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Medicanes (Mediterranean hurricanes or cyclones with tropical-like charac-
teristics) have a significant impact on coastal areas and small islands in the
Mediterranean region. However, the underlying mechanisms, particularly the
role of the air-sea interaction for medicanes, are not fully understood. To
investigate these mechanisms, we use the ERAS5 reanalysis product as well as
four high-resolution simulations conducted with the Regional Earth System
Model (RegESM) to study 16 medicane events for the period of 1979-2012 over
the Med-CORDEX (Mediterranean-Coordinated Regional Climate Downscal-
ing Experiment) domain. The RegESM model is run in standalone atmosphere,
standalone wave, atmosphere-ocean, and atmosphere-ocean-wave settings.
Overall, all model settings are able to simulate 15 out of 16 medicane cases
compared to the reference ERAS5. For most cases, the standalone atmosphere is
sufficient to simulate most of the medicane characteristics. However, the analy-
sis shows that the atmosphere-ocean-wave setting improves the storm intensity,
while the standalone atmosphere setting tends to show too high wind speeds for
the medicanes. For some medicanes, the atmosphere—ocean setting increases
the sea surface temperatures, fostering evaporation. This enhanced evapora-
tion contributes to the formation of convective systems by increasing the latent
heat flux. Additional wave coupling improves the spatial extent and the tim-
ing of the observed medicanes. Due to improved simulation of roughness length
over water and its interaction with the atmospheric boundary layer, winds are

improved in some cases, leading to a better eyewall at the center of the medicane.

KEYWORDS

air-sea interaction, tropical-like cyclones, extra-tropical weather systems, medicane,
mediterranean cyclones, regional climate modeling

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.
© 2025 The Author(s). Quarterly Journal of the Royal Meteorological Society published by John Wiley & Sons Ltd on behalf of Royal Meteorological Society.

QJ R Meteorol Soc. 2025;e5040.
https://doi.org/10.1002/qj.5040

wileyonlinelibrary.com/journal/qj 10f27


https://orcid.org/0000-0002-1751-3385
https://orcid.org/0000-0002-6382-7975
https://orcid.org/0000-0001-5499-7326
https://orcid.org/0000-0003-0176-0602
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/QJ
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fqj.5040&domain=pdf&date_stamp=2025-06-26

2 0f 27 Quarterly Journal of the S RMets

BATIBENIZ ET AL.

Royal Meteorological Society

1 | INTRODUCTION

Among the numerous cyclones developing over the
Mediterranean Sea, there are exceptional storms known
as medicanes, which bear a visual resemblance to tropi-
cal hurricanes (also called Tropical-like Cyclones — TLCs).
These cyclones are influenced by the semi-enclosed
nature of the Mediterranean Sea and its complex sur-
rounding topography, which creates favorable conditions
for their formation. The Mediterranean Sea also plays
a significant role in the complex interactions between
Earth system components and the processes that shape
the characteristic weather and climate of the Mediter-
ranean basin (Batibeniz et al, 2020). While previous
studies suggested that convection plays a crucial role in
the occurrence of these low-pressure systems (Cavicchia
et al.,, 2014a), recent research reveals that convection
is not necessarily the primary driver of their develop-
ment (Dafis et al., 2020; Flaounas et al., 2021; Miglietta
& Rotunno, 2019). Instead, baroclinic forcing appears to
be important (Dafis et al.,, 2020; Flaounas et al., 2021;
Miglietta & Rotunno, 2019). However, the processes lead-
ing to the formation of medicanes and the interactions
between the atmosphere and the ocean during their occur-
rence are still not fully understood. Therefore, the purpose
of this study is to investigate the mechanisms at the air-sea
interface when medicanes exist. We use long-term sen-
sitivity simulations with a high-resolution wave-coupled
regional Earth system model, to enhance our understand-
ing of these TLCs and their evolution.

The development and intensity of Mediterranean
storms and medicanes are strongly influenced by
regional forcing mechanisms, including orographic
effects, land-sea interactions, coastal complexity and
sea surface conditions. Mediterranean cyclogenesis pre-
dominantly occurs near and south of mountain ranges,
where synoptic-scale disturbances interact with topog-
raphy to create lee cyclogenesis and specific cyclone
patterns (Flaounas et al, 2022). The Mediterranean’s
moisture availability, both local and remote, combined
with air-sea interactions and sea surface temperatures
(SSTs), significantly influences convective intensity and
cyclone formation (Bouin & Lebeaupin Brossier, 2020;
Flaounas et al., 2019, 2022; Messmer et al., 2017; Miglietta
et al., 2011; Pytharoulis, 2018). Strong regional winds
(Bora, Mistral-Tramontana, Etesian winds, Sirocco,
Libeccio) generate significant wave activity (Lionello
et al., 2006), which can lead to storm surges, and changes
in sea surface roughness (Lionello et al, 2003). These
waves, influenced by atmospheric pressure disturbances,
regulate energy exchanges at the air-sea interface (Chen
& Curcic, 2016; Hwang, 2016; Janssen, 2008). There-
fore, many studies emphasize the importance of air-sea

interactions in Mediterranean storm behavior, highlight-
ing the need for accurate modeling of regional forcing
mechanisms (Lionello et al., 2006, 2008; Ricchi et al., 2017,
2019; Rizza et al., 2018).

In recent modeling efforts over the Mediterranean
basin, air-sea interactions and corresponding wave activ-
ity are understood to be drivers. However, few studies have
investigated coupled wave interactions with the ocean
and atmosphere, and those that exist have focused only
on specific cases (Karagiorgos, 2024; Rizza et al., 2021;
Varlas et al., 2020). Standalone wave models have been
widely used to define extremes over coastal regions, assess
flood risks, and better manage and plan coastal activities
(Davison et al., 2024; Liberti et al., 2013; Sartini et al., 2015;
Thompson et al., 2009). However, these standalone mod-
els often underestimate significant wave heights (Hj)
(Cavaleri et al, 2020), which could be important for
medicanes.

The Mediterranean region has complex topography,
characterized by sharp elevation differences along the
coastlines and a complex distribution of land and sea. As a
result, accurately representing the fine-scale processes that
arise from strong surface heterogeneity requires the use
of high-resolution modeling in addition to coupled mod-
eling systems (Warner et al., 2008). A recent study has
shown that reducing grid spacing from 10 km (parameter-
ized convection) to 2 km (convection-permitting) improves
both cyclone track and intensity predictions (Pantillon
et al., 2024). The influence of topography, such as the for-
mation of topographic potential vorticity (PV) banners,
plays a crucial role in understanding atmospheric dynam-
ics in this region (Flaounas et al, 2022). Additionally,
better spatial and temporal distribution of wave activity
requires high-resolution wind forcing. Coupled models
that account for the interactions between the atmosphere,
land, ocean, and waves produce more realistic representa-
tions of extreme weather events compared to standalone
models (Chen et al., 2013; Katsafados et al., 2016; Zhao
& Chen, 2005). Therefore, using a coupled modeling sys-
tem can provide more accurate and realistic simulations of
extreme events in coastal climates.

The detection and monitoring of medicanes, as well
as the study of their evolution, is challenging due to
the lack of an objective definition. Previous studies have
investigated these storms using various methods. These
include the use of cyclone detection algorithms to iden-
tify storms from satellite images (Nastos et al., 2018; Tous
& Romero, 2013), numerical analyses (Arreola et al., 2003;
Carrio et al., 2017; Cavicchia et al., 2014a,b; Cavicchia &
Von Storch, 2012; Davolio et al., 2009; Fita et al., 2009;
Fita & Flaounas, 2018; Homar & Stensrud, 2004; Miglietta
et al., 2011, 2015; Moscatello et al, 2008; Mylonas
et al., 2019; Picornell et al, 2014; Pytharoulis, 2018;
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Reed et al, 2001), meteorological environment studies
(Emanuel, 2005; Tous & Romero, 2011), comparisons
of standalone and coupled simulation results (Akhtar
et al., 2014; Flaounas et al., 2018; Ricchi et al., 2017, 2019;
Rizza et al., 2018; Varlas et al., 2020), and the combination
of satellite images with modeling approaches (Miglietta
et al., 2013). Most of these studies have considered histori-
cally recognized events as medicanes based solely on their
spiral cloud coverage. A detailed analysis of different med-
icanes using advanced modeling techniques is still lacking.

In this study, we investigate 16 different medi-
cane events using the first long-term atmosphere-land-
ocean-wave coupled simulation for the Med-CORDEX
domain. Our aim is to compare medicanes in standalone
and coupled model simulations to contribute to a bet-
ter understanding of the coupling processes of the ocean
and waves during medicane development and mature
states. To achieve this objective, we conduct four coupled/
standalone simulations over the Med-CORDEX region.
This approach allows for a quantification of air-sea
interactions.

In the following, we present the model and sensitivity
simulations (Section 2). We then evaluate the model sim-
ulations using climatological mean fields and summarize
the results of the sensitivity simulations, focusing on their
ability to simulate medicanes (Section 3). Finally, we con-
textualize the results with existing literature (Section 4)
and present our final conclusions (Section 5).

2 | MODEL,SIMULATIONS, DATA
AND METHODS

2.1 | Model

We utilize the Regional Earth System Model (RegESM;
Turuncoglu, 2019), an Earth system model that can
couple four different model components (atmosphere,
ocean, wave, and river routing). This allows us to inves-
tigate the role of air-sea interaction in simulating key
processes for medicane formation. This modeling sys-
tem is built on the Earth System Modeling Framework
(ESMF) library (Theurich et al., 2016) and the National
United Operational Prediction Capability (NUOPC) layer,
which facilitates connections and information exchange
between the model components. The modeling system
offers two options for the atmospheric model (Regional
Climate Model- RegCM; Giorgi et al., 2012 and Weather
Research and Forecasting Model-WRF; Powers et al., 2017;
Skamarock et al., 2008), two options for the ocean model
(Regional Ocean Modeling System-ROMS; Shchepetkin
& McWilliams, 2005; Haidvogel et al, 2008 and Mas-
sachusetts Institute of Technology General Circulation

Royal Meteorological Society

Model-MITgcm; Marshall et al., 1997a, b), a wave model
(WAM; Monbaliu et al, 2000), and a river routing
model (HD; Hagemann & Diimenil, 1997; Hagemann &
Gates, 2001). For this study, we used RegCM (4.6.0) as the
atmosphere component, ROMS (revision 809) as the ocean
component, and WAM Cycle-4 (4.5.3-MPI) as the wave
component.

To integrate the atmospheric component into the
driver (RegESM-ESMF) and enable data exchange, we
modified the Zeng Ocean parameterization provided
by RegCM4. The modification allowed the atmospheric
model to retrieve information (i.e., SST from the ocean
model and roughness length from the wave model to cal-
culate air-sea transfer coefficients and fluxes) from the
ocean and wave model components, where atmosphere
and ocean/wave model horizontal grids overlapped. To
maintain the overall modeling system’s stability, it is pos-
sible to adjust thresholds for maximum roughness length
and friction velocity in RegCM4’s configuration file. In
this configuration, the atmospheric model sends net sur-
face heat fluxes, net shortwave radiation, surface wind
stress components, surface air pressure and net freshwa-
ter flux (evaporation-precipitation) to the ocean model
and wind field to the wave model. The model coupling
time step for data exchange among the model compo-
nents was set to one hour. For a detailed description of
the RegESM, we refer to Turuncoglu and Sannino (2017)
and Turuncoglu (2019). Figure la provides a schematic
representation of RegESM.

2.2 | Simulation setups

The study focuses on the Med-CORDEX domain
(Figure 1b) prescribed under the CORDEX framework
(Giorgi et al, 2009). Med-CORDEX initiative (Ruti
et al., 2016; Somot et al., 2018; www.medcordex.eu) has
recently focused on developing fully integrated Regional
Climate System Models (RCSMs) for the Mediterranean
basin. To contribute to this initiative, we configured the
RegESM model for this domain, using both standalone
mode (atmosphere-only/wave-only) and coupled mode
(atmosphere-ocean—/wave).

We produced standalone and coupled simulations for
the period of 1979-2012. The standalone RegCM4 (A12)
was forced with ERA-Interim (ERAIN) data using a 12 km
horizontal grid spacing and 23 vertical levels. In the cou-
pled simulations, ROMS had a horizontal resolution of
approximately 9km (1/12°; 570 X 264 grid points) and a
vertical resolution of 32 sigma levels (6;=5.0, 6, =0.4).
The standalone WAM model (W14) was forced by the
standalone RegCM4 wind field (A12) with a horizontal
resolution of 12km over the Mediterranean Sea for the

85UB017 SUOWILIOD BA 81D 8|qedlidde aup Aq paueAob 81 Sa ke VO (88N JO S3|NJ 10y Afeiq 1 BUIIUO AB|IM UO (SUORIPUOD-PUe-SWISH WD A3 1M A1 1 U UO//SANY) SUORIPUOD pUe SWLB L 38U 89S *[G202/TT/yT] U0 ARiqiauliuo A8|Im ‘ueg TeiseAlun Aq 0v0g  b/200T 0T/I0p/wiod A3 1m AeiqIeul U0 ST/ SRy WOl papeojumoq ‘0 ‘X0L8LLYT


http://www.medcordex.eu

4 0f 27 Quarterly Journal of the EJRMets

BATIBENIZ ET AL.

Royal Meteorological Society

Three-component coupling: Atmosphere-Ocean-Wave

ATMOSPHERE COMPONENT (ATM): RegCM

[

DRIVER: ESMF and NUOPC

[

OCEAN COMPONENT (OCN): ROMS

FIGURE 1 (a)Design of the
RegESM coupled modeling system.
(b) Domain for the RegESM
simulations with the topography of
the atmospheric model (RegCM4)
and bathymetry of the ocean
component (ROMS). [Colour figure
can be viewed at
wileyonlinelibrary.com]

A
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WAVE COMPONENT (WAM): WAM

» ATM to OCN: wind stress, surface pressure, shorthwave radiation, water flux into ocean, net surface heat flux

=== OCN to ATM: sea surface temperature
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same period. For the W14 simulation, we used a config-
uration with an approximately 14-km (0.125°) horizontal
resolution, 25 frequencies, and 24 directions. A12 used
SST provided by the ERSST dataset. In the fully coupled
mode of RegESM (AOW), identical standalone configu-
rations of A12 and W14 were used and ROMS was ini-
tialized with a combination of World Ocean Atlas 2009
(WOAO09; Antonov et al., 2010; Locarnini et al., 2010)
and MEDATLAS-II (Fichaut et al., 2003) climatological
datasets for January. Additionally, to analyze the effect of
wave coupling, we configured RegESM with only atmo-
sphere and ocean components (AO) approximately one
month prior to each medicane formation using restart files
produced by the AOW setting.

We used a calibrated version of RegCM4 with iden-
tical model parameters and configuration as previously

30°E 45°E
[ ) ) A Y O B ) Y

10 25 50 75 125 200 350 500 750 100012501500 1750200022502500

meter above sea level

validated for 50km horizontal resolution over the
Med-CORDEX region (Turuncoglu & Sannino, 2017).
The red line in Figure 1b shows the atmospheric
model domain. The Al2 configuration includes the
Holtslag planetary boundary layer scheme (Holtslag
et al, 1990) and Biosphere-Atmosphere Transfer
Scheme (BATS: Dickinson et al., 1989) for parameter-
izing atmosphere-land interaction and boundary layer
processes. Additionally, we used the Zeng Ocean param-
eterization (Zeng et al., 1998) for estimating fluxes over
the sea surface and the radiative transfer scheme (Kiehl
et al., 1996) for the radiative processes. We employed the
cumulus convection scheme of Emanuel (MIT-EMAN;
Emanuel, 1991; Emanuel & Zivkovi¢-Rothman, 1999),
Emanuel Sub-Model Parameters (Autoconv. threshold
water content ocean: 0.0011; Autoconv. threshold water
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TABLE 1 List of simulations.

RunID Resolution ICBC Active models Details

w14 0.125° ~14km A12 wind field WAM Cycle-4 (4.5.3-MPI) Standalone

Al2 12km ERA-Interim, ERSST RegCM 4.6.0 Standalone

AO ATM 12km, OCN ERA-Interim, ERSST RegCM 4.6.0, ROMS revision Exchange heat, freshwater fluxes,

1/12° ~9km 809/ROMS 3.6 short wave radiation, surface

AOW ATM 12km, OCN
1/12° ~9 km, WAM
0.125° ~ 14 km

ERA-Interim, ERSST

RegCM 4.6.0, ROMS revision
809, WAM Cycle-4 (4.5.3-MPI)

pressure, SST

Exchange heat, freshwater fluxes,
short wave radiation, surface
pressure, SST, wind components and
roughness length

Abbreviations: AO, ocean components; AOW, atmosphere-ocean-wave; ICBC represents initial conditions and boundary conditions.

content land: 0.005) and the sub-grid explicit moisture
scheme (SUBEX; Pal et al., 2000) to represent precipitation
(Autoconversion rate for land: 7.50e—04; Autoconver-
sion rate for ocean: 0.500e—03; Raindrop evaporation rate
coefficient: 1.00e—03).

As in the atmospheric model, we used the calibrated
configuration of ROMS in both AO and AOW simu-
lations (Turuncoglu & Sannino, 2017). Grid spacing is
non-uniform and reduces from north to south (Figure 1b;
the blue line shows the ocean model domain). Mass
exchange from the Strait of Gibraltar is represented by
two grid points. The topography of the Mediterranean
Sea was created by using the ETOPO1 dataset (Amante
& Eakins, 2009) and limiting the minimum depth (Hc)
to 10 m. Sharp elevation differences in bathymetry for
sigma coordinates can create pressure gradient error
and disrupt the hydrostatic balance. Therefore, following
(Turuncoglu & Sannino, 2017), we used the approach of
Sikiri¢ et al. (2009) to modify the depths of two contiguous
grid points not to exceed 0.25.

The configuration includes the K-profile parame-
terization (KPP) scheme of Large et al (1994) for
vertical mixing, rotated tensors of Laplacian and bihar-
monic formulation for horizontal mixing. We used
the third-order upstream horizontal advection scheme
for the momentum equations and tracers (Shchepetkin
& McWilliams, 2005) and vertical advection scheme
for the fourth-order central scheme along with the
parabolic splines reconstruction of vertical derivatives.
We defined the background mixing coefficient of tracers
and momentum as 1.0 x 107 m?-s~! and 1.0 X 107 m?.s7!,
respectively. For stability, we used constant diffusivity
(5.0 x 10" m*-s71) and viscosity (5.5 x 10° m*-s~1) with the
bi-harmonic lateral mixing coefficient. In the momentum
equation, we used a quadratic bottom friction of 0.02. We
set the time step for the ratio of internal to external mode
(barotropic) to 30s and the time step for the baroclinic
internal mode to 120s.

Precipitation, evaporation, river runoff, and net flow
from the Dardanelles Strait (the Black Sea outflow) and
Strait of Gibraltar govern the mass balance of the Mediter-
ranean Sea. In our configuration, the discharge of major
rivers (Rhone, Po, Ebro, Ceyhan, Adige, and the Tiber) was
computed offline using the Max Planck Institute’s river
routing model (HD). Additionally, river discharge data for
the Nile were sourced from the Global Runoff Data Centre
(GRDC, Koblenz, Germany) and covers monthly means
for the period 1973-1984 to calculate the mean climato-
logical monthly discharge, following the methodology of
Turuncoglu and Sannino (2017). This river discharge data
were then applied as mass and salinity fluxes in the ocean
component.

Currently, there is insufficient information regarding
the Black Sea water budget. Therefore, as per Turuncoglu
and Sannino (2017), we assumed the Black Sea as a lake
and utilized monthly net flow data from Stanev et al
(2000), with an annual mean estimated at 8521 m3-s~!. To
maintain volume conservation in the Mediterranean Sea,
the total mass flux from the rivers was adjusted by mod-
ifying the sea surface height in the Atlantic buffer zone,
as detailed by Turuncoglu and Sannino (2017). Further-
more, the net freshwater flux of the Mediterranean Sea,
calculated by evaporation-precipitation, was used as a
virtual salt flux to the Atlantic buffer zone, also following
Turuncoglu and Sannino (2017). Table 1 provides a list of
simulations performed in this study and their details. For
more information about the parameters and configuration
of RegCM4 and ROMS, please refer to Turuncoglu and
Sannino (2017).

2.3 | Data and validation

For model evaluation, we investigate the seasonality of key
variables such as SST, wind speed and direction, and sig-
nificant wave height. We compare these variables with the
reanalysis data to assess the model’s ability to reproduce
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climatology. We use one reanalysis and one observation
product: the fifth generation of ECMWF atmospheric
reanalysis of the global climate with a horizontal res-
olution of 31kmx31km (Hersbach et al., 2020), and
the Group for High Resolution Sea Surface Temperature
(GHRSST), which provides daily SST data at a resolu-
tion of 0.25°x0.25° for the period from 1982 ongoing
(Reynolds et al., 2007). We select ERAS5 as our primary
reference dataset for all variables and GHRSST specifi-
cally for SST validation. ERAS5 produces realistic condi-
tions through the assimilation of numerous observational
inputs into atmospheric models during its production. It
offers the advantage of containing all variables from a
single source, preventing inconsistencies and biases that
could stem from using multiple data sources. Nevertheless,
global reanalyses typically have coarser spatial resolutions
that limit their ability to capture the mesoscale dynam-
ics and extreme weather events associated with cyclonic
systems. For SST specifically, we also use GHRSST, which
combines data from multiple satellite sensors and instru-
ments that undergo continuous quality control and vali-
dation. This provides state-of-the-art global SST data with
higher spatial resolution, enabling more rigorous valida-
tion of our model’s SST fields. To allow grid-based com-
parisons, we linearly interpolate all reanalysis data to the
common RCM grid.

2.4 | Medicane analysis
Medicanes are assessed by comparing the standalone
atmosphere (Al2) and standalone wave (W14)
simulations to coupled atmosphere-ocean (AO) and
atmosphere—-ocean-wave (AOW) simulations to exam-
ine the added value of the coupled models in simulating
medicanes in the study area. In doing so, we use the
case study approach often used for extratropical cyclones
(Carrio et al., 2017; Messmer et al., 2017). Based on pre-
vious literature and available remote-sensing products
(http://meteorologia.uib.eu/medicanes/), we select 16
medicane cases (Table 2). These cases primarily occur in
the western and central Mediterranean during the winter
and autumn seasons, with a few exceptions.

To analyze the evolution of the medicanes, we apply
a simple tracking method to model results and reanalysis
datasets. This method estimates the medicane tracks by
identifying the sea level pressure minimum for each event
in the model outputs and reanalysis data. The identified
pressure minima of the analyzed medicanes are then used
to define a tetragonal effective area. To account for the
movement of medicanes, we add an additional 120 km
(10 grid points) to the defined tetragonal area in each
direction.

For fair comparison of spatial statistics between the
simulations and ERAS5, we first identify the centers of
cyclones using the minimum mean sea level pressure
at their mature state. We then select an equal-sized
area around these centers to calculate statistics (e.g.,
root-mean-squared error RMS, minimum/maximum val-
ues, average and average bias; Tables S1-S3). This
center-matching approach is necessary since our simula-
tions are not forecasts and do not aim to replicate exact
cyclone locations from the forcing data.

To characterize the tropical or extratropical phases
of a medicane, we use an adapted version of the
phase space diagram employed by Bouin and Lebeaupin
Brossier (2020), originally developed by Hart (2003) and
modified by Picornell et al. (2014) for smaller-scale
cyclones. This diagram succinctly describes the cyclone’s
symmetric characteristics and its core’s thermal proper-
ties. In this approach, we fit the radius for computing
the low-troposphere thickness asymmetry (B) and the
thermal winds (—V1., for low troposphere and —Vry for
upper troposphere) to the radius of maximum wind at
850 hPa, being approximately 100 km. We define the low
troposphere as 925-700 hPa and the upper troposphere
as 700-400 hPa as in the modified version. The 100-km
radius aligns with several medicane studies (Cavicchia
et al., 2014a; Chaboureau et al., 2012; Miglietta et al., 2011;
Picornell et al., 2014) and prevents smoothing out the
warm-core structure, though it may underestimate the
cyclone’s extent.

After calculating phase space parameters, we derive
two metrics showing the fraction of each medicane’s
lifetime exhibiting tropical cyclone features (Table 2).
The first number represents the portion of a medicane’s
life that was both symmetric (B<10) and had a warm
core (=V1r,>0). The second number indicates the frac-
tion with a deep warm core (—V1p >0, —V1y >0, and
—V1L > —V1y). These features are characterized by (1)
symmetry, a warm core, and (2) positive values of upper
and lower thermal wind, with the lower thermal wind
being of greater magnitude.

The cyclone’s evolution is visualized using two phase
space diagrams: (a) B versus Vr, and (b) Vy versus Vi,
as illustrated in Figures 7, 9, 11, and 13 below. In the
B versus V1, diagram (e.g., Figure 7a), horizontal move-
ment to the left indicates a strengthening cold core or
weakening warm core, while vertical movement upward
indicates increasing thermal asymmetry. The Vy versus
V1 diagram (Figure 7b) shows changes in core strength
and depth, with movement toward the lower left corner
representing an intensifying cold core or weakening warm
core. Green circles mark the beginning of the cyclone’s life
cycle, and red circles denote the end. Note that these points
may not necessarily coincide with the cyclone’s formation
and decay.
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TABLE 2 List of 16 extensively used medicanes.
Genesis
No Date A12 AO AOW ERAS5 References region
M1 19-22 December 0.07,0.07 0.13, 0.07 0.20, 0.07 0.13, 0.00 (Homar et al., 2002) w
1979
M2 23-27 January 1982 0.63,0.11 0.53,0.11 0.58, 0.00 0.84, 0.74 (Kuo et al., 2002; Pytharoulis et al., 2000) C
M3 27-30 September 0.67,0.13 0.60, 0.07 0.60, 0.07 0.53, 0.00 (Rasmussen & Zick, 1987)
1983
M4 29-30 December 1.00, 0.71 0.14, 0.00 0.57,0.14 0.71, 0.00 (Tous & Romero, 2013, 2011) C
1984
M5 6-9 December 1991 0.13, 0.00 0.13, 0.00 0.00, 0.00 0.67,0.13 (Tous & Romero, 2013) C-E
M6 27-29 September 0.27, 0.09 0.36, 0.18 0.36, 0.27 0.27, 0.09 Meteosat data (EUMETSAT)
1995
M7 11-13 September 0.18, 0.00 0.27,0.00 0.36, 0.09 0.55,0.18 (Cavicchia & Von Storch, 2012; Homar w
1996 et al., 2003; Tous & Romero, 2013, 2011)
M8 3-6 October 1996 0.27, 0.00 0.27, 0.00 0.27, 0.00 0.20, 0.00 (Pytharoulis et al., 2000; Reale & C
Atlas, 2001)
M9 6-11 October 1996 0.17,0.04 0.39,0.13 0.35, 0.00 0.09, 0.00 (Fita et al., 2007; Tous & Romero, 2013, W-C
2011)
M10  7-11 September 0.63, 0.05 0.53,0.05 0.53,0.05 0.16, 0.00 (Levizzani et al., 2012; Miglietta C
2000 etal., 2013)
Mi11 7-10 October 2000 - - 0.47,0.07 0.27,0.00  (Levizzani et al., 2012; Miglietta C
etal., 2013)
M12 10-12 November 0.55,0.18 0.55, 0.09 0.82, 0.45 0.55,0.27 (Homar & Stensrud, 2004; Romero, A\
2001 2008)
M13 25-28 May 2003 0.33, 0.00 0.33,0.00 0.20, 0.00 0.40, 0.27 (Claud et al., 2010; Tous & w
Romero, 2013, 2011)
Mi14 13-16 December 0.13,0.00 0.07,0.00 0.07,0.00 0.53,0.20 (Claud et al., 2010; Levizzani et al., 2012) C-E
2005
M15 31 January-2 0.36, 0.09 0.55, 0.00 0.55,0.27 0.45,0.18 Meteosat data (EUMETSAT) C
February 2006
M16  4-9 November 2011 0.22,0.00 0.13,0.00 0.17,0.00 0.35,0.13 (Kerkmann & Bachmeier, 2011; w

Ramis et al., 2013)

Note: The genesis regions of these medicines are categorized as West (W), Central (C), and East (E). This figure illustrates two key aspects of medicane lifetimes.
The first number in each pair represents the fraction of a medicane’s life that was both symmetric (B < 10) and had a warm core (—Vr, > 0). The second number
shows the fraction with a deep warm core (—V 1y >0 and —V 1y >0 and —Vyy, > —Vry). Thermal asymmetry (B) < 10 indicates symmetry (non-frontal), while
B> 10 indicates asymmetry (frontal). For thermal wind (—V1y upper-level, —V 1 lower-level), positive values (—V'1 > 0) indicate a warm core, and negative

values (—V1 < 0) indicate a cold core.

Abbreviations: AO, ocean components; AOW, atmosphere ocean wave.

3 |

31

RESULTS

Model evaluation of simulated
variables: SST, wind, significant wave

heights

Figure 2a,b present the seasonal comparison between sim-
ulated SST and reanalysis datasets (GHRSST, ERAS5). We
compare simulated seasonal averages of SSTs with the
observed climatology for the 1982-2012 period (Figure 2a).
The RMS between GHRSST data and the simulations

shows similar overall performance (A12: 0.8°C, AOW:
0.88°C) (Figure S1). However, the spatial distribution of
biases differs between the models. While the A12 sim-
ulation follows ERAIN SST forcing patterns, showing a
systematic cold bias across the Mediterranean, the AOW
simulation exhibits region-specific biases within +2°C
compared to GHRSST. The warm biases in AOW can be
attributed to two main factors: (1) an underestimation of
extreme wind speeds over the Gulf of Lion (Figure 3b),
particularly Mistral winds, which typically drive cooling in
the western Mediterranean through mixing and enhanced
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FIGURE 2 (a)Seasonal SST from the GHRSST reanalysis and SST biases from the standalone (A12) and the coupled simulation

atmosphere-ocean-wave (AOW) over the Mediterranean Sea for the 1982-2012 period. (b) Inter-annual variability of the domain-averaged

seasonal SST over the Mediterranean Sea. The numbers at the top of each panel in (b) represent the root-mean-squared error (RMS) between

the simulations and ERAS5 and GHRSST reanalysis respectively. [Colour figure can be viewed at wileyonlinelibrary.com]

latent heat loss, and (2) an underestimation of the Po
River runoff (~40%-50% lower), which leads to stronger
stratification and trapped surface heat due to reduced ver-
tical mixing. The spatial distribution of biases in the AOW
simulation (Figure 2a) shows an east-west contrast over
the Mediterranean Sea, with warmer SSTs in the west-
ern Mediterranean across all seasons and in the central
Mediterranean during winter and spring, while SSTs are
cooler in the eastern Mediterranean compared to GHRSST.
The AOW improves the representation of SSTs, especially
over the southern coastlines of the Anatolian Peninsula in

winter, spring, and fall, as well as the western coastlines of
Italy in summer and autumn compared to A12.

The analysis of inter-annual SST variability (Figure 2b)
shows that the domain-averaged seasonal SSTs vary in
the range of +1.5°C across all datasets and seasons. The
A12 simulation (ERAIN dataset) consistently underesti-
mates SSTs in almost all seasons compared to GHRSST
and the ERAS dataset, particularly toward the end of
the simulation period. The AOW simulation resembles
the SST variability of GHRSST and ERAS5 datasets and
shows lower RMS values than the A12 simulation in
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FIGURE 3 (a)Seasonal near surface (at 10 m) wind speed and direction climatology and (b) strong seasonal wind speed (above

36 km-hr™1) of ERAS5 and differences between atmosphere-ocean-wave (AOW) and A12, the standalone and the coupled simulation for the
1979-2012 period. The wind vectors in (a) are rotated to earth coordinates for the model simulations, and the unit vector is set to 10 km-hr~?.
[Colour figure can be viewed at wileyonlinelibrary.com]

all seasons, particularly in winter and spring (0.31°C  though it underestimates the warming after 2000 in sum-
against ERAS5 and 0.27-0.34°C against GHRSST). Awarm-  mer and autumn. Overall, AOW provides more realistic
ing trend observed in GHRSST and ERA5 from the  representation of the interannual variability of SST.

mid-1990s, which has also been reported in previous stud- In Figure 3a, we compare the simulated (A12 and
ies (Nykjaer, 2009; Pastor et al., 2020; Skliris et al., 2012),is ~ AOW) near-surface (at 10 m) wind speed and directions
partially captured by AOW, especially in winter and spring, =~ with the ERA5 reanalysis dataset for the period 1979-2012.
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FIGURE 4 Quantile-Quantile (Q-Q) plots comparing significant wave heights from ERAS5 reanalysis with model simulations

(standalone and coupled) for the Mediterranean Sea during autumn and winter months (1979-2012). Atmosphere-ocean-wave (AOW) and

Wave (W12) are compared against ERA5. Root-mean-squared error (RMS) values and correlations between model simulations and ERA5
(calculated before Q-Q plot sorting) appear at the top of each panel. Diagonal lines represent the 45° reference line indicating perfect

agreement. [Colour figure can be viewed at wileyonlinelibrary.com]

Both simulations show good agreement with ERAS5 reanal-
ysis dataset across all seasons. The AOW and Al12 sim-
ulations slightly overestimate wind speeds compared to
ERAS, except over the Gulf of Lion and southern Anatolian
Peninsula. The AOW simulation produces higher wind
speeds (closer to ERAS) than A12 over the Gulf of Lion
throughout all seasons, indicating AOW improves wind
representation in this region. However, along Tunisia’s
coastline in winter, the AOW simulation produces higher
wind speeds than A12, showing a stronger positive bias
compared to ERAS. In spring, summer and fall, the AOW
simulates lower wind speeds than A12 over the Aegean
Sea, resulting in a negative bias compared to ERAS.

For the evaluation of extreme winds, we analyze the
average extreme seasonal wind speeds above 36 km-hr~!
over the Mediterranean Sea in Figure 3b. In the coupled
model, the atmospheric model provides surface conditions
(such as wind speed, friction velocity, and wind direc-
tion) to the wave model and receives surface roughness
to calculate air-sea transfer coefficients and fluxes. When
the wave-induced surface roughness in AOW exceeds that
of the A12 model, this interaction leads to reduced wind
speeds and enables the coupled model to better represent

extreme wind fields. Compared to A12, the AOW simula-
tion better represents extreme wind speeds throughout the
Mediterranean Sea in all seasons, with the exception of the
Gulf of Lion region.

To evaluate the wave model’s sensitivity to different
wind forcings, we compare ERAS5 against two simula-
tions: W14 (forced by the A12 wind field), and AOW (with
coupled wind field). Figure 4 shows Q--Q plots of signifi-
cant wave height (H) comparing both simulations against
ERAS reanalysis data over the Mediterranean Sea during
winter and autumn months. Under calm weather condi-
tions in autumn and winter (H; less than 3m), the W14
and AOW simulations perform similarly. However, dis-
crepancies between the two simulations begin to emerge
for H above 4-5m, with the W14 simulation producing
higher H, values under extreme conditions. ERA5 and
AOW exhibit very similar distributions in both seasons.
According to Wiese et al. (2018), WAM model simula-
tions forced with ERA5 winds have improved accuracy
(smaller positive bias) compared to those using ERAIN
data, which can be attributed to ERA5’s higher spatial reso-
lution. Our results support these findings, as W14 overesti-
mates higher Hss. This confirms that the AOW simulation
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FIGURE 5 Seasurface temperatures (SST) anomalies of the selected four medicanes at their approximate mature stage location (shown

by black squares). The anomalies are calculated by substracting SST values from two days before the mature stage from those observed two
days later, highlighting short-term temperature changes as medicanes pass through. [Colour figure can be viewed at wileyonlinelibrary.com]

provides the best performance in representing Hs. The
reduction in the H, can be attributed to reduced extreme
wind speeds resulting from the WAM model’s roughness
length input to the coupled model. While there are no
significant differences in calculated RMS and correlation
values (calculated before Quantile-Quantile [Q-Q] plot
sorting) for Hs across models, the improvement becomes
evident when examining higher H; values.

3.2 | Air-seainteraction of medicanes
during their mature state

To evaluate the performance of the different simulations,
we analyze 16 events (Table 2). Most simulations accu-
rately represent 15 of the 16 medicanes with M11 being
absent in A12 and AO simulations. According to the met-
ric of the warm-core structure and thermal symmetry
(Section 2.4, Table 2), we find that 13 out of 16 medicanes
in ERAS exhibit these tropical features for at least 20% of
their life cycle. The model simulations show comparable
results for at least 20% of their life cycle: AOW repre-
sents 13 cases, while AO and A12 represent 10 cases each.
This shows that the AOW simulation better reproduces
the symmetrical and warm-core features of medicanes.
For the second metric (Section 2.4), all simulations align
with ERAS5, indicating that only few of the selected cases
show a deep warm-core structure throughout their life
cycle. Overall, the A12, AO, and AOW simulations perform

similarly for 11 events, with slight variations. Notably, the
wave component influences the outcomes in M3, M6, M12,
and M15 events. To understand where models differ from
each other, we focus on these four cases, presenting their
SST anomalies (Figures 5 and S3) and key parameters for
spatial and temporal analysis (Figures 6-14) and statis-
tics (Tables S1-S3). Detailed statistics are available in the
Supporting Information, though not all table information
is discussed here. The remaining cases are briefly dis-
cussed, and related figures are provided in the Supporting
Information (Figures S4-S7).

Starting with the M3 event (27-30 September 1983),
the AOW simulation accurately represents the strong con-
vergence of moisture flux associated with the cyclonic
winds (Figure 6). This convergence toward the cyclone’s
center, combined with higher latent heat flux values
(Table S2), contributes to the development of the convec-
tive system in the coupled simulations. Figure 7a shows a
strengthening of the warm core structure across all mod-
els and reanalysis. Compared to ERAS5, the initial cyclone
tracks in the Al12, AO, and AOW simulations exhibit
similar locations but shift southwestward. This shift is
more pronounced in the coupled simulations, causing the
cyclones to encounter a continental barrier and change
their direction towards the southeast. The southwestward
movement and warmer SSTs (Figure S2) result in higher
latent heat flux values in the AOW (up to ~442W-m~2)
compared to ERA5 (up to ~305W-m~2) and Al2 (up
to ~347 W-m~2). The AOW simulation shows a positive
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Day mean of vertically integrated moisture flux (kg-ms~!) and wind direction (first column), day mean of latent heat flux

and mean sea level pressure (W-m~2, hPa) (second column), day mean of precipitation (mm-day~') (third column), and wind speed at the
approximate mature stage of the 27-30 September 1983 medicane (fourth column). Circles in the fourth column shows the medicane’s
movement; A marks 18 hours before the mature stage, the filled circle indicates the mature stage, and B marks 18 hours after the mature

stage. [Colour figure can be viewed at wileyonlinelibrary.com]

average wind speed bias (+0.72 m-s™1), though the maxi-
mum wind speeds in the coupled models (AO: 14.88 m-s ™1,
AOW: 14.83m-s7!) are closer to ERA5 (14.92m-s™!) than
A12 (15.6 m-s71). This explains why the cyclone in AOW
is deeper (1010.29 hPa) and more closely matches ERAS5
(1009.83hPa) than in the AO (1011.74hPa) and A12
(1011.48 hPa) simulations. Still, the spatial RMS is the least
for the MSLP in A12 simulation, and lower in wind speed
in the coupled simulations (Table S1). Unlike the coupled
simulations and ERA5 (and GHRSST), A12 fails to repro-
duce the magnitude of the SST cooling two days after the
mature stage compared to two days before the mature stage
(Figures 5 and S3). The cyclone’s classification is com-
plex due to frontal structures in the precipitation. This is
also visible in the phase space diagram where the cyclone
transitions from a cold to a warm core, with a symmet-
ric, shallow warm-core structure developing between 925
and 700 hPa (Figure 7a). The cyclone does not develop
a deep warm-core structure typical of tropical cyclones,
which is reflected in the low temperatures between 700
and 400 hPa (Figure 7b). While all models reproduce these

aspects, they differ in the location and magnitude of peak
precipitation (ERAS5: 53.05, A12: 73.63, AO: 37.54, AOW:
50.64 [in mm-day~!']) and average daily precipitation val-
ues above 1 mm-day~! (ERAS5: 10.81, A12: 10, AO: 8.48,
AOW: 11.71 [in mm-day~!]).

Another fall-season medicane (M6: 27-29 September
1995), located in the Ionian Sea, shows that the storm’s
location is better replicated with the AOW simulation com-
pared to the A12 and AO simulations (Figure 8). The
cyclone and associated moisture flux shift eastward in the
AO simulation and even further over land in the Al2
simulation. Additionally, the AOW simulation more accu-
rately represents the pressure gradient and latent heat
flux (up to ~337 W-m~2; ERA5 shows up to ~365W-m~2)
as a source of energy, especially over the Gulf of Gabes,
compared to the A12 (up to ~253 W-m~2) and AO (up to
~288 W-m~2) simulations. Both AO and AOW simulations
produce higher SST values (~26°C) than A12 simulation
(~25°C). These higher SST values increase evaporation
and fuel the storm with an increased latent heat flux,
whereas A12 underestimates latent heat fluxes (Table S2).
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FIGURE 7 Phase diagram of the 27-30 September 1983 medicane for ERAS5, A12, ocean components (AO), and
atmosphere-ocean-wave (AOW) simulations. The phase evolution of (a) B vs. =V 11, and (b) —Vy versus —Vy, is shown at six-hour intervals.
A indicates the beginning and B indicates the end of the medicane’s life cycle. [Colour figure can be viewed at wileyonlinelibrary.com]

Although both AO and AOW simulate the SST coolingtwo  S3), which explains the higher LH values in AOW. The
days after the mature phase, the magnitude is stronger  location and direction of this storm help explain the perfor-
in AOW resembling ERAS5 and GHRSST (Figures 5 and  mance differences between models. In the A12 simulation,
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FIGURE 8

wind speeds are higher over the Aegean Sea instead of
the Adriatic Sea, the pressure gradient is ~3 hPa higher
than in ERAS5, and the medicane travels eastward towards
the Anatolian peninsula. In contrast, both AO and AOW
simulations show the medicane moving towards the Adri-
atic Sea, consistent with ERAS5. While both coupled mod-
els perform similarly, the wave-enabled version (AOW)
produces a deeper system with higher latent heat flux
and maximum wind values, leading to stronger cyclone
intensification and increased energy gain from the sea
surface. This is also visible in phase space diagrams,
where the AO and AOW simulations developed a deep
warm core similar to ERAS5, with AOW maintaining it
longer than both ERAS5 and AO, while A12 never devel-
oped a warm core (Figure 9). As a consequence, AOW
strongly overestimates the maximum of precipitation
(262.9mm-day~!) compared to ERA5 (59.6 mm-day~!)
(Table S2).

Figure 10 (M12: 10-12 November 2001) show an
intense medicane event with extremely high winds and
strong gradient zones. All three simulations exhibit sim-
ilar convergence of moisture in space. The spatial distri-
bution of moisture is also quite similar across the sim-
ulations and reanalysis. Overall, all simulations repre-
sent the cyclone well compared to ERAS, though with
some notable differences: Wind speeds during the mature
stage vary, with AOW (27.91 m-s~!) best resembling ERA5
(24.83m-s7!), compared to A12 (34.25m-s7!) and AO

Day mean: mm.d™ 12Z: m.s™

Same as in Figure 8, but for the 27-29 September 1995 medicane. [Colour figure can be viewed at wileyonlinelibrary.com]|

(31.93m-s7!). The AOW simulation also captures a more
distinct eye formation in the precipitation field over south-
west Sardinia. While average precipitation is very similar,
maximum precipitation values differ across simulations
(A12: 22527 mm-day~!, AO: 176.49 mm-day~!, AOW:
205.65mm-day~!) and are notably higher than ERAS5
(97.19 mm-day~!), indicating overestimation of maximum
precipitation across all simulations. Spatial accuracy anal-
ysis through RMS errors shows AOW performing best
in wind speed representation (8.74m-s~! compared to
Al12’s 9.55m-s™! and AO’s 10.01 m-s~!), though show-
ing higher MSLP errors compared to the other simula-
tions (Table S1). The coupled simulations (AO and AOW)
produce more realistic SSTs, showing 2-3°C higher val-
ues at the medicane’s center compared to A12, match-
ing ERA5 data (Figure S2). The SST cooling two days
after the mature phase in both AO and AOW simula-
tions closely aligns with ERA5 and GHRSST (Figures 5
and S3). Phase space diagrams show that all cyclones in
the model simulations transition from shallow warm core
to deep warm core as in ERAS5 (Figure 11). While all
simulations show lower pressure values than ERA5 and
higher wind speeds, the AOW simulation develops the
strongest deep warm core structure, explaining its more
pronounced eye formation and SST cooling. The varying
latent heat flux values across simulations (ranging from
603 to 624 W-m™2) contribute to differences in cyclone
intensity and structure.
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FIGURE 9 Same as in Figure 9, but for the 27-29 September 1995 medicane. [Colour figure can be viewed at wileyonlinelibrary.com]

For medicane M15 (31 January-2 February 2006), the
AOW simulation shows better performance in several
key metrics compared to other simulations (Figure 12,
Tables S1-S3). Its vertically integrated moisture flux
distribution aligns closely with ERA5 data, and its

minimum MSLP (~997 hPa) nearly matches the core pres-
sure of ERAS5 (~995hPa), while A12 and AO both over-
estimate the pressure (~1002hPa). AOW’s steeper MSLP
gradient results in the lowest spatial RMS error (2.01 hPa,
Table S1) among the models. The AOW simulation
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overestimates mean and maximum latent heat flux, espe-
cially over the Gulf of Sidra, while AO (slightly) and A12
underestimate these values. Although A12 shows a better
spatial distribution of wind speed (RMS error 3.08 m-s1),
AOW more accurately captures peak storm intensity at
19.33 m-s~!. All models maintain consistent wind strength
representation with small mean biases. In terms of pre-
cipitation, AOW proves most accurate with the lowest
average bias (0.2mm-day~!), while A12 and AO under-
estimate rainfall (—2.36 mm-day~! and —2.43 mm-day!
respectively). The coupled simulations reveal interesting
SST patterns as in ERA5 and GHRSST: neither shows cool-
ing two days post-mature stage, and both match ERA5’s
SSTs at the mature stage despite reaching higher temper-
atures. A12, however, shows colder temperatures at the
mature stage and continues cooling, though this is not
reflected in latent heat fluxes. AOW’s higher average wind
speeds explain its increased latent heating compared to
AO, despite similar SSTs. In the phase space diagrams, all
datasets exhibit a cold to warm core transition, with sim-
ulations shifting from deep cold to shallow warm cores
(Figure 13a). AOW uniquely follows ERA5’s pattern by
deepening its warm core, unlike A12 and AO. Although
the AOW simulation provides the best results in terms of
structure and amplitude, there is a slight eastward loca-
tion shift. This shift may be due to reduced wind speed,

M12: 11 Nov 2001

Precipitation Wind Speed

Day mean: mm.d™’

Same as in Figure 8, but for the 10-12 November 2001 medicane. [Colour figure can be viewed at wileyonlinelibrary.com]

which allows the system to develop an eye shape at its cen-
ter by preserving the moisture gained when moving from
dry land to the sea surface.

Figures S4-S7 present the remaining medicanes (M1,
M2, M4, M5, M7, M8, M9, M10, M11, M13, M14, and
M16) divided into two groups: autumn (Figures S4 and S5)
and winter (Figures S6 and S7). All simulations closely
resemble the reanalysis datasets in terms of moisture flux
amounts in both seasons. However, the coupled simula-
tions generally produce higher latent heat fluxes in both
seasons compared to Al2. SSTs are also higher in the
AO and the AOW simulations during the mature stage
of the medicanes and show similar values to the ERAS5
dataset. The SST cooling two days after the mature stage is
well -captured in autumn (or transition season) medicanes
(Figure S5), which explains the higher latent heat fluxes in
coupled simulations. In winter medicanes, while SST cool-
ing is less pronounced, both AO and AOW simulations still
show better alignment with the ERAS5 dataset compared to
A12 (Figure S7).

3.3 | Life cycle of medicanes

We analyze the life cycle of the four medicanes using
key parameters at six-hourly intervals. Figure 14 displays
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three variables: minimum sea level pressure (hPa), maxi-
mum wind speed (m-s~!), and maximum significant wave
height (MH;; m). For the statistical analysis, we identify
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maximum and minimum values within center-matched
sub-regions and calculate root-mean-squared errors

(RMSs) between the black dashed lines shown in Figure 14

(Table S3).

For the first case (M3), the mean sea level pressure
and deepening produced by the AOW simulation are

closer to ERAS than those produced by the A12 and AO

85U017 SUOWIWOD aATea1 3|qe![dde ay1 Aq pausenob s ssjpiie YO ‘88N Jo Sa|N. 10} Akeiq17 38Ul UO A3|IA UO (SUOTHPUOD-PUR-SUBHWI0D A8 | 1M Ae.q 1 pUl|UO//SANY) SUOIHIPUOD pue SWB 1 84} 89S *[5202/TT/yT] Uo ARiqiauliuo &M ‘uleg BiseAlun Aq ov0s /20T 0T/10p/wod A8 |im Aeiq 1 pul U0 STBLL//SdNY WOIy papeo|umod ‘0 ‘X0/82.7T


http://wileyonlinelibrary.com

18 of 27 Quarterly Journal of the EIRMets

BATIBENIZ ET AL.

Royal Meteorological Society

LH +MSLP

VIMF+Wind Dir.

A12

AO

AOW

M15: 1 Feb 2006
Wind Speed

<=

Precipitation

20

19

18

17

16

15

Day mean: W.m

Day mean: kgm.s™

FIGURE 12
wileyonlinelibrary.com]

simulations. However, the deepening is not as pronounced
as in ERAS5, and the timing of the minimum is delayed
in all simulations. A12 does not show a life cycle at all.
For maximum wind speed, the AO and AOW simulations
produce values closer to the reanalysis, while the A12 sim-
ulation produces slightly higher values than the AO and
AOW simulations (maximum wind speeds at the approxi-
mate mature stage: A12: 15.6m-s~, AO: 14.9m-s~}, AOW:
14.8m-s™!, ERAS5: 14.9 m-s™!). Regarding MHs, the W14
and AOW simulations produce very similar values of
around ~14 m-s~t,

For medicane M6, the Al12 simulation produces a
mean sea level pressure of ~1008.9 hPa, while the AO
and the AOW simulations produce deeper pressures
(AO: 1006.5hPa; AOW: 1004.5hPa) that more closely
match ERAS reanalysis (1005.6 hPa). The AOW simula-
tion reaches its minimum pressure slightly earlier than
ERAS and the other simulations. Both AO and AOW sim-
ulations accurately capture the changes in mean sea level
pressure and deepening throughout the medicane’s life

Day mean: mm.d™

Same as in Figure 8, but for the 31 January-1 February 2006 medicane. [Colour figure can be viewed at

cycle, though they overestimate maximum wind speeds
as discussed earlier (Figure 8). The differences in mean
sea level pressure and MHgs between Al2 and the cou-
pled simulations can be attributed to A12’s positioning
over land during the mature phase, unlike ERA5 (shown
in Figure 8).

M12 is an extremely intense medicane event, with
ERAS5 showing mean sea level pressure dropping to
~990 hPa. All simulations produce a stronger depression
of approximately ~981hPa, underestimating the mean
sea level pressure. Although the simulations show sim-
ilar mean sea level pressure values at the mature stage,
the AOW simulation produces lower maximum wind
speeds that more closely match the reanalysis data
(RMS: 4.53m-s7!). These reduced wind speeds in the
AOW simulation consequently lead to lower MH; values
(RMS 1.71 m-s~!) compared to the W14 simulation (RMS:
4.09m-s™1).

For the last medicane M15, both A12 and AO sim-
ulations develop a pressure minimum around 1000 hPa,
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while the AOW simulation produces a deeper pressure
minimum around 997 hPa, which is closer to ERA5 (RMS:
3.53hPa, compared to A12: 6.37hPa and AO: 6.17 hPa).
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Same as in Figure 9, but for the 31 January-1 February 2006 medicane. [Colour figure can be viewed at

As noted earlier, the AOW simulation improves the
storm symmetry, wind speed, and associated precipita-
tion field. The timing of maximum wind speed varies
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among simulations and reanalyses, with AOW showing
the lowest RMS (1.49 m-s~1), followed by A12 (1.71 m-s~1)
and AO (2.38m-s7!). The AOW simulation most closely
matches the reanalyses during the mature stage. Figure 14
demonstrates that AOW’s wind speeds best align with the
reanalysis during this stage, even though the location of
maximum wind speed differs. For maximum significant
wave height (MHjs), both W14 and AOW simulations show
similar values during the mature phase and throughout
the medicane’s life cycle (RMS values: A12: 0.80 m, AOW:
0.73m).

In summary, we find that the pressure simulated by
AOW performs better (lower RMS) in three cases while
AO performs better in one case in medicanes’ life cycle.
For wind speeds, during the life cycle, both A12 and AOW
perform better in two cases each. The AOW simulation
consistently shows lower RMSs for MH; than the W14.

4 | DISCUSSION

This study demonstrates that coupling atmospheric mod-
els with ocean and ocean-wave models improves the rep-
resentation of medicanes compared to atmosphere-only
(standalone) simulations in several aspects. Both cou-
pled models exhibit a better representation of medi-
cane tracks in the east-west direction, closely follow-
ing reanalysis datasets. The inclusion of the wave model
leads to reduced surface wind speeds through enhanced
surface roughness lengths. In some cases, wave cou-
pling enables medicane intensification through modi-
fied heat and momentum exchange between the ocean
and the atmosphere - resulting in higher SSTs and
increased latent heating. Previous studies also reported
a decrease in low-level flow with wave coupling (Bouin
et al., 2017; Karagiorgos, 2024; Renault et al., 2012; Ricchi
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et al., 2017; Sauvage et al., 2020; Varlas et al., 2020).
Reale et al. (2021) suggested that the internal variabil-
ity in the Regional Climate Model (RCM) contributes
to the eastward movement of cyclones. Additionally,
Sanchez-Gomez and Somot (2018) demonstrated that in
the Mediterranean region, when the same boundary con-
ditions and RCM numerical settings are used with slightly
different initial conditions, there is a higher variability in
cyclone activity among different runs, particularly in the
eastern part compared to the western part of the region.
This can explain why some medicane events in the A12
simulation travel much faster towards the east than those
in the AOW model (e.g., 27-29 September 1995 event
[M6]).

Another important point regarding medicanes is the
fundamental role of SSTs in their formation processes,
as reported in many studies (Miglietta et al., 2011;
Pytharoulis, 2018; Ricchi et al., 2017, 2019), with several
recommending coupled models. Our analysis shows that
both AOW and AO simulations typically produce higher
SST values compared to A12 and more closely match ERAS5
and GHRSST data, particularly for autumn medicanes.
These higher SSTs lead to increased evaporation and fuel
the storm with increased heat and momentum fluxes, as
observed in the 10-12 November 2001 event (M12). While
this helps to intensify the medicanes to match ERAS5 data
in most cases, it occasionally increases the duration of the
deep warm core phase.

In both autumn and winter medicanes, latent heat
fluxes are higher in coupled models, particularly in the
AOW simulation. Coupled simulations show a marked
improvement in capturing SST cooling two days after the
mature state compared to the A12 simulation, especially
for fall medicanes. This improvement is evident when
compared to ERAS5 data. Winter medicanes exhibit a simi-
lar trend, with coupled models better representing cooling
than A12, though the SST cooling is less pronounced after
these events. This seasonal variation can be attributed to
different driving processes. Winter medicanes are largely
influenced by dynamic effects and systems originating
from the Atlantic (Batibeniz et al., 2020), primarily driven
by external forcing through wind strength. In contrast,
during the transition seasons, thermodynamic effects such
as local recycling (Batibeniz et al., 2020) play a more sig-
nificant role in medicane development.

The intensity and dynamics of medicanes are influ-
enced by both diabatic processes and baroclinic forcing.
When one factor diminishes, the other becomes more
prominent (Flaounas et al, 2021; Reale et al, 2021).
The air-sea interaction plays an important role in both
processes. For medicanes driven by diabatic processes,
warm ocean waters serve as the primary energy source
and increase the air-sea heat exchanges (Darmaraki
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et al., 2019; Soto-Navarro et al., 2020). This process fuels
convection through evaporation, providing the required
moisture as exemplified in the case from 10 to 12
November 2001 (M12), which is investigated in our
study. For baroclinically driven medicanes, surface waves
develop due to the cyclone’s rotation and rapidly chang-
ing surface winds. These waves influence air-sea interac-
tions by modifying surface roughness, which affects the
momentum and heat exchange between the ocean and
atmosphere. Increased surface roughness enhances sur-
face stress while reducing wind speed at the sea surface
(Persson et al., 2009). Despite this decrease in near-surface
wind speed, the enhanced roughness increases surface
sensible and latent heat fluxes (Persson et al., 2009). As
a result, turbulent kinetic energy and eddy mixing coef-
ficients increase, boosting the vertical transport of heat,
momentum, and moisture. This changes the pressure
gradient near the cyclone center and intensifies the
low-level frontal intensity. This can explain why we find
increased latent heat fluxes in the 31 January-1 February
2006 case (M15) despite decreased wind speed.

5 | CONCLUSIONS

Using four different simulations to reproduce medicanes,
we provide information regarding the possible effects of
air-sea interaction and the added value of coupled mod-
eling. Our results reveal that coupling the ocean pro-
vides better storm intensity through interactive SST input.
In some cases, evaporation increases depending on the
warmer SSTs produced by the coupled models (gener-
ally in line with ERAS5), which enhances the latent heat
flux and develops better intensity. The standalone model
mostly underestimates SSTs, causing an underestimation
of the latent heat fluxes. This leads storms to produce
higher minimum mean sea level pressures.

Our results also show that using a coupled model with
the wave component helps produce a better eyewall at the
center of the medicane, which is a measure of strength in
the system and demonstrates its tropical features. With-
out coupling to surface waves, simulations overestimate
the surface wind speed, even though the sea level pres-
sure may be close to reanalyses in some cases. Combining
this with the underestimation of SSTs in the A12 simula-
tion, the system appears stronger due to higher winds but
does not develop vertically because of underrepresented
heat and momentum fluxes. In contrast, AOW cyclones
are usually deeper compared to A12 but do not necessarily
have higher winds. In cases where both coupled mod-
els show similar wind fields and SSTs, the higher latent
heat in AOW is due to increased roughness length, which
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makes the system deeper and creates the characteristic eye
shape.

A notable limitation of this study is the resolution
of the Med-CORDEX configuration (12km atmosphere,
~9km ocean), which constrains our ability to fully cap-
ture fine-scale atmospheric and oceanic processes and
their feedback to cyclone dynamics. Previous studies,
such as Cioni et al. (2018) and Pantillon et al. (2024),
have shown that resolutions of 2km or finer may be
necessary to accurately resolve the internal structure of
cyclones and the processes that drive their intensifica-
tion. Similarly, as demonstrated by Sanna et al. (2013),
ocean model resolution plays a critical role in rep-
resenting mesoscale features like eddies, which are
crucial for accurately simulating cyclogenesis. While
our simulations are capable of reproducing broad-scale
dynamics and ocean surface cooling associated with
cyclone passage, the coarser resolution may lead to
some underrepresentation of sub-mesoscale interactions.
Future studies would benefit from higher-resolution
simulations to better resolve these processes, though
such simulations remain computationally demand-
ing. Despite these limitations, our comparison with
ERA5 and GHRSST data suggests that the model
provides a reasonable representation of ocean sur-
face cooling associated with cyclone passage—a key
aspect of ocean-atmosphere coupling central to this
study.

Overall, our study demonstrates the importance of
air-sea interactions and the dynamics of oceanic and
atmospheric processes in reducing model simulation
uncertainties. It enhances our understanding of the feed-
back mechanisms between the atmosphere and ocean
during medicane events, though further analysis is
required to understand the influence of air-sea interac-
tion on upper-level forces. With sufficient computational
resources, coupled models should be prioritized to accu-
rately capture momentum and heat fluxes between the
ocean and atmosphere, as these more comprehensive sim-
ulations provide critical insights for flood risk assessments
and coastal management strategies in regions vulnerable
to medicane impacts.
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