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Abstract. The Northeastern Atlantic basin is a region where the number of cyclones with tropical features can increase in the
future due to anthropogenic climate change, a particularly important concern given the region’s vulnerability to such
systems. This work analyses the influence of warmer sea surface temperatures (SSTs), expected in future climates, in the
convective activity of Tropical Storm Delta. Delta, which caused strong damage over the Canary Islands (Spain) in
November 2005, is representative of a tropical cyclone (TC) experiencing an extratropical transition (ET) on its path to
western Europe. Two simulations of the storm were performed with the high-resolution atmospheric numerical model
HARMONIE-AROME: a control simulation with initial and boundary conditions from the ERAS reanalysis, and a warm
simulation where a uniform perturbation of +2 °C was added to the SSTs surrounding the cyclone. The convective activity
was analysed only in the convective cells near the cyclone’s centre, employing the cloud tracking package Tobac, based on
brightness temperature. Results show that increases in low-level water vapor flux, together with lower LCL and LFC levels
and increased CAPE, create an environment more favourable for the development of deep moist convection in the warmer
ocean simulation. These thermodynamic changes lead to more frequent intense moist updrafts and a larger number of
convective cells associated with the cyclone, with greater vertical extent and higher precipitation rates. Consequently, Delta
becomes a more intense and deeper TC, driven by latent heat release, reaching hurricane status. Later, Delta’s ET starts
earlier and gets extended over time, while turning notably more severe too. These results may contribute to a better
understanding of the behaviour of convection within cyclones with tropical characteristics affecting the Macaronesia and

Western Europe under future climates.



35

40

45

50

55

60

https://doi.org/10.5194/egusphere-2026-2701
Preprint. Discussion started: 22 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

1 Introduction

The future projections for tropical cyclone (TC) dynamics have been a topic of extended discussion in recent years. The total
number of TCs formed is projected to be reduced in future scenarios affected by anthropogenic climate change (ACC),
although the frequency of those with high intensity (CAT. 3-5) is expected to increase (Camargo et al., 2023; Garin et al.,
2025; Yamada et al., 2017; Zhao et al., 2026). However, these projections for the TC frequency remain subject to
considerable uncertainty within the scientific community, while there is a greater consensus on the projected increase in the
intensity of TCs (Camargo et al., 2023; Holland & Bruyére, 2014; Yamada et al., 2017). Moreover, the uncertainties increase
when these projections are realized on individual basins (Camargo et al., 2023; Roberts et al., 2020). Even though no
complete agreement has been reached for the TC frequency, some authors predict a growth in the number of TCs formed and
their intensity in the Northeastern Atlantic basin (Emanuel, 2021; Lima et al., 2021; Murakami & Wang, 2010; Oouchi et al.,
2006; Sugi et al., 2002; Villarini & Vecchi, 2013).

The evolution of the environments is also quite relevant, since TCs are extremely sensitive to changes in their surroundings
(Riehl, 1954; The COMET Program, 2009). In a future warmer climate, sea surface temperatures (SSTs) and atmospheric
moisture are expected to increase (Collins et al., 2013; Garcia-Soto et al., 2021; IPCC, 2023). Such changes may
significantly affect regions historically devoid of TCs, as they could develop conditions favourable for the survival of a
previously formed TC approaching the area (Haarsma et al., 2013). Therefore, western Europe could be a region that may
encounter a higher number of low-pressure systems with tropical features during the up-and-coming years (Baatsen et al.,
2015; Dekker et al., 2018; Haarsma et al., 2013; Montoro-Mendoza et al., 2026). In fact, in the last decade, several cyclones
with tropical origin, such as Ophelia (2017), Leslie (2018), Lorenzo (2019) and Hermine (2022) hit different European
nations with important human and socioeconomic impacts in the affected areas (Pasch & Roberts, 2018; Reinhart, 2023;
Stewart, 2017; Zelinsky, 2019). A better understanding of these systems is crucial for this region, as it remains poorly
prepared and better adaptation strategies are needed.

Tropical Storm Delta (2005) was particularly relevant for the western European region, due to the significant damage to
infrastructure it produced in the Canary Islands (Spain) in November 2005, mainly due to its associated wind gusts (Beven,
2006; Martin Leon et al., 2005), after completing its Extratropical Transition (ET; Evans et al., 2017). Before initiating its
ET, Delta experienced a tropical phase in which convection was the primary mechanism sustaining the system. These
convective processes are strongly dependent on the thermodynamical environment, relying on the availability of warm and
moist air at low levels (Markowski & Richardson, 2010). Warm SSTs act as the primary source of that heat and moisture
that fuels deep convection, playing a key role for TCs (Dare & McBride, 2011). Future warmer climates are projected to
favour the conditions for the development of convective systems (Lepore et al., 2021), as increasing oceanic and atmospheric
temperatures will enhance the low-level moisture content and the atmospheric instability, increasing the convective updrafts
and the latent heat release (Fischer & Knutti, 2015; Fowler et al., 2021). Within a TC, these changes may lead to a more

efficient diabatic heating of its core, a more organized eyewall, and a reinforcement of the system. Therefore, increases in
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SSTs driven by ACC could significantly influence the organization, intensity, and extent of the cyclone’s convective
activity, with direct implications for the system’s strength and lifetime.

This study aims to broaden the current understanding of the thermodynamics within TCs experiencing the ET, under future
climate scenarios driven by ACC, in a specific case of a cyclone affecting western Europe. Specifically, the main goal is to
analyse the sensitivity of the convective activity within Tropical Storm Delta and its behaviour for a 2 °C increase in the
surrounding SSTs. The +2 °C perturbation represents projected increases in North Atlantic November SSTs relative to 2005,
extrapolated from the trend observed over the past 30 years. These projections suggest that such warming could be reached
by the end of the XXI century, although this refers to climatological averages, and isolated seasonal anomalies of +2 °C may
occur earlier during the second half of the century in individual years due to internal variability (Fig. S1 of the
supplementary material). This is consistent with CMIP6 model simulations (Eyring et al., 2016), which project that increase
in the SSTs during the latter half of the century under high-emission scenarios (SSP5-8.5), and by the end of the century
under moderate scenarios (SSP2-4.5, SSP3-7.0; IPCC, 2023).

The paper is organized as follows: in Sect. 2 the model and the simulations are described, with the data and the methodology
employed for the analysis to be realized. Results and discussion are presented in Sect. 3, where Sect. 3.1 introduces the case

study and Sect. 3.2 analyses the numerical simulations. Finally, a summary and the main conclusions are included in Sect. 4.

2 Data and Methodology
2.1 Data

This sensitivity experiment to SST is carried out using the convection-permitting HARMONIE-AROME model cy43hl
(Bengtsson et al., 2017; Calvo-Sancho et al., 2023). HARMONIE-AROME is a spectral, non-hydrostatic, semi-Lagrangian
and semi-implicit model. Microscale processes are solved by parameterizations: shallow convection, planetary boundary
layer, microphysics, turbulence, radiation, and surface processes (Bengtsson et al., 2017). HARMONIE-AROME allows
simulations on a single limited area domain. These have been performed with 2.5 km horizontal resolution, at 65 vertical
levels (hybrid sigma pressure coordinates) and a time step of 30 s. Although this model is mainly used for the operational
prediction by different national weather services across Europe, it has also been utilized for research purposes, to simulate
specific meteorological phenomena, including TCs (Calvo-Sancho et al.,, 2023; Diaz-Fernandez et al., 2022; Quitidn-
Hernandez et al., 2021).

Two different simulations for the Tropical Storm Delta are performed: a control simulation (CSIM) and a +2 °C simulation
(+2SIM). Both cover a period of 97 h, from 26 November 00:00 UTC to 30 November 2005 00:00 UTC. The domain is [12°-
35° N, 48°-8° W], centred in the Northeastern Atlantic. The difference between the two simulations is a +2 °C SST
perturbation added to the initial and boundary conditions in the abovementioned domain. Modifying only the SSTs while
keeping the atmospheric conditions unchanged follows an approach similar to Rios-Berrios et al. (2024), allowing to isolate

the impact of the oceanic warming expected under ACC on tropical convection and precipitation. CSIM is driven by initial
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and boundary conditions from ERAS reanalysis with 0.25° horizontal resolution, 137 hybrid vertical levels and 1-h temporal
resolution (Hersbach et al., 2023). Delta’s synoptic analysis is also performed using ERAS data, while the North Atlantic
SST trend is analysed using the HadISST database (Rayner et al., 2003).

The Hurricane Database (HURDAT?2; Landsea & Franklin, 2013) from the National Hurricane Center (NHC) is used to
compare the results from CSIM with the observational data from the best track for Tropical Storm Delta. The NHC uses 1
min averaged wind speeds for their observations (Landsea & Franklin, 2013), while the outputs from HARMONIE-AROME
are 10 min averaged wind speeds (Dirksen et al., 2022). Thus, HURDAT wind speeds are multiplied by 0.88, which is the
approximated value utilized to transform 1 min to 10 min averaged wind speeds (Sampson et al., 1995), to compare

sustained wind speeds from both sources.

2.2 Methodology

Tropical Storm Delta cyclone tracking is performed considering hourly mean sea level pressure (SLP), after applying a
Gaussian filter with 6=5 to smooth the small-scale perturbations related to deep moist convection. Then, Delta’s position is
defined as the location of the minimum filtered mean SLP inside a 5° x 5° box. In the first timestep this box is centred on the
cyclone’s position according to the report by the NHC (Beven, 2006), while for the following it is centred on the estimated
position based on the previous step (Stankovi¢ et al., 2024; Wernli & Schwierz, 2006). This process avoids the influence of
other synoptical systems that could appear in the complete domain in the simulated period. Basic quantities, such as
minimum SLP, maximum 10 m sustained wind speed (sustW10) or maximum 10 m wind gusts, are derived only from values
within such box.

The Cyclone Phase Space (CPS; Hart, 2003) is employed to assess the evolution of Tropical Storm Delta’s thermodynamic
features in both simulations. CPS is a widely used technique to analyse the cyclone lifecycle and the evolution of their
structure to classify them in the spectrum between pure tropical and extratropical cyclones (Dekker et al., 2018; Gonzalez-
Aleman et al., 2015; Ribberink et al., 2026). CPS is based on three parameters: thermal asymmetry (B), and thermal wind in
the upper (V1Y; 600-300 hPa) and lower (Vr*; 900-600 hPa) troposphere. All these parameters are derived from the
geopotential height at different levels. The CPS diagrams are smoothed with running means in 12 h windows.

The variables used to characterize convective activity (Table 1) are evaluated only in the cells in the vicinity of the cyclone’s
centre for both simulations. Herein, the Tracking and Object-Based Analysis of Clouds (Tobac; Allan et al., 2021;
Heikenfeld et al., 2019; Sokolowsky et al., 2024) package is employed to track Delta’s convective cells, from the brightness
temperature (BT) field. Tobac is commonly used to identify and track clouds with different research purposes (Leung et al.,
2023), although, to the knowledge of the authors, it has not been used beforehand to track the convective cells within a TC.
Tobac’s workflow is divided in three steps: the feature identification, the segmentation, and the trajectory linking. First,
contiguous regions with BT values below given thresholds (aka features), are identified and labelled. Second, the spatial

extension and shape of each feature is calculated through watershedding techniques (segmentation). Finally, the features are
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associated with others from different time steps to define the path and evolution of the convective cells to which they belong

(trajectory linking).
Table 1: List of variables characterizing convection in HARMONIE-AROME simulations.
Acronym Name Units
CT Cloud Top m
TP 1-hour Total Precipitation mm h'!
BT Brightness Temperature K
Refl Reflectivity dBZ
LCL Lifting Condensation Level m
LFC Level of Free Convection m
wq Vertical Transport of Moisture (at 700 hPa) | m s
CAPE Convective Available Potential Energy Tkg!
WVFlux Water Vapor Flux (at 925 hPa) ms!

Once all the convective cells are detected and located, only those directly related to Delta’s convective activity, -i.e., those
whose weighted mean centre is located less than 250 km from the filtered SLP minimum-, are considered. Moreover, the
convective initiation (CI) is analysed by considering only cells that exceed 35 dBZ reflectivity at any point within their
domain (Henderson et al., 2021).

The selection of the thresholds used during the feature identification is of paramount importance. If a too high value of BT is
chosen (too permissive), some regions belonging to non-convective clouds (e.g., cirrus) may introduce undesired noise. If
the external threshold is excessively restrictive, relevant information from regions with convective activity may be
disregarded. Another important parameter is the distance between all the internal thresholds in the BT or step. Tobac
identifies an initial volume of cells with BT below the external threshold, and these cells are progressively subdivided as
colder thresholds are exceeded. Thus, the step can be understood as a “resolution” in the analysis: if it is too large, it may
produce fewer and overly large cells, while if it is too small it can cause excessive cell fragmentation, potentially leading to
algorithm errors during the trajectory linking.

This work explores a set of four external BT thresholds (250, 240, 230 and 220 K) and four step sizes (25, 20, 15 and 10 K).
The analysis focuses on a configuration with a 220 K external threshold and a 15 K step size, which is considered as the
optimal setup after several sensitivity tests with consistent results. This choice minimizes the inclusion of non-convective
regions within the cloud bulk and prevents excessive segmentation of the cells, while maintaining a sufficiently fine
resolution. In addition, the exploration of all 16 threshold-step combinations provides a robust framework, allowing the

consistency of the results to be assessed across a wide range of configurations and reducing methodological uncertainty.
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For all the CI features belonging to convective cells associated with Delta and detected by Tobac, values of the fields in
Table 1 are recorded in all their grid points. Probability density functions (PDF) of those quantities relevant for convection
are represented, and the Mann-Whitney U test (Mann & Whitney, 1947) and the Fisher F-test (Bisgaard & Vardeman, 1995)
are applied to assess differences in the mean and variance of distributions from the two simulations (95% confidence
interval). Given that the analysis includes all grid points within all the selected convective cells, the resulting distributions
are based on a large sample size. This increases the statistical robustness of the results and ensures that the inferred

differences are representative of the convective behaviour rather than sampling variability.

3 Results and Discussion
3.1 Tropical Storm Delta

Delta developed out of the region where TCs are usually formed in the Atlantic Ocean as a non-tropical baroclinic low on 19
November 2005, located on 27° N and 48° W (Beven, 2006). It initially displaced towards the northeast and later its
trajectory changed to a southward direction (Fig 1a), which was not correctly predicted by Delta’s early forecasts (Beven,
2006). On its way to the south, Delta encountered warmer SSTs (24-25 °C) and low vertical wind shear, which favoured
Delta’s convection and the formation of a warm core (Da Costa Téso, 2006). Following that, by 23 November, Delta
completed the Tropical Transition (TT; Davis & Bosart, 2004; Wood et al., 2023), thus acquiring a warm core driven by
convection and a symmetrical horizontal structure. It was then classified by the NHC as a tropical storm, due to its 93 km h!
sustained wind speeds (The Saffir-Simpson Team et al., 2012).

Tropical Storm Delta continued its erratic path towards the south-southeast during a total of 3 days. Delta’s peak maximum
intensity was recorded on 24 November (Fig. 1b), with 111 km h'! sustained wind speeds and a 980 hPa minimum SLP
(Beven, 2006). After this peak Delta started to weaken due to a higher vertical wind shear environment.

On 26 November Delta changed its trajectory towards the northeast and accelerated, strongly influenced by the presence of
an upper-level trough (Fig. 1c). On its way to the northeast Delta faced a baroclinic environment, combined with lower SSTs
and greater vertical wind shear associated with the midlatitudes. Moreover, a Mesoscale Tropopause Depression (MTD;
Browning et al., 2000) caused an intrusion of dry air reaching low tropospheric levels to the southwest of Delta, which
restricted the convection to the north-northeast-east sector of the cyclone (Martin Ledn et al., 2005), developing thus an
asymmetric convective structure. All these conditions provoked the start of Delta’s ET, which was fully completed by 28
November 12:00 UTC (Beven, 2006), deriving in a cold core asymmetric extratropical cyclone.

Later, on the same day, the impacts by Delta over the Canary Islands (Spain) and Madeira (Portugal) were produced, as the
centre of the cyclone passed between both archipelagos. In Madeira, located north of the path of the cyclone, where the
convection was placed, the main impact was the precipitation, reaching 127 mm in Santo da Serra (660 m.a.s.l.) in 24 h (Da
Costa Té€so, 2006). The Canary Islands were primarily affected by the very strong wind speeds south of Delta, produced by

the interaction between the cyclone and the dry intrusion generated by the MTD, developing a western mesoscale jet-streak

6
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(Martin Leon et al., 2005). Moreover, the orography of the Canary Islands was also relevant for the strong wind gusts that
took place (Martin Ledn et al., 2005), reaching 170 km h! in Giiimar and 248 km h™! in Izafia (2370 m.a.s.l.), resulting on
seven casualties and extensive damage to infrastructure and power lines on several islands, among others (Parlamento de
Canarias, 2006).

(a) (b)

22 Nov 2005 - 28 Nov 2005
60 kt » 980 hPa + 6.0 ACE
0w 5 o

Tropical Storm DELTA
SOW AW AW 35W

eeeccen

Plot Generatod using troPYcal | 10°H

45°W 40°W 35°wW 30°wW

33°N 1016
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24°N
21°N

- /-\/
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13 15 17 19 21 23 25 27 29
Sea surface temperature (° C)

Figure 1: (a) Delta’s trajectory from the best track from HURDAT; (b) Delta’s image (TERRA / MODIS Corrected Reflectance imagery)
at 24 November 2005 00:00 UTC, obtained from Nasa Worldview; (c) Initial synoptic situation for the mean SLP (black contours; hPa),
SST (coloured; °C) and the 500 hPa geopotential height (white dashed contours; m) on 25 November 00:00 UTC from ERAS, utilized as
initial conditions for CSIM, in the HARMONIE-AROME domain.

3.2 Numerical Simulations
3.2.1 General Features and Cyclone Phase Space

Figure 2 shows the trajectory and evolution of minimum SLP and maximum sustW10 in CSIM and +2SIM. There is a

modest bias between the path in CSIM and the best track from HURDAT in the first hours of the simulation (Fig. 2a),
7
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reducing it in the following hours. Ironically enough, +2SIM appears to match better with the best track from HURDAT.
Calvo-Sancho et al. (2023) also noted this lack of agreement between their control-best tracks when reproducing the
cyclone’s trajectory using HARMONIE-AROME. Here, the trajectory of the cyclone is shifted to the south in the warmer
scenario in comparison to the control scenario, approaching to the Canary Islands. This displacement could have increased
the impacts over the archipelago. It is also worth noting the cyclone zonal acceleration in the middle of the simulated period,
which happens earlier in +2SIM, as reflected in its velocity (Fig. S2a of the supplementary material).

The minimum SLP evolution (Fig. 2b) shows that HURDAT observations depict a notable drop followed by a steady
increase until the final dissipation of the cyclone. CSIM shows a similar behaviour, although the minimum SLP drop is much
less pronounced. However, HURDAT’s observations (minimum SLP and maximum sustW10) may have uncertainties, since
the resources employed by the NHC to collect the data from a Tropical Storm in the Northeastern Atlantic basin are fewer
than for the tropical systems in the Western Atlantic (Beven, 2006; Knabb et al., 2023). Therefore, these deviations between
the control simulation and observations could be not completely due to the numerical model. The minimum SLP in +2SIM
(Fig. 2b) dropped notably in comparison to CSIM, depicting pressure values typical of hurricanes belonging to CAT. 2
(Simpson, 1974) from 27 November 03:00 UTC until 28 November 09:00 UTC. Once the ET starts, the minimum SLP
weakens until it starts to dissipate before landfalling in Africa.

CSIM fits better with the maximum sustW10 observations from HURDAT, although it overestimates (underestimates)
slightly before (after) the intensification on 27 November (Fig. 2¢). +2SIM shows higher maximum sustW10 and lower
minimum SLP which reflects a more intense cyclone. Specifically, Delta exhibits hurricane status maximum sustW10 values
for two complete days from 27 November 04:00 UTC, peaking on 28 November 21:00 UTC with CAT. 3 wind speeds (183
km h'). The highest wind gust, 220 km h™! (Fig. S2b of supplementary material), occurs when Delta is closest to the Canary
Islands. This is relevant due to the increase in the socioeconomic impact in the islands in a future warmer scenario.

Delta’s CPS reveals differences between the two scenarios during the initial days (Fig. 3). The symmetry parameter (B)
shows slightly differences between the two simulations: the warmer Delta depicts slightly higher initial B values than the
control Delta. In fact, in +2SIM, some isolated values exceed the threshold B > 10 m on 26 November (Fig. 3a), which
would mark the start the ET (Hart, 2003). However, the following lower B values evidence that this was not indeed the start
of the ET, as the B = 10 m threshold is an approximation and should not be taken so restrictively.

Regarding the thermal wind (V1V and Vr*), CSIM exhibits a warm low-level core combined with a cold upper-level core
(Fig. 3b), -i.e., a shallow warm core- a hybrid structure typical of subtropical cyclones (Gonzalez-Aleman et al., 2015;
Quitian-Hernandez et al., 2021). In contrast, in +2SIM Delta develops a deep warm core, turning into a more tropical system.
This is produced by the enhanced convection in the warmer scenario (see more in the Sect. 3.2.2), which promotes heating in

higher levels in the troposphere, while the latent heat release in the control scenario is more reduced.
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Figure 2: Comparison of different aspects of Delta in both simulations: (a) Trajectory, (b) minimum SLP, (¢) maximum sustW10. In (a),
dots indicate positions at 00:00 and 12:00 UTC, while day numbers are plotted at 00:00 UTC. Dotted black lines refer to the best track for
Delta from HURDAT. The grey window indicates the first timesteps of the simulations, still influenced by the spinup. Horizontal dotted
coloured lines in (c) indicate the thresholds for different TC categories in the Saffir-Simpson scale (The Saffir-Simpson Team et al., 2012).
Stars and squares denote the beginning and the end of the ET, respectively, in both scenarios.

In +2SIM the cyclone starts to lose notably its horizontal symmetry on 27 November 09:00 UTC, while in CSIM Delta
experiences this process about 8 h later. This highlights that the ET begins earlier in the warmer scenario. This is produced
due to Delta being a more intense and vertically extended cyclone, which interacts earlier and more efficiently with the
upper-level trough (Fig. S3 of supplementary material) and the vertical wind shear. However, this earlier start of the ET is
not in line with what Ribberink et al. (2026) found when simulating Hurricane Ophelia (2017) with different perturbations in
the atmospheric temperatures and the SSTs, where a larger warm-up resulted in a later ET beginning. The difference

between results of Ribberink et al. (2026) and these may be in the asymmetric convective structure displayed by Delta (Fig.

9
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240  3c) due to the dry intrusion produced by the MTD (explained in Sect. 3.1), while Ophelia kept an axisymmetric convection
(Stewart, 2018).
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Figure 3: CPS diagrams for Delta in both simulations: (a) low-troposphere thermal wind vs thickness asymmetry, (b) low-troposphere
thermal wind vs upper-troposphere thermal wind. Dots indicate positions in the CPS at 00:00 and 12:00 UTC, while day numbers are

245  plotted at 00:00 UTC. A and Z mark initial and final positions, and stars and squares denote the beginning and the end of the ET,
respectively. BT field at: (c) 04:00 UTC 27 November 2005, and (d) 20:00 UTC 28 November 2005, for +2SIM. Black arrows indicate
925 hPa wind vectors, and the black cross marks the cyclone’s centre.
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Asymmetric convection and diabatic heating generate asymmetric upward motions, that might modify the upper-level flows
through asymmetric changes in potential vorticity associated with the diabatic heating (Davis et al., 2008; Riemer et al.,
2010). These upper-level potential vorticity anomalies can increase the effective wind shear experienced by the cyclone
(Grams & Archambault, 2016; Li et al., 2015), enhancing the loss of horizontal symmetry and favouring the development of
a frontal structure. Delta’s asymmetric convective structure (Fig. 3c), attained because of the dry intrusion, could amplify the
initial thermal asymmetry in the CPS (Fig. 3a) through this mechanism. Meanwhile, in the case of Ophelia, although warmer
SSTs would potentially intensify the cyclone and favour an earlier interaction with the upper-level trough and the wind
shear, this mechanism may not be triggered due to its more axisymmetric structure and stronger vortex (Carr & Williams,
1989; Ribberink et al., 2026; Stewart, 2018). Therefore, the absence of a dry intrusion perturbing the convective structure
might avoid the earlier start of the ET.

The period when Delta experiences the loss of thermal symmetry occurs when the zonal acceleration is produced in both
scenarios (Fig. 2a, and Fig. S2a of supplementary material). This suggests that Delta’s acceleration is caused by the
beginning of the ET (Aiyyer & Wade, 2021; The COMET Program, 2009), after coupling with the upper-level trough (Fig.
S3 in supplementary material).

Delta's transition to a thermally asymmetrical state occurs earlier in the warmer scenario, which means that the ET starts
earlier. However, the transition to a cold core does not follow the same process. In CSIM, Delta experiences the transition
from shallow warm core to deep cold core (from 00:00 UTC until 16:00 UTC 28 November) within a short time frame to the
change from horizontally symmetrical to asymmetrical. These two processes seem to be less coupled in +2SIM, since the
loss of symmetry happens earlier than in CSIM, and the complete cooling of the inner core occurs later. This process
experienced by warmer Delta could be understood as a warm seclusion as it develops a frontal structure while retaining its
deep warm tropical core. The traditional warm seclusion usually involves a pure extratropical cyclone whose warm front
stretches backwards and the warm sector gets advected to the centre of the cyclone, developing a warm core (Shapiro &
Keyser, 1990). The process in Delta would be a symmetric warm core developing a frontal structure. According to Sarro &
Evans (2022), Delta would have suffered an instant warm seclusion. In +2SIM, Delta’s upper core starts to cool on 28
November 00:00 UTC, followed by the low-level core around 10:00 UTC, while in CSIM the low-level core starts cooling at
00:00 UTC. The cooling in the lower levels is delayed for warmer Delta because the warm core has a larger vertical
extension, and the upper levels are cooled first (top-down cooling). Therefore, the end of the ET (Fig. 3d) happens later,
meaning that Delta remains with its tropical warm core longer. The ET duration is 23 h in CSIM (from 27 November 17:00
UTC to 28 November 16:00 UTC), increasing to 35 h in +2SIM (from 27 November 9:00 UTC to 28 November 20:00
UTO).

The beginning of the low-level cooling in the warmer climate coincides with the period during which the minimum SLP
increased (Fig. 2b), while the maximum sustW10 are more intense (Fig. 2c). This maximum sustW10 experiences an
increase of 66 km h™!' in 15 h since 28 November 06:00 UTC. These results show that the warmer SSTs do not make Delta a

longer lasting system, since its central SLP weakens at the same time but creates a much more severe ET (Garin et al., 2025),
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with rates of intensification in its wind speeds comparable to those of major hurricanes. These processes are extremely
harmful to society and specially challenging to forecast with numerical weather prediction models (DeMaria et al., 2021).
These results suggest that the increase in SSTs in the Northeastern Atlantic Ocean in future scenarios produced by ACC
could cause ETs to be substantially more destructive (Garin et al., 2025). This is especially relevant since there are
publications projecting an increase in the number of ETs produced in the North Atlantic in future scenarios (Baker et al.,

2022; Michaelis & Lackmann, 2019).

3.2.2 Convective Activity

In this subsection the convection associated with Delta is studied, following the described methodology. As detailed
previously, the main results correspond to the configuration of a 220 K external threshold and a 15 K step size (Fig. 4). The
complete plots with the 16 combinations between external threshold and step are included in the supplementary material,
although some of the results present in them will be referenced.

The time evolution of the number of convective cells is also studied, smoothed with running means in 5-hour windows. This
is also a relevant metric to characterize convective activity itself in both scenarios. The number of convective cells in
+2SIM, especially during the tropical phase, is larger than in CSIM (Fig. 4a). The evolution shows a decline in the number
of cells as Delta turns extratropical. The number of cells grows as the external thresholds increase and the steps decrease
(Fig. S4 of supplementary material), exhibiting a larger number of identified features under warmer conditions in all
threshold-step combinations.

Figure 4a reflects an increase in the total and mean area of the convective cells in the +2SIM relative to CSIM. However,
Fig. S4 of supplementary material indicates that the main behaviour is a reduction in the mean area of the convective cells,
as shown by most of the threshold-step combinations. This reveals that the area exhibits high sensitivity to the thresholds
utilized by Tobac to divide the convective cells. The lower mean area in the warmer scenario suggests greater fragmentation
(Wasko et al., 2016), with more but smaller convective cells in the cyclone. Even so, nearly 69% of the step-threshold
combinations (11 out of 16) show an increase in the total convective area in the warmer simulation, depicting a more
organized convective structure with a larger horizontal extension, which is consistent with enhanced convective activity.

By increasing SSTs while leaving the atmospheric initial conditions unchanged, the surface fluxes get enhanced, warming
and moistening the boundary layer. The associated rise in saturation specific humidity, consistent with Clausius-Clapeyron
scaling (Fowler et al., 2021), implies higher specific humidity in the low levels. A significant increase in WVFlux
(\/m ; Guan & Waliser, 2015) is found within Delta’s convective cells (Fig. 4b), showing a larger horizontal
transport of moisture at lower levels (925 hPa) converging towards the centre of the cyclone (not shown). Herein, all the
threshold-step combinations utilized to divide the cells show a shift in the distributions towards higher WVFlux values in
+2SIM (Fig. S5 of supplementary material). This effect is particularly evident for the most restrictive external threshold (220

K), where the contribution from regions with negligible WVFlux is notably reduced.
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Figure 4: Comparison in both simulations of (a) Evolution of number of convective cells with CI identified in Delta, and PDFs for
different variables within those convective cells: (b) WVFlux at 925 hPa (m s™), (c) LCL (m), (d) LFC (m), (e) CAPE (J kg™), (f) wq at
700 hPa (m s), (g) CT (m), (h) Refl (dBZ), (i) TP (mm h™"). Stars and squares in (a) denote the beginning and end of the ET, respectively,
in both scenarios. In the top-right corner of the PDFs the symbol * denotes a significant difference in the distributions while two asterisks
** denote a significant difference in the variances, with p-values < 0.05 according to the Mann-Whitney and Fisher tests, respectively. In
the top corners it is indicated the percentage of change in +2SIM relative to CSIM in: total and mean area of the convective cells in (a),
95th percentile of the distribution in (f), (h) and (i), and the total accumulated precipitation in the convective cells in (i); in red when it is
an increase and blue when it is a decrease.

Thus, larger values of moisture are advected at low levels, providing more fuel for the convection. The increase in specific
humidity leads to higher relative humidity, as the moisture increase outweighs the rise in saturation specific humidity

associated with warmer air. Then, as parcels of warm air rise and approach saturation, the vertical distance travelled before
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condensation begins is reduced. A significantly lower LCL is found in the warmer simulation (Fig. 4c and Fig. S6 of
supplementary material), with the main peak decreasing from approximately 700 to 300 m. This increases the likelihood of
air parcels rising adiabatically to reach their LCL without becoming colder than the surrounding environment. The larger the
number of air parcels reaching the condensation increases the latent heat released, enhancing the convective updrafts
(Markowski & Richardson, 2010).

Concerning the LFC, Fig. 4d displays LFC values in +2SIM significantly lower than in CSIM. The main change in the
distributions is the emergence of LFC values around 500 m, at the expense of higher values above 1000 m, whose frequency
gets reduced. Therefore, in +2SIM, a larger area exhibits a LFC located at relatively lower heights. Thus, in the warmer
simulation more air parcels can reach their LFC during an updraft, allowing them to keep ascending due to their buoyancy
until upper levels in the troposphere, which favours the development of deep moist convection. The frequency peaks at LFC
values near 0 correspond to grid points without a defined LFC, associated with less convective regions within the clouds.
Figure S7 of the supplementary material reflects a decrease in the relative contribution of these points to the overall
distribution as the external BT threshold is reduced.

These changes in low-level water vapor, LCL and LFC are reflected in a significant increase in the CAPE in the convective
cells over warmer SSTs (Fig. 4e), which is found statistically significant for all the BT thresholds and steps (Fig. S8 of
supplementary material). The distribution of the CAPE in the convective cells increases substantially, with a large amount of
grid points in the cells with values over 3000 J kg™ in +2SIM, while this value is barely topped in CSIM. Thus, the increases
in CAPE describe a thermodynamical environment in which deep moist convection is more likely to develop (Fischer &
Knutti, 2015; Lepore et al., 2021; Markowski & Richardson, 2010).

This leads to several changes in the vertical transport of moisture within the convective cells (Fig. 4f) in the mid-troposphere
(700 hPa). The distribution becomes significantly broader in +2SIM relative to CSIM, indicating a higher occurrence of the
most extreme values of upward transport of moisture. A notable increase in the 95th percentile is found for almost all the
threshold-step combinations (Fig. S9 of supplementary material). Accordingly, the highest wq values, corresponding to
strong convective updrafts, appear more frequently over the warmer ocean. It is noteworthy that the highest negative values
of the vertical transport of moisture also increase in this scenario, which could be associated to stronger downdrafts in the
convective cells (Fig. 4f). This process may also play an important role in the development of convection, as enhanced
downdrafts can promote the initiation of new convective cells through cold pool intensification (Marion & Trapp, 2019).

The enhanced convection in the surroundings of the cyclone’s centre in the warmer scenario develops cumulonimbus clouds
with a larger vertical extension (Fig. 4g). The main change in the distributions is the upward shift of a substantial fraction of
points, from cloud top heights around 13000 m in CSIM to around 14000 m and higher in +2SIM, with the most extreme
values reaching 17000 m. The discrete nature of these results arises from the vertical discretization in HARMONIE-
AROME. This increase in cloud top is significant for all the thresholds and steps (Fig. S10 of supplementary material),
meaning that even less convective regions are developing clouds until higher levels. This figure also supports the idea that

220 K is the best choice for the BT external threshold, since it erases almost all the contribution from clouds with tops under
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12000 m. The increase in the vertical extension is also accompanied by an intensification in the highest reflectivity in the
convective cells (Fig. 4h and Fig. S11 of supplementary material), as seen in the increase in the 95th percentile of the
distribution in +2SIM.

These findings evidence that warmer SSTs provide more low-level moisture, fuelling convective activity within Tropical
Storm Delta. Subsequently, this results in an increase in total precipitation in a 1 h period (Fig. 4i and Fig. S12 of
supplementary material) in the convective cells from Fig. 4a, most of them living during Delta’s tropical phase. The
distributions display an increase in the appearance of the highest precipitation rates in +2SIM relative to CSIM for the
majority of the thresholds and steps. In addition, considering the growth in the number of convective cells and their total
area, the total accumulated precipitation under Delta’s convective cells gets notably increased in +2SIM, rising a 67 % on
average and with some threshold-step combinations even doubling the accumulated values from CSIM.

Moreover, Fig. 5 shows that the total accumulated precipitation caused by Delta during its whole lifecycle is greater in
+2SIM than in CSIM, reaching higher values and displaying a larger affected area. In the warmer scenario, the total area
accumulating over 50 mm of precipitation increases 50 %, and the area over 150 mm increases 118 %. Interestingly, the
highest values of accumulated precipitation are produced in the second half of Delta’s trajectory, once the ET is already
started, especially north of the centre of the cyclone, where the convective structure was located (Fig. 3d). This result is
particularly relevant in terms of the impacts associated with Delta, as its influence over the Canary Islands and Madeira
occurred after it had fully transitioned into an extratropical baroclinic system.

(a) CSIM (b) +2SIM

45°wW 40°W 35°W 30°W 25°W 20°wW 15°W 10°wW 45°wW 40°W 35°wW 30°W 25°W 20°wW 15°W 10°W

0 1 5 20 40 75 150 250
Total precipitation (mm)

Figure 5: Total accumulated precipitation in the whole period for (a) CSIM, (b) +2SIM.

Finally, the minimum BT field (Fig. 6) displays the results previously explained for Fig. 4a and Fig. 4f, as the lowest BT
values correspond to the convective cells analysed. The widespread greater convective activity over warmer SSTs is

noticeable. During the tropical stage of the trajectory Delta exhibits a higher concentration of cells with colder tops below -
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70 °C (~205 K) in +2SIM, showing the enhancement of convective updrafts. Once the ET begins, these cold cloud tops
disappear, rendering the convection in Delta's dynamics irrelevant while the baroclinic contribution starts to become the
main mechanism sustaining the cyclone. However, this does not happen in CSIM, where convective cells still reach cold
tops during the ET. This means that diabatic processes due to convection remain relevant for a longer time in the control
cyclone (Fig. 4a, and Fig. S4 of supplementary material). Thus, while the perturbed SSTs intensify convection during the

tropical phase, they do not extend it over time. The TC strengthened by this convection turns into a more baroclinically-

driven cyclone earlier due to the enhancement of its interaction with the jet stream.

(a) CSIM (b) +2SIM

45°W 40°wW 35°W 30°wW 25°W 20°W 15°W 10°wW 45°W 40°wW 35°W 30°wW 25°W 20°W 15°W 10°wW

-84 -70 -56 -42 -28 -14 0 14 28
Brightness temperature (° C)

Figure 6: Minimum BT produced for (a) CSIM, (b) +2SIM. White stars denote the location of the beginning of the ET in each scenario.

Overall, the results shown here indicate a systematic intensification of convective activity under warmer ocean conditions,
evidenced by the increased surface moisture fluxes, higher CAPE and enhanced updrafts within the convective cells
associated with cyclone. These findings are consistent with previous studies suggesting enhanced convection and storm
dynamics under future, warmer climates (e.g. Calvo-Sancho et al., 2026; Fowler et al., 2021; Gonzalez-Aleman et al., 2023).
This enhancement of convection in a warmer environment is strongly linked to the thermodynamic forcing provided by the
ocean. Higher SSTs increase the saturation specific humidity at the surface following the Clausius-Clapeyron relationship
(Fowler et al., 2021), which leads to an enhanced evaporation rate and air-sea latent heat fluxes. These processes promote an
enhancement of low-level moisture (Fig. 4b), which plays a critical role in preconditioning the atmosphere for deep moist
convection (Calvo-Sancho et al., 2026; Fowler et al., 2021; Markowski & Richardson, 2010).

The increase in CAPE found in the simulations (Fig. 4e) most likely comes as a direct consequence of this enhanced low-
level moistening. This is coherent with several studies finding important increases in CAPE in future, warmer climate
scenarios (Fowler et al., 2021; Gensini et al., 2014; Lepore et al., 2021; Calvo-Sancho et al. 2026), describing environments

more favourable for the development of deep moist convection.
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Higher CAPE values are typically associated with stronger buoyancy, which supports more intense updrafts and enhances
vertical mass transport within convective systems (Markowski & Richardson, 2010). These processes play a key role in the
organization and maintenance of deep convection, particularly in highly organized systems such as mesoscale convective
systems or TCs. In this context, Prein et al. (2021) reported an increase in upward moisture transport associated with stronger
updrafts when simulating individual convective storms under future climate conditions. A similar behaviour is displayed in
the simulations of Delta analysed in this study, where intense updrafts are more frequent, in accordance with an enhanced
upward transport of moisture (Fig. 4f) and a more vigorous convective regime.

Consistent with the increased vertical moisture transport and stronger updrafts, a larger number of convective cells is found
in the warmer scenario (Fig. 4a and Fig. 5), suggesting a larger atmospheric instability (Gonzalez-Aleméan et al., 2023;
Martin et al., 2024). In addition, these individual cells are smaller in size, in agreement with Wasko et al. (2016), who
reported reduced storm extents at higher temperatures, due to a redistribution of moisture towards the centres of the storms.
The intensification of convective activity and vertical moisture transport has direct implications for precipitation production.
In this study, this is reflected in an intensification in hourly precipitation rates combined with a more widespread convection
(Fig. 41), which translates in a substantial increase in total accumulated precipitation under the system over warmer ocean
conditions. Several previous studies project an increase in the rates of precipitation produced within mesoscale convective
systems or cyclones in future climates (Ban et al., 2015; Fischer & Knutti, 2015; Fowler et al., 2021; Prein et al., 2017, 2021,
Risser & Wehner, 2017; Wasko et al., 2016). A consistent response has been reported by Rios-Berrios et al. (2025), who
found a substantial increase in daily precipitation in convection-permitting aquaplanet simulations when SSTs were
increased, reinforcing the link between oceanic thermodynamic forcing and the overall enhancement of the hydrological
response.

These results highlight that warmer ocean conditions enhance the thermodynamic environment for deep convection,
specifically within a tropical cyclone. These findings contribute to a better understanding of how convective processes may
respond to future warming across different convective systems, emphasizing that increases in accumulated precipitation and

convective intensity are strongly linked to oceanic warming.

3 Summary and Conclusions

This study conducted a sensitivity analysis of the convective activity within Tropical Storm Delta, which affected the Canary
Islands in November 2005. To this end, two simulations were performed using the HARMONIE-AROME mesoscale model:
(1) a control simulation, with ERAS initial and boundary conditions; and (ii) a perturbed simulation, in which a 2 °C increase
was added to the SSTs in the North Atlantic over which it developed, consistent with the observed SST trend in HadISST.
The simulations are performed with the HARMONIE-AROME model, with a resolution that allows to resolve explicitly the
deep convection in the cyclone. The analysis focuses on the convection in the convective cells within the inner region of the

cyclone, which are objectively identified and tracked employing the Tobac package, based on some selected BT thresholds.
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The results indicate that the warmer oceanic temperatures would create a warmer and more humid environment that would
favour the buoyant ascents. The obtained results reflect lower LCL values that enhance latent heat release, as well as lower
LFCs, promoting convective updrafts to upper levels, leading to an overall increase in CAPE and the potential for deep moist
convection. Thus, the intensity, depth and extent of convective activity increase, as reflected by more frequent intense moist
updrafts, higher cloud tops, larger precipitation rates, and a greater number and total area of convective cells associated to
the cyclone. Some variables show sensitivity relative to the thresholds and steps used by Tobac to divide the individual
convective cells, especially with those too large or loose that include non-convective regions, which should be had in
consideration in future research employing a methodology to track convective cells including this package. Even so, the
significant increase in the convection is found in the 16 combinations threshold-step utilized for the BT, corroborating the
results in the main paper.

Therefore, the warmer SSTs induce an environment that enhances the convective activity in the surroundings of the
cyclone’s centre. This is coherent with previous works that project the midlatitudes to evolve towards thermodynamic
conditions more susceptible to the development of deep moist convection (Fischer & Knutti, 2015; Lepore et al., 2021;
Montoro-Mendoza et al., 2026).

The enhanced convection strengthens the cyclone through latent heat release and promotes its intensification during its
tropical phase, which appears to favour an earlier and more efficient interaction with the upper-level trough and the vertical
wind shear. Consequently, the cyclone loses its thermal symmetry earlier, favoured by its asymmetric convective structure
due to a dry intrusion, and becomes baroclinically driven while maintaining a warm core for a longer time due to its larger
vertical extension. This could be understood as an instant warm seclusion phase in its lifecycle.

Moreover, the intensification experienced by Delta due to a warmer SSTs produces a much more severe ET, with a larger
precipitation area and especially stronger wind speeds, reaching hurricane values, and very harmful gusts over 200 km h-'.
This would be particularly impactful for the Canary Islands, as they were the main affected area by Delta’s ET, although
these findings are relevant for the whole Western Europe region, since a future TC approaching the area might not follow the
same track and could make landfall in many different locations.

It is worth emphasizing that the warmer simulation analysed in this study is not dependent on a particular Shared
Socioeconomic Pathway or on specific future emission trajectories. Instead, it explores a warming projected across a wide
range of climate-change scenarios, grounded in the observed SST trend in the North Atlantic basin. Extrapolating this recent
tendency suggests that a +2 °C increase relative to November 2005 could be reached climatologically by the end of the
century, and eventually earlier when considering internal variability. Therefore, the conditions examined here should be
interpreted as a plausible continuation of recent observed changes rather than an extreme or unlikely future scenario.

Future research on this topic would include employing the Pseudo Global Warming Approach (Schéir et al., 1996) to
perturbate the atmospheric components too (temperatures, specific humidities, greenhouse gases and aerosol concentrations,
...) besides the SSTs, according to CMIP6 climate projections. This could help to understand if the atmospheric contribution

tends to increase even more the convection enhanced by the SSTs or if it is the opposite and the atmosphere tends to balance
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back the increase caused by the ocean. In addition, performing an ensemble of simulations would allow to assess the
uncertainties of the results and to further evaluate other aspects of the cyclone such as its dynamics and impacts.

To conclude, this work has shown that future climate scenarios with a warmer ocean would lead to an intensification of the
convective activity and an enhancement of the diabatic processes within a TC, developing a much more severe system.
Therefore, in future years a region like Western Europe could face the landfall of more violent and impactful cyclones,
evidencing the urgent need for stronger political action to reduce and mitigate ACC, as such events would likely lead to

major human losses and socioeconomic damage.

Code and data availability

Data from the ERAS5 reanalysis are publicly available through the Copernicus Climate Data Store:
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https://www.aoml.noaa.gov/hrd/hurdat/hurdat2.html. The HadISST dataset from the Met Office is also available online at:

https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html. The Tobac package used in this study is openly available

on GitHub: https://github.com/tobac-project/tobac. HARMONIE-AROME model outputs, together with the analysis and

visualization scripts developed for this work, are available from the corresponding author upon reasonable request.
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