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Principal Investigator: MARÍA LUISA MARTÍN 

Project Title: Dynamical and risk assessment analysis under future climate 
conditions of tropical cyclones impacting the eastern North 

Atlantic 

Extended abstract 

All Special Project requests should provide an abstract/project description including a scientific plan, a justification of 
the computer resources requested and the technical characteristics of the code to be used. The completed form should 
be submitted/uploaded at https://www.ecmwf.int/en/research/special-projects/special-project-application/special-
project-request-submission.  

Following submission by the relevant Member State the Special Project requests will be published on the ECMWF website 
and evaluated by ECMWF and its Scientific Advisory Committee. The requests are evaluated based on their scientific and 
technical quality, and the justification of the resources requested. Previous Special Project reports and the use of ECMWF 
software and data infrastructure will also be considered in the evaluation process. 

Requests exceeding 10,000,000 SBU should be more detailed (3-5 pages).  

 

African easterly waves (AEWs) are westward propagating tropical synoptic-scale disturbances 
that develop over northern Africa (mainly during boreal summer) and present their largest wave-

amplitude at the mid (~700 hPa) atmospheric levels [Landsea, 1993]. About 60% of Tropical Cyclones 
(TCs) and 85% of major hurricanes in the North Atlantic (NATL) develop from AEWs [Russell et al., 
2017]. Thus, they can be considered as the primary precursor (seed) for Atlantic TCs [Bercos -Hickey 
et al., 2023]. AEWs are often associated with organized convective precipitation events that produce 

devastating impacts on vulnerable societies of West Africa [Tomalka et al., 2021]. The large -scale 
atmospheric environment under which AEWs develop is a crucial factor in their occurrence. In 
general, a stronger than usual West African Monsoon (WAM) is associated with more frequent and 

intense AEWs, which tend to propagate more to the north (and vice -versa) [Núñez-Ocasio et al., 
2020; 2021]. They typically promote convection downstream of the trough and subsidence 
upstream, the former being strongly modulated by the atmospheric moisture supply, upper-level 

dynamical forcing, topography, etc. [Russell et al., 2020]. Although most AEWs propagate westward 
south of the Azores high embedded within the trade winds, occasionally, they can move 
anomalously north and develop into TCs. A remarkable case was observed in September 2019, when 

an AEW departed the African west coast with an abnormal northward trajectory, subsequently 
developing into Hurricane Lorenzo [NHC, 2019]. Although the system moved through unfavourable 
atmospheric conditions, Lorenzo hit the Azores Islands and transitioned into an extratropical 

cyclone (EC). In October 2022, another AEW propagated anomalously north and evolved into 
Tropical Storm Hermine [NHC, 2022], producing heavy rainfall and strong economic impacts in the 
Canary Islands. Both systems developed and propagated towards the Macaronesia and western 
European coasts, an area historically devoid of TCs [Knapp et al., 2010]. Therefore, these regions 

appear to have become a new domain for AEWs undergoing TC formation [Haarsma et al., 2013; 
2021; Lima et al., 2021]. 

Additional atmospheric events that can hit the eastern NATL (eNATL) as TCs with severe 
consequences are extratropical systems undergoing tropical transitions (TTs). A TT is a tropical 

cyclone development process relatively recently described [Davis and Bosart, 2003]. It consists of a 
baroclinic disturbance (EC) that transforms into a TC (e.g., symmetric vortex, warm core, etc.). These 
systems have shown an anomalous behavior during the last decades. Notable cases of TCs in eNATL 
like Delta (2005), Alex (2016), Ophelia (2017) or Leslie (2018) all developed through TT. These 

systems threatened the European coastlines and left important human and socioeconomic losses, 
due to their associated heavy precipitation and hurricane-like strong wind gusts [Calvo-Sancho et 



 

May 2023     Page 4 of 11 This form is available at:  
http://www.ecmwf.int/en/computing/access-computing-facilities/forms 

al., 2022]. The most recent example was hurricane Danielle (2022), one of the northernmost 
hurricane geneses ever observed, which posed a great challenge in predicting its formation and 
subsequent intensification [NHC, 2023]. 

According to Calvo-Sancho et al. [2022, 2023], TTs over the central and eastern North Atlantic 
(cNATL and eNATL) develop under environments characterized by a trough at the 300 hPa 

geopotential height and the increase of the 1000–500 hPa thickness, i.e., the system evolves into a 
warm-core, with a strong anticyclone located north, associated with a blocked westerly flow. The 
transition is accompanied by strong latent heat release which promotes the vertical redistribution 

of potential vorticity (PV) and a reduction of the 850–300 hPa vertical wind shear. TTs form more 
frequently over the cNATL compared to the eNATL. This is because the environmental conditions 
prone to the formation or maintenance of TTs are marginal over eNATL in comparison to cNATL. 
SSTs in the eNATL are colder due to Ekman transport, and the vertical wind shear is generally higher. 

Also, during summer, the subsidence associated with the descending branch of the Hadley 
circulation, through the subtropical ridge and anticyclone, creates stable and dry conditions over 
eNATL. However, during autumn and winter, these regions change their conditions and can be 

occasionally affected by TTs. eNATL cyclones typically transition into environments with enhanced 
surface latent heat fluxes and vertical instability, while cNATL cyclones transition into a more 
barotropic environment. Moreover, TTs not only can form in-situ over the eNATL, but those forming 

over the central Atlantic basin can also enter the eNATL driven by the westerly midlatitude flow. 
Although both cases constitute a great challenge for study due to their damaging effects on society, 
those systems formed in the eNATL may certainly pose a higher risk over the western European 

coasts and the Canary Islands. 

Since just a few works have studied TTs, numerous scientific questions remain open. A key one 
is the relationship between Anthropogenic Climate Change (ACC) and TTs. Recent ACC projections 
indicate potential changes in TCs affecting the NATL basin [Murakami et al., 2020; IPCC 2021]. Under 
present climate, nearly half of North Atlantic TCs undergo an extratropical transition (ET), evolving 

into a baroclinic system with potential to affect Europe [Hart et al., 2001]. Several recent studies 
[Liu et al. 2017; Haarsma et al., 2021] have pointed to a future increase in frequency and intensity 
of TCs (and their ETs) over the eNATL. Studies based on observational records also indicate such 

increase [Emanuel et al., 2021]. However, these works lack analyses focusing on detecting 
contributions derived from both TTs and anomalous AEWs, which are the most likely way by which 
a TC can affect southwestern Europe. In addition, the assessment of environmental changes for 
these phenomena due to ACC was disregarded in these works.  

The main purpose of the current proposal consists of evaluating the genesis and evolution of 
anomalous AEWs and TTs that may pose a threat to southwestern Europe, and how ACC could 
contribute to amplify this risk. With this aim, atmospheric variables related to identified AEW and 
TT events, as analyzed in Dieng et al. [2017] and Calvo-Sancho et al. [2022, 2023], will be selected 

to build, at a first stage, climatologies of environments over the NATL under historical and future 
climate conditions. Once a general overview of such environments is established, the next target 
will be to show how an altered environment by ACC could affect the meteorological (not 
climatological) synoptic evolution (e.g., genesis, development, impacts) of these events. This 

response will be studied via the Pseudo Global Warming (PGW) approach for high-resolution 
mesoscale atmospheric simulations [Schär et al., 1996; Mooney et al., 2020; González-Alemán et al., 
2023; Martin et al., 2024]. To the knowledge of this research team, this proposal is the first 

application of this kind of methodology to AEWs and TTs over the eNATL [cf. Haarsma et al., 2021]. 
The PGW adds a climate change climatological increment, established as the difference between 
future and present climate, to the initial boundary conditions of a meteorological numerical limited 

area model (LAM) simulation of a given cyclone evolution. These conditions are obtained for all 
prognostic variables using the mean change (or a member close to the mean) in an ensemble of 
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climate model simulations (e.g., CMIP6; Eyring et al., 2016). This approach is comprehensively 
explained in the Methodology Section. The high-resolution WRF (Weather Research and Forecasting 
Model), HARMONIE-AROME (HIRLAM–ALADIN Research on Mesoscale Operational NWP in 
Euromed - Applications of Research to Operations at Mesoscale model; hereafter HARMONIE) and 

MPAS (Model for Prediction Across Scales) mesoscale atmospheric models will be considered for 
this purpose. These models will be evaluated in very-high resolution mode (500 m - 3 km) for a 
better adaptation to future weather forecasts. 

The team of this proposal was awarded with a previous research Special Project on this topic 

(SPESMART). In the previous project (ended in 2024), TTs were identified, selected, and simulated 
with WRF and HARMONIE. The ACC approach was perfunctorily considered, as just a few TT 
simulations were performed. Here, the new Special Project stems from the knowledge and 
experience acquired and represents a step forward as: (i) it will extend the population/classes of 

cyclones with tropical characteristics under consideration, by including AEWs with anomalous 
northward tracks; (ii) a larger set of cyclone simulations will be carried out in present climate and 
also considering the ACC effects in the environments where the TTs and AEWs develop. To do this, 

more extensive environmental climate data (an ensemble of the CMIP6 models) will be considered; 
and (iii) it will rely on cutting-edge high-resolution atmospheric numerical models (WRF, MPAS, 
HARMONIE) and simulation techniques (PGW), in which the research team already has previous 

experience [Koseki et al., 2021; González-Alemán et al., 2023; Martin et al., 2024]. In this regard, it 
should be emphasized that the project is designed to break ground in a new and technically complex 
methodology such as PGW, so that priority will be given to ensuring that the simulations carried out 

are consistent and realistic, before carrying them out at massive scale.  

For all the above reasons, the new Special Project will aim to answer the following questions in a 
concise way: How will climate change impact the dynamics, evolution, and associated 
socioeconomic risks of cyclones with tropical characteristics in the vicinity of European territory? 
Should our societies start preparing for this potential new threat? 

 

GENERAL OBJECTIVES AND SPECIFIC TASKS 

The genesis and evolution of anomalous AEWs and TTs that may pose a threat to southwestern 
Europe and the contribution of ACC to amplify this risk will be evaluated in this new project. 

Thus, denoting objectives as OBJ, as well as specific objectives as S_OBJ, of the new project can 
be summarized as: 

OBJ-1: To establish a robust climatology of the atmospheric environments related to AEWs and TTs 

genesis and evolution over the eNATL under present and future climate conditions. 

➢ S_OBJ-1.1: To identify and classify TTs and AEWs with anomalous tracks within the eNATL in 
ERA-5 reanalysis (1940-present). 

➢ S_OBJ-1.2: To comprehensively characterize the environmental conditions that promote the 
development of AEWs and TTs over the eNATL under present climate. 

➢ S_OBJ-1.3: To analyze the changes in the above environments under future climate 
conditions. 

OBJ-2: To apply, for the first time, the novel PWG methodology to simulate, at very high resolution, 

cyclones with tropical characteristics in the vicinity of Spanish territory. 
➢ S_OBJ-2.1: To simulate, at very high resolution (500m - 3km), selected AEWs and TTs with 

HARMONIE, WRF and MPAS mesoscale atmospheric models under present climate 
conditions. 

➢ S_OBJ-2.2: Same as SO-2.1, but under perturbed ACC conditions through PGW, to fulfill GO-
3. 
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OBJ-3: To evaluate how ACC conditions will affect eNATL AEWs and TTs meteorological behavior.   

➢ S_OBJ-3.1: To assess the influence of ACC on the dynamics and meteorological evolution of 
selected events that may pose a threat to Spanish territory. 

➢ S_OBJ-3.1: To assess the influence of ACC on the meteorological impacts (wind gusts, 
precipitation, etc.) of these events. 

 

SCIENTIFIC PLAN 

Next, a description of the different phases and tasks of the project, as well as the used 
methodology are indicated: 

PHASE 1: Genesis and characterization of AEWs and TTs: Identification, classification, and 
selection of case studies 

Task 1.1: Identification/tracking and classification of AEWs and TTs in ERA5.  

Systematic identification of AEW events in the ERA5 database (1940-present) will be carried out 
through two different tracking algorithms: Belanger et al. [2016] and Dieng et al. [2017]. The use of 
automated tracking algorithms has proved necessary, since HURDAT2 only includes systems that 

reach tropical depression intensity. Therefore, to avoid omitting AEWs that do not reach such 
intensity but whose impacts could be significant, the creation of an AEW database is necessary. 
Anomalous AEW events in terms of trajectory will be defined by considering the 90th percentiles in 

longitude and latitude location of their surface center in any time of their life cycle (i.e., closest to 
Spanish territory). Comparison between both tracking algorithms will reveal the most suitable 
method (in terms of usability and reliability vs HURDAT2) to be considered.  

Systematic identification of TT events over the eNATL will be primarily done through the filtering 
of HURDAT tracking data, as in Calvo-Sancho et al. [2022], but for the extended period 1940-present. 

A complementary but experimental method will also be applied, through which low pressure 
systems will be tracked [Pinto et al. 2005]. Preliminary tests have shown a good agreement between 
the tracking outputs and the TT events identified in Calvo-Sancho et al. [2022] in ERA5 (1979-2019)  

and with HURDAT2. Once a baroclinic low-pressure system propagates towards sub-
tropical/tropical areas, the cyclone phase space (CPS) from Hart [2003] will be applied to classify 
TTs.  

    The generated TT database (1940-present) 
will extend that created by Calvo-Sancho et 
al. [2022] in different NATL areas (1979-2019)  

along the previous project, where more than 
30 TTs were identified. For instance, 2020 
was the year with the highest number of TTs 

(disregarded in previous project) and some of 
them propagated very close to Canary 
Islands. Team members have supervised MSc 

theses where a large number of cyclones with 
tropical characteristics were identified. From 
these, more than 15 events were labeled as 

anomalous AEWs (Figure 1). Therefore, it is 
expected these above-mentioned methods 
will find in ERA5/HURDAT2 a robust set of 
study cases. 

 

Figure 1: Cyclones from AEWs (> 90-pctile. latitude 

and longitude, i.e., the closest to Spanish 
territory). 
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Task 1.2: Characterization of TT and AEW development over the NATL.  

Considering the previous know-how of this research team, which has shown differences in 
dynamical TT features with genesis in cNATL and eNATL using the ERA5 reanalysis [Quitián-
Hernández et al., 2021; Calvo-Sancho et al., 2022; 2023; Quitián-Hernández et al., 2022], and 
conclusions from the literature of AEW, the environmental conditions for TTs and AEWs genesis and 

development will be analyzed. In the current proposal, storm-centered composites of variables such 
as sea surface temperature, sea level pressure, vertical wind shear, thickness, potential vorticity, 
relative vorticity, surface latent heat fluxes and instability indices will constitute the starting point 

to analyze the dynamical and thermodynamical system features [Calvo-Sancho et al., 2022]. The 
events over eNATL, obtained in Task 1.1, will be considered for this purpose. The analysis of 
environmental TT/AEW conditions in ERA5/HURDAT2 will establish the baseline reference 
framework, which will be compared in subsequent project tasks against future climate. 

 

PHASE 2: Monthly climatologies of AEW/TT environments over the NATL with CMIP6 in HIST 

and FUT climate 

Task 2.1: Calculation of monthly climatologies of relevant variables for AEW/TT genesis and 

evolution in CMIP6 HIST simulations.  

By considering the most relevant thermodynamic, kinematic, and dynamic parameters (e.g., 
potential temperature at 2PVU, coupling index, precipitation) that may play role in the formation 
and evolution in AEWs and TTs in the eNATL (as derived from Task1.2; cf. also Calvo-Sancho et al. 

2022; 2023), monthly mean climatologies of these variables will be calculated in CMIP6 HIST 
simulations for the period 1984-2014 (hereafter baseline monthly climatologies).  

 
Task 2.2: Calculation of monthly climatologies of relevant variables for AEW/TT genesis and 

evolution in CMIP6 FUT simulations.  

Same as in Task2.1, but for the period 2025-2055 and 2071-2100 in CMIP6 FUT (SSP4-6.0 and 
SSP5-8.5). 

 

Task 2.3: Comparison between CMIP6 HIST and CMIP6 FUT monthly climatologies.   

Monthly climatologies generated in Task2.1 (CMIP6 HIST) and Task2.2 (CMIP6 FUT) will be 

compared, and their results assessed, depicting possible changes in the atmospheric/oceanic 
variables that promote AEW/TT formation and intensification in the eNATL.  

 

PHASE 3: Pseudo-global warming simulations for AEW/TT case studies  

Task 3.1: High-resolution simulations of selected AEWs/TTs under present climate.  

The most relevant identified AEW/TT events (Delta, Alex, Vince, Leslie, Hermine, Ofelia, Bernard, 

etc.; as obtained from Phase 1) with respect to their dynamics and evolution (maximum intensity, 
landfall in Canary/European territory, etc.; Task1.1 and Task1.2 output) will be simulated at very 
high resolution (500m - 3km) with WRF/HARMONIE/MPAS atmospheric models. To this aim, ERA5 

1-hourly data will be used as initial and boundary conditions. The simulations carried out in this task 
will constitute the baseline to be compared against PGW simulations. 

 
Task 3.2: Calculation of the PGW increments.  

The response of AEWs/TTs (in terms of meteorological evolution) to future warming will be 
investigated through the PGW. The PGW approach introduces an increment value associated to ACC 

into prognostic variables utilized to initialize high-resolution atmospheric models. This increment, 
∆𝜑̅⬚, is defined as the difference between the ensemble mean future CMIP6 FUT (SSP4-6.0 and 
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SSP5-8.5) and present climate CMIP6 HIST for prognostic variables (e.g., air temperature, relative 
humidity, zonal and meridional winds, and SST). As described above, considering monthly 
climatologies of the occurrence months of the case studies constitute s a fast, efficient, and 
operative way for obtaining the necessary increments. The obtained increment fields of prognostic 

variables will be then interpolated (bilinear method) to ERA5 grid and vertical levels using the 
PGWERA5 package. 

 
Task 3.3: High-resolution simulations of selected AEWs/TTs under future climate.  

Events selected in Task 3.1 will be simulated with WRF, MPAS and HARMONIE under the PGW 
methodology for both SSP4-6.0 and SSP5-8.5 (ERA5 prognostic variable fields + ∆𝜑̅⬚ as initial and 

boundary – perturbed - conditions).  

 

PHASE 4: Influence of ACC on the meteorological evolution, impacts and potential losses 

associated with selected AEW/TTs over the eastern North Atlantic. 

Task 4.1: Effects of ACC on the meteorological evolution of selected AEW/TTs over the eNATL.  

Based on present- and future-climate (SSP4-6.0 and SSP5-8.5) high resolution simulations (c. 

500m - 3 km; Task3.1 and Task3.3 outputs), an analysis of the differences between cyclones of 
interest in terms of dynamical (e.g., PV streamers, vertical instability, organized convection, cyclone 
structure), thermodynamical (e.g., diabatic and latent heat release) and lifecycle (trajectory, 
deepening rate, maximum intensity, lifetime) cyclone properties will be performed. The focus will 

be on evaluating significant events in meteorological terms.  

 

Task 4.2: Effects of ACC on meteorological impacts of selected AEW/TTs over the eNATL. 

Additional to the physical AEW/TT characteristics analyzed in Task4.1, the meteorological 

impacts of present- vs future-climate (SSP4-6.0 and SSP5-8.5) simulated case studies will also be 
assessed. Due to the absence of high-resolution PGW WRF/HARMONIE/MPAS 30-year runs and the 
limitations that pose comparing different model simulations (e.g., mesoscale vs CMIP6 models; 
disentangling atmospheric anomalies from systematic errors in event life -cycle simulations would 

not be straightforward), extreme weather indices based on absolute values (maximum daily and 
hourly precipitation, maximum wind gust, etc.) instead of statistical thresholds (e.g., return periods, 
percentiles) will be computed at simulations’ grid level. Differences between present -day and 

future-climate (SSP4-6.0 and SSP5-8.5) simulations will be computed. 

 

COMPUTER RESOURCES AND TECHNICAL CHARACTERISTICS OF THE CODE 

The WRF numerical model for analysing TTs will be configured with two domains: the outer 
domain with 7.5 km of grid resolution and the high resolution one with 2.5 km (although higher 
resolution will be used in experiments, 500 m), using 1000 grid points in the west-east direction, 

1000 grid points in the south-north direction and 65 sigma levels unequally spaced, with a greater 
number of levels in the lower troposphere for a better representation of the convective planetary 
boundary-layer processes. Adaptative time steps are used. The WRF physics options used in this 
study are those defined as the default for Hurricane research mode. Among them, it is worth noting 

the WRF Single-Moment 6-class (WSM6) parameterization scheme for microphysics, YSU for the 
planetary boundary layer (PBL), and Dudhia and RRTM for short and longwave radiation, 
respectively. No cumulus parameterization scheme is used in this study, being cloudiness explicitly 

computed by the model. Iinitial/boundary conditions will be obtained from the ERA5 Reanalysis of 
the ECMWF with 0.31° horizontal resolution every 6 hours. 
 

In the previous Special Project (SPESMART), the HARMONIE model configuration (v40h1.1.1 
version) has been used to study the STCs. With this version we had learning the set up of this model, 
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studying its postprocessing procedures. Once the STCs were simulated with this version of 
HARMONIE, another model configuration (43h2.1 version) has been compiled to analyse different 
TTs as a training of using this model. The final set up used to simulate  TTs resembles WRF’s one as 
much as possible to maintain the consistency of the study. Defined with the HARMONIE default 

physics options, the model also has a main domain with 2.5 km resolution (although higher 
resolution will be used in experiments, 500 m) and the same grid dimensions (1000x1000) in the 
west-east and south-north directions with 65 hybrid sigma-pressure levels in the vertical. The 

initial/boundary conditions are the same as those used for WRF. In this case, the model is configured 
with a temporal resolution of 75 s. Operated at 2.5 km resolution this model has a convection-
permitting configuration and uses a non-hydrostatic spectral dynamical core with a semi-Lagrangian 

and semi-implicit discretization of the equations. In this way, more realistic results are obtained 
compared to other models, which may provide an added value to the study of TTs.  

 

Finally, in this special project the MPAS will be used. MPAS is a collaborative project for 
developing atmosphere, ocean, and additional earth-system simulation components for use in 
climate, regional climate, and weather studies. The MPAS model (version 8.0.1) uses a similar 

dynamic nucleus and same physical parameterization as the WRF. MPAS is a three -dimensional, 
global, finite-differences, non-hydrostatic model, used mainly in atmospheric research. MPAS uses 
a global mesh, which is refined to high-resolution over the area of interest: 60-3km and 15-1km 
coarse-refined meshes will be used within the project. The horizontal discretization is based on a 

non-structured Voronoi center type mesh grid-C of the state variables and in the edges the dynamic 
variables, allowing for both quasi-uniform discretization of the sphere and local refinement. The C-
grid discretization is especially well-suited for high-resolution, mesoscale atmosphere and ocean 

simulations.   

 
For each of these atmospheric systems that will be studied in this new project, at least 93000 

units approximately have been used using WRF and, around 40000 units have cost using HARMONIE, 
in the low-resolution case. It is worth to note that some previous experiments to the final 

simulations, that is, WRF set-ups, and some proofs with different HARMONIE domains will be 
needed as well as the units needed for MPAS simulations. Therefore, we believe that 12000000 
units will originally be required for simulating these tropical systems. 
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