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Abstract: Mountain lee waves present significant hazards to aviation, often inducing turbulence and
aircraft icing. The current study focuses on understanding the potential impact of global climate
change on the precursor environments to mountain lee wave cloud episodes over central Iberia. We
examine the suitability of several Global Climate Models (GCMs) from CMIP6 in predicting these
environments using the ERA5 reanalysis as a benchmark for performance. The dataset is divided
into two periods: historical data (2001-2014) and projections for the SSP5-8.5 future climate scenario
(2015-2100). The variations and trends in precursor environments between historical data and future
climate scenarios are exposed, with a particular focus on the expansion of the Azores High towards
the Iberian Peninsula, resulting in increased zonal winds throughout the Iberian Peninsula in the
future. However, the increase in zonal wind is insufficient to modify the wind pattern, so future
mountain lee wave cloud events will not vary significantly. The relative humidity trends reveal no
significant changes. Moreover, the risk of icing precursor environments connected with mountain lee
wave clouds is expected to decrease in the future, due to rising temperatures. Our results highlight
that the EC-EARTH3 GCM reveals the closest alignment with ERA5 data, and statistically significant
differences between the historical and future climate scenario periods are presented, making EC-
EARTH3 a robust candidate for conducting future studies on the precursor environments to mountain
lee wave cloud events.

Keywords: mountain lee waves; CMIP6; Global Climate Models; SSP5-8.5

1. Introduction

Mountain lee waves have a significant impact on aviation safety, as the turbulence
and icing conditions associated can be dangerous for departure and arrival operations near
airports [1-3]. Mountain lee waves produce wind shear and turbulence, both of which
can be dangerous to aircraft [4]. Furthermore, mountain waves can cause aircraft icing in
addition to turbulence. Condensation is promoted in updrafts by collision and coalescence
processes [5], which increase the liquid water content, occasionally producing wave clouds
linked to the phases of the mountain lee waves [6]. When these wave clouds occur in areas
with temperatures below 0 °C, supercooled liquid droplets can collide with the aircraft’s
surface, causing ice to accumulate on the surface of an aircraft, presenting significant safety
concerns for pilots and operators that require careful attention and preparation to ensure
the safe and effective operation of aircraft in these weather conditions [1]. Turbulence and
icing events can contribute to aircraft loss of control, which is one of the leading causes of
aviation accidents. [7,8].

Atmosphere 2024, 15, 128. https:/ /doi.org/10.3390/atmos15010128

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos15010128
https://doi.org/10.3390/atmos15010128
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-5892-3161
https://orcid.org/0000-0003-2457-9793
https://orcid.org/0000-0002-5757-3956
https://doi.org/10.3390/atmos15010128
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos15010128?type=check_update&version=1

Atmosphere 2024, 15, 128

2 of 15

Mountain lee wave clouds are formed when an air mass is dynamically forced to rise up
the windward slopes of a mountain, meeting static stable conditions leeward and resulting
in the formation of waves through the restoring forces of gravity and buoyancy [9,10]. The
characteristics of these waves depend on several factors, such as atmospheric stability, wind
speed, and the height of the mountain range [11-13]. Mountain lee wave clouds can extend
for hundreds of kilometers downstream from the mountain range [14]. Larger and higher
mountain ranges tend to produce stronger and more persistent lee wave clouds. Under
favorable conditions, these waves are typically visible as alternating cloud bands due to
the decreasing temperatures and increasing liquid water content in the updrafts [2,15].

According to Bolgiani et al. [2] and Diaz-Fernandez et al. [13], the synoptic conditions
that precede the development of mountain lee wave clouds in the center of the Iberian
Peninsula are characterized by a convergence of the Azores Anticyclone and a cyclone or
relatively low over central Europe. This pattern favors northerly and north-westerly flows
at 500 hPa, which are typically accompanied by cold air advection (maritime or continental)
across the area.

In this study, future changes in the precursor environments to mountain lee wave
cloud events and icing precursor environments connected with them are analyzed under
a climate change context over the Guadarrama mountain range (an area near the Adolfo
Suarez Madrid Barajas airport in central Iberia) in order to benchmark different Global
Climate Models (GCMs) against ERA5 and determine if the GCMs selected may be used as
initial conditions. Therefore, it should be noted that it is not the goal of this work to identify
mountain lee wave cloud or icing events through GCMs, since this would be impossible
owing to the restricted horizontal resolution of current GCMs. Diaz-Fernandez et al. [13,16]
established a methodology for analyzing and simulating several mountain lee wave cloud
episodes. From their studies, three basic variables, i.e., wind speed and direction and
humidity were determined for mountain lee wave cloud formation in central Iberia. More-
over, the temperature was also analyzed to study icing precursor environments connected
with mountain lee wave clouds. Here, from several GCMs of the Coupled Model Inter-
comparison Project Phase 6 (CMIP6), these variables are evaluated to identify differences
and/or trends between current and future precursor environments to mountain lee wave
cloud events.

The World Climate Research Programme manages the Coupled Model Intercompari-
son Project Phase 6 (CMIP6) models, which comprise the most recent state-of-the-art global
future climate scenarios [17,18]. Several aspects of CMIP’s sixth phase have been enhanced
over prior CMIP phases; for example, computation efficiency has been increased in the
present phase to minimize coding errors in the parameterization of clouds, convection, and
turbulence. In addition, spatial resolution, physical parameterization, and biogeochemical
cycle modeling have been improved [18]. CMIP6 GCMs have been used in several types
of future climate projection studies, including ice extent, heat fluxes, and temperatures
over the Arctic [19], temperature and precipitation changes over Africa [20], global surface
temperature changes [21], and wind energy resource studies over Europe [22]. Nonetheless,
to the author’s knowledge, this is the first research where the precursor environments to
mountain lee wave clouds are studied using future climate projections from GCMs.

The structure of this work is as follows. Section 2 provides a description of the database
and methods. Section 3 discusses the most relevant results about synoptic patterns, distri-
butions, and trends for the main atmospheric variables related to precursor environments
to mountain lee wave clouds. Finally, Section 4 summarizes the main conclusions.

2. Datasets and Methodology

The precursor environments to mountain lee wave clouds under CMIP6 projections
are here studied in the vicinity of the Guadarrama mountains (Figure 1). This mountain
range is in the middle of the Iberian Peninsula. It is 80 km long and extends northeast to
southwest. Its highest peak, Pefalara, is located on the southern face and has a height of
2428 m. This area is distinguished by the presence of Adolfo Suarez Madrid-Barajas Airport,
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Spain’s main and busiest airport and the sixth in Europe. The orographic barrier has an
important influence on the climatology and meteorology of the airport’s surroundings
since the predominant wind direction is from the northwest and mountain lee wave clouds
develop on the leeward side.
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Figure 1. Orography of the Iberian Peninsula (m). White star indicates the Adolfo Suarez Madrid-

Barajas Airport.

The methodology for the present study is based on Diaz-Fernandez et al. [13,16], who
used a dataset of 68 observed mountain lee wave cloud events in wintertime (November to
March) to produce a characterization of the associated conditions near the Guadarrama
mountain range between 2001 and 2014. Because icing precursor environments were
also studied, the winter months were chosen as the melting level is lower, increasing the
possibility of icing connected with mountain lee wave clouds [13]. The former results are
based on HARMONIE-AROME [23] and WRF-ARW [24] high-resolution simulations fed
with the ERAS5 data as initial and boundary conditions. The ERA5 reanalysis employs
a horizontal grid resolution of 0.25°, a temporal resolution of 6 h, and 137 hybrid levels
for the vertical resolution, covering the period from 1950 up to the present [25]. Based
on the results of Diaz-Fernandez et al. [13,16], and taking the reanalysis resolution and
setup into account, the ERA5 can be considered an appropriate benchmark to which other
GCMs can be compared when the precursor environments to mountain lee wave clouds are
simulated. In the current study, atmospheric variables from ERA5 are used to characterize
the precursor environments that produced the 68 mountain lee wave cloud events observed
by Diaz-Fernandez et al. [13], establishing the main mesoscale features of mountain lee
wave cloud episodes in the study area. It is worth noting that, although we will use the term
“wave cloud precursor environments” throughout this publication, this refers primarily to
the precursor environments that precede and favor the development of mountain lee wave
cloud events.

According to the 68 mountain lee wave cloud events observed by Diaz-Fernandez et al. [13,16],
a mesoscale atmospheric configuration will be a precursor to mountain lee wave cloud
events in the whole domain of study if the following conditions are met by the ERA5
dataset (based on frequency percentiles):

e  Wind direction between 256° (95th percentile, p95) and 016° (5th percentile, p5).
e  Wind speed greater than 5.6 m/s (p5).
e  Relative humidity higher than 5% (p5).
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These criteria are based on the decision tree created by Diaz-Fernandez et al. [13],
which was developed for high-resolution simulations of lee wave clouds. Please note that
the conditions here produced are those shown by ERA5 and are adapted for the domain of
study of this work. Thus, following the sequence derived from the development of moun-
tain lee wave clouds, wind direction is required to be perpendicular to the Guadarrama
mountains (between 256° —-016°). The wind speed must then be enough to ascend over
the mountains (more than 5.6 m/s), and the relative humidity must be greater than 5%
averaging the whole domain. It is worth noting that a stable atmosphere over the mountain
is required for the development of mountain lee waves [9,13]. However, because of the
low spatial resolution of the CMIP6 GCMS over the Guadarrama mountains, atmospheric
stability is not taken into consideration in the current paper.

The percentiles, based on the ERAS5 characterization, are chosen as thresholds to
include 90% of the variables involving observed mountain lee wave cloud events as
per Diaz-Fernandez et al. [13,16]. Note that ERA5 is unable to reproduce real atmo-
spheric variables required in mountain lee wave cloud generation (i.e., low relative hu-
midity or wind speed thresholds) due to its low resolution. For the entire spatial domain
(018° W/001° E x35° N/52° N), these conditions shall be met at 700 hPa since this altitude
presents the highest values of liquid water content identified in mountain lee wave clouds
research in the same location by Bolgiani et al. [2] and Diaz-Ferndndez et al. [26]. The tem-
poral domain is also derived from the previously mentioned results, i.e., from November
to March. All these conditions are applied to the ERA5 dataset to be used as a benchmark.

For the first time (to the author’s knowledge), the events with identified wave cloud
precursor environments are then compared to historical data from 2001 to 2014 (hereafter,
HIST), and an SSP5-8.5 future climate scenario (hereafter, S5-8.5), from 2015 to 2100, using
CMIP6 GCMs data. The SSP5-8.5 CMIP6 future climate projection is based on a scenario
where CO2 emissions will increase quickly until 2080, then gradually decrease until the
end of the century, with a radiative forcing peaking at 8.5 W/m? by 2100, resulting in a
global mean air temperature increase around 5 °C compared to the pre-industrial era and
about 4 °C compared to our current period [18]. This scenario allows us to investigate
the long-term consequences of persistent high emissions on regional and global precursor
environments (wind and relative humidity) to mountain lee wave cloud events.

From all the CMIP6 GCMs, the models considered for the current analysis have
six-hourly data for both the HIST and S5-8.5 future climate scenario. Also, only GCMs
with 700 hPa wind speed and direction, specific humidity, and temperature data available
are retrieved to analyze the wave cloud and icing precursor environments (Additionally,
the 500 and 700 hPa geopotential height is used to study the synoptic configuration in
mountain lee wave cloud events. Considering these restrictions, the EC-EARTH3 [27],
MPI-ESM1.2-HR [28], and MRI-ESM2.0 [29] GCMs are selected, which are shortly outlined
below. These databases are downloaded through the Earth System Grid Federation data
portal: https:/ /esgf-node.llnl.gov/ (accessed on 17 January 2024).

The EC-EARTHS3 is a global climate model that is developed by a consortium of
European climate modeling centers with the purpose of simulating the Earth’s climate
system and its interactions, including the atmosphere, oceans, land surface, and cryosphere.
The EC-EARTH3 model features a 0.703° horizontal resolution and 91 vertical resolu-
tion layers [27]. The Max Planck Institute for Meteorology in Germany created the MPI-
ESM1.2-HR global climate model using several atmospheric, land surface, and ice-ocean
submodels [30-32]. It has 95 vertical levels and a 0.93° horizontal resolution [28]. Finally,
the MRI-ESM2.0 global climate model was created by Japan’s Meteorological Research
Institute and consists of various submodels of the major components of the Earth system,
such as the atmosphere, oceans, land surface, aerosols, and atmospheric chemistry [33].
The horizontal resolution is 1.125° and has 80 vertical layers, from the surface to the top of
the model at 0.01 hPa, in a hybrid sigma-pressure coordinate system [29].

Because the selected GCMs have different horizontal grid resolutions, all models’
datasets are regridded to a common 0.703° latitude/longitude grid, which is the EC-
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EARTHS3 spatial resolution (based on initial results, to assess the climate change signal
on wave cloud precursor environments. To match the grid resolution of GCMs, ERA5
atmospheric variables are also regridded to a 0.703° latitude/longitude grid. Then, the
GCM datasets are combined into a multi-model ensemble mean (hereinafter ENS).

Considering the abovementioned required conditions, several datasets for GCMs and
ERADS are created containing the dates with wave cloud precursor environments. Large-
scale pattern composites (geopotential heights at 500 and 700 hPa) from ERAS5, the three
chosen GCMs and the ENS are examined to study the precursor spatial patterns associated
with mountain lee wave cloud formation in both HIST and S5-8.5 [34]. The non-parametric
Mann-Whitney test [35] is applied over the domain’s grid points to statistically evaluate
the significant differences (5% significance level) between the 500 and 700 hPa geopotential
heights from GCMs for each period. In addition, the difference between S5-8.5 and HIST is
estimated to assess the magnitude of changes for both periods.

At 700 hPa, wind and relative humidity variables are analyzed to assess wave cloud
precursor environments in accordance with Diaz-Ferndndez et al. [13,16]. First, as Car-
valho et al. [22] have done, differences in wind speed median values at 700 hPa are analyzed
to determine the degree of similarity between the simulated (GCMs) and referenced (ERA5)
data over the HIST period. The distributions of wind direction and speed, as well as
relative humidity, at 700 hPa for HIST and S5-8.5 periods, are then evaluated and compared
using the Mann—-Whitney test. Temperatures are also computed and compared in order to
examine icing precursor environments connected with mountain lee wave clouds.

Finally, the non-parametric Mann-Kendall trend test [36,37] is applied to identify
significant trends at 700 hPa in the wave cloud (wind and relative humidity) and icing
(temperature) precursor environments from the HIST to the S5-8.5 period (2001-2100). The
p-value used is 0.05.

3. Results and Discussion
3.1. Historical and Future Scenario Wave Cloud Precursor Environments Characterization

For each model, the days complying with the defined wave cloud precursor envi-
ronments are selected (Table 1). While ERAS reports 116 days, MRI-ESM2.0yjst reports
112 days, with both detecting a yearly average of 8 events. EC-EARTH3yyst and MPI-
ESM1.2-HRpyjst yield more days with wave cloud precursor environments (12 and 11,
respectively) every year. On the other side, under the S5-8.5 scenario, the MRI-ESM2.0
shows the fewest number of days with suitable wave cloud precursor environments. How-
ever, none of the datasets show any statistically significant trends in the frequency of days
with wave cloud precursor environments when applying the Mann—Kendall test.

Table 1. Days with wave cloud precursor environments for each model and period.

HIST S5-8.5
ERA5 116 (8/year) -
EC-EARTH3 169 (12/year) 942 (11/year)
MPI-ESM1.2-HR 157 (11/year) 927 (11/year)
MRI-ESM2.0 112 (8/year) 756 (9/year)
ENS 146 (10/ year) 942 (11/year)

Geopotential height composites at 500 and 700 hPa for episodes with wave cloud
precursor environments detected in the ERA5 and the GCMs datasets for HIST and S5-8.5
periods are shown in Figure 2. The geopotential heights at both levels show statistically
significant differences (higher than 15 dam; p-value = 0.01) between EC-EARTH3 st and
EC-EARTH3g5 5 5 (Figure 2d), displaying a tendency for an increased future zonal wind
component as the Azores High seems to be closer to the Iberian Peninsula and troughs are
shorter than in the HIST period. In contrast, there are no significant differences between
HIST and S5-8.5 periods at both levels in the MRI-ESM2.0 (p-value ~ 0.6), MPI-ESM1.2-HR
(p-value =~ 0.8), and ENS (p-value ~ 0.1) (Figure 2g,j,m), which is inconsistent with the
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55-8.5 climate change scenario. Furthermore, throughout the HIST period, the synoptic
pattern most similar to the ERA5 (Figure 2a) results is the EC-EARTH3st (Figure 2b)
with no statistically significant differences (p-value ~ 0.7). This result suggests that the
EC-EARTHS3 produces more realistic atmospheric distributions when compared to the other
results. The remaining GCMs do not sufficiently adjust to the ERA5 in the HIST period
(p-value < 0.05). The ENS does not perform adequately either since the EC-EARTH3 only
contributes 33% of the ENS results and the poor performance of the other GCMs prevails.
Cresswell-Clay et al. [38] used observational and reanalysis data to examine the variation
of the Azores High over the winter months in the twentieth century. According to their
results, the size and intensity of the Azores High near the Iberian Peninsula increases,
influencing precipitation distributions over Western Europe. This is in line with the Azores
High expansion seen in Figure 2b,c.

Differences in the median values between each GCM minus the ERA5 wind speed
are calculated for the whole domain. The wind speed median differences for MPI-ESM1.2-
HRpist and MRI-ESM2.0iisT are 2.22 m/s and 3.28 m/s, respectively, whereas the dif-
ferences between ERA5 and EC-EARTH3ygt are 0.28 m/s. This latter result is in line
with Carvalho et al. [22], who evaluated wind energy resources at 100 m across Europe
using a set of CMIP6 future climate projections. In their study, the computed wind speed
median difference between EC-EARTH3pysT and the ERAS5 is 0.30 m/s, being the best
result among all the GCMs evaluated, as in the current study. According to Pierce et al. [39],
Almazroui et al. [20], and Carvalho et al. [22], who compared individual models and multi-
model ensemble mean with observations, the multi-model ensemble mean strategy usually
yields better and more realistic results than single-model experiments because uncertainties
from individual models are minimized. However, the best results are here obtained when
considering the EC-EARTH3 and ENS datasets. As a result, the subsections that follow
only look further into these two databases.

Distributions (wind roses and violin plots) of wind speed and direction, relative
humidity, and temperature at 700 hPa for the selected dates with wave cloud precursor en-
vironments are presented in Figures 3 and 4 for ERA5, EC-EARTH3yy1sT, EC-EARTH3g5 3 5,
ENSpyst, and ENSgs.g 5. The wind rose distributions (Figure 3a—e) reveal a predominant
northwest wind direction, presenting wave cloud precursor environments in over 65% of
the cases for both EC-EARTH3 and ENS datasets, and only 51% of the episodes for ERA5.
The Mann-Whitney test [35] reveals statistically significant differences in wind direction in
the overall domain mean among all datasets. These wind roses reflect the results shown
for the geopotential height composite information (Figure 2), with the prevalence of zonal
winds. Diaz-Ferndndez et al. [13] used the numerical weather prediction models WRF-ARW
and HARMONIE-AROME to characterize several mountain lee wave cloud events in the
Guadarrama mountain range. They found a prevailing interval of wind direction between
295° and 003° in 80% of the mountain lee wave cloud events in accordance with the wind
rose distribution shown for the ERA5 dataset (Figure 3a).

The wind speed distributions for events with wave cloud precursor environments
of the five used datasets are shown in Figure 4a. Before delving into this figure, it must
be noted that the bias (simulated minus reference data) between ENSygr and ERA5 is
—1.6 m/s and 0.3 m/s between EC-EARTH3ysT and ERA5. As for the synoptic results,
the wind speed distribution for EC-EARTH3y;sT shows values closer to ERA5. There are
significant differences in wind speed between the EC-EARTH3g5.g 5 and EC-EARTH3y1sT
(p-value = 0.01) with higher wind speed values for the EC-EARTH3g5.g 5, in line with the
climate change scenario considered. However, no statistically significant changes exist
between ENSyyst and ENSgs g 5, in accordance with the differences already shown for the
synoptic composites (Figure 2h,i). The wind speed distribution agrees with the one found by
Diaz-Fernandez et al. [13], who characterized the wind speed in mountain lee wave cloud
events in the Guadarrama mountain range with high-resolution models. Furthermore,
the wind speed increase for the EC-EARTH3g5.g 5 dataset is consistent with the results by
Andrés-Martin et al. [40], who used the WRF model to investigate changes in surface wind
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MPI-ESM1.2-HR EC-EARTH3 ERA5

MRI-ESM2.0

speed across the Iberian Peninsula with a CMIP6 ensemble (in which the GCMs used here
are involved), yielding surface wind speed increases (+0.06 m/s per decade) by the end of
the century under the SSP5-8.5 scenario. On the other hand, Carvalho et al. [22] determined
a slight reduction in future wind speed at 100 m (under the SSP5-8.5 scenario) compared
to their CMIP6 historical data in practically all of Europe. However, they found higher
wind speed in their CMIP6 ensemble (15 members, including the GCMs used in this work)
than ERA5 during the HIST period. This discrepancy can be linked to future changes in
the planetary boundary layer; however, in the present study, the planetary boundary layer
is not taken into consideration since wave cloud precursor environments are analyzed at
700 hPa.

HIST 55-8.5 §5-8.5—HIST

W 2sw o

N
3
257 oW 75w 5 >
18
U Y

5W  15W  125W  10W  75W  5W  25W  0°

520

15 18

530 540 550 560 6 9 12
Geopotential 500 hPa (dam) (S5-8.5 - HIST) Geopotential 500 hPa (dam)

Figure 2. The 500 hPa geopotential height (colored; dam) and 700 hPa geopotential height (blue
contours; dam) composites for events with wave cloud precursor environments for (a) ERAS5,
(b) EC-EARTH3yyst, (¢) EC-EARTH3g585, () MPI-ESM1.2-HRyyst, (f) MPI-ESM1.2-HRg5.85,
(h) MRI—ESMZ.OHIST, (l) MRI—ESM2.055_8.5, (k) ENSHIST and (1) ENSs5_g~5. 500 hPa geopoten—
tial height differences (S5-8.5—HIST) for (d) EC-EARTH3, (g) MPI-ESM1.2-HR, (j) MRI-ESM2.0,
and (m) ENS. Star indicates the Guadarrama mountain range and Adolfo Suarez Madrid-Barajas
Airport surroundings.
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(a) .

(b) . (c) .
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Wind Speed (m/s)
H (00:5.0) [ (10.0:150) W >20.0
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Figure 3. Wind direction rose distribution and wind speed (colors) for events with wave cloud
precursor environments for (a) ERA5, (b) ENSyjst, (¢) ENSs5.55, (d) EC-EARTH3ysT, and (e) EC-
EARTH3s5.5 5. Concentrical circumferences represent the percentage of occurrence.
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Figure 4. Violin plots for the five datasets (ERA5 = blue; ENSyisT = orange; ENSgs.g5 = green;

EC-EARTH3gysT = red; and EC-EARTH3g5.g 5 = purple) for (a) wind speed, (b) relative humidity, and

(c) temperature. Median values are represented by white points.
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To analyze the potential cloudiness involved in the events with wave cloud precur-
sor environments, the relative humidity distributions for the five datasets are derived
(Figure 4b). The median relative humidity values for ERA5, EC-EARTH3yst, and ENSyst
are all significantly different (p-value = 0.01). Between ERA5 and HIST data, the rela-
tive humidity bias is 6.1% (ENSpist) and 1.9% (EC-EARTH3gisT). Again, there are no
statistically significant differences in relative humidity between ENSyjst and ENSg5.85
(p-value = 0.57). However, the relative humidity decreases in EC-EARTH3g5.g 5 compared to
EC-EARTH3yjs7. Finally, the temperature distribution (Figure 4c) is also evaluated to deter-
mine icing precursor environments connected with mountain lee wave clouds [21]. Notably,
the EC-EARTH3yisT median temperature is —1.4 °C lower than the ERA5 median tempera-
ture and the ENSyisT median temperature is slightly closer to ERA5 (bias = —1.0 °C). Both
ENS and EC-EARTHS3 produce increases in temperature of +1.5 °C and +2.8 °C, respec-
tively, for the HIST and S5-8.5 periods. As a result, the risk of icing precursor environments
connected with mountain lee wave clouds at 700 hPa is expected to be reduced in the future
in central Iberia. A temperature underestimation is noted in EC-Earth3 relative to ERA5,
which was also identified by Doscher et al. [25] with a —2 °C surface temperature bias across
the Iberian Peninsula between 1980 and 2010. The slight decrease in relative humidity
would be consistent with a temperature increase if the vapor pressure was constant [41,42].

Based on the previous distribution patterns and composite results, and assuming
that ERAS is a reliable benchmark for reproducing precursor environments to mountain
lee wave clouds, it is reasonably inferred that EC-EARTHS3 is the most suitable GCM for
assessing future wave cloud precursor environments. This result is based mainly on the fact
that EC-EARTH3yysT data closely align with ERAS data. Furthermore, statistical analysis
demonstrates significant differences in EC-EARTH3 data between the HIST and S5-8.5
periods across all variables, in contrast to the ENS data.

3.2. Trends in Wave Cloud Precursor Environments

Considering the results shown in the previous sections, the 2001-2100 trends in wind
components, wind speed, relative humidity, and temperature are derived for the EC-
EARTH3 and ENS. Under the prevalent wind directions (northwestern winds), zonal
wind trends for the selected mountain wave events in EC-EARTH3 (Figure 5a) show a
statistically significant overall increase on northwestern Iberia, and particularly on the
windward side of the Guadarrama mountain range, with increasing zonal wind values
above 4 m/s. Figure 5d depicts a statistically significant rise in zonal wind trends for ENS
in northwestern Iberia; however, these increases are lower (up to 2 m/s) than EC-EARTH3
and far from the Guadarrama area. Meridional wind trends also show a statistically
significant positive tendency around +2 m/s for both datasets. This would mean that
the overall meridional wind intensity will be lower under the S5-8.5 scenario. However,
for EC-EARTHS3, the area covers the Iberian south and east, as well as a small region in
the center, just leeward of the Guadarrama mountain range (Figure 5b), while for ENS,
the area includes almost the whole research domain (Figure 5e). Furthermore, the wind
speed trends for the selected events reveal statistically significant increases (approximately
+2 m/s) in a few spots on northwestern Iberia for EC-EARTH3 (Figure 5c) but no trend for
ENS over Iberia (Figure 5f). It should be noted that, despite the increasing trend in zonal
winds on the windward side of the Guadarrama mountain range, the EC-EARTH3pst
(ENSyjist) zonal wind has a bias of 1.9 m/s (3.9 m/s) greater than ERA5 at 700 hPa (not
shown). Even though some results seem to be discordant, a possible explanation may be the
balancing effect between atmospheric variables. While more intense zonal winds may mean
fewer atmospheric situations with wave cloud precursor environments in the Guadarrama
mountains, this increase is not enough to modify the wind pattern (northwestern winds)
associated with wave cloud precursor environments, as shown in Figure 3 and by the
absence of a statistically significant trend in the frequency of events with wave cloud
precursor environments between the HIST and S5-8.5 periods.
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Figure 5. 100-year trend estimates (2001-2100) in events with wave cloud precursor environments
for (a) zonal wind, (b) meridional wind, and (c) wind speed for EC-EARTH3; and (d) zonal wind,
(e) meridional wind, and (f) wind speed for ENS. Black dotting denotes statistically significant trends
(p < 0.05) according to Mann—Kendall trend test.

The results herein presented agree with those of Doscher et al. [27] in a global study,
who showed EC-EARTH3 zonal wind values 2 m/s greater than ERAS for the 1980 to 2010
period. Also, in the currently selected domain, they recorded zonal winds around 2 m/s
greater than ERA5 from 2001 to 2014. Additionally, the obtained wind trends are in line
with the geopotential height composite results because a greater increase in zonal winds
implies more westerly winds in the future, as seen in Figure 2c, due to the Azores High’s
greater proximity to the Iberian Peninsula.

The relative humidity and temperature trends for EC-EARTH3 and ENS are also
shown. For EC-EARTH3 (Figure 6a), there are statistically significant decreases in relative
humidity (—5%) in the south of Iberia and increases in temperature (Figure 6b) in the
entire domain, ranging from +6 °C in the south to +4 °C in northern Iberia. The decreases
in relative humidity in the south of Iberia could be connected with the expansion of the
Azores High towards the Iberian Peninsula observed in Figure 2c. This decrease in relative
humidity might be connected to the temperature rises; however, the vapor pressure should
be further studied to fully comprehend these results.

On the other hand, Figure 6¢ also depicts relative humidity decreases in northeastern
Iberia as well as statistically significant temperature rises (Figure 6d), but smaller than
EC-EARTH3. As a result, it is expected that there would be a lower likelihood of icing
precursor environments connected with mountain lee wave clouds at 700 hPa in the whole
domain under the S5-8.5 scenario. Future increases in temperatures may have an influence
on stability conditions [26,43], which could influence the occurrence of mountain lee wave
cloud events in the future.
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Figure 6. As Figure 5, but for (a) relative humidity and (b) temperature for EC-EARTH3; and
(c) relative humidity and (d) temperature for ENS.

4. Conclusions

This study focuses on the analysis of precursor environments to mountain lee wave
cloud events on the south side of the Guadarrama mountain range, near the Adolfo Suarez
Madrid Barajas Airport. A dataset of 68 mountain lee wave clouds events observed in
2001-2014 is considered and thresholds for wind speed and direction and relative humidity
using the ERA5 reanalysis are determined. These criteria are then used to search for
episodes with wave cloud precursor environments over the winter (November to March)
using several CMIP6 GCMs for both HIST (2001-2014) and S5-8.5 scenario (2015-2100) data.
Then, the atmospheric variables related to wave cloud event precursor environments are
analyzed and compared between the GCMs selected and the ensemble of these. Finally,
trends for the S5-8.5 scenario are calculated. The results yield several conclusions, the most
important of which are listed below:

e  Events with wave cloud precursor environments are defined based on wind direction
(256° — 016°), wind speed (>5.6 m/s), and relative humidity (>4.7%) thresholds from
the ERA5 dataset. Based on them, an average of 11 events per year are identified
for EC-EARTH3g5.5 5 and MPI-ESM1.2-HRgs g5, and 9 events for MRI-ESM2.0s5.g 5.
However, no statistically significant trends in the occurrence of these events are found
in any dataset.

e  For the S5-8.5 period, the geopotential height composites at 500 and 700 hPa for the
wave cloud precursor environments detected in the three datasets show an increase in
zonal winds. Expansion of the Azores High towards the Iberian Peninsula and shorter
troughs than the ERA5 and HIST period are noted, with these differences being more
pronounced for the EC-EARTH3 dataset. Furthermore, the EC-EARTH3psT synoptic
pattern composite is the most like ERA5.

e Wind rose distributions display a prevailing northwestern wind direction in all
datasets, with statistically significant differences between them. The EC-EARTH3g5.5 5
wind speed is greater than the EC-EARTH3yis wind speed. The relative humidity
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significantly differs among the EC-EARTH3 datasets, showing lower relative humidity
for the EC-EARTH3g5.55. Otherwise, there are no significant differences between
ENSHIST and ENSS5_815.

e  The EC-EARTHS3 is the most adequate GCM for forecasting the future behavior of wave
cloud precursor environments because the historical data for the selected atmospheric
variables are closer to the reference data (ERA5). Moreover, there are statistically
significant differences between EC-EARTH3pst and EC-EARTH3g5 g 5 in all variables
studied, contrary to the other GCMs and the ENS.

e Icing precursor environments connected with mountain lee wave clouds at 700 hPa in
the study domain are expected to decrease in the future, since the temperature median
value in EC-EARTH3g5.g 5 is 2.8 °C higher than in EC-EARTH3ysT.

e  According to geopotential height composites and other relevant climate studies, zonal
wind trends show a significant increasing tendency (over 4 m/s) windward of the
Guadarrama mountain range under the predominant wind direction.

Although an increase in zonal winds may result in fewer wave events in the Guadar-
rama mountains, it is not enough to change the wind pattern (northwesterly winds) asso-
ciated with the wave cloud precursor environments. Also, significant temperature rises
will influence the icing precursor environments connected with mountain lee wave clouds,
reducing the chance of aircraft icing situations. This research could be extended in the
future to include additional mountain systems in the Iberian Peninsula, as well as the
evaluation of other potential SSPs. Additionally, it can be helpful to improve the horizontal
resolution of GCMs and incorporate other atmospheric variables involved in the formation
of mountain lee wave clouds, such as atmospheric stability and liquid water content.
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