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Abstract. Using a multi-model approach, this paper guantified-quantifies global changes in moderate or greater
mountain wave turbulence (MWT) within a high-end warming scenario —Initial-resultsfound-meodel-reselution

dependeney-apparent—therefore-by 2050. We first show that simulated MWT changes depend on model resolution
and therefore select three high resolution global climate

>model experiments for
further analysis; HadGEM3-GC3.1-HM (25km), EC-Earth-3P-HR (36km) and MPI-ESM1.2-XR (34km). Regional

resttsAt the regional scale, MWT change is found to depend on the climate model and MWT index used, as
well as the season. A sub-continental approach was developedused, focusing on all regions in which MWT arese-

MW -also—arese—over—Mountains. An increase in MWT is projected for other regions including the Antarctic
Greenland, Georgia, Azerbaijan and parts of Chile and Argentina. A decline in MWT is projected for the Alps Atlas

and northern and central Andes.

w—We also explore the
modelled relationship of 10m wind speed and MWT production—Fhis-paperfoundtinks-between MW Ttrendsand

: there is a positive correlation between the projected changes of MWT
and surface wind speed. The aviation sector should be aware of the future projections in MW'T, particularly for

these—-werelarge-inerease-over-theHoyear-period-were-evidentregions where a large increase in MW is projected,
such as Asie-Greenland-and-the-Antaretie-the Antarctic and Greenland.
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Mountains have a large impact on the atmosphere, from increasing localised precipitation events, to generatine

vertieal-and-horizontal-atmoespherie-the generation of vertically and horizontally propagating atmospheric gravit

waves. Mountain waves can grow, as they propagate into higher altitudes with lower air density (Kim et al., 2018),

steepen and eventually overturn breaking down into turbulent flow. This breakdown
the—tropopatse—This—boundary;—can develop around the tropopause, a boundary between the troposphere and
stratosphere Hs-a—region—of-with enhanced turbulent mixing +—with-of ozone, water vapour and aerosols exchanged
between both layers (Whiteway et al.,2003; larne-et—atLane et al., 2009). Fhis-height- i it i

for-the-aireraft—a—part-The tropopause (9-17km above the surface) is a height often used by cruising aircraft. The
cruising segment is a phase of the flight fr-whi : rev-aresnore ' :

seat—belbs—where passengers and crew are commonly not wearing seatbelts (Kim et al., 2018). This type of upper
fevel-upper-level turbulence is referred to as Mountain Wave Turbulence (MWT). MWT is the most significant

mechanisms that impacts aircraft safety near mountains (Lane et al., 2009). Atmospherie-In general, atmospheric

turbulence has a dangerous and damaging cost on the aviation sector. Delays, injuries and fatalities have a huge

economic loss worth millions of US dollars a year (Wolff and Sharman, 2008). An—aireraft—eanght—in—a—pateh—of

—Types of upper-level turbulence are defined by the features which

develop them, for example turbulence that develops in vertically deep convective cloud is referred to convectively
induced turbulence (CIT) (Wolf and Sharman 2008). MWT, unlike i;l;glgyﬂm CIT, is not detectable by on-board
RADAR equipment (Sharman and Lane, 2016). i i Here CIT

relates to in-cloud formation, not near-cloud turbulence (NCT) which cam develop from 5 to 200 kms away from
active convective systems (Chun and Kim, 2008). MWT can impact a flight with little warning, leading to serious

injuries and damages. Clear Air Turbulence (CAT), coined due to its formation without any convective features, is

also not delectable. CAT often forms in the presence of an upper level frontal system, a jet core or jet stream. MWT
is-and NCT are often included within CAT, due to #ts-their cloud-free, stratified development —(Clark et al., 2000).

Global trepesherie-tropospheric warming has an impact on the frequency of CAT production in both observations
and projected medeled-modelled data, with a global increase concluded in several studies (Williams and Joshi, 2013+
i Storer et al. 2019, Kim et al., 2023; Prosser et al., 2023; Sterer-Smith et al.2049-and-Smith—, 2023; Foudad et
al.2023—Uppertevel, 2024), Upper-level jet streams are shifting in speed and momentum with global temperature
gradients altered, resulting in an increase in CAT production. However, new areas of research are trying to quantify
the impact of global warming on MWT. Any future change to MWT will be equated to a shift in low level wind
speed or a change in upper-level dynamical features suppressing or energising the breaking of inertial gravity waves.
Kim et al. (2023), using a high-end SSP climate scenario, investigated the change in MWT between 1970-2014 and

2056-2101. Their paper used 14 different diagnostics to represent MWT within model data, with several indices and
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regions projecting an increase in the probability of encountering strong turbulence. The regions with a decline in
MWT s-also had near-surface winds projected to alse-weaken in time. Observations have shown a global slowing in
surface winds over previous decades, refereed-referred to in literature as terrestrial stilling (TS). Despite TS shifting
with several modes of climate variability (Zeng et al, 2019), it is projected to continue in many areas of the globe,
including the northern hemisphere (NH) mid latitudes, in both middle to high warming projections (Deng et al.,
2022). Kim et al. (2023) overall found an increase in MWT over two thirds of the globe, with large variations over
the tropical regions.

Global climate models (GCM) are commonly used to investigate the changes in CAT and MWT in time (Williams
and Joshi, 2013; Storer et al. 2019, Kim et al., 2023; Prosser et al., 2023; Smith et al., 2023; Foudad et al., 2024; Kim
et, al, 2023), with GCMs turbulence representation in the atmosphere as capable as re-analysis data (Williams and
Storer, 2022). The spatial and temporal resolution in a GCM is an advantage, compared to, for example, verbal pilot

reports (PIREPS). Aircraft encountering turbulence are required to record the time, location and severity of the event
—TFhesereportsarereferred-to-as PIRERPs—PIREP-(PIREPs). PIREPS datasets are effective for turbulent climatology

research but are not always reliable in their location or timing (Gill and Buchanan, 2018), with median uncertainties

of around 50km horizontally, 70m vertically and 200s temporally out (Sharman et al.,

Sharman et al., 2006). The latest phase of the-Coupled Model Intercomparison Project (CMIP6) has a subsection of
high resolution glebal-elimate-models-GCMs (HighResMIP) —Fhis-subseetion-was-developed-to-bridge-the-developed
urely to investigate global meteorological dynamical processes and to bridge the resolution gap between numerical

h}gher—fese}&aefh NWP) and climate models (Haarsma et al. 2016; Smith, et al.—, 2023). Fhis—paper—aims—+to

To test the capability of these HighResMIP models, and to
add to Kim et. al (2023), our project explores global and seasonal MW'T trends between 1950 to 20250, and the

uncertainties and differences that can arise using a multi-model approach. Due to the surface wind speed findings
in Kim et. al (2023)- ; i i ton—is i ’ , H-CMIP6-medels
projeet—FS-andif-ES-differeneesgloballyresult—in-changes—to MWEwe too explore if shifts in wind speeds are the
cause of projected MW variations over the 101-study period. The layout of this paper entails a methodology section,
which details the models and indices used to diagnose MWT, and all data processing techniques, the results section
and finally concluding remarks. The model and index uncertainties are highlighted in the continental analysis in
section 3.2 of the results, with a multi-model and index mean used for sub-continental, mountain range dependent
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2 Methodology and Data

2.1 CMIP6 HighResMIP global climate models

Ret

MWT is difficult to forecast, with the theory very well understood, but e

M&due to its small scale nature (Gill
and Striling—2643)—One—ean—assume-Stirling, 2012). Within this paper, we make the assumption that large scale

eddies will eventually cascade down the inertial sub-range into micro-scale sizes and into turbulent kinetic energy

(Lester+993;-, 1993; Sharman and Lane, 2016)- . allowing us

to use a range of

-model resolutions for this investigation. Our investigation

uses a multi-model approach with 3 GCMs spanning 7 horizontal grid size domains. All models are part of CMIP6
HighResMIP simulations (Haarsma et al., 2020). These GCMs are HadGEM3-GC3.1 , with three—grid-spaeing-3

domains available (-HM; 25km, -MM; 60km, -LL; 135km) —(Roberts et al., 2019), MPI-ESM1.2 with $we-2 domains
(-XR; 34km, -HR; 67km) (Gutjahr et al., 2019) and EC-Earth with twe—2_domains (-3P-HR; 36km , -3P; 71km)
—(Haarsma et al., 2020). The finer sub-models may start to resolve patches of turbulence, which are—climatology

suggests are around 60km wide and 1km deep (Sharman et al., 2014). Due to this 1km vertical depth, we focus
on the model horizontal resolution, with thickness representation currently unattainable on our modelled vertical
levels. These finer horizontal resolutions are used for the majority of the paper, discussed further in section 3.1.

This study uses the historically forced coupled climate and ocean experiments (1950-2014) with the future projected
forcing of 2015-2050, simulating the high end SSP&.5 scenario (Haarsma et al., 2016).The benefits of using these
CMIP6 GCMs relates to the global variability of our data, and the finer spatial resolution (relative to other global

models). There are some limitations such as the smoothed topography limiting our ability to detect the complex

MWT generation. This limitation means that not all MW'T prone zones, found through observations, are detected by
our approach (Fig. 1). This issue is also related to our dependency on terrain gradient discussed next. Our approach
is_done to explore the capability of our models, but future work could apply NWP modelled terrain to quantify

2.2 Diagnosing turbulence

To diagnose regions of turbulence, a number of indices, linked closely to atmospheric instability, are applied to
our CMIP6 GCMs datasimulations. MWT and CAT share similarities in their formation, so previous literature has
applied CAT indices to represent MWT in the atmosphere. Sharman and Pearsons (2017) and Kim et al.(2023)
combine CAT diagnostics with certain surface and terrain variables to create an index that just diagneses-represents
MWT;

Index yywr = Indexcar * Ds
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Ds is the-a non-zero near-surface element that’s model and index dependent. Within this paper, Ds = surface
height (>200m) multiplied by both terrain gradient (>0.5 km m~!) and surfacewind-speed-—maximum low-level wind
speed (<1km). Ds values differ across each model, with terrain gradient model dependent. Sharman and Pearsons
(2017) determined, through experimentation, that these three variables within Ds combined with a CAT diagnostics
represented MWT effectively. Kim et al. (2023) tested using vertical velocity within Ds, instead of low-level wind

speed, but found a poorer statistical evaluation.

magnitude{ Wol-and-Sharman—2008)—This method of calculating MWT was deemed skilful against PIREP data,
in comparison to a orthographic gravity wave parametrisation scheme (Kim et al., 2018). In our study, we apply six

indices used previously to diagnose the presence of CAT (Williams, Joshi (2014). These CAT indices are Horizontal

horizontal temperature gradient (HTG), Frentegensis{rontogenesis function (FF), the divergence of horizontal wind
(DIV), 200hPa wind speed (WS), flow deformation (FD) and finally a combination of flow deformation and wind
speed (FDWS). Each MWT index is denoted with the subscript of their CAT index contributions, for example

MWTpgr¢ is the product of Herizental-temperature-Gradient-horizontal temperature gradient and Ds. Sharman and
Pearsons (2017) found that these 6 indices, with 8 others, are very well at representing MWT at high altitudes with

and particularly good at avoiding false alarms situations, with a probability of detection for non-events (PDON) at
98.9%. Horizontal temperature gradient (combined with Ds) alse—was fe : Heetive Bk
AUC-0f0-99—Theseresults have-only-been-tested-over-on its own also has a PDON 99.1%. However, Sharman and
Pearson (2017) only focuses on the contiguous united states of America (CONUS). Ouz-

Following recent MWT literature (Kim et al., 2023), our study assumes moderate or greater (MOG) turbulence
is arising globally at the 98th percentile value of each index ; i - i i -
and focuses on the atmospheric pressure of 200 hPa (native vertical levels from projections). These threshold values
are_index but also model, and ensemble member dependent. Further information found within Appendix B.To
statistically determine the change in projected MW, our results use a linear regression fit, with a confidence interval
of 95%. Trends that do not meet this confidence interval are removed from the multi-model and index averages. As
an extra research question, this paper looks at the average and maximum 10m wind speeds for participial regions
to explore TS in our models. Since our analysis is related to the change in MWT over the century, using both the
average and maximum helps equate the general trend in time (average) and if there are more instances of rapid wind
speeds that lead to further MWT generation (maximum).




Figures/MWT_figures/MWT_Over_Globe.png

Figure 1. Areas of the globe in which our GCMs project MWT, averaged over three GCMs; HadGEM3-GC3.1-HM, MPI-
ESM1.2-XR and EC-Earth-3P-HR, across all indices; MWTrp, MWTrpws, MWTws, MWTgre, MWTrr MWTpv.
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3 Results and Discussion

As discussed, terrain height and gradient are applied to CAT indices to identify MWT. The importance of terrain

gradient is highlighted effectively in figt
fig. 1. which portrays the areas where our models diagnosed MWT. Regions of the globe with large plateaus, such as
Greenland and the Tibetan Plateau, are enclosed by areas of MWT with these steep slopes dominating. As expected,

MWT is most prominent over large mountain ranges, such as the Andes, Rocky and Himalayas.

3.1 Two Deeade-Comparisondecade comparison

The MOG MWT decadal difference between 1950-60 and 2040-50 are displayed within figuire2—fig. 2. Here this
relative change in MWT is shown for all models domain sizes averaged across the six indices. A definitive lack of
detail is evident within mid-range/coarser sub-models, clearly shown by HadGEM3-GC3.1-LL (figure-fig. 2i) with
few MWT zones. Previens-PIREP analysis suggests that there are considerable more regions where aircraft have
experienced MWT LMWMMfOI‘ example North America projected MWT is non-existent within this

135km grid spaced model. —Our coarser models fail to represent MWT
in several locations, with a key limiting attribute our terrain gradient threshold and the unfortunate smoothing of
terrain implemented in climate models. This creates a model resolution criterion for our MWT analysis. It ma

differ in other studies that imported terrain from a NWP model, but our study is to highlight the uncertainties on
representing MW'T in GCMs. Interestingly, the mid-range sub-models project similar MW'T changes, when compared

to their finer counterparts. This is shown effectively within subplots (2g) and (2h), which display the average across
the models, regridded to 36km and 71km respectively. Both subplots have a separate steep increase or decrease over
Greenland and northern South America. However, there are differences in the amount of "white" patches, which
simply project "no-change" but the occurrence of MWT. The agreement across model resolutions, adds weight to the
confidence in MWT projections, however, due to the increase detail in fine grid domain models, this paper progresses

with the three finer models shown in figure-fig. 2.a, 2.c, 2.e.

3.2 Seasenalityef-Continental index and model variability in seasonal MWT ;—rearly

This section explores the variability in the three modelled projections, and the MWT index uncertainty, over each
continent (fig. 3-9). For clarit
or model are greyed out of figure legends. All four season are individually processed, with a final annual yearly median

taken and plotted. As expected, all annual averages reside in the middle of their seasons. These results focus on the
change each year in MWT compared to a global threshold for MOG (98-98th percentile) turbulence found using all

insignificant linear regression trends (less than a 95th confidence level) within season

years (and seasons) with the 1950-60 decade. Using a global threshold provides information on the most turbulent



Figures/MWT_figures/Over_all_resolutions.png

Figure 2. Decade difference in MWT between 1950-59 and 2040-49, for all seven resolutions; HadGEM3-GC3.1-HM 25km -
MM 60km (a,b),-LL 135km (i), EC-Earth-3P-HR 36km,-3P 71km (c,d)and MPI-ESM1.2-XR 34km, HR~ 67km (e,f). Subplots
g,h show average across finer and mid-range GCMs. Conservative regridding method, modifying data into 36km and 71km

across the finer and mid-range domains.
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projected regions of the globe, mest-evident through analysis of the y-axis in all subplots in aforementioned figures.

3.2.1 North America

This paper includes Greenland within North America. Hewever—it—shouwld—be—noted—that—Greenland has large
increases in MWT, evident in figure-fig. 2 to 5-3 and within Section 3.3 where it is discussed further. This may
skew an increase in MWT within this sub section, with variability across North America previously shown. Seasenal
m@%ﬂﬂ%%%%%%%mmmmwmln North

a comparably large
amount in DJF (December, January, February) within fig 3’s HadGEM3-GC3.1 and EC-Earth-3P subplots. This

America, with

is expected ;—with NH winter favourable for MWT generation over USA and Canada, with lowered tropopause
heights and peak surface westerlies crossing mountain ranges perpendicularly (Guarino, et al. 2018). Faseinatingly;
MPI-ESM1.2 hasBIE{(DeecemberJanuaryFebruary)-DJF and SON (September, October, November) propagate
at-similar-valaes-projections are similar in MWTrp, MWT rpws, MWTy g within figurefig. 3, with DJF at times
below that of SON and other seasons. A double peak in maxima has been shown in some climatology MWT North
America studies. Wolff and Sharman (2008), using PIREP data to find trends in MWT on the United States of

America, found peaks in meteorological NH s—winterand-sprine-DJF and NH spring (MAM: March, April, Ma;
but not necessarily attamnSON.

Alarge-number-of-insignifieant—trends—arese-aeress-Over North America, with- MW —ro’s—annual DA

HadGEM3-GCE3our three high resolution models agree strongly that MWT has increased over the 101-year period
with an average over all seasons at 0.063 %/yr, 0.05 %/yr and 0.046 %/yr for HadGEM-GC3.1- HM%M——A&G&
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ef—eeﬂﬁdeﬂks}epe&m%QN—A}%heﬁgh—vwﬂﬁﬂ—T&b}ei,— EC-Earth-

with-the-greatest-and MPI-ESM1.2-XR. These slopes, and other for each season and continent can be sourced from

Table 1. This projected increase in MW'T was evident in all but two indices, with MWT and MWT SON

rojecting a drop in MWT, Apart from these two slopes there is good agreement across the indices and a similar
trend across seasons. There are some seasons that have a greater number of significant slopes and-the-greatestlow

o(p<0.05) than others. For example, North
America MAM only has 4 significant slopes, whereas SON has 13 (11 increase, 0% —64%and-3-3%—individually2
negatives; Table 1) and the largest average slope of 0.08% /yr which equates to 8.08% over the projected period.

3.2.2 South America

The annual and seasonal percentage changes in MWT over South America are dlsplayed in ﬁgﬂf&ﬁgﬁ The-Index

variability is clearly visible within this figure (y-axis

ECEarth-3P-HR s MWTspread), with MWT ppws (fgure-4.n) propagates—at—values-are-muchsmealler—similarto

ate-values around the 0-50%

range and MWT gp around the 180-250% range (4.d-f). This means the indices project a different amount of MWT
over the region and are not capturing similar MW generation situations. This is not an issue. as the purpose of
using 6 _indices is to capture the many situations in which MWT may occur, but interesting that this is evident
within_the South America projections, The remaining diagnostics sit at around +100%;-althongh—thereare—elear

thisrate-isnot-evenly spread-aeross-theindices—Withinfigare 4. This is an index variation, rather than a model
disagreement, with all models preforming similarly.

However, models do differ on trends over the period, for example MWT g decreases in HadGEM-GC3.1-HM
(4.a) but increases in EC-Earth-3P-HR (4.b) and in MW Trp-enty-has five-{out-of 15) significant trends; with-three in
MPEESMI-2-XR{annual-DIFand JFA ) and-two-in Had GBEM3-GC3 p iy g there is a decreases in HadGEM-GC3.1-

10
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Figure 3. Line plots of relative percentage change over North America for each year and season compared to a 1950 decadal
global references, for each GCM; HadGEM3-GC3.1-HM, EC-Earth-3P-HR, and MPI-ESM1.2-XR and for each individual
index. Line colour and marking differ for each season, with DJF blue and dashed, MAM green and dash dotted, JJA red and
soild, SON purple and dotted. Annual change. which includes all seasons is black and solid.

255

The-average-over-al-GCMs-aerossthe-4.m) and MPI-ESM1.2-XR (4.0) yet an increases again in EC-Earth-3P-HR
4.n). The projected trends, over South America, dﬂpﬁy@dﬂﬂﬂi—%bl&i—&f@%@f@%ﬁﬂgl%ﬁbﬂﬂﬂ%@d—%yﬂ&@g&m}y

260

agreeing—differ across the seasons, models and indices. On average, a decrease in MWT is projected for South
America, with the largest decline (with a hlgh number of srgmﬁe&&ﬁslepes%b}—%hee%eﬂe&kw&ghﬁwﬁd—be—&é&eé

. o

265

270 wariatien—slopes, 13:2) in DJF (SH summer) by 0.044 % /yr or 4.44% over the period.

3.2.3 Europe

Figure-There are lower MWT rates over Europe compared to the global thresholds used, and so fig. b’s—results;

275

W%WGMWT@WM&W
although some DJFE projections filter into the positive side. The projected trends in Europe are index dependent,
despite strong model agreement (excluding MWT ppw s i i i
5.m-n). This leads to competing slopes and low overall-multi-model
280  trend, with a positive or negative slope all index dependents. The number of confident slopes is relatively small

compared to_the other continents with only one index (MWT prclines—aresignificantly-slopeds—but-onein—JJA

rojections. All seasons too agree in a certain

12
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Figure 4. Line plots of relative percentage change over South America for each year and season compared to a 1950 decadal
global references, for each GCM; HadGEM3-GC3.1-HM, EC-Earth-3P HR, and MPI-ESM1.2-XR and for each individual
index. Line colour and marking differ for each season, with DJF blue and dashed, MAM green and dash dotted, JJA red and
soild, SON purple and dotted. Annual change. which includes all seasons is black and solid.

—; b.c) significant in MPI-ESM1.2kas—ne-stenifieant

response—XR projections. Summer in Europe (JJA) had the highest relative percentage of significant slopes with a
decline average of -2.323 %. by the end of the 101-year period.

3.2.4 Africa

MWT -25% in MWT MWT , MWT and +50% in MWT rpr hnespropagate—at—Thisheichton

enece—overNorth-Ame dex-previo = vroiected

2. The amount of projected
MWT in Africa is similar to that in Europe. For trends over the period, like Europe, a general decrease in MWT
develops, however with more confident negative slopes. A clear decline in DJF, JJA and SON with a mix in MAM,
Strong model agreement within this continent, with largest variation due to index differences. It should be noted
that strong model agreement is only between EC-Earth-3P-HR and HadGEM-GC3.1-HM, with MPI-ESMI.2ever

o h Ayne a—Nog nceesin—Afriea—residetn—theness Fo-SPHe mm—w -t he-amernnt—ot-NAW bilernee—<simia

14
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Figure 5. Line plots of relative percentage change over Europe for each year and season compared to a 1950 decadal global
references, for each GCM; HadGEM3-GC3.1-HM, EC-Earth-3P-HR, and MPI-ESM1.2-XR and for each index. Line colour

and marking differ for each season, with DJF blue and dashed, MAM green and dash dotted, JJA red and soild, SON purple
and dotted. Annual change, which includes all seasons is black and solid.

up-projeetine-a-positive-trend-of~XR results all insignificant. This could be due to the number of ensemble members

within this simulation. As mentioned in our methods, only 1 %-everthe+0i-yearsensemble for this run is used.
3.2.5 Asia

Due to the Himalayan Mountains and many other steep mountain ranges over Asia, the MW'T percentages on the
y-axis in fig. 7 are the largest compared to any other continent. The seasonality of MWT is very interesting over
Asia, with different indices projecting MAM, JJA or DJF to have the maxima in MWT across their retrospective

subplots. fa—seetion—Further explored in our regional analysis (section 3. 3—fegteﬁa}—aﬁa}y%€hefﬂd—he}p~fuftrhef
S S i 5). Interestingly, S

A&Shewn—bysiepe&ffkﬁglﬁe—?aﬁd—%}e%MPI ESM1.2-XR projection are all around 150% (y-axis) no matter the
index, whereas there’s a wider spread across the seasons and indices for the remaining models. In terms of trends over
the period there is a mix inprejected-trendsfor MAM-and-SON—Within- MAM-results-depending on season, index

and model. For MWT grgand-MWT, strong model agreements that a decrease in MWT is evident in all seasons
but DJF. Again high model agreement in MWT pygenerally—projeeting—a—deerease——and— MW7 MWy

Overall, an increase in MWT is projected for DJF over asia, and a decline is projected in JJA by 0.023%/vr and

-0.014% /vr, respectively.

16
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3.2.6 Australian Continent

A strong seasonal gap-response arose in the slopes over the Australian continent within-figure-(fig. 8), with a clear
decrease in MWT over DJF (1:10; positive:negative slopes) and MAM (summer-and-autumnl:8) and an evident
increase for JJA (18:0) and SON (winter—and-spring}—The—eonditions—of-ajhavingall- GCMs—and-b)—all-indi

. e
> AVET RS

Yand-minimam-of +0-6-%over-the Holyearperiod—SON-alse-had-13:0) (Table.2 ). In fact, JJA has strong model
and index agreement with all producing significant increasing trends with an average of 0.013% /year. SON too has

a very similar agreement and trend but a lower number of significant slopes, at 72.22 % across figurefig 8. In-terms

of ameunt-of- turbilenee—compared-to-the-othersix—eontinentsFor the remaining seasons, there is good model and

index agreement on trend with just MWT pr EC-Earth-3P-HR projections projecting an increase in DJF and MAM
MWT, with all the y-axis— i i i i

RAAAARRAANNAAANAA

)

largest-amount-of-turbulence-inatleast-one-GCM-and-indexrest suggesting a decline. The Australian continent does

not have a high amount of projected MWT compared to the others, and is in fact at the greatest negative range
fig. 8 y-axes), so is the least turbulent continent.

3.2.7 Antarctic

) ?

There is a clear seasonality in the amount of MWT over the Antarctic, with SH-winter-and-summer-JJA and DJF
being the most and least turbulent season. The large JJA (winter) values in figtre-fig. 9 place this continent second,
after Asia, with the amount of projected MWT with the GCMs. Within this figure, only 6 projections suggest a
deeline—in MW T —within—thisregion—There—are-decrease in MWT with 3 lines in JJA and 3 lines in SON across
MWTpgre and MWT ppw s projectionsthatshowthis-deerease-in MW -ever-theperiod. Despite this, there is quite

strong model and index agreement, with all other indices, across all GCMs, projecting a significant increase in MWT.

07

an—inerease—of +8-7% The greatest increase is evident in DJF projections with a large rise of 0.31 %/yr or 31.3 %
over the 101 year period. Few airlines travel over the Antarctic ;-but this result does put those few airlines at risk

travelling, particularly in SH summer.

3.3 Regional-analysis

3.2.1 Continent summary
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North America

South America

Burope

Africa

Slope Median

SH30.052 +/- 64450023

815-0.020 +/- 460,036

SH35-0.017 +/- 66260077

120,013 +/- G40-0.021

Hed-HM Median

0.063 +/- 840,020

0.042 +/- 88160028

0.058 +/- 64190066

-0.013 +/- 5:0040.024

EC Median

0.050 +/- 480,028

0.024 +/- 6450039

0066 +/- 64240087

0,015 +/- 4650018

Yearly | MPI Median 66280046 +/- 6-6200.015 0,027 +/- 660,016 G845-0.031 +/- 6:628-0.021 GB12-0.009 +/- 6-686-0.004
Range S024H0.016 +/- B-655-6686-0.023 10 0.094 +/- 8:669-0.023 | -B-H6-0.080 +/- 6-6220.664-0.036 10, 0.073 +/- 6-864-0.036 | +-8-094-0.110 +/- 6622-+6-6.873-0.077 to 0.114 +/- SE20.077 +o-BHH-0,064 +/- 0.021 to 0.017 +/- 8:867-0.021
§ GHHH6.T 8589889 7222467 5556500
10.p ey 12,0 112 5.7 8

Slope Median
Hed HM Median
EC Median

0.063 +/- 6-6+-0.031
0.063 + /- 6:636-0.031
G070.050 + /- 9046-0.025

0.044 +/- 6:4250.045
0003 +/- 64250031
620,003 +/- 44240052

0.043 +/- 6640103 0.032 +/- 66650016

0.110 +/- 68330006 -0.036 +/- S8H0.018

0091 +/- 64570083 -0.032 +/- 8:646-0.001

DIF | MPI Median NA 0.037 +/- $62-0.014 0.064 +/- 86240000 0.008 +/- 8:664+0.000
Range 0.037 +/- 662064220031 10 0.120 +/- 6636-0.031 | 6H64-0.122 +/- B:632-6.06570.045 10 0.045 +/- 8067-0.045 | +6-6-320-0.104 +/- 804346-6645-0,103 t0 0155 +/- 66190103 | +e-8355-0.057 +/- S640.016 to -0.008 +/- 6:664-0.016
Sig (%) 3335389 333833 5466500 3333333
10.pos, no.neg 7.0 2,13 5.4 0.6
Slope Median G-H7H0.06 +/- S647-0.020 0.033 +/- 6626-0.058 0.057 +/- 66340090 0.010 +/- 6:6670.027
Head-HM Median NA 0,034 +/- 66480053 0.072 +/- 66330070 0.024 +/- 68450034
EC Median GH7H0.060 +/- 6:6470.020 042 +/- 65240.048 0,024 +/- 86450086 0.010 +/- 670,018
MAM | MPI Median NA 0.060 +/- 6:4320.021 0.050 +/- 6:623-0.000 0.009 +/- 66640000
Range 0.035 +/- 642060980020 to 0.054 +/- G6H6-0.020 [ -6465-0.009 +/- B:649-6.659-0.058 10 0.083 +/- B067-0.038 | +0-8-684-0.105 +/- B647-46-6:883-0.000 0 0.165 +/- 5:6460.000 |  +0-8365-0.050 +/- 66380.027 to 0.033 +/- £-6290.027
2220920 5556356 555606 55-56-55.6
10 3.7 6.4 6.4

0.023 +/- 6:616-0.057
0002 +/- 85140031
0,017 +/- 44180.082

£H65-0.061 +/- 64320025
0.070 +/- 0.026
GH570.053 +/- 64320017

Slope Median 0.023 +/- 6330071
0.063 +/- 68330044

0040 +/- 44370079

0.012 +/- 66670021

e HM Median
EC Median
JIA | MPI Median

-0.025 +/- B8H0.017

0008 +/- 44670016

0.077 +/- 6:6470.029 0.037 +/- 64470008 0.032 +/- 6621012 0.009 +/- 6:666-0.002

Range 0.020 +/- 6-0260-646-0.025 10 0.106 +/- 68530025 | 80950046 +/- 6-030-8.052.0.057 10 0.154 + /- 6H-0.057 | +o-8105-0.098 +/- SH570.071 to BL50.LIS +/- BAL00TL | s-0H80.052 +/- -83656-0.021 10 0.024 +/- 66460021
Sie (%) 556506 555635, 666766.7 5556-55.6
10.pos, no.neg 10,0 3.7 5.7 9

Slope Median
Hed-HM Median
EC Median

SON | MPI Median

0.080 +/- 8:6850.056 0.019 +/- 66350016
-0.037 +/- 8-6420.030

0.036 +/- 6:6240.037

0.045 +/- 4-436-0.096 0.016 +/- 6:665-0.028

0.095 +/- 66340012 -0.006 +/- :6260.104 0.031 +/- 6:0650.03

S813-0.016 +/- 86340070 0078 +/- 4340100 0,015 +/- 469022

0.014 +/- 0.007

0.085 +/- 66510.026 0.028 +/- 66460000 0.045 +/- 6:6230.000

0.043 +/- $633-6:079-0.056 10 0,161 +/- 610056 | 670,079 +/- B:636-6-91-0.046 10 0.000 +/- S-6680.046 | +6-8H61-0.177 +/- B:642-66-6:096-0.006 t0 0.122 +/- 8-6430.006 | +6-8-422-0.001 +/- B:6320.028 t0 0.028 +/- 66420028
7220722 5556306 56-6050.0 5556-55.6
1,2 L6 5.6 9

Table 1. Seasonal and annual median slope values frem-figure-3-to-6-across each GCMwith-HadGEM3-GC31-HMreferenced-as
“Had", EC-Barth-3P-HR-as"CGincluding £ standard deviation for medians and MPESMI-2-XR-as—MPHFranges."Range"

[

Figure 6. Line plots of relative percentage change over Africa for each year and individual season compared to a 1950 decadal
global references, for each GOM; HadGEM3-GC3.1-HM, BEC-Earth-3P-HR, and MPL-ESM1.2-XR and for each index. Line
colour and marking differ for each season. with DJF blue and dashed, MAM green and dash dotted, JJA red and soild;, SON.
purple and dotted. Annual change, which includes all seasons is black and solid.

An overview of the slope distribution is highlighted in fig.10. As you can see the greatest increase in MWT is
rojected over the Antarctic by 0.52 %/yr or 52.52% over the 101-year period. The average is considerably lower

at 0.14% /yr. The average seasonal trend for each continent and the number significant positive trends vs negative
slopes are listed below and above the box-plots. For the Antarctic, all seasonal averages project an increase in

MWT, with a ratio of 82 to 6, positive to negative slopes found in Fig 10. The second highest slope is the maximum
trend over Asia at 0.31% r. This is due to the different

seasonal trends, with a decrease in JJA and SON and a rise in DJF and MAM, North and South America and
Europe have a similar maximum slope of 0.16, 0.15 and +2-Heeus-on-twenty-eight-new-smatler-0.17 %/yr respectively.
Over the three interestingly, the largest decrease in MWT is evident in Europe at -0.18 %/yr and then in South
America at -0.12% -0.04%
Australia (-0.052%/yr). The projected average changes in MWT for North America, South America, Europe, Africa

r, although on average, there is a decrease by -0.005%

in the same range as Africa

r. With North America minimum
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Figure 7. Line plots of relative percentage change over the Asian continent for each year and season compared to a
1950 decadal global references, for each GCM; HadGEM3-GC3.1-HM, EC-Earth-3P-HR, and MPLESM1.2-XR and for each
individual index. Line colour and marking differ for each season, with DJF blue and dashed, MAM green and dash dotted,
JJA red and soild, SON purple and dotted. Annual change, which includes all seasons is black and solid.

Asia Australia Antarctic
Slope Median 0:024-0,007 +/- 8:616-0.014 6607-0.003 +/- 0.004 64290141 +/- 8:6190.021
Hed-HM Median 0.022 +/- 0.014 6:609-0.004 +/- 8:695-0.004 0.223 +/- 0.019
EC Median 6:620-0.015 +/- 80460018 6:616-0.004 +/- 8:0960.005 0.129 +/- 0.021
Yearly | MPI Median 6:025-0.007 +/- 8:6+6-0.008 -6:602-0.003 +/- 6:862-0.003 G084-0.108 +/- 8:6490.025
Range 0.674-0.080 +/- 0-809—0.615-0,007 to 0240 +/- 6-064-0.035 | -646-0.022 + /- G-844+6-6-206-0.002 t0 0.024 +/- 8-035-0.008 | +6-6:820-0.043 +/- 6-605-+0-0-3780.014 to 0.402 +/- 6:625-0.048
Sig (%) 77781222 55.56-50.00 100.00
10.p0s, 0. neg 6.7 7.2 18,0
Slope Median 0:076-0.023 +/- 6:629-0.026 6:018-0.012 +/- 5:088-0.007 6347-0.310 + /- 0.051
Hee-HM Median 6:665-0.050 + /- 0.025 0.019 +/- 0.007 0.417 +/- 0.050
EC Median 0:070-0,035 +/- :632-0.036 0015-0.012 +/- 0.009 0:280.0.274 +/- 0.046
DIF | MPI Median 01630003 +/- 6:064-0.015 0:615-0.005 +/- 0.006 0.198 +/- 0.066
Range 0:062-0.087 +/- 0:025-0:653-0.011 t0 0369 +/- 6:007-0.07L | 8552-0.050 +/- B:050-40-0:309-0.004 t0 0.023 +/- 5-066-0.015 | +o-8:013-0.101 +/- 6:009-6-523-0.035 t0 0.576 +/- -853-0.118
Sig (%) 50.00 66676111 100.00
10.p0s, 10. neg 81 1,10 18,0
Slope Median 0.036-0.004 +/- 8-627-0.024 -0.609-0.006 +/- 88630007 049-0.146 +/- 0.032
Hed-HM Median 0.043 +/- 0.024 0:612-0.008 +/- 0.008 0.231 +/- 0.031
EC Median 0:034-0.021 +/- 5:0320.034 6612-0.007 +/- 5-66-0.008 04230117 +/- 0.032
MAM | MPI Median 0:026-0.004 +/- 8:631-0,013 -0:667-0.001 +/- 0.005 0.104 +/- 0.032
Range -0:063-0.005 +/- 0:032-0:628-0,013 t0 0.245 +/- 6:008-0.053 | 8:679-0.036 +/- 6-826-+6-6-192-0.004 t0 0.029 +/- 8:053-0.012 | +6-6:026-0.045 +/- 6:609-+6-0-413-0.020 to 0.457 +/- 6:644-0.067
Sig (%) 2.22 50.00 100.00
10.p0s, 0. neg 7.6 18 18,0
Slope Median 0:042-0.014 +/- 5:616-0.027 G81-0.013 +/- 0.008 S087-0.077 +/- 8:626-0.025
Hed-HM Median 5:061-0.000 +/- 8:0628-0,029 0.016 +/- 0.008 0.112 +/- 0.022
EC Median 0:642-0.014 +/- 80410036 6:622.0.021 +/- 0.010 G071-0,067 +/- 6:625-0.023
JJA | MPI Median 0:636-0.024 +/- 86140017 0.009 +/- 0.006 6:647-0.046 +/- 0.027
Range 0079-0.121 +/- B:04-0:006-0.011 t0 0,152 +/- 6:0050.052 | -0:0640.000 +/- 8:023-45-6-106-0.004 10 0.051 +/- 8:0520.012 | +0-8:644-0.079 +/- 6:608+0-0:217-0.017 t0 0.251 +/- 6:634-0.059
Sig (%) 50:00-44.44 100.00 91.44
10.p0s, 0. neg 1,7 18,0 14,3
Slope Median 0:055-0.011 +/- 8:0620.0.024 6613-0.009 +/- 0.008 6-404-0,088 +/- 6:634-0.033
Hed-HM Median 0:023-0.009 +/- 6:623-0.024 0.014 +/- 0.008 0.168 +/- 0.026
EC Median 5074-0.070 +/- 864200 G6H-0.011 +/- 0.009 G087-0.083 +/- 5:6390.034
SON | MPI Median 0:032-0.010 +/- 8:636-0.016 6:667-0.006 +/- 0.005 G684-0.080 +/- 8:639-0.036
Range 9430150 + /- BHH6-0:8649-0.015 0 0.302 +/- B:0046-0.057 | 06740007 + /- 8:646-40-6:256-0.004 t0 0.048 +/- 8:0520.015 | +0-8:036-0.102 +/- :642t0-8:349-0.021 t0 0,395 + /- 8:6046-0.074
Sig (%) 66.67 72.22 9444
10.pos, 10. neg 57 13,0 14,3

Table 2. Seasonal and annual median slope values fremfigure-7to-9-across each GCMwith-Had GEM3-GC31-HMreferenced
as—Had", ECEarth-3P-HR-as—EG—including + standard deviation for medians and MPIESMA2-XR-as—MPI—The-same
rows-as—table-2ranges for Asia, but-with-threefinal-econtinentsAustralia, and Antarctic.
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Figure 8. Line plots of relative percentage change over the Australian continent for each year and season compared to a
1950 decadal global references, for each GCM; HadGEM3-GC3. 1-HM, EC-Earth-3P-HR, and MPIESM1.2-XR and for each
individual index. Line colour and marking differ for each season. with DJF blue and dashed, MAM green and dash dotted,
JJA red and solid, SON purple and dotted. Annual change, which includes all seasons is black and solid.

and Australia are 0.032 % 0.019 %/vr, 0.004%.

only equate to 0.4 to 3% over the 101-year period due to the large biases in averaging over such a wider area. To
determine regional differences, our next section breaks down into sub-continental areas—of-interest—Within—these

3.3 Multi-model mean MWT regional analysis

The projected MWT trends across 28 sub-continental regions are highlighted in fig. 11. Similar—to-figure2g,the

N Nin—fHe 10 1950 0 +6-2040-49 a

overthe threefine N/

reeridded-on—te-This figure shows the difference between 1950-60 and 2040-50, as done in fig. 2, averaged over the

GCMs and indices. The maximum, mean and minimum % of MWT over the EG-Earth-domain—Howeverifan-index

Thetrends-evera-101 year period

the 1950s decade (same as section 3.2) for each region is also displayed within this figure. The linear fit slope over
each region can be found in fig.12.
The Antarctic, as clearly shown in fig. 11 and fig. 12, is a region of the globe with a 36—year—periodstinked—to

r in DJF. This increase is evident in

deeadalvariabitity—relatively significant increase in MWT, at most by 0.3 %
all models but particularly in HadGEM3-GC3.1. The average amount of projected MWT over the Antarctic, across
the indices, Is just greater than the Alps (EUR2) and around a similar range as found in SA1 over the north Andes.
This is highlighted within fig. 11, with the max, mean and min percentage of MWT over the period. These boxes
help to infer the projected most turbulent regions, compared to our global threshold, The regions with the greatest
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Figure 9. Line plots of relative percentage change over the Antarctic for each year and season compared to a 1950 decadal
global references, for each GCM; HadGEM3-GC3.1-HM, EC-Earth-3P HR, and MPI-ESM1.2-XR and for each individual
index. Line colour and marking differ for each season, with DJF blue and dashed, MAM green and dash dotted, JJA red and
soild;, SON purple and dotted. Annual change, which includes all seasons is black and solid.

405 amount of turbulence are ASIA6 over the Himalayas, SA3 over the southern Andes, ASTA5 over Turkey and the
middle east and then NA3 over the Rockies (fig. 11).

Figures/Chapter_3_fig/Scatter.png

410

415 3.3.1 Nerth-America; NAL-NAS

There are two notable regions in North America, NA1 and NA2, that project a large rise in MW'T across all seasons
(fig. 12). The North American continent is broken down into five regional areas. Region NA1 covers Greenland,

Iceland and Canada north to nerth-east-north-east of the Hudson bayBay. Aircraft are known to travel through this
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Figures/Overall_Contient.png

Figure 10. Distribution of all slopes within fig 3-9 legends for each continent, with the number of significant (95th confidence
interval) slopes written above each violin plot, and the overall trend of slope (i.e. positive or negative) for each season written
below each plot.
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region, particularly over southern Greenland, when flying from Europe to North America and vice versa (Lane,2009;

Doyle et al, 2005). MWT formation over Greenland is often associated with the passage of a surface cyclone, due

to progression of easterly or south easterly wind flow over the meuntains—mountain’s terrain, with 40 % of all
significant turbulent events linked with this type of generation (Lane et al., 2009). As—diseussed—in—Seetion—3-2;

NA1 is the second most turbulent region in North America. Greenland is a known turbulent region of the globe,
with every fourth day having at least one MOG turbulent PIREP repert—(Lane et al, 2009). In terms of seasonality,
literature suggest MW'T frequency is similar—te-like contiguous United States (CONUS), where some winter months
(January) have had rates four times the amount of MOG MWT compared to spring months (May) (Lane et al,2009,
Wolff and Sharman 2008).

eIy N-H Ssssss - - - 3 } S g
the101—yearperiod—within NA+{figure+—Once averaged over all GCMs ’
and indices (fig. 12), it’s a projected increase of 18.2%, 16.2% 11.1 %, 7.4% for JJA, SON, MAM and DJF over the

period (1950 to 205
0 o a S
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covers central and western Canada and Alaska has a larger relative increase in MWT compared to the rest of the
lobe, with an average increase of 15.2 % (DJF), 14.1% (MAM), 13.1% (SON). Insignificant trends over the period

for JJA. NA3 eneapsulates-covers part of the Rocky Mountain range ;-and is the projected most turbulent (mountain
generated) region of North America —with- Had GEM3-GC3-1-HR-dataseattered-at-the-600%range—(4-648% at max,
fig. 11). The Rocky Mountains are a wel-deeumented-well-documented turbulent area (Wilms, Henrike 2020), with
MWT the major source of turbulence over the western half of the USA (Wolff and Sharman,2008). Figure+0-and

H-show—a—deelinefor-This papers limitations in terrain resolution means only parts of the Rocky Mountains are
represented. In reality, the entire range will be turbulent. In contrast to the other North America regions, there
is a projected decrease in the amount of MWT over NA3 forall-seasonsbut-DIENH-winter - EC-Earth-3P-HR

"' g v WA

S1011; O A tOT0LY AR, ac

Sharmen;—2008)—ecan-oftenhave-apeakin MW similarto-that—inDIF-with DJF, MAM, JJA and SON -8.1 %
-50.5%. -28.3%,-32.3%. Fhese-results-project-a—peossible-drop-in-this-oeceurrenee—This significant decline MAM is the
reatest decrease globally of all our projected trends.

3.3.1 Seuth-Ameriea;r SAT-SA3

The 2"% greatest global decrease is found in South America in SA2 in DJF by -46.5%. Within this region, all other

seasons follow this trend decreasing by -17.2%, -24.2%, -36.4% in MAM, JJA and SON. There are three regions in
South America shown in figsure+0Fig 11, that break down the Andes mountain range into northern (SA1), central

29



490

495

500

505

510

515

520

(SA2) and southern (SA3) regions—Central-and-Seuthern—-Andes—areprojeeted—to—sections. Findings suggest the
southern parts of the Andes in SH winter (JJA) could become considerably more turbulent;—with-smeunts-—eeqtal-to

A o A A/ A Q o A de e L

most—GCMs—for—, Fig. 11 shows the difference between 2050 and 1950, and highlights an evident MWT increase

for SA3 for all seasons. The-one-outlier-model-and-seaso A e e s

ON_H
w, \7

g P1o; 3 . 0 v Y
. 5 .

+respeetivelyfor-SA2—There’s-high-confidencethat MW —will reduce;aeress-all-seasens—However, this is decadal
variability, as the trend over the century only projects JJA to increase in MWT by 9.5%. Such an increase may seem
relatively small, compared to other slopes, but it is already the second most turbulent region of the study (mean of
670.4%, fig. 11). The remaining seasons in SA3, and all within SA1 s-with-strong-significant—model-agreementand

SA2 project a decrease in the amount of MWT.

3"? greatest global decrease in MWT is within Asia in ASTA6, with a drop of -36.4 % over the century in JJA. Over
Asia, eight zones were chosen for further analysis with ASIAG encompassing Indian and Sri Lanka. Note that some
regions have parts of Europe and the Australian continent within them. The remaining seasons too project a drop
in MWT for AISA6 but by considerably lower amounts with -5.7% in DJF, -9.6% in MAM and -14.1% in SON.
The largest amount of projected MWT is found in Asia in zone ASIA4. This area includes the Himalayan mountain
range and Tibetan plateau within it. There are disagreeing trends across the model projections for this region.

ara ariatian 1 +ha M-prateettoneforthe-Seovnvthern—Ande A Fiorira 10 meatanta o a—311—NA A
v v - VY 7

a moment to notice that despite a decrease in decadal difference between 1950 and MP-ESMI2-prejeeta—drop—in

A A o A o on AW PaE N I ON_snd NAN
a O SO W TNt v v

deereasing-overall-by—11£2050 (fig. 11), a trend over the period is increasing by a small amount of 2%and—2-3% but

a1 A o P ha PaVal a anqe-anrndad—de P Pa Pay P
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Figures/MWT_figures/Seasonal_Slop_END.png

Figure 12. For each of our 28 regions, the linear regression slope between 1950 to 2050 for each season is displayed, with
an average taken over the three high resolution GCMs; HadGEM-GC3.1, MPI-ESM1.2-XR and EC-Earth3P-HR. The area
in which each region represents is found on fig. 11.
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525

lowtevelwindspeed—2.4% 1.4% and 1.6% in DJF, MAM, JJA and SON. This is due to EC-Earth-3P-XR, projectin
a significant increase and monopolising the average trend, despite two out of the three projecting a decrease.

530

535 . . ai-and-masimum surface wind-speed—A-d ow-lev
— i - i ASIA3 are the 2"¢ and 3" most turbulent regions in the
Asia. ASIA5, which covers Azerbaijan, Georgia, Turkey and parts of Iran, Kazakhstan and Turkmenistan, has a

relatively large increase in MWT over DJF with a 25.3% projected rise from 1950 to 2050. Despite this rise, a

540

in JJA and -23.3% in SON. Clear seasonal dependence on the trend in time —Pespite MPIESMI-2-projectine—a

SELV/AVY S D I ot B eacon—ha —Oera craaaa i NN I 0z

545

e a1 e S g—a— a €t strene—contiden or—a— --

this region. In contrast ASIA3, projects an increase in PH—with-all-three-GEMs—prejeeting-all seasons by around
1-2% over the period.
550 AFRS5 in Africa has joint 6! greatest decline (joint with NA3 in JJA) with a drop of -14.7% en-average-over-the
i q v v W } o g 3% - 5% e v v v
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-28.3% in DJF. Africa is split into six regions, with AFR1 slightly cutting off the bottom of Spain and Italy
but primarily covering Morocco, Algeria, Tunisia and Libya. AFR1 is technically projected most turbulent region in
Africa, bur AFR3 is a close second. AFR3 includes regions in the Middle East (Asia). AFR‘-and- AFR3-display-a-—elear

AFR2, AFR4, AFR5 and AFR6 have a much smaller amount of MWT compared to AFR1 and AFR3—this—is
- A decrease in MWT projeeted

aeross-these-areas—Heoweveris projected in all regions in Africa, in all seasons on average. EC-Earth-3P-HR pfejeet
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rojects an increase in some regions, which wins the tug of war in trends for the decadal difference between 1950
and 2040 (fig. 11 v i e vi i i vo-stetd i

ASHAS-). Kim et. al (2023) which did a similar study but using more indices, and ASFA3-are-the2nd—and-3rd
%%—M&HWMW% in %heAsra—ASlA%ﬂﬂ%efesHﬂgly—im%hiﬁﬁgaﬂe}Q—has%we
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M@mﬁ%ﬁ%&&%&%@fﬁ%ﬁeﬁ%%ﬂ%ﬁﬁgﬁe&There are three regions of Europe
included in this sub-continent analysis. Only EUR]1 projects an increase in MWT,| ASTA2-ECEarth-3P-HR-projeets

Europe. Please note that, there are some European countries included in the Asia overlap, due to wide boxes. EURL
covers the Scandinavian counties, with this increase arising around the Scandinavian Peninsula (Scandes) and over
Svalbard. Another region of interest is EUR2 which covers the Alps, the Pyrenees and Apennines mountain ranges.
Results are only significant in SON, due to large variability in indices and models. A significant decrease of -20%
was projected in this climatology turbulent season.

3.3.1 Australiaand-Antaretie; AUZI;-AUZ2-and-ANT
As-diseussed-there-There are technically three regions within the Australian continents, with ASIA8 covering both

Asia and the Australian continent. AUZ1 and AUZ2 are located south of ASI8 over Australia and New Zealand.
AUZ1, which includes areas in the Australian country like New South Wales, Victoria and Tasmania +—had—mere

—period by -1 to -4 % over all seasons. There are
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Figures/MWT_figures/Wind_Speed_slopes.png

Figure 13. The average and maximum low-level wind speed trends within each region. Highlighted in red and blue if change
in wind speed is the same as shift in MWT within the same area.
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greater season differences in AUZ2, which covers New Zealand;Jlooks—to—be-inereasing—in—time—withinfigure10—

H ntar and an o A ON hayra
W N v

GEMsagreement; by—934%and—81+%-. An increase of 4.3% in JJA but a decline by -10% in DJF, -2.3% in MAM
-1% in SON. Interestingly, the amount of MWT in this box is greater than many regions in Asia and Africa.

here—are—smno—pe cotornein—the-Anrts 1 Hh qiyailar meatantingna A da o occ—econtinen H owewre ha o

: i s is highlighted clearly on fig. 12, there are more places in the globe projectin,
a drop in the MWT than increase. Kim et. al (2023) projected an increase in MWT in the mid to high latitudes

and a decline usually in the Tropics. This is somewhat the case within our projections, although South America and
the Rockies

i

roject a decline in line with the tropical regions. Kim et. al (2023) found that their changes in MWT

were linked to low-level wind change. Fig. 13 shows if any regions have a similar confident trend in time for both
MWT projections and mean or maximum 10m wind speed variation in time. The Antarctic trends in DJF and JJA

are linked to an increase in the average and maximum low-level winds. The British Antarctic Survey found surface
winds strengthen by 15% since 1980. Fhis-is—a—trend-evident— : - P e

—The mean

jeeting

JJA winds and maximum SON winds over NA2 are increasing over the period, this agrees with our change over

Canada and Alaska. Over North America, the decrease in MWT over the Rockies in SON is linked to a decrease in

the maximum wind speeds. The decrease over India and Sri Lanka is also associated with the decrease but in the

average low-level wind. The choice to include the average and maximum wind speed was done to encapsulate if the

wind speed on average was increasing, rather than just if the number of maximum wind speeds increased.
Threugh-thetse-of-

4 Conclusions

Using three HighRes-MIP CMIP6 GCMs, this study investigates-the-modeled-investigated the modelled projections
of global MWT turbulence over a 101-year period. Through an initial comparison between the 1950-60 and 2040-50

decade, ene-we found coarser models were-net-able-to—could not detect as much detail as their finer counterparts.
This was linked to improved gradient and terrain height information. This study continued only with three higher
resolution models; HadGEM3-GC3.1-HM (25km), EC-Earth-3P-HR(36km) and MPI-ESM1.2-XR (34km). Each
MWT index was broken down and analysed initially through continental yearly analysis (fgurefig 3 to 9). Regional

dependencies arose around model and index agreement, with seasonal components an important contributor to
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results. Finally, a sub-regional approach was discussed, where seasonal MWT and surface wind speed trends were
analysed.

On average, the North American continent had an increase in MW Tsinece—the—starting—deeade. However, a lot
of the trends in time were not deemed-significant. On further sub-continental analysis, the zone encapsulating the

Rocky Mountain range ;-was shown to be decreasing in the amount of MWT in all seasonsbutNH-winter—Within

DIJE inere 0-6%—in-MO NA arose—writh—<imilar—e . Ha rataq o Q Q07 4 07 o 0-0% fq

FIAMAM-and-SON—. Greenland, a region used often for transatlantic travel, is-Hinereasing-had increased in the
amount of MWT, with its greatest shift in JJA by 4+36-518.2%. Over South America, a decrease in MWT was

evident from initial analysis. Fhere—is-This decline in MWT continued into further sub-continental analysis, with
strong model agreement that-the Nerth-and-Central-on northern and central regions of the Andes will-have-alarge

eereases—MOGMW withinSH-summer{DH)—with—dreps—e 3% and—49-2%—retrospeetivelyprojecting a

SH winter by 9.5% but over remaining seasons a decrease was evident.
OverEurope-andAfrica—a—decknein MW is-evident-over—This decrease in projected MWT continued across

Africa, with the greatest decline over the Madagascar in DJF by 28.3%. Strong agreement across all seasons for a

decline in MW over this continent. In comparison, Europe’s projections suggested a decrease in just one region

central European mountain ranges in MAM. MAM was the only season with a significant trend in time, this was due
to a wide spread of index and model trends. However, a rise in MWT evident aeross—the-entireAfrican—econtinent:

o 09 (A A v

S PN Pat T7aN oa a avavapa¥al ALEe—OZFA AWS] Y Pay AIOB-Y—IEAIE ad - 0 P aPa

W 7 v g

eenturyin Scandinavia and the Arctic circle in Svalbard.

An increase in MWT was projected in one model over the Himalayan mountain range and Tibetan plateau (region;
ASTA4) which lead to an on average increase in MWT. However, several-resions-and-seasons-wereless-dependent-on

oP O SO

a—full-pieture—of-possiblefuture MW Touteomesthe remaining two projected a smaller relative decline. This is a
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limitation of the final summary results in our sub continental results, with averages over models and indices taken.

As discussed in our continental review, there are often disagreements between GCMS and the methods to diagnose
MWT.

4.1 Limitations

This paper acknowledges that modelled atmospheric and ocean data is used, all projections are based on a future
scenario of the globe.SSP5-8.5 is the extreme climate warming scenario with no action, with little mitigation or
adaptation (Deng 2022). Orne-As discussed in methodology, one limitation within previous work (Sharman and
Pearsons{, 20175~ Kim et al.{, 2023) —that continues within this paper is that MWT often occurs downstream
from mountain ranges (Wilms, Henrike,20220). Our region should encapsulate source of the downstream MWT due

to our inclusion of slope gradient, but may miss MWT which travels far distances due to certain meteorological

conditions (Lane et —adal., 2009). Qur terrain is sourced from our models, and not a secondary source with higher
round resolution. Future studies could apply such resolutions to fully capture other regions of MWT.

Appendix A: Breakdown into Indices; Two decadal comparison

Figure A.1, A.2 and A.3 display the decade difference for HadGEM3-GC3.1-HM, EC-Earth-3P-HR and MPI-
ESM1.2-XR individually, for each index, rather than averaged (figurefig. 2). These figures also include the decade
difference in daily maximum (g) and median (h) surface wind speeds. As mentioned in Section 2.0; Methodology and
Data, low-level wind speed is a variable within our MW'T indices. One area of investigation is to understand if a shift
in MWT is linked to possible changes in surface winds. Deng et al. (2022), using different, coarser CMIP6 GCMs
and observational data, found CMIP6 GCMs correctly reproduced the decreasing trends (between 1980-2010 and
2070-99) in near surface winds in North America, Europe and East Asia. They did on average simulate faster wind
speeds at coastal areas than inland, and have shown seasonal variations. Please note these wind speed percentage

change only displays results over regions in which MWT arises, other areas excluded for ease of comparison.

Within the HadGEM3-GC3.1-HM (25km) model, a general increase in maximum wind speed is apparent in figure
fig. A.1.g, with a larger percentage change compared to the change in average surface wind speed (figurefig. A.1.h).
The maximum surface winds have relatively large percentage shifts over Greenland, the Antarctic and Asia. These
regional increases correlate the rise in MWT frequency in many indices within this figure. Interestingly, average wind
speed has more regions that project decrease over the continents, than maximum wind speed, particularly interesting
is the decline on the coastlines of the Antarctic between 60-180 °E. One could argue the changes in wind speed,
in both maximum and average, correlate to projected MWT percentage differences in such indices as MWTgp,
MWTgrpws,MWTy g. Within this figure, the projected outcomes from these indices are relative similar within the
HadGEM3-GC3.1-HM model.
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Interestingly, MWT pry (figurefig. A.1c) projects a very notable MWT decline across the globe, including southern
Greenland, the North America Rocky, Central and Southern Andes and the Himalayas. A decline in maximum
wind speeds arises over the Antarctic and north west Greenland, regions where MWTpry projects a drop in
MWT frequency between the two decades. MWT yrq (figurefig. A.la) is an index shown to effectively represent
MWT over North America —aecordingtoROC——eurve-analysis{roem—(Shaman and Pearson’s{, 2017). This index
projects either no change or a decline in MWT over southern Greenland, USA and Canada. Despite similarities
to MWTp;v, MWT g differs over the African and Asian contentment, with an increase in turbulence at the
southern edge of the Tibetan Plateau. The most notable index within figure-fig. A.1 is MWTpp, with a pronounced
decline projected over the northern Andes, eastern Africa, the Himalayas and Indonesia and a substantial increase

projected in other regions of the globe. Except for similarities in North America, MWTppr and MWT grg have

almost opposite projections. A weakening in MWT rojections may be associated with polar amplification

weakening the meridional temperature gradient.
The EC-Earth-3P-HR (36km) and MPI-ESM1.2-XR (34km) too have the most notable change found within

MWTgp. These two models project a greater overall increase over Asia than HadGEM3-GC3.1-HM within this
index. There is a notable drop in the number of regions producing MWT within MPI-ESM1.2-XR projections.
However, in comparison to the mid-range and coarser models, a large percentage of the globe is still incorporated.
MWTpry within figure-fig. A.3 projects a similar decrease to that evident in HadGEM3-GC3.1-HM (figurefig.
A.lc) results, over the regions available. Interestingly, EC-Earth-3P-HR projects a decrease in some regions, using
MWTpry, but a much smaller percentage change. In some cases MWT pry project a slight increase in areas which
decreased in figurefig. A.1 (North/South America). Despite these difference, these spatial maps from figure-fig. A.1

to 5 suggest a greater variation in trends in the indices than GCMs.

The change in surface wind speed marginally differs across the GCMs. Although, EC-Earth-3P-HR compared to
HadGEM3-GC3.1-HM projects weaker winds inland over Asia, Greenland and North America, for change in average
wind speeds. MPI-ESM1.2-XR also projects weaker winds over Asia within fgure—fig. A.3 (h). These differences
highlight the impact of the average surface wind on MWTgrp, MWTrpws, MWTy s projections. These weaker

winds link to negative changes in MWT, particularly over Asia.

Appendix B: Clear air turbulence indices

These are the indices used in combination with our terrain height, gradient and wind speed requirements to
calculate mountain wave turbulence. As mentioned in methodology we focus on 200 hPa, note some indices use
a vertical component and spread from 250 hPa to 150 hPa. These indices are combined with Ds to create MWT
indicies (Section 2.1). Please contact the corresponding author for the MOG thresholds for each MWT index and
ensemble model. Please note that these thresholds should be applied to the same HighResMIP GCMs used within
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Figures/MWT_figures/HadGEM.png

Figure A1l. The decade percentage difference in MWT between 1950-59 and 2040-49, for the six MW'T indices using the Met.
Office Model HadGEM3-GC3.1-HM with grid spacing domain of 25km, averaged over three ensemble member runs (a-f). The
change in maximum and median wind speed, between these two previous mentioned decades, within HadGEM3-GC3.1-HM

is highlighted in subplots g and h respectively.
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Figures/MWT_figures/EC_Earth.png

Figure A2. The decade percentage difference in MWT between 11950-59 and 2040-49, for the six MW indices using EC-

Earth-3P-HR with grid spacing domain of 36km, averaged over two ensemble member runs.
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Figures/MWT_figures/MPI.png

Figure A3. The decade percentage difference in MWT between 1950 and 2040-49 (2040-49-1950) for the six MWT indices
using Max-Planck Institute GCM MPI-ESM1.2-XR with grid spacing domain of 34km.
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