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Principal Investigator: Cléa Denamiel 

Project Title: Exploring the potential of uncertainty quantification and machine 
learning techniques to forecast rare extreme events 

Extended abstract 

1)  Motivation and Problem Identification 
 

Rare extreme events are particularly difficult to forecast and can cause serious infrastructure 

damage and human casualties when occurring without warning. For example, the 18th of August 2022 

severe storms occurred in a swath from Menorca (Balearic Islands, Spain) through Corsica (France), 

northern Italy, Slovenia, Austria, and southern Czechia (European Severe Storms Laboratory, 2022). 

In total, 12 people died and 106 people were injured by wind and hail (up to 11 cm of diameter). All 

fatalities, and most of the injuries, were caused by a long-lived convective system, also known as a 

Derecho, that produced extremely severe wind gusts (up to 62.2 m/s recorded in Corsica) and rapidly 

moving showers (Fig. 1). In Corsica, this Derecho, which was not forecasted by Meteo France, 

resulted in the death of 5 people and, at one point, in up to 350 people being reported missing as 

pleasure boats had capsized or been thrown adrift.  

 

Figure 1. Time evolution of the Derecho over Corsica as shown by radar between 06:00 and 06:30 UTC. The location of 

the most severe wind gust is shown by the star. Sources: kachelmannwetter.com, meteologix.com, essl.org/cms/the-

derecho-and-hailstorms-of-18-august-2022. 

       Another type of rare events difficult to forecast are tsunamis driven by atmospheric acoustic-

gravity waves – or sonic boom related meteotsunami waves – such as the ones generated after the 

explosive eruption of the Hunga Tonga–Hunga Ha’apai (HTHH) volcano in January 2022 (e.g., 

Adam, 2022; Amores et al., 2022; Harrison, 2022; Matoza et al., 2022; Omira et al., 2022; Wright et 

al., 2022; Winn et al., 2023). Only rare catastrophic events such as volcano explosions (Choi et al., 

2003) or asteroid impacts (Chapman and Morrison, 1994; Morgan et al., 2022), even occurring inland 

(e.g., Tunguska explosion; Chyba et al., 1993), can produce sonic booms capable of generating 

worldwide acoustic-gravity waves (Yeh and Liu, 1974) driving meteotsunamis. The most prominent 

of these acoustic-gravity waves are the Lamb waves (Lamb, 1911; Bretherton, 1969) that propagate 

horizontally in the atmosphere with a speed close to the mean sound speed (about 318 m/s; Dragoni 

and Santoro, 2020). They can circle the globe multiple times (Press and Harkrider, 1966) and are 

associated with surface pressure oscillations of several hectopascals (hPa) per minute driving 

http://kachelmannwetter.com/
http://meteologix.com/
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planetary meteotsunami waves that could generate 

surges reaching 1 to 10 m along more than 7 % of 

the worldwide coastlines for intense explosions 

generating higher Lamb waves than the HTHH 

event (Fig. 2). 

       Finally, tsunamis triggered by submarine 

landslides are also extremely difficult to forecast in 

real-time as the precise location and volume of 

such landslides are not easy to predict or observe. 

As explained and investigated in Poulain et al. 

(2022), since May 2018, Mayotte Island has been 

experiencing seismo-volcanic activities that could 

potentially trigger submarine landslides driving 

tsunamis. Further, in this area, the tsunami travel 

time to the coast is very short (a few minutes) and 

the tsunami is not necessarily preceded by a sea 

withdrawal. Fast tsunami simulations are thus 

needed for evacuation plans and early-warning 

systems in Mayotte. 

       However, the forecast of such rare events (e.g., Derechos, meteotsunamis, tsunamis) with 

traditional ensemble methods (if even possible) would be extremely costly in terms of numerical 

resources and would reach the limit of what state-of-the-art numerical models can simulate in forecast 

mode. Consequently, the question of whether or not the cost of (not) forecasting these events is 

acceptable (i.e., human casualties vs. modelling capabilities and efforts) can be raised. In this project, 

we propose to explore the potential of using uncertainty quantification (UQ) and machine learning 

(ML) techniques (e.g., surrogate models/emulators) for the forecast of rare extreme events and to 

leverage the costs and benefits of such an approach.  

2) Previous Numerical Modelling Efforts 

For rare extreme events, a good balance between model accuracy (with high resolution and 

detailed physics) and real-time stochastic forecasts is hard to achieve (Veeramony et al., 2012). This 

is why the interest in applying surrogate models and emulators based on UQ/ML techniques has 

recently been growing within the geoscience community (Formaggia et al., 2013; Wang et al., 2016; 

Sraj et al., 2014; Giraldi et al., 2017; Bulthuis et al., 2019; Salmanidou et al., 2021). Based on these 

studies, Denamiel et al. (2021) derived a surrogate-based early warning system framework (Fig. 3) 

which generalizes, optimizes and promotes the use of UQ/ML for the forecast of rare extreme events. 

In terms of the different ways to build the surrogate models/emulators, several avenues have 

already been explored. On one hand, the use of Gaussian Processes (GPs; Rasmussen and William, 

2006) is extremely common in geosciences. In particular, Ming and Guillas (2021) implemented an 

iterative procedure to construct linked Gaussian processes as surrogate models for any feed-forward 

systems of computer models. They also introduce an adaptive design algorithm that could increase 

the approximation accuracy of linked Gaussian process surrogates with reduced computational costs 

on running expensive computer systems, by allocating runs and refining emulators of individual sub-

models based on their heterogeneous functional complexity. On the other hand, Denamiel et al. (2019, 

2020) developed, within a prototype early warning system, a meteotsunami surge surrogate model 

based on generalized Polynomial Chaos Expansions (gPCE; Xiu and Karniadakis, 2002) which has 

proven to be extremely useful and reliable during recent events spanning between 2014 and 2020. In 

particular, during the 2020 multi-meteotsunami event, if the prototype early warning system had been 

fully operational, the Croatian coastal communities would have been warned, at least a day in 

advance, of the meteotsunami surges forecasted with the surrogate model (Tojčić et al., 2021).  

 

Figure 2. Cumulative density functions of the 

meteotsunami surges obtained under deep-Proudman 

resonance and for tenfold amplification of the HTHH 

Lamb wave amplitudes. From Denamiel et al. (2023). 

 

 

 

 

 

https://link.springer.com/article/10.1007/s10236-015-0820-3#ref-CR32
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Figure 3. Rare extreme event forecast based on uncertainty quantification and optimization engineering methods. 

Drawing of the flooded city adapted from Frits Ahlefeld: https://fritsahlefeldt.com/2019/01/24/not-ready-city-facing-

flooding. From Denamiel et al. (2021). 

In terms of the capability of state-of-the-art models to forecast or even to hindcast rare extreme 

events, the 2022-08-18 Derecho over Corsica perfectly illustrates the many challenges faced by 

numerical modelers.  

Table 1. Summary of the Corsica island Sea and Coast (CoriSC) modelling suite set-up. 
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https://fritsahlefeldt.com/2019/01/24/not-ready-city-facing-flooding
https://fritsahlefeldt.com/2019/01/24/not-ready-city-facing-flooding
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First, the modular approach successfully used in the Adriatic Sea and Coast (AdriSC; Denamiel 

et al., 2019) modelling suite has been replicated in the Corsica island Sea and Coast (CoriSC) 

modelling suite to downscale the atmosphere-ocean dynamics from global models to (sub)-kilometre-

scale (Table 1). The CoriSC modelling suite is thus composed of a basic module which provides 

hourly kilometre-scale atmosphere-ocean-wave dynamics and of a nearshore module only ran during 

atmospherically driven extreme events. In the basic module (Table 1), the kilometre-scale coastal 

circulation is derived using the Coupled Ocean‐Atmosphere‐Wave‐Sediment Transport (COAWST) 

modelling system (Warner et al., 2010). Hourly results are produced at resolutions up to 3-km for the 

Weather Research and Forecasting (WRF) model (Skamarock et al., 2005) in the atmosphere and 1-

km for the Region Ocean Modeling System (ROMS; Shchepetkin & McWilliams, 2009) and the 

Simulating WAve Nearshore (SWAN) model in the ocean (Table 1). The nearshore module (Table 

1) further downscales the results of the CoriSC basic module and is based on the offline coupling 

between the WRF model at 1 km resolution and the Advanced CIRCulation model (ADCIRC-SWAN; 

Luettich et al., 1991) at up to 50 m resolution along the Corsican coasts.  

Second, several simulations have been performed in both forecast mode (forced by ECMWF IFS) 

and hindcast mode (forced by ERA5; Hersbach et al., 2020) and starting the simulations at different 

dates: 2022-08-14 00:00:00 UTC, 2022-08-15 00:00:00 UTC, 2022-08-16 00:00:00 UTC and 2022-

08-17 00:00:00 UTC. The WRF 1 km atmospheric results over Corsica extracted from the “best 

simulations” in hindcast (starting 2022-08-15) and forecast (starting 2022-08-14) mode are compared 

to ground-based meteo-station wind and rain observations in Figure 4 which perfectly illustrates the 

difficulty to reproduce the exact location, timing and strength of the Derecho, even in hindcast mode. 

 

Figure 4. Comparison of the values and timing (number inside the circles in hour) of the maximum wind speed and rain 

during the 2022-08-18 Derecho event over Corsica: ground-based meteo-station observations (left panels) and best 

simulation results of WRF 1 km CoriSC model in both hindcast (middle panels) and forecast (right panels) modes. 
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3) Proposed Work 

The main advantage of surrogate models/emulators is that they can be used to account for the 

uncertainty of the forcing (e.g., location, timing, strength of the Derecho over Corsica). Their main 

drawback is that their accuracy highly dependents on both the available training data (i.e. good for 

interpolation but not extrapolation) and their unique mathematical approximation forms (Laloy and 

Jacques, 2019).  

Up to three surrogate families will thus be tested in this project: generalized polynomial chaos 

expansions and Gaussian processes (UQ techniques) as well as deep neural networks (DNNs; 

Goodfellow et al., 2016; ML techniques). For instance, it is anticipated that gPCEs and GPs work 

well when our training dataset is small, and that DNNs excel as the dataset grows over time. Selection 

will also be dependent on the nature of the quantity of interest, for example gPCEs would not be 

suitable for discontinuous quantities but DNNs may achieve good accuracy, again caveat on having 

sufficient training data. When possible (pending available numerical resources), multiple 

surrogates/emulators will be combined and compared for each of the selected rare extreme event: 

Derechos in Corsica, sonic boom related planetary meteotsunami waves and tsunamis caused by 

landslides in Mayotte. The reliability (in terms of the accuracy of the results) and the efficiency (in 

terms of numerical cost) of the UQ/ML techniques will be leveraged and, when possible, the surrogate 

model with the “best performance” will be selected depending of the rare extreme event.  

Given the challenging nature of the proposal objectives, the numerical simulations needed to build 

the surrogates/emulators will be spread on the resources of the different partners of the project. For 

example, the simulations for the Mayotte landslides will be run by Anne Mangeney (no cost to 

ECMWF) and some of the simulations for the Corsica Derechos can also be run on resources provided 

by Serge Guillas. However, all simulations dealing with the sonic boom related meteotsunami events 

will be run on the ECMWF HPC. The targeted use of the ECMWF resources is thus 20 000 SBUs 

and 25 000 GB of storage per year and the modelling strategy of the project consists in two points: 

Surrogate models/emulators for Derechos over Corsica 

For this task, the surrogate models/emulators will be built with the CoriSC WRF 1 km model. Based 

on previous experience with the new ATOS HPC at ECMWF, the following system should be run 

with a maximum of 2 Cores in order to achieve reasonable time of execution. 

Computing resources needed: About 2 Cores * 1/2 day * 86400 s * P * 672 simulations = ~ 30 000 

000 SBUs and up to 37 500 GB are planned to be used in the framework of the ECMWF special 

project. 

Surrogate models/emulators for sonic boom related planetary meteotsunami events  

For this task, the surrogate models/emulators will be built with the barotropic version of the Transient 

Inertia-Gravity And Rossby wave dynamics (TIGAR) model (Vasylkevych and Žagar, 2021) and the 

Atmospheric Tsunamis Associated with Lamb waves (ATAL) model in the ocean (Denamiel et al., 

2023). A T170 computational grid is used in TIGAR while ATAL is based on an unstructured mesh 

with resolutions ranging from 20 km in the deep ocean to 1.5 km along the coastlines. Based on the 

previous experience with the old CRAY HPC at ECMWF, the following system should be run with 

2 Cores in order to achieve reasonable time of execution.   

Computing resources needed: Following our first estimate, 2 Cores * 1/12 day * 86400 s * P * 4032 

simulations = ~ 30 000 000 SBUs and up to 37 500 GB will be used in the framework of the ECMWF 

special project to fully cover these runs. 
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