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Abstract: Satellite-derived bathymetry (SDB) based on multispectral satellite images (MSI) from
the satellite’s optical sensors is a recent technique for surveying shallow waters. Sentinel-2 satellite
mission with an open access policy and high spatial, radiometric, and temporal resolution of MSI-s
started a new era in the mapping of coastal bathymetry. More than 90 percent of the electromagnetic
(EM) signal received by satellites is due to the atmospheric path of the EM signal. While Sentinel-2
MSI Level 1C provides top-of-atmosphere reflectance, Level 2A provides bottom-of-atmosphere
reflectance. The European Space Agency applies the Sen2Cor algorithm for atmospheric correction
(AC) to model the atmospheric path of the signal and reduce the MSI reflectance from L1C to L2A
over the land area. This research evaluated the performance of different image-based AC processors,
namely: Sen2Cor, Acolite, C2RCC, and iCOR for SDB modelling. The empirical log band ratio
algorithm was applied to a time series of Sentinel-2 MSI in the middle Adriatic. All AC processors
outperformed Sentinel-L2A MSI for SDB. Acolite and iCOR demonstrated accurate performance
with a correlation coefficient higher than 90 percent and the RMSE under 2 m for depths up to 20 m.
C2RCC produced more robust bathymetry models and was able to retrieve the depth information
from more scenes than any other correction. Furthermore, a switch model combining different
spectral bands improved mapping in shallow waters, demonstrating the potential of SDB technology
for the effective mapping of shallow waters.

Keywords: bathymetry mapping; pre-processing; SNAP; switch model

1. Introduction

Accurate and up-to-date bathymetry is important for safe navigation [1] and underpins
all activities or research on or beneath the surface of the sea [2,3]. Coastal zones, an interface
between the land and the sea, are densely inhabited by approximately forty percent of
the world’s population living 100 km from the coast at a population density twice the
global average [4]. Low-elevation coastal zones are considered the most threatened zones
due to sea level rise [5,6] and extreme weather events [7] intensified with climate change.
Although coastal zones are highly dynamic environments due to human and/or natural
influence, more than 50 percent of the near shore bathymetry within the exclusive economic
zones (EEZ) has not been mapped yet, or the bathymetry information relies on outdated
surveys [8].

Classic bathymetry techniques, acoustic systems, or light detection and ranging (Li-
DAR), enable the bathymetry surveys with the highest quality of data [9]. Acoustic systems,
e.g., the multibeam echosounder (MB) are usually mounted on research vessels with a swath
width and ensonifying efficiency proportional to depth [10]. On the other hand, LiDAR
is mounted on an aircraft but is limited by signal penetration to shallow waters [11]. The
main limiting factor of echo sounders and LiDAR is the high cost of the survey. Compared

Hydrology 2022, 9, 215. https://doi.org/10.3390/hydrology9120215 https://www.mdpi.com/journal/hydrology

https://doi.org/10.3390/hydrology9120215
https://doi.org/10.3390/hydrology9120215
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/hydrology
https://www.mdpi.com
https://orcid.org/0000-0002-6876-0378
https://orcid.org/0000-0002-7905-0718
https://doi.org/10.3390/hydrology9120215
https://www.mdpi.com/journal/hydrology
https://www.mdpi.com/article/10.3390/hydrology9120215?type=check_update&version=1


Hydrology 2022, 9, 215 2 of 19

to traditional bathymetric techniques, remote sensing technology provides large spatial
coverage with minor expenses. Satellite-derived bathymetry (SDB) based on multispectral
satellite images (MSI) from the satellite’s optical sensors is a recent low-cost technique for
surveying shallow waters.

Sentinel-2 satellite mission with an open access policy and high spatial, radiomet-
ric, and temporal resolution of multispectral images started a new era in Earth observa-
tion (EO), including the mapping of coastal bathymetry [12]. Multispectral sensors on
Sentinel-2 satellites measure the Earth’s reflected radiance in 13 spectral bands. More than
90 percent of the EM signal received by the satellite is due to the atmospheric path of the
EM signal [13].

The European Space Agency (ESA) uses the Sen2Cor [14] atmospheric correction
(AC) processor to model the atmospheric path of the signal and reduce the reflectance
from the top of the atmosphere (TOA)—Sentinel-2 Level 1C—and to the bottom of the
atmosphere reflectance (BOA)—Sentinel-2 Level 2A. Both Sentinel-2 products, L1C and
L2A, are distributed via the Copernicus Open Access Hub portal [15]. In addition to
Sen2Cor, there are several image-based AC processors available.

Recent studies analysed the performance of different AC processors for Sentinel-2
MSI in coastal marine areas [16–19]. Casal et al. [16] selected the C2RCC among Acolite
EXP, iCOR, and Sen2Cor to for best performance on the optically complex and turbid
waters of Dublin Bay. An evaluation of AC processors for multitemporal SDB in low-
turbid Caribbean waters was made by Caballero and Stumpf [17]. Three AC processors for
Sentinel-2 MSI were evaluated: the Acolite exponential model (EXP), Acolite dark spectrum
fitting model (DSF), and C2RCC model. Acolite models produced greater consistency and
repeatability with accurate results in a scene-by-scene analysis. Renosh et al. [18] evaluated
AC algorithms for Sentinel-2 MSI in highly turbid estuarine waters in SW France. Acolite
DSF and iCOR are identified as best-performing among the tested AC algorithms (Acolite
DSF, iCOR, Polymer, and C2RCC) for Sentinel 2-MSI. Duan et al. [19] combined three
different AC processors (6S, Acolite, and Quac) with various SDB models and yielded
acceptable results over two islands in the Pacific Ocean.

In the present study, diverse AC processors for SDB mapping have been validated
along the eastern coast in the middle Adriatic. The Adriatic Sea is a shallow sea with a
median depth of 100 m [20] and a highly indented eastern coast, resulting in long-lasting
and costly classic bathymetric surveys. Therefore, a small part of the coastal marine area
has been mapped in high resolution using modern acoustic technology [21,22]. The optical
characteristics of the sea in the middle Adriatic make the region suitable for SDB [23,24].
SDB mapping of the Adriatic has demonstrated that the technology can retrieve depth
with a horizontal accuracy of 12.5 m [25], a vertical accuracy of 2 m + 5% depth [25], and a
spatial resolution of up to 10 m.

The scope of this paper was to determine whether the quality of SDB could be im-
proved by applying one of the available AC processors to Sentinel-2 L1C rather than
using Sentinel-2 L2A. In addition to Sentinel-2 L2A MSI, three other AC processors have
been selected: atmospheric correction for the OLI ‘lite’ (Acolite) [26–29], Case 2 Regional
Coast Colour (C2RCC) [30,31], and image correction for atmospheric effects (iCOR) [32,33].
All these AC processors are image-based ACs and free for users. In the absence of re-
flectance measured in situ, the bathymetry retrieved by each processor is validated using in
situ soundings.

In shallow water areas, spectral bands with a wavelength from 380 nm to 700 nm
known as visible light (VIS) can reach the seafloor. The empirical approach and the simple
log band ratio (LBR) algorithm [34] are widely adapted for SDB depth estimation [35–38].
The LBR algorithm uses the ratio of two bands to estimate bathymetry. Recent studies
demonstrated that bands with long wavelengths are less influenced by sediment dynam-
ics and water turbidity, therefore possessing better performance in SDB retrieval in the
shallowest coastal sea area than short wavelengths [39–41]. Four bands in the VIS part
of the spectrum of the Sentinel-2 MSI can retrieve bathymetry: band 1—coastal aerosol,
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band 2—blue, band 3—green, and band 4—red. The second objective of the study was to
combine bands using the LBR algorithm in combinations different from the common one
of blue and green bands [34], with the scope to achieve an enhanced bathymetric model.

2. Methods and Methodology

The methodology has been divided into two sections, related to the AC of Sentinel-
2 L1C MSIs, and the switch model. The influence of the atmosphere and water on the
observed radiance at the satellite, key information regarding the AC processors, and the
basic principle of the LBR algorithm are considered in the first part. Further on, a switch
model as an enhancement of LBR is introduced in the second part.

2.1. Remote Sensing of Shallow Marine Areas

Optical sensors mounted on satellites (e.g., the multispectral instrument onboard
Sentinel-2 satellites) are passive systems that record a reflected radiance coming from the
Sun. From Sun to satellite, the EM signal passes a two-way path. First, a downwelling
radiance from the Sun must reach the seafloor, and then an upwelling radiance has to reach
the sensor. The signal interacts with the atmosphere, sea surface, waterbody, and seafloor,
which includes attenuation, scattering, and reflection of the signal. The spectral radiance
at the top of the atmosphere that is measured from a satellite (LT) consists of the radiance
scattered in the atmosphere and surrounding land area (Lp), radiance reflected from the
sea surface (Ls), radiance backscattered by constituents present in seawater and in very
shallow water reflected by the seafloor (LB) [13]:

LT = LP + LS + LV + LB (1)

To retrieve the radiance reflected by the seafloor, a correction for the atmospheric path
of the signal and surface reflections must be calculated. Clouds are the main cause of signal
reflection in the atmosphere [42]; therefore, MSI with a high percentage of clouds should be
avoided. The scattering of the EM signal by air gas molecules known as Rayleigh scattering
and Mie scattering by larger particles of aerosol [43] can be eliminated by the AC processor.

A part of the received signal is a result of the reflection from the sea surface or
adjacent areas. Specific, direct specular reflection of the EM signal that occurs when the
reflection angle equals the viewing angle is called the sunglint [44]. Scattering due to
dissolved particles in the seawater (turbidity) is also a contributor to the radiance received
by satellites.

The heterogeneity of seafloor type (albedo) is usually not covered by the AC pro-
cessor. However, their influence can be minimized by the choice of the SDB method to
estimate depth.

2.2. Atmospheric Correction

Atmospheric correction (AC) eliminates part of the reflectance that refers to the atmo-
spheric path of the electromagnetic (EM) signal received by satellite. Atmospheric scattering
is estimated to account for more than 90% of the total measured radiation [13]. It is the
process of converting radiation received by the satellite sensor to surface reflectance [45].

Sen2Cor is an AC processor that performs atmospheric correction of top-of-atmosphere
(TOA) Sentinel-2 Level 1C input scenes and generates bottom-of-atmosphere (BOA) Sentinel-
2 Level 2A-corrected reflectance scenes. It is available as a plugin through the Sentinel
Application Platform (SNAP) or as a standalone application [15]. Telespazio VEGA Deutsch-
land GmbH developed the processor on behalf of ESA [46]. It is an adaptation of ATCOR
software [47] that derives aerosol optical thickness (AOT) from the look-up tables (LUT)
at 550 nm using the dense dark vegetation (DDV) algorithm [48]. The algorithm requires
that the scene contains sufficiently dark pixels for which it can be assumed that the BOA
reflectance of different bands is constant. If pixels containing DDV are not present in a
scene, they can be replaced by pixels of dark soil or water. The algorithm automatically
chooses these pixels, derived from the AOT, and corrects the image. It does not correct for
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sunglint effects. ESA processes the Sentinel-2 L1C products with the Sen2Cor algorithm to
distribute the Sentinel-2 L2A products.

Apart from Sen2Cor, there are different AC processors to choose from. This research
evaluated the performance of Sentinel-2 Correction (Sen2Cor), atmospheric correction
for OLI ‘lite’ (Acolite), Case 2 Regional Coast Colour (C2RCC) and image correction for
atmospheric effects (iCOR) for bathymetry estimation. All AC processors are image-based
ACs that do not require additional atmospheric measurements. However, they differ
in technique when modelling the variable contribution of scattering from aerosols and
the ability to eliminate undesirable surface reflections (e.g., sunglint or adjacent area).
Further on, a key distinguishing characteristic of each AC processor is briefly addressed
with references to the key research containing mathematical models and more detailed
descriptions. In Table 1, the main properties of each correction are presented.

Table 1. Characteristics of AC processors: atmospheric scattering model, elimination of surface
reflection, and key references providing a more detailed description of each AC [14,26–33,47,48].

AC Sen2Cor Acolite EXP Acolite DSF iCOR C2RCC

Intended for: Sentinel-2 MSI
over land

Sentinel-2 and
Landsat MSI over

turbid waters

Metre-resolution MSI
for aquatic application

Inland, coastal or
transitional waters

and land

All past and current
ocean sensors over

normal and
extreme optically
complex waters

AOT—retrieval
algorithm

Dark dense
vegetation algorithm

Extrapolation from
SWIR to VIS and IR

using an
exponential function

Automatic selection of
band with the lowest

estimate of atmospheric
path reflectance

Adaptation of
Self-Contained
Atmospheric

Parameters Estimation
from Meris data

(SCAPE -M) method

Trained neural
network and coastal

aerosol model

Adjacency effect - - - SIMEC module -

Sunglint - - Yes - Yes

Turbidity - - - - 5-component
bio-optical model

References [14,47,48] [26,27] [28,29] [32,33] [30,31]

Acolite is an AC processor developed at the Royal Belgian Institute of Natural Sciences
that supports many sensors including one from the Sentinel-2 mission. It is available as a
stand-alone installation [49]. Two AC approaches are included: “exponential extrapolation
(EXP)” [26,27] and “dark spectrum fitting (DSF)” [28,29].

Acolite EXP was developed as the AC processor for Landsat and Sentinel images over
turbid waters. The algorithm assumes that the reflectance in the SWIR bands contains only
information about aerosol and Rayleigh scattering due to the high absorption coefficient in
water. After the signal is corrected for the Rayleigh scattering it is extrapolated from the
SWIR band to visible light (VIS) and infrared (IR) using an exponential function. Due to
the sun glint and adjacency effect, the performance of the Acolite EXP was not satisfactory
in low turbidity waters, often resulting in negative reflectance [29]. The performance of
the EXP processor regarding Sentinel-2 scenes was also degraded in the blue bands by
a higher signal-to-noise (S/N) ratio [50]. Acolite dark spectrum fitting (DSF) overcomes
the issues of the EXP method by automatic selection of the most appropriate band with
the lowest atmospheric path reflection and further estimation of AOT based on look-up
tables (LUT). It was developed for high-resolution satellite images (meter-scale) but can be
applied to Sentinel-2 scenes due to better spectral resolution in the SWIR band. It provides
the estimation of a sun glint reflectance using the SWIR band [29]. Both Acolite algorithms
mask the land area and negative reflectance.

The Case 2 Regional processor is based on a neural network trained by a large database
of radiative transfer simulations of water leaving radiance (“water signal”) and related TOA
radiance (“satellite signal”) [30]. Neural networks are used for the inversion of satellite and
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water signal. A major improvement was made through the CoastColour project when the
5-component bio-optical model and coastal aerosol model were introduced. The in-water
modelling is performed by the Hydrolight model, using 5 components as an abstract of
inherent optical properties (IOP) in natural waters. The processor was renamed to Case 2
Regional Coast Colour (C2RCC) and is available through the SNAP platform [31]. C2RCC
is designed for turbid waters. It includes sun glint correction and the automatic creation of
the land mask.

Image correction for atmospheric effects (iCOR) is the latest version of the Operational
Atmospheric Correction for Land and Water (OPERA) AC processor designed for inland,
coastal, or transitional waters and land [32]. Key steps in the AC algorithm are the sep-
aration of land and water pixels, deriving AOT using land pixels [51], and applying the
SIMEC [33] correction over water. AOT retrieval algorithm used in iCOR is an adaptation
of Self-Contained Atmospheric Parameters Estimation from Meris data (SCAPE-M) [51].
SIMEC reduces the contamination of the water pixels by the light coming from the sur-
rounding land and vegetation. The next step is solving the radiative transfer equation
using the MODTRAN5 LUT to perform the AC. The current version does not support the
sun glint correction.

The selected Sentinel-2 L1C MSIs were processed by the different AC processors listed
above. A few changes were made to the default settings of the AC processors. Combi-
nation of B8A—Vegetation red edge (λi = 865 nm) and B11 SWIR—Short-wave infrared
(λi = 1610 nm) was chosen for the Acolite EXP algorithm. Recent studies demonstrated
this combination reduces the influence of the NIR/SWIR instrument noise [17]. An extra
iCOR module SIMEC was enabled. For all AC processors other than ACOLITE and C2RCC,
the land mask was determined from the near-infrared (NIR) band [52]. Remote sensing
reflectance (Rrs) was calculated for all scenes and AC processors. A median filter was
applied to all scenes to reduce the noise in the model [17].

In the absence of in situ measured reflectance, the evaluation of the AC processor
performance in retrieving the bathymetry information was conducted in comparison with
in situ measured depth [16,17].

2.3. Log Band Ratio Algorithm

The concept underlying the log ratio algorithm is that the radiance of one band decays
faster in depth than that of another band [34]. Beer’s law states that the absorbance of the
EM signal is directly proportional to the length of the path and absorption coefficient of the
spectral band (Kλ). Accordingly, the ratio of the two bands changes with depth.

Bathymetry for each scene was estimated by the log band ratio (LBR) algorithm [34]:

pSDB =
ln(nRw (λi))

ln
(
nRw

(
λj
)) (2)

where pSDB refers to the relative pseudo-depth model, n is the constant to avoid a negative
algorithm, Rw is the water leaving reflectance, and λi and λj are two different bands [17,34].
SDB is determined by regression analyses between the pseudo-depth and the MB control
soundings [17,34]:

SDB = m1pSDB − m0 (3)

where m1 and m0 are the empirically determined gain and offset of the regression line.
The method is proven effective for clear, shallow water bathymetry mapping, with only
two coefficients to be empirically determined. It can be applied in areas with little a priori
known bathymetry data. The method is not sensitive to the change of bottom type since
both spectral bands are equally influenced. The band ratio is more affected by the depth
change due to the different absorption coefficients of bands [34].

Classic green LBR, the ratio of Sentinel-2 band 2—blue (λi = 490 nm) and
Band 3—green (λj = 560 nm), was used for the estimation of bathymetry [34]. Products of
the LBR algorithm (pSDB and SDB) for each scene were compared to soundings from the
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multibeam survey. The consistency and accuracy of retrieving depth was evaluated for
each AC algorithm.

2.4. Switch Model

The LBR algorithm [34] is the basis of the switch bathymetry model [40]. In shal-
low seas, visible light (380–700 nm) is a segment of the EM spectrum that can reach the
sea bottom and retrieve bathymetric information. Sentinel-2 satellites collect four spec-
tral bands in the VIS part of the EM spectrum: B1—coastal Aerosol (blue part of VIS),
B2—blue, B3—green, and B4—red. Blue and green spectral bands have a smaller coefficient
of absorption in water than the red spectral band (Figure 1).
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Figure 1. Absorption coefficient of VIS in water [53].

Accordingly, a blue or a green signal decays more slowly while traveling through the
water column. This paper explored the possibility of enhancing the bathymetry model in
the coastal zone by augmenting the bathymetry estimated using the classic green (G) LBR
with the bathymetry estimated using a red LBR algorithm. The red (R) LBR applied the red
band (B4) instead of the green one (B3) (Table 2). Sentinel-2 band 1—coastal aerosol, which
belongs to the blue part of VIS, was overlooked because of the lower spatial resolution and
greater S/N ratio.

Table 2. Band combinations applied in the LBR algorithm.

Band λ [nm]

G
B2 blue 490

B3 green 560

R
B2 blue 490

B4 red 665

The switch model was calculated by applying the weighted mean between the G SDB
and R SDB [40]:

Switch SDB = α × G + β × R, (4)
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α + β = 1, (5)

where coefficients (α, β) were empirically determined.

3. Results

Results of the assessment of AC processors for SDB retrieval and the switch model
from Sentinel-2 MSI in the middle Adriatic, following the methodology described above,
are presented in the following chapter.

3.1. Study Area

Research of optical characteristics in the coastal area of the middle Adriatic far from
river mouths, etc., characterized water type to be equivalent to oceanic water type II,
according to Jerlov classification [23]. The Šibenik channel, located in the middle Adriatic
near the city of Šibenik was chosen as a location for the study area (Figure 1). The location is
suitable for the comparison and evaluation of the AC processors because of uniform water
conditions throughout the year and the availability of high-resolution, up-to-date survey
data. According to bathymetry, the channel can be divided into three sections: shallow
eastern and western parts with depths up to 30 m, separated by the deeper channel with
depths up to 60 m that follow from the Saint Antoine’s channel. The topography of the
seafloor shows a dynamic gradient of depth with many shoals, especially in the east. The
seafloor is mostly covered with sand [54].

Evaluation of the depth retrieval performance of different AC processors was con-
ducted in the west part of the Šibenik channel and the switch digital bathymetry model
was calculated for the broader area (Figure 2).
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3.2. Dataset

The empirical SDB approach requires the MSI data and a priori known soundings
for bathymetry estimation. A time series of Sentinel-2 MSI covering a year was selected
for the study area in the Šibenik channel (middle Adriatic) where a recent MB survey was
conducted.

3.2.1. Multibeam Bathymetry Data

The Hydrographic Institute of the Republic of Croatia (HHI) surveyed the area of
Šibenik’s channel, Saint Antoine’s channel, and Šibenik’s port in 2014 to ensure the safety
of navigation in the area (Figure 2) [21]. Dual head multibeam echosounder Kongsberg
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EM-3002 D swiped the seafloor with quality of depth defined by special order of the S-
44 standard, including total horizontal uncertainty (THU) under 2 m and total vertical
uncertainty according to Formula [9]:

TVU =

√
a2 + (b × d)2 (6)

where a = 0.25 m, b = 0.0075, and d is depth. Survey data was post-processed in Seafloor In-
formation System (SIS) software and reduced to meal low lower water (MLLW). Data were
interpolated to a bathymetry model (MB DBM) with 10 m grid spacing in WGS84/UTM
33 coordinate system. MB bathymetry data ranging between 0 and 20 m were randomly
chosen as control or check soundings. Of the available soundings within test area A or B,
25% were chosen as MB control data (Ncontrol

A = 9141, Ncontrol
B = 16,890) and 75% as the

MB check data (Ncheck
A = 27,423, Ncheck

B = 50,670) (Figure 2). Control data were necessary
for the vertical calibration of the SDB. Check data were used for quality control.

3.2.2. Sentinel-2 Multispectral Images

The Sentinel-2 satellite mission started a new area in coastal bathymetry mapping with
an open-access policy, high-resolution images, and a 5-day revisit time. Two twin satellites
(Sentinel-2A and Sentinel-2B), placed in the same sun-synchronous orbit and phased at
180◦ to each other, carry a multispectral instrument that samples 13 spectral bands [55]
(Table 3).

Table 3. Sentinel-2 band list. Spectral bands able to reach the seafloor (Visible light VIS) are bolded [55].

Band Spectral Region Centre Wavelength/Band Width [nm] Spatial Resolution
[m]S2A S2B

B1 Coastal Aerosol (CB) 442.7/21 442.2/21 60
B2 Blue (B) 492.4/66 492.1/66 10
B3 Green (G) 559.8/36 559.0/36 10
B4 Red(R) 664.6/31 664.9/31 10
B5 Red edge 1 704.1/15 703.8/16 20
B6 Red edge 2 740.5/15 739.1/15 20
B7 Red edge 782.8/20 779.7/20 20
B8 Near-infrared (NIR) 832.8/106 832.9/106 10

B8A Near-infrared narrow (NIR) 864.7/21 864.0/22 20
B9 Water vapour 945.1/20 943.2/21 60

B10 Shortwave infrared/cirrus 1373.5/31 1376.9/30 60
B11 Shortwave infrared 1(SWIR1) 1613.7/91 1610.4/94 20
B12 Shortwave infrared 2(SWIR2) 2202.4/175 2185.7/185 20

The Copernicus Open Access Hub provides Sentinel-2 MSIs as two products: Level
1C, top-of-atmosphere (TOA) reflectance, and Level 2A bottom-of-atmosphere (BOA) re-
flectance [56]. Sentinel-2 MSI (L1C and L2A) that were collected throughout 2017 and 2018
were downloaded for the study area via the Copernicus Open Access Hub. The limit value
of the cloud filter was set to 10 percent and scenes were chosen to cover each month of the
year (Table 4).

3.3. Atmospheric Correction

The performance of different AC processors, namely Acolite DSF, Acolite EXP, C2RCC,
iCOR, and Sen2Cor for bathymetry retrieval from Sentinel-2 MSI was evaluated through a
comparison with soundings from the MB survey. The study area, located in the Šibenik
channel (middle Adriatic) is a low-turbidity, micro-tidal area with small annual variations
of the sea column suitable for the evaluation of different AC algorithms.

Twelve Sentinel-2 scenes, Level 1C (top-of-atmosphere reflectance—TOA) collected
through 2017 and 2018 were processed with different AC processors. After AC algorithms
were applied, several scenes were masked out due to sun glint or adjacency effects: five
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MSI (1, 2, 6, 8, 11) by Sen2Cor algorithm, three MSI (5, 6, 11) by Acolite EXP, three MSI (8, 9,
12) by iCOR algorithm and two MSI (5, 6) by Acolite DSF (Table 5).

Table 4. List of Sentinel-2 MSI chosen for the Šibenik Channel.

No. Satellite Date Time
[UTC]

Azimuth
(Sun)

Zenith
(Sun) Cloud % MLLW

[m]

1 2A 9 March 2017 9:50 157.39 50.57 1.21 0.08
2 2A 29 March 2017 9:50 156.23 42.61 0.00 0.10
3 2A 18 May 2017 9:50 150.13 26.73 0.14 −0.17
4 2A 28 May 2017 9:50 147.98 25.08 2.42 0.03
5 2B 12 July 2017 9:50 143.48 25.59 0.06 0.14
6 2A 6 August 2017 9:50 148.27 30.42 0.04 0.20
7 2B 30 September 2017 9:30 163.47 47.98 0.00 −0.23
8 2A 15 October 2017 9:50 166.27 53.38 0.01 −0.16
9 2A 04 November 2017 9:52 168.23 60.03 0.00 0.07
10 2B 19 December 2017 9:54 166.18 68.39 0.43 0.00
11 2B 18 January 2018 9:53 162.28 66.20 0.03 −0.04
12 2B 27 February 2018 9:50 158.09 54.51 6.68 0.18

Table 5. The correlation between pSDB calculated by classic green LBR [16] using Sentinel-2 MSI and
control MB soundings.

AC MSI L2A
Sen2Cor

Acolite
DSF

Acolite
EXP C2RCC iCOR

MSI rp
[%]

rp
[%]

rp
[%]

rp
[%]

rp
[%]

1 - 90.35 91.40 85.42 91.35
2 - 93.66 94.41 90.23 91.64
3 80.41 93.02 86.31 86.29 95.04
4 84.18 91.35 88.11 74.10 92.25
5 87.55 - - 79.00 92.98
6 - - - 66.77 90.67
7 94.03 93.94 95.22 79.99 94.98
8 - 92.53 92.89 84.52 -
9 83.29 91.53 88.44 81.17 -

10 86.49 86.93 85.91 80.02 86.66
11 - 91.72 - 80.01 91.01
12 86.48 90.35 89.09 81.75 -

N 7 10 9 12 9

Mean1 rp [%] 86.06 91.54 90.20 80.77 91.84

Mean2 rp [%] 86.28 91.31 88.89 80.10 92.23

The AC algorithms showed different results among the scenes in the study area. In
terms of the correlation between the pseudo-depth (pSDB) and control MB soundings, it
was possible to classify them into two groups: in the first group ACOLITE DSF, ACOLITE
EXP, and iCOR showed quite good performance with a mean correlation coefficient of all
scenes larger than 0.90, and in the second group C2RCC and Sen2Cor achieved weaker
correlation (Table 5).

SDB was compared to check MB data for quality control. Regarding the statistics of
residuals, AC processors iCOR, Acolite DSF, and Acolite EXP had comparable performances
with the lowest value of root mean square error (RMSE) between scenes and median
absolute error (MedAE) of 1.00 m, 1.08 m, and 1.15 m. Sen2Cor and C2RCC also had similar
but less accurate performances with (∼=25%) higher RMSE and MedAE of 1.63 m and
1.65 m (Table 6).
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Table 6. Quality statistics (RMSE and absolute error (AE)) for SDB processed with different AC
processors: Sen2Cor (Sentinel-2 L2A, Acolite DSF, Acolite EXP, C2RCC, iCOR.

AC
MSI L2A Acolite Acolite

EXP
C2RCC iCORSen2Cor DSF

Min RMSE [m] 1.76 1.72 1.53 1.98 1.50
Max RMSE [m] 2.67 2.54 2.54 3.74 2.46

Mean RMSE [m] 2.40 2.02 2.10 2.61 1.91
Mean AE [m] 1.92 1.51 1.58 2.03 1.39

Median AE [m] 1.65 1.08 1.15 1.63 1.00

To demonstrate the practical use of AC processors, a Sentinel-2 MSI collected on
30 September 2017 was selected as an optimal scene. The performance of the AC processors:
Acolite DSF, Acolite EXP, C2RCC, iCOR, and Sen2Cor was demonstrated using the B2
band—blue. As presented in Figure 3, different processors yielded diverse results on a
smaller test area, adjacent to the coast but covering only the sea. Rrs shows different
values due to different methods utilized by each AC processor (see Table 1) to model the
atmospheric scattering and the possibility to eliminate surface reflection or turbidity. Rrs
could not be validated due to the absence of in situ measured water-leaving reflectance.
However, as the focus of this paper is the assessment of different AC processors for SDB
from Sentinel-2 data in the middle Adriatic, we have validated the AC processors by
comparing the estimated SDB models with in situ MB check soundings.
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Figure 3. The performance of AC processors is demonstrated on a smaller marine area (f). Blue
band (B2) from the optimal scene collected on 30 September 2017 was processed with different
AC algorithms and remote sensing reflectance was calculated for: (a) Acolite DSF, (b) Acolite EXP,
(c) C2RCC, (d) iCOR, and (e) Sen2Cor (Sentinel-2 L2A).
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All AC algorithms applied to the optimal scene achieved a strong linear relationship
between a pseudo-depth and control MB soundings with coefficients of determination (R2)
larger than 80%. SDB models with depths up to 20 m, estimated by the G LBR algorithm
from the optimal scene processed by different AC algorithms, are presented in Figure 4.
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Figure 4. Bathymetry of the study area in the Šibenik channel (middle Adriatic) estimated from
the optimal scene collected on 30 September 2017 and pre-processed with different AC algorithms:
(a) Acolite DSF, (b) Acolite EXP, (c) C2RCC, (d) iCOR, and (e) Sen2Cor (Sentinel-2 L2A).

Generally, the smallest deviation from a one-to-one line and the highest correlation
between the estimated depth (SDB) and check MB soundings were in the depth range
between 5 m and 15 m (Figure 5). The plot shows a satisfactory adjustment of predicted
depth to a one-to-one line for the Acolite DSF processor. ACOLITE EXP masked the coastal
areas shallower than 5 m (Figures 4 and 5). Overestimation of depth in areas shallower
than 7 m and underestimation in areas deeper than 20 m were depicted for the C2RCC
algorithm as the bulk of the data was over or under the one-to-one line. Depths predicted
from an MSI processed by iCOR showed adequate alignment to the one-to-one line with a
slight underestimation of depth in certain ranges: shallower than 3 m and deeper than 15 m.
Scatter plots of the MB survey against the SDB digital bathymetry models (DBM) derived
from optimal image and processed by the Sen2Cor algorithm had a poor agreement to the
one-to-one line, with the bulk of depth under the one-to-one line in depth range under
4 m and over 15 m depth and overestimation of depth in areas from 4 to 15 m deep. As
can be seen in Figure 4, underestimation of depth, resulting from iCOR and Sen2Cor AC
processors, resulted in negative depth in the coastal areas.
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Figure 5. Dispersion of residuals between the estimated depth (SDB) and check MB soundings for
the optimal Sentinel-2 scene (30 September 2017) pre-processed with different AC processors.

All the AC processors were efficient in retrieving depth using an optimal MSI with
the RMSE under 2 m, and small MedAE up to 1.09 m with residuals grouped around zero
(Figure 6).
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Figure 7 presents the distribution of the normalized median absolute error (NMedAE)
of SDB for different AC processors in various depth ranges. Inside a depth range from
5 to 20 m, all AC processors have a low value of NMedAE (under 20% of the median
depth in the range). However, regardless of the AC processor, the green LBR showed poor
performance in the shallowest marine area. Especially in areas shallower than 3 m, where
Acolite EXP and C2RCC had NMedAE higher than 100%.
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Figure 7. The median absolute error of the SDB estimated from the optimal scene (30 September 2017)
pre-processed with different AC processors in depth ranges: 0–3 m, 3–5 m, 5–10 m, 10–15 m, 15–20 m.

3.4. Switch Model

Sentinel-2 satellites collect four spectral bands in the visible light (VIS) part of the
EM spectrum (Table 3). As compared to Sentinel-2 red spectral band (B4), blue (B1 and
B2) and green (B3) spectral bands have a smaller coefficient of absorption in water, so the
extinction depth (or optical depth limit) should theoretically be deeper for the green and
blue band. The optimal image acquired on the 30 September 2017 was pre-processed by
the Acolite DSF algorithm. The median filter was applied to reduce the noise. The land
area was automatically masked by the Acolite DSF AC processor. In the study area of the
Šibenik channel, the extinction depth of VIS spectral bands was determined empirically by
comparing the reflectance value of the band and the corresponding depth along a line from
the coast to the deep sea.

The extinction depth for the blue (B1 and B2) and green (B3) bands was 20 m and
for the red (B4) band was 5 m (Figure 8). Band B1—coastal aerosol—was excluded from
further calculation due to smaller spatial resolution and higher signal-to-noise ratio. Two
combinations of spectral bands for the LBR algorithm were defined: classic green (G) LBR
(ln blue/ln green), and red (R) LBR (ln blue/ln red). Both versions of LBR algorithms,
green and red, achieved a high correlation between pseudo-depth models and control MB
soundings. R LBR had higher dispersion around the regression line (Figure 9).

Accuracy assessment of G SDB and R SDB was conducted by comparing them with
the check MB soundings. The RMSE of SDB models demonstrated the strong performance
of the LBR algorithm for both combinations (RMSE ∼= 10% depth range) (Table 7).
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Figure 8. Extinction depth of VIS bands for the Sentinel-2 MSI in the study area of the Šibenik channel.
Reflection (Rw) of VIS bands: B1—coastal aerosol, B2—blue, B3—green, B4—red were compared to
the MB soundings.
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Figure 9. G SDB and R SDB in a coastal area of the Šibenik channel (middle Adriatic) extracted
from the optimal Sentinel-2 MSI acquired on 30 September 2017 using the log band ratio method.
The SDB models were estimated by vertical referencing the pseudo depth, ln(blue)/ln(green) and
ln(blue)/ln(red) to the mean low lower water (MLLW) using in situ MB soundings.

Table 7. Depth range and quality of green (G) SDB and red (R) SDB.

SDB G SDB R
Blue (B2) and Green (B3) Blue (B2) and Red (B4)

Depth range [m] 0–20 0–5
RMSE [m] 2.14 0.66

MedAE [m] 1.23 0.45

A switch model (Figure 10) combining R SDB and G SDB was calculated using the
weighted mean under the following conditions [40]:

=


SDB R za SDB R < 3
SDB G za SDB R > 3 i SDB G > 5
αSDB G + βSDB R za SDB R ≥ 3 i SDB G ≤ 5

(7)
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where:
α =

5 − SDB R
3

; β = 1 − α (8)
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4. Discussion and Conclusions 

Figure 10. Switch SDB model of the Šibenik channel covering depth range 0–20 m estimated from the
Sentinel-2 image acquired on 30 September 2017 using the LBR algorithm with band combinations
with blue, green, and red bands.

As predicted models (G, R, and Switch) cover different depth ranges, the NMedAE
was calculated for the overlapping depth ranges (Figure 11). Compared to G SDB, R SDB
was a better solution, more sensitive to depth change, in the marine area shallower than
5 m (a few times smaller NMedAE). In the depth range from 5 m to 20 m, the G SDB model
showed great alignment with in situ MB data (NMedAE = 10%). The combination of the
two SDB models resulted in the enhanced switch model that had better performance in the
shallow area (depth < 5 m) while preserving the depth quality of the G SDB in the depth
range 5–20 m.
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4. Discussion and Conclusions

The radiance measured by the satellite sensor over sea areas is a product of signal
interaction with the atmosphere and water system. Up to 90 percent of the radiance
registered by the satellite sensor is a product of the signal’s two-way path through the
atmosphere [13]. For this reason, the top-of-atmosphere reflectance must be reduced to the
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water’s leaving reflectance. The other task for the AC processor, apart from modelling the
atmospheric path of the signal, is to remove the “noise” including sun glint or adjacency
effects. AC processors are developed for different sensors, water types, and sun angles,
using different algorithms with optional additional filters. In this study, five different
AC processors, namely: Sen2Cor, Acolite, C2RCC, and iCOR were compared. Their
performance for bathymetry retrieval using an empirical approach [34] from Sentinel-2
MSI was assessed in the middle Adriatic. The main difference between the AC processors
is in a model or a method to estimate the scattering from the atmosphere, especially the
irregular and accidental Mie (aerosol) scattering. Another difference is the possibility of
eliminating the reflectance from surfaces (sea surface, adjacent land, and vegetation) or
reflection from dissolved material in the water column (turbidity). Their performance in
retrieving BOA reflection for further bathymetry modelling is conditioned by the methods
each AC processor performs. Consequently, each AC processor has pros and cons. Sen2Cor
is used by ESA to distribute the Sentinel-2 L2A MSI (BOA) from Sentinel-2 L1A MSI (TOA)
through Copernicus Open Access Hub. It applies the DDV algorithm [48] to model the
AOT and it is intended to use over land. The product of Sen2Cor, Sentinel-2 MSI L2A, is
frequently used for SDB modelling e.g., [24,36]

However, the results in this study demonstrate that Acolite DSF, Acolite EXP, C2RCC,
or iCOR applied to the Sentinel-2 L1C MSI outperformed the Sentinel-2 L2A MSI (Sen2Cor)
regarding the depth estimation. AC processors derive different BOA reflectance from the
same L1C MSI scene due to different models of AOT modelling and extra modules to
eliminate radiance different from one reflected from the bottom of the sea. Acolite EXP
processor assumes that after the correction for Rayleigh scattering, the SWIR band contains
only information about reflectance scattered from aerosols and extrapolates the SWIR
to VIS bands by exponential function [29]. However, MSI in the coastal marine area is
influenced by the reflectance from the sea surface, commonly sunglint, and reflectance
from the surrounding land area. This leads to the underestimation of Rrs in VIS bands.
Acolite DSF with automatic choice of the band with the lowest value of atmospheric path
overcomes this issue [29]. C2RCC was designed for turbid waters [31] and when applied to
a low-turbid marine area such as the middle Adriatic, it produced the lowest correlation,
and more robust SDB products with lower accuracy than other AC processors. However,
C2RCC outperformed other AC algorithms when scenes suffered a severe sunglint or
adjacency effect. iCOR has a specific module SIMEC [33], designed to reduce the radiation
scattered from the adjacent land or vegetation. This module was designed to improve
the performance of AC processor over marine areas. When applied to Sentinel-2 MSI, the
overall performance in bathymetry retrieval was satisfactory. However, a few scenes were
incorrectly masked (2 × 2 km gaps) because of SIMEC correction.

The results of scene-by-scene analyses depicted the two groups of AC correction
algorithms. Acolite DSF, Acolite EXP, and iCOR in the first group produced a greater
correlation with MB soundings with smaller depth uncertainty. Sen2Cor and C2RCC in the
second group had coarser results. Acolite EXP masked out the shallowest, coastal marine
areas due to sun glint or adjacent effects, and iCOR correction produced large masked areas
(2 × 2 km) on several images that would create gaps in the final SDB bathymetry model.
Accordingly, Acolite DSF was selected as an optimal AC processor for the area.

The selection of spectral bands for bathymetry estimation depends upon the sensor,
the absorption coefficient of the spectral band in water, and the conditions of the water
column [57]. The atmosphere is opaque for the ultraviolet (UV) part of the EM spectrum [13]
and water absorbs almost all infrared (IR) radiance. The seafloor in shallow areas can be
reached by the VIS part of the EM spectrum with a range of wavelength from 380 nm to
700 nm. Theoretically, smaller absorption coefficients in water have spectral bands with
smaller wavelengths [53]. The log band ratio algorithm suggested by Stumpf et al. [34] uses
the combination of blue (445 nm–515 nm) and green (510 nm–595 nm) VIS bands. However,
it can be utilized with other band combinations. Red or yellow spectral bands are successful
in retrieving bathymetry in turbid areas [57] or areas with low bottom albedo. In addition,
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red bands register the depth gradient in the narrow coastal areas (usually up to 5 m deep)
more precisely than green or blue bands [39,57,58]. Recently, the coastal blue band has
been applied in bathymetry mapping using the high-resolution MSI [58,59]. Sentinel-2 MSI
has four bands in the VIS part of the spectrum: B1—coastal aerosol, B2—blue, B3—green,
and B4—red. As compared to the other VIS bands of Sentinel-2 MSI, band 1–Coastal (blue)
aerosol–has a larger signal-to-noise ratio and the lowest spatial resolution. For that reason,
it was excluded from bathymetry modelling. This study adopted the weighted mean
between SDB derived from the LBR algorithm using different combinations of spectral
bands [40]. The log band ratio with the red part of the spectrum enhanced the coastal
bathymetry up to 5 m deep, where the classic green combination [34] had a normalized
median absolute error of over 80%.

With large gaps between in situ surveys or outdated bathymetry data in coastal areas,
there is an urgent demand for effective and low-cost technology able to deliver reliable
data. Although the accuracy of the SDB is still not comparable to the classic bathymetric
techniques, this research demonstrated it can be improved by the choice of AC processor
and optimal spectral bands.
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