
Meteotsunamis in Orography-Free, Flat Bathymetry and Warming Climate 1 

Conditions 2 

Cléa Denamiel1*, Iva Tojčić2 and Ivica Vilibić2 3 

 4 

1Ruđer Bošković Institute, Division for Marine and Environmental Research, Bijenička cesta 54, 5 

10000 Zagreb, Croatia 6 
2Institute of Oceanography and Fisheries, Šetalište I. Meštrovića 63, 21000 Split, Croatia 7 

 8 
*Corresponding author: Cléa Denamiel (cdenami@irb.hr) 9 

    ORCiD: 0000-0002-5099-1143 10 

Key Points 11 

• Orography of the Apennine mountains does not strongly impact the meteotsunami genesis 12 

in the Adriatic Sea 13 

• Flattening of the deepest part of the Adriatic Sea diverts the meteotsunami waves from the 14 

sensitive harbour locations 15 

• Extreme climate warming could increase the meteotsunami wave intensities along the most 16 

sensitive Adriatic coastal areas 17 

Abstract 18 

Due to a lack of appropriate modelling tools, the atmospheric source mechanisms triggering the 19 

potentially destructive meteotsunami waves – occurring at periods from a few minutes to a few 20 

hours – have remained partially unstudied till recently. In this numerical work we thus investigate 21 

and quantify the impacts of orography and extreme climate changes on the generation and 22 

propagation of the atmospheric pressure disturbances occurring during six different historical 23 

meteotsunami events in the Adriatic Sea. Additionally, the impact of the bathymetry, and hence 24 

the Proudman resonance, on the propagation of the meteotsunami waves is also assessed for the 25 

same ensemble of events. Our main findings can be summarized as follow: (1) removing the 26 

mountains does not strongly affect the generation nor the propagation of the meteotsunamigenic 27 

disturbances but can slightly increase their intensity particularly over the land, (2) climate warming 28 

under extreme scenario has the  potential to increase the intensity of both atmospheric disturbances 29 

and meteotsunami waves in the vicinity of the sensitive coastal areas while (3) flattening the 30 

bathymetry of the deepest Adriatic Sea tends to divert the meteotsunami waves from the sensitive 31 

harbour locations. Such sensitivity studies, if generalized to other geographical locations with a 32 

higher number of events, may provide new insights concerning the still unknown physics of the 33 

meteotsunami genesis and, consequently, help to better mitigate meteotsunami hazards worldwide. 34 
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Plain Language Summary 38 

Among extreme sea-level hazards, meteotsunami waves – occurring at periods from a few minutes 39 

to a few hours – remain the least investigated due to a lack of appropriate high-resolution modelling 40 

tools. Consequently, neither the impact of orography and bathymetry on meteotsunamigenic 41 

disturbances and meteotsunami waves nor their properties in a projected future climate have been 42 

properly quantified. In this numerical work we analyse these impacts, through sensitivity 43 

experiments for six different meteotsunami events in the Adriatic Sea. We found that 44 

meteotsunamigenic disturbances are not strongly modulated by the orography which can 45 

reinforced their intensity, but could be largely increased with extreme climate warming. Further, 46 

flattening the bathymetry of the deepest ocean parts tends to divert the meteotsunami waves from 47 

the sensitive harbour locations. As meteotsunami events have the potential to cause substantial 48 

human and structural damages, this type of studies may be critical to assess and mitigate coastal 49 

hazards worldwide.  50 



1 Introduction 51 

In the past decades, the theoretical research on potentially destructive meteorological tsunami 52 

events or meteotsunamis – atmospherically-driven long-waves in the tsunami frequency band – 53 

has been principally focusing on the atmospheric and resonant processes responsible for the wave 54 

generation, the transfers of energy between atmosphere and ocean, as well as the impact of the 55 

bathymetry on the ocean wave propagation and amplification (Vilibić et al., 2016). At present, a 56 

solid knowledge has been built concerning the atmospheric synoptic conditions favourable to 57 

meteotsunami events (Ramis and Jansà, 1983; Vilibić and Šepić, 2017), the different type of ocean 58 

resonances (Proudman, 1929; Hibiya and Kajiura, 1982), the energy transfers (Monserrat et al., 59 

1998; Denamiel et al., 2018), the different type of atmospheric disturbances and their propagation 60 

(Belušić et al., 2007; Tanaka, 2009; Horvath and Vilibić, 2014) and the bathymetric effects 61 

(Rabinovich, 2009; Williams et al., 2020). 62 

But, despite the growing scientific and computational advances, the source mechanisms and 63 

generation of the atmospheric pressure disturbances triggering the meteotsunami waves are still 64 

not fully understood. One of the major limitations faced by the meteotsunami community is that 65 

both observational networks and numerical models are generally not appropriately designed to 66 

capture the highly spatially and temporarily varying atmospheric mesoscale structures generating 67 

the meteotsunamigenic disturbances (Vilibić et al., 2016; Plougonven and Zhang, 2014; 68 

Rabinovich et al., 2020). Nevertheless, the recent implementation of meteotsunami early warning 69 

system prototypes (Renault et al., 2011; Denamiel et al., 2019a, 2019b; Anderson and Mann, 2020; 70 

Mourre et al., 2020) has demonstrated that kilometre-scale atmospheric models can reproduce 71 

some pressure disturbances during meteotsunami events, even though not necessarily at the right 72 

geographical locations. Consequently, notwithstanding their potential incapacity to trigger the 73 

adequate response of the ocean models at sensitive locations where the events were reported, these 74 

atmospheric models can be useful tools to better understand the factors influencing the 75 

meteotsunami genesis. 76 

In the meteotsunami community, the Adriatic basin is historically one of the most studied area in 77 

the world due to the 21st of June 1978 event when large meteotsunami waves (6 m height for 78 

periods of about 20 min) occurred in the Vela Luka harbour and produced substantial damages to 79 

the infrastructures (Fig. 1; Vučetić et al., 2009; Orlić et al., 2010). For this region, most of the 80 

meteotsunamigenic disturbances are known to develop under similar synoptic conditions (Vilibić 81 

and Šepić, 2009; Tojčić et al., 2021) as well as to propagate from the Apennines to the Croatian 82 

coasts (Fig. 1) with associated meteotsunami waves travelling across the Adriatic Sea (Vilibić and 83 

Šepić, 2009; Denamiel et al., 2020a). However, questions are still raised about (1) the influence of 84 

the orography on the generation and propagation of the atmospheric disturbances and (2) their 85 

strength in the projected warming climate, (3) the impact of the offshore bathymetry on the 86 

propagation of the meteotsunami waves and (4) the relative importance of the travelling 87 

meteotsunami waves generated along the Italian coats versus the locally generated waves near the 88 

Croatian coasts. Additionally, these questions are also relevant for other meteotsunami hot-spots 89 

where they could provide critical input needed to assess both meteotsunami climate and coastal 90 

hazards. 91 

To investigate these impacts, we test the meteotsunami genesis and propagation sensitivity by 92 

carrying out numerical experiments in the Adriatic Sea (as described in Figure 1) for historical 93 

meteotsunami events previously studied with the Adriatic Sea and Coast (AdriSC) atmosphere-94 

ocean operational model (Denamiel et al., 2019a, 2019b). These experiments consist in (1) 95 



evaluating the capacity of the AdriSC model to reproduce in re-analysis mode the historical events, 96 

(2) testing the impact of the orography on the meteotsunami genesis by removing the Apennines 97 

mountains, (3) assessing the impact of far future extreme climate changes on the meteotsunami 98 

generation and propagation and (4) analysing the impact of the bathymetry and hence the 99 

Proudman resonance by flattening the deepest parts of the Adriatic Sea.  100 

 101 

Figure 1. Experimental design of the study. Orography of the atmospheric models (top panels), 102 

bathymetry of the ocean models (middle panels) and daily climatology of the temperature changes 103 

(ΔT) under climate scenario RCP 8.5 over the atmospheric and ocean domains (bottom panel) used 104 

for the four experiments (Baseline, No Apennines, RCP 8.5 and 50m maximum depth), the six 105 

studied meteotsunami events (i.e. four Calm Weather events: 25th and 26th of June 2014, 27th of 106 

June 2017, 1st of July 2017 and two Stormy Weather events: 31st of March 2018 and 9th of July 107 

2019), the four chosen sub-domains (Apennines, Deep Adriatic, Northern Islands and Dalmatian 108 

Islands) and the three sensitive harbour locations (Vela Luka, Stari Grad and Vrboska). 109 



Hereafter, we present in detail the methods used in this study (Section 2) and we investigate both 110 

the atmospheric pressure disturbances and the resulting meteotsunami waves, obtained for the 111 

numerical simulations of the chosen events, by performing three different kind of analyses (Section 112 

3). First, the regional impacts are spatially presented over the entire Adriatic domain, to see 113 

eventual patterns in strengthening or weakening of the meteotsunamigenic disturbances and 114 

resulting meteotsunami waves. Then, the distributions of the extremes for each experiment are 115 

statistically investigated for the entire set of meteotsunami events, depending on four different sub-116 

domains important for the meteotsunami genesis, propagation and inundation. These statistics also 117 

take into account two types of weather conditions found during meteotsunami events (Rabinovich, 118 

2020). Finally, as meteotsunami waves are extremely sensitive to the local nearshore 119 

geomorphology, a spectral analysis is carried out at known sensitive harbour locations for specific 120 

events well captured by the AdriSC modelling suite. 121 

2 Methods 122 

2.1 AdriSC modelling suite 123 

The Adriatic Sea and Coast (AdriSC) modelling suite has been recently implemented to accurately 124 

simulate the atmospheric and oceanic processes driving the Adriatic basin circulation at scales 125 

varying from the long-term regional climate changes to the minute-by-minute impact of extreme 126 

events along the coasts (Denamiel et al., 2019a). Due to the modular approach developed within 127 

the system, the AdriSC modelling suite can operate in both operational and research modes and 128 

has already been successfully used in various applications such as climate warming research 129 

(Denamiel et al., 2020b, 2020c, 2021) or operational forecast within the Croatian Meteotsunami 130 

Early Warning System (CMeEWS; Denamiel et al., 2019a, 2019b; Tojčić et al., 2021). 131 

In this study, we use the AdriSC meteotsunami component with both basic and nearshore modules 132 

as described in Denamiel et al. (2019a). The kilometre-scale regional circulation over the Adriatic-133 

Ionian basin is thus derived with the Coupled Ocean‐Atmosphere‐Wave‐Sediment Transport 134 

(COAWST) modelling system (Warner et al., 2010) with hourly results at resolutions up to 3-km 135 

for the Weather Research and Forecasting (WRF) model (Skamarock et al., 2005) in the 136 

atmosphere and 1-km for the Region Ocean Modeling System (ROMS; Shchepetkin and 137 

McWilliams, 2005, 2009) in the ocean. However, the 1-min meteotsunami results presented in this 138 

article are derived over the entire Adriatic basin with the WRF model at 1.5‐km resolution for the 139 

atmosphere (domain presented for the orography in Figure 1) and the 2DDI ADvanced 140 

CIRCulation (ADCIRC) model (Luettich et al., 1991) using a mesh of up to 10‐m resolution in the 141 

areas sensitive to meteotsunami hazard for the ocean (domain presented for the bathymetry in 142 

Figure 1). Both WRF 1.5-km and ADCIRC models are initialized and forced with the WRF 3-km 143 

and ROMS 1-km hourly COAWST results thus minimizing the impact of large-scale boundary 144 

effects within the Adriatic basin. 145 

2.2 Experimental design 146 

In this research, the following numerical experiments have been conducted with the AdriSC 147 

modelling suite: Baseline, No Apennines, RCP 8.5 and 50m maximum depth. The Baseline 148 

experiment is carried out in re-analysis mode with (1) realistic orography and bathymetry (Fig. 1) 149 

and (2) the COAWST model forced and initialized with the 6-hourly ERA-Interim reanalysis fields 150 

(Dee et al., 2011) in the atmosphere and the daily re-analysis MEDSEA-Ocean fields (Pinardi et 151 

al., 2003) in the ocean. The No Apennines experiment is designed to test the impact of the 152 



mountains on the meteotsunami genesis. It is similar to the Baseline experiment but the orography 153 

of the WRF models is modified in order to flatten the Apennine mountains to 150 m of height (Fig. 154 

1). The RCP 8.5 experiment follows the pseudo-global warming methodology presented in 155 

Denamiel et al. (2020a) which add, to the initial and boundary conditions used in the Baseline 156 

experiment, the climatological changes due to the expected warming in the Representative 157 

Concentration Pathway (RCP) 8.5 scenario for the 2070-2100 period (e.g. the temperature 158 

climatological changes – ΔT – are presented for both atmosphere and ocean in Figure 1). Finally, 159 

the 50m maximum depth experiment is carried out as the Baseline experiment but with the 160 

bathymetry of the ROMS and ADCIRC models modified in order to flatten the deepest part of the 161 

Adriatic Sea to 50 m of depth (Fig. 1) to test the impact of the Proudman resonance (Proudman, 162 

1929; Hibiya and Kajiura, 1982) at about 22 m/s (i.e. 22 m/sC gH=   with the depth 50 mH =  163 

and the gravitational acceleration 
2

9.81 m/sg  ) on the meteotsunami wave intensity and 164 

propagation. 165 

Despite being regular events in the Adriatic Sea, only few well-documented historical 166 

meteotsunami events were numerically reproduced with realistic forcing due to the lack of 167 

appropriate observational networks and numerical models. In this work we chose to study six 168 

events previously simulated with the AdriSC modelling suite used in operational mode (Denamiel 169 

et al., 2019a, 2019b), occurring on the 25th and 26th of June 2014, the 28th of June 2017, the 1st of 170 

July 2017, the 31st of March 2018 and finally, the 9th of July 2019. It should be noticed that this 171 

ensemble of events may be too small to extract entirely robust statistics but can be used to quantify 172 

the impact of the chosen orography, bathymetry and climate changes on these specific 173 

meteotsunamis and draw some preliminary conclusions.  174 

For each year and each experiment, the COAWST simulation starts 2 days before the first 175 

meteotsunami event of the studied year and continuously runs to cover all historical meteotsunami 176 

events, while the WRF 1.5-km and ADCIRC simulations start 36 hours later and run till the end 177 

of the COAWST simulation. Specifically, the COAWST simulations start at 00:00:00 UTC (1) on 178 

the 23th of June for a duration of 4 days in 2014, (2) on the 26th of June for a duration of 6 days in 179 

2017, (3) on the 29th of March for a duration of 3 days in 2018 and finally, (4) on the 7th of July 180 

for a duration of 3 days in 2019. All experiments and events including, a total of 24 days of results 181 

are thus analysed hereafter. 182 

2.3 Data analysis 183 

In this study we analyse the 1-min results of both the mean sea-level pressure in the atmosphere 184 

and the sea-level height in the ocean over a period of 24 hours (starting at 22:00:00 UTC the day 185 

before the event) for a total of 24 events (six meteotsunami events for four experiments). 186 

First, the 1-min results are post-processed by applying a Lanczos high-pass filter (Lanczos, 1956) 187 

with a 2-h cut-off period. The Lanczos filter is a Fourier method of filtering digital data designed 188 

to reduce the amplitude of the Gibbs oscillation. The resulting filtered air-pressure and filtered sea-189 

level height spatial fields are presented in supplementary material (videos S1 to S6). The air-190 

pressure rate of change (or pressure jump) is defined as the time derivative of the filtered mean 191 

sea-level pressure over a 4 min period (Denamiel et al., 2019b). Throughout this work, the 192 

atmospheric disturbances are defined with the 1-min air-pressure rate of changes (i.e. pressure 193 

jumps) and the meteotsunami waves with the 1-min filtered sea-level heights. 194 



Second, the regional changes coming from the experiments are presented for the maximum over 195 

time of the air-pressure rate of change and the filtered sea-level height results for each event, as 196 

(1) their spatial variations coming from the Baseline experiment and (2) the relative changes (in 197 

percentage) defined by the biases between the No Apennines, RCP 8.5 or 50m maximum depth 198 

experiments and the Baseline experiment normalized by the Baseline experiment. 199 

Then, in order to perform some statistical analyses, the Adriatic basin is divided in four sub-200 

domains: (1) Apennines which covers the area where the Apennine mountains are flatten to 150 m 201 

in the No Apennines experiment, (2) Dalmatian Islands as well as (3) Northern Islands which are 202 

only defined over the sea within the areas presented in Figure 1 and, finally, (4) Deep Adriatic 203 

which covers the sea area where the bathymetry of the Adriatic Sea is flatten to 50 m depth but 204 

excludes the parts of the domain already covered by the Dalmatian Islands and Northern Islands 205 

sub-domains. Additionally, two types of meteotsunami events are distinguished following the 206 

classification by Rabinovich (2020) based on the type of atmospheric processes triggering the 207 

meteotsunami waves. The Calm Weather conditions mostly refer to wave-ducting mechanism 208 

maintained in the middle troposphere (Lindzen and Tung 1976; Monserrat and Thorpe, 1996) 209 

while the Stormy Weather conditions occur throughout the whole troposphere with a burst at the 210 

surface (e.g. wave-CISK, Belušić et al., 2007; squall lines, Churchill et al., 1995; frontal zones, 211 

Proudman, 1929; hurricanes, Shi et al., 2020). Hereafter, the 25th and 26th of June 2014, 28th of 212 

June 2017 and 1st of July 2017 are referred as Calm Weather events, with calm weather at the 213 

ground level and extremely energetic wind conditions at 500 hPa of height, while the 31st of March 214 

2018 and the 9th of July 2019 are referred as Stormy Weather events with wind storms at the 215 

ground. Within the four selected sub-domains and for the four experiments, statistics for both air-216 

pressure rate of change in the atmosphere and filtered sea-level height in the ocean are presented 217 

as (1) violin plots (Hintze and Nelson, 1998) of the distributions of the 98th percentile calculated 218 

for the entire duration of the events at each point of the sub-domain, depending on the two event 219 

sub-categories and (2) time variations of the 98th percentile calculated every minute for all points 220 

of the sub-domain, depending on the six studied events. 221 

Finally, as the amplification of the meteotsunami waves highly depends on the local 222 

geomorphology of the sensitive locations, a spectral analysis is performed for the 1-min filtered 223 

mean sea-level height results in Stari Grad for the 25th of June 2014 event, in Vela Luka for the 224 

28th of June 2017 and in Vrboska for the 9th of July 2019. For this analysis, the wavelet 225 

power spectra in the time-period domain are used to illustrate the temporal change of the variance 226 

contained at different periods for the Baseline experiment. Similarly, the wavelet coherences in 227 

the period-time domain are used to show how the No Apennines, RCP 8.5 and 50m maximum depth 228 

experiments are correlated to the Baseline experiment. The presented results for these spectra are 229 

nearly all in the period-time domain at which the variability of the signal is significant (i.e. within 230 

the 95% confidence level against red noise represented with black lines). We used the Matlab 231 

toolbox by Grinsted et al. (2010) to compute and plot normalized Morlet wavelet power spectra 232 

and wavelet coherences for the continuous wavelet transform.  233 

Additionally, it is important to notice that, as the atmospheric Baseline experiment fields are not 234 

changed for the 50m maximum depth experiment, only the results of the filtered sea-level height 235 

are presented in this work for the latter. Similarly, as the Apennines sub-domain is entirely located 236 

over the land, only the air-pressure jump results are presented for this sub-domain. 237 



3 Results 238 

3.1 Modelled meteotsunami events 239 

The six historical meteotsunami events selected in this study took place in the middle Adriatic 240 

basin and were responsible for major flooding in at least one of the three selected sensitive harbour 241 

locations of Vela Luka, Stari Grad and Vrboska (Fig. 1) – except for the 26th of June 2014 event 242 

which flooded the southern Croatian cities of Rijeka dubrovačka and Ston. For example, 243 

eyewitnesses and/or tide gauge measurements reported maximum elevations reaching up to 1.5 m 244 

the 25th of June 2014 in Vela Luka, 0.75 m the 28th of June 2017 in Stari Grad and 0.75 m the 25th 245 

of June 2014 in Vrboska (Šepić et al., 2016).  246 

These well-documented events have also been previously used to assess the performance of both 247 

the meteotsunami forecast component of the Adriatic Sea and Coast (AdriSC) modelling suite 248 

(Denamiel et al., 2019a) and the stochastic surrogate model of the CMeEWS (Denamiel et al., 249 

2019b, 2020a; Tojčić et al., 2021). These evaluations performed against a set of up to 48 air-250 

pressure sensors and 19 tide gauges revealed that, in forecast mode, (1) the WRF 1.5‐km model 251 

could always reproduce some meteotsunamigenic disturbances but not necessarily their proper 252 

intensity or direction of propagation, (2) the ADCIRC model could fail to capture the observed 253 

meteotsunami waves when the modelled atmospheric disturbances were even slightly shifted in 254 

location and (3) the surrogate model could conservatively assess the meteotsunami hazards despite 255 

the shortcomings of the AdriSC deterministic forecasts. 256 

In the presented sensitivity analysis, however, our aim is not to perfectly reproduce these six 257 

meteotsunami events but to compare the impact of orography, bathymetry and climate change on 258 

the atmospheric disturbances and the resulting meteotsunami waves. In order to visually qualify 259 

the capacity of the AdriSC model to simulate these impacts, the 5-min evolution of the filtered 260 

mean sea-level pressures (i.e. proxy for the atmospheric disturbances) and associated filtered sea-261 

level height (i.e. proxy for the meteotsunami waves) for the Baseline, No Apennines, RCP 8.5 and 262 

50m maximum depth experiments are presented as supplementary material with one mp4 video per 263 

event (videos S1 to S6). These videos reveal that, while the 25th of June 2014, 26th of June 2014 264 

and 9th of July 2019 events are likely to be well reproduced, the modelled atmospheric disturbances 265 

of the 28th of June 2017 event are too south to affect the Stari Grad harbour which was actually 266 

flooded, and are instead likely to trigger meteotsunami waves in the Vela Luka harbour. Finally, 267 

for both the 1st of July 2017 and 31st of March 2018 events, the intensities of the reproduced 268 

meteotsunami waves are far too low to properly generate any flooding. However, these events may 269 

still be used to quantify the impact of the climate change and the Apennines removal on the 270 

atmospheric disturbances and are retained in the analyses. 271 

3.2 Regional analysis 272 

As a first assessment of the sensitivity of the meteotsunami genesis and propagation, the relative 273 

changes (in percentage) of the No Apennines, RCP 8.5 and, for the ocean only, 50m maximum 274 

depth experiments are regionally compared to the Baseline experiment for each modelled event. 275 

Hereafter, the comparison is made for the maxima in time of both air-pressure rates of change 276 

(Figs. 2 and 3) and filtered sea-level heights (Figs. 4 and 5). 277 



 278 

Figure 2. Regional imprint of the sensitivity experiments on the atmospheric pressure disturbances 279 

(part 1). Baseline maximum air-pressure rates of change (top panels) as well as No Apennines 280 

(middle panels) and RCP 8.5 (bottom panels) relative changes (in percentage) for the maximum 281 

air-pressure rate of change during the 25th and 26th of June 2014, and 28th of June 2017 events. 282 

For the 25th of June 2014 event, the Baseline experiment show the presence of strong atmospheric 283 

disturbances (up to 1.2 hPa/min) triggering intense meteotsunami waves (more than 0.10 m) in the 284 

middle Adriatic Sea and along the coasts of the Dalmatian Islands sub-domain as well as mild 285 

atmospheric disturbances in the northern Adriatic Sea. The removal of the Apennine mountains 286 

(the No Apennines experiment) tends to strongly increase the northern Adriatic atmospheric 287 

disturbances (above 150%) and the meteotsunami waves along the coasts of the Northern Islands 288 

sub-domain (about 100%). It also increases by about 75% the meteotsunamigenic disturbances and 289 

about 60% the meteotsunami waves in the middle Adriatic. Under climate warming (the RCP 8.5 290 

experiment), the baseline atmospheric disturbances decrease by up to 75% and shift northward 291 

with an increase by more than 150% of the maximum pressure jumps. Consequently, the maximum 292 



filtered sea-level heights are decreased by nearly 100% along the maxima of the Baseline 293 

meteotsunami waves but increased by more than 100% along the northern coastline of the 294 

Dalmatian Islands sub-domain. Finally, the impact of the 50m maximum depth experiment on the 295 

meteotsunami waves is mostly to decrease their intensity by up to 70% along the path of the 296 

Baseline maxima and to divert them towards the southern Adriatic Sea where their intensity is 297 

increased by more than 100%. 298 

For the 26th of June 2014 event, strong Baseline pressure jumps (more than 1.2 hPa/min) are 299 

located in the southern Adriatic Sea and drive travelling meteotsunami waves of about 0.07 m of 300 

height, which amplify up to 0.10 m along the south-eastern coasts. As previously, the No 301 

Apennines experiment is largely increasing the atmospheric disturbances (more than 150%) and 302 

the meteotsunami waves (up to 100%) in the northern Adriatic Sea, but mildly changes them (± 303 

70% in the atmosphere and ± 50% in the ocean) along the meteotsunamigenic banners reproduced 304 

for the Baseline experiment. The changes for the RCP 8.5 experiment are stronger, with a 305 

northward shift of the meteotsunamigenic disturbances revealing an increase of more than 150% 306 

and 100% in the air-pressure rates of change and the filtered mean sea-level heights, respectively. 307 

Southward, a decrease of these conditions (up to 100% in the atmosphere and 75% in the ocean) 308 

occurs. Finally, as previously, the 50m maximum depth experiment diverts the meteotsunami 309 

waves southward (increase of more than 100% of the heights) but also, more surprisingly, 310 

northward with up to a 75% increase along the path of the Baseline disturbances. 311 

For the 28th of June 2017 event, the Baseline atmospheric disturbances occur at two locations: (1) 312 

the middle Adriatic with maximum pressure rates of change of about 0.7 hPa/min associated with 313 

meteotsunami waves of 0.04 m height and up to 0.1 m along the coasts of the Dalmatian Islands 314 

sub-domain, as well as (2) the northern Adriatic with maximum pressure jumps above 1.2 hPa/min 315 

and meteotsunami waves up to 0.10 m within the Northern Islands sub-domain. Both maximum 316 

pressure jump and sea-level height increase up to 150% and 100%, respectively, for the No 317 

Apennines experiment, while, for the RCP 8.5 experiment, decreasing up to 100% in the northern 318 

Adriatic Sea and increasing by more than 100% in the middle and southern Adriatic Sea. As for 319 

the 2014 events, the 50m maximum depth experiment diverts the meteotsunami waves towards the 320 

southern Adriatic (more than 100% increase of the maximum height), but also northward from the 321 

Baseline maximum with a filtered sea-level height increase of about 75%. 322 

For the 1st of July 2017 event, the strongest Baseline pressure jumps (up to 1.0 hPa/min) take place 323 

northward and southward of the Dalmatian Islands sub-domain, in areas where they don’t have 324 

the potential to generate strong meteotsunami waves in the ocean (maximum filtered sea-level 325 

heights below 0.03 m). For the No Apennines experiment, the maximum air-pressure rates of 326 

change substantially increase (more than 150%) over the Apennine mountains and along the 327 

nearshore areas of the Dalmatian Islands sub-domain, and decrease by 100% along the southern 328 

path of the Baseline experiment. Consequently, the meteotsunami waves also increase in the 329 

middle Adriatic (more than 100%) but decreased (up to 100%) in the southern Adriatic. The RCP 330 

8.5 experiment reveals an increase of the atmospheric disturbances (more than 150%) and the 331 

meteotsunami waves (more than 100%) in the middle Adriatic and along the Dalmatian Islands 332 

sub-domain, but a decrease by up to 100% everywhere else. As before, the 50m maximum depth 333 

experiment diverts the meteotsunami waves northward and southward from the path of the 334 

Baseline experiment, with up to 100% maximum height increase over these areas. 335 

For the 31st of March 2018 event, the strongest Baseline atmospheric disturbances (up to 1.0 336 

hPa/min) are located north of the Dalmatian Islands sub-domain and generate moderate 337 

meteotsunami waves (up to 0.07 m) mostly along the coasts of the Northern Islands sub-domain. 338 



An increase of more than 150% of the pressure jumps as well as between 70% and 100% of the 339 

filtered sea-level heights is produced by both No Apennines and RCP 8.5 experiments along the 340 

original path of the Baseline conditions but also in the nearshore areas of the Dalmatian Islands 341 

sub-domain. Not surprisingly, the 50m maximum depth meteotsunami waves are again diverted 342 

southward and northward of the path of the Baseline waves, with more than 100% maximum height 343 

increase over these areas. 344 

 345 

Figure 3. Regional imprint of the sensitivity experiments on the atmospheric pressure disturbances 346 

(part 2). Baseline maximum air-pressure rates of change (top panels) as well as No Apennines 347 

(middle panels) and RCP 8.5 (bottom panels) relative changes (in percentage) for the maximum 348 

air-pressure rate of change during the 1st of July 2017, 31st of March 2018 and 9th of July 2019 349 

events. 350 



 351 

Figure 4. Regional imprint of the sensitivity experiments on the meteotsunami waves (part 1). 352 

Baseline maximum filtered sea-level height (top panels) as well as No Apennines (middle panels), 353 

RCP 8.5 (middle panels) and 50m maximum depth (bottom panels) relative changes (in percentage) 354 

for the maximum filtered sea-level height during the 25th and 26th of June 2014, and 28th of June 355 

2017 events.  356 



  357 

Figure 5. Regional imprint of the sensitivity experiments on the meteotsunami waves (part 2). 358 

Baseline maximum filtered sea-level height (top panels) as well as No Apennines (middle panels), 359 

RCP 8.5 (middle panels) and 50m maximum depth (bottom panels) relative changes (in percentage) 360 

for the maximum filtered sea-level height during the 1st of July 2017, 31st of March 2018 and 9th 361 

of July 2019 events. 362 



For the final studied event, the 9th of July 2019, the direction of propagation of the Baseline 363 

meteotsunamigenic conditions is north-west to south-east, contrarily to the other events that are 364 

aligned in direction of meteotsunamigenic banners from south-west to north-east directions. 365 

During this storm, the atmospheric disturbances are extremely intense (above 1.2 hPa/min) along 366 

the entire coastline of the middle Adriatic basin between 41°N and 44°N of latitude. Consequently, 367 

the Baseline meteotsunami waves are also extremely strong (above 0.10 m) in this same area. Here, 368 

both No Apennines and RCP 8.5 experiments largely decrease the intensity of the Baseline 369 

experiment (up to 100% in the atmosphere and the ocean) in the open sea and within the nearshore 370 

areas of the Dalmatian Islands sub-domain for the RCP 8.5 experiment. However, they both 371 

increase the meteotsunami conditions by up to 100% in the southern Adriatic Sea. Additionally, 372 

the 50m maximum depth meteotsunami waves increase more than 100% over the entire Adriatic 373 

Sea below 43°N of latitude. 374 

From this regional analysis, we can’t draw general conclusions concerning the impacts on 375 

meteotsunami conditions of the Apennine mountain removal (the No Apennines experiment) or of 376 

the extreme climate warming (the RCP 8.5 experiment) as they seem to vary from event-to-event. 377 

Nevertheless, we can conclude that the flattening of the bathymetry (the 50m maximum depth 378 

experiment) always divert the meteotsunami waves from the coasts of the Dalmatian Islands sub-379 

domain, where the most destructive meteotsunami events are known to occur.  380 

3.3 Statistical Analysis 381 

In order to better quantify the impact of the different experiments, statistical analyses are 382 

performed on four separated sub-domains (Apennines, Deep Adriatic, Northern Islands and 383 

Dalmatian Islands) for the air-pressure rate of change (i.e. pressure jump) and filtered sea-level 384 

height extremes defined as the 98th percentile: (1) in time for all points and two weather type sub-385 

categories (Calm Weather and Stormy Weather) of events presented as violin plots (Fig. 6), and 386 

(2) in space for all times presented as 1-min time series for each event (Fig. 7). 387 

For the Apennines sub-domain, the violin plots (Fig. 6) show that over the entire domain for the 388 

Calm Weather events the pressure jumps increase under the No Apennines experiment (i.e. mean 389 

value of 0.10 hPa/min instead of 0.09 hPa/min for the Baseline experiment and increased number 390 

of values above 0.15 hPa/min), but largely decrease for the RCP 8.5 experiment (i.e. mean value 391 

of 0.05 hPa/min and decreased number of values above 0.15 hPa/min). For the Stormy Weather 392 

events, both No Apennines and RCP 8.5 distributions have a decreased number of values between 393 

0.10 and 0.30 hPa/min compare to the Baseline experiment. However, the RCP 8.5 experiment 394 

increase the number of extreme values between 0.30 and 0.80 hPa/min while the No Apennines 395 

disturbances have no extreme values above 0.30 hPa/min. Similarly, for the time variations of the 396 

extremes (Fig. 7), the RCP 8.5 pressure jumps are mostly weaker than for the Baseline and No 397 

Apennines experiments for the entire duration of the Calm Weather events, while the No Apennines 398 

rate of change peak values (up to 0.35 hPa/min) tend to surpass their Baseline counterparts. 399 

However, the peaks of the Stormy Weather events are higher for the Baseline experiment (up to 400 

0.20 hPa/min) than for the No Apennines and RCP 8.5 experiments (below 0.15 hPa/min). This is 401 

not necessarily in contradiction with the violin plot distributions showing an increase of extremes 402 

over the entire domain for the RCP 8.5 experiment, as the 98th percentiles over the entire domain 403 

and events can be higher than the 98th percentiles for each time of the event. 404 

For the Deep Adriatic sub-domain, the violin plot distributions of the air-pressure rates of change 405 

are similar to the ones of the Apennines sub-domain (Fig. 6). For the Calm Weather events, the 406 

mean values of the No Apennines experiment are similar to the Baseline values for the pressure 407 



jumps (0.12 hPa/min), while increasing for the filtered sea-level heights (0.019 m vs. 0.017 m for 408 

the Baseline experiment).  For the RCP 8.5 experiment, the respective mean values are much 409 

lower, only 0.09 hPa/min and 0.015 m.  However, the respective numbers of extreme values above 410 

0.2 hPa/min and 0.030 m largely increase for the No Apennines experiment and decrease in the 411 

atmosphere only for the RCP 8.5 experiment. Additionally, for the 50m maximum depth 412 

experiment, the number of extreme filtered sea-level height values above 0.030 m largely increases 413 

compared to the Baseline experiment, although the mean values are similar (0.018 m). For the 414 

Stormy Weather events, both the No Apennines and RCP 8.5 number of extreme pressure jump 415 

values decrease above 0.20 hPa/min but increase between 0.10 and 0.20 hPa/min. The respective 416 

mean values for all the distributions are about 0.12 hPa/min. In the ocean, mean values for all 417 

filtered sea-level height distributions are about 0.019 m while, compared to the Baseline 418 

experiment, the number of extreme values above 0.030 m are largely increased for the RCP 8.5 419 

experiment and decreased for both No Apennines and 50m maximum depth experiments. 420 

Concerning the time variations (Fig. 7), the Baseline pressure jump peaks (up to 0.35 hPa/min) 421 

increase (1) for the No Apennines experiment (up to 0.50 hPa/min) for the 25th of June 2014, 28th 422 

of June 2017 and 31st of March 2018 events and (2) for the RCP 8.5 experiment (up to 0.40 423 

hPa/min) for the 26th of June 2014 event. In the ocean, the RCP 8.5 filtered sea-level heights 424 

generally increase with respect to the Baseline values for the 28th of June 2017, 31st of March 2018 425 

and 9th of July 2019 events. For the 25th and 26th of June events, the Baseline filtered sea-level 426 

heights decrease under the RCP 8.5 scenario, but slightly increase under the No Apennines and 427 

50m maximum depth experiments. 428 

For the Northern Islands sub-domain, in the atmosphere (Fig. 6), the No Apennines pressure jumps 429 

clearly increase for the Calm Weather events (mean value of 0.14 hPa/min instead of 0.12 hPa/min 430 

for the Baseline experiment and increased number of values above 0.20 hPa/min, with the 431 

maximum reaching 0.80 hPa/min instead of 0.55 hPa/min for the Baseline experiment). A strong 432 

decrease of the air-pressure rates of change is also seen for the RCP 8.5 experiment (i.e. mean 433 

value of 0.08 hPa/min and decreased number of values between 0.10 and 0.20 hPa/min). 434 

Additionally, for the Stormy Weather events, the No Apennines and Baseline distributions are quite 435 

similar, while the RCP 8.5 distribution shows a strong pressure jump decrease (i.e. mean value of 436 

0.14 hPa/min instead of 0.20 hPa/min for the Baseline experiment and maximum reaching only 437 

0.55 hPa/min instead of more than 0.8 hPa/min for the Baseline experiment). In the ocean, 438 

however, all distributions look quite similar for the four experiments. For the time variations (Fig. 439 

7), the No Apennines air-pressure rates of change are consistently higher or similar to the Baseline 440 

values (e.g. reaching the respective values of 1.00 hPa/min and 0.60 hPa/min during the 28th of 441 

June 2017). Further, the RCP 8.5 pressure jumps are always less energetic than the Baseline values, 442 

except for the 28th of June 2017 when the first peak of the event reaches nearly 0.60 hPa/min 443 

instead of 0.30 hPa/min. In the ocean, the peaks of the No Apennines and 50m maximum depth 444 

filtered sea-level heights are most of the time higher or similar to the Baseline respective values 445 

and, for the 28th of June 2017 event, the RCP 8.5 scenario is characterized by the strongest peak 446 

of all Calm Weather events, reaching up to 0.135 m. 447 



 448 

Figure 6. Distributions of the atmospheric disturbance and meteotsunami wave extremes over the 449 

four sub-domains. Violin plots of the distributions of the 98th percentile calculated for the entire 450 

duration of the events at each point of the four sub-domains (Apennines, Deep Adriatic, Northern 451 

Islands and Dalmatian Islands) for both the air-pressure rate of change (Atm.) and the filtered sea-452 

level height (ocean). The distributions are presented separately depending on the experiments 453 

(Baseline, No Apennines, RCP 8.5 and, for the ocean only, 50m maximum depth) and the weather 454 

types (Calm Weather, Stormy Weather).  455 



 456 

Figure 7. Evolution of the atmospheric disturbance and meteotsunami wave extremes for the four 457 

sub-domains. Time variations of the air-pressure rate of change (atm.) and filtered sea-level height 458 

(ocean) extreme calculated as the 98th percentile for all points of the four sub-domains (Apennines, 459 

Deep Adriatic, Northern Islands and Dalmatian Islands) at each time of the events for different 460 

experiments (Baseline, No Apennines, RCP 8.5 and 50m maximum depth) and the six studied 461 

events.  462 



Finally, within the Dalmatian Islands sub-domain, violin plots for the Calm Weather events (Fig. 463 

6) show that the air-pressure rates of change increase for the RCP 8.5 experiment (mean value of 464 

0.17 hPa/min instead of 0.12 hPa/min for the Baseline experiment and increased number of values 465 

above 0.20 hPa/min). They also increase for the No Apennines experiment in both Calm Weather 466 

(i.e. mean value of 0.15 hPa/min) and Stormy Weather (i.e. mean value of 0.21 hPa/min instead of 467 

0.18 hPa/min for the Baseline experiment with increased number of values above 0.20 hPa/min) 468 

conditions. For the Stormy Weather events, the RCP 8.5 pressure jumps tend to decrease (mean 469 

value of 0.15 hPa/min and decreased number of values above 0.20 hPa/min). In the ocean, for the 470 

Stormy Weather events, the violin plots highlight that the meteotsunami waves largely decrease 471 

for the No Apennines, RCP 8.5 and 50m maximum depth experiments (i.e. mean filtered sea-level 472 

heights of 0.042 m for all instead of 0.055 m for the Baseline experiment and decreased number 473 

of values above 0.050 m). For the Calm Weather events, however, only the RCP 8.5 experiment 474 

seems to create stronger meteotsunami waves (i.e. mean filtered sea-level heights of 0.050 m 475 

instead of 0.044 m for the Baseline experiment and increased number of values above 0.050 m). 476 

These changes are well illustrated in the time variation plots (Fig. 7). In the atmosphere, the 477 

pressure jump peaks for the RCP 8.5 experiment largely surpass the ones for the Baseline and No 478 

Apennines experiments for the 25th of June 2014 (0.70 hPa/min instead of 0.55 hPa/min), 26th of 479 

June 2014 (1.10 hPa/min instead of less than 0.10 hPa/min) and 28th of June 2017 (0.65 hPa/min 480 

instead of respectively 0.40 and 0.50 hPa/min) events. For these events, the atmospheric 481 

disturbances generate strong meteotsunami waves with values above 0.150 m: up to 0.250 m for 482 

the 25th of June 2014, and up to 0.300 m for the 26th of June 2014 and the 28th of June 2017. For 483 

all the events, the 50m maximum depth filtered sea-level heights tend to largely decrease, with 484 

values below 0.100 m for all the events, except during the last hours of the 9th of July 2019 event. 485 

Finally, the No Apennines filtered sea-level heights also seem to slightly decrease for all the events.  486 

From these statistical analyses, we demonstrate that the atmospheric disturbances increase during 487 

the Calm Weather events for both No Apennines (within the Apennines sub-domain) and RCP 8.5 488 

(within the Dalmatian Islands sub-domain) experiments with, consequently, an increase of the 489 

meteotsunami waves. 490 

3.4 Spectral Analysis 491 

Because meteotsunami amplification depends on the local geomorphology, the impacts of 492 

orography, bathymetry and climate changes to meteotsunami waves is assessed with wavelet and 493 

wavelet coherence analyses in the time-period space, for the filtered mean sea-level heights at three 494 

sensitive locations (Fig. 1) during three well-reproduced events: in Stari Grad for the 25th of June 495 

2014 event, in Vela Luka for the 28th of June 2017 event and in Vrboska for the 9th of July 2019 496 

event. 497 

Importantly for the meteotsunami propagation, each harbour location has its own amplification 498 

factor and resonance frequency. From the time series and the wavelet analyses presented in Fig. 8 499 

for the Baseline experiment, it can be seen that Vela Luka has the strongest amplification with 500 

meteotsunami waves reaching up to 0.80 m of height for periods of 8 and 17 min for one main 501 

peak. The amplifications in Stari Grad and Vrboska are lower reaching up to 0.35 m and 0.50 m 502 

of height for periods of 27 min for two main peaks and 12-15 min for three main peaks, 503 

respectively. The time series within the harbours confirm the previous results and show that the 504 

meteotsunami waves decrease at all locations for the 50m maximum depth experiment and 505 

increased up to nearly 1.00 m in height in Vela Luka for the RCP 8.5 experiment. The No 506 

Apennines maximum filtered sea-level heights seem not to change much compared to the Baseline 507 

values. 508 



 509 

Figure 8. Spectral analysis of the meteotsunami waves in different experiments at sensitive 510 

harbour locations. Filtered mean sea-level height time-series (black frames), normalized wavelet 511 

power spectrum for the Baseline experiment (blue frames) and wavelet coherence for the No 512 

Apennines, RCP 8.5 and 50m maximum depth experiments (red frames) at three sensitive harbour 513 

locations along the Dalmatian Islands sub-domain for chosen events (Stari Grad for the 25th of 514 

June 2014 event, Vela Luka for the 28th of June 2017 event and Vrboska for the 9th of July 2019 515 

event). 516 



Concerning the wavelet coherence analyses in the time-period space, they reveal several 517 

interesting features during the meteotsunami events. For the No Apennines experiment, the time 518 

series of filtered sea-levels often have low interdependences (i.e. coherence below 0.40) to their 519 

Baseline counterparts and are in anti-phase. In other words, the arrows pointing to the bottom-left 520 

show that the No Apennines meteotsunami events occur after the Baseline events for all the periods 521 

between 8 and 27 min, with the exception of the first peaks in Stari Grad and Vrboska. For the 522 

RCP 8.5 experiment, the time series generally have high interdependence (coherence above 0.75) 523 

but are not in phase. For the second peak only, meteotsunami events occur after their Baseline 524 

counterparts in Stari Grad and Vrboska but before in Vela Luka. Finally, for the 50m maximum 525 

depth experiment, the time series always have high interdependence (i.e. coherence above 0.75) 526 

but are not in phase, with all events occurring after their Baseline counterparts. 527 

The spectral analysis thus reveal that environmental changes are impacting not only the intensity 528 

of the events but also their timing and their behaviour in the time-period space. 529 

4 Discussion 530 

In the last century, breakthroughs in computational science and better access to powerful numerical 531 

resources have allowed the research community to perform more and more detailed geoscientific 532 

studies such as, for example, the impact of climate change on the atmosphere-ocean dynamics 533 

(Giorgi, 2019). Recently, in the meteotsunami community, the development of sub-kilometre scale 534 

coupled atmosphere-ocean modelling suites capable to reproduce the internal atmospheric gravity 535 

waves triggering the meteotsunami events have provided the appropriate tools to quantify the 536 

influence of different factors (orography, bathymetry, climate change) on the meteotsunami 537 

genesis, thus breaking the barriers of the theoretical, experimental and observational studies. In 538 

this work we presented the first results of such a numerical approach. 539 

Our main findings are summarized in Figure 9, presenting the peaks in time (as seen in Figure 7) 540 

of both meteotsunami wave and pressure disturbance extremes for each event over each sub-541 

domain (except for the Apennines sub-domain which does not cover the Adriatic Sea). They show 542 

that: 543 

• meteotsunami-favourable conditions are likely to be largely increased within the Dalmatian 544 

Islands sub-domain in both atmosphere and ocean under a projected extreme warming climate 545 

(RCP 8.5 experiment). This is particularly relevant as the strongest and most destructive 546 

meteotsunami events occur within this sub-domain (Vilibić et al., 2016; Denamiel et al., 2018, 547 

2020a); 548 

• however, meteotsunami waves are projected to decrease in the adjacent Northern Islands sub-549 

domain under warmer climate (the RCP 8.5 experiment). Therefore, meteotsunami-favourable 550 

conditions are geographically limited due to, for example, the regional bathymetries (flat 551 

bathymetry off the Northern Islands sub-domain versus complex and changing bathymetry 552 

off the Dalmatian Islands sub-domain); 553 

• flattening of the bathymetry (the 50m maximum depth experiment) substantially decreases the 554 

meteotsunami waves in the Dalmatian Islands sub-domain, thus indicating that the Proudman 555 

resonance (Proudman, 1929) – which is hypothesised to be a major process of the 556 

meteotsunami generation (Orlić et al., 2010; Monserrat et al., 2006) – is not playing a 557 

substantial role in this region characterized by a changing bathymetry. On the contrary, the 558 

flattening is found to divert the meteotsunami waves from the hot-spot locations and to 559 



channelize the meteotsunami energy similarly to tsunami propagation over ridges and 560 

channels (Titov et al., 2005); 561 

 562 

Figure 9. Summary of the findings. For the Baseline, No Apennines and RCP 8.5 experiments, 563 

peak of the time variations of the 98th percentile for the mean sea-level pressure jump in the 564 

atmosphere (as presented in Figure 7) depending on the six selected events for the Apennines sub-565 

domain (top left panel). For the four different experiments and all the selected events, peak of the 566 

time variations of the 98th percentile for the filtered mean sea-level height (i.e. meteotsunami wave 567 

height in the ocean, as presented in Figure 7) depending on the peak of the time variations of the 568 

98th percentile for the air-pressure rate of change in the atmosphere (as presented in Figure 7) for 569 

the Deep Adriatic, Northern Islands and Dalmatian Islands sub-domains. For these sub-domains, 570 

the linear relationship between the atmospheric disturbance jump and the meteotsunami wave 571 

height is given as m/hPa for all events and experiments. 572 

• removing the Apennines (the No Apennine experiment) does not substantially change the 573 

intensity of the meteotsunamigenic disturbances (except an increase within the Apennines sub-574 

domain) but results in different spatial patterns, particularly for the Calm Weather situations. 575 

In the ocean, the resulting meteotsunami waves are slightly stronger, presumably due to 576 

different characteristic of the meteotsunamigenic disturbances (e.g. speed or propagation 577 

direction). Therefore, the meteotsunamigenic disturbances are not generated by the orography, 578 

just being modulated, while their origin is presumably driven by shear instabilities or similar 579 

processes that normally generate atmospheric internal gravity waves (Plougonven and Zhang, 580 



2014). That may apply for other world locations vulnerable to meteotsunami events (e.g. the 581 

Balearic Islands) for which mountains are also suspected to have a substantial role in the 582 

meteotsunami genesis (Jansá and Ramis, 2020). 583 

The only previous study quantifying the impact of future climate on the meteotsunami generation 584 

has been using proxy-derived meteotsunami indices defined at the synoptic scale in the Balearic 585 

Islands (Vilibić et al., 2018). Following this work, the number of meteotsunami events is expected 586 

to increase by 34% under the RCP 8.5 climate scenario. Yet, contrarily to the approach used in our 587 

study, the synoptic meteotsunami index cannot be used to forecast the intensity of these extreme 588 

events. Further, in the Adriatic Sea, Vilibić and Šepić (2009) hypothesized that the strong fronts 589 

present during meteotsunami events, may be generated or additionally boosted by the orography 590 

of the Apennines. However, in our study we demonstrated that the Apennines have little impact 591 

on the meteotsunami genesis. Finally, many studies investigated the influence of the bathymetry 592 

on the meteotsunami wave generation and propagation around the world, putting the accent to the 593 

Proudman resonance as the meteotsunami generation mechanism (Williams et al., 2020; Bubalo 594 

et al., 2021). Indeed, the Proudman resonance is the dominant process in regions with flat 595 

bathymetries, like wide shelves (Titov and Moore, 2021), but our results indicate that this is not 596 

necessarily the case for one of the most vulnerable regions in the world, the coastal middle Adriatic 597 

Sea. 598 

Notwithstanding the undeniable interest of this study for the meteotsunami community, our 599 

analyses present several critical aspects and our conclusions should not be generalized without 600 

caution. First, meteotsunami genesis and propagation highly depend on the studied geographical 601 

location and our results may not be valid outside of the Adriatic basin. Then, the ensemble of six 602 

events used in this study is not only small but also includes two meteotsunamis that were not 603 

properly reproduced with the AdriSC model (Denamiel et al., 2019a). Finally, the found process-604 

level impacts are highly variable from event-to-event depending on the intensity, location and type 605 

(i.e. the Calm Weather and Stormy Weather events) of the meteotsunami conditions. Consequently, 606 

we foresee several avenues that can be pursued in future studies to increase the confidence on the 607 

presented numerical results. First, the number of events in the studied ensembles should be 608 

increased – e.g. the full catalogue of historical meteotsunami events in the Adriatic Sea (Orlić, 609 

2015) should be numerically reproduced. Second, the physics and resolutions of the numerical 610 

models should be continuously improved to better capture the coupled atmosphere-ocean 611 

meteotsunami dynamics. Then, other geographical locations in the world should be researched – 612 

e.g. the Balearic Islands (Jansá and Ramis, 2020), the Korean and Japanese west coasts (Hibiya 613 

and Kajiura, 1982; Choi et al., 2014), the U.S. East Coast (Churchill et al., 1995; Wertman et al., 614 

2014). Finally, the atmospheric research should be scaled-up within the meteotsunami community 615 

which is mostly composed of oceanographers – e.g. in the Adriatic, only few studies have been 616 

led by atmospheric scientists (Belušić et al., 2007; Horvath et al., 2018). 617 

To conclude, we expect that with the constant technological evolutions, sub-kilometre scale 618 

coupled atmosphere-ocean models better adjusted to represent meteotsunami events may, in a near 619 

future, run at reduced computational cost and allow for radical discoveries concerning the still 620 

unknown physics of the meteotsunami genesis.  621 
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