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A B S T R A C T   

Mountain lee waves usually involve aircraft icing and turbulence events. These weather phenomena, in turn, are 
a threat to aviation safety. For this reason, mountain lee waves are an interesting subject of study for the sci
entific community. This paper analyses several mountain lee waves events in the south-east of the Guadarrama 
mountain range, near the Adolfo Suarez Madrid-Barajas airport (Spain), using the Weather Research and 
Forecasting (WRF) and the HARMONIE-AROME high-resolution numerical models. For this work, simulated 
brightness temperature from the optimum WRF parametrization schemes and from the HARMONIE are validated 
using satellite observations to evaluate the performance of the models in reproducing the lenticular clouds 
associated to mountain lee waves. The brightness temperature probability density shows interesting differences 
between both models. Following, a mountain wave characterization is performed simulating some atmospheric 
variables (wind direction, wind speed, atmospheric stability, liquid water content and temperature) in several 
grid points located in the leeward, windward and over the summit of the mountains. The characterization results 
are compared for both numerical models and a decision tree is developed for each to forecast and warn the 
mountain lee waves, lenticular clouds and icing events with a 24 to 48 h lead time. These warnings are validated 
using several skill scores, revealing similar results for both models.   

1. Introduction 

Meteorological phenomena have a great influence in human activ
ities, particularly in aviation, as for this mean of transportation in 
intrinsically connected with the troposphere, where the adverse mete
orological phenomena occur. Turbulence and aircraft icing conditions 
related to mountain lee waves can be critical for aviation safety (Buck, 
2000; Bolgiani et al., 2018; European Union Aviation Safety Agency, 
2019; Gultepe et al., 2019). For this reason, aircrafts tend to incorporate 
anti-icing and/or de-icing systems in order to prevent and eliminate the 
accumulation of ice in the exposed frontal surfaces. Still, these devices 
are insufficient when aircraft icing events are extreme. 

The National Transportation Safety Board reported that, between 
2000 and 2011, meteorological conditions were involved in 37% of the 
accidents corresponding to commercial operations (Eick, 2014). Ac
cording to the European Risk Classification Scheme for 2019 (European 

Union Aviation Safety Agency, 2019), weather hazards were involved in 
the 15% of the accidents and serious incidents. Moreover, ice in flight 
and clear air turbulence (CAT) and mountain lee waves are ranked as the 
3rd and 23rd, respectively, most hazardous type of events. 

Mountain waves are a form of mechanical turbulence which develop 
downstream of mountains when a strong wind flows perpendicular to an 
orographic barrier and is forced to climb up the windward slopes. These 
waves can propagate vertically or horizontally (lee waves), when a 
slightly stable layer exists over the summit of the orographic barrier 
(Broutman et al., 2001; Lin, 2007). Violent downdrafts and updrafts 
produced by mountain lee waves, usually very close to the mountain 
barrier, are responsible for the turbulence in the lower levels of the 
leeward side. They often produce violent downdrafts on the immediate 
leeward side of the mountain barrier (Federal Aviation Administration, 
2016). Also, these horizontal propagating waves generate rotors very 
close to the surface, as well as vertical windshear, being extremely 
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dangerous in terms of aviation safety (Klemp and Lilly, 1975; Doyle and 
Durran, 2002; Sharman et al., 2012; Udina et al., 2020) Vertical prop
agating waves are tied to a different form of turbulence due to the 
breaking of the waves. This occurs in the middle levels of the atmo
sphere, and they are dangerous for aviation as well (Kim and Chun, 
2011; Lilly, 1978). Mountain waves have associated clouds also. Rotors 
produce a characteristic cloud when conditions are favourable. But most 
of the clouds generated by lee waves form in the updrafts, due to the 
adiabatic process of expansion which produces a temperature decrease 
and therefore a liquid water content (LWC) increase (Smith et al., 2002; 
Geresdi and Rasmussen, 2005; Bolgiani et al., 2018). The most distinc
tive are the lenticular clouds, which are presented as alternating bands 
of clouds, as they reside in the crests of the waves. These clouds are a 
common feature of the phenomenon, which makes it easily recognis
able. However, they may be absent if the air is too dry. In the case a lee 
wave generates turbulence but no clouds, we can speak about a CAT 
event (Sharman et al., 2012; Evans, 2014). 

Lenticular clouds can promote icing conditions if they are developed 
in an environment with temperatures below 0 ◦C. The accumulation of 
ice as the solidification of supercooled liquid hydrometeors on the sur
face of an aircraft, particularly in the front leading edges, is defined by 
Gent et al. (2000) as aircraft icing. This phenomenon affects the aviation 
safety due to the important changes in the aerodynamic generated by the 
ice accretion (Moran, 1989; Buck, 2000). Due to the lower efficiency of 
ice nucleation, aircraft icing is more likely to occur when the atmo
spheric temperatures range between − 2 ◦C and − 15 ◦C, as liquid water 
drops are predominant in environments up to − 10 ◦C (Huffman and 
Norman, 1988; Rogers, 1993; Ledesma and Baleriola, 2007). Both 
mountain lee waves and icing events are usual in the winter months, 
when the winds are stronger, the atmosphere is more stable and the 
melting level is lower (Wolff and Sharman, 2008). In addition, the 
Federal Aviation Administration (2016) reports that approximately 50% 
of the aircraft icing incidents occur at altitudes between 1500 and 4000 
meters above sea level (masl), when atmospheric temperature ranges 
from − 8 ◦C and − 12 ◦C. 

The accuracy of forecasting mountain lee waves and the phenomena 
associated using numerical weather prediction (NWP) models and 
remote sensing methods is not an easy process, mainly because of the 
lack of in-flight scientific observations directly taken inside the phe
nomena and the conjunction of several atmospheric factors (Weston 
et al., 2019). In fact, some authors sustain that icing studies are under
developed and require to be improved (Thompson et al., 2017). 

The World Area Forecast Centres create turbulence and icing oper
ational forecasts for aviation (Gill, 2014). Likewise, Significant Weather 
charts and Terminal Aerodrome Forecasts are a standard in the aviation 
industry (Storer et al., 2019). Nevertheless, turbulence and icing fore
casting are far from perfect. Several research have tried to develop better 
tools for forecast icing conditions using NWP models. Firstly, algorithms 
based on temperature and air humidity (Schultz and Politovich, 1992; 
Thompson et al., 1997) and later implemented cloud microphysics 
schemes in operational NWP models to simulate the LWC (Olofsson 
et al., 2003; Gencer et al., 2010; Belo-Pereira, 2015). Sheridan and 
Vosper (2012) study the lee waves and downslope winds in Sierra 
Nevada (USA) using the Met Office Unified model and Udina et al. 
(2017) analysed a trapped lee-wave mountain event in the Pyrenees 
using the Weather Research and Forecasting model (WRF). On the other 
hand, Regmi et al. (2017) and Bolgiani et al. (2018) study aircraft icing 
reports associated to mountain lee waves events using WRF;) and 
conclude that the main factor involved in the aircraft icing reports is the 
presence of supercooled liquid water. The WRF model was also used by 
Díaz-Fernández et al. (2020) to study several mountain lee waves epi
sodes in the vicinity of Adolfo Suarez Madrid-Barajas airport (hereafter 
LEMD, as per the airport’s International Civil Aviation Organization 
code; ICAO) analysing different physics parameterizations schemes. In 
connection with earlier results, Díaz-Fernández et al. (2021) charac
terized the atmospheric variables involved in 68 mountain wave epi
sodes for ten years over a mountain range in central Spain, developing a 
warning method to forecast mountain lee waves events. 

The same mountain wave episodes are evaluated using the 
HARMONIE-AROME (hereafter HARMONIE) and the WRF NWP models 
in the present paper. The brightness temperature (BT) simulated is 
compared in order to elucidate the performance of each NWP model to 
forecast the cloudiness associated to mountain lee waves. The charac
terization is performed using the percentiles from several atmospheric 
variables simulated involved in the mountain lee waves formation in the 
study area. Finally, a decision tree to warn mountain lee waves, lentic
ular clouds and icing events is carried out using the HARMONIE and 
comparing the results from both NWP models. This paper is performed 
within the framework of the SAFEFLIGHT research project whose 
objective is to develop and implement specific configurations of opti
mised high-resolution NWP models for forecasting mountain lee waves 
and icing events with the aim to improve the aviation safety in Spain. 

It is worth commenting that the HARMONIE NWP model was 
developed and is used mainly as an operational model. However, the 

(a) (b)

Fig. 1. (a) Orography of the research area (masl). Blue points (windward), red triangles (Guadarrama) and black dots (leeward) indicate the grid points where the 
mountain wave characterization is evaluated. The white line indicates the subdivision of the domain used in the BT analysis. Aircraft symbols correspond to airports’ 
locations. (b) WRF and HARMONIE domain configuration. Outer boundary corresponds to outermost WRF domain (d01). LEMD location is marked with an aircraft 
symbol. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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interest of the research community in this model has been increasing 
thanks to the recent open data policy by European Centre for Medium- 
Range Weather Forecasts (ECMWF). Recently, several articles 
compared the HARMONIE and WRF models in different studies related 
to heavy precipitation and flooding (Toros et al., 2018; Varlas et al., 
2019), fog (Román-Cascón et al., 2019) and subtropical cyclone 
(Quitián-Hernández et al., 2021). Nevertheless, to the authors’ knowl
edge, this is the first time that this comparison is carried out for 
mountain lee waves studies in the Iberian Peninsula. Consequently, the 
existing literature related to mountain lee waves and HARMONIE model 
is limited. 

The organization of this paper is as follows. The study area, the 
datasets and the description of the numerical models and the satellite 
data used are defined in Section 2. Section 3 explains the different 
methodologies used for the analysis of the BT, the characterization of the 
mountain lee waves and development of the decision tree and its vali
dation. The main results derived from the methodology are exposed in 
Section 4; note that in order to facilitate the understanding of this paper, 
the results and discussion subsections are named after the corresponding 
methodology subsections. Finally, the major conclusions are summa
rized in Section 5. 

2. Experimental design 

2.1. Study area & datasets 

The research area concerns the vicinity of the Guadarrama moun
tains (Fig. 1a). This mountain range is located in the centre of the Iberian 
Peninsula. It measures 80 km in length with a northeast to southwest 
orientation. Its highest peak is Peñalara reaching 2428  masl and located 
on the southern face. The selected area of study is characterized by the 
presence of LEMD airport, which is the main and busiest airport in Spain 
(6th in Europe as per passengers number), and other three smaller air
ports, all of them south-east of the Guadarrama mountain range. The 
orographic barrier has a great influence in the climatology and meteo
rology of the research area since the prevalent wind direction is from the 
North-West and mountain lee waves are usually formed on the leeward 
side. In order to characterize the mountain lee waves over the research 
area, 120 grid points are selected (Fig. 1a), following the same criteria 
used in previous studies over the same region (Díaz-Fernández et al., 
2021). First, 8 of them are established over the summits of the range. 
Then, 3 are located windward (24 total) and 11 leeward points (88 total) 
are selected from the aforementioned, following the line of the prevalent 
wind direction and observing a buffer region at each side of the summits 
to avoid any distortion due to complex orography. The 11 consecutive 
grid points on the leeward face will cover at least one wavelength of the 
phenomenon. 

The dataset for this study is the same that was used on Díaz- 
Fernández et al. (2021) to characterize the mountain lee waves with the 
WRF model. A data base of more than 180 mountain wave events be
tween November to March is built from 2001 to 2019 using satellite 
images. This specific annual period is chosen considering the melting 
level is low and aircraft icing conditions are more likely to occur. From 
them, 13 events (2017–2019) are selected to validate simulated BT 
versus observational satellite data, the 68 clearer events (2001− 2010) 
are used to establish the characterization of mountain wave formation 
and finally 6 episodes (2017–2020) are randomly chosen to validate the 
decision tree (see Appendix A). These days are simulated for the present 
article using the HARMONIE model. 

2.2. Numerical weather prediction models 

The events abovementioned have been simulated using two NWP 
models in order to compare both. It is important to remark that both 
models are different from the very basic features, and thus, it is not 
sensible trying to perfectly match the configurations or the analysis of 

the results. Nevertheless, they are here run considering their features in 
a way as similar as possible. Earlier comparisons have been successfully 
performed for other meteorological events (Quitián-Hernández et al., 
2021; Román-Cascón et al., 2019). A brief description of each is 
provided. 

2.2.1. WRF 
The WRF NWP model version 4.0.3 is used in this study (Skamarock 

and Klemp, 2008). Different initial conditions are used for each sub
section, to optimise the results using similar products. For the BT anal
ysis a high resolution was required, thus initial and boundary conditions 
are extracted from the National Centers for Environmental Prediction 
(NCEP) Global Forecast System (GFS) analysis, with a horizontal spatial 
resolution of 0.25◦ and a temporal resolution of 3 h (NCEP, 2015). 
However, this product does not cover the whole 2001–2010 period, so 
for the characterization, NCEP Climate Forecast System Reanalysis 
(CFSR) data are taken, with a horizontal spatial resolution of 0.5◦ and a 
temporal resolution of 6 h (Saha et al., 2010). Finally, for the validation 
of the decision tree, the initial conditions are chosen from the NCEP GFS 
24 to 48-h forecast, at a 0.25◦ horizontal spatial resolution and 3 h 
temporal resolution (NCEP, 2015), to match the most similar conditions 
available to a real operational tool. 

Each episode is simulated in periods of 24 h, considering the first 6 h 
as spin-up time. The simulation is run with four nested domains using 
121 × 121 grid points in north-south and east-west directions and 60 
sigma vertical levels for each domain. Horizontal resolution of the do
mains was 27, 9, 3 and 1 km, respectively. In Fig. 1b, the outer domain 
(d01) covers southwestern Europe and North Africa. Domain d02 
approximately includes the Iberian Peninsula. Domains d03 and d04 are 
centred over the Guadarrama mountain range and covering the main 
area of study. 

Regarding the physical parametrizations used in the WRF simula
tions, the Dudhia shortwave scheme (Dudhia, 1989) and RRTM long
wave scheme (Mlawer et al., 1997) are used for radiation; the Unified 
Noah land-surface model (Tewari et al., 2004); revised MM5 (Jiménez 
et al., 2012) as the surface layer scheme and the Yonsei University (YSU; 
Hong et al., 2006) as the Planetary Boundary Layer (PBL) scheme are 
chosen. Finally, the Thompson parametrization (Thompson et al., 2008) 
is used for microphysics. This configuration was validated and revealed 
as the optimum parameterization schemes to simulate lenticular clouds 
associated to mountain lee waves in the same study area by Díaz- 
Fernández et al. (2020) and was later employed for the mountain wave 
characterization (Díaz-Fernández et al., 2021). 

2.2.2. HARMONIE-AROME 
The HARMONIE model (version 40 h1.1.1) is a non-hydrostatic 

spectral, semi-implicit and semi-lagrangian model. This model is 
developed and maintained by the collaboration between the ALADIN 
(Aire Limitée Adaptation Dynamique Développement International) and 
HIRLAM (High-Resolution Limited Area Model) consortium (Bengtsson 
et al., 2017). Initial and boundary conditions are taken from the ERA5 
Integrated Forecast System (IFS) from European Centre for Medium- 
Range Weather Forecasts (ECMWF) global model with a 31 km hori
zontal resolution and 1 h temporal resolution (Hersbach et al., 2020). 

Here, HARMONIE is used in a non-standard setup, optimised for 
research purposes instead of operational ones, taking into account a 
smaller domain than the usually used in operational mode. The HAR
MONIE simulations run on a single domain covering the same d02 WRF 
area (Fig. 1b), as this model does not require nesting to downscale the 
resolution from the initial conditions to the grid size. However, only the 
area corresponding to d04 WRF domain is evaluated to preserve the 
consistency between both models. The horizontal resolution is 1 km, and 
the model has 65 hybrid sigma pressure levels. Regarding the physical 
parametrizations, the default physics options defined by Bengtsson et al. 
(2017) have been used. It is worth remarking that this is an operational 
model, fine-tuned to serve as a general-purpose tool, not dedicated to the 
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study of a single phenomenon or area. Thus, there are not many 
configuring options regarding the physics suite, as the NWP model is 
already and continuously optimised for its objective by the development 
team. This is also the reason behind the lack of scientific literature 
regarding this model, but at the same time a great incentive for research. 

Note that different initial conditions have been used for both models. 
The reason for this difference is to use the more accurately initial con
ditions for each model, NCEP GFS have been run with WRF and ERA5 
with HARMONIE. Moreover, HARMONIE does not allow to run with 
NCEP GFS. Bolgiani et al. (2020) run the WRF with ERA5 and NCEP GFS 
as initial conditions and compared both, obtaining very similar results in 
a microburst study. Other comparative study (Zhang et al., 2020) ob
tained better wind speeds correlations in WRF simulations with NCEP 
GFS than ERA5. 

2.3. Satellites 

Mountain wave events were selected using imagery from the 
Meteosat satellite family. These geostationary satellites are managed by 
the European Organization for the Exploitation of Meteorological Sat
ellites (EUMETSAT). The horizontal resolution is 3 km at nadir for the 
10.8 μm infrared channel, 2.5 km at nadir for the 0.6 μm visible channel 
and 1 km for the high-resolution visible channel (Schmetz et al., 2002) 
and the temporal resolution is 15 min. 

In the mountain wave characterization process, we select an event 
using the 0.6 μm visible channel of the Meteosat Visible and Infrared 
Imager (MVIRI) up to December 2006, and the high-resolution visible 
channel of the Meteosat Second Generation Spinning Enhanced Visible 
and Infra-Red Imager (MSG-SEVIRI) from January 2007 on. The images 
are evaluated in search of the associated lenticular clouds, as these are a 
clear indication for the existence of mountain lee waves. For the BT 
analysis, the 10.8 μm infrared channel of the MSG-SEVIRI is used to 
validate the HARMONIE and WRF simulations. Finally, the Red-Green- 
Blue (RGB) satellite image composition (1.6 μm in the red beam, 0.8 
μm in the green beam and 0.6 μm in the blue beam) is used in order to 
detect icing clouds tops in the decision tree validation, as per Lensky and 
Rosenfeld (2008) procedure. 

3. Methodology 

The data base of mountain wave episodes is created using the pre
viously described satellite images for the diurnal period (08:00 to 17:00 
UTC), and observing the following conditions already described by Díaz- 
Fernández et al. (2021):  

• Lenticular clouds present south-east of the Guadarrama mountain 
range.  

• A minimum of 3 alternating cloud bands parallel to the mountains, 
with wavelengths and transversal lengths greater than 15 km.  

• The BT of the lenticular clouds ranging between 260 and 275 K. 

Considering these requirements, the 68 days described in the data
base are produced, making a total of 680 hourly results when the daily 
period and time resolution are taken into account. 

3.1. Brightness temperature analysis 

Following Díaz-Fernández et al. (2020), the BT is used to compare 
observed and simulated lenticular clouds. The 10.8 μm infrared channel 
from MSG-SEVIRI is used as observational data. This long-wave infrared 
channel is the most suitable one to detect the cloud top and the surface 
temperature (Chevallier and Kelly, 2002; Otkin et al., 2009; Bormann 
et al., 2014). To avoid any distortion from orographic clouds, the 
research area is cropped along the Guadarrama mountain range, as 
depicted in Fig. 1a (white line). In this way, the BT analysis is carried out 
only for the south-eastern part of the Guadarrama mountains (leeward 
side), where the lenticular clouds are formed. 

The BT frequency distribution is then obtained in the leeward 
research area for the WRF, HARMONIE and MSG-SEVIRI data to 
determine the cloud tops and altitude distribution (Bormann et al., 
2014; Quitián-Hernández et al., 2021). Lastly, temporal and spatial skill 
score averages for Bias, Root-Mean-Square Error (RMSE), Mean Abso
lute Error (MAE), Standard Deviation (SD) and Linear product-moment 
correlation coefficient of Pearson (R) are calculated to summarize the 
information into a single value (Díaz-Fernández et al., 2020). 

3.2. Mountain lee waves characterization 

Wind direction and speed, static stability (ST), LWC and temperature 
are obtained using the HARMONIE model in each of the 120 grid points 
evaluated (Fig. 1a) for the 680 time steps. This way, we can easily 
compare with the earlier WRF results obtained with the same procedure 
by Díaz-Fernández et al. (2021). As the simulated variables reveal very 
similar results for every point of each group, the values are averaged in 
three single outcomes: windward, Guadarrama and leeward. 

The formulation used to compute the ST is (Bluestein, 1992; Young, 
2003): 

ST =

−

(
T
θ

)

*d(θ)

dp
(1)  

where T the temperature, θ is the potential temperature and p is the 
pressure. 

Once the averaged results in every area are derived, HARMONIE and 
WRF probability density functions for lenticular clouds and non-clouds 
events are assessed and the percentiles (P) 10, 25, 50, 75 and 90 are 
computed for each of the selected variables. The WRF atmospheric 
variables above mentioned were chosen at 2800 masl, because such an 
altitude presents the highest values of LWC initially detected (Bolgiani 
et al., 2018; Díaz-Fernández et al., 2020). For HARMONIE, the data are 

(a) (b) (c)

Fig. 2. BT images on 26 November 2018 at 13:00 UTC. (a) MSG-SEVIRI image in the 10.8 μm band. (b) WRF pseudo satellite image. (c) HARMONIE pseudo satellite 
image. Aircraft symbol corresponds to LEMD location. 
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computed at 720 hPa since this isobaric level corresponds to an altitude 
of 2800 masl, according to the International Standard Atmosphere. 

3.3. Decision tree and validation 

With the HARMONIE model mountain wave characterization results, 
a warning decision tree is created, similarly as it was previously done 
using WRF output (Díaz-Fernández et al., 2021). This warning algorithm 
is created considering several percentile values from the HARMONIE 
simulations, which are as follows: In a first step, mountain lee waves are 
warned using P10 and P90 for wind direction, wind speed and ST. If the 
previous is positive, i.e., mountain wave warning is achieved, a lentic
ular clouds warning can be derived by incorporating the LWC P10. 
Finally, if the previous is also active, P10 for temperature is considered 
for an icing conditions warning. 

As in Díaz-Fernández et al. (2021), the three warnings are validated 
using a contingency table for dichotomous verification of HARMONIE 
forecasts (at least 24 h before the event) for six random days (approxi
mately 10% of the dataset of mountain wave events). This verification is 
carried out during the diurnal period only (08:00–17:00 UTC), to keep 
consistency with the characterization. Subsequently, the False Alarm 
Ratio (FAR), Probability Of Detection (POD), frequency BIAS, and 
Percent Correct (PC) are computed to check the warning skills of the 
decision tree (López et al., 2007; Kunz, 2007; Aznar et al., 2010; Díaz- 
Fernández et al., 2021). 

4. Results and discussion 

To start off, the mountain wave episode of 26th November 2018 with 
north-west wind direction is presented as an example and analysed 
taking into account the MSG-SEVIRI images. Fig. 2 shows the ability of 
the WRF and HARMONIE models to reproduce lenticular clouds bands 
associated to mountain lee waves as it would be seen in the pseudo 
satellite images. Fig. 2a corresponds to the satellite observation, which 
presents the poorest quality, as the spatial resolution in the research area 
is 5 km approximately (Combal and Noel, 2009). Notwithstanding, 
alternate lenticular clouds are suggested north of LEMD airport with BTs 
between 260 and 266 K. Comparing the WRF (Fig. 2b) and HARMONIE 
(Fig. 2c) pseudo satellite images, at least 6 alternate lenticular cloud 
bands can be observed on the leeward side of the Guadarrama moun
tains. The BTs of the lenticular clouds in both pseudo satellite images are 
very similar (lower than 266 K). However, the HARMONIE BTs for the 
cloudless areas are greater than the corresponding WRF temperatures. 
Similar results have been observed by Quitián-Hernández et al. (2021), 
suggesting a warm BIAS of the HARMONIE model for surface tempera
ture. Another noteworthy difference is the lenticular clouds simulation 
for each model. While HARMONIE produces a smooth and continuous 
cloud, WRF simulates broken clouds, mostly noticeable in the first three 
bands. Also, as the wave moves away from the mountain, HARMONIE 
simulates relatively thin cloud bands, while WRF produces more abun
dant, thick clouds. 

With this event in mind, we can now proceed to evaluate the results. 

(a)

(b)

Fig. 3. WRF, HARMONIE and MSG-SEVIRI outcomes of: (a) BT probability density functions; (b) BT error for 13 mountain lee waves selected events.  
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First, the WRF and HARMONIE BT frequency distributions are analysed 
and compared. Subsequently, the probability density functions of the 
atmospheric variables for both models are presented to characterize the 
mountain lee waves. Finally, a warning decision tree is developed and 
validated for the HARMONIE model, and then compared with the WRF 
validation obtained by Díaz-Fernández et al. (2021). 

4.1. Brightness temperature analysis 

The BT analysis is performed by using the simulations and observa
tions for 13 days. The probability density functions (Fig. 3a) are shown 
for both models and the observational data. Also, the BT error of each 
model against the satellite observation is presented (Fig. 3b). The results 
of the probability density function show that WRF simulates lower BT 
(higher clouds) than observed, about − 10 K, while the HARMONIE 
distribution does not reach the lowest temperatures observed approxi
mately by 15 K. Focusing on the other tail of the distribution, WRF and 
MSG-SEVIRI curves are close to each other for the greatest temperature 
values (surface terrain), whereas HARMONIE overestimates these tem
peratures approximately 5 K. This displacement of the simulated curves 
over the BT axis suggests a cold BIAS for the WRF and a warm BIAS for 
the HARMONIE model. Quitián-Hernández et al. (2021) compared WRF 
and HARMONIE BT in a study of subtropical cyclones with very similar 
results to the ones here presented, since HARMONIE overestimated the 
surface BT and WRF underestimated them, like the prevailing research. 

In the range of temperature values where lenticular clouds usually 
develop, which is between 260 and 275 K, the models behave differ
ently. While HARMONIE underestimates the density in all the range, 
clearly visible in the error results (Fig. 3b), WRF underestimates below 
270 K, but overestimates above the latter value. This is consistent with 
the previous results shown in Fig. 2, where it was clear that HARMONIE 
tends to simulate a lower number of clouds, albeit these are only valid 

for a single event. Finally, both models and the observations present 
asymmetric distributions with mode values of 280 K for the MSG- 
SEVIRI, and 275 K and 281 K for WRF and HARMONIE, respectively. 
Moreover, it is noteworthy the difference of 6 K between the WRF and 
HARMONIE mode values, pointed also in Quitián-Hernández et al. 
(2021). Similar probability density function shapes for the WRF model 
were obtained by Otkin et al. (2009) and Bormann et al. (2014). 
Moreover, the results here presented are in line with those of Jankov 
et al. (2011) and Shi et al. (2018), who simulated by WRF greater values 
of BT than the satellite observations in cloudiness related studies. 

One possible explanation for the BT underestimation simulated by 
WRF can be found in the Bormann et al. (2014) studies that related 
simulated BT with observed one from MSG-SEVIRI. According to these 
authors, the surface emissivity and the diurnal cycle of surface tem
perature in clear-sky conditions are not well modelled, which is reflected 
in the satellite pseudo-images simulated by WRF in the 10.8 μm channel 
(the same used here). 

The BT error (Fig. 3b) shows in a clearer way the underestimations 
and overestimations of each model against the observations. Apart from 
the range of lenticular clouds BTs, already commented, the error results 
show that the WRF model tends to overestimate the amount of high 
clouds (lower BTs). Regarding the surface temperature (above 275 K), 
the HARMONIE model notably overestimates them while WRF tends to 
underestimate, which is again consistent with the BIAS described before. 

Table 1 shows the skill scores averaged for the domain of study 
computed for the observations and NWP models used. Comparing the BT 
average and SD, HARMONIE shows the closest value for both skill 
scores. Regarding error scores (RMSE and MAE), there are considerable 
differences since HARMONIE obtains lower errors than WRF. The per
formance of BIAS score for both models is opposite, as expected from 
previous results. HARMONIE overestimates (3.69) while WRF un
derestimates (− 4.94) the BT. Finally, the R results are quite similar with 
approximate values of 0.50, statistically significant at 99% level. 

Considering the overall results from the BT analysis, HARMONIE 
reveals as the most accurate model to simulate the BT. However, in the 
lenticular clouds range (260–275 K) the BT curve simulated by WRF is 
closer to the satellite observations than the one corresponding to 
HARMONIE. 

4.2. Mountain lee waves characterization 

As described in the methodology (Section 3.2) and following the 
same procedure as Díaz-Fernández et al. (2021), simulated atmospheric 

Table 1 
WRF and HARMONIE average spatial skill scores of BT (K) for the 13 mountain 
lee waves selected events. Best scores are highlighted in bold.   

MSG-SEVIRI WRF HARMONIE 

Average 273.10 268.16 276.79 
SD 10.04 15.73 9.36 
RMSE – 15.72 9.94 
MAE – 10.41 7.18 
BIAS – − 4.94 3.69 
R – 0.50 0.55  

(a) (b)

Fig. 4. Simulated average wind direction rose for the total lenticular clouds events on the windward side for: (a) HARMONIE. (b) WRF. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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variables for 68 selected events are evaluated over 120 grid points 
(Fig. 1a) to create a characterization of the mountain lee waves in the 
area of study. The results are subdivided in two categories, with the 
presence of lenticular clouds and without it. These are then compared 
between the models HARMONIE and WRF. 

The atmospheric variables considered (wind direction, wind speed, 
atmospheric stability, liquid water content and temperature) are not 
equally relevant in every step of the process, thus, a preferential location 
is evaluated for each one. Wind variables (speed and direction) are 
assessed on the windward side at 2800 masl before the wind is forced 
upslope. The prevalent wind direction for both models during lenticular 
clouds is north-west (Fig. 4). Regarding the percentiles (Table 2), the 
differences between both models are negligible, as the largest one cor
responds to the P90 value (359◦ and 003◦ for HARMONIE and WRF, 
respectively). This prevailing wind direction matches with the necessary 

condition (wind direction perpendicular to the orographic barrier) to 
develop lenticular clouds in the leeward side. 

Fig. 5 shows the average wind speed probability density function for 
both models. It can be seen that the wind speed in lenticular clouds 
events is greater than in non-cloud events (more clear in WRF). How
ever, it is also noteworthy that the wind speed is greater for WRF than 
for HARMONIE (Table 2). The percentiles show that the difference in
creases the wind speed strengths. Thus, the P10 difference between WRF 
and HARMONIE is 1 m/s while in the P90 is 2.5 m/s. The percentiles for 
lenticular clouds events (Table 2) indicate that 80% of the hours, the 
wind speed simulated by HARMONIE ranges from 11.7 to 21.7 m/s and 
from 12.7 to 24.2 m/s for WRF. These results are consistent with an 
observed value of wind speed (21.1 m/s) registered during a lenticular 
clouds event reported in the same area and studied by Bolgiani et al. 
(2018). Highlighting that this value fits within 80% of wind speed values 
simulated for both models in the present mountain wave 
characterization. 

The ST is evaluated over the eight selected grid points over the 
Guadarrama mountains to avoid the influence of a possible orographic 
dipole formation in the windward and leeward sides at 2800 masl 
(Fernández-González et al., 2014; Díaz-Fernández et al., 2020). A stable 
layer over the Guadarrama mountains promotes the mountain wave 
formation. However, neutral stability conditions (ST ≈ 0 K/Pa) atten
uate the horizontal wave propagation (Koch and O’Handley, 1997; 
Fernández-González et al., 2014, 2019; Díaz-Fernández et al., 2020). 

The ST probability density functions for lenticular clouds events and 
non-clouds events for HARMONIE and WRF are depicted (Fig. 6). This 
atmospheric variable shows the greatest differences between both 
models. HARMONIE simulates all the ST values around neutral and 
slightly positive stability with probability density values much greater 
than those obtained for WRF. 80% of the WRF ST values correspond to 
instability and weak stability (from − 0.06 to 0.05 K/Pa), being the P50 
value the neutral stability (Table 2). Not many differences between 
lenticular cloud events and non-clouds ones are observed for both NWP 
models. These ST values simulated by WRF agree with previous moun
tain lee waves studies (Fernández-González et al., 2014, 2019; Díaz- 
Fernández et al., 2020), although the HARMONIE percentiles (Table 2) 
are more consistent with the slight positive stability conditions required 
for mountain lee waves generation. 

On the other hand, the difference of roughly two orders of magnitude 
in the percentile values for both models need to be addressed. These 
unexpected results generated further research to find the origin of such 
differences. In order to try to clarify this issue, WRF and HARMONIE 

Table 2 
HARMONIE and WRF lenticular clouds percentile values for the evaluated at
mospheric variables. Values in bold show the thresholds used in the decision 
trees.    

WRF HARMONIE 

Wind Direction (degrees) P10 295 294 
P25 308 310 
P50 326 328 
P75 346 346 
P90 003 359 

Wind Speed (m/s) P10 12.7 11.7 
P25 15.2 13.6 
P50 17.9 16.0 
P75 20.7 18.9 
P90 24.2 21.7 

ST (K/Pa) P10 ¡0.0600 0.0002 
P25 − 0.0200 0.0004 
P50 0.0000 0.0007 
P75 0.0200 0.0011 
P90 0.0500 0.0014 

LWC (g/kg) P10 0.00 0.00 
P25 0.02 0.05 
P50 0.34 0.28 
P75 0.76 0.47 
P90 1.06 0.72 

Temperature (◦C) P10 ¡14.7 ¡13.6 
P25 − 10.8 − 10.6 
P50 − 8.2 − 7.9 
P75 − 4.5 − 5.3 
P90 − 2.0 − 2.4  

Fig. 5. Average wind speed probability density function on the windward side for HARMONIE and WRF models for lenticular clouds and non-clouds events.  
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vertical profiles for pressure, dew point and temperature are compared 
with LEMD soundings (the only sounding available in the study area) for 
the validation period. The results show high R values for both models, 
more than 0.96 for temperature and dew point. These R results agree 
with the mountain lee waves study over Guadarrama mountains by 
Navia-Osorio (2012). For the wind speed R is 0.84 (WRF) and 0.88 
(HARMONIE). In the ST there are more differences, 0.70 for WRF and 
0.73 for HARMONIE. Relative to BIAS, the wind speed is underestimated 
by HARMONIE and the ST is slightly overestimated by WRF. Both 
models show a slightly overestimation in the temperature vertical pro
file. However, between surface and 700 hPa, the temperature vertical 
profiles depict that the WRF’s temperature difference is about 3 K 
greater than HARMONIE’s temperatures. This temperature variation 
would explain the WRF ST differences to at least an order of magnitude 
greater than HARMONIE. The higher RMSE results correspond to dew 
point (between 4.5 and 5.5 ªC) and wind speed (between 3 and 4 m/s). 
Due to the obtained high correlation values and the good remaining skill 
scores results for the sounding simulated by both models in LEMD, it 
could be considered that the vertical profiles for HARMONIE and WRF 
agree with the sounding observations in the windward area of the 

domain. Thus, as an example simulated soundings of a mountain lee 
wave event for WRF and HARMONIE are depicted in Fig. 7 for the 
windward side. It can be noted the similarities between temperature and 
dew point for both models, being in the surface the WRF temperature 
slightly higher than HARMONIE. Relative to wind speed and direction 
both NWP models match. 

Moreover, it was observed the skill of WRF to simulate thermal in
versions in contrast to the HARMONIE model, which would explain why 
the ST range for the WRF model runs from negative values (instability) 
to positive values (stability) and in HARMONIE it ranges between the 
neutrality to stability (positive ST values). These results are in concor
dance with Quitián-Hernández et al. (2021) comparison of 2-m tem
peratures and vertical profiles in WRF and HARMONIE, obtaining 
greater temperatures for the former in the lower vertical levels. 

The maximum LWC and minimum temperature are evaluated in the 
leeward grid points, where the mountain wave may be formed, pro
ducing the associated cloud. As expected, maximum LWC probability 
density function results (Fig. 8) show lower levels for non-clouds events. 
Comparing both models in lenticular clouds events, HARMONIE tends to 
simulate lower LWC values with a marked decrease from 0.4 g/kg. On 

Fig. 6. Average ST probability density functions over the Guadarrama mountains for: (a) HARMONIE (x102) and (b) WRF for lenticular clouds and non-clouds 
events. Note that the shape for ST HARMONIE probability density function (a) is almost equal in lenticular clouds events and non-clouds events. 
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the other hand, WRF curve is smoother, presenting similar densities 
from 0.2 to 1.0 g/kg, thus generating more situations with high LWC 
values. This is also demonstrated in the LWC percentiles (Table 2). 

Tafferner et al. (2003) used numerical simulations to establish 
several categories of aircraft icing. The LWC limit value whereby icing 
conditions do not affect aviation safety is 0.1 g/kg for one hour. A light 
aircraft icing is produced with LWC values between 0.1 and 0.5 g/kg. 
LWC values 0.5 to 1 g/kg generate moderate aircraft icing, while values 
greater than 1 g/kg could produce a severe aircraft icing. Beyond the 
consideration of the LWC for the formation of lenticular clouds, the LWC 
value of 0.1 g/kg, from which produces icing conditions, is reached or 
exceeded by both models 69% of the times. 

Once lenticular clouds are generated, the presence of temperatures 
below 0 ◦C is a necessary requirement to develop supercooled liquid 
water and therefore icing conditions (Rauber and Tokay, 1991; Buck, 
2000). Thus, temperature is also evaluated on the leeward grid points. 
The minimum temperature probability density function for lenticular 
clouds events (Fig. 9) is similar to the non-clouds events for both WRF 
and HARMONIE. However, the WRF temperature range is greater than 
the HARMONIE range, as it can be seen also in the percentile’s values 
(Table 2). In the process of supercooled liquid water drops formation 

(icing conditions), the ice nucleation processes are less efficient than 
condensation for temperatures below − 15 ◦C (Huffman and Norman, 
1988; Wang, 2010; Fernández-González et al., 2014). For that reason, it 
should be noted that 90% of the minimum temperatures are found be
tween 0 and − 15 ◦C in WRF lenticular clouds events and 93% in 
HARMONIE ones. This implies that most of the times that lenticular 
clouds are simulated by any of the models, icing conditions exist, which 
is consistent with the annual period of study. 

4.3. Decision tree and validation 

Following the methodology described in Section 3.3, the HARMONIE 
decision tree is developed to forecast mountain lee waves, lenticular 
clouds and icing warnings according to the percentiles highlighted in 
bold in Table 2. A similar algorithm was developed for the WRF results 
in Díaz-Fernández et al. (2021) using the same methodology. A sche
matic explanation is now sketched out, but an interested reader can find 
the details in Díaz-Fernández et al. (2021): 

The mountain wave formation process influences the hierarchy of 
the atmospheric variables in the decision tree. Thus, the steps to build 
the algorithm are: 

(a) (b)

Fig. 7. Simulated sounding for HARMONIE (a) and WRF (b) in an example mountain lee waves event on the windward side.  

Fig. 8. Maximum LWC probability density function on the leeward side for HARMONIE and WRF models for lenticular clouds and non-clouds events.  
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• First, windward wind direction is evaluated. The P10-P90 interval is 
considered as requirement.  

• Then, windward wind speed is assessed. A threshold is established in 
P10 as requisite to establish a warning. 

• If the two previous conditions are met, ST thresholds over Gua
darrama are evaluated at the third step. Between P10 to P90 values is 
considered as requisite to promote mountain wave formation and 
therefore a mountain wave warning.  
• If a mountain wave warning is issued, the maximum LWC is then 

considered in the leeward side. If LWC > 0 g/kg (P10), lenticular 
clouds warning is also issued.  

• Only if a lenticular clouds warning has been reached, the minimum 
temperature range is considered in the fifth step. If leeward min
imum temperature ranges between P10 and 0 ◦C, an icing warning 
is also produced. 

The result for the HARMONIE decision tree is depicted in Fig. 10. 
Particularly for this model, the first condition required the wind direc
tion to be between 294◦ and 359◦. This interval corresponds to 80% of 
the range observed in the mountain lee waves characterization. Wind 
speed in the windward side must then be equal or higher than 11.7 m/s, 
which corresponds to 90% of the wind speed values in the character
ization. Third, the ST over Guadarrama should be between 0.0002 and 
0.0014 K/Pa (P10 and P90, respectively). If these three conditions are 
not met, a mountain wave warning would not be possible. 

If the mountain wave warning is active, to provide a lenticular clouds 
warning the LWC in the leeward side must be greater than 0.00 g/kg 
(P10). Finally, an icing warning is established if the temperature range 
lies between 0.0 ◦C and − 13.6 ◦C in the leeward side (entailing that the 
mountain wave and lenticular clouds warnings are also active). 

To validate the decision tree warnings six episodes are simulated 
using HARMONIE forecasts at least 24 h before the event. The verifi
cation process follows the same procedure used in Díaz-Fernández et al. 
(2021) to validate the corresponding WRF algorithm. The skill scores 
described in the methodology (Section 3.3) are calculated for the 
HARMONIE decision tree warnings and the results for both models are 
compared in Table 3. As the mountain lee waves without lenticular 
clouds cannot be validated using satellite data, the satellite observations 
of cloud bands are used to validate both mountain lee waves and the 
associated lenticular clouds. The icing verification is done using the RGB 
composition from MSG-SEVIRI to detect ice clouds. 

Attending the mountain lee waves warning for both models 
(Table 3), there are differences in the BIAS score, since WRF 

overestimates but HARMONIE underestimates them. In the remaining 
skill scores, WRF obtains a better POD and similar FAR than HARMO
NIE, while PC are similar for both models. Regarding the warning for 
lenticular clouds, FAR and PC values are essentially the same for both 
NWP. However, POD and BIAS results for WRF are better than those 
obtained by HARMONIE. The skill scores evaluated for icing warning 
globally reveal HARMONIE as the most appropriate forecasting tool, 
performing better than WRF in FAR, POD and PC, with only a slight 
underestimation shown in the BIAS against the perfect score produced 
by the WRF model. However, it should be noted that lenticular clouds 
and icing conditions warning results must be considered only under the 
scope of the previous warning results. As an icing warning will only be 
issued when a lenticular clouds warning is active, and this will only be 
issued when a mountain wave warning is active, the skill score results 
are dependent on those for the previous phase. 

Despite the POD skill scores may seem low (Table 3), it is worth 
noting that according to the World Meteorological Organization (2005), 
a POD value higher than 0.5 should be considered as an event with high 
probability of occurrence and it is recommended to forecast it as an 
assertive event in the meteorological reports. Therefore, all warning for 
both models may be implemented in operational forecasts, as every POD 
result is 0.59 or above. Concerning the BIAS scores for WRF, Carvalho 
et al. (2014) proved that the surface wind speed in wind farms in 
Portugal is usually overestimated by the WRF model. Nevertheless, 
Rasheed et al. (2014) demonstrated that the HARMONIE model under
predicted the wind magnitude over complex terrain in Norwegian wind 
farms. These results are in line with the overestimation (WRF) and un
derestimation (HARMONIE) found in the mountain lee waves warnings 
(Table 3) and in the wind speed characterization (Fig. 5). 

Previous studies demonstrated that the WRF model is able to capture 
mountain lee waves with no presence of lenticular clouds (Fernández- 
González et al., 2014; Bolgiani et al., 2018; Díaz-Fernández et al., 2020). 
This is a key issue because, as mentioned above, the mountain lee waves 
warning is verified only against lenticular clouds observations in the 
current study. This would render at least a part of that overestimation as 
the correct detection of mountain lee waves which could not be observed 
due to the absence of lenticular clouds. In contrast, the underestimation 
shown for the lenticular clouds warning can be partially explained by 
the fact that both NWP models are inclined to underestimate the LWC 
(Naud et al., 2014; Fernández-González et al., 2014; Huang et al., 2015; 
Merino et al., 2019). Connecting the presence of LWC with lenticular 
clouds and icing events, Merino et al. (2019) evaluated the LWC simu
lated by WRF against measurements in the cloud. Their POD (0.56) and 

Fig. 9. Minimum temperature probability density functions on the leeward side for HARMONIE and WRF models for lenticular clouds and non-clouds events.  
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FAR (0.05) results are similar to those here presented. Moreover, Bol
giani et al. (2018) reported an aircraft icing event between 16:00 and 
17:00 UTC on 28 February 2017 south-west of the Guadarrama moun
tains. This episode was validated using the icing warning from the de
cision tree and it was correctly forecasted by the WRF as well as the 

HARMONIE NWP in the current study. 
According to Wang and Lin (2000) and Muccilli (2015), another way 

to study the formation of mountain lee waves is via the Froude number 
(Fr). The Fr threshold is usually fixed in Fr = 1, so that the flux may 
overpass the orographic barrier if Fr ≥ 1, and on the contrary, the flux is 
blocked if Fr <1 (Carruthers and Hunt, 1990; Wang and Lin, 2000). 
Nonehteless, other studies (Smolarkiewicz and Rotunno, 1989; Smith, 
2004; Navia-Osorio, 2012) demonstrated the possibility of mountain lee 
waves formation with Fr values between 0.5 and 1. Here, Fr is calculated 
windward of the mountain rage following the same methodology used 
with the single variables and its 10-percentiles from both WRF and 
HARMONIE are additionally derived. While the HARMONIE Fr value is 
0.2, the Fr-10 percentile is 0.8 for WRF, being within the interval showed 
for the abovementioned authors. Lin and Wang (1996) state that the 
flow can be classified into several different regimes depending on 
several Fr intervals. In regime IV (0.3 ≤ Fr ≤ 0.6), a wave blocking arises 
and then a wave breaking; in regime III (0.6 ≤ Fr < 0.9), a wave 
breaking occurs and then blocking it; in regime II (0.9 < Fr ≤ 1.12), 
wave breaking with no-blocking in the leeward appears and in regime I 
(Fr ≥ 1.12), there is flow without wave breaking and blocking. Here, 
from the WRF (HARMONIE) Fr results, the regime IV arises in the 0% 
(11%), III in the 15% (17%), II in the 23% (24%) and regime I in the 62% 
(34%) of lenticular clouds associated to mountain lee waves events. The 
skill scores have been also evaluated (not shown), but the results ob
tained do not present any substantial improvement from the ones in 
Table 3. 

5. Summary and conclusions 

A comparative BT analysis between WRF and HARMONIE NWP 
models is carried out and validated using MSG-SEVIR images. To 
conduct it, several mountain wave episodes in the vicinity of LEMD 
airport are selected. Moreover, a characterization of mountain wave 
episodes is performed for both NWP models assessing the probability 
density functions for wind direction, wind speed, ST, LWC and tem
perature in 120 grid points over the research area. Finally, a decision 
tree is developed using the atmospheric variables percentiles to provide 
a warning method to forecast mountain lee waves, lenticular clouds and 
icing events. 

The major conclusions of this research can be summarized as follows:  

- The skill scores from the BT analysis reveals that the HARMONIE 
NWP model presents the best performance when simulating the BT 
across the whole domain. Nevertheless, the WRF model simulates 
BTs closer to those observed in the lenticular clouds range (260–275 
K), which could imply a better model configuration for this particular 
phenomenon. Overall, the HARMONIE overestimates (BIAS = 3.69) 
while the WRF underestimates (BIAS = -4.94) these temperatures.  

- Regarding the characterization, both models have a similar behavior 
in the wind direction percentiles. However, the wind speed in WRF is 
higher than in HARMONIE, as seen in other studies (Carvalho et al., 
2014; Rasheed et al., 2014). Related to LWC, The HARMONIE sim
ulates greater amounts of LWC in values lesser than 0.6 g/kg. 
However, for greater LWC values, the WRF density is higher. 
Observing the percentiles, the WRF minimum temperature range is 
greater than the HARMONIE one. This difference may not be trivial, 
as stated in the following conclusion.  

- The ST for both NWP models is very different. While HARMONIE 
simulates all the ST values around neutral stability (0 K/Pa) and 
slightly positive values, the results for WRF are between the insta
bility and stability (− 0.06 to 0.05 K/Pa). These ST differences may be 
due notable temperature disagreements between the models.  

- Simulated soundings by HARMONIE and WRF are in agreement with 
the observed sounding in LEMD (in the leeward side). Obtaining R 
results for temperature, dew point and wind speed higher than 0.85. 

Fig. 10. HARMONIE decision tree for mountain lee waves, lenticular clouds 
and icing risk warning. 
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- Based on the HARMONIE mountain lee waves characterization re
sults, 80% of the events present wind direction between 294◦ to 359◦

and wind speed between 11.7 and 21.7 m/s in the windward side. ST 
covers from 0.0002 to 0.0014 K/Pa over the Guadarrama mountains. 
In the leeward side, the maximum LWC and the minimum temper
ature ranges must be considered from 0.00 to 0.72 g/kg and from 
− 13.6 to − 2.4 ◦C, respectively.  

- Comparing the skill scores from the verification of the mountain lee 
waves, lenticular clouds and icing warning, WRF results are better 
for all skill scores in the mountain lee waves and lenticular clouds 
warnings, whereas HARMONIE performs better the icing warnings. 

The authors think that the verification results for the mountain lee 
waves, lenticular clouds and icing warnings have been satisfactory. The 
implementation of this tool as an operational forecasting in the research 
area could be suitable, improving the forecast of lenticular clouds and 
icing associated to mountain lee waves south of the Guadarrama range, 
having a significant impact in the safety of aircraft operations near 
LEMD airport. Moreover, this research could be extended to other air
ports where mountain lee waves events are frequent. 

In future related research, it would be interesting to implement the 
Thompson microphysics scheme (used in the current WRF set-up) in the 
HARMONIE model to compare the results. In this line, recent in
vestigations (Engdahl et al., 2020a, 2020b) have implemented elements 
from the Thompson cloud microphysical scheme in the HARMONIE 
model, showing a slightly improvement in supercooled liquid water, 
snow and graupel from the default physics options. 
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Appendix A. Dataset  

Table A1. Mountain lee waves events selected to simulate with the WRF and HARMONIE models.    

Mountain lee waves events (yyyymmdd)  

for the validation for the characterization for the warnings validation 

20171110 20010131 20030131 20050215 20080304 20091109 20170228 
20171202 20010201 20030202 20050330 20080323 20091130 20181102 
20171209 20010228 20030227 20051127 20080327 20091203 20190127 
20180102 20010309 20031101 20060101 20081124 20100109 20180119 
20180126 20010330 20031122 20060102 20081205 20100130 20180321 
20180203 20011113 20031229 20060221 20081210 20100131 20200207 
20180312 20011226 20031230 20061121 20081211 20100206  
20181102 20020131 20031231 20061122 20090126 20100209  
20181106 20020207 20040103 20061206 20090127 20100211  
20181126 20021130 20040109 20070218 20090128 20100330  
20181214 20021204 20040229 20070319 20090208 20101101  
20190120 20030106 20041219 20071115 20090306 20101118  
20190127 20030119 20041228 20071210 20091106 20101121   

20030130 20050125 20080204     

References 

Aznar, R., Sotillo, M.G., Martín, M.L., Somot, S., Valero, F., 2010. Comparison of model 
and satellite-derived long-term precipitation databases over the Mediterranean 
basin: a general overview. Atmos. Res. 97, 170–184. https://doi.org/10.1016/j. 
atmosres.2010.03.026. 

Belo-Pereira, M., 2015. Comparison of in-flight aircraft icing algorithms based on 
ECMWF forecasts. Meteorol. Appl. 22, 705–715. https://doi.org/10.1002/met.1505. 

Bengtsson, L., Andrae, U., Aspelien, T., Batrak, Y., Calvo, J., de Rooy, W., Gleeson, E., 
Hansen-Sass, B., Homleid, M., Hortal, M., Ivarsson, K.-I., Lenderink, G., Niemelä, S., 
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