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The following should cover the entire project duration.

Summary of project objectives
(20 lines max)

In the last years, tropical transitions (TT) have occurred very close to Iberia and surrounding areas.
High-resolution simulations of TTs using improved models are needed to analyse the atmospheric
dynamics of these systems. In this sense, in SPESMART several observed TTs (the strongest TTs >90
percentile in wind speed) are simulated using the WRF and HARMONIE-AROME models. Moreove,
the effective resolutions of these models when simulating the TTs are investigated, analyzing the
energetic spectral budget of the turbulence Kinetic energy in each model.

Simulations of these events using projections in areas nearby the Iberian Peninsula will provide
knowledge about these atmospheric systems and their behaviour with respect to the Anthropogenic
Climate Change (ACC). To do this, EC-Earth projections are used with different climate scenariosto
study, simulate, and examine possible changes in frequency, tracking and intensity of several TTs.

Summary of problems encountered
(If you encountered any problems of a more technical nature, please describe them here.)

The request document specified three phases with the scientific plan:

The Phase 1 (Selection of TTs in ENA: study of the genesis and atmospheric dynamic) is fully
developed. In Calvo-Sanchoet al. (2022) a climatology (1979-2019) of TTs in which 30 TT events
were identified overthe central and eastern North Atlantic basin have revealed differences betweenTTs
formed in the two Atlantic basins. The Phase 2 (Assessment of the skill of the models in simulating the
behavior of TTs) is developed. Several TTs have been simulated using both HARMONIE and WRF
models. The SPESMART team is analyzing intensity, track and model skillful of the simulated TTs.
The Phase 3 (Analysis of TTs in simulations of an advanced climate model) and Phase 4 (Analysis of
TTs in future ACC projections) are not completed since the EC-Earth simulations nested in
HARMONIE and WRF have provided unsuccessful results. Instead of using these simulations, another
work perspective has been used. Martin et al. (2024) shows the different methodology used to study the
ACC effect on the development of supercells affecting the northeastern Spain. Such approach will be
used to study the genesis, development and intensity of selected TTs when ACC is considered. No
special problems of technical nature we have had throughout the period of this Special Project. In the
case of have them, the personal of the ECMWEF has been kindly resolved them.

Experience with the Special Project framework
(Please let us know about your experience with administrative aspects like the application procedure,
progress reporting etc.)

The experience with administrative aspects has been positive. No problems I have had in updating the
progress reporting and | think the application procedure has been relatively easy.

Summary of results
(This section should comprise up to 10 pages, reflecting the complexity and duration of the project, and can
be replaced by a short summary plus an existing scientific report on the project.)
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During the first project year, a climatology of TTs has been carried out, analysing the synoptic and
environmental characteristics of the TTs. The results have shown that there is two different group of
TT considering the genesis of the systems: the TTs developed in central Atlantic Ocean and the TTs
generated in eastern Atlantic basin. This work has been made using the ERA5 data base.
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Figure 1: Tracks and transition time (greernlt markst) of several TTs identified (1979 - 2019).

Figure 1 shows tracks of the identified TTs from 1979 to 2019. Simulations of this systems are needed
to study during the time before their genesis the possible precursors that can be useful in forecasting
and warningthiskind of catastrophic events. All this informationis shown in the scientific manuscript,
currently under review, of Calvo-Sancho et al. (2022).

In this way, hurricanes such as Vince, Ofelia, Delta, Theta, Leslie, selected from Calvo-Sanchoetal.
(2022) and presenting wind speed values greater than the 90-percentile value, have been simulated with
WRF and HARMONIE-AROME. After different test, the configuration of both models is as follows:

v' The WRF numerical modelforanalysing TTs has been configured with two domains: the outer
domain with 7.5 km of grid resolution and the high resolution one with 2.5 km (Figure 2), 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 definedas the default for Hurricane research mode. Among
them, it is worth noting the WRF Single-Moment 6-class (WSM6) (Hong and Lim, 2006)
parameterization scheme for microphysics, YSU for the planetary boundary layer (PBL), and Dudhia
(Dudhia, 1989) and RRTM for short and longwave radiation, respectively. No cumulus
parameterization scheme is used in this study, being cloudiness explicitly computed by the model.
Finally, the initial/boundary conditions are obtained from the ERA5 Reanalysis of the ECMWF with
0.31° horizontal resolution every 6 hours.

w

Figure 2: WRF domain configuration to simulate Hurricane Delta.

v The HARMONIE-AROME configuration (43h2.1 version) was compiled to simulate the
different TTs. 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
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(Bengtsson etal., 2017), the model also has a main domain with 2.5 km resolution and the same grid
dimensions (1000 x 1000) in the west-east and south-north directions (domainin Figure 3) 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 (Bengtsson et al.,
2017). 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 (Bengtsson et al., 2017) compared to
other models, which may provide an added value to the study of TTs.

On the other hand, tests with other related systems, such as medicanes, have been also carried out
usingthe abovementioned HARMONIE-AROME configuration. In thisway, Figure 4 shows the lanos
system simulated using different initial conditions (ERA5 and IFS). The notable differences obtained
in the system simulation will be subsequently analyzed.
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Figure 4: Si;;l[;'l;tions of wind speed with HK&E\/IONIE-AROME for the Me‘rdﬂigéne lanos using
different initial conditions.

Moreover, from the WRF and HARMONIE-AROME simulations, studies related to the spectrum
energy of the different TTS have been analysed and compared to a spectrum energy climatology
generated by the SPESMART team using the ERAS data base and published in Bolgiani etal. (2022).
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Figure 5: ERA5 wind kinetic energy spectrum at 500 hPa for the domain of storm Delta from 00:00
UTC 22 NOV 201510 00:00 UTC 25 NOV 2015. Grey lines are individual spectra, the black line is
the average, the dashed line corresponds to the dissipation rate as per Lindborg (1999).

Comparisons and differences between the climatology spectrum energies of the selected TTS (as an
example, Figure 5) with those obtained fromthe high-resolutionsimulations from the models are being
currently analysed.

During the second project year, several TT processesthat lead to a hurricane structure [Delta (2005),
Ophelia (2017), Leslie (2018), and Theta (2020)] are evaluated using two high-resolution numerical
models (WRF and HARMONIE-AROME). Both tracks and intensities of the cyclones (Figures 6, 7)
are assessed by comparing the simulated minimum sea level pressure and maximum wind speed to an
observational dataset.
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Figure 6: Simulated tracks for WRF (red) and HARMONIE-AROME (blue) models against the
HURDAT database (black) for a) Delta, b) Ophelia, c) Leslie and d) Theta. Data is displayed
every 6 h. A green circle indicates the beginning of the track, while a red circle marks the end.
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Figure 7: Simulated minimum SLP (left) and maximum SPD (right) by WRF (red) and
HARMONIE-AROME (blue) for a), b) Delta, c), d) Ophelia, e), f) Leslie and g), h) Theta.

Moreover, a spatial verification is performed by comparing the MSG-SEVIRI brightness temperature
(BT) and accumulated precipitation (IMERG) to the corresponding simulations accomplished by both
models. Analyzing the track results, the WRF model, on average, outstands HARMONIE-AROME.
However, itis the HARMONIE-AROME model that performs better than WRFwhen reproducingthe
intensity of these cyclones. Concerning the BT spatial validation, HARMONIE-AROME slightly
outperformed WRF when reproducing the cyclone’s structure but failed when simulating the BT
amplitude. Besides, both models achieved a nearly perfect cyclone location (Calvo-Sancho et al.,
2023). The SAL (Structure, Amplitude, Location) feature-based measurement is another verification
method based on a direct attribution of forecasted objects to the observed ones (Wernli et al., 2008)
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and used to evaluate the level of quality of a particular field, taking into consideration its 'structure'
(e.g. dispersed convective cells, frontal rain bands; Friih et al., 2007).

The systems are analysed considering two periods: pre-TT and post-TT times. Concerning BT, SAL
results are relatively similar for both analysed periods (Figure 8). While smaller structures (S < 0) are
generally obtained in comparison to the observation, the amplitude component is slightly
underestimated (A < 0) for both models and periods (Figures 8a and 8b). The A and S medians have
been computed for the WRF and HARMONIE-AROME models (red and blue dashed lines,
respectively, depicted in Figure 8). Regarding median results of S during the pre-TT period (Figure 8a),
while both models show a negative structure median value, the HARMONIE-AROME model performs
slightly better. Similar results are observed for both models when analysing the amplitude median
outcomes, with the WRF model outperforming the HARMONIE-AROME model. In terms of the
location component, it is remarkable that both models have nearly perfect simulations (L-component
median ~ 0.07) during the pre-TT and post-TT periods, with the HARMONIE-AROME model (L-
component median ~ 0.07) slightly better than WRF (L-component median ~ 0.08) during the latter
period. During the pure TT period (Figure 8b), the WRF model again yields slightly better median
amplitude results. The structure median results are slightly worse than during the pre-TT period, but the
behavior remains constant, i.e., both models simulate smaller structures (negative S values), and
HARMONIE-AROME (blue dashed line) performs slightly better.

Concerning the statistical differences between the two models for the SAL components’ distributions,
it is outstanding that, while the A and L-components are statistically different (p-value <0.05), the S-
component shows no significant differences (p-value > 0.05). Besides, in general terms, both models
depicta relatively symmetrical and concentrated distribution with few outliers (not shown). The WRF
model depicts the range and a median closer to zero when simulating the A-component, implying a
somewhat more accurate simulation than the one generated by HARMONIE-AROME; on the other
hand, both models reproduce the S-component with similar results (not shown).
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Figure 8: HARMONIE-AROME (triangles) and WRF (circles) model SAL results for the
BT field duringthe a) pre-TT and b) post-TT periods. The medians are displayed in dashed
lines for HARMONIE-AROME (blue) and WRF (red).

In terms of accumulated precipitation results, the HARMONIE-AROME model overestimates the
larger structures while underestimating the smaller ones, whereas the WRF model underestimates the
bigger structures, being poorly located by both models. Although it is difficult to establish which
numerical model performs better, the overall results show an outstanding of the HARMONIE-
AROME model over the WRF model when simulating TT processes.
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In a similar way as done for BT, the accumulated precipitation amplitude and structure medians have
also been computed for both models and displayed in Figure 9. During the pre-TT period (Figure 9a),
despite both models showing higher median structure values, HARMONIE-AROME performs slightly
betterthan WRF. Moreover, in terms of amplitude, bothmodels display relatively higher median values,
with again the HARMONIE-AROME model outperforming the WRF. These results agree with the
results obtained in the probability density function (notshown). Finally, concerningthe location median
outcomes, both models yield similar values (L-component median ~ 0.08).

SAL PLOT FOR PRE_IMERG-TT SAL PLOT FOR POST_IMERG-TT
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Figure 9: HARMONIE-AROME (triangles) and WREF (circles) model SAL results for the
accumulated precipitation field during the a) pre-TT and b) post-TT periods. The medians
are displayed in dashed lines for HARMONIE-AROME (blue) and WRF (red).

Additionally, these four TT events, simulated with WRF and HARMONIE-AROME, are selected to
study the main features of the horizontal kinetic energy (HKE) spectra of this kind of high-energetic
atmospheric systems. Though most of the times similar results are obtained with both models, HAR
shows a more intense filtering and numerical dissipation, whereas WRF tends to represent over-
energized spectra in the synoptic scale and especially at smaller wavelengths (Figure 10). Predictability
is dissimilar for the four TTs studied due to the different spectral curve slope obtained for each case,
ranging from unlimited to very poor predictability at synoptic scale. Additionally, an increased HKE is
presented in the middle-upper troposphere spectra due to vorticity and convection, which are
characteristic features of tropical cyclones.

To gain more insight into the dynamics of the HKE spectra, the different processes that contribute to
the tropospheric energy evolution and transference in the TT Delta are also analyzed, as an example.
Summarizing, it can be noted that globally WRF and HARMONIE-AROME present similar spectra.
However, WRF results are consistently more energetic than HAR, specially at the smaller wavelengths,
denoting a steeper numerical dissipation by HAR.
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Figure 10: 500 hPa wind HKE spectra for the TTs selected, simulated with WRF and HARMONIE-
AROME. The observed energy horizontal wavenumber spectral curve is shown for reference. The
shaded area corresponds to the wavelengths below the theoretical effective resolution of the models.

Additionally, the spectral budget of the TT Delta is investigated considering both models. The results
of the Delta spectral budget are also similar for both models, and the differences are mainly located in
the stratosphere, most probably due to the differences in vertical resolution. The HKE spectral budget
is mainly governed by tj, Dy, and Hy, i.e., the non-linear spectral transfer term, the spectral tendency
due to three-dimensional divergence and the spectral tendency due to diabatic processes, respectively,
mainly above A, > 1000 km. While D;, and Hj, present positive contributions, tis negative for A, <
2000 km, but presenting a large positive pool for A, > 2000 km. The combined contributions partially
explain the over-energetic spectrum. This is also assisted by the synoptic flow of t;, inhibiting the direct
cascade at tropical-storm-size wavelengths. The contributions of C4_p, 0,F,+ and 0,F,+, i.e., the
spectral conversion from APE to HKE, d,F,1(k) and d,F,;(k) the vertical flux divergence terms of
HKE and pressure, respectively. These terms greatly affect the spectrum at the synoptic scale and
mesoscale, highlightingthat the roles of moistconvection and latentheatcan exceed the energy cascade
and other energy transfer processes. Fyr is predominant at synoptic scale and F,+ is predominant at

mesoscale. At mesoscale, the contribution of each term seems to be dependent on the vertical levels.
However, at synoptic scales the terms have a much more complex behaviour, which seems to be
dependent on the wavelengths (Calvo-Sancho et al., 2023).

Overall, itis clear thata high-energetic system, such asa TT, can notably affect the atmospheric energy
spectrum. The energy budget of TT events shows a very complex behaviour far from the simple energy
cascade theory, presenting a three-dimensional transfer and contribution of energy, in line with the
resultsof the Sunetal. (2017), Wangetal. (2018) and Zhengetal. (2020). Moreover, the energy transfer
is very dependent of the strong links existing between vertical levels. Both, WRF and HAR models are
coincident in most of the results; however more research is required to fully grasp the energetic
configuration of TTs and how each process affects the building of the HKE spectrum.
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In the remainder project time, the WRF and Harmonie-Arome models have been used to simulate
more TTs and medicanes in the vicinity of the Iberian Peninsula at very high-resolution. Differences
and similitudes between key simulated variables (for Harmonie-Arome and WRF) in the genesis,
developing and tracking of these systems are studied. As it is abovementioned, the Phase 3 (Analysis
of TTs in simulations of an advanced climate model) and Phase 4 (Analysis of TTs in future ACC
projections) are not completed since the EC-Earth simulations nested in HARMONIE and WRF have
provided unsuccessful results. Instead of using these simulations, another work perspective has been
used. Martin et al. (2024) shows the different methodology used to study the ACC effect on the
development of supercells affecting the northeastern Spain. Such approach will be used to study the
genesis, development and intensity of selected TTs when ACC is considered. In the rest of the year,
some simulations using this new approach will be run for some studied cases of TTs.

For each atmospheric system, 93000 units approximately have been used using WRF and, around
600000 units have cost using the very-high resolution in HARMONIE. Considering the numerous
needed differentexperiments before the final simulations and the very high resolution usedto properly
simulated TTs (500m with the second version of the HARMONIE model), the final score used in this
special project is more than 10000000 SBUs.
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Future plans
(Please let us know of any imminent plans regarding a continuation of this research activity, in particular if
they are linked to another/new Special Project.)

Future plans are to apply for a new Special Research Project. It will deal with the study of tropical
cyclones in the eastern North Atlantic. This project will carry out the dynamic analysis and risk
assessment of future climate conditions. We expect that with this new project future knowledge about
the genesis, development and evolution of tropical cyclones in both present and future climates will
be obtained. In fact, the objectives of the new project will be:

1. To establish a robust climatology of the atmospheric environments related to African eastern wves
(AEWSs) and tropical transitions (TTs) genesis and evolution over the eastern North Atlantic
(eNATL) basin under present and future climate conditions.

To identify and classify TTs and AEWSs with anomalous tracks within the eNATL in ERA-5
reanalysis (1940-present).

To comprehensively characterize the environmental conditions that promote the development
of AEWs and TTs over the eNATL under present climate.

To analyze the changes in the above environments under future climate conditions.

2. To apply, for the first time, the pseudo global warming methodology to simulate, at very high
resolution, cyclones with tropical characteristics in the vicinity of Spanish territory.

To simulate, at very high resolution (500m - 3km), selected AEWs and TTs with HARMONIE-
AROME, WRF and MPAS mesoscale atmospheric models under present climate conditions.
Same as SO-2.1, but under perturbed anthropogenic climate change (ACC) conditions through
pseudo global warming, to fulfill the next goal.

3. To evaluate how ACC conditions will affect eNATL AEWSs and TTs meteorological behavior.

To assessthe influenceof ACC on the dynamicsand meteorological evolution of selected events
that may pose a threat to Spanish territory.

To assess the influence of ACC on the meteorological impacts (wind gusts, precipitation, etc.)
of these events.

To assess the influence of ACC on their associated economic losses in Spain.
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