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Global response of upper-level aviation turbulence from
various sources to climate change
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Atmospheric turbulence at commercial aircraft cruising altitudes is a main threat to aviation safety worldwide. As the air transport
industry expands and is continuously growing, investigating global response of aviation turbulence under climate change scenarios
is required for preparing optimal and safe flying plans for the future. This study examines future frequencies of moderate-or-
greater-intensity turbulence generated from various sources, viz., clear-air turbulence and mountain-wave turbulence that are
concentrated in midlatitudes, and near-cloud turbulence that is concentrated in tropics and subtropics, using long-term climate
model data of high-emissions scenario and historical condition. Here, we show that turbulence generated from all three sources is
intensified with higher occurrences globally in changed climate compared to the historical period. Although previous studies have
reported intensification of clear-air turbulence in changing climate, implying bumpier flights in the future, we show that
intensification of mountain-wave turbulence and near-cloud turbulence can also be expected with changing climate.
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INTRODUCTION

Atmospheric turbulence in the upper troposphere and lower
stratosphere (UTLS) is the leading cause of weather-related
accidents and incidents for commercial aircraft'2. Encountering
unexpected turbulence can cause injuries to flight attendants and
passengers and structural damage to aircraft, and can lead to
flight delays and extra fuel burns due to increasing flight times
incurred with turbulence avoidance. Turbulence with scales of a
few 100 m-a few km that directly cause aircraft bumpiness is
categorized into three distinct types based on their generation
mechanism and location'3#: clear-air turbulence (CAT), mountain-
wave turbulence (MWT), and convectively-induced turbulence
(CIm).

CAT is associated with large-scale generation mechanisms
such as the upper-level jets and fronts® and spontaneous balance
adjustment with gravity wave emission in the vicinity of the jet-
exit region®. MWT is related to large-amplitude gravity waves and
their breaking above mountainous terrain. Vertically propagating
mountain waves disturb the background fields, which can
provide favorable conditions for MWT, and the breaking of
mountain waves directly leads to small-scale turbulence’. CIT
occurs within cloud, as well as near the cloud boundaries, but
sometimes can occur at substantial vertical and horizontal
distances away from the cloud boundary®. CIT within cloud is
to be expected but may be avoidable within air traffic control
constraints by use of aircraft radar or remote-sensing observa-
tions such as radar and satellite data, while CIT out of cloud
occurring in the cloud-free air is invisible to pilots, and is difficult
to avoid. In particular, CIT above the cloud boundary (hereafter
termed near-cloud turbulence, NCT) can be caused by shear and
convective instabilities, deformation of convectively induced
flows, and convectively induced gravity waves and their break-
ing"~" and has been shown to be responsible for some UTLS
turbulence encounters'®12717,

Due to limitations in computational resources to explicitly
forecast turbulence, aviation-scale turbulence has been predicted

from larger scale disturbances resolvable in current numerical
weather prediction (NWP) models*'8-2° based on the assumption
of a downscale cascade process®' to turbulence scales. Current
operational turbulence forecasting methods, e.g., the Graphical
Turbulence Guidance'®'®?? and Korean Turbulence Guidance®®
products, estimate turbulence “potential”, i.e., the magnitude of
turbulence intensity diagnosed by turbulence indices, using NWP-
based multiple turbulence diagnostics such as the Ellrod
indices?*?%, flow deformation?®, Brown indices?, etc. The state-
of-the-art GTG predicts MWT using turbulence indices which
combine a two-dimensional near-surface mountain-wave para-
meter and three-dimensional CAT diagnostics'®. Recently, NCT
diagnostics have also been developed based on the parameter-
ization of convective gravity waves (convective gravity wave drag,
CGWD)"" and their feasibility was validated against global in situ
flight data®’.

There have been several climate model-based studies that
investigated the impacts of climate change on CAT, and all
studies consistently showed that CAT is expected to increase
strongly in a changing climate?®-3'. For example, Williams and
Joshi (2013)*' found a 40-170% increase in the frequency of
moderate-or-greater (MOG)-intensity CAT at 200 hPa during the
Northern Hemisphere winter in the North Atlantic flight corridor.
Extending the previous studies3®3!, Storer et al. (2017)%°
investigated the response of CAT to changing climate in two
vertical layers (200 and 250 hPa), in all seasons, for multiple
turbulence intensity categories (five levels). It was found that the
MOG-intensity CAT over some midlatitude regions, such as
Europe and the North Atlantic, increased by more than 100% in
the future scenario experiment?®. However, to date, there have
been no studies of the impacts of climate change on NCT and
MWT frequencies. Here, we examine how global warming and
climate change affect aviation turbulence by considering not
only CAT but also MWT and NCT. Our assessments are based on
outputs from the second version of the Norwegian Earth System
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Table 1. Descriptions of turbulence diagnostics used in this study.

Diagnostic Description

(a) CAT diagnostics'®®
Speed Horizontal wind speed

Brown1 Simplified Richardson number (Ri) tendency

Brown2 The cube root of energy dissipation rate (EDR) from simplified
Richardson number tendency

Ellrod1 The product of vertical wind shear and deformation

Ellrod2 Vertical wind shear multiplied by the difference between
deformation and horizontal divergence

Ellrod3 Ellrod2 with divergence tendency substituted for horizontal
divergence

VWS Vertical shear of horizontal wind

NGM1 Wind speed multiplied by deformation

NGM2 Magnitude of vertical temperature gradient multiplied by
deformation

iawind Inertial advective wind

DEF? Total deformation squared

DIV Magnitude of horizontal divergence

VORT? Vertical vorticity squared

LHFK Lighthill-Ford spontaneous imbalance

NVA Negative vorticity advection

F2D Two-dimensional frontogenesis function on z-surface

F3D Three-dimensional frontogenesis function on z-surface

[TEMPG| Absolute value of horizontal temperature gradient

1/Rigry Inverse Ri (dry air)

CcP Colson-Panofsky turbulent kinetic energy

Endlich Wind speed multiplied by turning

DTF3 Diagnostic turbulent kinetic energy-epsilon formulation

PVGRAD Horizontal potential vorticity gradient

1/Rimoist Inverse Ri (moist air)

w2/Ri Vertical velocity squared divided by Ri

NCSU1 Absolute value of advection multiplied by vorticity gradient
divided by Ri

NCSU2 Magnitude of vorticity gradient multiplied by gradient of
Montgomery stream function

Dutton Dutton’s empirical index

EDRLUN EDR from simplified Ri tendency

EDRLL EDR squared from second-order structure function

(b) MWT diagnostics'®

Diagnostic  Description

MWT1 dy x W/Ri

MWT2 d; x CTSQ (temperature structure constant estimated from longitudinal

and transverse second-order structure functions of air temperature)
MWT3 dyxF3D

MWT4 d, X Speed

MWT5 d; x |DIV|

MWT6 ds x NGM1

MWT7 ds X SIGWAVG (variance of vertical wind estimated from average
of longitudinal and transverse second-order structure function)

MWT8 d; x LHFK divided by Ri

MWT9 d, x iawind

MWT10 d; x EDRAVG (EDR squared estimated from average of longitudinal
and transverse second-order structure functions)

MWT11 d; x SCHGW (EDR from variance of vertical velocity)

MWT12 d; x [TEMPG|

MWT13 d; x DEF?

MWT14 ds x EDRLL

(c) NCT diagnostics'"?”

Diagnostic  Description

CGWD Absolute value of convective gravity wave drag

EDRcewp EDR estimated from CGWD and background wind and stability

The description of the 46 turbulence diagnostics [(a) 30 CAT, (b) 14 MWT,
and (c) 2 NCT] used. Each turbulence diagnostic is computed using outputs
from the historical and high-emissions (SSP5-8.5) scenarios.

npj Climate and Atmospheric Science (2023) 92

(NorESM2-MM32) forced by the Shared Socioeconomic Pathway
(SSP) 5-8.5 (SSP5-8.5) scenario (see Methods).

RESULTS

In this study, the 45-year daily-mean data obtained from both
historical (1970-2014) and high-emissions (SSP5-8.5; 2056-2100)
scenarios are used. Using these models as meteorological input,
we calculate 30 CAT diagnostics'®, 14 MWT diagnostics'®, and 2
NCT diagnostics?’ listed in Table 1 using daily-mean wind (zonal,
meridional, and vertical wind), air temperature, relative humidity,
cloud water/ice mixing ratio, and geopotential height between
200 and 250 hPa and terrain height (see Methods). Note that the
MWT diagnostics are computed only over mountain-wave prone
areas that are defined using the model terrain height'®, and the
NCT diagnostics are computed only at grid points above where
the model predicts convective clouds exist?’.

Figure 1 demonstrates the spatial distributions of the 45-year
seasonally averaged horizontal wind speed at 200 hPa. It is
readily seen that the horizontal wind in the future scenario
weakens over the tropics along the Intertropical Convergence
Zone (ITCZ) which shifts southward during December-February
(DJF) and northward during June-August (JJA). In midlatitudes,
the horizontal wind speed increases along the storm track
regions in both hemispheres (Northern Hemisphere, NH and
Southern Hemisphere, SH) in general for all four seasons. Also, at
higher latitudes of the North Atlantic flight corridor (50°N-75°N)
which is close to Greenland, the horizontal wind increases in
general except for DJF.

Global distribution of aviation turbulence at cruising altitude

The horizontal distributions of the 45-year DJF at 200 hPa of
averaged Ellrod1, MWT1, and CGWD, as an example of CAT, MWT,
and NCT diagnostics, respectively (Fig. 2a and description in
Table 1), clearly show different features spatially. The Ellrod1
indicates relatively strong turbulence along the midlatitude jets,
while the MWT1 is strong over the steeper mountains. As
expected, the CGWD is strongest over the tropics along the ITCZ
which shifts toward the SH during DJF and moves toward the NH
during JJA (Supplementary Fig. 1a).

Compared to the historical results, there is an intensification in
the Ellrod1 CAT diagnostic over midlatitudes in the SSP5-8.5
results, but weakening over the tropics where both the vertical
wind shear and flow deformation are reduced, which is
consistent with previous results?®. For the MWT1 diagnostic,
there are locally intensified areas over most of the mountainous
regions under the high-emissions scenario identified from
significant increases at the 95% confidence level (see Methods)
in the magnitude of turbulence (the middle and lowest panel of
Fig. 2a). Given that the MWT indices including the MWT1 used in
this study are proportional to CAT indices (Table 1) and the near-
surface wind speed in the high mountainous regions (see
Methods), the increases in turbulence intensity of the CAT
indices and/or the near-surface wind in the climate change
scenario could lead to higher MWT1 potential. In the SSP5-8.5
results, the CGWD shows intensification over convective prone
regions including the tropics and some of the SH subtropics over
the ocean where the column-maximum convective heating rate
and convective gravity wave momentum flux at the cloud top
are enhanced compared to those in the historical period
(Supplementary Fig. 1a).

The same analysis is conducted using the 45-year JJA averaged
Ellrod1, MWT1, and CGWD at 200 hPa (Fig. 2b). In JJA of the high-
emissions experiment, enhanced vertical wind shear, which is
related to strengthened meridional temperature gradient through
the thermal wind relation, significantly enhances Ellrod1 along the
subtropical jet stream in the SH at the 95% confidence level. As in
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Fig. 1 Upper-level horizontal wind speed predicted from historical and SSP5-8.5 experiments. The 45-year averaged horizontal wind

speeds at 200 hPa for DJF (December-February), MAM (March-May), JJA (June-August), and SON (September-November). The leftmost and
middle panels show the historical and SSP5-8.5 simulations, respectively. The rightmost panel shows the wind change inferred from SSP5-
8.5 minus historical simulations. In the rightmost panel, red shading indicates that the wind speed in the future period (2056-2100) is greater

than that in the historical period (1970-2014). Regions with significant differences at the 95% confidence level are stippled.

DJF (Fig. 2a), the magnitude of the Ellrod1 CAT diagnostic over the
tropics in JJA decreases due to a weakening of the vertical wind
shear in the future scenario. For the MWT1 which is a combination
of near-surface wind, terrain height, and CAT index (vertical
velocity squared divided by gradient Richardson number, w/Ri of
Table 1), the future scenario experiment shows strengthening of
the MWT1 in midlatitudes, although in some regions the MWT1
decreases due to the weakening in the near surface winds over
terrains. The CGWD is concentrated in the tropics and the NH
subtropics due to monsoon-related convection. The future
projection indicates that CGWD is enhanced over some regions
of the tropical Pacific Ocean, Africa, and the NH subtropics
including the Gulf of Mexico, and is related to the enhancement of
convective heating rate (Supplementary Fig. 1b).

Published in partnership with CECCR at King Abdulaziz University

Changes in occurrence of moderate-or-greater-intensity
turbulence under high-emission scenario

To quantify the changes in higher intensity level turbulence
occurrences, we first calculate the 98th percentile of the
probability distributions of each turbulence diagnostic for the
historical period and use it as a threshold for moderate-or-greater
(MOG) intensity turbulence®*=3>. Then, using the threshold for
each turbulence diagnosticc, we compute how often each
turbulence diagnostic exceeds the threshold in both the historical
period and future period (see Methods). Figure 3 shows the 45-
year DJF and JJA averaged occurrence frequency of MOG-level
turbulence of Ellrod1, MWT1, and CGWD at 200 hPa. For both DJF
and JJA, there is an increase of up to 10.5% in a relative difference
(an average of 2%) in the NH and SH midlatitudes frequencies,
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Fig. 2 Global distribution of DJF and JJA aviation turbulence indicators at a typical cruising altitude under the specified climate change
scenario. The 45-year averaged selected turbulence diagnostics at 200 hPa for (a) DJF and (b) JJA averaged CAT (Ellrod1), MWT (MWT1), and
NCT (CGWD). In a, b, the uppermost and the middle panel show results from the historical simulation and high-emissions simulation,
respectively. The lowest panel shows the difference in the magnitudes of each turbulence diagnostic inferred from SSP5-8.5 simulation minus
historical simulation. Stippling in the lowest panel indicates the significant difference at the 95% confidence level. Note that CGWD is directly
obtained from the CGWD parameterization indicating the wave-breaking regions.
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Fig. 3 Global distribution of DJF and JJA occurrence frequencies of aviation turbulence indicators at the typical cruising altitude under
the specified climate change scenario. As in Fig. 2, but for the occurrence frequency of MOG-intensity turbulence for 45-year (a) DJF and (b) JJA.

respectively where the upper-level jets are collocated with the
regions of the maximum frequency of the Ellrod1.

When focusing on the North Atlantic flight corridor (10°W-60°W
and 30°N-75°N), which is the busiest international flight corridor

Published in partnership with CECCR at King Abdulaziz University

in the world3¢-38, during DJF (Fig. 3a), a band of strong Ellrod1
index is revealed over about 40°N-50°N, which was also seen in
some previous studies based on reanalysis data®® and climate
model simulations®'. Under the high-emissions scenario, the
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Fig. 4 Probability distributions of upper-level aviation turbulence (CAT, MWT, and NCT) diagnostics under the specified climate change
scenario. The probabilities for the 46 turbulence diagnostics used are computed from 45 years of daily-mean data from January to December
between 200 and 250 hPa and within extratropics (25°N-65°N and 25°S-65°S). The probabilities of NCT diagnostics are also computed over the
tropics (between 25°N and 25°S) and are shown in the bottom-right corner. The blue bar indicates the historical simulation distribution and
the red bar indicates the climate change simulation distribution with the specified high-emissions scenario. The overlapped areas are
indicated in violet. The plus sign is included when the 98th percentile of the turbulence diagnostic in the future period is greater than that in
the historical period. The color of the plus sign indicates the vertical level of data used (red plus: 200-250 hPa, blue plus: 250 hPa, green plus:
225 hPa, and black plus: 200 hPa). The order of turbulence diagnostics used is the same in Table 1.

occurrence frequency of CAT diagnosed by the Ellrod1 index is
reduced in this latitude band where both flow deformation and
vertical wind shear are decreased. In higher latitudes of the North
Atlantic flight corridor (50°N-75°N), the Ellrod1 index is slightly
strengthened, due to the cancellation between strongly enhanced
flow deformation and less weakened vertical wind shear. Also, the
Ellrod1 index in the DJF (Fig. 3a) and JJA (Fig. 3b) in the future
climate experiments is weakened, and its occurrence is reduced
over the tropics where the horizontal wind speed decreases
together with weakened flow deformation and vertical wind
shear.

For MWT, the MWT1 diagnostic shows overall increases under
the high-emissions scenario except for some areas close to the
edges of the Himalayas and Greenland where both the near-
surface mountain stress term including near-surface wind and the
CAT-related term (w?/Ri) are decreased for DJF in the future
(Fig. 3a). Also, for JJA (Fig. 3b), the MWT1 increases in general
except for the southern Sierra Madre Occidental in Mexico where
both w?/Ri and the near-surface wind speed are weakened in the
future experiment.

In contrast to the Ellrod1 CAT diagnostic, the CGWD NCT
diagnostic occurs more frequently under the high-emissions
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scenario in the tropics and SH subtropics in DJF compared to
the historical simulation (Fig. 3a). Also, the CGWD during the
future period strengthens over some regions of the tropics and
NH subtropics in JJA when the maximum convective heating is
located in the NH (Fig. 3b and Supplementary Fig. 1b). Note that
the CGWD is generally proportional to the magnitude of cloud-top
momentum flux of convective gravity waves that is proportional
to the square of the diabatic heating rate, and therefore, if
convective activity becomes stronger, there can be a greater
chance for convective gravity wave breaking at aircraft cruising
altitudes in the UTLS.

In addition to the turbulence indices shown in Figs. 2, 3, the
entire set of 46 turbulence indices (listed in Table 1) is computed
using the 45-year daily-mean outputs from both historical and
SSP5-8.5 simulations and is shown as turbulence intensity
histograms in Fig. 4 for the extratropics (25°N-65°N and 25°S-
65°S) and for three vertical levels of typical aircraft cruising
altitudes (200, 225, and 250 hPa). For the NCT diagnostics, the
probability distribution over the tropical region between 25°N and
25°S is also shown in the bottom-right corner of Fig. 4. The
histograms of most CAT, MWT, and NCT diagnostics in both
periods are positively skewed and unimodal. The probability of
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Fig. 5 Percentage increase in the frequency of upper-level aviation turbulence (CAT, MWT, and NCT) under the specified climate change
scenario. The bar charts show the percentage change of MOG turbulence diagnosed by the 30 CAT, 14 MWT, and 2 NCT indices between 200
and 250 hPa for the 45-year future period compared to the historical period. The uppermost, middle, and lowest panels are for the global,
extratropics, and tropics regions, respectively. The maximum, minimum, and median estimates between each type of turbulence are written in
each figure (black: CAT, blue: MWT, and green: NCT). The order of turbulence diagnostics used is the same as in Table 1.

most turbulence diagnostics shifts to the right in the high-
emissions scenario projected to the future climate, meaning that
there is increased probability of encountering strong turbulence
(91% among all turbulence indices). We repeat the same analysis
for a single vertical level and put a plus sign (black: 200 hPa, green:
225 hPa, and blue: 250 hPa) in the top-right corner of each plot
when the 98th percentile of each turbulence diagnostic in the
future period (2056-2100) is greater than that in the historical
period (1970-2014). For most of the turbulence indices at the
selected vertical levels of 200, 225, and 250hPa, increased
probabilities at strong turbulence intensities appear (by 85, 91,
and 91% among all turbulence indices for 200, 225, and 250 hPa,
respectively) under the high-emissions scenario.

It is found that the NCT diagnostics are enhanced at three
altitude ranges (200-250 hPa, 200 hPa, and 225 hPa) in the future
for both extratropics and tropics. However, the NCT at 250 hPa
shows decreased probabilities at stronger turbulence intensities,
and this is likely associated with an increase in cloud height and a
corresponding increase in wave-breaking height in the climate
change experiments. Also, most MWT diagnostics are enhanced at
three altitude ranges (200, 225, and 250 hPa) under the specified
climate change scenario, although some MWT diagnostics (e.g.,
MWT4, MWT10) exhibit a decrease in probabilities of encountering
strong turbulence. Consistent results are obtained from the global
probability distributions of turbulence diagnostics (not shown).

Considering that the probabilities of most turbulence diagnostics
shift to the right in the high-emission experiment, the current results
indicate that the increase is not specific to a certain threshold, but
rather to an increase in overall intensity. Therefore, the occurrence
frequencies of the 46 turbulence diagnostics are calculated using
the 98th percentile and this percentile is applied to all forms of
turbulence (CAT, MWT, and NCT) over the globe. This threshold
differs from some other previous studies (e.g., 95th, 98th, 99th, and
99.6th percentile) to define MOG-level turbulence''28-31354041
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As there are uncertainties in the percentile value that defines MOG-
level turbulence in the real atmosphere, we have chosen one
specific percentile (98th percentile) for the MOG intensity as a
tuning factor from the model perspective. When we compute the
occurrence frequency of each turbulence diagnostic with three
different criteria (the 95th, 98th, and 99.6th percentiles) for MOG-
level turbulence, it is found that the changes in the future scenario
increase as the criterion increases from the 95th to 99.6th for CAT
and MWT, although this was not found in NCT. For the changes in
the individual diagnostics, larger variations are found over the
extratropics compared to the tropics in higher criterion (99.6th)
especially in winter, although the patterns are the same (Supple-
mentary Fig. 2). Therefore, it is found that consistent results are
obtained using different percentile thresholds (different intensity
levels), although there is a minor discrepancy in the magnitude of
the percentage change, at least in the current analysis.

Next, we assess the percentage changes in MOG-level turbulence
occurrence for all CAT, MWT, and NCT diagnostics (total of 46
indices) (see Methods). The changes in annual and seasonal means
of each diagnostic between 200 and 250 hPa for 45 years are
computed over the globe, extratropics, and tropics separately (Fig.
5). Over the globe (the uppermost panel of Fig. 5), more than half of
the CAT, MWT, and NCT diagnostics show positive changes by
8-91% in the median estimates and by 27-178% in the maximum
estimates, indicating that turbulence is intensified overall compared
to the historical experiments. This increasing result is consistent to
some previous results on CAT?23142,

For seasonal mean percentage changes over the globe, most
CAT, MWT, and NCT diagnostics intensify in the high-emissions
scenario (more than 36 indices for each season). All 46 turbulence
diagnostics show an increase in the frequency of occurrence in
the climate change experiment for both summer and winter with
positive percentage changes up to 76% (summer) and 61%
(winter) in the median estimates. The NCT indices show greater
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Fig. 6 Response of upper-level aviation turbulence (CAT, MWT, and NCT) under the specified climate change scenario over ten specified
regions. The bar charts show the percentage change of occurrence frequency of MOG turbulence between 200 and 250 hPa in summer and
winter for 45 years. The histograms are calculated using the data within each box with arrows and labels. The maximum, minimum, and
median estimates between each type of turbulence are written in each figure (black: CAT, blue: MWT, and green: NCT). The order of turbulence
diagnostics used is the same as in Table 1 and Fig. 5. The gray shaded areas indicate MWT prone regions.

increase in the occurrence frequency in summer than in winter,
compared to the historical experiment (e.g., 57 and 44% increases
by EDRcgwp in summer and winter, respectively). Also, enhance-
ments in convective activity over the tropics and NH and SH
subtropics (for SON and MAM, respectively) were found in both
NH and SH autumn (not shown), and correspondingly, NCT indices
increase by up to 91% in the median estimates in autumn.
Therefore, while some indices show a decrease in future
turbulence occurrence, overall increases in turbulence occurrence
can be found from a perspective of an ensemble of turbulence
indices for all three forms of turbulence (CAT, MWT, and NCT).
Regionally (two lower panels of Fig. 5), at least two thirds of
turbulence indices (more than 29 indices) indicate positive
percentage changes under a changing climate, except for the
autumn over the tropics where negative percentage changes
occur for 16 and 8 indices of CAT and MWT, respectively, likely
related to significantly weaker horizontal wind speed at the 95%
confidence level in the future period (the rightmost panel of
Fig. 1). Extratropical variations in the percentage change are much
larger (16-159% increase of seasonal median estimates) than over
the tropics (3-93% increase of seasonal median estimates). In the
extratropics where upper-level jets are located and most
mountains exist, regional changes in the occurrence frequency
of CAT and MWT are greater in summer and winter than in spring
and autumn in both hemispheres. In both summer and winter, all
turbulence indices consistently show extratropical enhancement
in future turbulence intensity and occurrence frequency com-
pared to the historical period. In the tropics, small changes (or
negative values) in occurrence frequency of MOG-level turbulence
are revealed in general, although MWT2 and MWT4 dramatically
increase in winter and summer, respectively. NCT indices, which
diagnose more localized turbulence compared to other CAT and
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MWT indices?’, show turbulence enhancements over the tropics
and extratropics for all seasons.

As mentioned above, we additionally computed the percentage
change of the occurrence frequency of turbulence using three
different MOG-level threshold values (95th, 98th, and 99.6th
percentile). Regardless of the MOG threshold used, we found
similar increases in occurrence frequencies in general, with larger
variations over the extratropics compared to the tropics (Supple-
mentary Fig. 2) when using the higher (99.6th) percentile. That is,
consistent results are obtained using different percentile thresh-
olds (different intensity levels) for all types of turbulence (CAT,
MWT, and NCT), although there is a difference in the magnitude of
the percentage change, at least in the current analysis. Also, it is
noteworthy that the MOG-level turbulence threshold is calculated
from the probability distribution without considering area
weights. When we compute percentage changes in frequency of
MOG-level turbulence occurrence using the threshold obtained
from area-weighted probability distribution, consistent results of
increase in turbulence occurrence are obtained over the global,
tropical, and extratropical regions, although there are some minor
discrepancies in the magnitudes of percentage changes. Future
study considering area-weighted probability distributions should
be conducted to account for the convergence of meridians and
corresponding reduction in grid cell areas towards the pole, which
reduces the possible over-representations of the MOG-level
turbulence frequencies in higher latitudes.

We find a commonality among the global, tropical, and
extratropical regions that shows remarkable changes in summer
and winter compared to other seasons (Fig. 5). Taking this into
account, to examine the characteristics in changes of turbulence
occurrence due to climate change locally, we subdivided the
globe into ten specific regions (see Methods and boxes of Fig. 6).
For these regions, the percentage changes in MOG-level
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turbulence occurrence between 200 and 250 hPa in summer and
winter for 45 years are quantified as indicated in Fig. 6. Note that
when a turbulence diagnostic does not exceed the 98th percentile
threshold for the historical period, its percentage change is set to
missing (as for MWTB8 in region 6) in the present study.

For the busiest international airspace in the middle and high
latitudes of the NH (regions 1-5)°, the ensemble of turbulence
diagnostics shows increases of 19-80% (14-64%) in the median
estimates for the CAT, 26-84% (32-79%) in those for the MWT,
and 26-105% (35-74%) in those for the NCT under the SSP5-8.5
simulations for summer (winter). The NCT diagnostics show
decreases over the North Atlantic (region 5) for winter, which
may be related to weakened convective heating (Supplementary
Fig. 1). Although the magnitude of the CAT changes is relatively
small compared to previous studies?®=3', the trend is the same, i.e.,
the CAT diagnostics show increases in MOG turbulence occur-
rence. When we conduct the same analysis using the 99.6th
percentile used as the threshold of MOG-level turbulence in
previous studies?®=!, consistently, there is an increase in the
frequency of MOG-level CAT occurrences (not shown). This
difference could also be related to different settings (such as
model configurations) of the climate models used. Nevertheless,
our results consistently show future turbulence intensification and
increase in the occurrence frequency of CAT. In the analyses of
MWT and NCT changes, we found overall positive median
increases in the busiest international airspaces (regions 1-5,
except MWT in region 1 for summer and MWT and NCT in region 5
for winter), meaning increases in turbulence occurrence.

However, there are regions indicating decreases by some
turbulence diagnostics in turbulence occurrence in the future
period. In region 1 (Europe) in the summertime, six MWT
diagnostics (MWT3, MWT4, MWT5, MWT10, MWT11, and MWT14)
show negative percentage changes of up to —23%. Also, in region
5 (North Atlantic Ocean) in the wintertime, 12 MWT diagnostics
except for MWT7 and MWT10 show decreases in the occurrence
frequency of turbulence (up to —22%). This may be associated
with the weakened near-surface wind speed and/or CAT
diagnostics, however, it is quite complicated to clearly explain
why there are increases or decreases in MWT intensity and
occurrence frequency, as not only near-surface condition but also
upper-level background condition favorable to mountain wave
breaking are relevant to MWT. Also in region 5, the NCT
diagnostics show decreased occurrence frequency in the future
wintertime, which may be associated with weakened convective
heating rates and cloud top momentum flux of convective gravity
waves (as shown in Supplementary Fig. 1a) and also background
conditions such as wind and static stability over this region.

For less congested airspace regions such as over Africa and
South America, we conducted the same analysis for the 45-year
summer and winter seasons. As the MWT diagnostics are activated
only in mountainous regions, some regions (regions 8 and 9) do
not have MWT estimates. In regions 6 and 8-10, turbulence
diagnostics show positive percentage changes in the median
estimates with 7-41% (32-63%) for CAT, 7-19% (57-74%) for
MWT, and 50-114% (20-79%) for NCT under the SSP5-8.5
experiments for summer (winter), which is consistent to results
in regions 1-5. Especially, over the Indian Ocean (region 7) where
significantly enhanced winds are expected under the SSP5-
8.5 scenario (Fig. 1), turbulence increases greatly especially for
CAT (80 and 116% in the median estimates for summer and
winter, respectively). This aspect needs further modeling/observa-
tional studies in the future. In region 10 (South America), some
CAT diagnostics that are mostly related to the shear instability (9
CAT diagnostics) estimate decreases in summertime turbulence
occurrence for the future period (up to —21%). Although expected
regional percentage changes vary for each type of turbulence, in
terms of the median estimates (the ensemble of turbulence
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diagnostics) for all types of turbulence, aircraft can expect to

experience a much bumpier flight in a changing climate.

DISCUSSION

This study examined changes in the intensity of aviation
turbulence and occurrence of the MOG-level turbulence at typical
cruising altitudes in the future using long-term climate model data
from historical and high-emission experiments. As the character-
istics of free atmosphere turbulence depend strongly on its
source, considering future changes of intensity and occurrence
frequency for all three types of turbulence, not exclusively for CAT
considered in some previous studies, are required. Therefore,
turbulence generated from three sources, CAT, as well as MWT
and NCT was considered.

The current results demonstrate that all three types of
turbulence (CAT, MWT, and NCT) will strengthen in most regions
globally for all seasons as a response to climate change (globally
seasonal increase up to 91% in the median estimates), except that
CAT and MWT are weakened for autumn in the tropics. At typical
aircraft cruising altitudes in the UTLS for ten specified regions,
most turbulence diagnostics show 7-80%, 7-84%, and 26-114%
(14-116%, 32-79%, and 11-79%) increases in the median
estimates of the occurrence frequency of MOG-level CAT, MWT,
and NCT, respectively, for summer (winter) seasons under the
changed climate compared to the historical experiments. The
current results are consistent with previous studies3®3%42 for CAT
using long-term reanalysis and climate model data that have
suggested an increasing trend of flight bumpiness. Although the
climate model data and turbulence diagnostics used in this study
are different or partially overlap those used in some previous
studies, we obtain consistent results on the CAT responses to the
future climate conditions with those studies, bolstering con-
fidence in this key result. Like CAT, most MWT and NCT indices
showed increases in turbulence occurrence in the changed
climate scenario.

Assuming flight tracks are fixed, these results imply that we can
expect that climate change will cause bumpier flights with respect
to all possible types of upper-level turbulence. In this regard, flight
routing may become more complicated to avoid and detour
around turbulent air, and this may cause extended flight times**
and increased fuel consumption and emissions from commercial
aircraft. This in turn, may provide positive feedback, whereby
these additional emissions could actually accelerate global
warming.

There are several limitations and future considerations related
to the current study. Regarding spatiotemporal resolution of
climate model data, the spatial grids are still too coarse to
explicitly capture turbulence at aviation scales. Also, the lower
temporal resolution (e.g., 1 day) of climate models may have
limitations in capturing the intermittent nature of some forcing
mechanisms and the consequent turbulence. Although a previous
study used 6-hourly outputs®® to compute CAT response, it is
currently not possible to examine the future response of all forms
of turbulence (CAT, MWT, and NCT) as some meteorological
variables are not available (e.g., relative humidity and cloud ice
and water mixing ratio) at the 6-hourly temporal resolution. To
make sure the consistency between the daily-mean versus
6-hourly data, we compared the 6-hourly outputs for the four
variables (zonal and meridional wind, air temperature, and
geopotential height) with daily mean data that both are available
for the NorESM2-MM for 45 years of the climate change scenario.
Also, from two datasets, the Ellrod1 index is calculated. When the
horizontal distributions and probability distributions of 6-hourly
based data are compared to those derived from the daily-mean
data, we found that the 6-hourly and daily-mean results have
similar distributions, although the magnitude of the 6-hourly
outputs is larger than that of the daily-mean outputs
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(Supplementary Figs. 3, 4). If the model variables for which the
CAT, MWT, and NCT diagnostics can be calculated are available
with a better temporal resolution, further analysis should be
conducted in the future study.

Further, as this study has considered the extreme emission
scenario only, the dependency on other climate change scenarios
and climate models needs to be conducted in the future. In
addition to uncertainties associated with the climate models/
scenarios used, there are also uncertainties in the turbulence
diagnostics. Further analysis using model data with better
spatiotemporal resolution and their effects on model-based
turbulence diagnosis is required to better quantify these
uncertainties.

METHODS
Data

The NorESM2-MM data were generated as a part of the Coupled
Model Intercomparison Project Phase 6 (CMIP6). We archived 45-
years (historical: 1970-2014 and SSP5-8.5: 2056-2100) of daily-
mean NorESM2-MM datasets with a 1.25° in longitude by 0.94° in
latitude, having 288 x 192 grid points. This is finer than the spatial
resolution used in previous studies using climate model data?®>".
The simulated results have 32 layers in a hybrid sigma-pressure
coordinate and these are interpolated to 25-hPa spacing. Here, we
used three interpolated pressure levels between 200 and 250 hPa
that are close to typical cruising altitudes of commercial aircraft.
Second-order centered finite differences are used to approximate
horizontal and vertical derivatives throughout.

To choose the model for our analysis within the CMIP6 suite, we
investigated very carefully the evaluation results of several variables
provided by the program for climate model diagnostics and
intercomparison  (PCMDI,  https://pcmdi.llnl.gov/research/metrics/
mean_clim) and the availability of meteorological variables to
calculate the turbulence diagnostics. First, we shortlisted candidates
based on the PCMDI spatiotemporal root mean square differences
(global-mean 200-hPa wind) against European Centre for Medium-
Range Weather Forecasts Re-Analysis, version 5 (ERA-5*) reanalysis
data. The NorESM2-MM showed top-ranked skills not only for winds
but for other variables at different levels. Second, we looked at which
models provide all variables to derive all CAT, MWT, and NCT
diagnostics used in this study, viz, the zonal, meridional, and vertical
wind, air temperature, geopotential height, relative humidity, and
cloud ice and water mixing ratio. To the authors’ knowledge, the
daily-mean NorESM2-MM is the only source that met all requirements,
providing a horizontal resolution of ~1° and a sufficient number of
vertical layers from the surface to the model top. This is the main
reason why we use daily-mean data from the NorESM2-MM.

Turbulence diagnostics

The CAT diagnostics are mostly related to shear and inertial instability
(top 30 turbulence diagnostics in Table 1)'8'°, Also, to compute the
MWT diagnostics'®, the near-surface forcing term is used:

ds = 0if h<700 m )

ds = Vi (maxin lowest 1500 m) x min(h, 2750 m) if h > 700 m,

)
where h is terrain height, V| is the maximum low-level wind speed
within 1.5 km of the terrain. The threshold of the terrain height was
determined to cover MWT-prone regions such as the Rocky
Mountains, the Andes, and the Himalayas. The mountain wave term
(dg) is multiplied by selected CAT diagnostics'® (see Table 1). The
computation of the MWT diagnostics is activated if the terrain height
is more than 700 m which is represented as gray shading in Fig. 6.

The NCT diagnostics are based on the CGWD parameterization
scheme proposed by Chun and Baik (1998)* which has been
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implemented in both climate models and global weather
prediction models*=*°, The CGWD parameterization is activated
only at grid points where convective clouds exist and only above
the cloud top. A brief description of the CGWD parameterization is
as follows: we first calculate convective gravity wave (CGW)
momentum flux at the cloud top, and then the CGW momentum
flux at just one level above the cloud top is calculated by checking
the minimum Richardson number (Ri,) which includes the
modifying effects of CGWs. If Ri,, < 1/4, it is assumed that wave
breaking occurs and the saturated CGW momentum flux is
calculated, while if Ri,, > 1/4, the CGW momentum flux at that
level is set to the cloud-top momentum flux of CGW®C. This
procedure is repeated until the model top is reached. From the
vertical profile of CGW momentum flux, the CGWD is calculated as:

CGWD = |(—1/p)(31/3z)], 3)

where p is the air density, T is the CGW momentum flux.

The CGWD output can be used directly as a NCT diagnostic. In
addition, the CGWD can be used to derive a diffusion coefficient
using Lindzen'’s linear wave saturation hypothesis®’ and subse-
quently the cube root of energy dissipation rate (EDRcgwp) based
on a turbulence closure assumption?’>2>3;

EDRcewp = 10C!/3 [(CGWD/L*3) (U/N72)], 4)

where C, is the constant of 0.93, L is the length scale which is set
to 100m'"?2% U and N are the basic-state wind and static
stability projected onto the wind vector at the cloud top,
respectively. Finally, NCT is diagnosed from the two estimates
CGWD and EDRcewo.

For the NCT calculation, the convective heating rate information
and cloud top and bottom heights are required. The NorESM2-MM
does not publicly provide the convective heating rate and cloud
top and bottom heights as standard outputs like many global
reanalysis and analysis datasets. Because of this, the convective
heating rate has to be estimated using water vapor mixing ratio,
air temperature, vertical velocity, and relative humidity®’. The
cloud top and bottom are defined as the altitude where the
convective heating rate falls to 20% and 5%, respectively, from the
column-maximum convective heating rate at each grid point>>,
To eliminate shallow convective cases, the CGWD and NCT
calculations are activated only when the depth of clouds, that is
calculated using cloud top and bottom heights, is greater than
1 km.

Even though daily means were used to compute the NCT
diagnostics, convection related to large scale forcing such as
synoptic fronts would be expected to be fairly well represented by
daily means. However, isolated convection over summertime
continents and in the tropics may be missed. In the future, if the
CGWD output is available as the standard output, the CGWD
outputs could be directly utilized as the NCT diagnostic without
postprocessing calculations. While further analysis using higher-
resolution (both spatial and temporal) climate model data should
be conducted in the future, it is considered feasible to calculate
the NCT diagnostics and the NCT changes at the current temporal
resolution.

This study did not focus on the difference in the number of
turbulence diagnostics for each type of turbulence, but rather
focus on the possible generation mechanisms of turbulence,
which is considered as known sources in this study. Here, the CAT
diagnostics used can diagnose turbulence due to various
generation mechanisms such as shear and inertial instabilities
associated with upper-level jets and fronts. In the same manner,
MWT diagnostics used can infer turbulence related to mountain
wave breaking and wave-induced triggers combined with CAT
diagnostics. And, the NCT diagnostics diagnosing CGW breaking
were chosen as a known source for NCT in the analysis. Therefore,
the choice of indices for each source of turbulence is not related

Published in partnership with CECCR at King Abdulaziz University


https://pcmdi.llnl.gov/research/metrics/mean_clim
https://pcmdi.llnl.gov/research/metrics/mean_clim

to the sample size for each type of turbulence, but rather source-
based selection of turbulence diagnostics.

Frequency of turbulence occurrence and percentage change
of turbulence occurrence
The 98th percentile of the probability distribution of each
turbulence computed between 200 and 250 hPa over the globe
is computed for 45 years of the historical period and it is used as
the threshold of MOG-level turbulence. The occurrence frequency
of turbulence is computed using this MOG-level threshold for both
the historical and future periods. That is, if a turbulence diagnostic
exceeds the 98th percentile, we classified it as the MOG-level
turbulence. This same criteria of MOG-level turbulence is applied
to all CAT, MWT, and NCT diagnostics. If the area-weighting is
applied to compute probability distribution, we did not find
noticeable difference in the occurrence frequency of turbulence
between probability distributions with and without area weight-
ings (not shown).

The percentage change of turbulence occurrence is calculated
as:

a[%} _ ﬁ(eql*’enCySSPS—S.S — ﬁ(eqUer'cyhisrorica/ x 1007 (5)

fr equency pistorical
Where a is the percentage change in occurrence frequency in
units of % and frequencyssps.gs and frequencypistorical iNdicate the
frequencies of MOG turbulence using the outputs of the SSP5-8.5
and historical simulations, respectively. This measure of turbu-
lence change under a changing climate was used in other
previous studies?®-314257  As the percentage change calculated
from Eq. (5) is a relative value, the negative percentage change
indicates decreases in turbulence occurrence in the future period
compared to the historical period.

To examine regional percentage changes in the occurrence
frequency of the MOG-level turbulence, ten regions (boxes of Fig. 6)
are specified as follows: 35°N-75°N, 10°W-30°E (1. Europe); 10°N-
75°N, 45°E-140°E (2. Asia); 0°N-75°N, 123°W-140°E (3. North Pacific);
25°N-75°N, 63°W-123°W (4. North America); 50°N-75°N, 10°W-60°W
(5. North Atlantic); 15°S-50°N, 35°W-35°E (6. Africa); 25°S-75°S, 50°E-
108°E (7. Indian Ocean); 12°5-46°S, 113°E-177°E (8. Australia); 35°S-
75°S, 80°W-178°W (9. South Pacific); 55°S-10°N, 35°W-80°W (10.
South America). Regions 1, 2, 4-6, 8, and 10 are the same as used in
a previous study?®®, while two additional sub-regions (Regions 7 and
9) are selected considering a horizontal distribution of reported
number of aircraft-based observations over the globe®, and Region
3 is set to cover most of the North Pacific Ocean. For the ten
specified regions, the median and maximum estimates of percen-
tage change of occurrence frequency of MOG-level turbulence are
computed for each turbulence source.

Significance test

The significance test on differences of horizontal wind speed,
turbulence diagnostics, and occurrence frequencies of turbulence
between the historical period and future period are conducted at
the 95% confidence levels (p-value < 0.05, n =45) with a two-
sided t-test. Here, n is the sample size. Areas satisfying this
significance test are shown as stippled regions in Figs. 1-3.
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