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Abstract: The primary objective of this research is to demonstrate advanced surveying methods and
techniques for coastal erosion identification and monitoring in a densely human-populated coastline,
the southern coastline of the Gulf of Patras (Greece), which diachronically suffers erosion problems
expected to become worse in the forthcoming years due to climate change and human intervention.
Its importance lies in the fact that it presents a robust methodology on how all modern scientific
knowledge and techniques should be used in coastal erosion problems. The presented methods
include the use of satellite and aerial photo imaging, shallow seabed bathymetry and morphology,
sediment sampling, geotechnical investigations, as well as hydrodynamic modelling. The results are
extensively analyzed in terms of their importance in coastal erosion studies and are cross-validated to
define those areas most vulnerable to erosion. Towards this scope, the seabed erosion rate produced
by hydrodynamic modelling is compared with the coastal vulnerability index (CVI) calculations
performed in the examined area to identify which coastal zones are under a regime of intensive
erosion. The results between the CVI and the seabed erosion rate appear to coincide in terms of the
erosion potential, especially in zones where the vulnerability regime has been calculated as being
high or very high, with the P. oceanica meadows playing an important role in reducing erosion.

Keywords: coastal erosion; coastal vulnerability index (CVI); geotechnics; remote sensing; marine
survey; P. oceanica; hydrodynamic modelling; seabed erosion

1. Introduction

It is well known that climate change is causing adverse phenomena in both the
terrestrial and marine environments. As a result, coastal erosion is expected to be increased
shortly affecting a significant proportion of the human population [1], since demographic
trends show that more and more people will be living in coastal risk-prone areas in the
coming decades [2,3]. Among the others, the increasing impact of coastal flooding due to
sea level rise [4-7] and climate change are very likely to affect the frequency and intensity
of coastal disasters [3]. Coastal areas are also deteriorating from a variety of man-pressures
connected with economic development and land use changes along the coastlines [8].
The resulting impacts of these climate-related and anthropogenic pressures will affect the
ecosystems and generate socio-economic damages [4]. Therefore, important challenges
arising and the future path includes enhanced climate projections and integration into
impact models, impact assessments at a local scale, dynamic projections of spatially-
distributed exposure and vulnerability, and exploration of inherently adaptive options [9].

In response to this situation, policy makers and designers are faced with the de-
manding task of preparing appropriate coastal management plans adapted to the climatic
changes [9,10] and designing coastal adaptation strategies to tackle sea level rise [11].
Towards this goal, sophisticated tools must be applied to design the most appropriate
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monitoring methods and numerical models for understanding erosion trends and design-
ing solid infrastructures or nature-based measures. These tools range from index-based
methods (e.g., coastal vulnerability index—CVI [12-14]) to decision support systems (DSS;
e.g., DESYCO, DIVA, Theseus [15-17]), numerical simulations, and machine-learning ap-
proaches [18-20]. In any case, the initial step before the implementation of any method for
erosion assessment is the understanding of coastal processes and mechanisms that exist in
the coastal area through investigation and monitoring of the coastal zone and simulations
of the relevant nearshore processes.

Specifically, monitoring of coastal zones is defined as a necessary procedure to collect,
analyze, and store information about the morphodynamics and the processes that dom-
inate and control coastal erosion [21], while it provides information on coastal changes
due to storm events and human intervention [22]. Nowadays, long-term coastal erosion
identification and monitoring are accomplished with multi-scientific on-site approaches
that can provide quality data, accessible by the local and regional authorities for conducting
scientific studies on coastal risks [23].These data may include measurements of the wave
height, coastline changes, tidal range, currents, storm surges, and detection of shoreline
position together with detailed marine remote sensing data (nearshore bathymetry and
seabed morphology) [24].

Shoreline detection is usually performed with remote sensing techniques [25] such
as aerial and satellite imagery [26-29] as well as Lidar applications [30-33]. In addition,
unmanned surface vehicles (USVs) equipped with single-beam echo sounders, side scan
sonars, and video cameras are used for the survey of nearshore bathymetry [34]. Another
modern remote sensing technique is the detection of coastline position and bathymetry
from video imagery, which has the advantage of obtaining information with high frequency
in time [24,35-37].Unmanned aerial vehicles (UAVs) photogrammetry is used as well as
an alternative tool to the acquisition of high-accuracy images along the littoral zone for
shoreline monitoring [38]. Nowadays, the detection of the shoreline is mainly accomplished
by image processing, while the evolution of remote sensing (RS), using high-resolution
data has significantly reduced the margins of uncertainty providing results with great
accuracy [39]. Many water indices can be applied, to delineate land from water, through
their spectral bands [40], such as the normalized difference water index (NDWI) [41],
improved from the modified NDWI [42], the normalized difference vegetation index
(NDVI), and the automatic water extraction index (AWEI) [43]. Reviews of shoreline
detection remote sensing techniques are presented in several studies [44—46].

Concerning the study of the bathymetry, morphology, and the substrate of the seabed
of the shallow waters as well as the mapping of Posidonia oceanica, multibeam echo sounders,
side scan sonars, and sub-bottom profilers are considered to be the most appropriate and
sophisticated techniques [47]. P. oceanica is the dominant seagrass species in the shallow
water environment of the Mediterranean Sea, which forms extensive prairies down to
35-40 m water depth [48,49]. These meadows are of crucial importance for the coastal
environment since among others they buffer sediment resuspension, increase sediment
retention [50], and stabilize the seabed, preventing sandy beach erosion [51].

Another important onshore and offshore surveying method is geotechnical surveying
since a variety of technical projects are required to protect the anthropogenic and marine
environment along the coastline. Therefore, the detection of geotechnical parameters in
coastal sediments is a necessity in coastal erosion-accretion calculations, prediction of
sediment transport and shear strength of seabed sediments [52], as well as for soil liquefac-
tion assessment [53]. For this purpose, in situ geotechnical tests can be used to provide a
potential relationship between the in situ data and the erodibility of seabed sediments [54].
Moreover, long-term subsurface sediment consolidation, settlement, and compressibility
are predicted to provide coastal protection and resilience to future hazards [55]. Generally,
the methodologies for calculating the rate of erosion and the critical shear strength are
based on hydrodynamic theories or laboratory tests [56-59], but recently a conceptual
framework based on a combined hydrodynamic and soil geotechnical approach for cohe-
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sive beds which relates the erosion rate with the undrained shear strength of the soil has
also been proposed [60]. Geotechnical surveys are also important to model coastal erosion,
especially in coastal vulnerability index (CVI) calculations, either by adding geological
strength indexes to estimate the quality of rocks against erosion [61] or by using specific
geotechnical data [62].

Due to the development of computer technology and the growth registered in com-
putational power, numerical modelling has also become increasingly popular in coastal
research [63]. Nowadays, coastal hydrodynamic modelling is used for the prediction of
nearshore processes, and it is a feasible approach to tackle issues such as coastal erosion
and inundation. Furthermore, also taking into account the effect of climate change, coastal
habitats are becoming increasingly vulnerable to erosion phenomena [64]. Thus, numerical
modelling is a valuable tool to compute sediment transport rates, seabed morphologi-
cal evolution and erosion rates in coastal zones, and to aid in the design of engineering
measures/works for coastal defenses.

All the above-mentioned multi-discipline scientific approaches were combined for
the first time, under the framework of the TRITON/Greece-Italy/Interreg V/A 2014-
2020 co-operation project (2021), to examine and identify the coastal erosion of a densely
human-populated area, the southern coastline of the Gulf of Patras in Greece. Among
others, the project consists of two meaningful and distinct steps towards integrated coastal
zone management (ICZM). The coastal erosion assessment step aims at the present-day
evaluation of the erosion of the coastline and the identification of hot-spots areas of erosion.
The observation step consists of the establishment of a regional observatory in combination
with the real-time monitoring of several parameters to gain high value for modelling coastal
hazards and many researchers mention it as a good practice for mitigation [23,65] and
prediction of these threats [66-68]. Both steps are a necessity for the adequate design,
construction, and maintenance of civil engineering coastal structures and the protection of
the coastline against erosion.

In this context, the primary objective of the current research is to present identification
and modelling techniques for coastal erosion problems (coastal erosion assessment step)
using a robust methodological scheme consisting of multi-platform disciplinary approaches.
For this purpose, advanced investigating methods for the efficient quantification of changes
in coastal environments including satellite and aerial photo imaging, shallow seabed
bathymetry, seabed morphology surveying, sediment sampling, and extensive geotechnical
investigations are thoroughly presented and discussed. Moreover, results obtained from a
hydrodynamic numerical model produced for the study area are presented along with the
erosion rate of the seabed next to the coastline. Finally, the seabed erosion rate produced
by the hydrodynamic modelling is compared with the coastal vulnerability index (CVI)
calculations performed in the examined area to identify which coastal zones are under
a regime of intensive erosion by also taking into account the P. oceanica meadows that
generally inhibit erosion.

2. Study Area

The investigation area is located on the southern coastline of the Gulf of Patras (Western
Greece) and extends to a total length of more than 40 km (Figure 1). It is a shallow
embayment with a maximum water depth of about 120 m leading into the Ionian Sea on
the west and the Gulf of Corinth on the east and its southern coastline receives deltaic
sediment from the Peiros river.
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Figure 1. Map of the investigation area with the blue line representing the inspected south coastline
of the Gulf of Patras. The geodetic coordinates of the map correspond to the Greek Geodetic Reference
System—GGRS87.

The southern coastline of the Patras Gulf is a densely populated coastal zone, which
suffers extensive erosion expected to become worse in the future not only due to climate
change but also due to urban development and human intervention. The coastline can be
divided into three sections. The northeastern section is densely populated and is heavily
affected by the coastal constructions of the city of Patras. The central section of the coastline
is controlled by the accretions of the Peiros river and on the western part the Pappas lagoon
prevails (Figure 1).

3. Survey Design Plan for Coastal Erosion Identification

The TRITON project (2021) comprised a survey plan (Figure 2) consisting of (a) geotech-
nical surveys with drilling boreholes, in situ (CPT and SPT) and laboratory tests and sedi-
ment analyses for producing the necessary engineering geological base map with details
on the prevailing coastal geotechnical units; (b) remote sensing surveys comprising satellite
and aerial photo imaging accompanied with the use of UAVs to identify the historical
shoreline movement for the last decades; (c) marine surveys, to identify the shallow seabed
bathymetry and the seabed morphology for producing the relevant maps and to provide
detailed oceanographic datasets; and (d) coastal engineering surveys for performing de-
tailed hydrodynamic modelling; thus calculating the seabed erosion or accretion rate next
to the coastline with the appropriate numerical simulations.
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Figure 2. Survey design plan combined with a regional observatory for coastal monitoring of the
suffered shoreline.

All data collected with the above-mentioned surveys were imported into a coastal
database for further processing (GIS and numerical) to produce an accurate model of the
affected area. However, this model needs continuous monitoring and real-data insertion;
therefore, a coastal regional observatory had to be established to continually feed the
database with all necessary information. For this purpose, a regional observatory consisting
of (a) two weather stations, (b) two tidal gauges, and (c) one wave buoy system was
established along the coastline of the Gulf of Patras. In this case the combination of
surveying accompanied by the real-time data obtained from the observatory can be used in
the coastal monitoring and the long-term protection of the affected shoreline (Figure 2).

3.1. Geotechnical Surveys

A detailed geotechnical research program was performed along the coastline of the
study area, comprising of (a) the drilling of new and the collection of old marine and land
boreholes (40 boreholes in total), (b) elaboration of in situ SPT and CPT tests, (c) performance
of soil classification lab tests, and (d) sediment analysis from a total of one hundred and
fifty-one (151) samples (Figure 3).
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Figure 3. Map of the performed geotechnical surveys (borehole, CPT, and sediment sampling
positions) along the south coastline of the Gulf of Patras.

By conducting this program, the soil’s geotechnical behavior was identified, and a
detailed engineering-geological map of the study area was designed to provide information
for the CVI calculations and the hydrodynamic modelling that was performed in the
current research.

3.2. Remote Sensing Surveys

Coasts are described as one of the most dynamic parts of the Earth’s surface and have
always been vulnerable to erosion and accretion fluctuations. Within the TRITON project
(2021), the coastline evolution between Rion Port and Araxos Cape was recorded for the
period 1987-2018 (Figure 4). For this purpose, remote sensing surveys were carried out and
data were collected to estimate the rate of erosion for that period utilizing high-resolution
images and photos and in situ measurements.
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Figure 4. Study area (Araxos Cape-Rion Port) covered by the remote sensing datasets and test site
(red frame area of Kaminia and Roitika villages) using GNSS measurements.

In detail, analogue aerial photographs collected at a scale of 1:30,000 (1987) were
initially processed. The specific photos were scanned and orthorectified with a final pixel
size of 1 m. Moreover, digital orthomosaics of 2008 and 2016 with a pixel size of 0.50 m and
0.25 m, respectively, as well as orthomosaics from the year 1996 with a pixel size of 1 m were
also processed. In addition, a very high-resolution image of the Worldview-2 satellite with
50 cm spatial resolution, of September 2018, was processed in LPS. Orthomosaics of high-
resolution airphotos and satellite images were processed using the Leica Photogrammetry
Suite (LPS) of the ERDAS Imagine 2014 software.

To validate the results, and more specifically the erosion/accretion rates, GNSS mea-
surements were also performed on the littoral area between Kaminia and Roitika villages in
2020 (Figure 4). It must be mentioned that Patras port was excluded from the measurements
as it is an artificial area. The computing analysis of shoreline changes was finally performed
using the Digital Shoreline Analysis System (DSAS) software [52].

Utilizing panchromatic and RGB orthomosaics, the shorelines were digitized based on
the on-screen technique, as automatic methods are mainly generated based on spectral infor-
mation provided by the bands of the images [69], and thus uncertainties and errors [70,71]
were greatly reduced and limited to the pixel and rectification error. In addition, a baseline
was manually drawn landward and parallel to the general shoreline orientation, while
50 m interval sections were digitized intersecting the baseline.

After that, the shoreline change was measured and compared for two periods,
ie., 1987-2018 and 1987-2020, computing the statistical rates such as the end point rate
(EPR), and the net shoreline movement (NSM) provided by the DSAS software. The NSM
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index, computes the range (m) between shorelines of different periods in each transect. The
division of NSM value by time provides the EPR rate. Both of them may be negative or
positive values [72,73]. After an almost excellent correlation of the rates of change for both
periods in the test site, the shoreline movement was calculated for the entire study area
(Araxos Cape-Rion Port) based on the remote sensing data for the 1987-2018 period.

3.3. Marine Survey: Fieldwork and Data Processing

For the bathymetry and the seabed morphology mapping of the shallow seafloor
offshore of the southern coastline of the Gulf, multi/single beam echosounders (MBES,
SBES) and side scan sonar (SSS) were used, respectively. The survey was carried out using
the research vessel “Milady Millord III” (Figure 5a).

'!J oo
- .“-‘-\"4
[ I ' N e
|
M— Al AN
- 1 i &
y k=1 ]
m’ . ) 1 1
= AR -
- ~ —
=3
..'\‘
T
i -—‘; ey
< -

=)

1.0, I8 0 M-

Figure 5. (a) The survey vessel “Milady Millord I11”, (b) Bathyswath1 transducers mounted over the side
of the vessel, (c) Bathyswath1 Transmit/Receive Unit and operating workstation and (d) Bathyswath
Swath Processor and Hypack 2010 during data acquisition, (e) Edgetech 4200 SSS Towfish, (f) SSS tow
cable, (g) Edgetech 4200P digital recording unit, and (h) SSS data during acquisition.
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3.3.1. Positioning—Navigation

For the position of the survey vessel a Differential Global Positioning System (DGPS)
was used. The DGPS consists of: (i) a primary Leica GS08 GNSS System, which operated in
RTK mode receiving corrections from the HEPOS (HEllenic POsitioning System) and (ii) a
secondary Hemisphere VS101 GNSS System with an accuracy of £0.6 m 95% of the time.
The research vessel navigation was carried out using the software package HYPACK 2014.
The positioning of the geophysical equipment was also linked to HYPACK 2014. Moreover,
for the multibeam bathymetric survey, a motion sensor (MRU) and a heading sensor were
used for the continuous recording of the movements of the vessel.

3.3.2. Bathymetric Survey

The swath bathymetric sonar (interferometric sonar) BathySwath1 ITER System con-
sisted of: (i) two transducers (Figure 5b) and (ii) a transmit/receive unit and a workstation
(Figure 5c). BathySwathl emits a wide swath width with a depth range from 0.2 to
100 m, offering resolutions as high as 2 cm. The bathymetric data were acquired using
the Bathyswath Swath Processor and the HYPACK 2014 suite (Figure 5d). A Sea & Sun
Technology Sound Velocity Profiler with a resolution of 0.001 m/s and accuracy +0.02 m
was used for collecting sound velocity profiles. Moreover, a Hydrolite-TM single beam
echosounder was used as a duplicate system for the checking of the swathe system, hav-
ing a depth accuracy of 1 cm/0.1% of the water depth. Processing of swath bathymetric
sonar and single beam echosounder data was performed using the Hypack and Hysweep
software [74].

3.3.3. Seabed Morphology Survey

An Edgetech 4200 SP side scan sonar (SSS) system simultaneously emitting 100 and
400 kHz was used for the seabed morphology survey. The SSS system consists of (i) the
SSS Towfish (Figure 5e), (ii) a Kevlar cable with a length of 200 m (Figure 5f) for both
towing and data transfer, and (iii) the Edgetech 4200P digital recording unit (Figure 5gh).
For the mosaicking of the raw SSS data, Sea View MOSAIC (Moga Software) was used.
The radiometric compensation of the data included automatic gain correction and de-
striping filtering while the geometric compensation included slant range and layback
corrections and navigational spike removal. The pixel resolution of the mosaic was 0.5 m.
The SSS sonograph shows a two-dimensional representation of the seafloor in terms of
reflectivity (backscatter) as a function of sea-floor morphology, sediment texture (grain size
and compaction), seafloor roughness, and biological formations [75].

3.3.4. Marine Survey Lines Design

The survey tracklines were planned for full mapping of the seabed through bathymet-
ric (MBES) and SSS data. The vessel tracklines carried out for the bathymetric and side
scan sonar survey are shown in Figure 6 covering an area of about 30 km?.

3.4. Coastal Engineering Surveys

The coastal engineering survey was implemented by performing several numerical
simulations of the waves, wave-generated currents, non-cohesive sediment transport, and
bed morphodynamic evolution using MIKE 21 numerical software [76,77]. Specifically, the
spectral waves (SW) module was used for the simulation of wave propagation, and the
flow model (FM) module was used for the simulation of the current generation, sediment
transport, and bed morphodynamics. The data imported to perform these simulations
were derived by the geotechnical survey (sediment sampling and granulometric analy-
sis), the marine survey (bathymetry), and wind data from the nearest to the study area
meteorological stations (wind direction, speed, and intensity).
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Figure 6. Map of the southern coastline of the Gulf of Patras showing the vessel tracklines.

The SW module can be used for the simulation of wind-induced wave generation,
growth, and propagation, and includes a quadruplet-wave interaction model and a wave-
breaking model [78]. The FM module includes the hydrodynamic part, which is based on
the numerical solution of the shallow water equations and a formulation for the horizontal
turbulent diffusion [79], and the sand transport part for the calculation of non-cohesive
sediment transport and the resulting bed morphodynamic evolution.

The numerical simulations comprise four stages:

e  Determination of the deep-water wave parameters due to E, NE, NW, W, and SW
winds in the study area.

e Nearshore wave propagation for wind speeds with a return period T, = 1 year, for
each wind direction.

e Nearshore numerical simulation of the magnitude and the direction of the wave-
generated currents for each one of the wind cases of stage 2.

e  Numerical simulation of the magnitude and the direction of sediment transport and
bed morphodynamic evolution for each one of the wind cases of stage 2.

In stage 1, wind data from the Hellenic National Meteorological Service (HNMS)
stations at the town of Nafpaktos (from 1/1/1977 to 31/12/2011) and Araxos Cape (from
1/1/1955 to 31/12/2011) were used to obtain the wind speed, U, with T, = 1 year, for each
wind direction, as presented in Table 1. Then, numerical simulations of wind-induced wave
generation, growth, and propagation were performed using the SW module [77]. Apart
from the wind data, input to the SW module is also the bathymetry of the computational
domain, which includes the study area and part of the Ionian Sea between the islands of
Kefallonia and Zakynthos (Figure 7). The computational domain was discretized with
181,406 triangular cells in an unstructured mesh with a resolution from about 100 m in
shallow waters to about 300 m in deep waters. All the results are presented in Table 1.

In stage 2, numerical simulations of wave propagation and breaking were performed
using the SW module [77]. Input to the SW module is the bathymetry of the southern
coastal zone of the Gulf, and the wave characteristics at the offshore boundary as computed
in stage 1. The computational domain was discretized with 189,936 triangular cells in an
unstructured mesh with a resolution from about 100 m at the offshore boundary to about
10 m at the coastline. Results of the wave height and direction distribution in the southern
coastal zone of the Gulf were obtained for all wind directions.
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Table 1. Wind and wave data with T, = 1 year, for each wind direction, calculated with the use of the
data provided by the nearest to the study area meteorological stations.

HNMS Station Nafpaktos Araxos

Wind Direction NE E NW W SW
Wind Speed, Ujg m/s 18.9 10.3 9.3 13.0 11.6
Wind Intensity Beaufort 8 5 5 6 6
Significant Wave Height, Hs.1y; m 2.7 0.6 0.6 1.8 1.5
Wave Spectrum Peak Period, Tp-1yy s 8 44 5 8 6.8
Wave Direction to the North ° 45 60 315 270 235
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Figure 7. The bathymetry of the computational domain of the Gulf of Patras and part of the Ionian
Sea used in the numerical simulations (stage 1) of wind-induced wave generation, growth, and
propagation. The red line indicates the coastline of the study area, while the black points indicate the
location of the meteorological stations at Nafpaktos and Araxos.

In stages 3—4, numerical simulations of wave-generated currents, sediment transport,
and bed evolution were performed using the FM module [76]. Input to the FM module is
the bathymetry of the computational domain of the southern coastal zone of the Gulf, the
geometry of existing harbor works, the sediment composition in the coastal zone, as well as
the wave characteristics as computed in stage 2. The computational domain discretization
was the same as in stage 2.

The bathymetries used were obtained by the digital database DHI C-MAP and the
respective analytical measurements (marine survey) that were performed in this study.

For better comprehension of the coastal processes, the southern shoreline of the Gulf
was divided into eight coastal independent zones, which are shown in Figure 8.
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Figure 8. Map of the southern shoreline of the research area divided into 8 coastal independent zones,

with the bathymetry used in the numerical simulations (stages 2, 3, and 4).

4. Results
4.1. Engineering Geological Map for Coastal Monitoring

Based on the field mapping, the laboratory and in situ tests, and the respective geotech-

nical evaluation, eight distinguished geological units were identified in a 1000 m zone
parallel to the coastline of the study area (Figure 9).

@
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©)
(6)

@)
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Coastal deposits (Sd): Sands, silty sands, and gravels of varying gradation, with
characteristic diameter D5g = 0.67-3.97 mm

Recent deposits (Q, c-1): Clayey sands of aeolian deposits and weatherings of
older formations.

Recent alluviums or torrential deposits (Qf, c-1): They consist of silt-clay, sands of
various granulometric gradation, few gravels, and cobbles.

River-lacustrine basin deposits (Qf, 1): Clay and silt of river or lacustrine origin.
Screes (Sc): Semi-cohesive screes with fine-grained materials.

Pliocene-Pleistocene sediments (P], f-c): Yellowish to grey clays and marls, fine and
medium-grained sands, brittle sandstones, and river-lacustrine and lagoon sediments.
Flysch (Fl): Sandstones, siltstones, marls, and conglomerates.

Limestones (Lm): Rock formation with thin layers of cherts.

As mentioned before, the engineering-geological map in Figure 9 was designed for

specific coastal applications and infrastructure design purposes. Moreover, the coastal
deposits (Sd) geotechnical unit of this map was further divided based on the geotechnical,
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sedimentological, and morphological features of the area. The purpose was mainly to
provide the necessary data for the later numerical modelling and to model the resistance to
erosion parameter in the coastal vulnerability index (CVI) calculations that were performed
after the completion of the TRITON project [62].
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Figure 9. Engineering geological map with geotechnical units of the study area.

4.2. Orthomosaics and Aerial Photo Imaging Results

The EPR and the NSM models were applied to calculate the shoreline changes in the
test area between Kaminia and Roitika villages. About 123 transects were cast on a total of
6 km of the tested littoral area. For the 1987-2018 period, the mean NSM rate was —7.02 m,
and the max and min NSM values were +9.14 m and —21.12 m, respectively (Figure 10).

Field
v Frequency Distribution
Statistics:

Count: 123
Minimum: -21,12
Maximum:9,14
Sum: -863.61
Mean: -7.02122

Standard Deviation: 6,129587
Nulls:

-211 -158 -104 -51 03 56

Figure 10. Statistical NSM rates for the 1987-2018 period between Kaminia and Roitika villages.

In Figure 11 the EPR (m/y) rates are presented for the 1987-2018 period for the
same area. The minimum value is shown in red, while the maximum is shown in green,



J. Mar. Sci. Eng. 2023, 11, 654

14 of 25

corresponding to high erosion and accretion, respectively. Moderate erosion and accretion
areas are represented with orange and light green, while values of stable areas ranging
between —0.05 and +0.05 m/y are represented with blue. In the tested area, the maximum
erosional degree was —0.68 m/y, whereas the maximum accretion reached +0.29 m/y. The
mean rate of change was —0.22 m/y.
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Figure 11. (a) Map showing the statistical EPR transects and (b) line graph showing the EPR values

(mm/y) of each transect between Kaminia and Roitika villages for the period 1987-2018.
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Furthermore, a topographic survey was made on December 2020 using a differential
GPS receiver and 4240 points were taken along the entire length of the coastline of the
test area. Those data were used to evaluate the measurements. The maximum rate of
erosion and accretion for the 1987-2020 period was —0.61 m/y and +0.28 m/y and the
mean value of change was measured at —0.24 m/y. As these rates, which correspond to the
actual prevailing regime in the test area, were like those provided by the remote sensing
techniques, the shoreline movement for the entire coast of the Gulf of Patras was finally
calculated based on the remote sensing data for the 19872018 period.

In total, 995 transects were cast along the study area and after removing the outlier
rates the remaining 824 were categorized into four classes associated with:
high erosion “Between —1.00 and —0.50 m/y”
low erosion “Between —0.50 and —0.05 m/y”
stability “Between —0.05 and 0.05 m/y”
low accretion “Between 0.05 and 0.50 m/y”

It emerged that the mean value of shoreline change was —0.21 m/y while the largest
part (56%) of the study area, with a coast length of 28 km, was in a state of low erosion and
21% with a coast length of 10.5 km in a state of high erosion (Figure 12).

1987-2018 EPR (M/YEAR)

21%

B Between -1.0 and -0.5 (m/y) - high erosion

[ Between -0.5 and -0.05 (m/y) - low erosion
M Between -0.05 and 0.05 (m/y) - stability

[[1Between 0.05 and 0.5 (m/y) - low accretion

Figure 12. (%) State of erosion as part (%) of the study area according to the EPR rates (1987-2018).

4.3. Digital Bathymetric Plans and Results

The multibeam echosounder survey provided a detailed bathymetric map of the
southern coasts of the Gulf of Patras down to 20 m water depth (Figure 13). Based on the
bathymetric data and the seabed slope gradient, the seafloor in the survey area can be
separated into five subareas (a—e).

The easternmost subarea (a) is characterized by high slope degrees (10°) between the
5 and 15 m isobaths and corresponds to zones 7 and 8 of Figure 8. The subarea (b) shows,
locally, high degrees between the 5-10 m and 10-15 m isobaths and corresponds to zones 6
and 7 of Figure 8. The middle subarea (c) is characterized by very low slope degrees, with
the lowest values obtained between the 5 and 15 m isobaths and corresponds to zones 4
and 5 of Figure 8. One notable exception, within the subarea (c), is the steep slope region
offshore of the Kato Achaia promontory. Subarea (d) exhibits a moderate slope gradient
(6-7°), locally, between the 5 and 20 m isobaths and corresponds to zones 2 and 3 of Figure 8.
Finally high slope degrees are obtained in the westernmost subarea (e), between the 10 and
15 m isobaths, at the Araxos Cape corresponding to zone 1 of Figure 8.
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Figure 13. (I) Bathymetric map of the survey area. (Ia) Detailed bathymetry showing P. oceanica
meadow morphology and (Ib) underwater photo of P. oceanica. (II) Slope gradient map of the survey
area. Based on the multibeam bathymetric data and the slope gradient, the area has been separated
into five (a—e) subareas.
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The side scan sonar (SSSS) mosaics (Figure 14) and the local bathymetry revealed
four distinct bottom classes, each one of distinct backscatter intensity, image texture, and
morphology: (i) Fine sand: areas of low backscatter intensity with homogenous and low
contrast image texture and low relief, covering a total area of 8 km? (34% of the survey
area); (ii) coarse sand: areas of high backscatter intensity with homogenous and low
contrast texture and low relief, covering a total area of 5.7 km? (24% of the survey area);
(iii) P. oceanica meadows: high backscatter intensity areas with moderate texture variance
and contrast (Figure 15) and high topographic ruggedness covering a total area of 8 km?
(34% of the survey area); and (iv) sparse P. oceanica meadows: areas of moderate backscatter
intensity with high texture variance and contrast, covering a total area of 2 km? (8% of the
survey area).

4,23(?,000

&l Bottom classes

]

- .

8§ —— 5misobaths

[ .

¥ Fine sand

% Coarse sand
=3 Sparse P.oceanica
I3 ;
¥ .‘k [ P.oceanica meadows
N-
<

275000

281,000 287000 293000 299000

Figure 14. Seafloor map of the survey area showing four distinct bottom classes, based on the inter-
pretation of the side scan sonar high (400 kHz) and low (100 kHz) frequency mosaics. (I) Corresponds
to a mosaic detail including all bottom types, indicating with dashed line borders the areas classified
as P. oceanica meadows.

P. oceanica beds prevailed in the surveyed area covering 42% (10 km?) of the seafloor.
The channels, which are filled with gas (aerenchyma) within the seagrass leaves, together
with the gas bubbles produced during photosynthesis, are the dominant causes for the
strong reflectivity (backscatter) of the seagrass meadows on the sonographs [55,56]. The
shallower limits of P. oceanica classes are located at a water depth of about 5 m except for
subareas —c- and —e- where the limit has been found shallower than 5 m. The deep limit is
located deeper than 20 m in subareas —d- and —e- and shallower than 10 m in subareas —a-,
-b-, and —c- (Figure 14).
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Figure 15. Sonograph of (a) 400 and (b) 100 kHz showing representative dense, almost continuous
and uniform P. oceanica meadows. Arrows indicate sand gaps inside P. oceanica meadow.

In general, P. oceanica seagrass seems to be getting much more extensive to the west
of Kato Achaia promontory (subareas —d- and —e- corresponding to zones 1, 2, and 3
of Figure 8), most likely due to: (i) having lower slopes and (ii) being further from any
anthropogenic interference, such as industrial and recreational coastal activities and urban
waste treatments. For instance, a major gap in P. oceanica spatial distribution, found between
21°33' E and 21°36’ E in Figure 14, is directly related to the outlet river network of Peiros-
Parapeiros whose sediment yield has been seriously affected by the construction of a dam
south of the investigation area. The Peiros-Parapeiros river basin is mainly affected by
agricultural, rural, municipal, and industrial activities, while the natural environment has
been altered by the construction of the dam.

Other minor gaps are found around 21°32’ E, related to a beach groyne built eastwards
of the Alykes fishing shelter causing sedimentation to its eastern side and eastwards
21°41" E, where the urban wastewater sewage system of the city of Patras has been installed
in combination with steep seabed slopes, not allowing the P. oceanica to flourish (Figure 14).
These areas in which P. oceanica is almost absent correspond to zones 4, 5, and 8 of Figure 8.

4.4. Coastal Engineering Results

Based on the numerical simulations performed, several comments regarding the rate
of the sea bed level change can be made for the entire investigation area.

The action of NE winds induces waves with large significant wave heights on the west
coast of the study area, as well as intense wave-generated currents. As a result, intense
coastal erosion (high rates of sea bed level change) is observed throughout zones 1, 2, and 4
(Figure 16). On the other hand, the action of NW and W winds creates favorable erosional
conditions (high rates of sea bed level change) in zones 6, 7, and 8 along the southern
coastal zone of the Gulf of Patras (Figure 16).

Table 2 summarizes the erosional intensity (sea bed level change) in the eight zones of
the study area with respect to the wind direction.
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Figure 16. Seabed level change in (a) coastal zones 1 and 2, (b) zones 3 and 4, (c) zones 5 and 6 due to
NE waves, and (d) coastal zones 7 and 8 due to NW waves. These are the most affected sea bed level
change winds in the respective areas.

Table 2. Erosional intensity in the 8 zones of the study area with respect to the wind direction.

Zone NE NW \4Y SW
1 Papas Lagoon-Karnari High Low Null Null
2 Karnari-Ioniki Akti High Low Null Null
3 Ioniki Akti-Alykes Moderate Low Null Null
4 Alykes-Gialos (Peiros estuary) High Low Null Null
5 Gialos-Western Kaminia Moderate Moderate Low Null

Western Kaminia-Western .

6 Vrachneika Moderate High Moderate Null
7 Western Vrachneika-Roitika Low High High Null
8 Roitika-Glafkos Null High High Null

4.5. Coastal Vulnerability Index (CVI)

After the completion of the TRITON project, the vulnerability to coastal erosion along
the southern coastline of the Gulf of Patras was ascertained by performing CVI calculations.
The overall CVI consists of six parameters; (i) shoreline change rates, (ii) significant wave
height, (iii) tidal range, (iv) coastal slope/relief, (v) relative sea level, and (vi) geomor-
phology and geology. For the accurate estimation of the geological and geomorphological
parameter, special emphasis has been placed on the geotechnical characteristics of the
survey area. Based on that, a new modified CVIyr model was suggested by replacing
the geological and geomorphological parameter with the geotechnical parameter as it was
indicated in the current research [62]. The results of the dimensional analysis from the
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CVIwr model disclosed that zones 1, 4, 7, and 8 have a high vulnerability, zone 2 has a low
to moderate vulnerability, zones 5 and 6 have a low vulnerability, and zone 3 has a very
low vulnerability [62]. The results of the calculated CVIywr compared with the erosional
intensity per wind direction in the area of interest are presented in Table 3.

Table 3. Results of the CVIyyr compared with erosional intensity per wind direction.

Zone Erosional Intensity CVIwg Vulnerability

Per Wind Direction Class

1 Papas Lagoon-Karnari High/NE High

2 Karnari-Ioniki Akti High/NE Low-Moderate

3 Ioniki Akti-Alykes Moderate/NE Very Low

4 Alykes-Gialos (Peiros estuary) High/NE High

5 Gialos-Western Kaminia Moderate/NE Low

Western Kaminia-Western .

6 Vrachneika High/NW Low

7 Western Vrachneika-Roitika High/NW High

8 Roitika-Glafkos High/NW High

5. Discussion

The aim of this research is to demonstrate advanced surveying methods and tech-
niques for coastal erosion identification and monitoring. For this purpose, geotechnical
investigations, sediment sampling, satellite and aerial photo imaging, bathymetric surveys,
as well as hydrodynamic modelling were utilized for the identification of the erosion
status and trend along the southern coastline of the Gulf, which was selected as a test
(pilot) area due to its timeless erosion problems and its economic importance to the local
community. Furthermore, all the survey data were imported into a coastal database for
various processing to produce an accurate model of the affected area.

The hydrodynamic numerical model produced from this process was used to estimate
the erosion rate of the seabed next to the coastline. Additionally, a CVIyr calculation was
performed to identify the vulnerability to coastal erosion.

Finally, a complete image of the CVIr spatial distribution together with the bed level
change under the two prevailing wave directions (NW and NE waves) and the P. oceanica
meadows coverage was produced and is presented in Figure 17 for further discussion.

Comparing the results of the erosion intensity next to the coastline (bed level change)
with the calculated CVIwg, it seems that they partially agree, especially in areas where the
vulnerability regime was calculated as high or very high. These areas are (i) zone 1 (Papas
lagoon—Karnari), (ii) zone 4 (Alykes-Gialos, Kato Achaia), zone 7 (Western Vrachneika—
Roitika), and zone 8 (Roitika—Glafkos).

Concerning the P. oceanica meadows, it is well known that they play a crucial role in
coastal protection, by stabilizing the coastline, controlling beach morphology, and reducing
wave energy [50,51]. Although the CVIwrp does not consider those positive effects of
P. oceanica meadows on coastal protection, a comparison of their spatial distribution may be
of interest. The comparison of the spatial distribution of the P. oceanica meadows with the
vulnerability class showed that: (i) the absence of meadows are related with the high to very
high vulnerability of zone 4 (Alykes—-Gialos, Kato Achaia) and zone 8 (Roitika—Glafkos),
(ii) the very narrow and sparse meadows are linked with the high vulnerability of zones
6 (western Kaminia—western Vrachneika), and 7 (Western Vrachneika—Roitika), (iii) the
well-developed and wide meadows at zones 1, 2, and 3 seem to have a positive effect of
the vulnerability of the shoreline with the exception of two areas (Karnari and Kalamaki)
where the high CVIyr corresponds to limited areas of sparse meadows (Figures 14 and 17).
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Figure 17. Spatial distribution of high and very high vulnerability classes using CVIyr compared
with the rate of bed level change (mostly affected by NE winds in the west and NW waves in the
east) and the P. oceanica spatial distribution along the coastline of the study area.

These findings are in accordance with the results of other studies in Italy, using CVI
that have incorporated the P. oceanica vegetation parameter [80,81]. More specifically, the
P. oceanica parameter was evaluated considering its presence/absence [80] and bottom
coverage [81]. The CVI incorporating meadow bottom coverage showed that the absence of
meadows is related with the highest vulnerability score, while high, medium, low, and very
low vulnerability values are assigned using coverage percentages <25%, 50-25%, 75-50%,
and >75%, respectively [81].

6. Conclusions

All the surveying methods presented in the current research proved to be important
and necessary for the coastal erosion identification along the coastline of the study area.

In detail, from the performed geotechnical investigations, eight (8) distinguished
engineering-geological units were recognized along the coastal zone of the research area.
Moreover, the coastal deposits (Sd) were further distinguished in order to provide all
the fundamental data for the already discussed hydrodynamic model and the relevant
CVIwrE calculations.

Using satellite and aerial photo imaging and the DSAS extensions of ArcGIS, such
as the NSM and the EPR, the rate of erosion regime along the littoral zone of the study
area was estimated through the period 1987-2018. It emerged that the mean rate of change
along the coastline is —0.21 m/y, while its largest part (56%) is in a state of low erosion,
and 21% in a state of high erosion.

Based on the bathymetric data and the seabed slope gradient, the seafloor in the survey
area was separated into five subareas, with the easternmost (a and b) and westernmost
(e) subareas characterized by high slope degrees (10°) between the 5 and 15 m isobaths.
In addition, P. oceanica meadows were identified covering areas of approximately 10 km?
(42% of the survey area). In general, P. oceanica seagrass seems to be becoming much more
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References

extensive to the west of Kato Achaia promontory (zones 1, 2, and 3) due to: (i) having lower
slopes and (ii) being further from any anthropogenic interference, such as industrial and
recreational coastal activities and urban waste treatments.

Concerning the importance of some parameters such as sea bed level change and
P. oceanica vegetation in relation to the CVIywr calculations it seems that they coincide better
in a high or very high vulnerability regime. For instance, sea bed level change with high
rate of erosion/accretion matches with areas of high or very high vulnerability. On the
other hand, in the absence of P. oceanica vegetation, matches occur with areas of high or
very high vulnerability only in the eastern part of the study area in which NW waves are
dominant and human population and activities are extensive.

The question of which method or parameter is more important than the other is still
under investigation and needs continuous research and measurements. For this reason, a
coastal observatory was finally established in the model area (Gulf of Patras) under the
framework of the TRITON project. Its purpose is to continually feed the observatory’s
database with all necessary data (wave height, tidal range, wind direction and intensity,
etc.) for further processing and numerical modelling.

At this point, these real-time data may be used at any time to directly update the
GIS dataset, the hydrodynamic (numerical) model, and the CVI calculations in the entire
investigation area. In terms of the remote sensing surveys, the marine surveys, and partially
the geotechnical surveys, they should be repeated at regular intervals because the seabed
bathymetry and morphology and the shoreline are very sensitive to any weather changes.
Similar approaches have been used in order to collect, rationalize, and mutualize valuable
acquired and shared data regarding the coastal risks [23]. Moreover, repeated (4D) remote,
marine, and geotechnical surveys could be effective for monitoring coastal areas, allowing
the evaluation of the key parameters controlling the complex dynamics of the coastal
environment [82].

It may be concluded that regional observatories provide high-precision data that may
be used to strengthen the scientific knowledge, develop strategic tools and respond to the
public requirement for a better management in the coastal zones.
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