Atmospheric Research 274 (2022) 106183

ELSEVIER

Contents lists available at ScienceDirect
Atmospheric Research

journal homepage: www.elsevier.com/locate/atmosres

Check for

Ability of the WRF-ARW and HARMONIE-AROME models to detect | e
turbulence related to mountain waves over Central Iberia

J. Diaz-Fernandez ® ', P. Bolgiani , M. Sastre”, D. Santos-Mufioz ", F. Valero >, J.I. Farran ¢, M.

L. Martin

& Department of Earth Physics and Astrophysics, Faculty of Physics, Complutense University of Madrid, Madrid, Spain

Y Danmarks Meteorologiske Institut, Copenhaguen, Denmark

¢ Institute of Interdisciplinary Mathematics (IMI), Complutense University of Madrid, Madrid, Spain

4 Department of Applied Mathematics, Faculty of Computer Engineering, University of Valladolid, Segovia, Spain

ARTICLE INFO ABSTRACT

Keywords:
Turbulence

Eddy dissipation rate
WRF-ARW
HARMONIE-AROME
Mountain waves

Aircraft turbulence is one of the most dangerous meteorological phenomena that can affect aviation safety. This
study is focused on the turbulence associated to mountain lee waves in the vicinity of Adolfo Suarez Madrid-
Barajas airport (Spain). Sixty-eight mountain lee waves events are selected to simulate the turbulence with
the Weather Research and Forecasting (WRF-ARW) and the HARMONIE-AROME numerical weather prediction
models. To study and characterize the turbulence associated, the vertical wind speeds are selected as an

important variable and the Eddy Dissipation Rate is estimated. Both models have properly simulated the tur-
bulence and the clear air turbulence, obtaining higher values of turbulence intensity by WRF-ARW than
HARMONIE-AROME in the mountain lee waves events. Finally, these results are used to enhance a mountain
wave warning decision tree, including the turbulence warning which is validated through several turbulence

reports.

1. Introduction

One of the most dangerous meteorological phenomena concerning
aviation safety is the turbulence (NTSB, 2014; Gultepe et al., 2019;
EASA, 2019). However, atmospheric turbulence must not be confused
with the concept in aviation. FAA (2016) defined the turbulence as an
irregular movement of an aircraft in flight caused by changes in the lift-
up force created by an aircraft aerofoil. This lift-up force depends on the
state of the atmosphere. Therefore, the turbulence is especially heavy
when rapid changes in strong vertical winds (updrafts and downdrafts)
are present in the atmosphere. This turbulence can be convective or
mechanical (wind shear and orography). Here, a type of mechanical
turbulence, the one associated with mountain lee waves, will be studied.

Mountain lee waves have been the subject of many investigations by
the scientific community. The first studies on mountain lee waves, at
high and low levels of the atmosphere, and their connection with tur-
bulence were carried out by Kuettner (1939). Later, Lilly and Kennedy
(1973), Clark and Peltier (1977) and Smith (1985) studied the process of
mountain wave generation in major mountain ranges. Lane et al. (2009)
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demonstrated that 40% of the turbulence over Greenland was originated
by mountain waves. Likewise, Kim and Chun (2011) evaluated the
turbulence intensity, and they obtained that mountain lee waves trig-
gered 20% of moderate to strong turbulence in South Korea.

Mountain lee waves are formed when a strong wind flow perpen-
dicular to an orographic barrier climb up the mountain, promoting the
air to ascend within a slightly stable layer. The waves can propagate
vertically and/or horizontally (Broutman et al., 2001). These waves
produce updrafts and downdrafts downwind and can generate associ-
ated lenticular clouds, which are formed in the updrafts and present as
alternating bands of clouds. These lenticular clouds appear in the
leeward of the orographic barrier when enough humidity exists (Geresdi
and Rasmussen, 2005; Diaz-Fernandez et al., 2021). These clouds can be
indicative of the turbulence associated with mountain, but clear air
turbulence (CAT) episodes can happen in cloud free regions (Sharman
et al., 2012; Evans, 2014).

Diverse turbulence studies have used the vertical wind speed
(Fernandez-Gonzaélez et al., 2014; Bolgiani et al., 2018; Diaz-Fernandez
et al., 2020) and the Eddy Dissipation Rate (EDR) (Sarpkaya et al., 2001;
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Chan, 2010; Huang et al., 2019) as measurement for evaluating the
turbulence. According to MacCready (1964), the EDR determine the
quantity of energy lost by the viscous forces in a turbulent flow. The
International Civil Aviation Organization (ICAO, 2001) provides tur-
bulence categories (smooth to extreme) based on the EDR values for
most aircraft. Moreover, direct estimates of EDR are available from some
airlines (Sharman et al., 2014) and as an operational forecasting product
called GTG (Graphical Turbulence Guidance) developed by the Aviation
Weather Center (Sharman and Pearson, 2017). Here, turbulence asso-
ciated with mountain lee waves is simulated using two numerical
weather prediction models. The Weather Research and Forecasting
Advanced Research (WRF-ARW, hereafter WRF; Skamarock and Klemp,
2008) and the HARMONIE-AROME (hereafter HARMONIE; Bengtsson
et al., 2017). Moreover, a warning method to detect such turbulence is
provided and evaluated.

2. Experimental design
2.1. Study area and datasets

The turbulence analysis related to mountain lee waves concerns the
vicinity of Adolfo Sudrez Madrid-Barajas airport (hereafter LEMD, as per
the airport’s International Civil Aviation Organization code). The
airport elevation is 610 m above sea level (masl) and is located about 40
km south-east of the Guadarrama mountains. Moreover, the research
area also covers three smaller airports: Cuatro Vientos (LECU), Getafe
(LEGT) and Torrejon de Ardoz (LETO), all of them south-east of the
Guadarrama mountain range. This range is placed in the centre of the
Iberian Peninsula, with a length of 80 km and northeastern-
southwestern orientation, The highest peak is Penalara, 2428 masl.
The mountain lee waves formation occur when the prevalent wind di-
rection is north-northwest.

Following the methodology of Diaz-Fernandez et al. (2021, 2022),
88 grid points are selected for turbulence detection in the leeward of the
Guadarrama mountains. These follow the prevalent wind direction for
these events and ensure at least one lee wave to be captured. The dataset
used in the current paper corresponds to the one developed by Diaz-
Fernandez et al. (2021). Thus, 68 mountain lee waves events are
simulated. These events belong to the winter season (November to
March, when the mountain lee waves are more frequent in this study
area) within the 2001-2010 period.

2.2. Numerical weather prediction models

The selected mountain lee waves events have been simulated using
two high resolution numerical weather prediction models: HARMONIE
and WRF using the same physics configurations, domains and model
options as the study by Diaz-Fernandez et al. (2022). According to
Zovko-Rajak and Lane (2014), Trier and Sharman (2016), Sharman and
Pearson (2017) and Diaz-Fernandez et al. (2020), high-resolution sim-
ulations (below 3 km) are required to obtain acceptable forecasts of
turbulence related to mountain lee waves due to the complexities of the
physical processes involved.

The simulations performed with cycle 40 h1.1.1 of HARMONIE have
a spatial resolution of 1 km and hourly temporal output. Each simulation
is run in periods of 24 h, considering the first 6 h as spin-up. The
HARMONIE configuration is a single domain with 65 hybrid sigma
vertical levels and the physical parametrization used here is the default
option defined by Bengtsson et al. (2017). Initial and boundary condi-
tions are taken from the ERA5 reanalysis from European Centre for
Medium-Range Weather Forecasts (ECMWF) global model with a tem-
poral resolution of 1 h and 31 km for horizontal spatial resolution
(Hersbach et al., 2020).

The simulations run with version 4.0.3 of WRF have a spatial reso-
lution of 1 km, hourly temporal output, covering a period of 24 h with 6
h as spin-up time. The WRF configuration includes a two-ways strategy
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for four nested domains (27, 9, 3 and 1 km resolution), with 60 sigma
levels. The microphysics parametrization used here is Thompson
(Thompson et al., 2008) and the planetary boundary layer (PBL) is
Yonsei University (Hong et al., 2006), as per Diaz-Fernandez et al.
(2020). Initial and boundary conditions for WRF are extracted from the
National Centers for Environmental Prediction (NCEP) Climate Forecast
System Reanalysis (CFSR), with a temporal resolution of 6 h and 0.5° for
horizontal spatial resolution (Saha et al., 2010).

Different domain configurations were used for both models. As it is a
spectral model and following its operational configuration a single
domain was defined in HARMONIE. However, several domains with a
grid nesting ratio of 3 were defined for WRF (finite-differences model).
Moreover, different initial conditions have been used to select the op-
timum dataset for each model, as HARMONIE cannot run with the NCEP
conditions and it has been proved that WRF performs worse when
initiated with the ERA5 dataset (Bolgiani et al., 2020; Zhang et al.,
2020). Although both models have different characteristics and config-
urations which can affect the results, they are run in the most similar
way possible. It must be taken into account that the first-order YSU
closure scheme used for WRF simulations directly expresses the eddy
diffusivity (Troen and Mahrt, 1986). HARMONIE uses the RACMO
Turbulence scheme, which has a first-order approximation too and
avoids unnecessary vertical interpolations in the calculation of the tur-
bulent fluxes (Bengtsson et al., 2017). This is relevant as we are dealing
with microscale grid resolutions and variables’ scales in terra incognita
(Wyngaard, 2004). Mesoscale atmospheric models can compute the
Turbulent Kinetic Energy (TKE) down to the grid resolution and then use
parametrizations for subgrid computations. However, it’s not clear that
the energy dissipation behaviour is adequate for microscale. Rai et al.
(2017) concludes that the threshold for the terra incognita in WRF is
about 1.4 km, with very large variations in wind speed for resolutions
below 0.8 km. Nonetheless, the turbulence we are aiming for in the
present study is derived from mountain lee waves with wavelengths
above 10 km, as per Diaz-Fernandez et al. (2021, 2022) methodology.
This requires steady and constant wind; thus, this issue should be a
minor problem in the characterization performed.

3. Methodology

As specified above, 68 mountain lee waves episodes are selected
using MSG-SEVIRI images between 2001 and 2010 from 08:00 to 17:00
UTC. The conditions required to consider a mountain lee wave event are
those described by Diaz-Fernandez et al. (2021): presence of at least
three lenticular clouds bands southeast of the Guadarrama mountains,
clouds brightness temperature between 260 and 275 K and wavelengths
and transversal length greater than 15 km. The simulated EDRs are
evaluated for characterization in 88 grid points leeward of the Gua-
darrama mountains. These calculations are performed at 2800 masl,
following the mean altitude at which Bolgiani et al. (2018) and Diaz-
Fernandez et al. (2020) detected the highest liquid water content (LWC)
values.

The Aviation Weather Center from NOAA (National Oceanic and
Atmospheric Administration) issues operational forecasts of turbulence
in the USA using the forecasting product GTG. This product establishes
different degrees of turbulence based on the EDR calculation, which is
used in this study. According to Sharman et al. (2014) the EDR (m?3/s)
can be defined as

EDR = £'*100 @
where & (m?/s%) is the eddy dissipation. Frech (2004) defined the eddy
dissipation as

 TKE(z) %

2
Cip

(2)

where z is the altitude, TKE is the turbulent kinetic energy, U (u, v, w) is
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the wind speed and Ckp is the Kolmogorov-Prandtl constant (Kramar and
Kouznetsov, 2002) given as

TKE
G- (T2
uw

3

being u’ and w’ the perturbations of the zonal and vertical wind com-
ponents. According to Frech (2004), Cxp =~ 2 under neutral stability
conditions.

Diaz-Fernandez et al. (2021, 2022) proposed a methodology in
which the percentiles for several atmospheric variables were obtained
from the WRF and HARMONIE simulations and used to develop decision
trees to warn about the presence of three different phenomena: moun-
tain lee waves (considering wind direction and speed on the windward
of the mountain range, and atmospheric stability over Guadarrama
mountains), lenticular clouds (considering LWC) and icing (considering
temperature) in the leeward of the mountains. From the Diaz-Fernandez
et al. (2021, 2022) methodology, in the current study a new decision
tree is developed, including turbulence information from EDR values.
Diaz-Fernandez et al. (2021, 2022) considered different percentiles to
characterize the mountain lee waves episodes, choosing the most
consistent ones, in terms of meteorology, to reduce the impact of the
arbitrary election. Finally, the 10th and 90th percentiles were selected
as thresholds, because according to the mountain lee waves climatology
and observations, these values were the most suitable ones. In the cur-
rent study, fixed percentiles are again used since they turn out to be
more suitable and easily transferable to other regions (Shevchenko et al.,
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2013). We keep working with the P10 and P90 to divide the decision tree
prior to the turbulence/EDR warning, i.e., those values are chosen in
wind direction and speed and static stability thresholds. Following Diaz-
Fernandez et al. (2022) methodology, several EDR percentiles are also
calculated and studied (not shown), choosing the EDR 10th percentile
(P10) as the most suitable one. Thus, P10 is an appropriate threshold for
the last step of turbulence warning.

4. Results and discussion

This section is structured as follows: first, a case study is presented
where vertical wind speed and the EDR simulated by WRF and HAR-
MONIE can be observed in the study area. Then, the EDR probability
density function and the related percentiles for the total events are
shown. All the results presented in this section are calculated and rep-
resented for the 1 km resolution domain for both models.

4.1. Case study

To show the ability of both models to reproduce the turbulence
associated with mountain lee waves events, a case study is presented.
This will give the reader a clear idea of how the models represent the
phenomenon, which will ease further analysis. The mountain lee wave
case selected, corresponding to 06 November 2009 at 13:00 UTC, was
produced by northwestern winds over the Guadarrama mountains,
promoted by a positive North Atlantic Oscillation, which was due to a

WRF

o

Height (km)
£

41°N

3°40'W

3°20'W

Fig. 1. Vertical wind speed (m/s) on 06 November 2009 at 13:00 UTC. (a) HARMONIE Cross section. (b) WRF Cross section. (c) HARMONIE at 2800 masl. (d) WRF
at 2800 masl. Aircraft symbols correspond to LEMD location and the black line indicates the cross section used.



J. Diaz-Fernandez et al.

strong Icelandic Low and a strong Azores High.

A vertical wind speed cross section (Fig. 1a, b) and horizontal plot at
2800 masl (Fig. 1c, d) are displayed for both models over the study area.
Several alternating downdrafts/updrafts bands can be observed leeward
of the Guadarrama mountains range, reaching vertical wind speeds
above +2 m/s and an altitude of 7 km approximately. HARMONIE and
WREF results for vertical wind speed are very similar. Only a few dif-
ferences can be observed at the east of the LEMD airport where HAR-
MONIE shows a blank area with no wave propagation while WRF
displays a disrupted but still propagating wave (Fig. 1c, d). In the cross
section, it can be seen that WRF simulated lee waves reach farther south
than those simulated by HARMONIE. Alternating downdrafts and up-
drafts up to a height of 7 km were also observed in other mountain lee
waves related studies (Bolgiani et al., 2018; Fernandez-Gonzalez et al.,
2019; Diaz-Fernandez et al., 2020). Moreover, according to Bolgiani
et al. (2018) and Ikeda et al. (2007) these vertical wind speed values (>
+ 2 m/s) can lead to moderate to strong turbulence for aircraft flying in
the area.

TKE and EDR results for the case study analysed are depicted in Fig. 2
and Fig. 3 respectively. As the EDR depends on TKE (see Eq. (2); Frech,
2004), the results can be compared. TKE results (Fig. 2) show the highest
TKE values in leeward for both HARMONIE and WRF models. However,
TKE values are noteworthy higher for WRF than for HARMONIE. The
cross sections (Fig. 2a and b) of both models show values higher than 5
m?2/s® leeward with HARMONIE TKE constraint to the lowest 3 km,
while WRF TKE shows considerable values up to 8 km. The HARMONIE
TKE values could be considered unrealistic since there are values close to
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0 m2/s? above the PBL, which is highly improbable in episodes of
mountain lee waves (Vecenaj et al., 2011; Parker and Lane, 2013).

As expected per the previous results, the maximum EDR simulated by
HARMONIE (Fig. 3a) and WRF (Fig. 3b) are located leeward of the
Guadarrama mountains. However, the highest values produced by
HARMONIE range from 30 to 35 m?3/s while the ones by WRF reach up
to 45 m%3/s. According to Sharman et al. (2006), the turbulence ex-
pected as per the standard turbulence categories would be moderate for
HARMONIE and severe for WRF in a light aircraft case (< 7000 kg). For
medium aircraft (between 7000 and 136,000 kg), the turbulence would
be moderate for both models. The location of the maximum values is
very similar for both models, although at different altitudes. While for
HARMONIE the maximum is located leeward of the second peak at 2 km
of altitude, the WRF simulated this maximum just behind the second
peak at an altitude of 1 km as it can be seen in Fig. 2a, b. On the other
hand, HARMONIE produces no EDR values higher than 5 m%3/s above
3 km of altitude, while the WRF EDR values reach up to 25 m?*/3/s in the
mentioned layer.

The horizontal distribution of EDRs for the two models shows
notable differences. The mountain lee waves can be clearly identified in
the HARMONIE at 2800 masl (Fig. 3c), while in the WRF this is not
possible (Fig. 3d). HARMONIE produces a clear and distinct pattern,
limiting the presence of turbulence to those areas directly affected by
orography or the mountain wave. On the other hand, WRF generates
turbulence all across the domain, with no organized pattern and higher
values than those produced by HARMONIE. This follows the line of the
aforementioned vertical results, by which WRF tends to generate more
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Fig. 2. TKE (m?/s%) on 06 November 2009 at 13:00 UTC. (a) HARMONIE Cross section. (b) WRF Cross section. (¢) HARMONIE at 2800 masl. (d) WRF at 2800 masl.
Aircraft symbols correspond to LEMD location and the black line indicates the cross section used.



J. Diaz-Fernandez et al.

HARMONIE

8 8
6 6
5 £
5 )
24 F4

20 60

Distance (km)

80 100 120 20

41°N 41°N
40°45'N 40°45'N
40°30'N — 40°30'N
40°15'N 40°15'N

T
3°40'W

(d)

4°20'W a°w 3°20'W 4°20'W

Atmospheric Research 274 (2022) 106183

40 120

4°wW 3°40'W 3°20'W

_:_ m2"3/s

0 5 10 15 20 25 30 35 40 45 50

Fig. 3. EDR (m?3/s) on 06 November 2009 at 13:00 UTC. (a) HARMONIE Cross section. (b) WRF Cross section.
Aircraft symbols correspond to LEMD location and the black line indicates the cross section used.

turbulent flows in the domain.

(c) HARMONIE at 2800 masl. (d) WRF at 2800 masl.

Comparing Figs. 2 (TKE) and 3 (EDR) it can be observed that areas
with higher TKE values for WRF match to higher EDR values simulated

by this model. On the contrary, zones with small TKE values for HAR-
MONIE do not show agreement in the EDR pattern. Therefore, the EDR
major differences from both models cannot be singly explained by the

8 - —— lenticular clouds events (HARMONIE)
e non-clouds events (HARMONIE)
— lenticular clouds events (WRF)
e | e non-clouds events (WRF)
o
3
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Fig. 4. Probability density functions of maximum EDR (m>3/s) on the leeward for HARMONIE and WRF models for lenticular clouds and non-clouds events.
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TKE. Taking the Eq. (2) into account, the differences between the EDR
simulations could be associated to the wind shear. In fact, wind speeds in
vertical profiles (%, wind shear) are calculated for the selected moun-
tain lee waves events (not shown), obtaining an overestimation for the
lower atmospheric levels (up to 3 km) around 5 m/s in the WRF wind
speed values in comparison with the HARMONIE ones. Moreover, this
WRF overestimation agrees with the results by Diaz-Fernandez et al.
(2022) on mountain lee waves over the Guadarrama mountains.
Therefore, it seems that the wind shear plays an important role in the

turbulence diagnosis.

4.2. EDR characterization

Fig. 4 depicts the probability density functions of the simulated EDR
maxima in each time step for the 88 selected grid points. Notable dif-
ferences can be seen between the models, also between cloud events
(inferred presence of strong mountain lee waves) and non-cloud events.
For both models, the turbulence intensity can reach higher values when
there is presence of lenticular clouds. This can clearly be seen at an EDR
equal to 30 m?3/s for HARMONIE, and equal to 40 m?3/s for WRF,
where the non-cloud events show almost no density for turbulence while
the cloud-events still present a probability for it. Nevertheless, more
events of light turbulence are obtained without the presence of clouds.
Considering the vertical currents in each mountain lee wave event (as in
Fig. 1c, d), the updrafts/downdrafts appear a few hours before that
lenticular clouds bands and disappear few hours later. However, the
vertical wind speed values are greater when lenticular clouds appear,
which explains this difference in the probability density function.

It is also noteworthy that the EDR modal value is greater for WRF
than HARMONIE, clearly seen in the lateral shift to higher EDR values
generated by the WRF curves, which concurs with the results presented
in the case study. The EDR percentiles results also show notable differ-
ences. The P10 for WRF (HARMONIE) is 14 (6) m*?/s, P25 is 17 (10)
m?>/s P50 is 23 (18) m*?/s, P75 is 33 (29) m**/s and P90 is 40 (37)
m?/3/s. This is in line with the larger differences between the model’s
curves at low EDR values. Following the turbulence categories defined
by Sharman et al. (2006) for medium aircraft, light turbulence can be
considered with EDR between 15 and 20 m%3/s, moderate between 20
and 44 m*3/ s, severe 44 to 79 m?/3/s and extreme with EDR >79 m?/3/
s. It is remarkable that the EDR-P10 value for the WRF characterization
matches with the light turbulence threshold defined by these authors.

As per the results presented here, the turbulence category is light in
22% of mountain lee waves events with lenticular clouds associated,
moderate in 59% and severe in 5% for WRF results. For HARMONIE,
11% corresponds to light, 43% to moderate and 2% to severe turbulence.
In none of the events the extreme turbulence reached. Therefore, it can
be concluded that the 86% of mountain lee waves events simulated by
WREF generate turbulence associated. This percentage decreases to 55%
in the case of HARMONIE model. This HARMONIE percentage is closer
to the Kim and Chun (2011) values, who demonstrated that mountain
lee waves caused 20% of moderate to strong turbulence in South Korea.

Once the EDR percentiles from WRF and HARMONIE are obtained,
the decision trees developed by Diaz-Fernandez et al. (2021, 2022) are
recalculated, considering P10 as thresholds (EDR-P10 = 14 m?3/s for
WRF and EDR-P10 = 6 m%/3/s for HARMONIE) in a new warning branch
after the static stability. This means that, if the stability values are met,
the EDR is considered and when the thresholds are reached, a turbulence
warning would be issued (Fig. 5).

The EDR warning developed is validated using a dataset with
recorded turbulence episodes from 2000 to 2021. The turbulence data
base consists of 10 events, with 7 events associated to turbulence reports
related to mountain lee wave events in the study area, and the remainder
are random days. The turbulence reports are extracted for the pilot re-
ports (PIREPs, https://mesonet.agron.iastate.edu/request/gis/pireps.
php), the Spanish commission for the investigation of civil aviation
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Fig. 5. Decision tree created for HARMONIE (HARM in the rectangles) and
WREF highlighting the 10th and 90th percentiles used as thresholds.

accidents and incidents reports (CIAIAC, https://www.mitma.gob.es/o
rganos-colegiados/ciaiac/investigacion) and a turbulent and icing
report occurred on 28 February 2017 and studied by Bolgiani et al.
(2018). As in Diaz-Fernandez et al. (2021, 2022) studies, the EDR
warning is validated using a contingency table for dichotomous verifi-
cation of WRF and HARMONIE forecast (24 to 30 h before the event).
Subsequently, the False Alarm Ratio (FAR), Probability of Detection
(POD), frequency BIAS and Percent Correct (PC) skill scores are calcu-
lated to assess the EDR warning ability.

The skill scores results show notable differences between both
models, except for the FAR (equal 0 in both models). POD and BIAS for
WRF (HARMONIE) are 0.83 (0.58) and PC is 0.80 (0.65). Therefore, the
EDR warning for WRF obtains better results than for the HARMONIE. If
the results of the EDR warning are compared to those of the three
warnings developed by Diaz-Fernandez et al. (2022) related to mountain
wave and icing events, it can be noted that WRF simulates more accu-
rately mountain lee waves and EDR. On the other hand, HARMONIE
obtained better skill scores for the icing warning associated with
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mountain lee waves. Therefore, it could be concluded that WRF per-
forms better simulations related to mechanical variables (wind and TKE)
while HARMONIE seems to capture the thermodynamics variables bet-
ter (temperature).

Finally, comparing the WRF and HARMONIE behaviour in turbu-
lence warnings associated with mountain lee waves with the case study
presented before, it is observed that both models simulate the variables
involved in turbulence (TKE and EDR) in a different way. This is also
consistent with the skill score results. Besides, vertical wind speed does
not seem to be a good indicator to study the turbulence associated with
mountain lee waves, since the results are very similar for both models.
However, when the EDR is considered, important differences are dis-
played. Therefore, the turbulence study seems more accurate if the EDR
is considered and the EDR-P10 value is selected as threshold in the de-
cision tree, being consistent with the case study.

5. Conclusions

A characterization of turbulence associated to mountain lee waves in
the Guadarrama mountain range, near to LEMD airport, was carried out
using WRF and HARMONIE models. The vertical wind speed and the
EDR have been successfully evaluated to know the turbulence intensity
associated to these events. Also, the results show the ability of the
models to detect CAT when lenticular clouds are not present. Moreover,
based on probability density functions of the maximum EDR, the highest
values of EDR were obtained when lenticular cloud bands associated to
mountain lee waves are diagnosed in the leeward of the mountain range.

The EDR characterization shows higher turbulence values for WRF
compared to HARMONIE. Turbulence was simulated in the 86% of the
mountain lee waves events with the WRF model and in the 55% from
HARMONIE. This may be related to a wind speed difference between the
models, about 5 m/s less for HARMONIE.

Concerning TKE and EDR results, the importance of both parameters
has been evaluated. While TKE is not a single determining factor to
evaluate the turbulence associated with mountain lee waves, the wind
shear reveals as an important role in the turbulent events, rendering EDR
a better forecasting variable.

Considering the EDR-P10 as threshold, a new branch in the decision
tree, previously developed in Diaz-Fernandez et al. (2021, 2022), was
added to establish a warning. The turbulence warning associated with
mountain lee waves events has been validated against turbulence re-
ports of pilot reports and accidents and incidents reports, showing that
EDR skill scores for the WRF model seem to be better than those ob-
tained with HARMONIE.

As the Aviation Weather Center is currently doing in the USA, the
EDR could be implemented as an operational tool to forecast the tur-
bulence over the Iberian Peninsula. Moreover, it should also be added in
the decision trees used to develop the warnings due to the better results
obtained.
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