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Abstract

The IANOS Medicane was one of the most severe storms that have formed in the Medi-
terranean Sea with Category 2 Hurricane characteristics. The storm induced a significant
increase in sea-level elevation along its pathway and caused storm surges at the central
Ionian Sea with consequent impacts on coastal regions of the Ionian Islands and western
Greece. An integrated approach, based on hydrodynamic ocean simulations, coupled to
meteorological and coastal flooding simulations, is used in combination with field and sat-
ellite observations to analyze the marine weather conditions, the storm surge character-
istics, and the coastal inundation characteristics due to the impact of IANOS Medicane
in September 2020. The evolution of the Medicane and the respective storm surge in the
ocean have been successfully recorded by the met-ocean simulations, part of an active
public-access operational forecast system. Both wind and atmospheric pressure patterns
affected the storm surge variability over the Ionian Sea. The direct intrusion of the Medi-
cane from the central Mediterranean Sea toward the Ionian Sea formed storm surges over
several coastal areas, even before the storm’s landfall, due to the accompanying onshore
currents. Storm surges in the order of 30 cm generated extensive flooding over lowland
coastal areas, as confirmed by both satellite (Normalized Difference Water Index, NDWI)
and numerical (coastal inundation modeling) data. Satellite-derived and simulated estima-
tions showed that, in specific coastal regions, the run-up of seawater extended up to 200 m
inland, depending on the hydraulic connectivity between the lowland areas, which deter-
mined the inundation extents during the storm surge.
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1 Introduction

The intense atmospheric deep depressions over the Mediterranean Sea (Fig. 1a) that share
similar characteristics with tropical cyclones on the order of 300 km in diameter and have
windless conditions in their “eyes,” along with surrounding hurricane-level (counterclock-
wise rotation) winds (~25 m/s; up to Category 1 Hurricane on the Saffir—Simpson scale;
Emanuel 2005) and a deep warm-core structure, are termed as “Medicanes” (Miglietta
et al. 2013; Cavicchia et al. 2014; Cid et al. 2016; Dafis et al. 2020; Fortelli et al. 2021;
Toomey et al. 2022; Flaounas et al., 2021). Tropical cyclones and Medicanes alike are
formed over the sea, intensify over warm seawaters (Noyelle et al. 2019), and weaken over
the land and/or cold-water masses, often causing coastal flooding and consequent damages
around the Mediterranean littoral zone (Bakkensen 2017). These low-pressure systems,
accompanied by significant sea-level increases along their pathways, lead to the formation
of storm surges affecting the coastal zone, due to two main mechanisms: (i) the inverse
barometer effect underneath the eye of the cyclone and (ii) the wind-induced accumulation
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Fig. 1 a Bathymetry of the HiReSS model domain in the Mediterranean Sea. The names of the main
topographic features, mentioned in the study, are marked. The red dots indicate the locations of the tide
gauges (Intergovernmental Oceanographic Commission, IOC) that provided sea-level measurements. The
inset panel shows the coastal region and the respective topographic features affected by the IANOS storm

surge. b Flowchart of the integrated approach to analyze the impact of IANOS Medicane storm surge on the
coastal zone
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of seawater masses near the coast (Smith and Banke 1975). The comprehensive descrip-
tion of the Medicanes evolution and their impacts on the coastal zone requires integrated
approaches that are capable of solving both the large-scale phenomena in the atmosphere
and open sea, and the high-resolution processes (e.g., coastal flooding) in the coastal zone.
Herein, we present an integrated methodology with both data-based and model-based tools,
including open sea and coastal inundation modeling, plus a near-real-time forecast system
(Fig. 1b), to evaluate the effects of an extreme weather event on the ocean and coastal char-
acteristics. The proposed methodology aims to the better understanding of the Medicanes’
impact on the marine environment focusing on the improvement in the ability to predict
their adverse effects on the coastal zone.

The storm surge events, related to Medicanes during the last decade, are more intense
than those produced by the main seasonal storms, thus affecting the coastal vulnerability in
terms of both erosion and flooding (Bakkensen 2017; Scicchitano et al. 2021). Androulida-
kis et al. (2015) and Makris et al. (2016, 2023) showed that the magnitude of storm surges
may increase in several Mediterranean sub-regions, mainly during the first half of the
twenty-first century. Future projections show that the greatest storm surges may occur in
the Adriatic Sea and in regions characterized by wide and mild sloping continental shelves
(Toomey et al. 2022). The effect of winds and inverse barometer on storm surges reveals a
strong spatial variability. Even though the sea-level pressure (SLP) is a strong contributor
to the sea-level anomaly (SLA) peaks over the Ionian Sea during a storm, the wind effect
and the respective accumulation of water masses along the Ionian coasts are the main fac-
tors that influence the storm surges similarly to the rest of the Adriatic Sea coasts (Orlic
et al., 1994; Vilibi¢, 2006; Pirazzoli and Tomasin 2002; Lionello et al. 2006, 2019; Marcos
et al. 2009; Krestenitis et al. 2011; Androulidakis et al. 2015; Sepi¢ et al. 2015; Medugorac
et al. 2018; Tolika et al. 2021). During Medicanes, the flooding penetration over the land,
associated with the accompanying storm surges, can be larger than the penetration caused
during typical storms; the Medicanes Qedresa (2014) and Zorbas (2018) showed overland
flood extents larger than 100 m from the shoreline, while typical storms normally cause
inland inundation that does not extend more than 50 m from the coast in regions of south-
eastern Sicily (Scicchitano et al. 2021).

Medicanes reveal a low annual frequency (~1.1 events/year in Miglietta et al.
2013;~1.6 events/year in Cavicchia et al. 2014; 1.4 events/year in Nastos et al. 2018) and
evolve mainly in the western and central Mediterranean, especially between the Ionian Sea
and the northern African coast. Medicanes exhibit a seasonal cycle of a higher frequency in
the autumn—winter period with a peak in the beginning of winter and of lower frequency over
spring and summer (Cavicchia et al. 2014; Nastos et al. 2018). The increased sea surface tem-
perature (SST) trends during the last decades over the Mediterranean Sea (Pisano et al. 2020;
Darmaraki et al. 2019; Androulidakis and Krestenitis 2022) that are related to the human
influence on climate, formed more favorable conditions (warmer water pools), strengthen-
ing the intensity of Medicanes. Future SST increasing trends, derived from projected climatic
scenarios over the Mediterranean Sea during the last decades of the twenty-first century,
may also result to stronger and longer lasting Medicanes than today (Miglietta et al. 2011;
Pytharoulis et al. 2018). SST state has a minor influence on the track, but a strong effect on
the intensity (Noyelle et al. 2019) and lifetime (Pytharoulis 2018) of Medicanes. Romero
and Emanuel (2013) concluded that the climate change due to global warming is expected to
increase their intensity, but not their frequency. One of the warmest years with respect to the
SST over several Mediterranean Sea areas was 2020 (Androulidakis and Krestenitis 2022).
Medicane IANOS was formed and propagated over the central Mediterranean in mid-Septem-
ber 2020, when the SST anomaly revealed higher levels (>2 °C) than the SST climatology
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(Lagouvardos et al. 2021). The storm surge formation of IANOS from its generation until its
evolution over the western coastal Greece is under evaluation in this study.

IANOS was formed over the central Mediterranean Sea during September 15-20, 2020
(Lagouvardos et al. 2021; https://marine.copernicus.eu/news/following-cyclone-ianos-across-
mediterranean-sea), characterized by conditions similar to a Category 2 Hurricane in the Saf-
fir—Simpson scale (1-min sustained winds up to 159 km/h), and Medicane-induced damages
were observed in both inland and coastal areas, especially in the central and southwestern
Greece, causing extensive flooding, infrastructure destructions, and four human casualties.
Intense storm surges produced inundation phenomena over lowland elevation areas, mainly
along the western coasts of Greece in the Ionian Sea (Fig. 1a). In this paper, we investigate the
flooding conditions over the affected coastal regions during the IANOS passage.

Our approach consisted of several coupled components: atmospheric simulations to pro-
vide meteorological forcing to the ocean hydrodynamic modeling (simulation of barotropic
circulation and storm surges), tide-gauge measurements for model validation, satellite ocean
color observations, and coastal inundation modeling for the estimation and mapping of flood-
ing in coastal lowland plains (Fig. 1b). The sea-level conditions and characteristics during
the IANOS passage over the affected coastal regions are investigated with the use of a two-
dimensional (2-D) hydrodynamic model for barotropic circulation, operating in both forecast
(Operational System Wave4us; http://wave4us.web.auth.gr/; Krestenitis et al. 2017) and hind-
cast (Androulidakis et al. 2015) modes (Fig. 1b). Herein, even though the baroclinic condi-
tions are a very important component of the general circulation in the Mediterranean Sea, we
focus on the sea-level response due to severe meteorological conditions (barotropic compo-
nent) that largely determined the ocean circulation and coastal sea-level variability during a
severe low-pressure system (IANOS Medicane in September 2020). The first goal of the study
was to examine the variability of the meteorological effects on the distribution of the accom-
panying storm surges during IANOS along the affected coasts of the central Mediterranean.
Based on field observations, we evaluate the performance of our forecast system to efficiently
predict the storm surge levels over the coastal zone during the passage of an exceptionally
intense cyclonic system. We also test the improvement in the simulations using higher-resolu-
tion meteorological forcing (in hindcast mode; Fig. 1b). The second goal was to estimate the
coastal inundation characteristics in specific coastal areas and evaluate two different flooding
detection techniques based on satellite imagery and numerical modeling (Fig. 1b). Differences
among the coastal areas, associated with the response of the sea-level evolution during the
storm passage, are also identified.

Following the introductory section, Sect. 2 describes the methods and the observational
field and satellite data used in the study (detailed descriptions of the coastal flooding meth-
ods are provided in Appendices A and B). Section 3 presents the evaluation of the storm
surge simulations with the use of field measurements. The marine weather conditions during
TANOS Medicane are analyzed in Sect. 4. The storm surge variability along the coastline,
the effects of atmospheric conditions on coastal sea level, and the estimation of the coastal
inundation are presented in Sect. 5. The study’s results are discussed in Sect. 6, and the main
concluding remarks are presented in Sect. 7.
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2 Methods and data
2.1 Numerical models

A series of numerical models with different spatial resolutions are combined, in one-way
coupled mode (Fig. 1b), to simulate the meteorological conditions over the Mediterranean
Sea (synoptic scale; Sect. 2.1.1), the ocean circulation effects, i.e., the storm surge variabil-
ity in the central part of the basin (regional scale; Sect. 2.1.2), and the flooding processes
over the affected coastal areas (local scale; Sect. 2.1.3). The coupled numerical simulations
during the IANOS period are described in Sect. 2.1.4.

2.1.1 Meteorological conditions

The meteorological conditions are derived from two sources. The first one includes the
operational numerical weather predictions (NWP) of the Laboratory of Meteorology and
Climatology of the Aristotle University of Thessaloniki (LMC-AUTH), Greece, and the
second one is the gridded operational analyses of the European Centre for Medium-range
Weather Forecasts (ECMWEF). These fields were employed in forecast and hindcast mode
simulations of the storm surge (Sect. 2.1.2), respectively. The detailed setup of the two
modes is described in Sect. 2.1.4.

The regional NWP were produced by the operational forecasting system of LMC-AUTH
(Pytharoulis et al. 2015a, b; http://meteo.geo.auth.gr) that was originally developed and
evaluated in the framework of Wave4us project (http://waved4us.web.auth.gr/). It is based
on the Weather Research and Forecasting model with the Advanced Research dynamic
solver (WRF-ARW, version 3.5.1; Skamarock et al. 2008; Wang et al. 2014). The NWP
system consists of three nested domains that cover the northern Africa and most of Europe,
including the whole Mediterranean and the Black Sea, with a grid increment of 15 km. The
WRF-ARW model employs 39 sigma levels up to 50 hPa, with their highest density in the
lowest troposphere. The instantaneous mean SLP and the 10-m zonal and meridional wind
components at 3-hourly intervals are used in the forecast mode storm surge simulations of
this study. The original forecast fields have been re-gridded to a 0.15°x 0.15° (latitude—lon-
gitude) grid that covers the Mediterranean Sea, through bilinear interpolation. The forecast
horizon is 96 h (4 days), and the model is initialized daily at 1200 UTC.

The ECMWEF operational analyses of the atmospheric model were available for August
and September 2020 at a horizontal grid spacing of 0.1°x0.1° for the whole Mediterra-
nean basin. The analyses were produced at 6-h intervals by the data assimilation of the
Integrated Forecasting System of ECMWF and particularly by its cycle 47r1. The mean
SLP and the 10-m zonal and meridional wind components have been utilized in this study
to force the hindcast mode of the ocean hydrodynamic simulations (see Sect. 2.1.4).

2.1.2 Storm surge model

The numerical simulation of the barotropic hydrodynamics is based on the high-resolution
storm surge (HiReSS) numerical model developed in the Laboratory of Maritime Engi-
neering in AUTH (de Vries et al. 1995; Krestenitis et al. 2011; Androulidakis et al. 2015;
Makris et al. 2016; 2019). HiReSS simulates the 2-D barotropic mode of the hydrodynamic
circulation in large water bodies, enclosed seas, gulfs, and coastal areas over a shoaling

@ Springer


http://meteo.geo.auth.gr
http://wave4us.web.auth.gr/

Natural Hazards

continental shelf, based on the shallow water equations. Thus, it can predict the SLA and
the depth-integrated sea currents (induced by atmospheric forcing; wind and SLP) com-
bined with astronomical tide effects (Krestenitis et al. 2015; Makris et al. 2021a). The
HiReSS model is the numerical forecast tool of several operational applications in regional
and marginal seas (e.g., Mediterranean Sea, Red Sea, Yellow Sea, Black Sea, Java Sea,
NW Atlantic Ocean), gulfs, straits, and local aquatic bodies (e.g., Gulf of Finland, Osaka
Gulf, Tokyo Gulf, Persian Gulf, English Channel). These applications are operating daily
and were created in the framework of two research projects: Wave4Us (Krestenitis et al.
2015; 2017; http://wavedus.web.auth.gr/; https://www.meteo.gr/meteomaps/sea_level.cfm)
and Accu-Waves (Makris et al. 2021a; b; https://accuwaves.eu/forecast/). HiReSS model
has also been used to estimate both future projections of storm surges under climatic sce-
narios (Androulidakis et al. 2015; Makris et al. 2016, 2023) and storm surge variability
along coasts during past periods (Krestenitis et al. 2011). HiReSS can take into account
the combinatory effects of several processes, such as the inverse barometer (response of
sea level to atmospheric pressure gradient of large barometric systems); shear stresses of
wind applied on the air—sea interface; geostrophic Coriolis forces on large water masses;
astronomical tides; ocean bottom friction; turbulence of horizontal vortices through the
eddy viscosity concept; impacts of the wave-induced mean flows (Stokes drift) on the
wind-driven currents in open seas; additional sea surface setup caused by wave breaking
in nearshore coastal zones; etc. In particular, HiReSS implementation in the Mediterranean
Sea considers the effects of astronomical tides on barotropic circulation through a static
model parameterization (Schwiderski 1980), following a formulation that combines the
equilibrium tidal potential with the self-attraction/loading effect under specific coefficient
parameterizations (Matsumoto et al. 2000; Sakamoto et al, 2013). Further description of
the mathematical equations and thorough validation of the HiReSS implementation in the
Mediterranean Sea with the use of satellite and field observations can be found in Krest-
enitis et al. (2011, 2015, 2017), Androulidakis et al. (2015), and Makris et al. (2016, 2019,
2021a, 2023).

2.1.3 Coastal inundation model

Depending on the desired level of complexity, the choices of existing models for 2-D flood
simulations developed by the numerical hydraulics community for coastal inundation, too,
are numerous. Among them, classic primes are MIKE FLOOD 2-D (e.g., Ballesteros et al.
2018), the Coastal Storm Modeling System (CoSMoS; Barnard et al. 2014; O’Neill et al.
2018), the coastal flood modules of the Advanced Circulation (ADCIRC) and Hydrologic
Engineering Center-River Analysis System (HEC-RAS) 2-D models (e.g., Colle et al.
2008; Pandey et al. 2021), LISFLOOD-FP (Bates and De Roo 2000; Bates et al. 2005;
2010), and AutoRoute (Praskievicz et al. 2020).

Herein, we use CoastFLOOD, which is also an AUTH in-house numerical model for the
simulation of coastal inundation hydrodynamics on a local scale over selected areas of the lit-
toral land zone in Greece (Makris et al. 2020; Bates et al. 2005, 2010). The latter pertain parts
of urban environment and engineered waterfronts, ports and coastal structures, agricultural
plains, estuaries, adjacent lagoons, and natural beaches (Skoulikaris et al. 2021). The model is
one-way coupled to HiReSS model (see Sect. 2.1.2), fed with output from simulated sea-level
data as boundary conditions of its computational domain representing the floodwater hydrau-
lic load on the study area’s coastline. Hence, it provides estimations of possible extended
flooding of lowland coastal areas, rural plains, farmlands, urban sites, deltaic regions, and
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estuaries due to storm surges. CoastFLOOD model also incorporates a “static-level” inunda-
tion module operating in “Bathtub” mode (identifying lowland cells with ground elevation
z<SLA,,,, i.e., the maximum storm surge water level; Didier et al. 2019; Schmid et al. 2014)
and an enhanced bathtub approach with hydraulic connectivity (“Bathtub HC” mode; Kara-
mouz and Fereshtehpour 2019; West et al. 2018). Further information about the model’s con-
figuration is provided in Appendix A.

2.1.4 Hydrodynamic numerical simulations

The numerical simulations of storm surges are implemented in two modes: (1) forecast mode
and (2) hindcast mode (Fig. 1b). The forecast mode is a module of the Operational System
Wavedus (http://wavedus.web.auth.gr/; Krestenitis et al. 2017) that provides 3-day predictions
of SLA fields and barotropic currents daily, over the entire Mediterranean Sea (0.15°%0.15°).
The bathymetric input was derived from the General Bathymetric Chart of the Oceans
(GEBCO; https://www.gebco.net/). The meteorological forcing (SLP and wind fields) of the
forecast mode is derived from the operational WRF-ARW simulations with the same resolu-
tion over each domain and a 3-hourly time step (see Sect. 2.1.1). In this study, we use the first
forecast day (12th to 33rd forecast hours to exclude the model spin-up time) that covers the
IANOS track to evaluate the prediction performance of the storm surge in September 2020.
Numerical simulations in a hindcast mode have also been conducted covering two successive
months (August—September 2020) with meteorological forcing derived from the ECMWF
operational analyses (see Sect. 2.1.1) to improve the HiReSS model’s predictability. The first
month (August) was used as a simulation warm-up period and the second month (Septem-
ber) provided the circulation fields covering the IANOS storm period. The storm surge model
outputs from both simulations were compared and validated with available field observations
along the Medicane’s pathway (see Sects. 2.2.1 and 3).

The hourly output of simulated SLA, derived along the coastal area during the period of
high TANOS storm surges, was used to feed the coastal inundation simulations with Coast-
FLOOD model over selected littoral zones (see Sect. 2.1.3 and Appendix A). The latter were
identified as impacted areas detected by the satellite imagery technique (see Sect. 2.2.3 and
Appendix B). The model’s computational grid with land elevations was derived from a high-
resolution (2 m) digital elevation model (DEM), described in Sect. 2.2.2. HiReSS model out-
put of sea level on the coastline was used to force the CoastFLOOD model on its coastal land
limit (shoreline). The used Dirichlet-type boundary conditions refer to local SLA-z (z: land
elevation of raster cell) values. CoastFLOOD was implemented in three modes: (i) by a static
Bathtub approach, (ii) as an enhanced Bathtub HC model, and (iii) in full flood routing mode
by a 2-D horizontal, Manning-type hydraulic flow over the floodplain terrain (see Sect. 2.1.3
and Appendix A). Only steady-state inundation situations are considered herein, i.e., referring
to an eventually constant sea-level boundary condition of storm surge maxima (SLA_ ) for
the timespan of storm-induced high seas on the coastline during the Medicane.

2.2 Observational data
2.2.1 Tide-gauge measurements
Field measurements of sea elevation have been collected by available tide-gauge sensors

along the coasts of the Ionian and Aegean Seas. These measurements are freely provided
by the Sea Level Station Monitoring Facility of the Intergovernmental Oceanographic
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Commission (IOC/UNESCO; https://www.ioc-sealevelmonitoring.org/). The SLA time
series with 1-min time step for eight stations (Fig. 1a) were derived for one month (Sep-
tember 2020) subtracting the estimated offset for each station to compute the surface vari-
ation around the mean sea level. The measured data are used to validate the performance
of the numerical hydrodynamic simulations and estimate the realistic storm surge intensity
during IANOS Medicane.

2.2.2 Land elevation data

Land elevation data were derived by post-processing of available geospatial data from the
DEM of the official Greek service for comprehensive recording of real estate and prop-
erty’s metes-and-bounds, i.e., the Hellenic Cadastre (https://www.ktimatologio.gr/en). This
DEM has a pixel size of 2 m and is available in 4600 x 3600 m ground plates, with a perim-
eter overlay of 300 m, in GGRS87 projection. The geometric accuracy of the DEM is less
than 0.70 m, while its absolute accuracy is less than 1.37 m with a 95% confidence level
(Chrisafinos and Kavvadas 2016). The selected DEM fields cover the coastal regions of the
Ionian Sea. Rasterized versions of them were used to identify the affected lowland areas,
serving also as input for the computational grid formulation of the CoastFLOOD simula-
tions (see Sect. 2.1.3).

2.2.3 Satellite observations

Two types of satellite data were used in the study. The first type includes ocean color
images collected by the Sentinel-2 satellite to estimate the coastal inundation during the
IANOS Medicane. The resolution of the Sentinel-2 images is 10 m, and they are freely pro-
vided by the Earth Explorer application operated by the United States Geological Survey
(USGS; https://earthexplorer.usgs.gov/; latest access on March 20, 2022). The Sentinel-2
raster images were used to compute the Normalized Difference Water Index (NDWI; Gao
1996) over specific coastal regions that were severely affected by the storm. The NDWI
is broadly used to monitor changes related to water content in water bodies (McFeeters
1996). Underwood et al. (2012), Kalcic et al. (2012), and Ogashawara et al. (2013) used
ocean color imagery and NDWI computation, derived from MODIS and LANDSAT-5 sat-
ellites, to assess the flooding conditions due to storm surge phenomena related to hurri-
canes in the northern Gulf of Mexico. The NDWI approach is capable of clearly separating
land and water, and can be also used for coastline analysis (Anggraini et al. 2018). Herein,
we use the NDWI and Quantum Geographic Information System (QGIS; https://qgis.org/)
mapping and analysis to estimate the hydrological conditions of the land (i.e., if land cells
are dry or wet after a storm surge event). This is the first attempt to our knowledge that uses
NDWI to estimate the surge-induced coastal flooding in the Mediterranean Sea. Detailed
description of the NDWI derivation method is provided in Appendix B.

The second type of satellite data includes the sea surface temperature (SST) set, dis-
tributed by the E.U. Copernicus Marine Service (https://www.copernicus.eu/), covering
the entire IANOS period (15/9-20/9; latest access on November 20, 2021). The satellite-
derived data consist of daily mean, gap-free (L4) horizontal fields (Nardelli et al., 2019)
at high spatial resolution (0.01°) over the Mediterranean Sea. Remotely sensed L4 SST
datasets are operationally produced and distributed in near-real time by the Consiglio
Nazionale delle Ricerche—Gruppo di Oceanografia da Satellite (CNR-GOS). The Med-
iterranean SST data were used to analyze the SST temporal and spatial variability over
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the IANOS-affected area and to describe the sea surface conditions before and during the
IANOS formation and propagation.

3 Evaluation of storm surge simulations

Extensive validation of the HiReSS model performance that has been conducted in vari-
ous previous applications in the Mediterranean Sea (Krestenitis et al. 2011, 2015, 2017;
Androulidakis et al. 2015; Makris et al. 2016, 2019, 2021a, 2023), confirmed the ability of
the model to simulate the barotropic circulation and sea-level elevation due to meteorologi-
cal conditions. Herein, the model’s efficiency in simulating the storm surges specifically
during the IANOS event and over the most affected regions under both forecast and hind-
cast modes is under evaluation.

The statistical measures and model performance skill metrics used in the study refer to
the entire time series of SLA (both modeled and observed) during the period of September
2020, leading up to the IANOS event until its passage. We calculated the root-mean-square
error (RMSE) of SLA between modeled and observed values in each of the eight selected
stations, located in the Ionian and Aegean Seas (Fig. 1a). The percentage index of the ratio
RMSE/SLA,,,, (SLA,., corresponds to the maximum SLA value of the tide-gauge obser-
vations) is also estimated, followed by the classic Pearson product-moment correlation
coefficient (Rp), i.e., the covariance of the modeled and observed SLA variables divided
by the product of their standard deviations. R, coefficient (<1, 1 being the full agreement
between modeled and observed SLA) measures the strength of linear dependence between
experimental and numerical data but does not directly compare their actual values. There-
fore, the combination with the RMSE provides a clearer insight on the HiReSS model per-
formance skill. Moreover, the Willmott skill score (W) or Index of Agreement (Willmott
et al. 2012) is also calculated for SLA. Higher Wy values (<1 as limit) reveal a better match
between simulated values of SLA and observations by tide gauges, while Wy values close
to 0 indicate disagreement between the two samples.

The mean daily SLA revealed the highest levels during the JANOS event, specifi-
cally between 17/9 and 18/9 depending on the location of the station (Fig. 2). During
the northeastward propagation of the storm (see Sect. 4.1), it firstly affected the Catania
(Fig. 2a) and Otranto (Fig. 2f) areas in southern Italy on 17/9. The eastward turn of the
storm over the Ionian Sea on 18/9 increased the sea elevation as measured by all tide
gauges located at the western Greek coasts (Fig. 2c, d, e). The forecast mode of the
model showed a better performance over the Ionian Sea than in the initial phases of the
Medicane event during the storm’s propagation closer to the Italian coasts. This differ-
ence is mainly associated with uncertainties of the operational WRF-ARW forcing in
the early stages of the storm (see Sect. 4.1). The atmospheric forcing derived from the
ECMWEF fields improved the storm surge simulation (hindcast mode) over almost all
areas. The correlation coefficients (Rp) between the hindcast-simulated data and field
observations ranged between 0.62 and 0.86 with smaller RMSEs in comparison with the
forecast simulations (Table 1). All correlations coefficients are statistically significant
(Pyatues <0.0001), based on the Mann and Kendall (MK; Mann 1945; Kendall 1975) test
(Pyaiee less than 1% indicates a statistically significant correlation). The median value
of all R} increased from 0.67 (forecast mode) to 0.75 (hindcast mode) and the RMSE/
SLA,,, improved by 8% with the use of the improved ECMWF forcing. The overall
correlation coefficient and coefficient of determination, using all measurements, are
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Fig.2 Comparisons of mean daily sea-level anomaly (SLA; m) by HiReSS model results in forecast (blue
line) and hindcast (green line) modes against field data of tide-gauge observations (orange line) for the
TANOS period between September 2 and 23, 2020, at eight stations (Fig. 1): a Catania, b Gokceada, ¢ Kal-
amata, d Katakolo, e Kyparissia, f Otranto, g Peiraias, and h Thessaloniki

more than 0.7 and 0.5 in the hindcast mode, respectively (Fig. 3b). The two correla-
tion coefficients (Fig. 3a and b), using all station data, are statistically significant with
Duatues < 0.0001. Most of the SLA_ —SLA,, pairs are aligned along the (x=y) iden-
tity line in both simulations with a clear improvement for the hindcast mode. The Wy
skill score is improved in the hindcast mode, reaching very high values in both Ionian
(Table 1; e.g., Katakolo: Rp=0.90; RMSE =0.03 m) and Aegean regions (Table 1; e.g.,
Gokceada: Rp=0.94; RMSE =0.026 m). It is concluded that the quality of the atmos-
pheric forcing is a determining factor of the ocean model predictability for storm surges.
Although the usage of ECMWEF fields as meteorological forcing of the HiReSS signifi-
cantly improved the SLA simulations (hindcast mode), the forecasts conducted by the
operational system (WRF/ARW-fed HiReSS simulations) provide useful real-time daily
predictions that improve in time, as they are forced by daily updated meteorological
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Fig.3 Scatter diagrams of comparisons between HiReSS-modeled sea-level anomaly (SLA; m) and field
data of tide-gauge observations (SLA_ 4 and SLA, respectively) at eight selected stations (Fig. 1a) for
September 2020; a WRF/ARW-fed HiReSS model results in operational forecast mode; b ECMWF-fed
HiReSS model results in hindcast mode. The Pearson correlation coefficients (Rp), the respective p. ;s
from the MK test of statistical significance, and the coefficients of determination (R?) are shown

forecasts. Hereafter, the rest of the analyses are based on simulated ocean data derived
from the hindcast mode of the model (ECMWF-fed HiReSS simulations).

The highest SLA (SLA Maxq,,=0.27 m; SLA Maxyq=0.29 m) was measured
in Katakolo (west Peloponnesus; Fig. 1a) on 18/9 00:00 UTC (Fig. 4a). The core of the
TANOS Medicane was over Cephalonia and Zakynthos islands on 18/9 00:00, with very
strong cyclonic winds (>20 m/sec) blowing toward the coast of Peloponnesus (Fig. 4b).
The onshore wind field accumulated water masses strengthening the storm surges along the

a 03
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0.1 /\
E AN A A
A
< \)/ V' \/ \YA{
@
-0.1
R,=0.85 (p,,<0.0001) Katakolo
St dev,,,4,,=0.080 IANOS period
-0.2 | stdev,,, =0.085 — Hindcast
SLA Maxy4,=0.29 m —— Observations
0.3 SLA Max,,, =0.27 m

15/09 16/09 17/09  18/09  19/09  20/09 18 19 20 21 22

Fig.4 a Variation of sea-level anomaly (SLA; m) with hourly time step derived from the hindcast simula-
tion (black line) and the observed data (red line) at Katakolo (west Peloponnesus) during the IANOS pas-
sage (15/9-20/9) in the Ionian Sea. The Pearson correlation coefficient (Rp) with the MK test of statistical
significance (p,,.), the standard deviation (St dev) and the SLA maximum value (SLA Max) from simu-
lated and observed time series (6 days) are shown. b Map of 2-D horizontal distributions of sea-level pres-
sure (SLP; hPa) and winds (vectors; m/s), derived from ECMWEF, over the broader region around Katakolo
in the south-central Ionian Sea at the time of maximum SLA (18/9/20 00:00)
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western coasts. The variability of atmospheric conditions’ impact on storm surges is dis-
cussed in Sect. 5.1. The hourly modeled SLA variation, derived from the HiReSS hindcast
mode, proves to be an efficient simulation of the actual storm surge, realistically reproduc-
ing the tidal oscillations over this area (Rp=0.85 with 142 degrees of freedom and MK
test: pue <0.0001). The standard deviation of the simulated SLA (St devy,4;) during the
TANOS period (15/9-20/9) is around 8 cm, approximately the same as the respective value
derived from the field data time series (St dev,,=8.5 cm). The reported storm surges at
the coasts of the Ionian Sea are confirmed by the increased observed and simulated SLA on
18/9, when the landfall of IANOS took place on the central coastal region.

4 Analysis of marine weather conditions
4.1 Meteorological conditions during IANOS

The actual track of the IANOS Medicane over the south-central Mediterranean Sea, derived
through the combination of MeteoSat Second-Generation satellite imagery and NCEP
Final Operational Global Model analyses (FNL with a grid spacing of 0.25°%0.25°), has
been reported (Fig. 5¢) by Lagouvardos et al. (2021). The northeastward pathway during
the 15/9-17/9 period, the eastward turn toward the central Ionian Sea after 17/9, and the
southeastward shift of the storm after its landfall on western Greece toward the northern
African coasts have been efficiently reproduced by both WRF-ARW operational forecasts
(Fig. 5a) and ECMWF analyses (Fig. 5b). The track derived from the ECMWF fields
(Fig. 5b) agrees with the estimation showed by Lagouvardos et al. (2021; Fig. 5¢) who
combined a different global analysis product (NCEP/FNL) and satellite data. Small differ-
ences are identified in the forecast mode (Fig. 5a), especially in the initial formation phases
of the storm. The SLP reduction (< 1000 hPa) was slightly underestimated by WRF-ARW
(Fig. 5a), predicting a weaker storm (higher SLPs) than ECMWF analyses (Fig. 5b) on
16/9. However, the overall track and intensity of the cyclone, especially after the storm’s
eastward shift toward Greece on 17/9, were well reproduced by the daily forecasts con-
firming the ability of the WRF-ARW to predict the evolution of Medicanes in operational
forecast mode. The cyclonic winds of IANOS followed the pathway of the storm (Fig. 5f, i,
1), showing stronger values (> 20 m/sec) over the Ionian Sea after 17/9 (Fig. 5i). The Medi-
cane affected the wind distribution of the broader central Mediterranean Sea with north-
westerly winds prevailing over the Adriatic Sea, westerly winds over the Libyan Sea and
Gulf of Sidra, and southwesterlies between Peloponnesus and Crete. The cyclonic winds
have also affected the weather state of the eastern Aegean Sea on 18/9 (Fig. 51), inducing
though lower storm surges than the main affected region of the Ionian Sea (Fig. 5k; see
Sects. 4.2 and 5.1). IANOS “eye” made landfall on the central Ionian region on 18/9 00:00
(Fig. 5b and 5c¢) inducing strong onshore winds toward the southern Ionian coasts (Fig. 51).

In the early hours of 18/9, the meteorological stations of the Hellenic National Mete-
orological Service at the airports of Cephalonia and Zakynthos islands recorded maximum
wind gusts of 30.9 m/s (111.1 km/hr; SYNOP reports). The maximum recorded 1-min
wind speed and wind gust reached 44.1 m/s and 54.2 m/s, respectively, at Palliki, Cepha-
lonia (about 20 km north of the airport) on 18/09 (Lagouvardos et al. 2021). The SLP at
the airport of Cephalonia dropped to 994 hPa (METAR reports) at 05:50 UTC on 18/09.
It is noted that at this station the METAR reports were reported only from 05:50 to 18:50
UTC, at hourly intervals. Lagouvardos et al. (2021) showed that an even lower SLP of
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Fig.5 Evolution of 1010 hPa (black line) and 1000 hPa (red line) isobaric contours (by sea-level pressure,
SLP) derived from the a WRF-ARW forecasts, and b the ECMWEF analyses (12-h step). ¢ Storm track,
derived by Lagouvardos et al. (2021) from the Final Operational Global Analysis of the National Center
for Environmental Prediction (NCEP FNL) database and MeteoSat Second-Generation satellite imagery.
Snapshots of sea-level anomaly (SLA; m) derived from the HiReSS simulations in (d, g, j) forecast and (e,
h, k) hindcast modes, and the respective (f, i, 1) wind fields (m/sec) from ECMWEF dataset on 16/9 12:00,
17/9 12:00, and 18/9 12:00. The SLA =10 cm is marked with black contours in the SLA maps. The vector
maps of the barotropic currents (m/sec; hindcast mode) for the same dates are superimposed over the SLA
hindcast snapshots. The tracks (6-h step) of WRF-ARW and ECMWF are overlaid in panels (a, d, g, j) and
(b, e, f, h, i, k, 1), respectively (blue lines)

984.3 hPa was measured at Palliki, Cephalonia, at about 02:00 UTC on 18/09. These meas-
urements reveal the intensity of [ANOS, while its minimum SLP is among the lowest val-
ues recorded in Medicanes (Miglietta et al. 2013; Pytharoulis 2018; Cioni et al. 2018).

4.2 Ocean response during IANOS

A storm-induced barotropic cyclonic eddy (anticlockwise currents) was formed below
the “eye” of IANOS, moving northeastward along the storm’s track (Fig. Se and h). The
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eddy finally made landfall on the western coasts of Greece on 18/09 (Fig. 5k). The SLA
is around 0.1 m, below the storm on 16/9, and increased to 0.25 m, 1 day later at the area
between Italy and Greece (Fig. Sh). Weaker (lower sea level) and topographically narrower
storm surges were estimated in the forecast mode of the model (Fig. 5d, g, j) in comparison
with the sea-level increases, derived by the hindcast simulations (Fig. Se, h, k). This result
agrees with the coastal comparisons presented in Sect. 3. The cyclonic ocean currents
inside the storm-induced eddy strengthened (>0.1 m/sec), when IANOS moved between
Sicily and Greece on 17/9 (Fig. Sh), forming onshore currents and enhancing the accumu-
lation of water masses over the southwestern Greek coasts (see Sect. 5.1). The cyclonic
currents due to the IANOS intrusion in the Ionian Sea also affected the barotropic circula-
tion in the Adriatic Sea; the currents were reversed from southeastward (Fig. 5e) to north-
westward (Fig. 5h) and increased the SLA in the northern part of the Ionian basin on 18/9
(Fig. 5k). The transition of the storm away from the African coasts after 16/9 reduced the
sea elevation in the Gulf of Sidra (Fig. Sh). The landfall of IANOS on the central Ionian
Islands and coasts with its core’s SLP <1000 hPa (Fig. 5b) increased the SLA over the
broader Ionian region.

The evolution of the marine cyclone, defined by the 10-cm SLA contour, is shown in
Fig. 6a. Several coastal regions of Libya revealed high sea levels on 15/9, and the well-
formed SLA increase inside the cyclone followed a northeastward pathway on 16/9
(Fig. 6a). The currents inside the cyclone were stronger on 16/9 (0.02-0.04 m/sec), espe-
cially over the northern part of the eddy (Fig. 6b). The evolution of the storm between
Sicily and Greece on 17/9 formed a large cyclonic eddy with strong barotropic currents
at the periphery of the vortex (>0.04 m/sec; Fig. 6b). A first SLA peak (0.3 m), derived
from all SLA values inside the eddy, occurred in the night of 16/9 (Fig. 6¢). The sea level
varied among high values between 17/9 and half 18/9, when the storm reached the Greek
coasts. The spatially averaged current velocities inside the eddy revealed the highest values
on 17/9 (black line in Fig. 6d) when the maximum barotropic flow speeds also occurred
(red line in Fig. 6d). The prevailing westward current component on 16/9 and 17/9 (nega-
tive values of the blue line in Fig. 6d) gradually reduced by 18/9, when the eastward com-
ponent toward the Ionian coasts increased. The northward component (positive values of
the green line in Fig. 6d) prevailed when the cyclonic eddy propagated in the Ionian Sea,
but it was reduced when the storm made landfall on the coast on 18/9. The coverage area
of the storm-induced eddy showed its highest extensions (Fig. 6e) simultaneously with
the SLA peaks (Fig. 6¢); the largest area of the eddy was computed in the afternoon of
17/9 (> 100,000 km?; Fig. 6e), covering the entire region between southern Italy and west-
ern Greece (Fig. 6a). After the storm landfall on 18/9, the extension of the eddy reduced
below 40,000 km?, when the SLA values above 10 cm spread along the western coastline
of Greece (Figs. 5k and 6a).

Significantly high SST levels have been recorded over the Gulf of Sidra on 15/9
(Fig. 7;>29 °C), day and area of IANOS formation (Fig. 5¢). Noyelle et al. (2019) sug-
gested that the high SST levels enhance the tropical transition and thermodynamic inten-
sification of Medicanes, similar to tropical storms. Very high SST prevailed before the
TANOS propagation toward the Ionian Sea in agreement with Lagouvardos et al. (2021)
who showed that the SST anomaly in the Ionian Sea on 15/9 was 2 °C higher than the daily
SST climatology, forming a warm pool and creating favorable conditions for the generation
of Medicanes. Prior to the formation of the Medicane, low temperature values were only
detected in the Adriatic Sea (Fig. 7), and especially along its eastern coasts, under coastal
upwelling processes due to the domination of northerly winds (Orlic et al. 1992) over the
area (Fig. 5f). TANOS moved northward toward Sicily on 16/9 and the upwelling processes
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Characteristics of the marine cyclone (>10 cm)
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Fig.6 Snapshots of a the 10-cm sea-level anomaly (SLA) contour (6-h step; starting at 00:00) and b distri-
bution of barotropic current speed (m/sec) inside the respective contours (24-h step; starting at 12:00) from
15/9 to 18/9. Time series of ¢ mean and maximum (Max) SLA, d mean, max, mean zonal (U), mean merid-
ional (V) current speed, and e area of the marine cyclonic eddy (km?), derived from the HiReSS simulation
inside the 10-cm contour from 15/9 to 18/9. The color of the vertical grid lines, which indicate the begin-
ning of each of the 4 days between 15/9 and 18/9, corresponds to the color of the respective closed contour
lines shown in panel (a). The storm track derived from the ECMWEF dataset is included in panel (a)

below the storm’s core formed a cold wake along the track, associated with the cyclonic
ocean eddy, revealing significant SST drops around 35°N-17°W (<26 °C; Fig. 7). The
anticlockwise barotropic currents of the eddy, responsible for the upwelling of the colder
waters cover the area between the core of the storm and low SST signal on 16/9 and 17/9;
colder waters spread over the area offshore of Sicily, following the southward bound along
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Fig.7 Horizontal distribution of sea surface temperature (SST; °C) derived from the Copernicus satellite
SST data overlaid by the barotropic currents derived from the HiReSS simulations from 15/9 until 20/9 of
2020 over the central Mediterranean Sea. The storm track derived from the ECMWEF dataset and the loca-
tion of the storm’s eye (blue dot) at 18:00 of each day are also shown

the western side of the eddy during both days. The cold wake’s signal is more evident at
the southwest of Sicily on 17/9 and 18/9, and it is aligned along the IANOS track to the
east between 19/9 and 20/9 (Fig. 7).

The distribution of the cyclonic-anticyclonic circulation conditions due to the IANOS
impact is estimated based on the computation of the relative vorticity (RV) of the baro-
tropic circulation, normalized by the Coriolis frequency (RV/f; Fig. 8a). The positive
RV/f values along the Libyan coasts on 15/9 (8c) are associated with the cyclonic activ-
ity due to the IANOS formation. Almost the entire Gulf of Sidra is characterized by
RV/f values higher than 2.5 (not shown), while the region north of the storm (~35°N)
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Fig. 8 a Relative vorticity normalized by the Coriolis frequency (RV/f), overlaid with barotropic currents,
and b wind stress curl (Wcurl; N/m3), overlaid with wind stresses, on 16/9 12:00, as derived from the
HiReSS and ECMWEF, respectively. ¢ Overall daily (12:00) evolution of RV/f=3 Wcurl characteristic con-
tours from 15/9 to 20/9 (the contour lines surround values >3 for RV/f and > 5x 107 N/m?> for Wcurl). The
storm track derived from the ECMWF dataset and the locations of the storm’s eye (dots) with 3-hourly step
are also shown. The ocean anticyclonic (A) and cyclonic (C) circulation features are marked in (a)

was out of the cyclonic circulation pattern revealing high negative vorticity values;
anticyclonic currents associated with the negative RV/f values were computed at the
area northeast of the cyclonic eddy on 16/9 (Fig. 8a). The anticyclonic circulation was
apparent and extended over the entire central Mediterranean before the formation of the
Medicane (not shown) but the evolution of the marine cyclone at its southern bound-
ary suppressed and shifted the anticyclone northward. The two count-rotating eddies
(cyclone in the south and anticyclone in the north) induced strong westward currents
over the tangential area (Fig. 5¢) during the northward movement of the dipole as also
confirmed by the current speed maps in Fig. 6b (e.g., on 16/9). This vorticity dipole
moved northward along the storm’s track on 16/9 and 17/9 (Fig. 8c), when, similar to
the cyclone extension (Fig. 6a), positive RV/f values covered the entire region between
Sicily and Greece. The core of the storm is located in the center of the dipole (between
the two eddies; Fig. 8a); the water pool with cyclonic characteristics reveals an approxi-
mately 6-h lag after the storm’s eye position showing that the stronger cyclonic currents
are formed at the wake of storm. The highest values of the wind stress curl (Fig. 8b),
associated with IANOS, precede the cyclonic eddy (Fig. 8a) in the open sea (e.g., 16/9
and 17/9; Fig. 8c). On 17/9, an elongated zone of cyclonic currents (high RV/f val-
ues; Fig. 8c) is observed south of the storm’s eye, covering a large area between Sicily
and Peloponnesus and inducing onshore currents toward the southern Ionian coasts (see
Sect. 5.1). A positive vorticity belt was also computed along the southwestern coastline
of Greece (Peloponnesus) on 18/9 characterized by onshore currents; this cyclonic belt
shifted offshore after the removal of the storm away from the coast on 19/9. On 20/9,
positive values related to the storm-induced cyclonic activity were detected only near
Crete. It is noted that the strong and distinct cyclonic—anticyclonic dipole that evolved
during the first days of the storm in the open sea, gradually attenuated when the storm
reached the land, forming an elongated cyclonic stretch along the western Greek coasts
(Fig. 8c).

@ Springer



Natural Hazards

5 Impacts on the coastal zone

The flooding impacts of the IANOS Medicane were mainly detected at the coasts of the
central and southern Ionian Sea. We further studied the variability between the coastal
storm surges and the effect of the different meteorological components related to the
storm (SLP, wind speed, and direction), focusing on the most-impacted regions (Ionian
and Aegean Seas; Sect. 5.1). The characteristics of the surge-induced coastal inundation
were investigated based on satellite imagery, land elevation data, and numerical simula-
tions (Sect. 5.2).

5.1 Storm surges along the coastline

The highest coastal sea elevations of September 2021 were detected along the Ionian Sea,
especially around Cephalonia Island (0.25-0.30 m; Fig. 9a). These SLA peaks occurred
due to the IANOS impact on the central and southern regions (Fig. 9b), while the northern
Ionian’s (e.g., Corfu) maximum SLA peaks (Fig. 9a) did not occur during the Medicane
period (Fig. 9b and c). The 5-day (15/9-19/9) mean values were higher than 5 cm for the
entire central region and positive for the rest of the Ionian (both north and south) with
slightly higher values in Peloponnesus (Fig. 9d). The highest values of the entire Aegean
coastline were not associated with the IANOS effects (Fig. 9c); the 5-day mean values
were very close to the mean sea level during the entire Medicane period (Fig. 9d), while
the maximum SLA values were lower than 10 cm (Fig. 9b).

The respective correlations between the coastal surge and the atmospheric components
(pressure and wind) show both spatial (along the Ionian and Aegean coastline) and tempo-
ral (during and before/after [ANOS) variability (Fig. 10). The Pearson coefficient between
atmospheric pressure and sea level is negative and quite strong over the N. Aegean coasts
(Rgr p< —0.60; Fig. 10a) associated with the inverse barometer effect. On the contrary, the
correlation is weaker between the wind and the sea level over the Aegean Sea (Fig. 10c)
in agreement with previous findings by Androulidakis et al. (2015) and Krestenitis et al.
(2011); they showed that the Aegean Sea’s storm surges are mainly determined by the SLP
effect instead of wind, in contrast to the Adriatic Sea and northern Levantine Sea, where
accompanying winds are the dominant factor of the sea-level variability. The wind—SLA
correlation coefficients are relatively low and even negative in the Aegean Sea during Sep-
tember 2020 (<0.4; Fig. 10c) in comparison with the Ionian Sea, where strong winds,
especially during IANOS (> 0.6; Fig. 10d), enhanced the sea-level rise along the coasts.
However, during the timespan of IANOS, the inverse barometer effect was also very strong
over the Tonian Sea and the southwestern Aegean coasts (Rg; p <-0.80; Fig. 10b), especially
during the storm landfall on 18/9 (Fig. 5k). A notable difference is also computed for the
northwestern Crete, where the SLP affected the sea level, resulting in high negative Rp
(<—0.80) during the IANOS passage (Fig. 10b). It is shown that although the storm surges
over the Ionian Sea are mainly affected by the winds during typical storms, in the case of
a Medicane coming from the central Mediterranean, the inverse barometer effect also con-
tributed to the storm surge formation.

We further investigated the spatial variability of the wind direction impact on the
affected coastline (Fig. 11). The highest correlation coefficients of both eastward and
northward components (positive coefficients) during IANOS are computed for the cen-
tral Ionian Sea, respectively (see Sect. 5.2). These winds were related to the eastward
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propagation of IANOS and the accompanying onshore cyclonic winds (Fig. 4b), enhanc-
ing the accumulation of water masses near the coasts (Fig. 5k). The northern areas of
Cephalonia and Lefkada islands were mainly affected by northerly winds (negative coef-
ficients: < —0.4; Fig. 11b) as the storm propagated to the south after its landfall. Similarly,
the eastward (Fig. 11a) and northward (Fig. 11b) winds were associated with the storm
surges that occurred in the southern coasts of Peloponnesus (Rp>0.6; Fig. 10d), related to
the cyclonic currents that formed on 17/9 and 18/9 over the area. In the broader southwest-
ern Aegean, southerly (positive coefficients in Fig. 11b) but easterly in this case (negative
coefficients in Fig. 11a) winds influenced the storm surge variability; the correlation coef-
ficient of the zonal wind component is higher than — 0.8 over the eastern coasts of Cyclades
archipelago and — 0.6 along the western Aegean coasts (north of 38°N). The impact of the
storm over the western Aegean, especially due to the surrounding cyclonic winds (souther-
lies and easterlies over this area), was visible on the sea elevation without though inducing
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Fig. 10 Distribution of Pearson’s correlation coefficients between the sea-level anomaly (SLA; HiReSS
simulations) and the sea-level pressure (SLP; ECMWF forecasts) time series along the coastal cells of the
Ionian and Aegean Seas during a September 2020 and b IANOS passage (15/9/20-19/9/20) derived from
the HiReSS simulation. Respective correlation coefficients between SLA and wind speed timeseries during
¢ September 2020 and d TANOS passage (15/9/20-19/9/20)

strong storm surges (Fig. 9b). The IANOS intrusion directly from the West, its landfall
on the western Greek shores and then its southward propagation along the coast, altered
the impact of the winds on sea-level elevation and thus the impact of storm surges on the
coastal zone.

5.2 Coastal inundation
We showed that the largest storm surge levels have been detected over the central Ionian

Sea, and especially at the southern islands and the neighboring coasts of the Greek main-
land. Herein, the coastal inundation over these lowland coastal regions due to the IANOS
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storm surges is estimated based on two techniques: satellite imagery (Sect. 5.2.1) and
numerical simulations (Sect. 5.2.2).

5.2.1 Estimation of coastal inundation based on the NDWI

One of the main factors that determine the vulnerability of coastal regions, due to flooding
under storm surge events, is the land elevation. DEM data (2 m resolution; see Sect. 2.2.2)
are used to identify the areas of high flood risk. Eight coastal regions with extensive area
of land elevation lower than 1 m have been identified based on the DEM data (Fig. 12a).
These lowland areas were then classified with more detail (0.0-0.3 m, 0.3-0.6, 0.6—1.0 m;
Figs. 13, 14 and Table 2). The highest storm surges, based on the SLA levels, ranged
around 30 cm (see Sect. 5.1) in the broader coastal area of the central Ionian Sea inducing
extended inundation phenomena, especially on 18/9 (see mass media photographic reports
in Fig. 12b). The “flooded” and “wet” areas (for definitions see Appendix B) are computed
based on the NDWI computation derived from two available Sentinel-2 images, before
(15/9; Fig. 12¢) and after (20/9; Fig. 12d) the storm surge. NDWI values larger than O rep-
resent cells covered by water (10 m resolution), while the negative values represent drier
conditions of the land surface. A clear difference of the NDWI distribution is observed
between the two dates; several areas with higher values (positive and closer to 1) were
derived from the 20/9 satellite image (Fig. 12d). An example (Area 6: Livadi; Fig. 12a) is
presented in Fig. 12e and f. It is noted that the satellite images during the storm passage
over this area are not available and thus we cannot compute the precise inundation area
exactly when the storm surge occurred (e.g., on 18/9). However, the computation of the
NDWTI from the first available image, 2 days after the storm surge (20/9), provides useful
information about the coastal areas with increased moisture potentially related to the storm
surge (“wet” areas) and more importantly about the remaining water (‘“flooded” areas).
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Fig. 12 a Land elevation derived from the high-resolution DEM (2-m spatial step) in the central Ionian
Sea (inset map) laid over the respective Google Earth map. 8 characteristic coastal regions with extensive
areas of lowland elevations (<5 m) are marked. b Mass media news’ images showing four examples of
storm surge flood impact during the IANOS Medicane at regions 3 (Lefkada island; https://aromalefkadas.
gr/wp-content/uploads/2020/9/8743.jpg), 7 (Cephalonia island; https://www.protothema.gr/greece/article/
1049137/kefalonia-plimmurise-i-paraliaki-tou-argostoliou/), and 8 (Cephalonia island; https://www.enikos.
gr/society/ianos-kefalonia-eikones-katastrofis-ston-karavomylo-kai-tin-agia/1467506/) on 18/9. Distribution
of the NDWI, derived from the available Sentinel-2 satellite images (c, e) before (15/9/20) and (d, f) after
(20/9/20) the passage of IANOS over the south-central Ionian Sea (central panels) and a focused example
over Area 6 (right panels). The full coverage of the satellite images is shown in panels (c) and (d)

The land elevation classification for each coastal region together with the respective
“wet” and “flooded” areas due to the IANOS storm surges is presented in Figs. 13 and 14.
The largest extent of the coastal zone with land elevation lower than 0.30 m is identified
at Areas 1 (Fig. 13a) and 6 (Fig. 14c), where the potential area that is under the risk of
inundation, if a 30-cm sea-level rise occurred, is around 1.1 km? and 0.6 km?, respectively
(Table 2). Most of the regions of the 0—30-cm class reveal positive mean NDWI differences
(NDWI after the storm at 20/9 minus NDWI before the storm at 15/9) associated with the
possible inundation processes that occurred during IANOS storm passage (Table 2). The
largest mean NDWI difference among all areas was computed for Area 6 (0.10) at cells
with land elevation between 0 and 0.3 m (Table 2). The high value of mean NDWI dif-
ference in Area 6 is associated with the large number of “wet” cells presented in Fig. 14d
(light blue cells). The increased levels of NDWTI after the storm are a strong indication that
the TANOS-induced surge might have increased the moisture levels of the land. Moreover,
a small portion of this area remained flooded on 20/9 (dark blue cells in Fig. 14d). The

@ Springer


https://aromalefkadas.gr/wp-content/uploads/2020/9/8743.jpg
https://aromalefkadas.gr/wp-content/uploads/2020/9/8743.jpg
https://www.protothema.gr/greece/article/1049137/kefalonia-plimmurise-i-paraliaki-tou-argostoliou/
https://www.protothema.gr/greece/article/1049137/kefalonia-plimmurise-i-paraliaki-tou-argostoliou/
https://www.enikos.gr/society/ianos-kefalonia-eikones-katastrofis-ston-karavomylo-kai-tin-agia/1467506/
https://www.enikos.gr/society/ianos-kefalonia-eikones-katastrofis-ston-karavomylo-kai-tin-agia/1467506/

Natural Hazards

Fig. 13 Maps of classified land elevation (DEM; left panels), flooded and wet areas as derived from the p
NDWI difference between 15/9 and 20/9 (right panels) for (a, b) Area 1, (c, d) Area 2, (e, f) Area 3, and (g,
h) Area 4 shown in Fig. 12, respectively

area, still covered with water on 20/9, was around 2.7% of the lowland (0-0.3 m) coastal
zone of the entire Area 6 (Table 2). A notable uncertainty of the method is related to other
sources of increased moisture than flooding due to storm surges. The high moisture lev-
els of the surface are associated not only with seawater intrusion from the nearby coast
but also with intense precipitation rates and surface runoffs during the storm, especially
regarding bilge-type study regions in the vicinity of intense sloping formations or drainage
terrains (e.g., mountain and hill sides, thalwegs, etc.). In order to reduce this uncertainly,
we focus on areas with land elevation below 0.30 m (storm surge level during IANOS) that
are located close to the coastline. We also evaluate the littoral inundation patterns in Area
6 by simulating the flood intrusion of seawater over the same classified coastal zone (see
Sect. 5.2.2).

The largest lowland stretch with remaining flooded cells on 20/9 was computed for Area
1 (0.06 km?: 6.1% of the entire lowland (< 0.3 m) Area 1; Table 2; Fig. 13b). Flooded cells
were detected over the northeastern and northwestern parts of Area 1, the Lefkada Lagoon,
which is a region with extended erosion problems due to storm-induced waves and surges
(Ghionis et al. 2015). The mean NDWTI difference is 0.05 showing that although the remain-
ing flooded expanse is larger than in Area 6, the storm surge effect during IANOS was
smaller in Area 1. Area 2 also revealed high mean NDWI difference (0.07; Table 2) related
to the large number of “wet” cells, especially at the central and west part of the coastal
zone (Fig. 13d). Even though the flooded area is the highest among all regions (9.1%), the
lowland elevation territory that can be potentially flooded is significantly smaller than in
Areas 1 and 6 (Table 2; Fig. 14c), located at the central region, around 300 m away from
the coast. The rest of the regions revealed smaller mean NDWTI difference levels (Table 2)
mainly due to the smaller extension of lowland areas (< 0.3 m), located mainly over narrow
zones along the coasts. Very low NDWI differences (small number of “wet” cells) were
computed for Areas 3, 4, and 5, where the lowland domain is also limited. Negative NDWI
values and flood differences were even computed for Areas 7 and 8. Although strong inun-
dation was observed at parts of the coastal zones (Fig. 12b), the urban infrastructure of
these lowland regions (city of Argostoli in Area 7 and Agia Efimia-Karavomylos in Area 8)
facilitated the quick retreat of flood waters and the drainage of remaining surface runoffs,
reducing the performance of the NDWI to detect wet and flooded cells on 20/9. A second
uncertainty of the approach is the lower accuracy in urban environments with organized
stormwater drainage systems that facilitate the quicker removal of flood waters (McFeeters
2013). The uncertainty is higher when satellite images are not available exactly during the
storm surge event (e.g., 18/9 in the case of IANOS over the central Ionian coasts) due to
satellite absence over the study region or cloud contamination, which is common during
atmospheric low-pressure systems.

5.2.2 Estimation of coastal inundation based on CoastFLOOD simulations

To tackle the aforementioned uncertainties, the CoastFLOOD model was implemented in
both Bathtub (with and without hydraulic connectivity) and fully hydraulic flood routing
approaches (see Sects. 2.1.3 and 2.1.4 and Appendix A). The numerical modeling of the
coastal flooding due to the storm surge provides information of the inundation induced only
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Fig. 14 Same as Fig. 13 for a, b Area 5, ¢, d Area 6, e, f Area 7, and g, h Area 8 shown in Fig. 12, respec-
tively
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by the storm surge (first uncertainty of the NDWI approach) and specifically during the
TANOS storm passage and surge formation (second uncertainty of the NDWI approach).
We focus on Area 6 (pilot case), which revealed the most extended coastal flooding among
the study regions, based on the satellite-derived NDWI. Only steady-state inundation situ-
ations are considered herein, i.e., referring to an eventually constant sea-level boundary
condition of storm surge maxima (SLA_,.), derived from the hindcast simulation, for
the timespan of storm-induced high seas on the coastline during the JANOS Medicane
(Fig. 9b).

The accompanying barotropic currents over Area 6 increased during the storm surge
(Fig. 15b), characterized by northward velocity components (Fig. 15d) due to the prevailing
southeasterly winds caused by the storm. The wind speed started to increase in the morn-
ing of 17/9, a few hours before the passage of the low-pressure core over the study area
(Fig. 15a); the lowest value of SLP occurred in the morning of 18/9 (SLP=996.5 hPa). The
increase in the wind speed gradually strengthened the storm-induced currents (Fig. 15b).
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Fig. 15 Evolution of a sea-level pressure (SLP; hPa) and wind speed (m/sec), b sea-level anomaly (SLA;
m) and current speed (m/sec) during 15/9-19/9 period, derived from the ECMWF-forced HiReSS hind-
cast simulation, averaged over Area 6 (Fig. 14d). Three characteristic dates of maximum SLA during the
IANOS passage are also marked (with blue X) on the x-axis. Maps of ¢ SLP-winds and d SLA—currents
over Cephalonia island on 17/9/20 19:00 (dashed line in panels a and b). e Cross-correlation between the
wind and current speed showing the lag between the two parameters in hours (the blue lines mark the high-
est correlation coefficient)
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The cross-correlation between the winds and currents, averaged over Area 6, was posi-
tive and relatively high at zero lag (Rp=0.41; direct ocean response; Fig. 15¢). However,
the correlation coefficients increased with negative time lags showing a peak (Rp=0.70)
when the lag between the two parameters is approximately 15 h. This result confirms
the lag of around 1/2 day between winds (Fig. 15a) and currents (Fig. 15b). The strong-
est storm surge occurred in the evening of 17/9 (0.262 m), few hours before the lowest
SLP drop, due to accumulation of waters under the dominating southeasterly strong winds
and the respective northward currents toward the inner gulf of Area 6, confirming the
high correlation coefficients between southeasterly winds and SLA for the central Ionian
islands (Fig. 11b). The storm surge boundary conditions, used in the CoastFLOOD simu-
lations, were derived at three characteristic dates (Fig. 15b): (1) in the beginning of the
storm surge (SLA .1 =0.124 m on 17/9 08:00), (2) when the highest SLA peak occurred
(SLA,2x»=0.262 m on 17/9 19:00), (3) when the SLA ranged over 0.2 m by the end of
the storm surge (SLA,,,3=0.237 m on 18/9 06:00). Three additional threshold scenarios
referring to the upper limits of theoretical SLA maxima, equal to SLA , =0.3, 0.6, and
1.0 m, were also considered. These are identified as extreme situations of sea-level rise in
flood-prone areas presented mainly for comparison reasons.

The static Bathtub approach shows the potentially inundated lowland areas respective
to SLA maxima (SLA,,;, SLA_ ., and SLA . 5) during the three storm surge levels
(Fig. 15b). These areas represent the hypothetical scenario that all lowland areas with ele-
vation below a specific threshold (SLA_,, in this case) are flooded during the storm. The
created maps (Fig. 16a) agree with the wet areas derived from the satellite NDWI analy-
sis (Fig. 14d). Note that the total area with elevations below 0.3 m (Table 2) is equal to
the potential inundated area presented in Table 3 (631,556 m?). The flooded area extracted
from the static Bathtub approach and SLA _,, =0.262 m (554,774 m?) is slightly smaller
than the scenario with SLH_, =0.3 m (Table 3). In order to avoid overestimations of
seawater flooded areas, as they may act as bilging reservoirs of surface water runoff, we
included the hydraulic connectivity between raster grid cells with the use of the Bathtub
HC approach (Fig. 16b) for the three identified storm surge phases (Fig. 15b). It is obvi-
ous that a detached, extensive, rural, inland area behind the coastal road that does not have
any hydraulic connection with the coast is now excluded from the newly derived poten-
tial flood map for the three SLH,,, thresholds (Fig. 16b). The estimated flooded area is
about half of the theoretically computed region based on the static Bathtub approach for
all cases (~47%; Table 3). Therefore, it is inferred that the excessive inland (agricultural)
area, shown in Fig. 16a (eradicated in Fig. 16b), may serve as drainage reservoir and can
be flooded with water originated from sources different than the coastal storm surge (e.g.,
rainwater from local intense precipitation and stormwater surface runoff from the surround-
ing higher grounds). The only case that exceeds the 50% of the threshold area is related to
the scenario with storm surge up to SLA ;. =1 m (Table 3); in this hypothetical event, 70%
of the coastal area with elevation below 1 m might be inundated with seawater due to an
extreme sea-level rise event (1 m). Inland-extended inundated areas were also detected in
the southwestern part of the coastal region, where storm surge impact was visible onshore
around 200 m from the coastline.

A more conservative yet realistic approach, using the full hydraulic version of the Coast-
FLOOD inundation model (see Sect. 2.1.3 and Appendix B), is presented in Fig. 16¢ for
the three simulated storm surge boundary conditions of IANOS and in Fig. 16d for three
extreme theoretical scenarios of 0.3, 0.6, and 1 m. The northern part of the gulf showed
similar results to the Bathtub HC approach, where the surge-induced flood extended over
a long but narrow zone along the coast. The parts of the southwestern coastal zone that
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Fig. 16 Maps of flooded areas derived from three modeling approaches: a simple Bathtub, b Bathtub with
hydraulic connectivity (HC), and ¢ CoastFLOOD with realistically simulated storm surges during three
characteristic dates (SLA,,;=0.124 m, SLA ,,=0.262 m, SLA_,.3=0.237 m) of IANOS passage over
Area 6 (Fig. 14d). d Potential flooded area derived from CoastFLOOD simulations based on three extreme
scenarios of storm surge (0.3, 0.6, 1.0 m). An example comparing the estimations between CoastFLOOD
(model; SLH,,,, =0.262 with red) and NDWI (satellite; wet areas with light blue) over the southwestern
coastal region is presented in the inset of panel c. Note that patches formulated by cells corresponding to
higher SLA_,, values (e.g., of yellow, green, and red colors) are overlaid with the respective cell patches
corresponding to lower SLA . values (e.g., of light blue or purple color)

were computed as flooded with Bathtub HC are fewer in this case; the storm-induced run-
up of seawater was also significant in these specific parts of the coastal zone (~200 m;
Fig. 16¢), in agreement with the “wet” areas derived from the satellite imagery (inset in
Fig. 16¢). The flood area gradually expands under the three more extreme scenarios with
SLH,,,,>0.3. The largest inundated area was computed in the case with SLA of 1 m,
where surge-originated waters might cover a large part of the coastal zone (66% of the area
derived by the static Bathtub approach; Table 3) with strong inland overflow (Fig. 16d).
Especially in the northern part of the gulf, the waters might inundate hinterland areas,
located at more than 400 m from the coastline.
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Table 3 Features of estimated total flooded areas (FA; m?), by numerical simulations with CoastFLOOD
model in: (a) static Bathtub approach, (b) Bathtub approach with hydraulic connectivity (HC), and (c)
CoastFLOOD hydraulic inundation approach, in Area 6

Cases Total flooded area, FA (m?)
SLA . (m) (a) Static Bathtub FA (m?) b) Bathtub HC  (c¢) CoastFLOOD
FA (m?) hydraulic inundation
FA (m%)
SLA maxima by realistic storm surges
0.124 342,172 163,784 123,060
0.237 516,676 247,532 204,372
0.262 554,712 261,580 218,400
SLA maxima by threshold scenarios
0.3 631,556 315,680 253,924
0.6 975,740 493,604 442,708
1.0 1,355,396 973,556 902,544

Cases refer to SLA,, =0.124 m, 0.237 m, 0.262 m (realistic storm surges), 0.3 m, 0.6 m, and 1 m (thresh-
old scenarios of maximum sea-level rise in the study area)

6 Summary and discussion

The TANOS low-pressure system was one the most severe storms that formed in the Medi-
terranean Sea with Category 2 Hurricane characteristics (Lagouvardos et al. 2021). [ANOS
induced significant storm surges along its pathway and increased the sea level over the
central Ionian Sea, specifically in the Ionian Islands and in the neighboring western Greek
coasts. The operational forecast system Wavedus (http://wave4us.web.auth.gr; Krestenitis
et al. 2017) based on the HiReSS storm surge model predicted the sea-level increases dur-
ing the formation and evolution of IANOS in real-time. In order to study the storm surge
variability along the affected coastal areas, we additionally conducted a hindcast numerical
simulation during August—September 2020, based on the same setup as the forecast mode
of the HiReSS model but forced with the higher-resolution ECMWF atmospheric fields.
The comparison of the model results against available tide-gauge observations, confirmed
the ability of the model to efficiently reproduce the prevailing barotropic circulation dur-
ing the IANOS Medicane. Our results showed that the performance of the hydrodynamic
numerical forecasts is strongly related to the efficiency and spatial resolution of the real-
time meteorological predictions, especially during severe meteorological events that are
difficult to predict with high accuracy in real-time (intensity and track calculation). We
analyzed the characteristics of the storm surges and estimated the coastal inundation levels
using fields derived from the hindcast numerical simulation.

The northward propagation of IANOS from the vicinity of the northern African coast
(Gulf of Sidra) toward the Ionian Sea formed a moving cyclonic eddy with relatively strong
anticlockwise currents following the track of the storm, increasing the sea-level anomaly
(SLA), mostly below the core of the system in the open sea. The eastward turn of IANOS
and the approach of Ionian Islands and coasts induced significant storm surges and onshore
currents that caused inundation at several coastal areas. The cyclonic currents due to the
TANOS passage over the Ionian Sea controlled the barotropic circulation in the entire
Adriatic Sea (northwestward currents) increasing the SLA on 17/9. Toomey et al. (2022)
showed that Medicane-induced winds from the southeast may generate extreme total water
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levels in the northern Adriatic in a similar way to the prevailing Sirocco-induced circu-
lation, which is usually responsible for storm surges in the region. The coverage area of
the storm-induced eddy showed the highest extents simultaneously with the SLA peaks in
the afternoon of 17/9, covering the entire region between south Italy and western Greece.
A clear cyclonic (south of the storm)-anticyclonic (north of the storm) eddy dipole was
formed during the evolution of the Medicane from its formation in the Gulf of Sidra to
the landfall on western Greek continental land. The vorticity distribution showed that the
prevailing cyclonic currents, especially during 17-18/9, affected the coastal circulation
before (17/9) and during (18/9) the landfall of the storm and started raising the sea level
at several coastal areas prior to the arrival of the storm’s core. The prolonged stall of the
Medicane over the central Ionian on 18/9 induced cyclonic onshore winds and respective
currents along the southern Ionian, increasing the storm surge levels along the coasts. The
highest storm surge reached the level of 30 cm at several coastal areas of the Ionian Sea,
mainly around Cephalonia Island a few hours before the IANOS landfall. The topographic
peculiarities of the coastal zone in combination with the onshore wind/currents had also
increased the coastal SLA in specific areas a few hours before the landfall of the Medi-
cane’s eye (e.g., on the evening of 17/9). Previous studies showed that during typical Medi-
terranean storms, the surges over the Adriatic and Ionian Sea are mainly determined by the
strong accompanying winds, while the inverse barometer effect is the main contributor on
the storm surge formation in the Aegean Sea (Krestenitis et al. 2011; Androulidakis et al.
2015; Makris et al. 2016). In the case of IANOS, where a Medicane intruded over the Ion-
ian Sea directly from the West and remained over the central coasts for several hours, both
wind and barometric pressure effects contributed to the sea-level increases.

Several coastal areas of the central Ionian Sea with land elevation lower than 30 cm
have been flooded due to the IANOS storm surge. Ocean color images before and after the
event were used to compute the Normalized Difference Water Index (NDWI) and provided
an estimation for the extent of inundation during the storm and the remaining flooded areas
after it. However, the absence of available images during the storm and the unknown con-
tribution of other sources to the estimated flood creates uncertainty about the exact area of
inundation coverage due to the storm surge. We isolated the storm surge contribution on
the flooding levels of the coastal areas with the use of an inundation model that includes
the realistic storm surge levels, derived from the ocean simulations, as boundary condi-
tions along the coast. The model simulated the flooding processes that are related to the
storm surge, excluding thus other potential sources. Our results showed that although the
simulated flooded area is significantly smaller than the satellite-derived estimation, a large
part of the study area’s coastal zone was covered with seawaters during the peak of the
storm surge, revealing in some cases wave run-up that extended 200 m inland. It is noted
that even though the model-derived flooded areas are smaller than the initial estimation,
they are located inside the regions characterized as “wet,” based on the NDWI technique.
The combination of the two techniques, especially if satellite images are available during a
storm, together with high-resolution land elevation data and realistic storm surge informa-
tion along the coast, can provide an efficient description of the coastal inundation associ-
ated with a severe storm surge event, especially in remotely accessed places or in places
without any monitoring (Ogashawara et al. 2013).

The wave-induced coastal flooding is not considered in this paper. The wave run-up on the
coast can cause overtopping or breaching of physical defenses (dunes) or engineered struc-
tures (dikes, revetments, breakwaters, etc.). This, potentially catastrophic, influence is usually
confined in a rather limited area a few (tens of) meters inland from the shoreline, depending
on the magnitude of the incident wave period, thus being out of scope for the present paper.
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Furthermore, since there was no special reporting on hazardous swells and severe wave attack
during the IANOS event, only a noticeable sea-level increase, we herein focused only on the
storm surge impact at the coast that can drive extended floods, covering large lowland areas
and reaching a few hundreds of meters inland form the coastline. Nevertheless, the compound
flooding processes (i.e., combined inundation due to seawater uprush and rainwater runoff by
concurrent heavy precipitation and high storm surges; Wahl et al. 2015; Bevacqua et al. 2019;
Hendry et al. 2019; Gori et al. 2020) are also not considered in this paper, as there is no avail-
able operational modeling platform for (watershed and stream) catchments flooding by surface
runoffs in the study area. These are set as future goals of research.

7 Concluding remarks

An integrated approach based on hydrodynamic ocean simulations coupled to meteorological
and coastal flooding simulations in tandem with field and satellite observations was used to
analyze the marine weather conditions, the storm surge characteristics, and the coastal inunda-
tion processes due to the impact of IANOS Medicane in September 2020. The improvement
in atmospheric forcing increases the efficiency of the ocean predictions and thus the qual-
ity of the storm surge estimations. The coupled numerical methodology provides short-term
and real-time predictions of the flooding status on a coastal scale, useful to the associated
local authorities and first responders during an extreme meteorological event. The added
value of the study is the presentation and evaluation of a comprehensive methodology that can
be applied in several extreme events near coastal areas and is thus valuable for broader use,
especially in the context of increasing extreme events under climate change, with pronounced
coastal impacts.

Both wind and atmospheric pressure levels affected the storm surge variability over the
Ionian Sea, which is usually controlled by the wind conditions in the case of a typical Med-
iterranean storm (without tropical characteristics). The direct intrusion of a Medicane from
the central Mediterranean toward the Ionian Sea, followed by a cold wake similar to tropical
storms, may form storm surges over the coastal areas even before the storm’s landfall, due to
the accompanying cyclonic winds and onshore currents. Medicanes affect the coastal areas
and form intense storm surges with two ways: either by the accumulation of waters due to
onshore wind/currents before the landfall of the storm’s eye, or by the direct impact of the
inverse barometer effect over the coast. Storm surges in the order of 30 cm caused extensive
flooding over lowland coastal areas during IANOS Medicane, as confirmed by both satellite
and numerical data. The hydraulic connectivity between the lowland areas determined the spa-
tial extents of inundation during the storm surge. Coastal flood modeling can mitigate some
of the satellite data-based NDWI limitations, but can also be guided by NDWI findings (e.g.,
as to the most extended region of coastal flooding). The flooding simulations, based on dif-
ferent storm surge scenarios, including future climatic projections, can improve the design of
appropriate protection infrastructure over coastal lowland regions, mitigating their vulnerabil-
ity against storm surge risks.
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Appendix A

CoastFLOOD is a 2-D horizontal, mass balance, coastal inundation model, which is
based on the concepts of the established LISFLOOD-FP model for coastal (and river)
plain flooding (Bates et al. 2005, 2010; Hunter et al. 2005). The robustness of LIS-
FLOOD-FP model’s approach has been thoroughly validated and broadly applied in
floodplain areas (Horritt and Bates 2002; Neal et al. 2011; Seenath et al. 2016). We
hereby combine this approach with a wet/dry cell assignment technique for flood fronts
over steep slopes (Brufau et al 2004; Castro et al. 2005). Therefore, the model considers
the wetting and drying of separate cells in the integration process, yet all computations
are set to finish when the highest flooded area is achieved, viz. it is not allowed to simu-
late the retreat of seawater toward the sea after the storm surge starts to attenuate on the
coastal boundary. The flood routing module makes use of very fine spatial resolution
(dx=2 m; see Sect. 2.2) computational domains based on raster grids (Horritt and Bates
2001).

CoastFLOOD has a rather simplistic finite difference hydraulic flow module of very
high resolution, based on a raster grid, particularly fitted to reproduce the 2-D water expan-
sion due to surge-induced seawater setup causing coastal inundation (Bates and De Roo
2000; Horritt and Bates 2001; Makris et al. 2020; Skoulikaris et al. 2021). A meridional-
to-zonal direction decomposition of the inundation flow components allows the 1-D flow
equations for seawater overland propagation to be solved separately for each front of a
typical 2-D raster grid cell (Bates et al. 2005; Bradbrook et al. 2004; Hunter et al. 2005).
This provides an easy 2-D solution representation in each horizontal direction (zonal and
meridional, i.e., x- and y-direction, respectively) and final integration of the flow (Bates
et al. 2010). The continuity equation corresponds to the mass conservation principle for
the calculation of local water depth (free-surface height) in each gridded cell (Bates et al.
2005). The flood flow route is then estimated by a simplistic quad-tree search algorithm for
downstream cells and saved in an updated matrix every time step by a dry/wet cell storage
code, based on the difference of hydraulic head between neighboring cells (Hunter et al.
2006). The flow rate in each cell and direction are derived from a Manning’s law approach
using the water surface elevation above land level incorporating bottom friction. The conti-
nuity and momentum equations for the calculation of change in the volume of flow, follow-
ing Neal et al. (2011), are described in detail by Skoulikaris et al. (2021).

CoastFLOOD model also incorporates a “static-level” inundation module operating in
“Bathtub” mode, i.e., tracing and marking the flood-prone lowland cells with ground eleva-
tion z below a predefined threshold (e.g., the storm surge water level) on the computational
raster grid (Didier et al. 2019; Schmid et al. 2014; Yin et al. 2017). The Bathtub technique
is too simplistic in terms of hydraulic processes and may lead to non-physical overestima-
tions of coastal flood extents (Didier et al. 2015; Ramirez et al. 2016; Vousdoukas et al.
2016). Thus, an enhanced bathtub approach with hydraulic connectivity (“Bathtub HC”
mode), i.e., allowed water flow in adjacent cardinal and diagonal directions (“‘eight-side
rule”), is also available to constrict implausible overestimation of possibly inundated areas
by coastal seawater masses (Karamouz and Fereshtehpour 2019; West et al. 2018; Wil-
liams and Liick-Vogel 2020). This method neglects bottom friction due to floodplain ter-
rain roughness and permeability, time integration for the entire duration of the storm surge
event, and water flow height and velocity that affect the overland flood extension from the
coastline. However, it performs better than a mere bathtub approach and therefore provides
more conservative inundation results with less unrealistically detached flooded areas.
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The potentially flooded coastal land area is precalculated, as the hydraulic-connectivity
bathtub module runs in CoastFLOOD’s initial phase of simulation before it commences
the full-scale numerical solution by the spatial- and time-stepping algorithm (Bates and
De Roo 2000; Bates et al. 2005, 2010; Skoulikaris et al. 2021). This eventually helps with
deriving the coverage percentage of inundated areas (by number of wet cells) that are
numerically estimated by the flood flow model compared to the potentially flooded areas of
the raster grid (Makris et al. 2020; Skoulikaris et al. 2021). Typically, inconsistencies in the
digital elevation model (DEM) may induce inaccuracies in the derivation of flooded areas.
In the present case study, the implemented grid is of very high resolution (dx=2 m), taking
into account the most significant topographic details in the coastal zone, such as engineered
urban infrastructure, buildings, ports, roads, and natural formations in the floodplain, farm-
lands, beach slopes, dunes, emerged barriers, hillocks, rural geodetic peculiarities (Mur-
dukhayeva et al. 2013; Kahl et al. 2022).

Appendix B

The Normalized Difference Water Index (NDWI) is computed based on Sentinel-2 Band3
and Band8 bands of the ocean color images:
Band3 — Band8

NDWI'= g nd3 + Bands M
where Band3 and Band8 are the visible green light and the near-infrared radiation of the
spectrum, respectively. The estimation of the coastal flooded area is based on the derived
NDWTIs of two images, the one before (15 September) and the second after (20 September)
the TANOS passage; the difference of the two NDWIs provides information about the inun-
dated area. Specifically, after calculating NDWI for each of the two images, the magnitude
of the difference in NDWI for each 10-m pixel (NDWI value after the storm minus the
NDWI value before the storm) was calculated. A positive difference is interpreted as an
increase in soil moisture due to the storm indicating a prior presence of water on that pixel.
In order to conservatively identify the areas that received large amounts of water due to the
storm, it is considered that pixels with difference values greater than 0.1 correspond to wet
soil (“wet” areas that were potentially flooded during the storm). The next step was to filter
the NDWI values calculated for 15 and 20 September with a threshold of zero (all cells
with positive NDWI values are identified as cells full of water) and by this to identify the
actual water areas before and after the storm. The difference between the two corresponds
to the areas that were still flooded on 20 September due to the storm (“flooded” areas). It
is worth pointing out that the areas identified as flooded due to the storm had increased
NDWI difference values greater than 0.5 in several cases, which confirms the result. It is
noted that although the method is not able to distinguish the source of the flood (e.g., storm
surge, drainage runoff, precipitation), it provides useful information about the inundation
levels of lowland areas close to the coastline.
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