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Subtropical transition events (STT) are a challenge for forecasting and research due to the hybrid characteristics
they give to the cyclones. The ability and skillfulness of the HARMONIE-AROME model to reproduce the cloud
structure and convection associated to the October 2014 STT is here evaluated. Brightness temperature, cloud
top height and accumulated precipitation are assessed against satellite data using traditional skill scores and
object-based techniques specific to forecasting spatial evaluation. The results present differences in the simu-
lation of the cyclone between the periods before and after the transition. They also show a very good perfor-
mance of the model in the location of the events and a good simulation of the intensity of the variables. The
performance is sub-optimal for the estimation of the sizes of the convective objects. Brightness temperature and
cloud top heights yield very good results in general, with a slight overestimation in both cases. However, the
model struggles to capture the accumulated precipitation. There is scarce work evaluating the HARMONIE-
AROME model in this type of events; nevertheless, the results are in line with those produced by the simula-
tions with other numerical models. The overall performance of the model is very adequate, although it might be

hindered by the internal stability of the model produced by the deep-convection computation.

1. Introduction

A cyclone transition is a process in which a tropical or extratropical
cyclone has a gradual dynamic and thermodynamic transformation to a
different type of cyclone. This process is evident in the cyclone’s core
dynamics and its frontal characteristics (Garde et al., 2010). The concept
of transition appreciates that there are no physical constraints in the free
atmosphere to prevent a given type of cyclone from converting into a
different type or from having hybrid characteristics (Garde et al., 2010;
Gonzalez Aleman, 2018). There are mainly two types of cyclone tran-
sitions: extratropical transition (ET) and tropical transition (TT). An ET
(Jones et al., 2003; Evans et al., 2017) is a process by which a tropical
cyclone loses its warm-core and symmetric nature and gradually ac-
quires the characteristics typical of cold-core asymmetrical cyclones. A
tropical transition (TT) is the process whereby a baroclinic, high-to-
moderate vertical wind shear, extratropical or subtropical cyclone is

transformed into a warm-core, low vertical wind shear, tropical cyclone
(Davis and Bosart, 2003, 2004). A TT process occurs when extratropical
precursors associated with an upper-tropospheric disturbance or a bar-
oclinic cyclone (among other possible disturbances), develops into a
tropical cyclone (Galarneau et al., 2015).

Some systems can hold hybrid characteristics, with tropical and
extratropical features (Evans and Guishard, 2009), evolving in a “never-
ending TT process” which does not produce a pure type of cyclone.
Within this kind of systems, the subtropical cyclones (STC) are still
considered a challenge for meteorological forecasters and researchers
due to their complex dynamics and rapid intensification process.
Consequently, their impacts are quite harmful, similar to those caused
by a tropical storm or even a hurricane (Evans and Guishard, 2009;
Wang and Wu, 2004). STCs are low pressure systems with both tropical
and extratropical characteristics that develop with relatively shallow-
weak baroclinicity in juxtaposition with diabatic processes (Hart,
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2003; Evans and Guishard, 2009; Davis, 2010). They have hybrid
thermal structures which can mainly be described by cold
upper-tropospheric and warm lower-tropospheric thermal anomalies.
Therefore, a cyclone becomes a STC when its fronts are partially van-
ished, the convection around the surface low increases and the system
shares thermodynamic structures. STCs have been observed during the
early stages of hurricanes or tropical storms that, in some cases, were
part of a TT process (Davis and Bosart, 2004). For instance, hurricanes
Delta (2005), and Leslie (2018) acquired a subtropical nature at some
point during their TT (Beven et al., 2008; Steward, 2018). The object of
the current survey is a STC emerged from an extratropical cyclone that
had earlier developed from a large Rossby wave. Subsequently, the
cyclone experienced a low cut-off process and later isolation (Qui-
tian-Hernandez et al., 2016). Since the STC did not evolve into a tropical
cyclone, it just went through what is known as a subtropical transition
(STT).

Studies focusing on STT events have been carried out in different
parts of the globe. STC Anita, which almost acquired hurricane category,
was evaluated in the South Atlantic Ocean (Dias Pinto et al., 2013). In
the North Atlantic Ocean, Gonzalez-Aleman et al. (2015) analyzed
hurricanes Vince and Delta which were identified as STCs in their early
stages. In addition, due to their particular characteristics, there has been
an increase in the number of studies concerning STTs, which has led to
the development of numerous STC climatologies (Cavicchia et al., 2019;
Evans and Guishard, 2009; Evans and Braun, 2012; Gonzalez-Aleman
etal., 2015; Gonzalez-Aleman et al., 2018). In fact, due to the substantial
relation between the STC strength and the diabatic processes developed
by these systems over the ocean (Evans and Guishard, 2009; Gonzalez-
Aleman et al., 2015), and considering the importance of climate change,
there is a growing interest concerning the northward deviation of their
trajectories and possible impacts over western Europe (Gonzalez-
Aleman et al., 2018).

This paper analyzes the convection associated to a STT event
occurred in October 2014. The system evolved from October 17th to
October 22nd, with the transition time around 06:00 UTC on October
20th. The event made landfall on the Canary Islands, causing wide-
spread economic and social damage mainly due to strong winds and
intense precipitation. Most of the impacts affected the metropolitan area
of Santa Cruz de Tenerife, with at least one deceased person, numerous
floodings, landslides, flight cancellations, and fires provoked by elec-
trical storms around the island. Quitian-Hernandez et al. (2016) per-
formed a synoptic and mesoscale analysis of this event which was finally
included in the STC climatology of the Eastern North Atlantic (ENA)
created by Gonzalez-Aleman et al. (2015). In Quitian-Hernandez et al.
(2021), the same event was analyzed by means of two high-resolution
numerical weather prediction (NWP) models, the Weather Research
and Forecasting (WRF) and the HARMONIE-AROME model, being this
the first time the later was used to simulate a STT event. A local vali-
dation through several observations (airports METAR and soundings)
was carried out. As a first approach to the use of satellite data, the
brightness temperature (BT) product was evaluated from a visual point
of view and on average using a set of traditional skill scores.

In the current study, the analysis of the October 2014 STT event is
extended to perform a more complete validation of the HARMONIE-
AROME ability and effectiveness in simulating STTs events from a
spatial perspective. To this end, several satellite data (BT, cloud top
height and precipitation) are spatially compared to the model simula-
tions. The study is divided into two specific periods: the pre-STT period,
when the cyclone is purely extratropical, and the post-STT period, when
the cyclone acquires subtropical characteristics. The satellite datasets
are spatially compared to the HARMONIE-AROME results, validating
the simulations through several skill scores spatially calculated to give a
general idea of the model’s ability. Furthermore, object-oriented metrics
are also used to evaluate the model skill.

This paper is organized as follows: datasets and methodology are
presented in Section 2. Section 3 includes the results and discussion of
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the spatial validation. Finally, the major conclusions are summarized in
Section 4.

2. Data and methodology
2.1. Numerical weather prediction model

Several simulations of the October 2014 STT event are carried out
using the HARMONIE-AROME model (Bengtsson et al., 2017). This is a
limited-area high-resolution convection-permitting model, which uses a
non-hydrostatic spectral dynamical core with a semi-Lagrangian and
semi-implicit discretization of the equations. The initial and boundary
conditions are obtained from the ECMWF Integrated Forecasting System
(IFS) analysis of the National Meteorological Archival and Retrieval
System (MARS) with a T1279 spectral solution every 6 h.

The model HARMONIE-AROME configuration (cycle v40h1.1.1) is
similar to the one used by Quitian-Hernandez et al. (2021) with a single
domain of 2.5 km grid resolution and 65 hybrid sigma-pressure levels.
The set of physics parameterization schemes used is the same as the
AROME-France model (Seity et al., 2011). The most remarkable are: For
shortwave radiation, the Morcrette scheme (Seity et al., 2011; Bengtsson
et al., 2017). Most of the ICE-3 package (Lascaux et al., 2006) is applied
for microphysics. The surface parameterization is the SURFEX scheme
(Masson et al., 2013), which is composed of several physical models of
land surface, cities, and lakes. For shallow convection parametrization,
the EDMFm scheme is applied (de Rooy, 2014; Bengtsson et al., 2017),
which uses a dual flow-mass approach capable of distinguishing both, a
dry and wet updrafts. Finally, for turbulence parameterization, the
HARATU scheme (Bengtsson et al., 2017) is used. The simulation is
performed for 120 h, with a temporal output of 3 h, allowing a spin-up
time of 12 h. It is then dived into pre-STT, 10 time-steps from 19th at
0000 UTC to 20th at 0600 UTC, and post-STT, 28 time-steps from 20th at
0600 UTC to the 23rd at 1800 UTC.

2.2. Observational datasets

As cyclones usually develop over oceanic areas, atmospheric obser-
vations and measurements are often scarce. Even when instruments are
in the area, the intensity of the cyclone itself can cause the equipment to
become inoperative. That is the reason why satellite products become
essential when evaluating model simulations, as they are sometimes the
only source of observations. In this study we use three different satellite
products to evaluate the ability of the HARMONIE-AROME model to
simulate the deep-moist convection associated to two different stages of
a STT cyclone, diagnosing the position and height of convective clouds
and precipitation.

The spinning enhanced visible and infrared imager (SEVIRI) is the
main instrument of the Meteosat second generation (MSG) geostationary
satellites. SEVIRI provides image data in four visible and near-infrared
channels and eight infrared (IR) channels (ranging from 3.9 to 13.4
um), providing continuous precise data throughout the atmosphere. This
is usually used to enhance the quality of the initial and boundary con-
ditions for NWP models (Pasternak et al., 1994). The eight IR channels,
located in the thermal region, provide cloud, land, and sea surface
temperature data. With a temporal resolution of 15 min, the horizontal
resolution for the standard channels is 5 km, except for the high-
resolution visible channel which has a sampling distance of 1 km at
the nadir.

One of the MSG-SEVIRI products used in this study to validate the
HARMONIE-AROME outputs is the BT field. According to Bormann et al.
(2014) and Otkin et al. (2009), the appropriate channels to identify the
top cloud cover and surface temperatures are the 8.7 ym, 10.8 ym, and
12.0 pm IR channels. Moreover, the 10.8 pm and 12.0 pm IR channels
are considered to be especially sensitive to the existence of clouds
(Zingerle, 2005; Bormann et al., 2014; Montejo, 2016). Furthermore,
according to Chevallier and Kelly (2002), all these mentioned IR
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channels are particularly accurate in detecting the cloud vertical dis-
tribution and other fields, such as temperature or emissivity. Qui-
tian-Hernandez et al. (2021) and Diaz-Fernandez et al. (2022) use the
10.8 ym long-wave IR channel in subtropical cyclones and mountain
waves studies demonstrating its value as observational data to validate
numerical simulations. According to such studies, the 10.8 pm
long-wave IR channel is selected in this study as observational data.

Another satellite variable used in the validation is the cloud top
height (CTH). This has been taken from the Cloud Top Temperature and
Height (CTTH) product developed by the Nowcasting Satellite Appli-
cation Facilities (NWC-SAF) group, led by the Spanish Meteorological
Agency within the EUMETSAT. To compute the CTTH product the 6.2,
7.0, and 7.3 pm satellite radiances and the 10.8 and 12.0 pm satellite BT
are needed. Furthermore, the procedure for computing the CTH will
depend on the category of the cloud, i.e., low or middle-level thick
clouds, upper-level thick clouds, or upper-level semi-transparent clouds
(NWC-SAF, 2023).

Finally, precipitation is one of the most important effects of this type
of system, so improving rainfall prediction using meteorological models
is needed. The Integrated Multi-Satellite Retrievals for the Global Pre-
cipitation Mission (IMERG; Hou et al., 2014;Huffman et al., 2015;
Skofronick-Jackson et al., 2017) is an algorithm developed by NASA to
estimate the accumulated precipitation in most parts of the globe by
combining information from the NASA satellite constellation (Tan et al.,
2017). In the current study, the IMERG-F Level 3 (Version 5) product has
been used to analyze the accumulated precipitation in the study area
with a spatial resolution of 0.1 x 0.1° every 30 min (NASA, 2023). It
must be noted that, unfortunately, there is very scarce literature about
the evaluation of this variable with the HARMONIE-AROME simulations
for a proper discussion, thus we will resort mainly to studies made with
the WRF model.

2.3. Methodology

Several skill scores are used to evaluate the model simulations
against the satellite observations. The spatial validation is assessed
calculating the skill scores for each grid point of the domain, along the
temporal dimension, for the period analyzed. The results are evaluated
in pre-STT and post-STT periods. The skill scores used in this study
consist of relative bias (hereafter BIAS), root mean square error (RMSE),
and standard deviation (STD).

In addition to these, the SAL (Structure, Amplitude, Location) object-
based metric is also assessed (Wernli et al., 2009). This method was
developed to quantify the model accuracy on spatial distribution, in-
tensity, and location of precipitation objects in quantitative precipita-
tion forecasts (Ebert and McBride, 2000; Davis et al., 2006; Friih et al.,
2007). It has been proven useful in the evaluation of events in Europe, by
Zimmer et al. (2008) in southern Germany and Jenkner (2008) in
Switzerland. Wernli et al. (2009) applied the metric to several quanti-
tative precipitation forecast cases in the United States showing good
results for the precipitation intensity and location. They also proved that
SAL is usually more accurate than the traditional skill scores when
evaluating severe events. Friih et al. (2007) applied SAL to evaluate the
accuracy of precipitation forecasts generated by local NWPs and satel-
lites. Crocker and Mittermaier (2013) demonstrated that SAL can show
the ability of a model to resolve cloud free areas by combining the
evaluation of the entire domain with the evaluation of individual ob-
jects. Therefore, the application of SAL appears to be particularly useful
for the validation of the cloud distribution and, as such, it is applied here
to the BT, CTH and IMERG fields.

The SAL metric is computed independently for Structure, Amplitude,
and Location of the field analyzed, and the results show deviation from
the observed object. The structure and amplitude values range from —2
to +2, with a null value indicating a perfect simulation. While the
structure, depicted along the x-axis, describes the object’s size and
shape, the amplitude, depicted along the y-axis, provides information on
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the intensity of the field analyzed. The location values range from O to
+2, being zero the ideal, and is presented in a color code. It quantifies
the displacement of the forecasted object in relation to the observation,
considering the center of mass of each. To define each object, a threshold
must be defined for the variable used. In this study, the thresholds used
are: For the BT, 250 K, 240 K, 230 K and 220 K. For the CTH, 5000 m,
6000 m, 7000 m and 8000 m. For the IMERG, 25 mm, 30 mm, 35 mm
and 40 mm.

Finally, the Fraction Skill Score (FSS) is an objective-robust neigh-
borhood verification technique which is less sensitive to spatial errors
than traditional skill scores. The FSS measures how the forecast skill
varies with spatial scale (Roberts and Lean, 2008; Roberts, 2008; Wolff
et al., 2014; Sokol et al., 2022), being less sensitive to small-scale or
displacement errors. It is defined as a variation of the Brier Skill Score
(Brier, 1950), and it can be considered as a Mean Squared Error
computed relative to a low-skill reference forecast (Roberts and Lean,
2008). This avoids the high dependency on the frequency of the event.
The FSS values range from O to 1, with 1 denoting the most accurate
performance. The score depends on the sizes of the selected squares or
windows (denoted as scales in the figures) and on the threshold values
that are used to calculate fractional coverage. Thus, FSS values are larger
as the domain window scale increases, which implies that lower FSS
values are obtained with high-resolution NWP models (Ebert, 2009). In
the current paper, similar SAL thresholds are applied in FSS results.

3. Results and discussion

In this section, the BT, CTH, and IMERG fields are used to evaluate
the HARMONIE-AROME simulations of the October 2014 STT event. To
this end, the results of aforementioned skill scores as well as the SAL and
FSS metrics are presented. For the sake of simplicity, the analysis is
based in two main areas, clearly seen in Fig. 1a: the core of the cyclone,
comprising from 24° W to 18° W and from 30° N to 38°N, and the
associated frontal system, east of the core.

3.1. Pre-STT results

To show a general behavior of the BT field, the BT mean configura-
tion is depicted. The analysis of the BT average results previous to the
transition time of the system (Fig. 1a, d) shows that the frontal structure
of the cyclone is reproduced by the model to an adequate extent, pre-
senting a good location of the system. Nevertheless, the HARMONIE-
AROME model produces an overestimation of the BT. This can be
appreciated in the whole domain; however, is most notable over the
cyclone core where the satellite shows a large area of 243 K and 233 K
clouds, north and west of the center, which the model fails to simulate.
This overestimation of BT may be partly related to the intense convec-
tive processes taking place during the system development (Zhang et al.,
2007; Weisman et al., 2008; Uboldi and Trevisan, 2015). Regarding the
overestimation in the surrounding areas of the cyclone, a similar warm
bias is also noticed in Quitian-Hernandez et al. (2021). The evaluation of
the STD of BT (Fig. 1g, j) presents a very similar image for the satellite
and the model, producing very low values. However, some differences
can be noted in the system shape, as the model shows a less symmetrical
and more scattered structure; it could be said that the model simulates a
system with more extratropical characteristics.

The average of CTH for the pre-STT period (Fig. 1b, e) must be
evaluated with care. The satellite results show that the product does not
fully reproduce the cloudiness shown by the BT, evident in the absence
of top heights for all the low-level clouds surrounding the core of the
cyclone, around 273 K to 253 K (Fig. 1a). On the other hand, some noise
can be seen in the CTHs, as made obvious by the 8000 m tops near the
Portuguese coast. However, this is directly produced by the model and
the source has not been found, nor other authors have reported anything
like this. Having this been noted, the results present a behavior similar to
the BT for the core of the cyclone, with the model underestimating the
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Fig. 1. a), b), ¢) MSG-SEVIRI mean; d), e), f) HARMONIE-AROME mean; g), h), i) MSG-SEVIRI standard deviation; j), k), 1) HARMONIE-AROME standard deviation
for BT (K; left column), CTH (m; center column) and accumulated precipitation (mm; right column) during the pre-STT period.

number of clouds mainly to the north and west of the center. The CTH is
largely overestimated in the frontal part of the system, west of the core,
presenting the model 12,000 m tops where the satellite shows 8000 and
9000 m. The STD results for the CTH (Fig. 1 h, k) are clearly higher for
the HARMONIE-AROME than for the satellite. Nevertheless, the results
values are low and relatively homogeneous in each domain.

The accumulated precipitation average results (Fig. 1c, f) present
some underestimation by the model. As aforementioned, there is very
scarce literature about the evaluation of this variable with the
HARMONIE-AROME, nevertheless, these results are congruent with
those of Ko et al. (2020), who used the Hurricane WRF model to simulate
Hurricane Harvey. Their results showed that the model adequately re-
produces the severe precipitation areas but underestimates moderate
precipitation, even if the precipitation pattern of the hurricane’s outer
band was spatially well localized. Focusing on the core of the system,
HARMONIE-AROME produces a thinner band of precipitation than the
observation; it places the maximum precipitation values slightly to the
east and fails to capture the precipitation to the north and north-west of
the core, creating a steeper gradient of precipitation from the center to
the outer system. This is congruent with the BT results. When the frontal
system east of the core is evaluated, there is a large underestimation in

area by the model; however, this accumulates much more precipitation
than what is observed in the same area. The STD (Fig. 1i, 1) presents very
low values and reproduces an effect already visible in the accumulated
precipitation; while the satellite depicts a diffused distribution of STD,
the model shows sharper and less realistic values.

It must be noted that precipitation is a variable which still holds a
large uncertainty. To the authors’ knowledge, there are no studies that
evaluate HARMONIE-AROME against the IMERG product. Nevertheless,
there is no agreement with other limited-area high-resolution models.
According to Zhang et al. (2018), precipitation results in WRF simula-
tions are independent of the physics parameterization and grid resolu-
tion. Other studies (Pieri et al., 2015; Orr et al., 2017; Martinez-Castro
et al., 2019) conclude that there is an intrinsic relation between the WRF
spatial resolution or microphysics parameterization and the precipita-
tion simulation. Even observation is subject to discussion; according to
several authors (Maggioni et al., 2016; Khan et al., 2016), the accuracy
of satellite-based precipitation products varies depending on the region
and season observed. Some results show that IMERG typically un-
derestimates severe precipitation during the warm seasons (Ko et al.,
20205 Cui et al., 2020), while other conclude that satellite-based prod-
ucts exhibit high precision during the warm seasons (Zhang et al., 2018)
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but tend to overestimate during the cold seasons. At the same time,
model-based products yield better results in the cold seasons, as
described by Khan et al. (2016) and Maggioni et al. (2016). According to
these authors, the cold season evaluated in this work (October 2014)
yields an excellent performance by the models against the IMERG at the
reproduction of accumulated precipitation. This would be in contra-
diction with the results shown in Fig. 1.

Fig. 2 shows the spatial BIAS computed for the BT, CTH, and accu-
mulated precipitation before the transition time. The results for the BT
(Fig. 2a) present a large overestimation for most of the domain, with a
notable underestimation where the model simulates the major cluster of
clouds in the core of the cyclone. This would indicate that the model
tends to generate lower clouds in general but higher clouds for deep-
convection. These results agree with the average bias obtained by
Quitian-Hernandez et al. (2021), where fewer than observed upper-level
clouds were simulated by the WRF and HARMONIE-AROME models,
resulting in a larger quantity of low-level clouds. Also, the warm BIAS
for the BT is supported by the computation of the spatial RMSE (not
shown), which shows high RMSE values in the corresponding positive
BIAS areas. Henderson et al. (2021) analyze a case study of convection
initiation using three bulk cloud microphysics schemes (Morrison,
Thomson and WDM6) in the WRF model obtaining negative bias in BTs
associated with cloud tops. In their study, when the Morrison scheme is
used, a higher fraction of convection occurs for BT near 260 K, whereas
the WDM6 and Thompson schemes simulate a higher fraction of cloud
tops colder than the observed by the GOES-16 imagery. Cold biases for
deep convection are largest in the Morrison and Thomson schemes with
the coldest bias for BTs with 240 K as more frequent value. Griffin et al.
(2017) found a similar behavior when assessing output from the High-
Resolution Rapid Refresh model in different convection modes.
Although the HARMONIE-AROME model uses the ICE-3 scheme for
microphysics, a different scheme from the Henderson et al. study, the BT
show similar performance with cold bias (Fig. 2a) associated to coldest
cloud tops.

The BIAS results for the CTH (Fig. 2b) also confirm what was
mentioned for the average values; the model underestimates the heights
to the north and west of the core, while overestimating the heights on
the frontal system. In agreement with the BIAS for the BT, an over-
estimation of the CTH is generated for the cluster of clouds simulated in
the core. The RMSE results (not shown) yield slightly higher values
located to the north of the cyclone corresponding to the positive BIAS
depicted in such zone (Fig. 2b), and so, to the overestimation shown in
the spatial mean results (Fig. le). Finally, the BIAS results for the
accumulated precipitation (Fig. 2c) highlight the fact that, where the
model simulates clouds, the precipitation is overestimated, as seen in the
average values. This is in consonance with the RMSE values (not shown).

The SAL is computed for the BT simulations by HARMONIE-AROME
with four different thresholds (Fig. 3a). The structure presents relatively
small but interesting variations among the thresholds. At 230 K the
metric perfectly resolves the observed structure, nevertheless, this
temperature threshold reduces the objects in the domain to a few spots.

BT
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Tk e D

2 -5 . 4 4
¢ - )i o ~

CTH

HARMONIE AROME BIAS for STC16 (Pre.STC)
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Every other threshold creates smaller objects (S < 0), in line with the
underestimation of clouds already seen. The amplitude median is very
close to the perfect intensity and is identical for every threshold,
showing a slight underestimation (A < 0) of the BT. This seems to be
contradictory with the aforementioned results, but it has to be consid-
ered that establishing a threshold eliminates most of the lower clouds,
minimizing the effect of the warm BIAS, as the range of values is capped
on one side. The location is also very accurate for most of the values (L <
0.2), being the 220 K threshold the worst result. Calvo-Sancho et al.
(2023) produced similar SAL values for the HARMONIE-AROME and
WREF assessment of four different TTs. Despite the SAL results would
seem to indicate that the 230 K threshold is the best performer, when the
FSS is computed (Fig. 3d), the best value is achieved by the largest scale
windows and warmest BT threshold. Even more, the 250 K threshold
yields better values than every other at every scale window.

When the SAL is computed for the CTH (Fig. 3b), once again the
amplitude is identical for every threshold, very close to the perfect score,
although this time it overestimates slightly (A > 0), as mentioned in the
CTH average analysis. The location for this variable is even better than
for the BT, however, the structure yields large variations among the
thresholds. While the 5000 m CTH threshold creates larger structures,
the 8000 m underestimates the size of the objects (considering the
shapes shown in Fig. 1 are similar). The most accurate score is achieved
by the 6000 m cut. It is worth considering that all of these are considered
high clouds in this region, as per the WMO (2017), but higher tops are
evaluated in consideration of the deep-moist convective processes
associated with the STT events. The FSS results (Fig. 3e) give preference
to the widest window and lowest CTH, achieving the best FSS score for
all the pre-STT variables.

The application of the SAL metric to the accumulated precipitation
(Fig. 3c) confirms that the HARMONIE-AROME performs very well on
location which is almost perfect. The median amplitudes present a slight
underestimation and identical values, however there is a large variation
this time for each object, as evident by the vertical spread of the points.
This seems to be in line with the previous results. The structure is much
more concentrated for this variable, showing very similar values for
every threshold this time, all of them with a slight underestimation.
Wang et al. (2020) simulate heavy rainfall events associated with several
landfalling tropical cyclones in China with the WRF model with data
assimilation from convectional observations and IMERG rainfall prod-
ucts. The authors obtain FSS values around 0.45 for a 50 km scale
window and 10 mm accumulated precipitation. In the current paper, no
data assimilation is considered and the FSS scores (Fig. 3f) are best for
the widest scale size with a FSS value of 0.53 for threshold of 25 mm and
64 km.

3.2. Post-STT results

When we evaluate the BT average results after the transition time
(Fig. 4a, d) a clear improvement from the pre-STT results can be
appreciated. The simulated BT field (Fig. 4d) supports the shape and

Accum. Precipitation

HARMONIE-AROME BIAS for STC16 (Pre-STC)

-9 -6 0
BIAS (K)

0
BIAS (m)

0
BIAS (mm)

Fig. 2. HARMONIE-AROME BIAS for a) BT (k), b) CTH (m), and c) accumulated precipitation (mm) in the pre-STT period.
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Fig. 3. SAL results for the a) BT, b) CTH, and c) accumulated precipitation during the pre-STT period. Medians for HARMONIE-AROME associated to each threshold

are depicted in colored dashed lines.

location of the convective systems quite well, with values approximately
10 K higher than satellite ones. The HARMONIE-AROME is still over-
estimating the BT, however, to a much lower extent and with a
remarkable resemblance to the satellite image in the distribution of
clouds. Both the core of the cyclone and the frontal area east of it show
very similar results to the satellite, as there are no “missing” clouds and
the whole system is adequately simulated, albeit the mentioned over-
estimation of temperatures. The STD results for the BT (Fig. 4g, j) also
presents very similar images for the satellite and the model. The values
shown are very small and, once again, the model shows a slightly less
symmetric structure than the satellite data.

The CTH results for the post-STT period (Fig. 4b, e) presents an
adequate simulation of the observation, mainly at the core of the
cyclone. The convective core tops are well captured by the HARMONIE-
AROME model with an overestimation on the frontal areas; however,
there is a large area to the north-west of the domain were the model fails
to depict low clouds. The structure of the system is properly reproduced
and, again, the core and frontal system do not present “missing” clouds
from the observation. It must be mentioned, nevertheless, that some
noise is present on the simulation of the frontal CTHs. This is more
evident in the STD results (Fig. 4h, k), where higher values are shown in
comparison with the satellite. The model results are also higher than the
satellite in the core of the cyclone, but, overall, the results are similar
and present low STD values.

In contrast with the good performance of HARMONIE-AROME
simulating the BT and CTH in the post-STT period, the accumulated
precipitation results (Fig. 4c, f) show a gross overestimation. While the
IMERG data present the accumulated precipitation below 30 mm for
most of the system and a large area of 70 mm in the southern part of the
core, the model simulates the major part of the cyclone producing values
over 70 mm, with an inner core ring reaching values of 200 mm. The
frontal section is also overestimated in the simulation, producing values
above 100 mm where the observations show precipitations below 30
mm. Nevertheless, the STD for the variable (Fig. 4i, 1) presents very
similar figures for the observation and model. As seen in the pre-STT, the
STD values are very low and show a diffuse image for the satellite while

the model creates sharper structures.

Analyzing the BIAS results for the BT in the post-STT period (Fig. 5a),
the aforementioned overestimation is evident, with some areas of un-
derestimation of the temperature of the clouds surrounding the core to
the south-east and south-west. These results are also seen in the RMSE
values (not shown), confirming that the HARMONIE-AROME model
tends to produce lower clouds than observed, as already seen in the pre-
STT period. The BIAS for the CTH (Fig. 5b) confirms the good perfor-
mance of the model in this variable for the post-STT period, especially
for the core of the cyclone, while the frontal system presents the over-
estimation of CTH already seen and in coincidence with high RMSE
values (not shown). The BIAS results for the accumulated precipitation
(Fig. 5¢) confirm the large overestimation of the variable. Almost the
whole system presents a large excess of simulated precipitation, also
confirmed in the RMSE values (not shown).

The SAL results for BT on the post-STT period (Fig. 6a) present a very
adequate structure and amplitude for every threshold, with a slight
underestimation for both components (A < 0; S < 0), showing an
improvement over the pre-STT period. The HARMONIE-AROME also
shows a good performance on location, however, yields worse results for
the less convective thresholds (250 K and 240 K) and maintains the same
results for the highly convective ones (230 K and 220 K). Overall, the
SAL values are very good for the BT, being the 250 K and 240 K
thresholds the best performers. Bliznak et al. (2017) diagnose and pre-
dict the deep convective cloud and heavy rainfall evolution of some
convective storms with the COSMO model using similar BT fields to this
work. They obtain results indicating strong convective activity with very
low BTs (210-240 K) using a threshold around 223 K. Their FSS values
(~ 0.5 in average) are obtained when the scales tend to be largest and
the threshold BT values tend to be lower ((220K). In our case, the FSS
values (Fig. 6d) confirm the 250 K as the best threshold with quite
similar results for 240 K, producing the best score when combined with
the largest scale window. Nevertheless, it must be noted that the best
FSS for the post-STT is lower than the best pre-STT.

Evaluating the SAL for CTH (Fig. 6b), the same behavior is found as
for the pre-STT period. The amplitude and location are identical and
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very close to O for every threshold, with a slight overestimation on
amplitude. The structure presents a smaller dispersion this period, but
still showing clear differences between thresholds. As seen for the pre-
STT period, the most convective threshold (8000 m) yields the worst
result for structure, with a large underestimation of size, while the 5000

m threshold presents an almost perfect structure. The FSS (Fig. 6e) re-
sults confirm this threshold as the best performer, although the results
are very close to those of 6000 m.

As the precipitation field usually presents more spatial variability
than the cloudiness field, the scores of the simulation results are
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certainly worse compared to those of the satellite imagery. Therefore, in
contrast with the previous variables, the accumulated precipitation
yields a major difference between pre-STT and post-STT. The SAL for
precipitation (Fig. 6¢) shows a very good performance on location, but a
deterioration on structure and amplitude. The structure presents a larger
dispersion between the thresholds for this period, and turns into over-
estimating the precipitation, although the 25 mm threshold achieves an
almost perfect score. The amplitude also goes into the overestimation of
the variable, as expected from previous results, presenting a lower
dispersion than in the pre-STT period, but with larger medians. The FSS
(Fig. 6f) clearly reflects the poor performance of the simulation with the
accumulated precipitation post-STT. Bliznak et al. (2017) obtain FSS
averaged values around 0.3 when using the 5 mm threshold to verify the
simulated precipitation of deep convective clouds. As aforementioned,
data assimilation is considered in their study, which can significantly
improve forecasts from NWP models, as per Milan et al. (2008) and
Sokol (2009). In our case, no data assimilation is taken into account;
nevertheless, FSS around 0.22 is obtained for 25 mm, i.e., for a very
strong convective activity.

4. Conclusions

The HARMONIE-AROME model is evaluated in the simulation of the
convection associated to a STT occurred in October 2014 near the Ca-
nary Islands. A verification of the simulations is done at pre-STT and
post-STT periods against several satellite observations, i.e., the BT
observed in the 10.8 pm long-wave IR channel, the CTH derived by
NWC-SAF and the accumulated precipitation IMERG data developed by
NASA. The verification includes several skill scores and object-oriented
metrics, spatially computed and depicted to analyze the model’s ability
and skillfulness when reproducing the BT, CTH and accumulated
precipitation.

The results show that the convective structures are appropriately
reproduced by the HARMONIE-AROME model with a good level of ac-
curacy compared to the satellite observations. The results are clearer
and more robust for the post-STT period, when the system has already
undergone the transition, most probably due to the associated deep-

convection during the pre-STT period.

From the BT assessment, the HARMONIE-AROME model tends to
simulate smaller structures, especially at the pre-STT stage, with a very
good performance on location and small errors in amplitude, denoting a
generalized overestimation, most evident in the core of the cyclone
during the pre-STT. These results are in accordance with Quitian-
Hernandez et al. (2021).

Concerning the CTH analysis, the structures are again under-
estimated, with a variable level of accuracy depending on the convective
threshold evaluated. The dispersion is lower for the post-STT period,
once again showing the influence of deep-moist convection on the
model’s stability. The simulation properly captures the heights, with
only a small overestimation, and performs very well on the location of
the cloud tops.

The accumulated precipitation results have a notable dependance on
the pre-STT and post-STT stages. Also, the performance is clearly worse
than the other two variables, which would be expected because of the
nature of the variable and the challenge in its simulation in an extreme
event like a cyclone. In general, the basic characteristics of satellite and
simulated accumulated precipitation fields are similar; however, dif-
ferences between the precipitation core positions are larger than in the
BT simulated field. The accumulated precipitation presents an accept-
able performance on amplitude for the pre-STT period, with a large
overestimation during the post-STT stage. Structures tend to be smaller
than observed before the transition, but larger after it, although still
with an acceptable score. On the other hand, location performs very well
on both periods.

Due to the difficulty of acquiring observational data in the vicinity of
such an intense cyclone, it is often a challenge to validate numerical
model simulations. Overall, the satisfactory results obtained from the
HARMONIE-AROME model using satellite data leave the door open to
the possibility of circumventing this problem and continuing to look for
ways to improve the simulations. To this end, it would be very inter-
esting to extend this study to other STTs and verification methods, and
also to evaluate data assimilation. The promising results obtained in this
study motivate us to further deepen the analysis of cyclones associated
with tropical transition processes using high-resolution numerical
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