current study, we used information collected during a field survey conducted in November 2007 on
the Coast of Misano Adriatico. The data were provided by local municipality. We digitized 25 points
on the basis of the location of field data isobaths and the optical variation (bright and dark areas) of the
water. These training points were homogeneously chosen on in situ data with water depth ranging
from 0.5 to 6 m, and with some points having the same water depth values. Figure 9 represents the
estimation of vertical reference parameters for 6 point average values computed from 25 points and
relative SDB (In(blue)/In(green)). This process was executed in Microsoft Excel, where the constant
used to scale the ratio to the depth (m1 = 393.57) and the offset for the depth of z = 0 (m0 = —368.1)
were determined. These values were integrated into Equation (5) to compute the absolute water depth,
as described in Equation (8).

In(blue)

Z = -393.57 x
In(green)

+368.1 (8)

6
~ 5
& P
< ——
';n- 4 o —]
E 3 / ®
z *
_E 2
g
.

0

0.94 0.941 0.942 0.943 0.944 0.945 0.946 0.947 0.948 0.949
In(blue)/In(green) y =393.57x -368.1
R?=0.9766

Figure 9. Vertical referencing parameter and R’ estimated from in situ water depth and relative SDB.
Relative SDB values were obtained from the logarithmic expression of the blue and green bands
(In(blue)/In(green)), whereas in situ water depth values were obtained from in situ bathymetry acquired
during November 2007.

OBRA method

Although the log-band ratio method uses a single band pair, the OBRA method explores all
possible pair bands and chooses those that exhibit a strong correlation between in situ water depths
and their relative SDB values. This was performed by estimating R? between the band ratios and
in-situ bathymetry (Figures 10-12), whereby the band ratios less sensitive to the effect of substrate
variability [45] presented a highly linear relationship with the in situ water depth information
(Figure 12).
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Figure 10. Vertical referencing parameter and R? estimated from in situ water depth and relative
SDB. Relative SDB values were obtained from the logarithmic expression of the green and red bands
(In(green)/In(red)), whereas in situ water depth values were obtained from in situ bathymetry acquired
during November 2007. Note the distribution of points where the influence of particular localized
turbidity may be shown by the presence some outliers, especially at 3.5 m water depth.

.« —

* —

in-situ water depth (m)
w

1.10 1.11 1.12 1.13 1.14 1.15

In(blue)/In(red) y= 602.4O6x -64.419
R?=0.8894

Figure 11. Vertical referencing parameter and R? estimated from in situ water depth and relative
SDB. Relative SDB values were obtained from the logarithmic expression of the blue and red bands
(In(blue)/In(red)), whereas in situ water depth values were obtained from in situ bathymetry acquired
during November 2007. Note the distribution of points where the influence of particular localized
turbidity may be shown by the presence some outliers, especially at point 3.5 m water depth.
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Figure 12. R? obtained from In(blue)/In(green), In(green)/In(red), and In(blue)/In(red) band ratios and
in situ water depth.

The advantage of using OBRA method in turbid water is that by analyzing water reflectance of
a large number of bands, we obtained information on the effect of accumulation and sediment loss on
the seabed topography, which can be identified by using one pair band. This was due by the fact that
light propagation in shallow water is more prominent at low wavelength bands compared to high
wavelength bands.

In addition to the relative SDB obtained from the In(blue)/In(green), additional two band ratios
(In(blue)/In(red) and In(green)/In(red)) were calibrated to the local datum, as expressed in Equations (9)
and (10), in order to obtain absolute SDB.

In(green)
Z = —68331 x —2— | 77.867 )
In(red)
In(blue)
Z = —60.406 X ———" 1 64.419 (10)
In(red)

The common use of blue and green ratio in absolute SDB studies is based on the fact that they can
penetration deeper in the water and hence allows offshore bathymetry mapping, which can reach 30 m
in very clear water. However the use of blue and red band ratio in shallow turbid water can provide
more precise water depth information due to the water reflectance in red enhanced by the presence of
sediment particles, normally absorbed by clear water. The results of green and red band ratio will also
be analyzed in order to determine which band ratio can be used in such an environment.

3. Results

Two empirical methods, OBRA and log-band ratio, were tested in order to estimate shallow water
bathymetry on the coast of Misano Adriatico. The results demonstrate the ability of satellite images to
provide water depth information for large near-shoreline areas. The methodological approach adopted
helps us to explore information located in different spectral bands.

The procedure involves several pre-processing steps to transform TOA into spectral reflectance,
whereby four bands (blue, green, red, and near infrared) were selected to compute different relative SDB,
with the eventual computation of absolute SDB (Figures 13 and 14) after the inclusion of survey data.
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Figure 13. Absolute SDB, on the coast of Misano Adriatico, extracted from the QuickBird image
(acquired on 7 September 2007) using the log-band ratio method. The bathymetry was obtained by
calibrating and vertically referencing relative SDB, In(blue)/In(green), to the local datum using in situ

water depth.
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Figure 14. Absolute SDB, on the coast of Misano Adriatico, extracted from the QuickBird image (acquired
on 7 September 2007) using the OBRA method (based on the blue and red bands). The bathymetry
was obtained by calibrating and vertically referencing relative SDB, In(blue)/In(red), to the local datum

using in situ water depth.
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The relative SDB obtained from the ratio between the blue and green bands using the log-band
ratio method (Figure 4) exhibited low values associated with shallow water and high values linked to
relatively deep water regions. These values were calibrated and converted into absolute water depth
with the use of field data acquired in November 2007 for 25 points within water not deeper than 5.5 m.
The results demonstrated variations in water depth with shallow water near the shoreline and deeper
offshore (Figure 13).

The OBRA method helped us to explore three spectral bands in the blue, green, and red regions.
These bands were used to determine relative SDB values, which were later calibrated to the local
datum. Although In(blue)/In(green) values exhibited a high determinant coefficient with in situ data,
the calibration of In(blue)/In(red) and In(green)/In(red) provided absolute SDB values (Figure 14) that
were strongly correlated with the field data.

We conducted accuracy assessment for absolute SDB obtained in order to determine their precision.
For OBRA method, accuracy assessments were performed using Equations (11) and (12) on the available
survey data (Table 2), whereas for the log-band ratio method, accuracy assessment was conducted by
determining the relationship between the two datasets (Figure 15).

R2_ 1 LilZi- SDBi)? an
Y. (Zi— Zm)*
RMSE = \/ % Z; (Zi - SDBi)? (12)

where SDB is satellite-derived bathymetry, Z represents in situ water depth, Zm represents in situ
water depth mean value, i represents water depth level, and # is the number of data points.

The absolute SDB exhibited root mean square error (RMSE) values of 0.32 and 0.352 m for SDB
computed using blue/red and green/red bands, respectively, and 0.518 m for SDB computed using
blue and green bands (Table 3). This demonstrated the strong performance of the OBRA method,
using blue and red bands, in highly dynamic and turbid water.

Table 2. In situ bathymetry and absolute satellite-derived bathymetry (SDB) depth ranges used for
optimal band ratio analysis (OBRA) SDB accuracy assessment.

SDB for Green and Red Bands

In Situ Bathymetry (m) SDB for Blue and Red Bands (m) (m)
25 2.34 2.36

3 3.23 3.24

35 4.07 4.18

4 3.98 3.99

45 4.31 4.25

5 4.77 4.70

55 6.09 591
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Figure 15. Correlation between in situ bathymetry and SDB obtained using log-band ratio method
on the coast of Misano Adriatico. Note that influence of particular localized turbidity on SDB may be
demonstrated by the presence of some outliers, especially at water depth of 3 m.

Table 3. Validation error statistics for log-band ratio and OBRA SDB methods.

Statisti Log-Band Ratio Method OBRA Method
tatistics Bl e Band
ue and tsreen bands Blue and Red Bands Green and Red Bands
R? 0.8682 0.9108 0.8927
RMSE (m) 0.518 0.32 0.352

The results demonstrate the good correlation of the two methods with in situ water depth.
Moreover, a limited difference was observed close to the shoreline, where the presence of suspended
sediments can often be a source of errors, particularly in the northwest area, where beach nourishment
sediments were observed in the water (Figure 1). In general, the derived bathymetry provided key
information on depth variation in this shallow water, with high depth in the south alongside the Porto
Verde Marina Resort, as well as in the central-eastern region of the study area.

4. Discussion

The current study presented the first SDB investigation on the highly dynamic coast of Misano
Adpriatico using multispectral satellite imagery. The well-known empirical approaches of Stumpf et
al. [28] and Legleiter et al. [43] were tested for bathymetry mapping and subsequently applied to TOA
reflectance using data acquired in turbid water. We limited our study to shallow water not deeper
than 5.5 m; this depth range was identified as highly dynamic with turbid water. The study was
conducted in order to evaluate the potential of SDB in vulnerable coastal areas affected by erosion and
accretion processes.

The empirical approaches adopted for estimating bathymetry in this area were fast and relied on
a small amount of training field data. They explored information saved in different spectral bands
and chose the bands less influenced by bottom type variabilities, thus improving the quality of the
results compared to traditional methods. These approaches relied on attenuation of the light through
the water column and the surface water reflectance. However this reflectance can be affected by
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water composition such as finer materials resulting from anthropic activities or material used for the
beach nourishment.

The results obtained using three spectral bands (green, blue, and red) can be enhanced by using
multispectral satellite images such of Copernicus Sentinel-2A and Sentinel-2B, which have 13 bands;
Landsat 8, Operational Land Imager (OLI), which has 9 bands; or DigitalGlobe’s Worldview-2/3,
which have 8 bands. The advantage of having a lot of bands is that the effect of water turbidity on
light propagation in shallow water is more prominent at short wavelength bands compared to long
wavelength bands. By analyzing surface water reflectance of all those bands, it becomes possible to
investigate the impact of turbid water on remote sensing bathymetry mapping.

5. Conclusions

The first objective of the current study was to explore the potential of empirical SDB methods in
highly dynamic turbid water. To achieve this, we analyzed QuickBird satellite image acquired over the
coastal city of Misano Adriatico using Stumpf et al.’s [28] and Legleiter et al.’s [43] methods. A series of
pre-processing steps were applied for the satellite image in order to eliminate atmospheric effects and
obtain TOA reflectance, which was subsequently processed to extract relative SDB for near offshore
water. Next, this relative SDB was calibrated to the local datum by incorporating in situ water depth in
order to obtain absolute SDB. The results demonstrated the ability of satellite images to provide water
depth information in shallow water.

The second objective was to determine which empirical method between these two analyzed can
provide more accurate results in turbid water. To do so, we conducted accuracy assessment for absolute
SDB obtained from log-band ratio and OBRA methods. The results showed that OBRA performed
better in such an environment. In addition, OBRA method results were analyzed in order to determine
the band ratio which provided more accurate absolute SDB. The RMSE and R? values obtained showed
that blue and red band ratio performed better.

The results demonstrated the ability of multispectral images to provide water depth information,
particularly in shallow turbid water where red and other long wavelength bands can be analyzed in
order to determine the effects of sediments and coastal erosion on seabed topography. This methodology
can help coastal geomorphologists who use orthophotographs acquired using sensors fixed on drones
to extend their studies on bathymetry and water quality. Information provided by SDB can help people
involved in coastal area planning in finding solutions for the impact of climate change.
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