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1. Introduction
Tropical cyclones (TCs) are among the most destructive natural disasters, causing significant 
fatalities and economic damage due to multiple hazards such as extreme winds, precipitation, 
storm surge, flooding, ocean waves, and tornadoes (Emanuel 2003; Rappaport 2014). These 
combined hazards increase the risk of loss of life and property damage and are a forecasting 
challenge (Grinsted et al. 2019; Nielsen et al. 2015). The most substantial economic losses 
are often caused by intense landfalling tropical cyclones, such as Hurricanes Katrina (2005), 
Harvey (2017), Maria (2017), and Typhoon Haiyan (2013). Post-tropical cyclones, especially 
those undergoing extratropical transition, can also impact midlatitudes, affecting regions 
like Northeast United States, Canada, and Europe (Baker et al. 2021; Hart and Evans 2001).

In the Mediterranean, storms with tropical cyclone characteristics (presence of a central 
eye, spiral cloud bands, and symmetric deep warm core), known as medicanes, occur one or  
two times a year (Flaounas et al. 2022). These hybrid storms form over the Mediterranean 
Sea and may undergo a tropical transition, possessing traits of both tropical cyclones and 
midlatitude frontal systems either at different stages of their lifetime or simultaneously. 
While medicanes rarely reach hurricane strength, they pose significant wind and rain haz-
ards, threatening life and property in the Mediterranean region (Romero and Emanuel 2013;  
Cavicchia et al. 2014; Miglietta and Rotunno 2019).

Scientists have studied the effects of climate change on the characteristics of tropical cy-
clones and medicanes, in particular how often they will occur (i.e., frequency), how strong 
they will be (i.e., intensity), and their associated risks (Knutson et al. 2010; Knutson et al. 
2019, 2020; Camargo et al. 2023), in the future. The IPCC Sixth Assessment Report (IPCC 2021) 
states that in a warmer climate, there will be a “Likely decrease or no change in frequency 
of tropical cyclones, likely increase in mean maximum wind speed, but possibly not in all 
basins, likely increase in heavy rainfall associated with tropical cyclones.” While the large 
uncertainty in the changes in TC frequency makes it hard to project their risk, the consensus 
is that when a TC (or a medicane) makes landfall, the stronger winds and heavier rainfall, 
combined with sea level rise due to climate change, will lead to more severe impacts.

The Institut Pascal allowed us to address the uncertainties in these issues in a unique setup. 
Each participant came to our “temporary lab” and the schedule left significant free time to fos-
ter new collaborations and stimulate discussions on specific topics chosen by the participants. 
Scheduled activities included seminars, poster sessions, discussions, round tables, a public 
lecture, and training sessions, focusing on the physical understanding, diagnostic tools and 
numerical simulations, methods for creating synthetic cyclones (i.e., cyclones that could have 
happened in certain climate conditions), and attribution of TCs and medicanes to climate change.

2. Week 1: Defining medicane in the landscape of Mediterranean cyclones
During the first week of TROPICANA at the Institut Pascal, we delved into several critical ques-
tions regarding the physics and modeling of medicanes. To mark the launch of the program 
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on Monday, 3 June 2024, a public lecture was given by Kerry Emanuel, which illustrated the 
common features of hybrid cyclones happening in the subtropics and extratropical regions 
(Emanuel 2018). The talk proposed that, while different names are used for these cyclones 
depending on the region of development (medicanes, polar lows, Kona storms, and subtropical 
cyclones), the physics is essentially the same, and hence that, from a physical point of view, 
they should be treated as the same category. The lecture was followed by a panel discussion 
and a press briefing, which allowed a dozen of French and international journalists to ask 
questions to a panel of experts on medicanes, TCs, and climate change.

During the remainder of the week, we explored different perspectives on how to precisely 
define a “medicane,” trying to reconcile the proposed definition with existing ones (Moscatello 
et al. 2008; Fita and Flaounas 2018) and distinguishing its unique characteristics from other 
subtropical and extratropical storm types. Process-based and structural definitions were con-
sidered in the discussion, and the group agreed upon a satellite-based structural definition 
for medicanes (D’Adderio et al. 2024), accessible to nonscientific observers. We also examined 
the factors governing their frequency and interannual variability. Discussions included the 
formation of medicanes, including in situ formation, as well as from disturbances generated 
by extratropical storms, and the observed differences in their development mechanisms. 
We discussed how to adapt TC tracking methodologies for medicanes and the necessary 
modifications required to track these hybrid storms effectively and the optimal approach to 
produce reference datasets for Mediterranean cyclones (Flaounas et al. 2023). Additionally, 
we focused our attention on how to study these phenomena in various simulation frame-
works, such as global and regional parameterized models, coupled ocean–wave–atmosphere, 
convection-permitting models, synthetic medicanes, and the potential benefits of combining 
these approaches.

Regarding the modeling of medicanes, one important issue to consider is spatial resolution, 
which is crucial to simulate tracks and impacts accurately in the Mediterranean basin, as it is 
smaller and has a more complex geography than other ocean basins (Flaounas et al. 2022). 
Addressing these model deficiencies involves several pathways, each one with its own set of 
challenges: switching to regional climate model configurations, developing nonhydrostatic 
or convection-resolving models (Coppola et al. 2020), and improving subgrid scale param-
eterizations of convection and boundary layer processes. These discussions were fruitful for 
advancing our understanding and how to improve the modeling of medicanes in the future, 
laying a strong foundation for the subsequent weeks of the program. During the first week, we 
also highlighted how international projects such as two Horizon Europe projects—Artificial 
Intelligence for Detection and Attribution (XAIDA) and Climate Intelligence (CLINT)—and  
two European Cooperation in Science and Technology projects—FutureMed (A transdis-
ciplinary network to bridge climate science and impacts on society) and MedCyclones  
(the European network for Mediterranean cyclones in weather and climate)—can advance 
the understanding of Mediterranean cyclones and provide opportunities for near-real-time 
analyses and communication.

3. Week 2: Climate change impacts and attribution of medicanes
During the second week of TROPICANA at the Institut Pascal, we concentrated on enhancing 
our understanding of the future climatology and attribution of medicanes within the context 
of climate change (González-Alemán et al. 2019). We discussed how the physical properties 
and formation mechanisms of medicanes might evolve in the future, with the goal of refining 
our projections and models. In a future climate where medicanes could be more intense or 
more frequent, accurately representing the interactions between the atmosphere, ocean, and 
waves becomes increasingly important. Recent evidence, such as the impact of cold wakes 
on medicane development (Karagiorgos et al. 2024), supports this view.
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In this week, we also discussed whether attribution studies, increasingly common for spe-
cific tropical cyclones (Reed et al. 2020) or cyclone seasons (Reed et al. 2022), could be applied 
to medicanes as well as Mediterranean cyclones in general. In particular, these attribution 
studies would involve methodological adaptations to account for the specific environmental 
and geographical features of the Mediterranean basin. The debate highlighted that ideally 
attribution would require large ensemble of convection permitting simulations with and 
without the influence of climate change (see, e.g., Koseki et al. 2021). The capabilities of the 
rapid attribution framework of ClimaMeter (Faranda et al. 2022, 2024) were presented and, 
as a training activity, we produced a rapid attribution (https://www.climameter.org/20200917-18- 
medicane-ianos) report for the case of Medicane Ianos. The conclusions of the report stated 
that Mediterranean depressions like Ianos have similar atmospheric pressure and up to 15% 
higher precipitation in the present than in the past decades. We interpreted Medicane Ianos 
as a largely unique event in which natural climate variability played a significant role. Many 
presentations during the week also addressed classification and impacts of medicanes.

4. Week 3: Tropical cyclone genesis and simulations
On the second half of TROPICANA at the Institut Pascal, our discussions shift toward TCs 
and impacts of climate change on these phenomena. The third week started with a keynote 
talk given by Zhuo Wang, who discussed processes, from mesoscale to planetary scales, that 
are related to tropical cyclogenesis, and how these processes are seen in observations and 
numerical model simulations (e.g., Bister and Emanuel 1997; Dunkerton et al. 2009; Ritchie 
and Holland 1997; Sobel et al. 2021; Vecchi et al. 2019; Wang et al. 2010; Wang 2012, 2014; 
Wang et al. 2020; Núñez Ocasio et al. 2020).

We explored the factors that influence TC frequency and genesis globally and across ba-
sins, including the role of TC seeds in determining TC frequency (Vecchi et al. 2019; Sobel 
et al. 2021; Rajasree et al. 2023; Núñez Ocasio et al. 2024; Rios-Berrios et al. 2024). We also 
investigated the mechanisms influencing regional and interannual variations in TC activity 
(Wu et al. 2020; Feng et al. 2022).

While the term “TC seed” is frequently used in the scientific community in recent years, 
it lacks a rigorous definition. Participants shared their different views of the concept and 
collaborated in developing a physics-based definition. The task of defining what exactly a 
TC seed is and what parameters need to considered in a seed tracker is complicated by the 
different tropical cyclogenesis pathways in different basins. Furthermore, although most, if 
not all, TCs in the real world originate from pre-existing disturbances, it is not clear whether 
TCs actually need a seed to form based on idealized model simulations (Patricola et al. 2018; 
Ramsay et al. 2020).

We have known for a long time which large-scale environmental variables are important 
for a TC genesis conducive environment, as well as the modulation of TC activity (Gray 1968, 
1979). However, the interactions across multiple climate modes of variability and among 
different basins are not well understood yet. For example, there is emerging evidence for the 
existence of opposite trends of TC activity in the North Atlantic and the western North Pacific 
basins (Liu and Chan 2022; Huang et al. 2023; Patricola et al. 2022), which remains to be 
explained. Potential trends associated with changes in the large-scale environment remain 
also challenging to identify. As an illustration, we discussed the upcoming Northern Hemi-
sphere TC season and how it might be influenced by the combined effects of the cold phase 
of El Niño–Southern Oscillation (i.e., La Niña) and the specific pattern of the anomalously 
warm Atlantic sea surface temperatures.

Furthermore, we discussed attribution studies for tropical cyclones (Patricola and Wehner 
2018; Wehner et al. 2019). Such studies typically focus on changes in the characteristics of 
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tropical cyclones, such as their intensity, associated rainfall, or storm surge (e.g., Reed et al. 
2020, 2022). However, as the hazards associated with tropical cyclones occur concurrently, 
there is a need to develop a more comprehensive attribution framework that takes into account 
the compound effect of tropical cyclone attributes and impacts.

5. Week 4: Tropical cyclones climate change, risk, attribution, and machine learning
During the final week of TROPICANA at Institut Pascal, our focus turned to the tools we have 
to understand TCs and predict their future changes and impacts, including dynamical and 
statistical models, as well hybrid statistical–dynamical models.

While there is an agreement that anthropogenic climate change is increasing the inten-
sity and rainfall rates of TCs, there is still no consensus about changes in TC frequency 
(Knutson et al. 2020; Sobel et al. 2021; Camargo et al. 2023), mainly due to the lack of a 
complete theory for the climate control on TC frequency. Furthermore, projections of other 
TC characteristics can be difficult, partly due to the limitations of state-of-the-art climate 
models (Knutson et al. 2020; Judt et al. 2021). While model resolution has been a limita-
tion for a long time, TROPICANA showcased the emergence of many new high-resolution 
approaches. Standard climate models can now be run at 25-km grid spacing or finer, as 
was done for the High-Resolution Model Intercomparison Project (HighResMIP) multimodel 
effort (Roberts et al. 2020; Bourdin et al. 2024), which showed a large improvement in the 
properties of the simulated TC statistics (e.g., frequency, intensity, and geographical dis-
tribution) as the model resolution becomes finer, although substantial regional biases still 
remain in some basins. At much finer resolutions, cloud-resolving/convection-permitting 
models can resolve the mesoscale processes within the cyclones but can only be run for 
short periods of time (Judt et al. 2021). By resolving these fine scales, TC intensification 
rates are close to observations and rapid intensification is captured. Such models also 
capture the observed relationship between high intensification rate and small inner-core 
size and outer wind field size and structure (Baker et al. 2024; Schenkel et al. 2023). The 
use of regional climate models (e.g., Tran et al. 2022), including stretched grid configura-
tions such as those presented in McGregor and Dix (2008), DeCiampa and Zarzycki (2023), 
Núñez Ocasio and Dougherty (2024), were presented as a way to bridge the gap between 
low-resolution climate models and convection-permitting simulations capable of resolving 
important processes in TCs. More idealized simulations were also shown to be an impor-
tant avenue for an increasing understanding of the TC–climate relationship (Hsieh et al. 
2020; Rios-Berrios et al. 2023).

The keynote talk given by Ning Lin on TC hazards and risk discussed downscaling tech-
niques which bring additional insight that would complement the limitations of global climate 
models for TC risk assessment. While dynamical downscaling faces constraints due to com-
putational costs and limited geographical extent (e.g., single basin), statistical–dynamical 
downscaling and their resulting synthetic tracks (e.g., Emanuel 2006; Lee et al. 2018; Jing 
and Lin 2020) offer the advantages of providing a very large sample size of TCs for estimating 
TC impacts in a changing climate. It is however noted that such assessment requires careful 
consideration of the underlying assumptions.

Furthermore, downscaled TC datasets are limited by the biases of the large-scale envi-
ronmental fields inherited from the global climate models, which highlights the need for 
effective and efficient bias correction techniques. When using bias correction, the global 
climate model fields need to maintain physical consistency across variables like wind, 
precipitation, and sea level pressure, thereby preserving an accurate assessment of the 
impact of climate change on TCs. Furthermore, the presence of systematic biases across 
global climate models, such as the historical trends in the tropical Pacific sea surface 
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temperature (Seager et al. 2019, 2022), could potentially lead to an underestimation of the 
existing uncertainty of TC projections (Sobel et al. 2023).

Throughout the week, the applications of machine learning (ML) for improving TC simula-
tions, understanding, and attributions were a key theme (Tam et al. 2024; Lockwood et al. 
2024). We explored how ML frameworks can refine model projections, correct biases, and 
contribute to more reliable assessments of climate change impacts on TC characteristics.  
Furthermore, we discussed the potential for ML to complement or replace traditional dynami-
cal modeling in TC research. Important topics include the critical role of TC data quality, as 
ML models are limited by their input data. Synthetic data generation was proposed as one way 
to address gaps in observational records (Yang et al. 2022). There are questions about how 
ML can capture the effects of climate change, predict extreme events, and maintain physical 
realism in its projections (Molina et al. 2023; Beucler et al. 2024). Currently, the potential of 
ML to bridge the gap between weather and climate research communities is being explored, 
along with the need for robust evaluation metrics and stakeholder involvement (Eyring et al. 
2024). Concerns are also raised about the limitations of current ML methods and the impor-
tance of leveraging causal methods to enhance model robustness (Ganesh et al. 2023).

Our conclusion was that there is no optimal tool to study TCs, but rather we need to work 
on improving all these approaches to address different questions from different perspectives 
using different tools and, ultimately, provide enough evidence that will help us understand 
TCs and how they might change in the future.

Finally, we have conducted a comprehensive assessment of the hazards posed by tropical 
cyclones by discussing historical storm data, presenting models to address their impacts, 
and examining methods to define the impact of these storms on coastal communities and 
ecosystems (Luu et al. 2021; Xi et al. 2023). This included discussing ways to assess wind 
speed, storm surge, and rainfall patterns to better understand their potential damage and to 
improve preparedness and adaptation strategies.

6. Perspectives
White papers, tutorials, and recommendations aimed at defining medicanes and tropical 
cyclone seeds, along with a comprehensive review paper on their impacts, will pave the way 
for a follow-up event, TROPICANA 2, in 2027. TROPICANA 2 not only will aim at consolidat-
ing the work on medicanes and tropical cyclones but also will expand toward others types 
of cyclones, including subtropical, midlatitude, and polar cyclones. We want to continue to 
strengthen our ability to predict, respond, and make projections of all types of storms, by 
looking at all cyclones comprehensively.

Prior to 2027, TROPICANA will continue to drive initiatives through meetings at American 
Geoscience Union and European Geoscience Union, as well as an email list and an active 
Slack channel, fostering ongoing collaboration and knowledge exchange among experts. 
These platforms will serve as crucial forums for discussing emerging research, methodolo-
gies, and findings in tropical cyclone and medicane studies.

Acknowledgments. This work was made possible by Institut Pascal at Université Paris-Saclay with 
the support of the program TROPICANA, “Investissements d’avenir” ANR-11-IDEX-0003-01. We ac-
knowledge all participants in TROPICANA Meeting: Tommaso Alberti, Alexander J. Baker, Lisa Bernini, 
Tom Beucler, Stella Bourdin, Sophia E. Brumer, Adrien Burq, Suzana J. Camargo, Andrina Caratsch, 
Carmen Alvarez Castro, Leone Cavicchia, Greta Cazzaniga, Marco Chericoni, Erika Coppola, Vesna 
Cupic, Stavros Dafis, Apolline Dekens, Jean Philippe Duvel, Kerry Emanuel, Mohammed Nabil El Korso, 
Davide Faranda, Xiangbo Feng, Emmanouil Flaounas, Chauvin Fabrice, Mireia Ginesta, Giacomo  
Giuliani, Juan Jesus Gonzalez Aleman, Milton Gomez, Jesús Gutiérrez-Fernández, Roméo Hatchi,  
Falko Judt, Samira Khodayar Pardo, Chia Ying Lee, Marie Dominique Leroux, Dianyi Li, Hui Li, 

Unauthenticated | Downloaded 12/09/24 04:57 PM UTC



A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y D E C E M B E R  2 0 2 4 E2313

Jonathan Lin, Ning Lin, Chen Lu, Joshua Macholl, Mario Marcello Miglietta, Maria J. Molina, Henrique 
Moreno Dumont Goulart, Kelly Núñez Ocasio, Itxaso Odériz, Florian Pantillon, Salvatore Pascale, 
Claudia Pasquero, Alice Portal, Flavio Pons, Hamish Ramsay, Marco Reale, Rosimar Rios Berrios, 
Elizabeth Ritchie, Malcolm Roberts, Romualdo Romero March, Leo Saffin, Benjamin Schenkel, Paolo 
Scussolini, Alyssa Stansfield, Daniel Stern, Frederick Iat-Hin Tam, Pradeebane Vaittinada Ayar, Pier 
Luigi Vidale, Françoise Vimeux, Zhuo Wang, Michael Wehner, Emily Wisinski, Victor Xing, Qidong 
Yang, Pascal Yiou, Jingyi Zhuo, and Colin Zarzycki.

Data availability statement. No datasets were generated or analyzed in this manuscript.

Unauthenticated | Downloaded 12/09/24 04:57 PM UTC



A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y D E C E M B E R  2 0 2 4 E2314

References

Baker, A. J., K. I. Hodges, R. K. H. Schiemann, and P. L. Vidale, 2021: Historical 
variability and lifecycles of North Atlantic midlatitude cyclones originating 
in the tropics. J. Geophys. Res. Atmos., 126, e2020JD033924, https://doi.org/ 
10.1029/2020JD033924.

——, B. Vannière, and P. L. Vidale, 2024: On the realism of tropical cyclone inten-
sification in global storm-resolving climate models. Geophys. Res. Lett., 51, 
e2024GL109841, https://doi.org/10.1029/2024GL109841.

Beucler, T., E. Koch, S. Kotlarski, D. Leutwyler, A. Michel, and J. Koh, 2024: Next- 
generation earth system models: Towards reliable hybrid models for weather 
and climate applications. How to Use the Power of AI to Reduce the Impact of 
Climate Change on Switzerland, T. Brunschwiler et al., Eds., Swiss Academy of 
Engineering Sciences (SATW).

Bister, M., and K. Emanuel, 1997: The genesis of Hurricane Guillermo: TEXMEX 
analyses and a modeling study. Mon. Wea. Rev., 125, 2662–2682, https://doi.
org/10.1175/1520-0493(1997)125<2662:TGOHGT>2.0.CO;2.

Bourdin, S., S. Fromang, A. Caubel, J. Ghattas, Y. Meurdesoif, and T. Dubos, 2024: 
Tropical cyclones in global high-resolution simulations using the IPSL model. 
Climate Dyn., 62, 4343–4368, https://doi.org/10.1007/s00382-024-07138-w.

Camargo, S. J., and Coauthors, 2023: An update on the influence of natural cli-
mate variability and anthropogenic climate change on tropical cyclones. Trop. 
Cyclone Res. Rev., 12, 216–239, https://doi.org/10.1016/j.tcrr.2023.10.001.

Cavicchia, L., H. von Storch, and S. Gualdi, 2014: A long-term climatology of 
medicanes. Climate Dyn., 43, 1183–1195, https://doi.org/10.1007/s00382- 
013-1893-7.

Coppola, E., and Coauthors, 2020: A first-of-its-kind multi-model convection 
permitting ensemble for investigating convective phenomena over Europe 
and the Mediterranean. Climate Dyn., 55, 3–34, https://doi.org/10.1007/
s00382-018-4521-8.

D’Adderio, L. P., G. Panegrossi, S. Dafis, J.-F. Rysman, D. Casella, P. Sanò, A. Fuccello, 
and M. M. Miglietta, 2024: Helios and Juliette: Two falsely acclaimed medicanes? 
Atmos. Res., 299, 107179, https://doi.org/10.1016/j.atmosres.2023.107179.

DeCiampa, C. N., and C. M. Zarzycki, 2023: Simulated synthetic tropical cyclones 
in unstructured climate models downscaled from 25 to 3 km grid spacing. 
103rd Annual Meeting, Denver, CO, Amer. Meteor. Soc., S152, https://ams.
confex.com/ams/103ANNUAL/meetingapp.cgi/Paper/422889.

Dunkerton, T., M. T. Montgomery, and Z. Wang, 2009: Tropical cyclogenesis in a 
tropical wave critical layer: Easterly waves. Atmos. Chem. Phys., 9, 5587–5646, 
https://doi.org/10.5194/acp-9-5587-2009.

Emanuel, K., 2003: Tropical cyclones. Annu. Rev. Earth Planet. Sci., 31, 75–104, 
https://doi.org/10.1146/annurev.earth.31.100901.141259.

——, 2006: Climate and tropical cyclone activity: A new model downscaling  
approach. J. Climate, 19, 4797–4802, https://doi.org/10.1175/JCLI3908.1.

——, 2018: 100 years of progress in tropical cyclone research. A Century of 
Progress in Atmospheric and Related Sciences: Celebrating the American Me-
teorological Society Centennial, Meteor. Monogr., No. 59, Amer. Meteor. Soc., 
https://doi.org/10.1175/AMSMONOGRAPHS-D-18-0016.1.

Eyring, V., and Coauthors, 2024: Pushing the frontiers in climate modelling and 
analysis with machine learning. Nat. Climate Change, 14, 916–928, https://
doi.org/10.1038/s41558-024-02095-y.

Faranda, D., S. Bourdin, M. Ginesta, M. Krouma, R. Noyelle, F. Pons, P. Yiou, and 
G. Messori, 2022: A climate-change attribution retrospective of some impact-
ful weather extremes of 2021. Wea. Climate Dyn., 3, 1311–1340, https://doi.
org/10.5194/wcd-3-1311-2022.

——, and Coauthors, 2024: ClimaMeter: Contextualizing extreme weather in a 
changing climate. Wea. Climate Dyn., 5, 959–983, https://doi.org/10.5194/
wcd-5-959-2024.

Feng, X., and Coauthors, 2022: A new approach to skillful seasonal prediction 
of Southeast Asia tropical cyclone occurrence. J. Geophys. Res. Atmos., 127, 
e2022JD036439, https://doi.org/10.1029/2022JD036439.

Fita, L., and E. Flaounas, 2018: Medicanes as subtropical cyclones: The Decem-
ber 2005 case from the perspective of surface pressure tendency diagnostics 

and atmospheric water budget. Quart. J. Roy. Meteor. Soc., 144, 1028–1044, 
https://doi.org/10.1002/qj.3273.

Flaounas, E., and Coauthors, 2022: Mediterranean cyclones: Current knowledge 
and open questions on dynamics, prediction, climatology and impacts. Wea. 
Climate Dyn., 3, 173–208, https://doi.org/10.5194/wcd-3-173-2022.

——, and Coauthors, 2023: A composite approach to produce reference datasets 
for extratropical cyclone tracks: Application to Mediterranean cyclones. Wea. 
Climate Dyn., 4, 639–661, https://doi.org/10.5194/wcd-4-639-2023.

Ganesh, S., T. Beucler, F. Iat-Hin Tam, M. S. Gomez, J. Runge, and A. Gerhardus, 
2023: Selecting robust features for machine-learning applications using mul-
tidata causal discovery. Environ. Data Sci., 2, e27, https://doi.org/10.1017/
eds.2023.21.

González-Alemán, J. J., S. Pascale, J. Gutierrez-Fernandez, H. Murakami, M. A. 
Gaertner, and G. A. Vecchi, 2019: Potential increase in hazard from Medi-
terranean hurricane activity with global warming. Geophys. Res. Lett., 46, 
1754–1764, https://doi.org/10.1029/2018GL081253.

Gray, W. M., 1968: Global view of the origin of tropical disturbances and storms. 
Mon. Wea. Rev., 96, 669–700, https://doi.org/10.1175/1520-0493(1968)096
<0669:GVOTOO>2.0.CO;2.

——, 1979: Hurricanes: Their formation, structure and likely role in the tropi-
cal circulation. Meteorology over the Tropical Oceans, James Glaisher House, 
155–218.

Grinsted, A., P. Ditlevsen, and J. H. Christensen, 2019: Normalized us hurricane 
damage estimates using area of total destruction, 1900–2018. Proc. Natl. Acad. 
Sci. USA, 116, 23 942–23 946, https://doi.org/10.1073/pnas.1912277116.

Hart, R. E., and J. L. Evans, 2001: A climatology of the extratropical transition of 
Atlantic tropical cyclones. J. Climate, 14, 546–564, https://doi.org/10.1175/ 
1520-0442(2001)014<0546:ACOTET>2.0.CO;2.

Hsieh, T.-L., G. A. Vecchi, W. Yang, I. M. Held, and S. T. Garner, 2020: Large-scale 
control on the frequency of tropical cyclones and seeds: A consistent rela-
tionship across a hierarchy of global atmospheric models. Climate Dyn., 55, 
3177–3196, https://doi.org/10.1007/s00382-020-05446-5.

Huang, H., W. D. Collins, C. M. Patricola, Y. Ruprich-Robert, P. A. Ullrich, and  
A. J. Baker, 2023: Contrasting responses of Atlantic and Pacific tropical cy-
clone activity to Atlantic multidecadal variability. Geophys. Res. Lett., 50, 
e2023GL102959, https://doi.org/10.1029/2023GL102959.

IPCC, 2021: Summary for policymakers. Climate Change 2021: The Physical Sci-
ence Basis, V. Masson-Delmotte et al., Eds., Cambridge University Press, 3–32.

Jing, R., and N. Lin, 2020: An environment-dependent probabilistic tropical 
cyclone model. J. Adv. Model. Earth Syst., 12, e2019MS001975, https://doi.
org/10.1029/2019MS001975.

Judt, F., and Coauthors, 2021: Tropical cyclones in global storm-resolving models. 
J. Meteor. Soc. Japan, 99, 579–602, https://doi.org/10.2151/jmsj.2021-029.

Karagiorgos, J., V. Vervatis, I. Samos, H. Flocas, and S. Sofianos, 2024: Ocean-wave-
atmosphere coupling effect in medicane forecasting. Atmos. Res., 304, 107418, 
https://doi.org/10.1016/j.atmosres.2024.107418.

Knutson, T., and Coauthors, 2019: Tropical cyclones and climate change as-
sessment: Part I: Detection and attribution. Bull. Amer. Meteor. Soc., 100, 
1987–2007, https://doi.org/10.1175/BAMS-D-18-0189.1.

——, and Coauthors, 2020: Tropical cyclones and climate change assessment: 
Part II: Projected response to anthropogenic warming. Bull. Amer. Meteor. 
Soc., 101, E303–E322, https://doi.org/10.1175/BAMS-D-18-0194.1.

Knutson, T. R., and Coauthors, 2010: Tropical cyclones and climate change. Nat. 
Geosci., 3, 157–163, https://doi.org/10.1038/ngeo779.

Koseki, S., P. A. Mooney, W. Cabos, M. Á. Gaertner, A. de la Vara, and J. J. 
González-Alemán, 2021: Modelling a tropical-like cyclone in the Mediterra-
nean sea under present and warmer climate. Nat. Hazards Earth Syst. Sci., 21, 
53–71, https://doi.org/10.5194/nhess-21-53-2021.

Lee, C.-Y., M. K. Tippett, A. H. Sobel, and S. J. Camargo, 2018: An environmentally 
forced tropical cyclone hazard model. J. Adv. Model. Earth Syst., 10, 223–241, 
https://doi.org/10.1002/2017MS001186.

Unauthenticated | Downloaded 12/09/24 04:57 PM UTC

https://doi.org/10.1029/2020JD033924
https://doi.org/10.1029/2020JD033924
https://doi.org/10.1029/2024GL109841
https://doi.org/10.1175/1520-0493(1997)125<2662:TGOHGT>2.0.CO;2
https://doi.org/10.1175/1520-0493(1997)125<2662:TGOHGT>2.0.CO;2
https://doi.org/10.1007/s00382-024-07138-w
https://doi.org/10.1016/j.tcrr.2023.10.001
https://doi.org/10.1007/s00382-013-1893-7
https://doi.org/10.1007/s00382-013-1893-7
https://doi.org/10.1007/s00382-018-4521-8
https://doi.org/10.1007/s00382-018-4521-8
https://doi.org/10.1016/j.atmosres.2023.107179
https://ams.confex.com/ams/103ANNUAL/meetingapp.cgi/Paper/422889
https://ams.confex.com/ams/103ANNUAL/meetingapp.cgi/Paper/422889
https://doi.org/10.5194/acp-9-5587-2009
https://doi.org/10.1146/annurev.earth.31.100901.141259
https://doi.org/10.1175/JCLI3908.1
https://doi.org/10.1175/AMSMONOGRAPHS-D-18-0016.1
https://doi.org/10.1038/s41558-024-02095-y
https://doi.org/10.1038/s41558-024-02095-y
https://doi.org/10.5194/wcd-3-1311-2022
https://doi.org/10.5194/wcd-3-1311-2022
https://doi.org/10.5194/wcd-5-959-2024
https://doi.org/10.5194/wcd-5-959-2024
https://doi.org/10.1029/2022JD036439
https://doi.org/10.1002/qj.3273
https://doi.org/10.5194/wcd-3-173-2022
https://doi.org/10.5194/wcd-4-639-2023
https://doi.org/10.1017/eds.2023.21
https://doi.org/10.1017/eds.2023.21
https://doi.org/10.1029/2018GL081253
https://doi.org/10.1175/1520-0493(1968)096<0669:GVOTOO>2.0.CO;2
https://doi.org/10.1175/1520-0493(1968)096<0669:GVOTOO>2.0.CO;2
https://doi.org/10.1073/pnas.1912277116
https://doi.org/10.1175/1520-0442(2001)014<0546:ACOTET>2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014<0546:ACOTET>2.0.CO;2
https://doi.org/10.1007/s00382-020-05446-5
https://doi.org/10.1029/2023GL102959
https://doi.org/10.1029/2019MS001975
https://doi.org/10.1029/2019MS001975
https://doi.org/10.2151/jmsj.2021-029
https://doi.org/10.1016/j.atmosres.2024.107418
https://doi.org/10.1175/BAMS-D-18-0189.1
https://doi.org/10.1175/BAMS-D-18-0194.1
https://doi.org/10.1038/ngeo779
https://doi.org/10.5194/nhess-21-53-2021
https://doi.org/10.1002/2017MS001186


A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y D E C E M B E R  2 0 2 4 E2315

Liu, K. S., and J. C. Chan, 2022: Growing threat of rapidly-intensifying tropical 
cyclones in East Asia. Adv. Atmos. Sci., 39, 222–234, https://doi.org/10.1007/
s00376-021-1126-7.

Lockwood, J. W., T. Loridan, N. Lin, M. Oppenheimer, and N. Hannah, 2024:  
A machine learning approach to model over-ocean tropical cyclone precipitation.  
J. Hydrometeor., 25, 207–221, https://doi.org/10.1175/JHM-D-23-0065.1.

Luu, L. N., and Coauthors, 2021: Attribution of typhoon-induced torrential precipi-
tation in Central Vietnam, October 2020. Climatic Change, 169, 24, https://
doi.org/10.1007/s10584-021-03261-3.

McGregor, J. L., and M. R. Dix, 2008: An updated description of the conformal-cubic 
atmospheric model. High Resolution Numerical Modelling of the Atmosphere 
and Ocean, Springer, 51–75.

Miglietta, M. M., and R. Rotunno, 2019: Development mechanisms for Mediterra-
nean tropical-like cyclones (medicanes). Quart. J. Roy. Meteor. Soc., 145, 1444– 
1460, https://doi.org/10.1002/qj.3503.

Molina, M. J., and Coauthors, 2023: A review of recent and emerging machine 
learning applications for climate variability and weather phenomena. Artif. 
Intell. Earth Syst., 2, 220086, https://doi.org/10.1175/AIES-D-22-0086.1.

Moscatello, A., M. M. Miglietta, and R. Rotunno, 2008: Numerical analysis of a 
Mediterranean “hurricane” over southeastern Italy. Mon. Wea. Rev., 136, 
4373–4397, https://doi.org/10.1175/2008MWR2512.1.

Nielsen, E. R., G. R. Herman, R. C. Tournay, J. M. Peters, and R. S. Schumacher, 
2015: Double impact: When both tornadoes and flash floods threaten the 
same place at the same time. Wea. Forecasting, 30, 1673–1693, https://doi.
org/10.1175/WAF-D-15-0084.1.

Núñez Ocasio, K. M. N, and E. Dougherty, 2024: The effect of pseudo-global warm-
ing on the weather-climate system of Africa in a convection-permitting model. 
ESS Open Archive, https://doi.org/10.22541/essoar.171052487.74353361/v1.

——, J. L. Evans, and G. S. Young, 2020: A wave-relative framework analysis of 
AEW–MCS interactions leading to tropical cyclogenesis. Mon. Wea. Rev., 
148, 4657–4671, https://doi.org/10.1175/MWR-D-20-0152.1.

——, C. A. Davis, Z. L. Moon, and Q. A. Lawton, 2024: Moisture dependence of an 
African easterly wave within the West African Monsoon System. J. Adv. Model. 
Earth Syst., 16, e2023MS004070, https://doi.org/10.1029/2023MS004070.

Patricola, C. M., and M. F. Wehner, 2018: Anthropogenic influences on major tropi-
cal cyclone events. Nature, 563, 339–346, https://doi.org/10.1038/s41586- 
018-0673-2.

——, R. Saravanan, and P. Chang, 2018: The response of Atlantic tropical cyclones 
to suppression of African easterly waves. Geophys. Res. Lett., 45, 471–479, 
https://doi.org/10.1002/2017GL076081.

——, D. J. Cassidy, and P. J. Klotzbach, 2022: Tropical oceanic influences 
on observed global tropical cyclone frequency. Geophys. Res. Lett., 49, 
e2022GL099354, https://doi.org/10.1029/2022GL099354.

Rajasree, V. P. M., and Coauthors, 2023: Tropical cyclogenesis: Controlling 
factors and physical mechanisms. Trop. Cyclone Res. Rev., 12, 165–181, 
https://doi.org/10.1016/j.tcrr.2023.09.004.

Ramsay, H. A., M. S. Singh, and D. R. Chavas, 2020: Response of tropical 
cyclone formation and intensification rates to climate warming in idealized 
simulations. J. Adv. Model. Earth Syst., 12, e2020MS002086, https://doi.org/ 
10.1029/2020MS002086.

Rappaport, E. N., 2014: Fatalities in the United States from Atlantic tropical 
cyclones: New data and interpretation. Bull. Amer. Meteor. Soc., 95, 341–346, 
https://doi.org/10.1175/BAMS-D-12-00074.1.

Reed, K. A., A. Stansfield, M. Wehner, and C. Zarzycki, 2020: Forecasted attribution 
of the human influence on Hurricane Florence. Sci. Adv., 6, eaaw9253, https://
doi.org/10.1126/sciadv.aaw9253.

——, M. F. Wehner, and C. M. Zarzycki, 2022: Attribution of 2020 Hurricane sea-
son extreme rainfall to human-induced climate change. Nat. Commun., 13, 
1905, https://doi.org/10.1038/s41467-022-29379-1.

Rios-Berrios, R., C. A. Davis, and J. Martinez, 2023: Tropical cyclones and equatorial 
waves in a convection-permitting aquaplanet simulation with off-equatorial 
SST maximum. J. Adv. Model. Earth Syst., 15, e2023MS003723, https://doi.
org/10.1029/2023MS003723.

——, B. H. Tang, C. A. Davis, and J. Martinez, 2024: Modulation of tropical cy-
clogenesis by convectively coupled Kelvin waves. Mon. Wea. Rev., 152, 
2309–2322, https://doi.org/10.1175/MWR-D-24-0052.1.

Ritchie, E. A., and G. J. Holland, 1997: Scale interactions during the formation of 
Typhoon Irving. Mon. Wea. Rev., 125, 1377–1396, https://doi.org/10.1175/ 
1520-0493(1997)125<1377:SIDTFO>2.0.CO;2.

Roberts, M. J., and Coauthors, 2020: Impact of model resolution on tropical 
cyclone simulation using the HighResMIP–PRIMAVERA multimodel ensemble.  
J. Climate, 33, 2557–2583, https://doi.org/10.1175/JCLI-D-19-0639.1.

Romero, R., and K. Emanuel, 2013: Medicane risk in a changing climate. J. Geo-
phys. Res. Atmos., 118, 5992–6001, https://doi.org/10.1002/jgrd.50475.

Schenkel, B. A., D. Chavas, N. Lin, T. Knutson, G. Vecchi, and A. Brammer, 2023: 
North Atlantic tropical cyclone outer size and structure remain unchanged by 
the late twenty-first century. J. Climate, 36, 359–382, https://doi.org/10.1175/
JCLI-D-22-0066.1.

Seager, R., M. Cane, N. Henderson, D.-E. Lee, R. Abernathey, and H. Zhang, 2019: 
Strengthening tropical Pacific zonal sea surface temperature gradient consis-
tent with rising greenhouse gases. Nat. Climate Change, 9, 517–522, https://
doi.org/10.1038/s41558-019-0505-x.

——, N. Henderson, and M. Cane, 2022: Persistent discrepancies between ob-
served and modeled trends in the tropical Pacific Ocean. J. Climate, 35, 
4571–4584, https://doi.org/10.1175/JCLI-D-21-0648.1.

Sobel, A. H., A. A. Wing, S. J. Camargo, C. M. Patricola, G. A. Vecchi, C.-Y. Lee, 
and M. K. Tippett, 2021: Tropical cyclone frequency. Earth’s Future, 9, 
e2021EF002275, https://doi.org/10.1029/2021EF002275.

——, and Coauthors, 2023: Near-term tropical cyclone risk and coupled Earth 
system model biases. Proc. Natl. Acad. Sci. USA, 120, e2209631120, https://
doi.org/10.1073/pnas.2209631120.

Tam, F. I.-H., T. Beucler, and J. H. Ruppert Jr., 2024: Identifying three-dimensional 
radiative patterns associated with early tropical cyclone intensification. arXiv, 
2401.09493v6, https://doi.org/10.48550/arXiv.2401.09493.

Tran, T. L., E. A. Ritchie, S. E. Perkins-Kirkpatrick, H. Bui, and T. M. Luong, 2022: 
Future changes in tropical cyclones exposure and impacts in Southeast 
Asia from CMIP6 pseudo-global warming simulations. Earth’s Future, 10, 
e2022EF003118, https://doi.org/10.1029/2022EF003118.

Vecchi, G. A., and Coauthors, 2019: Tropical cyclone sensitivities to CO2 dou-
bling: Roles of atmospheric resolution, synoptic variability and background 
climate changes. Climate Dyn., 53, 5999–6033, https://doi.org/10.1007/
s00382-019-04913-y.

Wang, Z., 2012: Thermodynamic aspects of tropical cyclone formation. J. Atmos. 
Sci., 69, 2433–2451, https://doi.org/10.1175/JAS-D-11-0298.1.

——, 2014: Role of cumulus congestus in tropical cyclone formation in a 
high-resolution numerical model simulation. J. Atmos. Sci., 71, 1681–1700, 
https://doi.org/10.1175/JAS-D-13-0257.1.

——, M. T. Montgomery, and T. J. Dunkerton, 2010: Genesis of pre-Hurricane Felix 
(2007). Part I: The role of the easterly wave critical layer. J. Atmos. Sci., 67, 
1711–1729, https://doi.org/10.1175/2009JAS3420.1.

——, G. Zhang, T. J. Dunkerton, and F.-F. Jin, 2020: Summertime stationary 
waves integrate tropical and extratropical impacts on tropical cyclone activ-
ity. Proc. Natl. Acad. Sci. USA, 117, 22 720–22 726, https://doi.org/10.1073/
pnas.2010547117.

Wehner, M. F., C. Zarzycki, and C. Patricola, 2019: Estimating the human influence 
on tropical cyclone intensity as the climate changes. Hurricane Risk, Springer, 
235–260.

Wu, L., H. Zhang, T. Feng, and Y. Tang, 2020: Tropical cyclones and multiscale cli-
mate variability: The active western North Pacific Typhoon season of 2018. Sci. 
China Earth Sci., 63 (1), 1–11, https://doi.org/10.1007/s11430-019-9474-4.

Xi, D., N. Lin, and A. Gori, 2023: Increasing sequential tropical cyclone hazards 
along the US East and Gulf coasts. Nat. Climate Change, 13, 258–265, 
https://doi.org/10.1038/s41558-023-01595-7.

Yang, Q., C.-Y. Lee, M. K. Tippett, D. R. Chavas, and T. R. Knutson, 2022: Ma-
chine learning–Based hurricane wind reconstruction. Wea. Forecasting, 37, 
477–493, https://doi.org/10.1175/WAF-D-21-0077.1.

Unauthenticated | Downloaded 12/09/24 04:57 PM UTC

https://doi.org/10.1007/s00376-021-1126-7
https://doi.org/10.1007/s00376-021-1126-7
https://doi.org/10.1175/JHM-D-23-0065.1
https://doi.org/10.1007/s10584-021-03261-3
https://doi.org/10.1007/s10584-021-03261-3
https://doi.org/10.1002/qj.3503
https://doi.org/10.1175/AIES-D-22-0086.1
https://doi.org/10.1175/2008MWR2512.1
https://doi.org/10.1175/WAF-D-15-0084.1
https://doi.org/10.1175/WAF-D-15-0084.1
https://doi.org/10.22541/essoar.171052487.74353361/v1
https://doi.org/10.1175/MWR-D-20-0152.1
https://doi.org/10.1029/2023MS004070
https://doi.org/10.1038/s41586-018-0673-2
https://doi.org/10.1038/s41586-018-0673-2
https://doi.org/10.1002/2017GL076081
https://doi.org/10.1029/2022GL099354
https://doi.org/10.1016/j.tcrr.2023.09.004
https://doi.org/10.1029/2020MS002086
https://doi.org/10.1029/2020MS002086
https://doi.org/10.1175/BAMS-D-12-00074.1
https://doi.org/10.1126/sciadv.aaw9253
https://doi.org/10.1126/sciadv.aaw9253
https://doi.org/10.1038/s41467-022-29379-1
https://doi.org/10.1029/2023MS003723
https://doi.org/10.1029/2023MS003723
https://doi.org/10.1175/MWR-D-24-0052.1
https://doi.org/10.1175/1520-0493(1997)125<1377:SIDTFO>2.0.CO;2
https://doi.org/10.1175/1520-0493(1997)125<1377:SIDTFO>2.0.CO;2
https://doi.org/10.1175/JCLI-D-19-0639.1
https://doi.org/10.1002/jgrd.50475
https://doi.org/10.1175/JCLI-D-22-0066.1
https://doi.org/10.1175/JCLI-D-22-0066.1
https://doi.org/10.1038/s41558-019-0505-x
https://doi.org/10.1038/s41558-019-0505-x
https://doi.org/10.1175/JCLI-D-21-0648.1
https://doi.org/10.1029/2021EF002275
https://doi.org/10.1073/pnas.2209631120
https://doi.org/10.1073/pnas.2209631120
https://doi.org/10.48550/arXiv.2401.09493
https://doi.org/10.1029/2022EF003118
https://doi.org/10.1007/s00382-019-04913-y
https://doi.org/10.1007/s00382-019-04913-y
https://doi.org/10.1175/JAS-D-11-0298.1
https://doi.org/10.1175/JAS-D-13-0257.1
https://doi.org/10.1175/2009JAS3420.1
https://doi.org/10.1073/pnas.2010547117
https://doi.org/10.1073/pnas.2010547117
https://doi.org/10.1007/s11430-019-9474-4
https://doi.org/10.1038/s41558-023-01595-7
https://doi.org/10.1175/WAF-D-21-0077.1

	Understanding Tropical Cyclones in the Anthropocene: Physics, Simulations, 
and Attribution
	KEYWORDS
	Introduction
	Week 1: Defining medicane in the landscape of Mediterranean cyclones
	Week 2: Climate change impacts and attribution of medicanes
	Week 3: Tropical cyclone genesis and simulations
	Week 4: Tropical cyclones climate change, risk, attribution, and machine learning
	Perspectives
	Acknowledgments.
	Data availability statement.
	References


