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Abstract

Clear Air Turbulence (CAT) and Mountain Wave Turbulence (MWT) are two types
of upper-level atmospheric turbulence that have a dangerous impact on aircraft.
Understanding how these types of turbulence are changing with global tropo-
spheric warming is important for the future of the aviation sector. Using high res-
olution global climate models, this thesis initially focuses on how moderate CAT
could vary in a high-end warming scenario over the transatlantic basin. Across
simulated projected data from the year 1950 to 2050, moderate CAT on average
increased in frequency by +14%, +9%, +9%, and +14% over Northern Hemisphere

autumn, winter, spring and summer per degree of global near-surface warming.

Furthermore, the increase in CAT frequency is decomposed into patch size and
number. The region of interest was expanded to the mid to high latitudes over
the Northern and Southern Hemispheres. For winter, both hemispheres experi-
enced an increase in the average area and number of patches. This combined
effect led to large increase in moderate winter-time CAT, with the total area in-
creasing on average by +360 km? and +474 km? per year, for the Northern and

Southern Hemispheres respectively.
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Projected trends in global MWT were the final area of research discussed. A pro-
jected increase in moderate or greater MWT was found to develop over Green-
land, the Antarctic and regions in Asia. However, a decrease was found over
the Alps, Atlas and northern and central Andes. A link between MWT trends
and projected median surface wind was found and explained several reductions
in MWT. A decrease in MWT developed over the Rocky Mountain range in all

seasons except Northern Hemisphere winter with an increase of +60.6%.

This thesis projects future variations in CAT and MWT, with implications for a

more turbulent future for the aviation sector.



iv

Acknowledgements

Firstly, I would to thank my two great supervisors, Paul Williams and Reinhard
Schiemann, for their support and encouragement over the last four years. I really
appreciate all the time, ideas and insight they both gave and the exciting, friendly
environment that lead to such a great PhD experience. I would also like to thank
Tom Frame and Christopher Merchant for reviewing and aiding my work with
every monitoring committee meeting. I am very grateful for their great feedback

and encouragement which helped move me forward in the PhD.

I would like to thank my lovely family for being a fantastic support network. My
wonderful parents have always supported and encouraged me. I would not be
where I am today without them. I would like to thank my kind and wonderful
brothers for both offering to read this thesis, but neither doing so. I would also

like to thank my sister for sending daily videos of my two adorable nieces.

The Meteorology Department has also become my second family, and I would



like to thank everyone for the great memories and constant support. In particular,
the fun and chaotic PhD community, with special thanks to my Cohort; Hannah,
Brian, Charlie, Harriet, Natalie, Alanna, Helen and Blair. A particularly break
free moment in the PhD was when a number of us in the cohort organised, acted
and filmed the Meteorology Christmas Pantomime. A big thank you to Brian and

Hannah for encouraging me to join Met runners and giving me a great PhD outlet.

I would also like to thank my great office mates from the 5th floor Lyle and Meteo-
rology building (2U08); Sophie, Lauren, Devon, Jake, Akshay, Meg, Beth, Harriet,
Flynn, Karine, leuan, Rhiannon, Niamh and Nathan. A particular thank you to
Meg, Lauren, Sophie, Beth and Harriet for being very distracting, but also being

there for me with constant coffee breaks.

Lastly, I am very grateful for the kindness and support I have from a number
of friends outside of this department, who encourage me daily. I am very lucky
to have you; Hannah, Eleanor, Rebecca S, Caroline, Melba, Catherine, Marina,

Rebecca C. and Emily.



vi

Declaration of Papers

This thesis is written and submitted through a collection of manuscripts. The
first chapter of results is an unchanged published paper referenced below. The
remaining two result chapters have been written as papers, with the purpose of

submitting for review imminent.

e Smith I.LH, Williams P.D., Schiemann R., 2023; Clear-air turbulence trends
over the North Atlantic in high-resolution climate models. Climate Dy-

namics. Available at: https://doi.org/10.1007 /s00382-023-06694-x

e Smith I.H, Williams P.D., Schiemann R., 2025; Evaluation of clear air turbu-

lence patches in high-resolution global climate models.

¢ Smith I.LH, Williams P.D., Schiemann R., 2025; Global change in mountain

wave turbulence within high resolution climate models.

The contributions from the PhD Candidate, Isabel H. Smith (IHS) and Supervi-
sors, Paul D. Williams (PDW) and Reinhard Schiemann (RS), are given below for

all manuscripts.

IHS: Conceptualization, formal analysis, investigation, project administration, soft-

ware, visualization, writing original draft, writing—review and editing.


https://doi.org/10.1007/s00382-023-06694-x

vii
PDW: Conceptualization, funding acquisition, methodology, project administra-
tion, supervision, writing review and editing.

RS: Conceptualization, funding acquisition, methodology, project administration,

supervision, writing review and editing.



viil

"With very best wishes for a great career!"

- Robert Sharman



Contents

Declaration of Authorship
Abstract
Acknowledgements
Declaration of Papers

1 Introduction and literature review
1.1 Atmospheric turbulence . . ... ... ... ... .. 0000
1.2 Clearairturbulence . . . . . .. ... ... ... ... . ...
1.2.1 Climate change; impact on clear air turbulence . . . . . . . .
1.2.2 Determining clear air turbulence in the atmosphere . . . . .
1.3 Mountain wave turbulence . . ... .. ... ... ... ...
1.3.1 Climate change; impact on mountain wave turbulence . . .

1.3.2  Determining mountain wave turbulence in the atmosphere

ix

ii

iv

vi

15
19
21



1.4 Other types of atmospheric turbulence . . . . . ... ... ... ...
141 Convectively induced and near cloud turbulence . ... ..
142 Impactonairports . ... ... ... ... ...........

1.5 Thesis AImMS . . . . . . . . o o o o s

Methodology and data

2.1 Diagnosing Clear Air Turbulence . . . . . ... ... .. ... ....
2.1.1 Favourable conditions for CAT production . . ... ... ..

2.2 Diagnosing mountain wave turbulence . . ... ... ... ... ..

2.3 Global climatemodels . .. ... ... ... ... . ... ...

2.3.1 Limitationsof GCMs . . . . . . . . . . . . . ..

Trends in clear-air turbulence over the North Atlantic
3.1 Introduction . . ... ... ... ... ...
32 Dataandmethods. . . ... ... ... ... ... ... . ... ...
33 Results . ... ...
3.3.1 CAT variations in time for individual CAT indices . . . . . .
3.3.2 North Atlantic seasonal CAT projections . . . ... ... ..
3.3.3 Moderate CAT variations with global near surface tempera-
ture . ..o

3.34 Averaged trends with anthropogenic climate changes . . . .



34

xi

Summary and discussion . . . . ... ... Lo oo oL 76

Evaluation of clear air turbulence patches in high-resolution global cli-

mate models 80
41 Introduction . ... ... ... o Lo 82
42 MethodologyandData . . . . ... ................ ... 87
43 Resultsand Discussion . . . . ... ... ... ... ... .. .. ... 91

43.1 Percentage of CAT over Mid-high Latitudes . . ... .. .. 91

4.3.2 Evaluation of Moderate CAT over NHand SH . . . . . . .. 98
44 Conclusion . . . .. ... oL 113

Global change in mountain wave turbulence within high resolution cli-

mate models 118
51 Introduction . . ... ... ... ... ... 120
52 MethodologyandData . . . . ... ........ ... ....... 123
53 Resultsand Discussion . . . . . ... ... ... ... ... .. 127
53.1 Two Decade Comparison . . .................. 128

5.3.2 Seasonality of MWT; yearly analysis . . . . ... ....... 134
North America . . ... ... ... ... 0oL 137

South America . . .. ... ... ... ... ... 139



xii

Africa. . . . ... oo 144

Asia. . .. e 146
AustralianContinent . . . . . ... .. ... ... ... ... 149

Antarctic . . . . . .. oL 151

5.3.3 Further Regional Investigation . . . ... ... ........ 155
North America; NA1-NA5 . . . . . ... ... ... ..... 156

South America; SA1-SA3 . . . ... . ... ... ... ..., 161

Europe; EURI-EUR3 . . . .. ... ............... 164

Africa; AFR1-AFR6 . . . . . . . . . .. . 166

Asia; ASIAT-ASIAS . . . . . .. 169

Australia and Antarctic; AUZ1, AUZ2 and ANT . . . .. .. 172

54 Conclusion and futurework . . . . ... ... oL L. 174
54.1 Limitations . ... .. ... .. ... . oL 176
Summary and impact of results 178
6.1 Trend in clear-air turbulence over the North Atlantic. . . . . . . .. 179

6.2 Evaluation of clear air turbulence patches in high-resolution global
climatemodels. . . . . ... ... o oo 181

6.3 Global change in mountain wave turbulence within high resolution
climatemodels. . . . ... ... .. L oo 182

6.4 Comparison across Chapters . . .. .................. 184



7

A

6.5 Futurework . . . . . . . . .,

References

A.1 Clear Air Turbulenceindices . . . . . . . . . . . . . . . .. ... ...

A.2 Data availability statement . . . . . ... ... .. 000000

A.3 Funding

xiii

186

188



List of Figures

1.1

1.2

A schematic displaying the mechanisms that develop the four main
types of upper-level atmospheric turbulence that impact aviation;
clear air (CAT), convectively induced (CIT), mountain wave (MWT)
and near cloud (NCT) turbulence (Adapated from Marlton,(2016),
Kim et al. (2018) and Kuettner and Jenkins (1953)) . .. ... .. ..
Lee et al. (2023) published fig. showing yearly (only NH win-
ter) meridional temperature gradient values (pink solid line), and
horizontal wind speeds (SPD) values (light blue solid line) over
a 41 year period. East Asia (170°E to 130°W, 35 to 55°N), East-
ern Pacific (170°E to 130°W, 35°55°N) and northwestern Atlantic
(8020°W, 35"60°N) focuses findings are displayed with subplots a),

b) and c), respectively. . . . ... ... Lo Lo Lo L

Xiv



1.3 Simplitied diagram exploring the probability density function (PDF)

21

of lighter or greater (LOG) against CAT, or MWT index for the bot-
tom left green density plot, and probability density function of a
Null result against the same index in the top left pink density plot.
The probability (P) of a True positive and False positive are plotted
in the right hand subplot, with the red curve showing an arbitrary
example. The area under the red curve relates to how well the in-
dex is able to diagnose turbulence. The dashed line represents a
point where the probability of true and false positives are equal, so

the index has no skill in diagnosing turbulence. . . . . . .. ... ..

Simplified streamlines of jet stream scenarios in which flow pat-
terns are favourable for CAT production (Hatched areas). The lines
with arrows are linked to the jet stream locations. Scenario 1,2,3
and 4 are related to a col pattern, a sharp trough, a ridge, and a

negatively titled trough. Sourced from Ellrod et al. (2015). . . . ..

XV



XVi

3.1 The distribution of 1950-59 EDR-related thresholds displayed for
each diagnostic; vertical wind shear of the horizontal wind(WShear;
a), Brown energy dissipation rate (BED; b), variant one of Ellrod’s
index (E1; ¢), variant two of Ellrod’s index (E2; d), negative Richard-
son number (NegRi; e), horizontal temperature gradient (HTG,; f),
flow deformation times vertical temperature gradient (FDVTG; g),
version 1 of North Carolina State University index (NCSUV1; h),
horizontal wind speed (WSpeed; i), wind Speed times directional
shear (WspeedDS; j), magnitude of horizontal divergence (HorDiv;
k), magnitude of residual of non-linear balance equation (ResNLBE;
1), vertical vorticity squared (Vortsq; m), relative vorticity advection
(RelVortadv; n), magnitude of absolute negative vorticity advec-
tion (NegVortadyv, o), flow deformation (FD; p), flow deformation
times wind speed (FDWSpeed; q), frontogenesis function (FF; 1),
Brown index (B s), potential vorticity (PV; t), Colson-Panofsky in-
dex (CP; u). Thresholds created using all ensemble runs, for all sub-
models within the three GCMs listed in Sect. 2. The distribution of
1950-59 EDR-related thresholds displayed for each diagnostic, con-
tinued: There are five CAT severities displayed: light (blue), light
to moderate (orange), moderate (green), moderate to severe (grey)
and severe (purple). The 25th and 75th percentiles bound the boxes
shown, with the vertical black line through each box representing
the median data point. The whiskers extend to show the rest of the

distribution. . . . . . . . .. 56



3.2

3.3

34

The projected change in moderate CAT encounters from the thresh-
old values for twenty-one indices that represent CAT across time.
The percentage change in time for the three chosen CMIP6 GCMs is
also shown, with each sub model included. Findings are averaged
across each ensemble member (if applicable). The range of percent-
age change, shown through colour bars within the subplots, differ
and increase fromatou . ... ... ... .. ... ... L.
Seasonal percentage changes in CAT, from the 1950 to 1959 thresh-
old period that includes all seasons, against time (averaged across
ensemble members). Season defined by a differing colour and line

style, with northern hemisphere (NH) Winter (December—January—

Xvii

February; DJF), autumn (September—October—-November; SON), sum-

mer (June-July-August; JJA) and spring (March—-April-May; MAM)
coloured navy blue and dashed, pink and solid, light blue and dash
dotted, and orange and dotted, respectively. Population standard
deviationerrorshaded . . . .. ... ..... ... ... .. ...
Seasonal percentage changes in CAT, from the 1950 to 1959 thresh-
old period that includes just one season, against time (averaged
across ensemble members). Season defined by a differing colour

and line style as done in figure. 3.3 . . . . . ... ... ... ...



3.5

3.6

The global mean seasonal near surface temperatures (TAS) pro-
jected over time for each chosen CMIP6 global climate model. All
sub models and ensemble members are included. Global mean TAS
for HadGEM-GC3 DJE, MAM, JJA and SON are displayed in sub-
plots a, d, g and j. For EC-Earth the same retrospective seasons
are shown in subplots b, e, h, and k and MPI-ESM1.2 are shown in
subplotsc, f,iandl . . . ... ... .o Lo oo
The moderate percentage change scattered against change in mean
global seasonal near surface temperature (TAS). Shade of scatter re-
lates to the year of moderate CAT events. Season defined by colour
and line style, with DJE, SON, JJA, and MAM coloured blue and
dashed,pink and dotted, light blue and solid, and orange and dash
dotted, respectively. The line of regression slopes, with 95% confi-

dence intervals, take an average over ensemble members . . . . . .

XVviil



XiX

3.7 Regression line slopes showing the trend between moderate CAT
percentage changes over the North Atlantic, against the global mean
seasonal near-surface temperature for all ensemble members within
HadGEM3-GC3.1, EC-Earth-3P, and MPI-ESM1-2. The colour of the
square represents the range of which the sub-model’s horizontal
resolution resides within, with 25-36 km shaded orange, 60-71 km
shaded blue, and 135 km shaded green. The navy dashed line is the
average (median) across all squares for each season, with subplot a,

b, ¢, and d displaying slopes from DJF, JJA, SON, and MAM. . . . . 75

4.1 Upper-level wind speeds for Jan 1st in 1950 within HadGEM3-GC3.1-
HM ensemble member 1. This figure used to highlight zones of in-
terest in the northern and southern hemisphere by the white dashed

lines (B30-75°IN/S). . . . . . . e 88



4.2

4.3

XX

The fraction of CAT over the area of interest, as a percentage, for

the NH band (30-75°N) for all five severities, with colour bar in
log10. The median percentage value for each decade is written in
black text across 10 lines. The rows are linked to the GCMs sub
models in order from top to bottom as EC—Earth—3P—HR,—3P,
MPI-ESM1.2—XR,—HR, HadGEM3—-GC3.1-HM,-MM, —LL. Columns
are associated with the season of interest, with DJF, MAM, JJA and

SON travelling left to right across the figure. . . ... ... ... .. 94
The daily amount of turbulence compared to the size of the SH
band (30-75°S) for all five severity’s, with colour bar in log10. The
median percentage value for each decade is written in black text
across 10 lines. The rows are linked to the GCMs sub models in or-

der from top to bottom as EC—Earth—3P—HR,—3P, MPI-ESM1.2—XR,—HR,
HadGEM3—-GC3.1-HM,-MM,—LL. Columns are associated with

the season of interest, with DJF, MAM, JJA and SON travelling left

toright across the figure. . . . . ... ... ... .. ... . ... ... 96



XX1

4.4 Histograms of the area of moderate CAT, over the NH band for the
tirst 30 years of the period (1950-80) (blue) and the final 30 years
(2020-2050)(orange). The rows show the GCMs sub models from
top to bottom (EC—Earth—3P—HR,—3P, MPI-ESM1.2—-XR,—HR,HadGEM3—-GC3.1-HM
MM, —LL).Columns are associated with the season of interest. . . . 99
4.5 Histograms of total km? for moderate CAT, over the SH band for
the first 30 years of the period (1950-80) (blue) and the final 30
years (2020-2050)(Orange). The rows are linked to the GCMs sub
models in order from top to bottom as EC—Earth—3P—HR,—3P,
MPI-ESM1.2—XR,—HR, HadGEM3—-GC3.1-HM,-MM, —LL. Columns
are associated with the season of interest. . . . . .. ... ... ... 101
4.6 Scatter plot of the number of moderate patches per day, the median
patch size and total area of CAT over the NH band. The lines of
best fit show the change per season, rather than day. The rows show
GCMs in order from top to bottom as EC—Earth—3P—HR,—3P, MPI-ESM1.2—-XR,—HR,
HadGEM3—-GC3.1—HM,-MM, —LL. Columns show the seasons DJF,
MAM, JJAand SON. . . . .. ... ... 105



4.7

51

52

XXii

Scatter plot of the number of moderate patches per day, the me-

dian patch size and total area of CAT over the SH. The lines of

best fit show the change per season, rather than day. The rows

are linked to the GCMs sub models in order from top to bottom as
EC—Earth—3P—HR,—3P, MPI-ESM1.2—XR,—HR, HadGEM3—-GC3.1-HM,-
MM, —LL . Columns show seasons ( DJF, MAM, JJA and SON).. . . 110

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, MWTy1c,
MWTEEMWTDIV.  « o oo e e e e e e e 127
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, modify-

ing data into 36km and 71km across the finer and mid-range domains.130



5.3

54

5.5

XX1ii

The decade percentage difference in MWT between 1950-59 and
2040-49, for the six MWT 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 me-
dian wind speed, between these two previous mentioned decades,
within HadGEM3-GC3.1-HM is highlighted in subplots g and h re-
spectively. . . .. ... 133
The decade percentage difference in MWT between 11950-59 and
2040-49, for the six MWT indices using EC-Earth-3P-HR with grid

spacing domain of 36km, averaged over two ensemble member

The decade percentage difference in MWT between 1950 and 2040-
49 (2040-49-1950) for the six MWT indices using Max-Planck Insti-
tute GCM MPI-ESM1.2-XR with grid spacing domain of 34km. . . . 136



5.6

5.7

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. . . . . . ...

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. . . . ... ..

XX1V

140

143



5.8

59

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. . . . . . ... ... ... ...
Line plots of relative percentage change over Africa for each year
and individual season compared to a 1950 decadal global refer-
ences, 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. . . ... .. ... ...

XXV

145



5.10 Line plots of relative percentage change over the Asian continent

511

for each year and season compared to a 1950 decadal global refer-
ences, 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.

Line plots of relative percentage change over the Australian con-
tinent 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 solid, SON purple and

dotted. Annual change, which includes all seasons is black and

XXV1

150



XXVii

5.12 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. . . . . ... ... ... 153

5.13 The spatial map displays the percentage difference between the
1950s and 2040s averaged across the three finer GCMSs, similar to
fig 5.2(g), but for each 28 regions. If indices are insignificant over a
101-year period, they are not included within area averaging. The
line plots surrounding the map show the relative MWT percentage
change from global threshold for each year, averaged over six MWT
indices, for each new sub-region shown by a white box. HadGEM3-
GC3.1-HM linear regression slopes and scatter are referred to as
"Had", as previously done in Table 5.1 and 2, and colored navy
with a dash-dot line. MPI-ESM1.2-XR is referred to as "MPI" with
a grey scatter and dashed linear regression line. EC-Earth-3P-HR is

referred to as "EC" with black scatter and a solid line. . . . ... .. 158



5.14

5.15

XXViii

Seasonal trends for MWT over 28 sub-continental regions, high-
lighted in Figure 5.13. Over the 101 year period, shaded grey if
no significant trend. The figure breaks down results into columns
associated with the three GCMs, as evident by labelling on the x-
axis. DJF, JJA, MAM and SON displayed in subplot “a’,’b’,’c” and
0
Trends in surface wind speed for each sub-region shown in fig 5.13.
The Maximum and Median winds are discussed individually with
notation ‘"Max” and ‘Median’ for all GCMs. Each model is donated
similar to that in Table 5. 1 & 2 with HadGEM3-GC3.1-HM ref-
erenced as 'Had’, EC-Earth-3P-HR as "EC” and MPI-ESM1.2-XR as
"MPT". DJE JJA, MAM and SON displayed in subplot ‘a’,’b’,’c” and

‘d’. The grey zones depict insignificant GCM projections. . . . . .



XX1X

List of Tables

2.1 Forcing and initialization for the simulations used in this thesis.
LAI and GHG stand for Leaf Area Index and greenhouse gases.
ScenarioMIP links to Model Intercomparison Projects (MIP) high-
end CMIP6 SSP5-8.5 scenario. Macv2.0 SP is a simplified aerosol
forcing method (Haarsma etal, 2016). . . ... ... ......... 43

3.1 The horizontal grid spacing and the number of ensemble mem-
bers for three CMIP6 HighResMIP GCMs: EC-Earth3, HadGEM3-
GC3.1, and MPI-ESMI-2 (Hasrsma et al. 2020, Roberts et al., 2019,
Gutjahretal. (2019) . . . . ... ... L oo 52

41 Energy dissipation rates (EDR) for a median-weight category air-
craft and their associated percentage range for each severity of CAT

within indices. (Williams, 2017) . . . . . . . . .. ... ... .. ... 91



4.2

4.3

51

52

The number of patches, average patch size, and total area of CAT
on average across the 101-year period for each CMIP6 GCM for all
seasonsinNHandSH. . . . ... ... ... .. .. ... .. ... ..
Multi-model median for the number of daily patches, the average
size and the total patch area across the 101 years, over the 21 indices

and over the 7 models used for this analysis listed in Table 4.2. . . .

Seasonal and annual median slope values from fig 5.6 to 5.9 across
each GCM with HadGEM3-GC3.1-HM referenced as "Had", EC-
Earth-3P-HR as "EC" and MPI-ESM1.2-XR as "MPI". "Range" dis-
plays the spread across all significant slopes over GCMs. "Sig"
displays the percentage of slopes for each season with significant
slopes. "no. pos, no. neg" values indicating the number of signifi-
cant positive or negativeslopes. . . . . . .. ... oo 0L
Seasonal and annual median slope values from fig 5.6 to 5.9 across
each GCM with HadGEM3-GC3.1-HM referenced as "Had", EC-
Earth-3P-HR as "EC" and MPI-ESM1.2-XR as "MPI". The same rows

as Table 5. 2, but with three final continents. . . . .. ... ... ..

XXX

103



Chapter 1

Introduction and literature review

1.1 Atmospheric turbulence

Characterising turbulence is one of literature’s chief outstanding difficulties (Lamb,
1945). Its nature is non-linear, multi-dimensional, chaotic and occurs in both the
atmosphere, from boundary layer to stratosphere, and oceans. Understanding the
mechanisms that generate atmospheric turbulence is of key importance for many
areas of research and forecasting, with its inclusion in numerical weather predic-
tions (NWP) and global circulation models (Wolff and Sharman, 2008). Upper-
level atmospheric turbulence is also a critical mechanism for the global energy
budget, as it vertically mixes gases such as ozone and water vapour, across the

tropopause into the free atmosphere (Qin et al., 2022). Ozone and water vapour
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have an important role within the thermal structure of the atmosphere (green-
house gases), with strong radiative impacts within the troposphere (Ramaswamy
et al.,2001). Upper-level atmospheric turbulence is a fundamental phenomenon
critical for the mixing of gases, but is also extremely dangerous if encountered
by aircraft, which typically cruise at or around the tropopause. At these heights,
passengers are more likely to have seat belts unbuckled (Kim et al, 2018), lead-
ing to incidences of passengers and crew members vigorously thrown around the

aircraft, depending on the severity of the encounter.

The United States of America’s (USA) Federal Aviation Administration (FAA)
tracks reports of serious turbulence injuries. Over USA airspace, between 2009
and 2022, 163 reports of such serious injuries were documented. The FAA classify
a serious injury as an individual hospitalised for 48 hours or more (FAA, 2024).
Individually, the likelihood of encountering severe turbulence is very small, con-
sidering that the FAA recorded 917 million passengers travelling in the year 2022
alone (FAA; Air Traffic by numbers, 2023). However, encountering light turbu-
lence is common, with atmospheric turbulence linked with 71% of all weather-
related in-flight injuries (Eick, 2014). The remaining 29% within such injuries are
linked to other dangerous meteorological phenomena such as icing impacting lift,
adverse winds, freezing rain/sleet, heavy precipitation and fog (Eick, 2014) . The

USA’s aviation sector is estimated to spend 200 million US dollars annually related
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to injuries and damages, with turbulence impacting both the interior and exterior
of the aircraft (Williams et al., 2014). Tens of millions of this cost is linked to med-
ical and insurance claims from passengers and crew (Golding, 2002). Increased
workload on air traffic control staff is also a cost for the aviation sector, with pilots
seeking diverted flight paths to avoid turbulence. These routes are often longer,
convoluted, and burn more fuel. In 2017, the aviation industry contributed 859
million tonnes of the man-made CO, (Atrill et al., 2021), this is an increase of 47%
from the global aviation sector compared to records before the year 2000 (EASA,
2022).

The severity of a turbulent event depends on the size of the aircraft, with atmo-
spheric eddies ranging in sizes, but impacting aviation at 1km to 100m, or even
smaller for non-commercial airlines (Storer et al., 2017, Sharman and Pearson ,
2017, Ellrod et al., 2015). An eddy is a movement of air flow, often rotating, that
deviates from the general atmospheric background flow. The impact of turbu-
lent eddies on an aircraft is quantitatively defined by the cube root of the energy
(eddy) dissipation rate (EDR) (MacCready, 1964). Physically EDR represents the
cubed root of the rate of change from kinetic energy to heat by the smallest ed-
dies (Sharman and Lane, 2016). EDR!/? has a proportional relationship to the root

mean square vertical acceleration of an aircraft (Sharman and Lane, 2016).
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EDR!/%s impact on passengers and crew are dependent on integral factors in-
cluding aircraft type, altitude, weight, and airspeed (Kim et al, 2018; Sharman
and Lane, 2016). For example, EDR!/3 values of 0.1-0.2 m?/3s~!, on a medium
category transport plane, are known to be associated with a slight erratic change
in altitude for the aircraft and somewhat rhythmic bumpiness. This would be
considered a light turbulence encounter (Sharman and Lane, 2016). Moderate
encounters are more intense, with greater shifts in altitude and rapid jolts, but
control over the aircraft is maintained by the crew. A loss in control, normally for
a very short period, is linked to severe turbulence. On a medium sized aircraft, se-
vere and extreme turbulence, which are interchangeable in some texts, are linked
to EDR'/3 values greater than 0.5 2/35=1 (Williams and Joshi, 2013). As discussed,
these encounters are very rare, with assumptions made that less than 0.1% of the
atmosphere contains severe turbulence. Aircraft encountering patches of turbu-
lence often move upwards in height to remove themselves from these zones. This
shift in altitude comes from a patch of turbulence typically horizontally wide but
vertically thin. Over a 10-year climatology, Sharman et al. (2014) determined that
a patch of turbulence on average was 60-70km wide and 1km in thickness. In this
paper, a turbulence patch is defined as a series of EDR!/3 values greater than 0.1

2/3

m?/3571, that lasts at minimum for 5 minutes, with at least one EDR'/3 peak of 0.2

2/3,—-1

m='-s
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FIGURE 1.1: A schematic displaying the mechanisms that develop
the four main types of upper-level atmospheric turbulence that im-
pact aviation; clear air (CAT), convectively induced (CIT), moun-
tain wave (MWT) and near cloud (NCT) turbulence (Adapated from
Marlton,(2016), Kim et al. (2018) and Kuettner and Jenkins (1953))

One useful way of breaking down aviation-scale turbulence in literature is to cate-
gorise an event by its formation, or environment in which it developed. For exam-
ple, clear air turbulence (CAT; Section 1.2), occurs within a stratified, convectively
cloud free ("clear air") environment. If turbulence was linked to an active verti-
cally deep convective system, it would be referenced to as convectively induced

turbulence (CIT; Section 1.4) or perhaps near cloud turbulence (NCT; Section 1.4)
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depending on the distance from the active zone. Fig. 1.1 portrays a simplified
diagram of this categorisation, with different mechanism leading to the forma-
tion of CAT, CIT, NCT and finally mountain wave turbulence (MWT; Section 1.3).
Through this categorisation, turbulent events can be broken down by severity
and formation. This leads to an effective and beneficial way for pilots to report
on such an encounter and for forecasting or research purposes. A pilot report of

turbulence is referred to as a PIREP.

1.2 Clear air turbulence

The American National Committee on Clear Air Turbulence defines CAT as "tur-
bulence in the free atmosphere of interest in aerospace operations that is not in,
or adjacent to visible convective activity. This includes turbulence found in cirrus
clouds not in or adjacent to visible convective activity " (Pao and Goldburg, 1969).
This definition allows room for interpretation for the mechanisms that generate
CAT, with MWT and NCT often included with the CAT category. Fig. 1.1 high-
lights this, with breaking waves induced by the large convective feature on the
right of the figure leading to NCT and the breaking mountain (lee) waves forming
MWT on the left, both developing within "clear air". Therefore, MWT and NCT
can reside in the overarching definition of CAT. However, within this thesis, when

discussing CAT, it is purely focused on turbulence generated by jet streams and



Chapter 1. Introduction and literature review 7

streaks (top of fig. 1.1). Ellrod et al. (2015), through the use of satellite imagery
and PIREPs, discusses that cirrus clouds can be used as an indication of CAT.
Cirrus clouds consist of ice crystals and reside at high altitudes within the tropo-
sphere between 3 to 18km from the surface depending on global location (WMO,
2024). Aircraft, and large ship, can even form their own cirrus clouds in the upper

atmosphere refereed to as contrails.

Mid-latitude jet streams are bands of fast flowing winds that propagate globally
eastward in the northern hemisphere (NH) and westward in the southern hemi-
sphere (SH). CAT generation is linked to jet streams due to increased shear-driven
instabilities such as Kelvin-Helmholtz Instability (KHI) on the edges and sides of
the jet cores, with maximas in CAT found above and below these regions (Wolff
and Sharamn, 2008). KHI, which is the instability induced by shear in a stratified
flow, is on occasion visible in a moist atmosphere, with air parcels lifted to their
condensation levels generating billow clouds (Sharman and Lane, 2016). The jet
stream max in zonal wind speed is often located just below the tropopause (Hal-
ton and Hakim,2013), a location where CAT has been found to occur most fre-
quently (Wolff and Sharman, 2008). Jet streams, and their associated upper-level
frontal systems, lead to locally enhanced areas of shear and increased KHI. The
subtropical and mid-latitude jet streams develop through different mechanisms.

The angular momentum transport from the Hadley cell circulations develop a
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weak subtropical jet at latitudes of 30-40 °N/S. However, the mid-latitude polar
jet stream is driven by large scale transient eddies, and meridional temperature
gradient (MTG) (Madonna et al., 2017). It owes its existence to the thermal wind
balance and equator to pole temperature contrast. Its westerly (easterly) propaga-
tion in the NH (SH) develops through the difference in tropospheric heights be-
tween the poles and tropics, and the Coriolis effect deflecting the movement of air,
leading to the jet stream encompassing the globe. The polar-driven mid-latitude
jet streams have a strong seasonal dependence with winters linked to a maximum
in wind speed, shear and CAT. The winter zonal mean wind speeds in the NH are
double that of their relative summers, assuming wind and temperature profiles
followed thermal wind balance to a high accuracy. The NH summer jet’s relative
speed decreases due to a weaker MTG (Wolff and Sharman, 2008). The season-
ality of the jet between winter to summer in the NH is greater than the seasonal
shift in the SH. Due to greater fractional area of the SH covered by oceans, and the
thermal inertia of oceans (Holton and Hakim, 2012), the north-south temperature

gradients do not vary as much in SH summer and winter.

1.2.1 Climate change; impact on clear air turbulence

The anthropogenic increase in troposheric carbon dioxide (CO,) has had a dam-

aging and fatal impact on our planet with sea level rise and the increase in the
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severity and length of dangerous weather phenomena such as heatwaves and
floods already impacting people on a global scale (IPCC, 2023). Considering the
large impact of atmospheric turbulence on the aviation sector, a key area of re-
search developed to understand how CAT could change due to global troposheric

warming.

The North Atlantic basin is one of the busiest and most congested flight regions
in the world (Kim et al., 2018). The National Air Traffic Services (2023) define it
as the busiest oceanic aerospace, with on average 1,700 flights travelling through
the area a day. In this region, Lee et al. (2019) suggests that anthropogenic warm-
ing has enhanced winter-time polar jet shear in recent years, due to a steepen-
ing in the horizontal temperature gradient (HTG) between the troposphere and
stratosphere. Lee et al. (2019), using pressure-level zonal winds and temperature
values from ECMWF (European Centre for Medium-Range Weather Forecasts)
ERA-interims datasets, found a significant increase by +11-17% in vertical wind
shear between 1979 (beginning of satellite sourced data) and 2017. The increase is
hypothesized to correlate to the steepening in HTG, with the stratosphere cooling
at a similar rate to global tropospheric warming. The MTG between the poles and
tropics has also impacted the eddy driven jet across the globe (Lee et al., 2023),
with the change in MTG shown evidently in fig. 1.2. Williams (2016) suggested

in a future atmospheric scenario, with double the concentration of tropospheric
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COg, cruising aircraft would spend an extra 2,000 h per year in the air, assuming
no growth in the industry, due to a stronger upper-level eddy-driven jet stream.

This equates to 7.2 million gallons of jet fuel and 70 million kgs of CO;

The aforementioned increase in wind speed and shear within the eddy driven po-
lar jet stream over the North Atlantic Ocean was first hypothesised to impact CAT
formation in Williams and Joshi (2013). This paper, using a coupled atmosphere-
ocean global climate model (GCM), focused on a future atmospheric scenario with
CO; concentration double that of a pre-industrial atmosphere. This model applied
was version 2.1 of the Geophysical Fluid Dynamics Laboratory (GFDL) model
referenced as GFDL-CM2.1. It was developed within the Coupled Model Inter-
comparison Project (CMIP) 3rd phase. The World Climate Research Programme
(WCRP) developed CMIP to evaluate and improve GCMs and to understand fu-
ture and past climate variability (Bock et al. 2020). CMIP started with a purpose
to evaluate the historical and future changes to our climate occurring from nat-
ural or anthropogenic forcing. Since its starting point with only a small number
of GCMs, it has been updated with six phases and grown into a large worldwide

multi-model research project (Eyring et al., 2016).

Williams and Joshi (2013), using GFDL-CM2.1 (grid spacing latitude; 2.0°, longi-
tude; 2.5°), quantified a projected increase in the median strength of North At-
lantic CAT by +10-40% and an overall projected rise by +40-170% in Moderate
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or Greater (MOG) CAT due to a doubling of the CO, concentration. Using the
same scenarios and GFDL-CM2.1, Williams (2017), built on this previous paper
by breaking down MOG into five severities. Light, light to moderate, moder-
ate, moderate to severe and severe CAT frequency increased on average by +59%,
+75%, +94%, +127% and +149% respectively over the North Atlantic. Storer et al.,
(2017), using the Met Office Hadley Centre HadGEM2-ES GCM (part of CMIP5),
investigated the global shifts to CAT across these five severities. The HadGEM2-
ES model has a horizontal mesh grid spacing of 1.25° by 1.875° in latitude and
longitude. From a pre-industrial control state to a future 2050-2080 simulated
atmosphere , the largest increase in CAT developed within the mid to high lat-
itudes, over the busiest flight paths. The projected severe CAT rates increased
over the North Atlantic, Europe, North America and North Pacific by +181.4%,
+160.7%, +112.7% and +91.6, respectively. Despite smaller changes over Africa,
South America and Australia, a global increasing response in CAT developed
across atmospheric pressure levels of 200 hPa and 250 hPa. Over the North At-
lantic, Storer et al., (2017) projected a significant increase in summertime CAT,
with a concluding point that summertime CAT in 2050-80 was as common as
wintertime CAT from their control period. Storer et al. (2017) also focused over
the Asian continent, projecting a change of +102.5%, +92.4%, +78.1%, +59.2% and

+64.1% at 200hPa for light, light to moderate, moderate, moderate to severe and



Chapter 1. Introduction and literature review 12

severe turbulence. Storer et al. (2017) analysed projections focus on the high end
of greenhouse gas emission scenarios, with the largest CO, emissions (Represen-
tative Concentration Pathway 8.5, RCP8.5). RCPs, which apply different climate
concentrations and atmospheric forcing dimensions, have now been replaced by
Shared Socioeconomic Pathways (SSP) within CMIP6 GCMS. SSPs build on RCPs
but include key scenario drivers such as human population, economic growth and

urbanization (Riahi et al., 2017).

Hu et, al (2021), focusing over East Asia and using an ensemble of CMIP5 regional
climate models (RCM) and GCMs, found a significant increase in CAT by +6.9%,
+9.1% +12% , +13% and +15% for light, light to moderate, moderate, moderate to
severe and severe turbulence. The potential CAT increase was found greatest over
the 35-50°N. This paper’s simulated future projections used the RCP8.5 climate
warming metric. Kim et al. (2023) also projected an increase in CAT by +7 to +80%
and +14 to +116% across multiple regions of the globe for MOG turbulent events
in their respective summers and winters. This paper found an global increase for
all seasons across three types of upper-level atmospheric turbulence (CAT, MWT,
NCT), with the greatest seasonal increase, averaged across the different types, by
+91%. Kim et al., (2023) projects future shifts to CAT, MWT and NCT within a
CMIP6 GCM, using a high end SSP5-8.5 scenario. SSP5-8.5 implies a fossil-fueled

pathway for the future, with an increase in competitive markets and technology
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FIGURE 1.2: Lee et al. (2023) published fig. showing yearly (only
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but high challenges to mitigation. RCP8.5 and SSP5-8.5 share the same radiative
forcing, with an assumption that since the industrial resolution (1750) to the future

year 2100, an increase of 8.5 watts is applied per meter squared (Riahi et al., 2017).

GCMs are one way to effectively project the future of atmospheric turbulence
with global warming. Williams et al. (2022) evaluated CMIP5’s HadGEM-ES
model against ECMWEF ERAS data, and found good agreement, suggesting that
GCMs are capable of diagnosing CAT in future scenarios. Re-analysis datasets
are created through blending observations, satellite data and short-term forecast
data sets to encompass previous atmospheres, with ERA5 the 5th generation of
ECMWFs re-analysis data developed by the Copernicus Climate Change Service
(ECMWE, 2024).

Prosser et al. (2023) and Lee et al. (2023), using ERA5, found significant evi-
dence that CAT frequency has globally changed over the past 40/41 years. Over
the North Atlantic, Prosser et al. (2023) found NH winter, summer, spring and
autumn have had a absolute increase in the number of hours (h) of turbulence
between 1979 and 2020 by +26.7 h , +10.4 h, +26.0 h and +20.1 h for light or greater
(LOG) turbulence. For severe or greater (SOG) turbulence, the number of hours
increase by +3.1h, +1.9h, +2.3h and +2.4h, respectively, which is an overall in-
crease by +49%, +52%, +85% and +47% for each season. Lee et al. (2023) con-

cluded the greatest increase in MOG was evident over southeast Asia, with the
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strengthening of the East Asian jet closely linked to an anthropogenic steepening
of MTG between the tropics and eastern Eurasia. Positive temperature gradients
also arose over the eastern Pacific and northwestern Pacific as shown by fig. 1.2.
This fig. shows the increase in the MTG and horizontal wind speeds (SPD) over
these three previously touched on regions. Lee et al. (2023) using linear regression
to assess the trends found an increase of +10.9%, +7.6% and +3.4% for the winter
MTG and +8.0%, +6.9% and +3.0% in SPD over the 41 year period over East Asia,
Eastern Pacific and northwestern Atlantic, respectively. Overall, this correlated
with the greatest increases in NH winter CAT over the four decades, found in the

region the greatest change in MTG and SPD.

1.2.2 Determining clear air turbulence in the atmosphere

Forecast predictions for atmospheric turbulence first began to developed in the
second World War, with different synoptic scale features correlating to observa-
tions of CAT (Sharman and Lane,2016) as aircraft first reached altitudes near the
tropopause (Ellrod et al., 2015). Since then, the world of meteorology and CAT
forecasting has rapidly developed to the point where CAT forecasts are 75-80%
accurate (Wolff and Sharman, 2008). There are two World Area Forecast Cen-

tres (WAFC) responsible for forecasting severe weather that impact aviation on a
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global scale (Gill, 2014). WAFCs were developed by the International Civil Avia-
tion Organization (ICAO) in 1982 in collaboration with the World Meteorological
Organization (WMO) (Kim, et al., 2018). These two centres are located in Kansas
City, MS, USA (US National Weather Service) and Exeter, UK (UK Met. Office).
They produce Significant Weather Charts (SigWX) to the public, private and gov-
ernmental sectors, previously 4 times a day (Gill, 2014). Recent updates have al-
lowed the WAFCs to provide data with 3 hr time steps with a full automated and
new format. SigWX are developed through the World Area Forecasting Systems
(WAFS), which has also been updated with finer grid model resolution and in-
creased vertical levels. These updates will aid future CAT forecasting. CAT WAFS,
and SigWX use an output tool refereed to as the graphical Turbulence Guidance
(GTG). GTG is now on its 4th iteration, and uses a range of indices to represent

CAT in the atmosphere (Met. Office, 2024).

Weather and climate model estimates of aviation turbulence use indices to rep-
resent CAT within the atmosphere, due to the difficulties in resolving turbulent
kinetic energy within NWP and GCMS. It is assumed that large scale eddies even-
tually cascade down the inertial sub-range in to the micro scale (Sharman et al.,
2006). The upper percentile values of each index are associated with an eddy dis-
sipation rate, and thus a severity of CAT. Through applying a range of indices,

one can effectively encapsulate different scenarios in which CAT can develop (
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Sharman et al., 2006). To verify the accuracy of each index, relative or receiving
operating characterise (ROC) curves are often applied to diagnose the probability

of detection.

For CAT index verification, ROC curve analysis uses EDR'/3 thresholds to derive
probabilities of detection, and create a ratio between true or false alarm rates. The
difference between the probability of true positive and false positive, shown effec-
tively by the area under the curve (AUC) within fig. 1.3, determines the discrim-
ination skill of the index (Gill and Buchanan, 2014). The black dashed diagonal
line within fig. 1.3 represents a line of no skill. If an index successfully diagnoses
CAT, with no probability of false detection, AUC would be equal to 1 (Gill,2014).
PIREP collated EDR values are often applied as the reference data, to verify the
ROC curve analysis and define a True or False positive (Sharman and Pearson,

2017).

In terms of research projects, PIREP datasets are effective for testing CAT indices
or in representing the climatology of CAT over a region (Wolff and Sharman,
2008). However, there is a limited amount of PIREPs for moderate to severe
events, especially since operational aircraft try to avoid encounters with turbu-
lence as much as possible. In terms of a complete dataset, spatially and tempo-
rally there are gaps when just using PIREP information (Gill,2014), as they report

one single isolated event rather then the longevity of a patch of turbulence (Lane
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FIGURE 1.3: Simplified diagram exploring the probability density
function (PDF) of lighter or greater (LOG) against CAT, or MWT in-
dex for the bottom left green density plot, and probability density
function of a Null result against the same index in the top left pink
density plot. The probability (P) of a True positive and False positive
are plotted in the right hand subplot, with the red curve showing an
arbitrary example. The area under the red curve relates to how well
the index is able to diagnose turbulence. The dashed line represents
a point where the probability of true and false positives are equal, so
the index has no skill in diagnosing turbulence.
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et., al, 2009).

PIREP also have different pilot experience biases (Lane et., al 2006), as well as
median uncertainties of 50km horizontally, 200s in time and 70 m vertically away
from the actual area of CAT (Sharman et al., 2006). Modelled data, and re-analysis
data, are often used over PIREPS when investigating changes in CAT in time and
over large regions such as the North Atlantic basin. This was highlighted pre-
viously in Section 1.2.1, with CMIP3 and CMIP5 GCMs projecting future trends
in CAT. These GCMs have now been surpassed by CMIP6, with a wide range of
available resolutions. CMIP6 has a subsection of fine resolutions, which one could
suggest are capable of resolving a patch of turbulence, based on the size found in
Sharman et al. (2014). Further information on these models are found in chapter

2.

1.3 Mountain wave turbulence

Mountains often act as a topographic barrier to low-level wind. Orographically
forced airflow can develop large amplitude gravity (lee) waves, that horizontally
and vertically propagate and often break at typical commercial aircraft cruising
altitudes (Sharman and Lane,2016). The steepening, overturning and breaking of

these wave comes from the amplitude growing with the reduction in air density
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in height (Kim et.al, 2018) or certain upper-level atmospheric conditions, such as
opposing wind shear (Smith, 1989) developing the wave. The wave amplitude
and development is dependent on the background winds and the stability across
the atmospheric vertical profile (Kim et al., 2018). Atmospheric wave breaking
can arise through nonlinear effects at a critical level or even by encountering jet
stream cores, that exist below the tropopause. The breakdown is highlighted in
fig. 1.1. The critical level is defined as a point the phase speed of the wave is
equal to the background wind projected onto a horizontal wind vector (Kim et
al., 2018 ; Lane et al., 2009 ; Sharman and Lane, 2016). In relation to MWT, the
critical level often occurs as the wave transitions across the tropopause into a more
stable atmosphere. At this point, the vertical wavelength decreases, aiding the
breakdown of the gravity waves, leading to upper-level turbulence (VanZandt

and Fritts, 1989).

In the 1990’s MWT was responsible for 30% of all turbulence encounters over land
(Turner, 1999). Within the upper troposphere and lower stratosphere, MWT is the
most critical single mechanism that impacts aviation safety, assuming a reduction
in surface effects and cloud or precipitation hazards, around mountainous terrain
(Lane, et al.,2009). In fact, within a 12 year climatology, over the western half of
the USA, MWT was found to be the major source of upper-level turbulence (com-

pared to CAT, NCT, CIT), particularly in NH winter (Wolff and Sharman, 2008).
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In comparison to NH summer, winter had 90% more MWT events over the USA
which was linked strong winter low-level westerlies over the Rocky Mountain
Range and lower troposheric heights. Within the boundary layer, lee waves can
become trapped and break downstream of the mountain, with peaks and rotors
of the wave generating low-level turbulence (LLT). These rotors, highlighted in
fig. 1.1, are dangerous small-scale circulations, which can be identified by rotor
clouds that cap the rotation under the crest of the lee wave (fig. 1.1) (Sharman and

Lane, 2016).

1.3.1 Climate change; impact on mountain wave turbulence

Rainfall rates globally have increased with global warming, due to the duration
and intensity of storm systems shifting. Despite this increase leading to high
amount of general erosion, the rate of global warming is much faster than that of
a mountain eroding. Therefore, any future shifts in MWT due to global warming
are only associated with shifts in low-level wind speed or changes to upper-level
conditions. As touched in section 1.2.2, Kim et al. (2023) found a projected in-
crease in MWT, as well as NCT and CAT, within NorESM2-MM, a CMIP6 GCM
with a grid spacing of 0.94° by 1.25° (latitude by longitude). Over the mid to high
latitudes in the NH, MOG MWT had a estimate median relative increase of +26 to

+84% between a historical period of 1970-2014 and future SSP5-8.5 atmosphere of



Chapter 1. Introduction and literature review 22

2056-2100. The region with the greatest average increase in projected MOG MWT
arose over summer-time North America by +84%. Over the range of indices, the
minimum change in this region and time was -35.1% and maximum at +292.5%.
This publication only has two regions with an median decline in MOG MWT,
these are the North Atlantic (including Greenland) in winter (-8.9%) and Europe
in summer (-0.8%). These regions also had a reduction in wind stress and near

surface wind flow.

The energy sector has produced a wide amount of research in the near-surface
wind flow, with the importance on wind turbines and implication of renewable
energy sources. Near surface wind speed, 10m above the surface, have dropped
globally by -8% between the 1980 to 2010 (Zeng et al., 2019), with a projected de-
cline of -21% by 2100. This reduction in wind flow is known as terrestrial stilling
(TS), and has the potential to impact the energy center, the hydrological cycle and
accumulations of low-level pollution (Deng et al., 2022). Interestingly, in 2010,
there was a turning point with a global increase in near surface wind speed. This
shift mostly developed within the northern mid-latitudes, with 79% of stations
showing a rise from North America, Asia and Europe. There are several hypothe-
ses for TS and its recent reversal, with TS linked to changes in large-scale circu-
lations, urbanisation increasing terrestrial roughness (Zeng et al., 2019) and the

reversal linked to a possible connection between modes of variability such as the
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Tropical Northern Atlantic Index (TNA), North Atlantic Oscillation (NAO) (Zeng
et al., 2019) or the Atlantic Multidecadal Oscillation (AMO) and Pacific Decadal
Oscillation (PDO) (Deng et al., 2023). Interestingly, Deng et al. (2022), using obser-
vations from the Global Surface Summary of Day database and range of CMIP6
GCMs, projected that NH TS was likely to continue into the 21st century within
a number of future scenarios, despite the recent reversal. Kim et al. (2023)’s in-
teresting connection between a drop in MWT and slower surface wind flow, may

imply TS could have an impact of future MWT production rates.

1.3.2 Determining mountain wave turbulence in the atmosphere

MWT and CAT are not detectable by on-board radio detection and ranging (radar)
equipment, due to the lack of water droplets to detect. Ground Doppler radars
have the potential to determine altitude and intensity of CAT through very high
frequency wind profiles when focusing on atmospheric features conducive to CAT
(Chapter 2) such as jet streams (Ellrod et al., 2015). Light Detection and Ranging
(lidar), using the ultra violet (UV) Rayleigh spectrum, has been found to detect
light to moderate and moderate MWT /CAT at distance of 5km and 10km in front
of an aircraft, respectively. This is through the ability to pick up air density fluctu-
ations (Vrancken, et al., 2016). There is no public information on any plans of im-

plementing UV LIDAR equipment on aircraft fleets, although Kauffmann (2002)
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found it more cost effective for the aviation sector to pay insurance claims than
implement LIDAR on all aircraft. Several studies have used satellite imagery to
determine regions of MWT, assuming that lenticular high to mid-level clouds or
capped rotor clouds at low levels (shown in fig. 1.1) are associated with mountain
wave generation and upper-level turbulence signatures (Lane et al., 2009). Fohn
gaps, highlighted in fig. 1.1, are linked to intense mid-level turbulence, and can
be detected through a plume of cirrus downstream from mountainous terrain (Ell-
rod et al., 2015). Remote sensing can be used for short scale forecasting through

detection of circus clouds for both MWT and CAT.

However, in terms of long-range forecasting and researching projected MWT in
future scenarios (Kim et al., 2023), indices are applied to diagnose this type of
turbulence. The theory around how MWT develops is well documented, but the
nonlinear processes (Gill and Striling, 2013) and the wavelengths of these inertial
gravity waves and associated turbulent eddies, are on a scale (tens of kilometers)
too small to represent in operational NWP and climate model data (Sharman and
Pearson, 2017). Through ROC analysis and PIREP data sets over North America,
Sharman and Pearson (2017) verified that an ensemble of MWT diagnostics can
effectively determine MWT at these upper-levels. This ensemble of MWT indices,
which are found in WAFC’s GTG system, scored a high verification of 0.989 (AUC)

for upper-level heights. As shown in fig. 1.2, this AUC score is associated with
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a high probability of detection, with a large rate of true positive events. Further
information of MWT indices, and their relation to CAT indices, are discussed in

Chapter 2 of this thesis.

1.4 Other types of atmospheric turbulence

1.41 Convectively induced and near cloud turbulence

Large convective features and systems, that spread across the troposphere, can
generate turbulence within its cloud or out of cloud, 10s of kms away from active
sites. CIT (cloud induced) develops in cloud, due to strong updrafts and down
drafts developing within deep convection, with MOG CIT associated with 9-12
km of vertical cloud depth (Wolff and Sharman, 2008). Clouds with such a verti-
cal depth, are typically electrified, due to the separation of hydrometers by con-
vection (MacGorman and Rust, 1998). Several studies show that lightning flash
density rate, which is another dangerous phenomena for aircraft, can be related to
MOG CIT frequency through similar conditions needed for both phenomenons to
arise (Sharman and Lane, 2016). CIT only exists for a period of a few minutes, un-
less developed within a mesoscale convective systems (MSC) (Shaman and Lane,
2016), and is detectable by on-board RADAR equipment, so is not likely to strike

an aircraft unexpectedly without warning.
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NCT, which develops out of the cloud, like CAT and MWT is closely linked to
gravity wave breaking and shear driven instabilities. The convective feature can
develop inertial gravity waves that have horizontal wavelengths between 5 and
200 kms (Chun and Kim, 2008), breaking at their critical levels breaking into tur-
bulent eddies. NCT can develop vertically above a convective feature, with de-
formation of convectively induced flow and buoyancy gradients, leading to en-
hanced wind shear (Kim et al., 2023, Lane et al., 2003). NCT can also develop
below the cloud base, due to the rapid sublimation of ice and snow generating
turbulence (Sharman and Lane, 2016). Kim et al. (2023) projected a global increase
in the frequency of NCT, with regions such as the South Pacific, Indian Ocean and
North America having the most substantial summertime rise of +114.3%, +101.6%
and +104.5% between 1970-2014 and 2056-2100 (future SSP5-8.5 simulated atmo-
sphere). The Intergovernmental Panel on Climate Changes (IPCC)’s sixth assess-
ment report suggests high confidence in the projected increase in the frequency
and intensity of severe convective systems, such as MCS, across a range of publi-
cations applying high resolution convection permitting regional models. Assum-
ing this increase is related to a rise in deep vertical convective feature, one can

expect an increase in CIT and NCT with global warming (IPCC, 2023).
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1.4.2 Impact on airports

Within an airport, LLT and wake turbulence can be disruptive to aircraft take off
and landing. LLT develops around the surface and can be generated by trapped
mountain lee wave, surface fronts, and low-level thermal forcing. Wake turbu-
lence, which is aircraft generated, can be a critical consideration for ground con-
trol scheduling. The majority of aircraft that take flight, and gain lift, form two
rotating vortices off the winds, which can develop into trailing vortex rolls. The
vortex velocity is dependent on the aircraft size and weight, with wake turbu-
lence becoming more serious in the 1970s after the beginning of operation for
Boeing 747, a wide-winged heavier aircraft manufactured by Boeing Commercial
Airplanes (Gerz et al., 2002). The FAA have air traffic distance guidelines to avoid
wake turbulence, as it can lead to loss of aircraft control situations (FAA; Aircraft
Wake turbulence, 2024). With distances spanning between 4 to 8 miles depending
on the configuration of aircraft order and weight comparisons (FAA; Aeronau-
tical information Manual, 2024). Airports and aviation are also likely to be im-
peded by other meteorological variables changing with global warming. Coastal
airports have already been impacted by rising sea levels. Anthropogenically pro-
longed heatwaves will impact aircraft lift and the increasing number of extreme
weather events may lead to poorer flying conditions, delays and accidents (Puem-

pel, 2016).
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1.5 Thesis Aims

Upper-level atmospheric turbulence is changing with global warming, with world
wide CAT rates increasing rapidly over the last 40 years (Prosser et al., 2023;
Lee et al., 2023) and projected to continue in this trend till the end of the cen-
tury (Williams and Joshi, 2013; Williams, 2017 , Storer et al., 2017; Kim et al. ,
2023). The majority of these studies apply CMIP3 or CMIP5 GCMs, which have
now been surpassed by the newest phase, CMIP6. These publications apply one
set of modelled data for their future projections, and in doing so do not get a
spread across projections for different models. One uncertainty in climate mod-
elling is "response uncertainty"”, with models using the same climate warming
metric simulating difference future responses (Hawkins and Sutton, 2009). Previ-
ous atmospheric turbulence research has not explored response uncertainty, and
has therefore limited the certainty in their findings. There is a gap in the scientific
community for research on projected CAT, as verified across a range of GCMs,

with differing simulated atmosphere resolutions.

Within several papers, a percentage increase in CAT is the main way of presenting
a change in this type of atmospheric turbulence in time. Despite this being an
effective way of determining an overall change in CAT, it does not explore the

physical representation in the atmosphere. Does the increase in CAT over the last
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40/41 years, shown by Prosser et al., 2023 and Lee et al., 2023, equate to more
patches or larger patches of turbulence? As CAT patches are vertically thin (1km
in depth) and horizontally wide (60-70km), focus on horizontal grid spacing for
the simulated atmospheres is important, with a range of resolutions effective for
understanding projected trends. Understanding how the patches of CAT could
change is another key area of research that has not been tackled previous in CAT

literature.

Due to the dangerous and sudden impact CAT can have on an aircraft, several
aforementioned studies have investigated CAT in future atmospheric scenarios.
However, there are a limited number of papers that focus on MWT trends in time.
Kim et al. (2023) is one publication that address this key gap in literature. How-
ever, its results focus on a change between 1970-2014 to 2056-2100. Future projec-
tions for the next few decades, prior to 2056, also need to be addressed. Global
MWT future projected trends, across a number of GCMs, is a key area to develop

within the turbulence research community.

Due to these gaps in the scientific atmospheric turbulence literature, this thesis

aims to;

1. Quantify change in CAT within a range of CMIP6 GCMs, with the main

focus over the North Atlantic. Within this aim, evaluating the systematic
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relations between climate model resolution and projected turbulence will

also be addressed.

2. Understand if patches of CAT may vary in a future scenario due to a change
in frequency or size, across a range of GCMs, over the NH and SH latitudes

where CAT is most prominent.

3. Globally quantify shifts in MWT within a range of CMIP6 GCMs and ad-
dress the shifts in MWT prior to 2056. Understand if terrestrial stilling is

having an impact on MWT within these GCMs.

This thesis will discuss the methods and GCMs applied to address the above aims
in Chapter 2. The investigation and manuscript for each aim is presented between

Chapters 3-5. A summary and impacts of results are discussed in Chapter 6.
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Chapter 2

Methodology and data

This thesis is written through manuscripts, with individual results chapters in-
cluding specific methods and data sections for the related paper. To reduce rep-
etition this chapter discusses the background assumptions and theory as to why
indices are applied to represent CAT and MWT (Section 2.1 & 2.2). All findings
within this thesis use CMIP6 GCMs, hence a final section of this chapter discusses

these models and their limitations (Section 2.3).

2.1 Diagnosing Clear Air Turbulence

As briefly discussed in the introduction, CAT forms around upper level jet streams,

in regions of increased shear production. Wind shear, along a density interface,
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can develop through different vertical and horizontal mechanisms. Large scale
shearing and stretching deformation zones can amplify horizontal and vertical
temperature gradients, increasing the probability of CAT through production in
KHI and reduction in the Richardson number (Ri) (Overeem, 2002). Ri is a dimen-
sionless atmospheric quantity that determines the ratio of turbulence production
by buoyancy to velocity shear, it is also often used to characterise the stability
of the atmosphere (Nappo , 2012). Using the Mile-Howard criterion, if Richard-
son number (Ri) is less than 0.25, unstable waves resulting from vertical shear are
extremely likely to occur. If Ri is more than 1, and KHI is present, the wave am-
plitude will decrease. Ri< 0.25 requires strong vertical wind shear and a weak
thermal stratification (shear equation denominator). Negative Ri is an index used
within this thesis to quantify this dynamically unstable large-scale flow. Aircraft-
scale turbulence exists due to the injection of energy at large scales that cascade
downscale to aircraft sized eddies. CAT develops with energy quickly dissipating
from KHI into small-scale turbulence through the inertial sub-range (Ellrod et al.,
2015). The inertial sub-range is a region where only inertial forces are responsible
for transferring energy from larger scales to smaller scales. Within the boundary
layer and free atmosphere, turbulent eddies in the inertial sub-range range from

a few meters to scales where viscous effects become significant.
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TKE is on a scale too small to be resolved by even the finest regional climate mod-
els to date. Therefore, to represent CAT within this thesis, twenty-one indices are
applied to modelled data, with the assumption that EDR /3 equates to upper-
percentile ranges for each index. This thesis follows suit to Williams (2017) that
defined the upper percentage ranges of 97.0-99.1, 99.1-99.6, 99.6-99.8, 99.8-99.9
and 99.9-100%, linked to 0.1-0.2, 0.2-0.3, 0.3-0.4, 0.4-0.5 and >0.5 m?/3 s~! for EDR
173 for light, light to moderate, moderate, moderate to severe and severe CAT.
These turbulence intensities are related to deviations in vertical acceleration from
the normal acceleration of gravity (1g) of an aircraft by 0.2-0.4, 0.4-0.6, 0.6-0.8, 0.8-
1.0 and >1.0 g, respectively (Ellrod et al., 2015; Williams, 2017). These values are
for a large commercial aircraft, a type of craft expected for transatlantic travel.
Williams (2017) focus on the North Atlantic flight corridor (50-75°N, 300-350°E).
Within Chapters 3 and 4, threshold values, differing across the twenty-one in-
dices, are based on the above percentage ranges for each index averaged over this

transatlantic basin, for the decade 1950-1960 over all seasons.

2.1.1 Favourable conditions for CAT production

An ensemble of indices is applied, within this thesis, due to the nature of CAT de-

veloping from a number of atmospheric scenarios across synoptic, mesoscale and
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microscale situations. Fig 2.1 highlights four differing jet positions that are ex-
tremely favourable for CAT to form (hatched region). The purpose of this figure
is to highlight that curved jet streams, in combination with upper-level troughs
and ridges can often be more turbulent than a typical zonal jet stream (Ellrod et
al., 2015). Troughs and ridges are elongated areas of high and low atmospheric
pressure. Therefore, this thesis applied a considerable number of indices to rep-
resent the jet in a number of situations, and to capture different CAT formation

situations, as discussed further below.

Scenario 1 in fig.2.1 portrays a col pattern with the combination of surface low-
pressure, an amplified ridge and a slightly positively titled trough. Positively
tilted implies the trough is leaning towards the north east (south west) in the NH
(SH). Scenario 4 portrays a negatively tilted trough, which leans towards the north
west (south east) in the NH (SH). Scenario 1 encompasses several dynamical ways
CAT can develop. CAT could be generated north to northwest of the surface low,
with enhanced cyclogensis aiding flow deformation and vertical wind shear pro-
duction. Flow deformation and Magnitude of vertical wind shear of horizontal

wind are two indices applied within this thesis to diagnose CAT.

Across our twenty-one indices, several share elements. For example, several di-
agnostics build on flow deformation and wind shear, such as Flow deforma-

tion times wind speed, Flow deformation times vertical temperature gradient,
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FIGURE 2.1: Simplified streamlines of jet stream scenarios in which

flow patterns are favourable for CAT production (Hatched areas).

The lines with arrows are linked to the jet stream locations. Scenario

1,2,3 and 4 are related to a col pattern, a sharp trough, a ridge, and a

negatively titled trough. Sourced from Ellrod et al. (2015).

Brown index (contains flow deformation), Brown energy dissipation rate (con-
tains flow deformation and wind shear), Variant 1 Ellrod index (contains flow
deformation and wind shear) , Variant 2 Ellrod index (contains flow deformation

and wind shear), Colson-Panofsky index (contains Wind shear) and Negative Ri

(contains wind shear). The Colson-Panofsky index is effectively representing the
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vertical kinetic energy in a system (proportional to the TKE), but in its break down

it is a combination of Ri and the vertical wind shear (Colson and Panofsky, 1965).

Within Scenario 1 in fig 2.1, the amplifying ridge could lead to a breakdown in
anticyclonic flow. Anticyclonic flow (clockwise in NH and anti-clockwise in SH)
can only develop to a certain curvature before the absolute rotation combats the
planetary rotation, developing inertial instability and horizontal divergence of air
parcels. This ridge and the jet core could be experiencing a large latitude dis-
placement, leading to geostrophic imbalance. This would lead to an ageostrophic
adjustment of air being brought back to geostrophic balance, where the Coriolis
force and the pressure gradient force are equal. Ageostrophic flow enhances ver-
tical wind shear which generates KHI and CAT production. Here we list other the
indices, not previously mentioned, able to represent this scenario; Magnitude of
horizontal divergence, Magnitude of potential vorticity, Magnitude of residual
non-linear balance equation,Version 1 of North Carolina State University in-
dex, Negative absolute vorticity advection and Magnitude of relative vorticity

advection.

Since this anticyclonic scenario would generate shearing winds, the first list of in-
dices would also effectively represent this CAT production situation. Wind shear
around Scenario 1 also relates to the slight positive tilt. If this depiction had a

stronger positive tilt (tilted further towards the north east), directional wind shear
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would be enhanced, due to the ridge feature being influenced by a strong cyclonic
flow. Wind speed time directional shear is an index that would effectively repre-

sent that situation.

The amplifying ridge pattern is also apparent in Scenario 3 within fig 2.1, with
CAT development aided through anticyclonic shear, released inertial instability
and geostrophic imbalance. A ridge pattern (scenario 3), from observations, is
linked to the highest frequency of CAT (Ellrod et al., 2015). However, Ellrod et
al. (2015) discusses that Scenario 2 is associated with the highest percentage of
intense CAT. This pattern portrays a slightly positively titled upper-level trough
with a strong wind maximum upstream of the trough. This scenario is favourable
for CAT generation through a wide range of dynamics. Upstream of the trough
upper-level convergence has developed aiding the production of gravity waves
(and therefore CAT) through subsidence. The curve of the flow also develops
an increase in geostrophic imbalance which enhancing wind shear. Unbalanced
ageostrophic flow is associated with a number of scenarios such as diverging air
flow, intensified jet streaks and curvatures in flow (ridges and troughs) (Sharman

and Lane, 2016).

Within Scenario 3, cold air advection could also arise and develop an air mass
density discontinuity and KHI (Sharman and Lane, 2016). All previous indices

could effectively represent this situation. Several indices, not yet discussed, could
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also diagnosis CAT here, particularly through the gravity wave breaking. These
include Magnitude of relative vertical vorticity squared, Magnitude of horizon-
tal temperature gradient and Wind speed. Atmospheric gravity waves, which
propagated vertically in the atmosphere, typically overturn and breakdown in
TKE (KHI) at horizontal wavelengths ranging from a few meters to a few kilo-
meters. Gravity wave motion itself can even develop micro-scale KHI through

vertical flow displacements, aiding CAT development (Ellrod et al., 2015).

Scenario 4 depicts a negatively titled upper-level trough, with increased CAT pro-
duction evident downstream from the maximum in curvature. In this scenario,
CAT development associated is with cyclogenesis, with CAT developing before
the trough, suggesting a barolcinic zone underneath the jet core. This scenario of-
ten develops thick cirrus clouds (Ellrod et al., 2015). Cirrus has been linked to jet
scenarios with enhanced deformation zones (Scenario 1) and steep troughs (Sce-
nario 2) (Ellrod et al., 2015). Fig 2.1 is effective in highlighting the many mecha-
nisms CAT can develop from, but does not encapsulate all such mechanisms. CAT
can develop through the breakdown of internal gravity waves, and even from the

existence of waves modulating background wind shear, leading to mircro scale

KHI (Ellrod. et al., 2015).

CAT is also associated with tropopause folds, effectively represented by the Fron-

togensis function (Kim et al., 2018), which is incorporated within the GTG tool
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and is linearly proportional to flow deformation (Knox, 1997). Frontogensis func-
tion was found to be the best single diagnostics to represent CAT in the mid to up-
per levels (Sharman et al., 2006) but was also found to often overestimate CAT in
certain scenarios (Knox et al., 2008). This thesis applies an ensemble of indices to
effectively cover as many scenarios as possible that generate CAT, either through
theoretical connections to CAT or through prognostic methods of verifying in-

dices. Indices and equations are listed in full in Appendix A.1.

2.2 Diagnosing mountain wave turbulence

This thesis follows previous literature (Kim et al., 2023 ; Sharman and Pearsons,
2017) and makes the assumption that MOG MWT is arising globally at the 98%
percentile of each MWT index. Indices are applied to represent MWT in our pro-
jected atmosphere, due to the similar issue of TKE small-scale nature. Sharman
and Pearsons (2017), through a combination of CAT indices, several ground sur-
face variables and PIREP data, found that the most effective way to represent
MWT with current model resolution was to combined a CAT index with near-
surface wind speed, terrain gradient and terrain height. Despite wind speed di-
rection applied in different algorithms (Turner, 1999), Sharman and Pearson (2017)

determined wind direction and vertical velocity unnecessary through low statistic
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scores. Several CAT indices were applied but fourteen indices overall proved ef-
fective in diagnosing MWT over the continental USA, with all indices performing
with an AUC (ROC analysis) above 0.85. The ROC curve analysis provided an
average of 0.989 for MWT indices and 0.965 for CAT indices used within the GTG

ensemble (Sharman and Pearsons, 2017).

The Magnitude of horizontal temperature gradient (CAT index), combined with
terrain height, gradient and low-level wind speed, produced a AUC of 0.991 for
high altitudes over the USA. This MWT index, with five others from the 14 in-
dices in Sharman and Pearsons (2017), is applied in Chapter 5 of this thesis. This
indices are Frontogensis function, Magnitude of horizontal divergence, Wind
Speed, Flow Deformation and Flow deformation times wind speed (Chapter 5).
Unfortunately the remaining 5 indices applied in Sharman and Pearsons (2017)

and Kim et al. (2023) had aspects not available from our CMIP6 GCMs.

The MWT indices are chosen through prognostic methods, with verification of
results a key factor as to their application. These indices at 98% rate, are associated
with increase in instability (KHI), which correlates with a break down of mountain

generated gravity wave.
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2.3 Global climate models

To effectively investigate future trends in atmospheric turbulence over time, it is
beneficial to use modelled data, with three dimensional values spread out equally
in time and space. CMIP6, the 6th and most recent CMIP phase, has a sub-
section of high resolution models, developed as part of the High-resolution inter-
comparison project (HighResMIP). HighResMIP was created for the scientific com-
munity to evaluate the dependence of a particular phenomenon on model resolu-
tion and to reduce the resolution gap between NWP and GCMs (Haarsma et al.
2016). Many of the models and experiments contributing to HighResMIP were
developed with the PRIMAVERA (PRocess-based climate sIMulation: AdVances

in high- resolution modelling and European Risk Assessments) project.

For an effective multi-model comparison, three GCMs each with several reso-
lutions, are applied across this thesis. The Met-Office Hadley Centre coupled
model HadGEM-GC3.1 has three simulated atmosphere and ocean grid spac-
ing domains of 25km (-HH/HM), 60km (-MM) and 135km (-LL) (Roberts et al.,
2019). HadGEM-GC3.1-LL is the coarsest sub-model applied in this thesis, with
its finest counterpart (HadGEM-GC3.1-HH/HM) the overall highest resolution
model applied. The Max-Planck institute MPI-ESM1.2 provides two sub-models
with atmospheric grid spacing’s of 34km (-XR) and 67km (-HR) (Gutjahr et al,,
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2019). Within this thesis a sub-model refers to a model within each overarching
GCM, with the number of models related to the number of resolutions within each
GCM. For example MPI-ESM1.2 is the overarching GCM, with two sub models
MPI-ESM1.2-XR (34km) and MPI-ESM.1.2-HR (67km). The third, and final, GCM
is EC-Earth3P , also with two sub-models or simulated resolutions, EC-Earth3P-
HR with an atmospheric grid of 36km and EC-Earth3P with 71km (Haarsma et
al.,2020). The EC-Earth models were developed by the EC-Earth consortium,
which is a collaboration project across of 27 research institutions over 12 Euro-
pean countries (EC-Earth, 2024). CAT has not been previously investigated with
models that get this close to resolving individual patches of turbulence, with the
median patch of CAT horizontally 60-70kms, and 1km vertically (Sharman et al.,
2014). The horizontal resolution is are of key importance in this thesis, due to the

wide yet thin nature of patches of CAT in the atmosphere.

The CMIP6 GCMs forcing chosen are within Tier 2 of HighResMIP experiments,
with coupled ocean and atmosphere simulations, that span the period 1950 to
2050. Within this tier, the coupled historic runs, using fixed 1950 decade mean
forcing for initial conditions, produce data between 1950-2014 and are referred
to as "hist-1950". Future simulations apply the high-end SSP5-8.5 forcing, which
are similar to RCP8.5, referred to as "highres-future", and include 2015-2050. The

forcing and initialisation applied for all our GCMs and differences between time
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periods (pre-2015 and after-2015) projections are displayed in Table 2.1.

Hist-1950 Highres-future
Period 1950-2014 2015-2050
Anthropogenic Concentrations wused in Specified aerosol optical

aerosol forcing

Historic CMIP6 simula-
tions

depth and effective radius
deltas from Macv2.0 SP
Model

Natural aerosol As used in Historic ScenarioMIP
forcing-dust

Volcanic aerosol As used in Historic ScenarioMIP
GHG concentrations As used in Historic SSP5-8.5

Ozone forcing

CMIP6 monthly concen-
trations, 3-D field or zonal
mean, as in Historic

CMIP6 monthly concen-
trations, 3-D field or zonal
mean 2015-2100, based on
SSP5-8.5 ScenarioMIP

Solar variability

As in Historic

CMIP6 dataset

Imposed boundary
conditions

Based on observations
documented; land surface
types, soil properties and
orography. LAI to evolve
consistent with land use
change

Same as Hist-1950

TABLE 2.1: Forcing and initialization for the simulations used in this thesis. LAI and

GHG stand for Leaf Area Index and greenhouse gases. ScenarioMIP links to Model Inter-

comparison Projects (MIP) high-end CMIP6 SSP5-8.5 scenario. Macv2.0 SP is a simplified
aerosol forcing method (Haarsma et al, 2016).
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2.3.1 Limitations of GCMs

Despite the application of HighResMIP high resolution GCMs in this thesis, the
grid-spacing domain is still too large to represent the eddies that impact aviation,
therefore the assumptions discussed in Section 2.1.1 are made. This thesis also
applied daily data values, that are averaged often into yearly results. There are
limitations to this with CAT short compared to daily averages. Due to limita-
tions in the output available for PRIMAVERA only six MWT indices are applied
in Chapter 6 and CIT and NCT are not included. The warming trend is the simu-
lated response to the initial conditions and the forcing given within Table 2.1 and

as such not a forecast but a possible future scenario.
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Chapter 3

Trends in clear-air turbulence over

the North Atlantic

Abstract

Clear-air turbulence (CAT) has a large impact on the aviation sector. Our current
understanding of how CAT may increase with climate change in future is largely
based on simulations from CMIP3 and CMIP5 global climate models (GCMs).
However, these models have now been superseded by high-resolution CMIP6
GCMs, which for the first time have grid lengths at which individual turbulence
patches may start to be resolved. Here we use a multi-model approach to quantify

projected moderate CAT changes over the North Atlantic using CMIP6 models.
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The influence of the model resolution on CAT projections is analysed. Twenty-
one CAT diagnostics are used, in order to represent uncertainties in CAT produc-
tion mechanisms. Each diagnostic responds differently in time, but the majority
display an increase in moderate CAT between 1950 and 2050. Although winter
is historically the most turbulent season, there is strong multi-model agreement
that autumn and summer will have the greatest overall relative increase in CAT
frequency. By 2050, summers are projected to become as turbulent as 1950 win-
ters and autumns. The global-mean seasonal near-surface temperature is used
as a comparative metric. For every 1 °C of global near-surface warming, winter,
spring, summer and autumn are projected to have an average of +9%, +9%, +14%
and +14% more moderate CAT, respectively. Our results confirm that the aviation
sector should prepare for a more turbulent future, with increased stress on flight

planning control, longer flight routes and further costs.

3.1 Introduction

Clear-Air Turbulence (CAT) is an upper-level atmospheric phenomenon that has
a hazardous and expensive impact on the aviation sector. Atmospheric turbu-
lence is the leading cause (71%) of all in-flight weather-related injuries (Hu et al.

2021) and annually costs the United States of America US$200 million (Williams
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2014). CAT usually develops in cloud-free, stably stratified atmospheric envi-
ronments (Jaeger and Sprenger 2007) and is undetectable using current on-board
radar equipment. CAT develops in regions of shear-driven instability and is often
found around upper-level! jet streams. Jet streams are narrow bands of intense
winds, which have a strong seasonal dependence and owe their intensity to lat-
itudinal horizontal temperature gradients. Due to the steepening of the pole-to-
equator temperature gradient in the upper troposphere and lower stratosphere,
jet streams are expected to intensify in wind shear with anthropogenic climate
change (Lee et al. 2019). The extra annual cost on the aviation industry to avoid

CAT is £16 million (Search Technology 2000).

In a future scenario, with double the pre-industrial CO, atmospheric concentra-
tion, longer transatlantic flights would add an extra 2000 hours of annual travel
and an additional 70 million kg of CO, in annual fuel emissions (Williams 2016).
In the same CO; scenario, Williams and Joshi (2013) projected winter-time moderate-
or-greater CAT encounters to increase by +40 to +170% over the North Atlantic.
Building on this previous work, and using the same CO; concentration scenario,
Williams (2017) projected moderate CAT to increase by +94% in wintertime over

the North Atlantic basin. Moderate turbulence inflicts vertical accelerations of up

IDefined here as a typical commercial aircraft cruising height, 300-150 hPa or 9000-14,000 m
from the surface
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to 0.5 g (4.9 m s72) on aircraft (Lane et al. 2004). Transatlantic air travel often con-
fronts CAT due to the presence of the mid-latitude eddy-driven jet stream over

the North Atlantic.

Williams and Joshi (2013) and Williams (2017) used a Coupled Model Inter- com-
parison Project phase 3 (CMIP3) coupled atmosphere-ocean climate model, with
a grid resolution of 2.5° x 2.0°. The World Climate Research Programme (WCRP),
previously called the World Group on Coupled Modelling (WGCM), first devel-
oped the Coupled Model Inter-comparison Projects in the 1990s, to evaluate and
improve global climate models (GCM) and to understand future and past climate
variabilities (Bock et al. 2020). The three latest generations are CMIP3, CMIP5,
and CMIP6 (Bock et al. 2020). Hu et al. (2021), using CMIP5 GCMs for their con-
trol state and a regional climate model, found an increase in CAT severities across

the South China Sea, with moderate turbulence increasing by +12% over 50 years.

Storer et al. (2017) also found a significant rise in moderate winter- time CAT
across the globe. They projected an increase of +143%, +100%, +90%, and +127%
at 200 hPa over the North Atlantic, North America, North Pacific, and Europe,
respectively. Storer et al. (2017) used a CMIP5 GCM, namely the Met Office
Hadley Centre HadGEM2-ES model. Williams and Storer (2022) compared this

GCM against ERA-Interim reanalysis data from the European Centre for Medium
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Range Forecasts (ECMWF) and concluded that GCMs can successfully diagnose

CAT and its response to climate change, when compared to reanalysis data.

The horizontal resolution coarseness of CMIP3 and CMIP5 GCM:s led to the de-
velopment of the High-resolution inter-comparison project (HighResMIP), which
is a subsection of CMIP6 (Haarsma et al. 2016). PRIMAVERA (PRo-cess-based
climate sIMulation: AdVances in high-resolution modelling and European Risk
Assessments), launched in 2015 to manage and collate GCMs, further aided the
development of HighResMIP. HighResMIP was created for the scientific commu-
nity to evaluate the dependence of model resolution on a particular phenomenon

and to reduce the resolution gap between numerical weather prediction (NWP)

models and GCMs (Haarsma et al. 2016).

Haarsma et al. (2016) suggested that an improvement in the horizontal resolution
within a model could lead to a better representation of vertical dynamics in a sys-
tem. For example, they found that vertically moving small-scale gravity waves
were better represented in models with a finer horizontal resolution. The new
CMIP generation also uses the Shared Socioeconomic Pathways (SSP) scenarios.

These global warming simulations, within CMIP6, were found to better represent
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northern hemisphere (NH) storm tracks and jet streams, than CMIP5’s Represen-
tative Concentration Pathway (RCP) 4.5 or CMIP3'’s special report emission sce-
nario SRES A1B (Harvey et al. 2020). The experimentation of different emission
scenarios has lead to further developed CMIP6 model climate sensitivity, in com-

parison to previous CMIP phases.

Upper-level atmospheric turbulence is anywhere from planetary to millimetres in
horizontal size, but typically impacts aviation between 100 m and 1 km (Storer
et al.2017). Sharman et al. (2014), using extensive pilot reports (PIREPS), suggest
a climatology for the turbulent state of the upper atmosphere. They concluded
that a median patch of turbulence was approximately 60-70 km wide horizon-
tally and 1 km deep vertically. Several CMIP6 GCMs have a close capability to
resolve this median length scale (Sect. 2; Methodology). CAT has not previously
been investigated with GCMs with such a capability. Therefore, this paper ex-
plores projected moderate CAT changes in time and with anthropogenic climate
change using CMIP6 HighResMIP GCMs. A multi-model approach is applied to
understand the dependence of CAT projections on model resolution. This study
includes all seasons, over the North Atlantic. The layout of this paper is as follows.
Section 2 discusses the approach and GCMs modelled data used. The results are

discussed in Sect. 3. Section 4 draws the main conclusions from these findings.
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3.2 Data and methods

The Met Office Hadley Centre HadGEM3-GC3.1 model, the Max-Planck Insti-
tute MPI-ESM1-2 model, and the European community Earth systems EC-Earth-3
model are the three CMIP6 HighResMIP GCMs chosen for this upper- level tur-
bulence analysis. HadGEM3-GC3.1 is the latest Met Office global climate model
configuration and was the UK community’s submission to CMIP6. This config-
uration has many new improvements and systematic error corrections compared
to the corresponding CMIP5 submission (HadGEM3-GC2; Williams et al. (2018).
HadGEM3-GC3.1 scored a high 727 out of 1000 on the Watterson et al. (2014) basic
overall climate model metric, with HadGEM3-GC3.0 and HadGEM3-GC2 averag-
ing at 711 and 686, respectively (Williams et al. 2018). HadGEM3-GC3.1 has three
model resolutions available: HH/HM which has a horizontal grid spacing of 25
km, MM which has 60 km, and LL which has 135 km. The number of ensemble

members for each resolution is found in Table 3.1.

Twenty-seven European research organisations and universities worked together
to submit the updated version of EC-Earth to CMIP6. EC-Earth’s new atmosphere
and ocean model projections have finer horizontal and vertical resolutions than

CMIP5’s EC-Earth-2 GCMs (Haarsma et al 2020). Their HighResMIP sub-models
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Horizontal Grid Spacing; atmo- Number of
spheric mesh spacing at 50°N Ensemble mem-
bers
HadGEM3-GC3.1 25 km (HH, HM) 1,3
(From the UK Met Office 60 km (MM) 3
Hadley Centre)
135 km (LL)
EC-Earth 3 36 km (3P-HR)
(From a collection of Euro- 71 km (3P) 2
pean institutions)
MPI-ESM1-2 34 km (XR) 1
(From the Max-Planck In- 67 km (HR) 1
stitute)

TABLE 3.1: The horizontal grid spacing and the number of ensemble members for three
CMIP6 HighResMIP GCMs: EC-Earth3, HadGEM3-GC3.1, and MPI-ESMI-2 (Hasrsma et
al. 2020, Roberts et al., 2019, Gutjahr et al. (2019)

are EC-Earth-3P (71 km) and EC-Earth-3P-HR (36 km). Due to a problem with
greenhouse gas concentrations within ensemble member number 1 of EC-Earth-
3P (71 km), two years (2013, 2014) are omitted from the EC-Earth-3P analysis in
Sect. 3. The Max-Planck Institute Meteorology Earth System GCMs are the final
models used within this investigation: MPI- ESM1-2-HR (67 km) and MPI-ESM1-

2-XR (34 km). MPI- ESM1-2-HR had a computational cost 20 times greater than

its older, coarser version (-LR). This has led to improvements in representations
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of teleconnections and mid-latitude dynamics (Mauritsen et al. 2019). The Max-
Planck Institute sub-models only have one ensemble member (Table 3.1). The
CMIP6 GCMs have three main tiered experiments. Of these, the historically forced
coupled climate and ocean experiments (hist-1950) and the future projected forc-
ings of 2015-2050 (highres-future) were used. Future projections (2015-2050) sim-
ulated using the SSP5-8.5 high-end impact scenario (Haarsma et al. 2016). Theses
CMIP6 models were chosen due to their accessibility and available data on certain
height levels, necessary to calculate our CAT indices. These models cannot resolve
the thin vertical depth (1 km) of a patch of turbulence in the atmosphere. There-
fore, this study focuses on the horizontal grid spacings across the GCMs (Table

3.1).

Twenty-one indices are used to represent CAT in the upper-atmosphere. These
indices, first collated by Williams and Joshi (2013), have been used in previous
literature to represent turbulent flow and instability, and the usage of 21 indices
ensure the results are as robust as possible. Using an ensemble of these diag-
nostics permits diagnostic uncertainty quantification. Each index is listed in the
appendix. The assumption that energy cascades from larger scales into smaller
eddies is made with many NWP models and on average, is an appropriate repre-
sentation of the spatial structure of atmospheric turbulence (Koch et al. 2005), and

is so applied within this study. Each index represents different mechanisms for
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turbulent air flow. For example, an anticyclonically curved jet stream and the CAT
associated with it, could be well represented by the vorticity advection index in
combination with the magnitude of vertical wind shear. The Brown index, which
is a combination of absolute vorticity and flow deformation, does not perform
well in a strongly anticyclonic system because it does not efficiently distinguish
between anticyclonic or cyclonic flow (Knox 1997). The frontogenesis function, an
index related to the amplification of inertia-gravity waves during frontogenesis
and their breakdown (Lane et al. 2004), also does not perform well in anticyclonic
flow (Knox 1997), but well in cyclonical bent jet streams. The commonly used CAT
forecasting Graphical Turbulence Guidance (GTG) tool is made up from several
of our indices. Sharman and Pearson (2017) verified, through receiving operat-
ing characteristic curve analysis, that these GTG diagnostics effectively diagnose
light-or-greater CAT at high altitudes. This paper takes an ensemble across the

twenty-one indices to encapsulate a range of CAT-generated situations.

The cube-rooted eddy dissipation rate (EDR) is a common quantitative measure
for atmospheric turbulence, as it is directly proportional to the root mean square
vertical acceleration of a plane (MacCready 1964). This paper follows Williams
(2017) and assumes certain EDR values relate to the severity of the turbulence en-
counter and the upper percentile ranges in each index correspond to these dissi-

pation rates. Light, light-to-moderate, moderate, moderate-to- severe, and severe



Chapter 3. Trends in clear-air turbulence over the North Atlantic 55

turbulent airflow arises in the 97.0-99.1%, 99.1-99.6%, 99.6-99.8%, 99.8-99.9%,
99.9-100% percentiles of each index, respectively. The cube-rooted EDR values
(mz/ 3s1) for the previously defined severities, in succession, are 0.1-0.2, 0.2-0.3,
0.3-0.4, 0.4-0.5, and > 0.5 (Williams 2017). This paper mainly focuses on mod-
erate turbulence encounters, as moderate turbulence is more common than se-
vere turbulence and more hazardous than light turbulence. To quantify a change
in time and with climate change, a reference period must be defined. Here we
use moderate CAT values between the years 1950-1959 inclusive as a reference
to quantify the percentage change in CAT. All seasons are included, within this
controlled state. The yearly moderate CAT percentage changes over a 101-year
period (1950-2050) are discussed in Sect. 3.3. The North Atlantic basin (50-75°N,
300-350°E) is the region of interest. The atmospheric height of analysis is at the

typical cruising height of aircraft, 200 hPa.

3.3 Results

2/3 gl or within

Moderate turbulence occurs within an EDR range of 0.3-0.4 m
the 99.6-99.8th percentile ranges within each index. The middle (green) boxplots,
across fig. 3.1, show the distribution of the 99.6th percentile value for each index
between 1950 and 1959 for all GCMs and their sub-models. Indices are abbrevi-

ated with full names listed in the fig 3.1 caption. When considering one model, its
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simulated threshold values are different for each severity. However, if considering
multiple models, these values could be related to more than one severity.

FIGURE 3.1: The distribution of 1950-59 EDR-related thresholds dis-
played for each diagnostic; vertical wind shear of the horizontal
wind(WShear; a), Brown energy dissipation rate (BED; b), variant
one of Ellrod’s index (E1; ¢), variant two of Ellrod’s index (E2; d),
negative Richardson number (NegRi; e), horizontal temperature gra-
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