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Subtropical cyclones (STCs) are low-pressure systems characterized by having a thermal hybrid structure and
sharing tropical and extratropical characteristics. These cyclones are widely studied due to their harmful impacts,
in some cases, similar to those caused by hurricanes or tropical storms. From a numerical modeling point of view,
they are considered a challenge on account of their rapid intensification. That is the reason why this paper
analyzes the simulations of the STC that occurred in October 2014 near the Canary Islands through two high-
resolution numerical models: Weather Research and Forecasting (WRF) and HARMONIE-AROME. In this
study, the simulations obtained with both models of this STC are analyzed versus different observational data.
METAR data are used to validate some surface simulated variables throughout the STC life while soundings are
chosen to study the tropospheric behavior. Finally, MSG-SEVIRI satellite brightness temperature is used to be
compared to those brightness temperatures simulated by both models to give information of the cloud top spatial
structure of this atmospheric system. The 2 m temperature, 2 m dew-point temperature, and 10 m wind speed
variables do not show significant deviations when carrying out the validation of both models against the
available METAR data. It is outstanding the good results found for the HARMONIE-AROME model when
analyzing the temperature sounding for both analyzed dates. Additionally, regarding the wind speed sounding,
better results are presented in general by the HARMONIE-AROME model, being the WRF model slightly better
during the pre-STC stage. Moreover, the skillfulness of the HARMONIE-AROME model is highlighted when
simulating the infrared brightness temperature and cloud distribution compared to the WRF model.

1. Introduction atmospheric dynamics and to, among others, the diabatic processes that

develop over the ocean and the sea surface temperature (Evans and

The genesis and intensification of subtropical cyclones (STCs) are
acquiring more importance over the years since they are sometimes part
of the subtropical transitions experienced by more damaging phenom-
ena, such as tropical cyclones or hurricanes (Steward, 2001; Davis and
Bosart, 2004; Guishard et al., 2007; Dias Pinto et al., 2013; Gonzalez-
Aleman et al., 2015). STCs are hybrid thermal meteorological structures
that share both, tropical and extratropical characteristics (Evans and
Guishard, 2009). Therefore, their impact substantially resembles those
caused by tropical cyclones or hurricanes (Evans and Guishard, 2009).
Moreover, there is a powerful connection of the STCs strength to the

Guishard, 2009; Gonzalez-Aleman et al., 2015). Therefore, due to
climate change, the growing concern regarding the deviation to the
north of their typical trajectories leads the scientific and forecasting
community to carry out a more exhaustive analysis of these events
(Gonzalez-Aleman et al., 2018).

Quitian-Hernandez et al. (2016) performed a synoptic and mesoscale
study to characterize a cyclone that occurred in October 2014 near the
Canary Islands as an STC category event by analyzing its dynamical and
thermal evolution. This system caused substantial economic and social
damages like floodings, landslides, injured people due to a fire produced
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by electrical storms and, unfortunately, a deceased person. The same
STC was taken as a reference by Quitian-Hernandez et al. (2018) to
study the genesis and numerical modeling of this type of cyclones, by
examining different parameterizations of the Weather Research and
Forecasting (WRF) model (Skamarock and Klemp, 2008). In their study,
the cumulus Tiedtke scheme (Tiedtke, 1989) was revealed as the opti-
mum parameterization for simulating the deep convection and charac-
terizing the cyclone as STC via the Cyclone Phase Space (CPS) diagrams
(Hart, 2003). Finally, a third study of the October 2014 event was car-
ried out by the authors focusing on the role played by the surface tur-
bulent heat fluxes from the ocean during the genesis and intensification
(Quitian-Hernandez et al., 2020) of the STC. This latter study remarked
the crucial role played by these heat fluxes for the intensification of the
event as well as the developed Shapiro-Keyser-like STC or, in other
words, bent-back warm/occluded front that underwent a warm seclu-
sion process (Bentley and Metz, 2016).

In the present paper, the October 2014 STC is once more evaluated,
although using the numerical weather prediction (NWP) HARMONIE-
AROME model as a research tool. This model has been developed
through the collaboration of the 10 European National Meteorological
Services (NMSs), which are part of the international research High-
Resolution Limited Area Model (HIRLAM) program, together with the
16 countries that comprise the Aire Limitée Adaptation Dynamique
Développement International (ALADIN) project. The HARMONIE-
AROME (hereafter HARMONIE) has usually been used as an opera-
tional model and as a consequence, its use and validation results are not
in the public domain. However, in October 2020 the European Centre
for Medium-Range Weather Forecasts (ECMWF) announced that it was
moving towards an open data policy, which marks a before and after in
the innovation regarding further scientific research as well as the
development and improvement of weather applications. It also sets a
trend in the weather research community. Thus, the HIRLAM con-
sortium is to follow suit, and the HARMONIE model is beginning to be
used for academic and research purposes (Neyestani et al., 2018; Toros
et al., 2018; Fernandez-Gonzalez et al., 2019; Roman-Cascon et al.,
2019). However, to the authors’ knowledge, this is the first time this
model is used to simulate an STC, which creates new opportunities but
also yields several challenges. Due to this novelty, the existing academic
experience and research knowledge of the model is very rare and,
accordingly, the literature turns out to be very sparse. This represents a
challenge for the discussion of the results.

The HIRLAM consortium, initiated in 1985, was the first one devel-
oped on limited area modeling in Europe. Its prime goal is to provide
operational weather forecasts for the different members of the con-
sortium with special attention to the detection and prediction of extreme
weather and its relation to public safety. The consortium validates the
HARMONIE model results using an integrated verification package able
to assess a statistical analysis of the model outputs including the
calculation of certain statistical scores, histograms, and scattergrams, as
well as other significant magnitudes (Yang, 2008). Moreover, this
package is developed with data quality control and among the verifi-
cation parameters, it includes the temperature and dew-point temper-
ature, relative humidity, wind speed, or cloud cover. Furthermore, the
wide expertise on numerical modeling of each of the European meteo-
rological services that make up the HIRLAM consortium ensures the
quality of the model and its outcomes. In consequence, and considering
the scarcity of literature, the HIRLAM verification is taken as a reference
for validating the results of this work.

In order to assess the HARMONIE performance in simulating events
such as STCs, simulations of the above-mentioned October 2014 system
are carried out and compared to those made using the WRF model. To do
this, observational data from six different airports in the vicinity of the
cyclone is assessed for surface validation throughout the cyclone life.
Then, a vertical analysis of the atmosphere during the genesis and
intensification of the cyclone is carried out throughout the evaluation of
a sounding. According to the methodology used by Quitian-Hernandez
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etal. (2018, 2020), this analysis is focused on two specific dates, the pre-
STC stage (19 October 2014 at 1800 UTC), when the cyclone has a
purely extratropical nature, and the pure-STC stage (20 October 2014 at
1800 UTC), when the cyclone has acquired subtropical characteristics.
In this way, the differences between both crucial stages can be evaluated
better. Moreover, an analysis through several skill scores applied to the
brightness temperature (BT) field gives an observational added weight
to the testing of both models in the analyzed dates. For these BT results,
simulated pseudo-satellite images of both models are compared to the
Meteosat Second Generation (MSG) Spinning Enhanced Visible and
InfraRed Imager (SEVIRI) satellite products. Due to the difficulty of
acquiring observational data in the surroundings of a damaging phe-
nomenon of this type (scarce observation platforms and malfunctions of
those produced by the cyclone), the use of satellites for the analysis is
becoming an essential tool over the last years. Satellite imagery allows to
evaluate the cloud top structure, which is an interesting characteristic of
cyclones. In particular, there are some infrared (IR) channels that are
known to be the best in terms of detecting the cloud distribution because
they are in an area of the spectrum where the atmosphere is transparent
to radiation, named as IR atmospheric window.

This paper is organized as follows: datasets and methodology are
presented in Section 2. Section 3 includes the results and discussion for
the surface validation (Section 3.1), vertical validation by means of
sounding evaluation (Section 3.2), and spatial distribution (Section 3.3)
via the analysis of the BT and cloud distribution. Finally, the major
conclusions are summarized in Section 4.

2. Data and methodology
2.1. Numerical weather prediction models

In this study, several simulations of the October 2014 event by two
high-resolution mesoscale NWP models are going to be assessed. On the
one hand, the already settled and highly approved non-hydrostatic
Advanced WRF model version 4.0.3 (Skamarock and Klemp, 2008)
and on the other hand, the non-hydrostatic semi-Lagrangian and semi-
Implicit HARMONIE model (Bengtsson et al., 2017).

The WRF numerical model is configured with a single domain of 2.5
km of grid resolution (Fig. 1), using 813 grid points in the west-east
direction, 647 grid points in the south-north direction and 65 sigma
levels unequally spaced, with a greater amount of levels in the lower
troposphere for a better representation of the convective planetary
boundary-layer processes. Adaptative time steps are used. The WRF
physics options used in this study are those defined as the default for
Hurricane research mode (see the Hurricane application options on the
WREF User Guide 4.0, http://www2.mmm.ucar.edu/wrf/users/docs/use
r_guide V4/WRFUsersGuide.pdf). Among them, it is worth noting the
WRF Single-Moment 6-class (WSM6) (Hong and Lim, 2006) parame-
terization scheme for microphysics, YSU for the planetary boundary
layer (PBL), and Dudhia (Dudhia, 1989) and RRTM for short and long-
wave radiation, respectively. No cumulus parameterization scheme is
used in this study, being cloudiness explicitly computed by the model. In
regards to this decision, it needs to be remarked that the use of
convective parameterization (CP) schemes when simulating deep
convective systems over high-resolution grids still remains controversial
(Sun et al., 2013; Sun et al., 2014). These resolutions, which approxi-
mately range from 1 km to 10 km, are named as “grey-zone resolution”
by Gerard (2007). While several studies (Kotroni and Lagouvardos,
2004; Deng and Stauffer, 2006) support the idea of using CP for those
resolutions when simulating convective processes, others like Liu et al.
(1997) think it is not necessary and, therefore, the model would
explicitly resolve them. Furthermore, Grell et al. (2013) have found that
letting the model explicitly resolve mesoscale processes can frequently
not be enough to neutralize the moist instability, leading to an incorrect
representation of tropical cyclones (TCs). Therefore, there are
continuing efforts to adapt the parameterizations to these resolutions, as


http://www2.mmm.ucar.edu/wrf/users/docs/user_guide_V4/WRFUsersGuide.pdf
http://www2.mmm.ucar.edu/wrf/users/docs/user_guide_V4/WRFUsersGuide.pdf
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Fig. 1. Domain of simulation. Red dots show the location of the available airports with the METAR and sounding data.

those by Grell and Freitas (2013) who created a new CP able to remove
moist instability and to present a stronger model convergence for TC
intensity (Sun et al., 2014). Other works show that this scheme carries
out smoother transitions when simulating cloud-scale processes as res-
olution increases (Arakawa et al., 2011; Arakawa and Wu, 2013).
Despite this, it was decided to use the WRF User Guide 4.0 physics
configuration for this case study (where the cumulus scheme is not
considered for resolutions lower than 12 km), as this is the standard
recommended by the model developers. Finally, the initial/boundary
conditions are obtained from the Integrated Forecasting System (IFS)
analysis of the National Meteorological Archival and Retrieval System
(MARS) of the ECMWEF with a 0.25° horizontal resolution every 6 h.

The HARMONIE model configuration (v40h1l.1.1 version in this
study) resembles WRF’s one as much as possible to maintain the con-
sistency of the study. Defined with the HARMONIE default physics op-
tions (Bengtsson et al., 2017), the model also has a main domain with
2.5 km resolution and the same grid dimensions in the west-east and
south-north directions, although in this case, the model has 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 tropical transitions, such as the STC events. Both model do-
mains correspond to the area depicted in Fig. 1.

2.2. METAR and soundings

A set of available observational Meteorological Terminal Aviation
Routine Weather Reports (METAR) from six different airports are used
for the analysis: two airports from the Canary Islands (GCLP and GCTS,
as per ICAO codes), two from Madeira archipelago (LPMA and LPPS)
and two from Azores (LPAZ and LPPD). It has to be remarked that during
the event only a single sounding from Tenerife-Norte (GCXO) airport
produced valid observations in the domain of study, most probably due

to the meteorological conditions rendering the rest of them useless. The
available METAR and sounding data distribution are shown in Fig. 1.

2.3. MSG-SEVIRI

The SEVIRI is the main instrument of the MSG geostationary satel-
lites which are operated by the European Organisation for the Exploi-
tation of Meteorological Satellites. SEVIRI provides image data in four
Visible and Near-Infrared (VNIR) channels and eight IR channels
(ranging from 3.9 to 13.4 pm), providing continuous precise data
throughout the atmosphere, which enhances the quality of the initial
and boundary conditions for NWP models (Pasternak et al., 1994). The
eight IR channels, located in the thermal region, provide, among other,
cloud, land, and sea surface temperature data. With a temporal resolu-
tion of one hour, the horizontal resolution for the standard channels is 5
km, except for the High-Resolution Visible (HRV) channel which has a
sampling distance at the nadir of 1 km. This channel can be a useful tool
to better identify the onset or end of severe events, such as STCs.

These products are used in this study to validate the WRF and
HARMONIE outputs using the BT field, as suggested by Bormann et al.
(2014) and Otkin et al. (2009). Moreover, the 8.7 pm, 10.8 pm, and 12.0
pm IR channels are the suitable ones to distinguish the top cloud cover
and surface temperatures. According to several authors (Zingerle, 2005;
Bormann et al., 2014; Montejo, 2016), the 10.8 pm and 12.0 pm IR
channels turn to be especially sensitive to the existence of clouds since
they correspond to the IR atmospheric window. Also, these IR channels
are considerably more precise in detecting the cloud vertical distribution
and some surface features, such as temperature or emissivity (Chevallier
and Kelly, 2002). Therefore, the 10.8 pm long-wave IR channel is
selected in this study as observational data.

2.4. Methodology

In order to carry out a validation against several observations
(airport METAR, sounding, and BT data) of the WRF and HARMONIE
models, a point-to-point validation is firstly performed by analyzing the
available METAR results of six different airports with both models
outcomes using the closest model grid point to the observation location.
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For this, some simulated variables (2 m temperature, 2 m dew-point
temperature, and 10 m wind speed) are assessed every three hours at
each airport. Furthermore, the vertical structure of the atmosphere is
analyzed using the temperature and wind speed of a meteorological
sounding.

The MSG-SEVIRI products are also used to validate the WRF and
HARMONIE simulations. The methodology described by Otkin and
Greenwald (2008) and Bormann et al. (2014) is used here for both model
simulations. In order to establish the realism of the cloud distribution,
the BT frequency distribution is used (Bormann et al., 2014), depicted
for models and satellite observations, allowing to evaluate the capacity
of both models to capture the quantity and altitude of clouds. Following
the methodology described by Lopez et al. (2007), Aznar et al. (2010),
Loew et al. (2017), Diaz-Fernandez et al. (2020), and WWRP (World
Weather Research programme) and WGNE (Working Group on Nu-
merical Experimentation) Joint Working Group on Forecast Verification
Research (2017), an analysis has been assessed through several skill
scores. These skill scores have been determined for every grid point of
the domain for both analyzed dates (pre-STC and STC stages). Spatial
averages of these scores are provided to summarize the information into
a single coefficient. The skill scores used in the current paper are defined
as follows:

[ Linear product-moment correlation coefficient of Pearson (R):
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[ Mean absolute error (MAE):
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3. Results and discussion
Before showing the results the synoptic situation of the event is

briefly described below to know the environment in which the cyclone
formed and intensified. During the formation of this meteorological
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event, several atmospheric processes were involved. It is remarkable the
highly meridional atmospheric circulation over the Eastern North
Atlantic, characterized by an outstanding undulation in the geopotential
field (Fig. 2a). The associated deep trough dug into subtropical latitudes
at the beginning of day 19 October. This trough in conjunction with a
low-level baroclinic zone favored the genesis of a weak extratropical
cyclone to the northwest of the Canary Islands by quasigeostrophic (QG)
forcing. By October 20 (Fig. 2b), the cyclone is no longer supported by
QG forcing and begins to be governed by diabatic processes that would
help its intensification. By this time, the cyclone cut off, isolated and
rapidly deepened. Moreover, this rapid intensification is most likely to
have been caused by the intense latent heat released, which promoted a
powerful circulation within the center of the cyclone leading to strong
winds and precipitation (Quitian-Hernandez et al., 2020).

2m Temperature for STC16 (GCLP, Canarias)
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Moreover, regarding the 10 m wind speed field (Fig. 2¢ and d) it is
outstanding the increase in the values once the cyclone has rapidly
intensified (Fig. 2d), being notable a boost of them in the northwestern
area of the cyclone. These results are related to a Shapiro-Keyser
development which, in conjunction with the upstream deep convec-
tion, favored the intensification of the low-level winds in that area
(Quitian-Hernandez et al., 2020). Furthermore, concerning the 500 hPa
temperature (Fig. 2c¢ and d) it is noteworthy the higher values located at
the center of the cyclone once it has intensified (Fig. 2d). These results
are again related to a Shapiro-Keyser configuration that underwent a
warm seclusion process. (More information about this configuration can
be found in Quitian-Hernandez et al. (2020).

Once the synoptic framework in which the cyclone is developed has
been established, simulations of the WRF and HARMONIE models versus
observational data will be compared. To do this, a three-ways analysis is
carried out to obtain a more complete appraisal of the results. Firstly, a
validation against surface observations is assessed in Section 3.1 by
selecting the closest spatial points to the airport METAR data. A com-
plete analysis of the cyclone evolution is carried out, emphasizing on the
pre-STC and pure-STC dates. Secondly, a vertical analysis is evaluated in
Section 3.2 by means of a sounding in the only available station for the
only available hours: 20 October 2014 at 0000 UTC (still considered pre-
STC according to the CPS results, see Quitian-Hernandez et al., 2020)
and 1200 UTC (pure-STC). Finally, BT spatial and cloud top distributions
are analyzed in Section 3.3 using several skill scores to evaluate the
model performance and skillfulness.

3.1. Validation against surface observations

In this subsection, a validation of the simulated WRF and HARMO-
NIE variables against METAR observations is presented. On every panel
of each figure of this section, the blue lines correspond to the HAR-
MONIE model simulation, the green lines to the WRF model simulation,
and the black lines to the METAR data.

Regarding the 2 m temperature outcomes for the Canary Islands area,
it is remarkable the similarity in the behavior of both models with the
METAR data in GCTS (Fig. 3a), being the WRF model the one with better
results. In addition, during the first hours of simulation (pre-STC
period), the WRF model was particularly consistent with the observa-
tions. The HARMONIE model shows a similar behavior compared to the
METAR data, despite the observed general underestimation in both
airports analyzed (Fig. 3a and b). However, the WRF outputs for GCLP
(Fig. 3b) show a temperature too stable. Fernandez-Gonzalez et al.
(2019) carried out a validation of several fog episodes in Tenerife-Norte
airport (GCXO) using both WRF and HARMONIE models. In this study,
several variables related to fog formation and diffusion were tested and,
among them, the temperature, dew-temperature, and wind speed near
the surface. Analyzing the results for the temperature, it is remarkable
that both models underestimated the values, which is consistent with
what is obtained in the current study in the Canary Island area. How-
ever, Fernandez-Gonzalez et al. (2019) concluded that better outputs
were found by the HARMONIE model compared to the WRF model,
which cannot be inferred in this analysis as the HARMONIE model
showed a greater underestimation. This could be due to an exhaustive
assimilation process carried out in the Fernandez-Gonzalez et al. (2019)
study for the HARMONIE model. Nevertheless, the results obtained in
the current study for the HARMONIE model are in agreement with the 2
m temperature verification carried out by the HIRLAM consortium
(Santos-Munoz, 2015). It should be reminded that the HIRLAM con-
sortium verifications are here taken as a reference for validating the
outcomes of this work due to the scarce literature relative to the STC’s
study with the HARMONIE model.

The 2 m temperature outcomes of the Madeira Islands area (Fig. 3c
and d) show a general underestimation by the HARMONIE model in
comparison to the observations, being the WRF model the one with
better simulations in LPMA (Fig. 3c). Concerning LPPS (Fig. 3d), it is
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noticeable the consistency of both models. However, during the pre-STC
stage, while the WRF model shows a slight overestimation, the HAR-
MONIE model shows a slight underestimation. During the pure STC
period, it was the WRF model that underestimated the results the least.
Furthermore, considering the HIRLAM verification (Santos-Munoz,
2015) a slight underestimation of the HARMONIE results in the Madeira
Islands area is obtained.

The simulations of the Azores Islands area (Fig. 3e) show a good 2 m
temperature simulation in LPAZ with both models during the pre-STC
period. However, during the pure-STC stage, it is noteworthy a gen-
eral overestimation of both models, being slightly lower for the WRF
model. Regarding LPPD (Fig. 3f), it is worth highlighting the consistent
outputs of both models compared to the METAR data, showing a very
similar behavior during the whole simulation. A slight overestimation is
found in the middle of the simulation (from 0600UTC to 1800UTC on
the 20th), being the WRF model the one with better outcomes. In this
case, there is no available HIRLAM verification for the Azores Islands
area to sustain the HARMONIE results.

In general terms, the WRF model shows better 2 m temperature re-
sults. However, its behavior turns out to be flatter compared to the ob-
servations. The HARMONIE model shows, in every analyzed area, a
greater bias. However, its behavior is remarkably similar to the obser-
vations. Furthermore, it is outstanding the underestimation found in
both, the Canary and Madeira Islands area, which are located just below
the cyclone cold front during the pre-STC stage. This negative bias is
sustained by several works (Hu et al., 2010; Avolio et al., 2017), where
cold biases were also found in a temperature WRF sensitivity analysis
during the daytime. Besides, during the pure-STC stage, the WRF model
shows a greater bias even though there is less influence of the cyclone.
On the other hand, it is noteworthy the general overestimation found in
the Azores Islands area, located to the NW of the cyclone. Moreover, the
Azores Islands is the only area where the HARMONIE simulation shows a
lower bias during the pre-STC stage. This could be due to the fact that
there was no cyclone influence in the Azores area during that period.
Once the cyclone begins to acquire subtropical characteristics, it is
noticed a greater bias from both models.

The 2 m dew-point temperature outcomes in the Canary Islands area
(Fig. 4a) show a general underestimation from both models in GCTS,
being the HARMONIE model, the one with better results. In addition, the
WRF underestimation is also supported by Avolio et al. (2017) where
colder biases are obtained for a near-surface temperature analysis,
among other variables. Regarding the simulations in GCLP (Fig. 4b), it is
remarkable a slight overestimation by means of both models, being
again the HARMONIE model, the one with better outputs compared to
the observations. Nevertheless, despite the observed bias, it is
outstanding the similar behavior found for both models compared to the
METAR data. Under the validation by Fernandez-Gonzalez et al. (2019),
it is also found a negative 2 m dew-point temperature bias in Tenerife
Island but to the south (GCTS) in the current study. Besides, it is worth
noting a light underestimation (overestimation) in GCTS (GCLP)
although the HIRLAM consortium verification offers overestimation
(underestimation) in such zones (Santos-Munoz, 2015).

Evaluating the simulations in the Madeira Islands area (Fig. 4c and
d), it is noticed a similar behavior by both models. However, while the
WRF model shows a positive bias in LPMA airport (Fig. 4c), it slightly
underestimates in LPPS airport (Fig. 4d). The depicted underestimation
by WREF in LPPS, also obtained for the 2 m temperature, is sustained by
Avolio et al. (2017). Besides, the HARMONIE model shows again a
general underestimation in both airports. Moreover, considering the
HIRLAM verification (Santos-Munoz, 2015) it is found a general un-
derestimation, confirming the consistency of the HARMONIE simula-
tions in both airports (Fig. 4c and d). All in all, for the Madeira Islands
area, WRF is the one with slightly better outcomes compared to the
observations.

The 2 m dew-point temperature results in the Azores Islands area
(Fig. 4e and f) show a general overestimation and very similar behavior
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2m Dew Point Temperature for STC16 (GCLP, Canarias)
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Fig. 4. Same as Fig. 3 except for 2 m dew-point temperature.

by both models compared to the METAR data. Concerning the simula-
tions in LPAZ, similar results are found by both models, showing the
HARMONIE model slightly better results during the pre-STC period.
However, the WRF model is the one with slightly better outputs in LPPD
(Fig. 4f). As occurred for the 2 m temperature validation there is no
available HIRLAM verification for the Azores Islands area to sustain the
HARMONIE outcomes.

On the whole, the HARMONIE model shows a minor 2 m dew-point
temperature general underestimation in the Canary and Madeira
Islands, except in the GCLP area where it overestimates. Besides, the
HARMONIE model shows better outcomes for the Canary Islands
compared to the WRF model. Additionally, despite the slight over-
estimation found in the Madeira area, the WRF model is the one with
better outputs. Furthermore, there was no complete concordance in the
HARMONIE simulations in the Canary and Madeira Islands when

considering the HIRLAM verification results. Moreover, the positive bias
noticed in the Azores area for the 2 m temperature is again noticed in the
2 m dew-point temperature. Besides, the latest version available of the
HARMONIE at the time of the study (v40h1.1.1) has been used for this
work. According to the HIRLAM consortium coordinator, this last
version may have introduced some bias in the area which is being
addressed in the following version (Santos-Munoz, 2015).

The 10 m wind speed outcomes for the Canary Islands area (Fig. 5a)
during the pre-STC stage in GCTS show a general overestimation by both
models, even though the HARMONIE model is the one with slightly
better results. Moreover, during the pure-STC period, both models
slightly underestimated, being this time the WRF model the one with
better outputs. This could be due to the intense convective processes that
take place during the pre-STC period, which could induce a greater
instability in the model simulation that contributes to bigger errors.
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10m Wind Speed for STC16 (GCLP, Canarias)
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Fig. 5. Temporal evolution of 10 m wind speed for a) GCTS, b) GCLP, c¢) LPMA, d) LPPS, e) LPAZ and, f) LPPD airports.

Furthermore, the simulations for GCLP (Fig. 5b) during the pre-STC
stage showed that, despite a positive bias being found for both
models, the HARMONIE simulation showed a more consistent behavior
and better results compared to the observations. During the pure-STC
period, a negative bias was found for both models in the GCLP area.
In this stage of the cyclone development, the WRF model shows more
coincident outcomes with observations. Regarding Fernandez-Gonzalez
et al. (2019) results, the HARMONIE model tends to overestimate wind
speed in the Tenerife area. These outputs are in concordance with the
obtained results of the current work, where the HARMONIE generally
overestimates in the Canary Islands area (Fig. 5a and b). Additionally,
better outcomes for the wind speed are obtained with such model in
Fernandez-Gonzalez et al. (2019), which again sustain the results here
obtained.

The 10 m wind speed for the Madeira Islands area (Fig. 5c) shows a
very similar behavior by both models in LPMA, noticing better outcomes
at the beginning and the end of the simulation. Concerning LPPS
(Fig. 5d), both models overestimate, being the HARMONIE model the
one with more consistent behavior and slightly better results compared
to the METAR data.

The 10 m wind speed outputs for the Azores Islands area (Fig. 5e)
show a general overestimation by both models becoming subtle at the
end of the simulation in LPAZ. They both display a similar behavior,
showing the WRF model better results over almost the entire life cycle.
Something similar happens for the LPPD airport (Fig. 5f), except for
some instants of the cyclone life. In this case, there are no HIRLAM
verifications for 10 m wind speed available to support the HARMONIE
simulation. However, it can be concluded that both models show very
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similar outcomes in each airport not being possible to infer which one is
the best simulating this field.

All in all, a general overestimation is observed for the wind speed in
all the analyzed airports. These results are supported by Avolio et al.
(2017) where it is concluded that a positive bias is usually found by the
WRF model when simulating the 10 m wind speed. Furthermore, ac-
cording to Lamraoui et al. (2018), larger biases of WRF simulated 10
wind speed could be due to the absence of necessary space and time that
facilitate a correct forcing from the boundary condition towards a
balanced solution. This could be the reason for the WRF general wind
speed overestimation found in the current study.

Regarding the two model results, it cannot be determined that one
model prevails over the other in terms of accuracy. Focusing on each
analyzed variable, while better results are obtained by WRF for the 2 m
temperature analysis, similar results are obtained by both models for the
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2 m dew-point temperature and 10 m wind speed analysis. Moreover,
considering the area of study, HARMONIE performs slightly better for
the Canary Islands area compared to the WRF model that shows slightly
better results for the Madeira and Azores area.

3.2. Soundings

In order to carry out a vertical analysis of the atmosphere during the
genesis and intensification of the system, the only available sounding
(GCXO) in the study area is examined. The temperature (Fig. 6) and
wind speed (Fig. 7) outcomes are depicted. Focusing on the temperature
results, it is remarkable for the two available dates (20 October 2014 at
0000 UTC (pre-STC) and 1200 UTC (pure-STC)) the good results of both
models throughout the entire temperature evolution (Fig. 6a and b)
concerning the sounding observations (black line). Regarding the BIAS
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Fig. 7. Same as Fig. 6 except for wind speed vertical evolution.

(Fig. 6¢ and d) results for both analyzed dates, it is noticeable the general
consistency and similar behavior of both models, being the WRF model
(green line) the one with slightly better results in comparison to the
HARMONIE model. In regard to the RMSE (Fig. 6e and f) results, it is
remarkable the good results of the WRF model compared to HARMONIE.
Furthermore, the outputs by both models during the pure-STC period
turn out to be slightly better than the obtained during the pre-STC
period. This could be due to the mitigation of the convective processes
once the cyclone is formed, which on the contrary could lead to the
model instability and therefore to produce bigger errors (Zhang et al.,
2007; Hohenegger and Schar, 2007; Weisman et al., 2008; Uboldi and
Trevisan, 2015). Moreover, it is remarkable the higher errors found in
the mid-troposphere during the pre-STC period. According to several
studies (Kanase and Salvekar, 2014; Kanase and Salvekar, 2015; Hazra
and Pattnaik, 2020), there is a remarkable influence of the WRF YSU PBL
parameterization schemes over the essential atmospheric variables, such
as temperature, moisture or wind, being directly associated with deep
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convection. In relation to this fact, the above-mentioned authors
observed that the YSU scheme produces a warm bias in the middle
troposphere, which results in higher latent heat flux (and so, a higher
convective instability and greater cyclone intensity), which would
explain the higher temperatures in the middle troposphere (up to 600
hPa) that have been obtained in the current study.

Regarding PBL, both models showed a slight underestimation during
the pre-STC stage and a small overestimation during the purely-STC
period. According to Hu et al. (2010) and Hariprasad et al. (2014) the
WRF YSU PBL generates greater temperatures in the lower troposphere,
which sustain the obtained WRF outcomes. According to the HIRLAM
consortium (Santos-Munoz, 2015), coherent results are obtained with
the HARMONIE model near the surface for the pre-STC stage. However,
during the pure-STC stage, the HIRLAM verification presents a negative
bias (Santos-Munoz, 2015) around the PBL while the HARMONIE
simulation slightly overestimates.

On the other hand, the BIAS and RMSE obtained for the tropopause
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(around 200 hPa) for both models show a similar behavior, being the
WRF model the one with slightly better results compared to HARMONIE.
Moreover, while both models show an underestimation during the pre-
STC stage, larger values are shown during the pure-STC period. Ac-
cording to the HIRLAM verification (Santos-Munoz, 2015), it can be
remarked the coherence of the obtained HARMONIE outputs when
simulating the temperature at the tropopause for both dates.

An overestimation of the wind speed in the PBL for the pre-STC
period (left side of Fig. 7) can be noted for both models’ outcomes,
showing the best results located in the mid-troposphere (from around
700 hPa upwards). Besides, the found wind overestimation is in
concordance with the almost general overestimation attained during the
pre-STC period at practically all the analyzed airports (Fig. 5). According
to Hayashi et al. (2008), Shimada et al. (2011) and, Kanase and Salvekar
(2014), positive biases are obtained near the surface when simulating
wind speed profiles with the YSU PBL parameterization scheme, which
supports the obtained WRF outputs. Moreover, the obtained HARMONIE
outcomes for both STC dates in the lower atmosphere are coherent with
a positive wind speed bias of the HIRLAM verification results near the
surface (Santos-Munoz, 2015). Furthermore, the mid-troposphere re-
sults during the pre-STC stage show a large coincidence between the two
models. Besides, the RMSE outputs (Fig. 7e) show higher errors for both
models in the PBL and the tropopause, with a slight deviation between
them but showing the WRF model better results in comparison to
HARMONIE. In the pure-STC stage (right side of Fig. 7), it can be noticed
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a slightly better behavior by the HARMONIE model compared to the
sounding, with a general underestimation during practically the whole
profile. In addition, the RMSE outputs (Fig. 7f) show slightly better re-
sults for WRF in the PBL and mid-troposphere compared to HARMONIE.

Concerning the tropopause (around 200 hPa) outcomes and both
analyzed periods, the WRF model tends to underestimate the wind
speed, in contrast to the temperature results. Moreover, the RMSE out-
puts for WRF during the pre-STC (Fig. 7e) and pure-STC period (Fig. 7f)
are again smaller than the obtained by HARMONIE, although these
HARMONIE simulations are in agreement with the verification results
made regularly by the HIRLAM consortium.

3.3. Spatial distribution

In this subsection, a comparison of the BT frequency distribution
simulated by the WRF and HARMONIE models and the one observed by
the MSG-SEVIRI satellite is assessed (Fig. 8). Simulated BT spatial dis-
tributions for both analyzed dates are additionally presented (Fig. 9).

Analyzing the BT frequency distribution for the pre-STC stage
(Fig. 8a), the observation results should be first noted. The MSG-SEVIRI
presents a major concentration around 293 K, showing that most tem-
peratures detected correspond to low clouds or terrain, with a sharp
decrease to higher temperatures and a smooth transition to lower tem-
peratures. An asymmetrical distribution is thus observed with a long tail
extending to 210 K, indicating presence of high-level cloudiness. The
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Fig. 8. Frequency distribution (%) of BT (K) for the observed MSG-SEVIRI and the WRF and HARMONIE models for a) 19 and b) 20 October 2014 at 1800UTC.
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Fig. 9. BT (K) spatial distribution for the a), d) WRF model, b), €) HARMONIE model, and c), f) MSG-SEVIRI satellite for 19 (top) and 20 (bottom) October 2014 at
1800 UTC. Black rectangles delimit the Shapiro-Keyser structure. Black cross depicts the center of the STC.

MSG-SEVIRI distribution shows a wide range of altitudes of the observed
clouds.

The WRF BT frequency shows an asymmetrical leptokurtic distri-
bution towards higher BTs and indicating simulated low cloudiness.
These WRF results are consistent with those found in Shi et al. (2018)
and Jankov et al. (2011), where greater values of simulated BT were
obtained compared to observations. In Shi et al. (2018), simulated BT
was compared to China’s geostationary satellite (FY-2D), whereas in
Jankov et al., 2011it was evaluated against GOES-10 imagery, being the
main goal of these studies to evaluate the importance of synthetic sat-
ellite images to carry out an appraisal of the model’s efficiency.
Regarding the WRF results in the frequency distribution, the outcomes
show that WRF tends to simulate a continuous distribution of clouds,
with a particular overestimation in 290 K. However, while WRF well-
simulated the mode temperature (centering of the peak), it over-
estimated the frequency. On the other hand, the HARMONIE BT fre-
quencies are slightly closer to the observed frequency distribution in the
pre-STC stage, showing in general a similar behavior compared to ob-
servations, albeit a 5 K bias to higher BTs and a slight underestimation of
the quantity. Moreover, the higher BTs obtained is consistent with the
overestimation found in the 2 m dew-point temperature field for the
Canary Islands” GCLP airport (Fig. 4b) and Azores area (Fig. 4e and f)
and at the surface of the temperature sounding (Fig. 6b).

Regarding the pure-STC period frequency distribution (Fig. 8b), WRF
and HARMONIE models present similar behaviors to those described
before. Again, and despite the already observed deviation to higher BTs,
the HARMONIE distribution is more consistent with the observations,
showing similarly the two peaks at higher BTs (295 and 305 K) in this
cyclone stage in accordance to the MSG-SEVIRI results. The WRF model
also shows a slight deviation to higher BTs at the peak frequency. These
results confirm the ability of both models to reproduce quite well the
cloudiness and height of clouds during the formation of the cyclone.
Moreover, for the pure-STC stage, the observed low-level clouds over-
estimation is compatible with the overestimation found in the 2 m
temperature for the Azores area (Fig. 3e and f), in the 2 m dew-point
temperature for the Canary Islands’ GCLP airport (Fig. 4b) and Azores
area (Fig. 4e and f), and at the surface of the temperature sounding
(Fig. 6e). Consequently, the Azores area shows, in general, a remarkable
overestimation of several variables that could be related to the warm
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bias found in the BT frequency distribution graph.

The spatial BT fields for the two selected dates (Fig. 9) show good
results with the HARMONIE model (Fig. 9b and e) compared to the
observations (Fig. 9c and f). Furthermore, the higher BT values found in
the vicinity of the cyclone are consistent with the bias obtained for this
model on the frequency distribution (Fig. 8). Moreover, it is remarkable
the overestimation of BT values found for the WRF model when simu-
lating middle and lower clouds (yellow and red tones, Fig. 9a, d).
Furthermore, there is also an overestimation of cloud tops (blue tones),
particularly in the cold front area during the pre-STC period. According
to Otkin and Greenwald (2008), the PBL and microphysics schemes
wield a notable influence on the cloud spatial distribution. Indeed, the
current results are in agreement with those obtained by those authors
where simulations employing the YSU PBL scheme could generate a
larger amount of upper-level clouds. Moreover, this PBL scheme in
conjunction with the WSM6 microphysics scheme could generate fewer
upper-level cloud tops, and so, a larger amount of cloudless areas be-
tween convective cells. This is reflected in the red tones also found in the
surroundings of the cyclone for WRF, which are in agreement with the
displayed overestimation of high BT (293 K) on the frequency distri-
bution graph (Fig. 8). Besides, it is remarkable the more dispersed/
heterogeneous upper level clouds distribution simulated by the WRF
model, leading to a lower precision and realism. It is clear that it does
not capture really well the upper altitude cloudiness and overestimates
the lower clouds. On the other hand, the HARMONIE model outcomes
are slightly more consistent with the observations, even considering that
the surface and cloud tops temperatures are higher than observed, as
already seen in the frequency distribution bias. In addition, it is
outstanding the well-defined cumulus located around the center of the
cyclone simulated by the HARMONIE model, similar to those observed,
and the transitions to the outer limits of the domain, especially on the
pure-STC stage (Fig. 9e).

To end the spatial distribution assessment, the Shapiro-Keyser
structure (Shapiro and Keyser, 1990) is also evaluated, as done in
Quitian-Hernandez et al. (2020). The surface heat fluxes and strength of
this area (black rectangles in Fig. 9) is directly related to the convective
processes developed around the northwestern area of the cyclone, which
plays a key role for its intensification and development into STC. Once
again, it can be seen that the scattered structure of the WRF simulation
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produces poor results. The slight absence of upper-level clouds, espe-
cially for the pre-STC stage, hinders the results. Also, in the pure-STC
outputs we can find an overestimation of low-level cloudiness, and so,
clearer areas than observed. On the contrary, HARMONIE produces
suboptimal but realistic results. In the Shapiro-Keyser area the model
clearly shows a warm bias, generating fewer and lower clouds than
observed, but presenting a much more realistic structure and distribu-
tion of BT.

Regarding the analysis carried out employing several skill scores, it
can be concluded that scores show similarities between both models,
although the HARMONIE model presents, in general, better results
compared to the WRF model. Although the HARMONIE mean absolute
error is slightly higher than the obtained for WRF during the pre-STC
stage, the HARMONIE simulations stand out in values of mean spatial
correlation, root-mean-square error, and standard deviation compared
to the WRF model. In addition, during the pre-STC period, the small
difference found between both models bias is also verified when
comparing the WRF spatial average BT (201.43 K) with that obtained for
HARMONIE (197.19 K), being the former slightly better compared to the
observations (216.78 K). Evaluating the pure-STC stage, the HARMONIE
mean spatial correlation, root-mean-square error, and standard devia-
tion are above the WRF corresponding scores with the HARMONIE bias
slightly worse than the obtained for WRF. In fact, despite the general
underestimation found for both models compared to the observation
(216.67 K), the averaged BT obtained for WRF (201.76 K) is again
slightly better than the one obtained for HARMONIE (196.09 K).

Finally, it is remarkable the slight deviation of the cyclone center
found by both models compared to the observations. During the pre-STC
stage, the WRF model (33.67 N, —19.76 W) locates the cyclone center
slightly to the north and east of the center in the images compared to the
observations (33.00 N, —20.02 W). However, the HARMONIE model
(33.03 N, —20.56 W) locates the cyclone center slightly to the north and
west. Moreover, during the pure-STC stage, there is again a slight de-
viation of the cyclone center by both models. In this case, the WRF
model (33.83 N, —24.01 W) locates the STC center slightly to the north
and west and HARMONIE (33.42 N, —23.75 W) locates it slightly to the
south and west of the observed center location (33.50 N, —23.00 W).

4. Concluding remarks

In this study, an analysis of the October 2014 STC event is assessed
using two high-resolution NWP models, WRF and HARMONIE. To this
end, a validation against observations is carried out. Firstly, a local
analysis has been evaluated through the 2 m temperature, 2 m dew-
temperature, and 10 m wind speed considering the METAR data ob-
tained from six airports located in the Canary (GCLP and GCTS), Ma-
deira’s (LPMA and LPPS), and Azores’ (LPAZ and LPPD) Islands.
Moreover, the only available sounding that day located in Tenerife-
Norte (GCXO) airport has also been used to evaluate the vertical
behavior of both models in the STC life, taking the pre-STC and the pure-
STC stages into account. Finally, an analysis of both models for the 10.8
pm IR channel from the MSG-SEVIRI satellite is evaluated. For this
purpose, the BT frequency and spatial distribution and several skill
scores are calculated in such stages.

The main conclusions are summarized as follows:

@ Regarding the local analysis, no consistent results are in general
observed between the models when analyzing the variables, i.e., 2 m
temperature (Fig. 3), 2 m dew-temperature (Fig. 4), or 10 m wind
speed (Fig. 5). This means that even if the WRF model is slightly
better for the 2 m temperature, a similar behavior is found for both
models when analyzing the 2 m dew point temperature and the 10 m
wind speed, with HARMONIE performing slightly better in the Ca-
nary Islands area. Consequently, it seems to strongly depend on the
area and variables analyzed per se.
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@ Analyzing the soundings for the temperature (Fig. 6) and wind speed
(Fig. 7) through both models, it is remarkable the good results ob-
tained in general for the WRF model, displaying less deviation
compared to the HARMONIE model. Regarding the vertical tem-
perature, it is outstanding the similar behavior of both models in the
middle and higher troposphere for both analyzed dates, being the
WRF model the one with slightly better results compared to HAR-
MONIE. Besides, concerning the wind speed, a localized over-
estimation is obtained in low levels for the pre-STC stage for both
models. Finally, during the pure-STC period, a general underesti-
mation is obtained by both models with a slightly better behavior
shown by the HARMONIE model compared to the WRF simulation. It
has to be remarked that HARMONIE uses the SURFEX scheme
(Masson et al., 2013), a land-ocean surface platform which has been
developed by the Météo-France consortium. It is principally based on
different land-surface pre-existing and well-validated models.
Therefore, SURFEX gathers in its configuration all the improvements
achieved in surface schemes.

@ Concerning the spatial distribution, it can be noted a slight deviation
to higher BTs by the HARMONIE model on the frequency distribution
graph (Fig. 8), which corresponds to the simulation of fewer and
lower-level clouds (Fig. 9) on both analyzed dates for the afore-
mentioned model. However, despite this deviation, it is notable the
good outcomes during the pre-STC period by this model where it is
found to have similar behavior compared to the MSG-SEVIRI data,
being more consistent with the observations during the pure-STC
stage. Besides, it is outstanding the larger peak found at higher BTs
for both models, being even more intense in the case of WRF, indi-
cating an overestimation of the higher BT values.

@® The aforementioned overestimation is also evident for both models
in the spatial pattern of BT (Fig. 9). Besides, this is in agreement with
the overestimation found in the 2 m dew-point temperature field
(Fig. 4) for the Canary Islands’ GCLP airport and Azores area, and in
the sounding surface temperature results (Fig. 6). Furthermore, it is
noticeable in the WRF BTs, the scattered cloudiness structure and
slight absence of upper-level clouds compared to the MSG-SEVIRI
data, which evidences the lack of precision of this model in the
simulations of the cloudiness of the STC event. In contrast, it is
noteworthy the accuracy and realism found by the HARMONIE
model when simulating the clouds in comparison to the observations,
highlighting the model’s ability to capture the cyclone’s cloud
distribution.

@ Moreover, regarding the skill scores results, it is remarkable the
general underestimation found for both models at both analyzed
dates (Table 1), which is also verified in the averaged BT for both
models at the two analyzed dates, being the WRF model the one that
least underestimates overall compared to the observations. Finally,
regarding the location of the cyclone center during the pre-STC stage,
HARMONIE tends to locate the cyclone slightly to the north and west
and WREF slightly to the south and west compared to the satellite. In

Table 1

WRF and HARMONIE spatially averaged skill scores for the pre (top) and pure
(bottom) STC period. The best mean spatial correlation is highlighted in bold
(significant at the 0.01 level).

Pre-STC R BIAS RMSE SD MAE
WRF 0.62 0.92 17.08 19.46 11.96
HARMONIE 0.68 0.91 17.05 21.70 12.83
Pure-STC R BIAS RMSE SD MAE
WRF 0.57 0.93 16.94 17.75 11.86
HARMONIE 0.60 0.90 16.97 19.90 12.90
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addition, both models tend to locate it slightly to the south and west
compared to observations during the pure-STC period.

The obtained results and the conclusions encourage us to continue
seeking the best way of analyzing this type of cyclone to improve their
simulations. Additionally, the good outcomes yielded by the HARMO-
NIE model prove that it is a useful tool, worth using in meteorological
research. It has to be remarked the low computational cost of HAR-
MONIE, because of the semi-Lagrangian advection and semi-Implicit
two-time-level schemes used which generates a half time step. More-
over, the HARMONIE model configuration works with a standardized set
up that provides users great versatility when the model is used. Being an
NWP model of reference in several European meteorological services,
more research and studies should be performed, thus persuading us to
continue this line of work in the modeling of extreme events. Regarding
the WRF model, future works should consider the use of other physics
parameterizations, the optimization of the configuration for the grid
resolutions used, as well as addressing the question of computation
versus parameterization of convection in the research of STCs.
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