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ABSTRACT

Understanding how jet streams respond to a warming climate is crucial for anticipating
changes in atmospheric circulation and their broader impacts. Previous studies have
highlighted the influence of anthropogenic warming on the meridional temperature gradient,
which directly affects jet stream dynamics and variability. This study investigates projected
trends in upper-level jet stream shear instability under future climate change scenarios using
CMIP6 multi-model simulations. Building on previous findings linking anthropogenic
warming to strengthened meridional temperature gradients, we analyse annual means of zonal
wind speed, vertical wind shear, and stratification profiles from 2015 to 2100 globally. Results
show strengthened multi-model annual-mean vertical shear at 250 hPa, particularly in high-
emission scenarios, with trends ranging from 0.04 to 0.11 m s™ (100 hPa)! decade™ depending
on the scenario and region, equivalent to a total relative increase of 16-27% over 86 years.
Decreasing trends are observed in the annual-mean Brunt-Viisila frequency (N?) at 250 hPa,
with multi-model ensemble mean values across regions ranging from -0.018 to -0.040 x 10
s2 decade™ for lower and higher emissions scenarios, respectively, equating to a total relative
decrease of 10-20%. Similarly, the annual-mean Richardson number (Ri) shows decreasing
trends of -0.014 to -0.050 decade™ across emissions scenarios and regions, which is a total
relative decrease of 38-47%. These findings suggest more favourable conditions for the
generation of Clear-Air Turbulence (CAT), posing critical challenges for aviation safety and

operations in a warming climate.

1. Introduction

Climate change is increasingly recognized as a major factor influencing atmospheric
dynamics, particularly through its impact on the meridional temperature gradient and the
variability of the jet stream, especially in mid-latitudes (Williams & Joshi, 2013; Williams,
2017; Lee et al., 2019). These changes have profound implications for aviation safety, as upper-
level winds play a critical role in determining flight efficiency and safety (Williams, 2016;
Simpson, 2016; Kim et al., 2016). Optimizing flight paths based on the jet stream's position
can help reduce travel time and fuel consumption (Sridhar et al., 2011), but the increased risk
of turbulence associated with jet stream variability poses a significant challenge. In fact,

turbulence accounts for over 70% of weather-related aviation accidents, leading to substantial
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financial costs for airlines due to injuries and compensation claims (Gultepe et al., 2019;

Sharman & Lane, 2016).

The potential for turbulence is particularly high at typical cruising altitudes of 33,000 to
39,000 feet, where strong wind and temperature gradients near the jet stream heighten the risk
(Jaeger & Sprenger, 2007; Karnauskas et al., 2015; Williams & Joshi, 2013). This vulnerability
is exacerbated when passengers and crew are unbuckled, further increasing the likelihood of

turbulence-related injuries (Sharman et al., 2006).

The variability of the jet stream is closely tied to changes in the thermal structure of the
troposphere (Palmén, 1948), as the distribution of temperature directly influences its position
and intensity. However, anthropogenic climate change modifies these dynamics by altering
temperature gradients, leading to shifts in jet stream behaviour and further complicating its
response to atmospheric changes (Williams, 2017). For example, in the Northern Hemisphere's
lower troposphere, Arctic amplification weakens the meridional gradient and the polar jet
stream, while in the upper troposphere and lower stratosphere, polar cooling and tropical
warming strengthen the gradient through water vapor feedbacks (Barnes, 2015; Francis, 2017;
Strong & Davis, 2007). This vertical difference creates an interaction in the thermal wind
response, where changes in vertical wind shear may provide clearer insights into jet stream
trends (Karnauskas et al., 2015). Understanding these dynamics is crucial for refining

turbulence forecasting methodologies and improving aviation safety.

A critical factor in linking jet stream variability to turbulence is the Richardson number
(Ri), which quantifies the balance between buoyancy and shear forces. When vertical wind
shear strengthens, Ri can drop below a critical threshold, triggering turbulence. Numerous
studies have demonstrated that variations in jet stream structure can lead to such reductions in
Ri and initiate turbulence through different mechanisms, including shearing instabilities and
gravity wave breaking (Lane et al., 2004; Kim and Chun, 2010; Kim et al., 2014; Trier et al.,
2022; Lee et al., 2025). These processes may generate Kelvin-Helmholtz instabilities and
further destabilize the flow, particularly in regions of enhanced vertical shear and near-cloud
environments. Gravity waves can also play a role in modulating Ri and amplifying turbulence

episodes (Ellrod & Knapp, 1992).

Building on the work of Lee et al. (2019), who identified an increase in the annual-mean
jet stream vertical wind shear at 250 hPa from 1979 to 2017 in reanalysis data, we extend this

analysis to explore how these shifts might evolve under future climate scenarios. This observed
3
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increase, driven by changes in the meridional temperature gradient from anthropogenic climate
change (Vallis et al., 2015), highlights the importance of understanding how jet streams will

respond to a warming world.

Our research aims to assess trends in annual-mean vertical wind shear in the upper
troposphere and lower stratosphere (UTLS), both globally and across specific latitude bands.
By examining the adjustment of the meridional temperature gradient to global warming, we
seek to better understand the structural changes occurring within jet streams (Williams, 2016;
Woollings et al., 2012). These changes are expected to have significant implications for
turbulence, which is closely tied to jet stream variability. For this reason, we also examine
annual-mean trends in the Brunt-Viisdld frequency (N?) and Richardson number (Ri1) at 250
hPa, both of which are crucial for understanding the development of clear-air turbulence (CAT)

events (Sharman & Pearson, 2017; Sharman et al., 2014).

A deeper understanding of jet stream behaviour is essential for meteorologists to anticipate
shifts in turbulence patterns. Vertical wind shear diagnostics have proven effective for
turbulence forecasting, largely due to advances in jet stream dynamics (Colson & Panofsky,
1965; Ellrod & Knapp, 1992). Despite numerous studies documenting increases in atmospheric
turbulence in recent decades and future projections (Williams, 2017; Storer et al. 2017; Smith
et al.,2023; Williams & Storer 2022; Prosser et al., 2023), long-term trends in jet stream

behaviour and its role in turbulence in the context of climate change remain underexplored.

To address this gap, we use multi-model outputs from Phase 6 of the Coupled Model
Intercomparison Project (CMIP6) to project potential changes in vertical wind shear and Ri
under future climate conditions. This study aims to provide new insights into the evolving

dynamics of the jet stream and its broader implications for climate and weather phenomena.

2. Methodology

a. CMIP6 Model Data Description

We employ climate model simulations from the Coupled Model Intercomparison Project
Phase 6 (CMIP6) to study the projected impacts of future greenhouse gas emissions on vertical
shear instabilities around the jet stream core. Data from 26 general circulation models (GCMs)
were used under two shared socioeconomic pathways (SSPs), SSP2-4.5 (SSP 245) and SSP5-

8.5 (SSP 585), representing intermediate and high-emission scenarios, respectively.
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These models were selected based on the availability of monthly wind, temperature, and
geopotential output, which are required for computing vertical wind shear, static stability, and
the Richardson number (Ri) in the troposphere. The selection also considered model
participation in ScenarioMIP and the provision of long-term continuous output necessary for
trend analysis. While inter-model variability in simulating different turbulence mechanisms
(e.g., CAT, MWT, NCT) is acknowledged (Kim et al., 2023), our focus is on large-scale drivers
of CAT and their projected trends under climate change. Table 1 lists the models and relevant

output characteristics used in this study.

Model Institution Horizogtal Members
Resolution

TaiESM1 AS-RCEC (Taiwan) | ~1.13° x 1.13° 1
AWI-CM-1-1-MR|  AWI (Germany) ~0.5° % 0.5° 1
BCC-CSM2-MR BCC (China) ~1.1°x1.1° 1
CAMS-CSM1-0 CAMS (China) ~2.8°%x2.8° 1
CAS-ESM2-0 CAS (China) ~1.1°x1.1° 1
CanESM5 CCCma (Canada) ~2.8° x 2.8° 1
ITM-ESM | CCCR-ITM (India) | ~2.8° x 2.8° 1
CMCC-CM2-SR5 CMCC (Italy) 1.25° % 0.94° 1
ACCESS-ESM1-5| CSIRO (Australia) | ~1.9°x 1.3° 1
ACCESS-CM2 csggs-t/rﬁ(;)css “19°x25 | 1
MPL-ESM1-2-HR| DKRZ (Germany) 06?93377550X 1
MPI-ESM1-2-LR | MPI-M (Germany) | ~1.9° x 1.9° 1
E3SM-1-1 E3SM Project (USA) | ~1.0° % 1.0° 1
FIO-ESM-2-0 | FIO-QLNM (China) | ~1.0° x 1.0° 1
INM-CM5-0 INM (Russia) ~2.0° x 1.5° 1
IPSL-CM6A-LR IPSL (France) 2.5° % 1.25° 1
KIOST-ESM KIOST (Korea) ~1.0° x 1.0° 1
MIROC6 MIROC (Japan) | 1.41° x 1.41° 1
MRI-ESM2-0 MRI (Japan) ~1.1°x1.1° 1
NESM3 NUIST (China) ~1.9°x1.9° 1
NorESM2-LM NCC (Norway) ~2.5°%x1.9° 1
GFDL-CM4 | NOAA-GFDL (USA)| ~1.0° x 1.0° 1
HadGEl\L’IE'GC“' MOHC (UK) ~1.25°%0.83°| 4

Table 1 — CMIP6 models description: Model, Institution, Resolution and number of
members, for the period of 2015-2100 and for both SSPs 245 and 585.

Additionally, the fidelity of climate models in capturing upper-tropospheric dynamics is

central to understanding turbulence changes in a warming climate. Previous evaluations show
5
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that CMIPS5 models realistically simulate the large-scale characteristics of the Northern
Hemisphere jet streams and associated vertical wind shear in a climatological sense (Harvey et
al., 2020). CMIP6 models further improve upon CMIPS5, notably reducing biases in the position
and strength of storm tracks and jet streams, particularly over the North Atlantic and North
Pacific (Harvey et al., 2020). These improvements lend confidence to the use of CMIP6 data
for assessing long-term trends in jet-related turbulence indicators such as vertical wind shear

and the Richardson number.

b. Emission scenarios

We analysed two SSP scenarios to represent different possible futures. The first, SSP2-4.5
(SSP 245), is an intermediate scenario characterized by moderate mitigation and adaptation
strategies, leading to a radiative forcing of 4.5 W m™ by 2100. This “middle-of-the-road"
pathway reflects a balanced approach to addressing climate change. In contrast, SSP5-8.5 (SSP
585) represents a high-emission scenario, assuming continued reliance on fossil fuels with
limited climate mitigation efforts. This scenario results in a radiative forcing of 8.5 W m™ by

2100 and reflects a high-end emissions trajectory, as described in O’Neill et al. (2016)
c. Data Processing

Monthly mean atmospheric variables, including temperature, zonal mean zonal wind, and

geopotential height (zg), were obtained for the period 2015 to 2100 for the entire globe.

From this dataset, annual means were computed to analyse long-term trends relevant to
upper-level tropospheric dynamics. The analysis of vertical wind shear was conducted using
two complementary approaches. First, vertical shear was calculated directly from centred
differences of the model’s zonal-mean zonal wind at adjacent pressure levels. Second, to assess
thermal wind balance, vertical shear of the gradient wind (eq. 1) was derived and compared to
the meridional temperature gradient, following the thermal wind relation that incorporates both
Coriolis and centrifugal effects (e.g., Newton and Palmén, 1963; Reed and Hardy, 1972; Knox,
1997) (eq. 3). This dual approach enables a direct quantification of shear alongside a
dynamically consistent interpretation of its thermal drivers. For all other diagnostics - including
trends in zonal wind, vertical shear, and Richardson number - the model’s actual wind fields
were used, as they represent the full atmospheric flow and are more relevant for evaluating
turbulence risk. Additional diagnostics included the Brunt—Viisild frequency (N?; Eq. 4) which

was used in the calculation of the Richardson number. All variables were interpolated onto a
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common latitude—longitude grid for ensemble mean and spread calculations. Linear trends
were computed using least-squares regression, with statistical significance evaluated at the
95% confidence level. Correlations were assessed using Pearson’s correlation coefficient, also
at the 95% confidence level. Statistically significant trends are indicated by stippling (two-
tailed t-test; P < 0.05; n = 86).

In addition to trend analysis of annual means, we also quantified changes in the right-hand
tail of the distribution for each diagnostic to capture shifts in more extreme atmospheric states.
The 99th percentile of annual mean values was calculated for two periods (2015-2030 and
2070-2100) across the model ensemble. This method is consistent with the focus of the study
on annual-scale variability and trends. The percentage change in the 99th percentile between
these periods was then computed for each variable, providing insight into how the more intense
expressions of stratification (N?), instability (Ri), and vertical wind shear evolve under future
climate conditions. This approach complements the mean-state analysis by highlighting

projected changes in the frequency and intensity of extreme dynamic environments.

The analysis encompassed the entire globe and several specific regional boxes in both
hemispheres. These regions were categorized based on latitude, spanning from the equator to
high latitudes. The Northern and Southern Hemispheric (NH and SH) regions extended from
the equator to 70° north and south latitude (0—70° N/S) across the full longitudinal range (-180°
to 180° E). The Mid-latitude regions (NH-M and SH-M) covered latitudes between 30° and
70° in both hemispheres (N/S), also spanning all longitudes. Additionally, the Tropical regions
(NH-T and SH-T) were defined between the equator and 30° latitude (0-30° N/S), with the

same global longitudinal coverage.

GRADIENT WIND

To ensure dynamical consistency in the diagnosis of vertical wind shear and its relation to
the thermal wind balance, the gradient wind was used in place of model-resolved wind fields.
The gradient wind extends the geostrophic approximation by including the centrifugal
acceleration due to flow curvature, yielding a more accurate representation of upper-level flow
in regions where curvature is significant, such as along the subtropical jet and in midlatitude
waveguides (Newton and Palmén, 1963; Reed and Hardy, 1972; Holton, 2004). In height

coordinates, the gradient wind balance can be written as:

File generated with AMS Word template 2.0

Accepted for publication in Journal of the Atmospheric Sciences. DOI 10.1175/JAS-D-24-0283.1.

Unauthenticated | Downloaded 08/30/25

05

:06 AM UTC



Vgrz azg

9(x.y)

t fVgr = -9 (eq. 1)

where Vg is the wind speed tangent to the flow, R is the radius of curvature of the flow
path (approximated by the curvature of geopotential height contours), f is the Coriolis
parameter, g is the gravitational acceleration, and 0zg/d(x,y) are the zonal and meridional
derivatives of the geopotential height. This formulation enables direct estimation of the
balanced wind from geopotential height fields on isobaric surfaces. To compute the curvature
radius R = 1/k of the geopotential height, we used a second-order finite-difference
approximation based on the geopotential height field zg(,y). The curvature is derived from
(Endlich, 1961) and is given by:

G E G G G,

((Z2)"+(22))

The resulting curvature and gradient were used to solve the gradient wind equation for Vgr.

Compared to model wind fields, the gradient wind offers a more physically consistent basis for
estimating shear and diagnosing the thermal wind balance. This approach follows established
theoretical treatments (Holton, 2004; Pedlosky, 1987; Dutton, 1986) and is supported by
diagnostic work demonstrating the advantages of gradient-balanced flow in upper-tropospheric

dynamics (Knox, 1997).

3. Results

a. Vertical Wind Shear

We begin our analysis by looking at the multi model average trends for the annual mean
zonal wind speeds and the respective vertical wind shear associated for both SSPs over the 86-

year period for the four regions (Fig. 1).

In the Northern Hemisphere mid-latitudes (NH-M, Fig. 1), for both SSPs, vertical profiles
from 1000 hPa exhibit weakly negative mean trends in zonal mean wind speeds up to
approximately 350-300 hPa. However, an increase in zonal wind speed is observed starting
near 250 hPa, indicating intensified upper-level jets at these altitudes (Shaw and Miyawaki,
2024). Taking centred differences between pressure levels reveals the corresponding vertical
wind shear profile, with negative mean trends up to 400 hPa, followed by a significant increase
in vertical wind shear from 250 hPa upwards. This pronounced increase in shear in the Northern

8
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Hemisphere mid-latitudes could pose future challenges for aviation, as increased upper-
tropospheric turbulence may disrupt flight paths and safety (Williams, 2017; Kim., et al, 2023).
Such trends underscore the impact of projected warming on atmospheric stability and wind
patterns, particularly considering polar amplification effects and tropical upper tropospheric

warming (Barnes, 2015; Francis, 2015; Francis, 2017).
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Fig. 1. Vertical profiles of the multi-model mean of annual-mean trends in wind
characteristics over the period 2015-2100, shown for four regions (one region per row). Panels
(a—d, i-1) show trends in vertical shear, while panels (e-h, m—p) show trends in zonal-mean
wind speed, for both SSP 585 (left) and SSP 245 (right) scenarios. Error bars indicate the inter-

model standard deviation, representing model spread.

The Southern Hemisphere mid-latitudinal band (SH-M, Fig. 1) however, exhibits a slightly
different profile, one of the reasons for which could be attributed to the characteristics of the
meridional temperature gradient and land-sea contrasts of the Southern Hemisphere (Yeung et

al., 2021; O’Kane et al., 2024). Prior studies have shown that Hadley Cell expansion and
9
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subtropical jet shifts tend to be more pronounced in the Southern Hemisphere (e.g., Lu et al.,
2007; Adam et al., 2014), and that stratospheric ozone recovery in the SH can further amplify
upper-level wind changes (Polvani et al., 2011). Future climate studies have also shown that
westerly winds consistently increase in future projections (Wang, 2013). Thus, we observe a
continuous increasing mean trend of both annual mean zonal speed and annual mean vertical

wind shear.

Seasonal analysis (not shown) reveals that during Northern Hemisphere winter, dynamical
structures - particularly vertical shear and stratification structure - briefly resemble those in the
Southern Hemisphere, suggesting a seasonal weakening of hemispheric asymmetries.
However, these asymmetries remain strong in summer, reinforcing the relevance of focusing

on annual mean trends to capture robust, hemispherical distinct signals.

The observed increasing vertical wind shear aligns with findings from Lee et al. (2019) and
Lv et al. (2021), who documented enhanced meridional temperature gradients leading to
stronger upper-level jets and increased turbulence in the jet stream. These findings emphasize
the critical influence of thermal wind balance on atmospheric dynamics (Wallace and Hobbs,
2006), particularly as the warming climate alters temperature distributions and jet stream

behaviours across both hemispherical mid-latitudes.

Focusing on the tropical latitudes of Fig. 1, both tropical Northern Hemisphere and
Southern Hemisphere vertical profiles for both SSPs, show a mix of a weakening and small
positive mean trends of the annual mean vertical wind shear in the lower to mid-troposphere,

accompanied by an increase in the upper troposphere.

In the tropics (0-30°N and 0-30°S), warming under increased greenhouse gas
concentrations leads to a characteristic vertical structure of atmospheric temperature change.
As surface temperatures rise, the moist adiabatic lapse rate decreases, resulting in amplified
warming in the mid- to upper-troposphere (Held & Soden, 2000; Santer et al., 2005; Vecchi &
Soden, 2007). This response is a robust feature of climate model projections and reflects
thermodynamic adjustments rather than internal modes of variability (Held and Soden, 2006).
Consequently, vertical wind shear and temperature gradients in these layers are modified
primarily through changes in atmospheric stability associated with a warmer and moister

troposphere (Held & Soden, 2006; Shaw and Miyawaki, 2024).

10
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b. Thermal Wind Balance

As mentioned in the previous sections, the observed vertical shear trends in both
hemispherical latitudinal regions, particularly the increasing at upper levels, are closely tied to
changes in temperature and can be interpreted through the thermal wind balance. For this
analysis, we applied the formulation that relates the vertical shear of the gradient zonal wind
to the meridional temperature gradient, incorporating both Coriolis and centrifugal effects. The
balance, as shown by Knox (1997) can be expressed as :

d (u? Ry OT
op \ fR fp oy

dugr _ (Ra 9T  ugr IR 2ugr

where Oug/Op represents the vertical shear of the gradient zonal wind and OT/0y
corresponds to the meridional temperature gradient. Rq is the specific gas constant for dry air,
f is the Coriolis parameter, R is the curvature radius, p is pressure, T is the mean temperature
field (in this instance the averaged layer between 200 and 300 hPa), ug is the mean gradient

zonal wind speed and y the northward distance.

We start by presenting the ensemble trends of the global annual mean temperature field at

250 hPa for both SSPs (Fig. 2)
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Fig. 2. Multi-model mean of the annual-mean temperature trends at 250 hPa over the period
2015-2100, for SSP 585 and SSP 245. Statistically significant trends (stippled) where the p-

value is < 0.05.
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Both hemispheres exhibit a distinct mean trend of the annual mean temperature field at 250
hPa, characterized by warmer conditions (stronger trends) near the equator and progressively
cooler temperatures (weaker trends) toward the poles, with trends statistically significant in all
models and multi model ensemble. Fig. 2 is therefore depicting a clear meridional gradient of

the annual mean trend in both SSPs (585 always more intense in magnitude than 245).

We will now analyse the relationship between the meridional temperature gradient and the
vertical shear of the gradient zonal wind. For this purpose, we have computed both sides of the

thermal wind balance equation (eq. 3).

Fig. 3 displays the multi model mean trends in vertical annual mean wind shear computed
from both sides of the thermal wind balance equation (eq. 3) at 250 hPa for the high-emissions
scenario (SSP 585; top row) and the intermediate scenario (SSP 245; bottom row). The left
panels represent the mean trends of vertical shear of the zonal gradient wind derived by the
centred differences of (eq. 1), while the right panels show the vertical shear mean trends
reconstructed from the meridional temperature gradient and the vertical gradient of the

centrifugal term, in accordance with the thermal wind balance applied to gradient wind.

vertical grad wind shear zonal thermal grad wind balance

e s 00
=5 — 0
e

zonal thermal grad wind balance
SSP 245 SSP 245

-0.45 —-0.30 -0.15 0.00 0.15 0.30 0.45
trend (m s~ (100 hPa) ! decade™?)

Fig. 3. Multi-model ensemble mean of the annual-mean trends in vertical shear of gradient

zonal wind at 250 hPa (left side of eq. 3 is presented on the left panels, and the right side on
12
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the right panels) for both SSP 585 (top) and SSP 245 (bottom). Statistically significant trends
(stippled) where the p-value was < 0.05. The black contours represent the 2015-2100 annual-

mean zonal wind at 250 hPa, plotted at 5 m s™" intervals.

Both emission scenarios exhibit an overall increase in vertical wind shear, especially in the
subtropical regions of both hemispheres. The most pronounced trends occur under the SSP 585
scenario, particularly near 30°N and 30°S. This is consistent with previous studies that project
a strengthening and poleward shift of the upper-level jet streams in response to increased
greenhouse gas forcing (Yin, 2005; Lorenz & DeWeaver, 2007; Barnes & Polvani, 2013).
These shifts are associated with intensified meridional temperature gradients in the upper
troposphere, which in turn enhance vertical wind shear near the subtropical jets (Gettelman et
al., 2011). For example, Lu et al. (2007) showed that global warming intensifies the
temperature gradient near the tropopause, strengthening vertical wind shear in subtropical
regions. Similarly, Aiyyer and Thorncroft (2006) emphasized the sensitivity of tropical vertical
shear patterns to large-scale atmospheric changes. The agreement between the two sides of the
thermal wind equation supports the use of this balance to interpret large-scale dynamical
responses in future climate projections (Trenberth and Stepaniak, 2003; Butler et al., 2010;
Shepherd, 2014).

To quantify how both sides relate to each other and how significant this relation is, we
computed both coefficients of correlation for both SSPs (see Fig. 4). For each grid point, the
Pearson’s correlation coefficient was calculated over the 86-year period to assess the
relationship between the annual mean vertical wind shear derived from the left side of (eq. 3)
and that from the right side of (eq. 3), with statistically significant correlations highlighted
(stippled) where the p-value was < 0.05. Additionally, an area-weighted pattern correlation
coefficient was computed to quantify the agreement between the annual mean trends in vertical

shear from both sides of (eq. 3) across the entire time series and the globe.
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Fig. 4. Pearson’s correlation coefficient for the annual means of the multi model ensemble
mean between vertical shear computed as the centred difference of zonal mean gradient wind
speeds for 250hPa and the vertical shear computed by the meridional temperature gradient and
the centrifugal term on the right side of (eq. 3). The coefficients computed with a significance
> 95 % (p-value=0.05) were stippled and the area-weighted pattern correlation coefficient

annotated in the subtitle.

The results presented in Fig. 4 display an overall significant agreement between both sides
of the thermal balance equation for the vertical mean gradient wind shear, with an overall global
spatial coefficient correlation of 99.3 % for SSP 585 and 99.4 % for SSP 245, thus giving a
statistical significance for the increasing trends in the annual mean vertical shear across the

globe.

Despite this overall agreement, certain regions - such as the Eastern North Atlantic and the
Tibetan Plateau - exhibit weaker (albeit still above 90 %) correlation between vertical shear
and meridional temperature gradient trends. In these areas, local dynamical and topographic
influences likely disrupt the thermal wind balance: over the Plateau, elevated terrain and

weakened westerlies undermine the shear—temperature relationship (Wu et al., 2012; Li et al.,
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2020; Fan et al., 2022; Zeng et al., 2024; Ge et al., 2021), while in the Atlantic, variability in
the jet stream, baroclinicity, and ocean-driven heat transport introduce additional complexity

(Simmons, 2022).

Moreover, the spatial distributions of the trends in Fig. 3 also seem to agree with studies
published by Lee et al. (2019) and Lv et al. (2021) where increasing trends of vertical mean
wind shear were observed in the regions of the North Atlantic more prominent around 40 — 50
°N and in the Eurasian around 30 — 40 °N, while Bell et al. (2019) observed an increase of the
vertical mean wind shear around 30 — 40 °S ( sub-tropical jet ) when studying the projections

for tropical cyclone track density in the Southern Hemisphere.

c. Meridional Temperature Gradient

We turn our attention now to assessing the vertical structure of the meridional temperature
gradient. For this purpose, we computed the differences of the annual mean temperature at each
pressure level between two weighted averaged regional boxes over the Northern Hemisphere
(Southern Hemisphere) mid and tropical latitudes region, namely a sub-tropical box [30 — 50
°N/S, -180 - 180 °E] and a polar box [50 — 70 °N/S, -180 - 180 °E] for the mid latitudes and a
lower tropical box [0 — 15 °N/S, -180 - 180 °E] and upper tropical box [15 — 30 °N/S, -180 -
180 °E] for the tropical latitudes, yielding a zonal-mean bulk meridional temperature

difference. The mean trends for this quantity are presented in Fig. 5 for the four regions.
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Fig. 5. Vertical profiles of trends in the annual-mean north—south temperature difference
across the Northern/Southern Hemisphere mid and tropical latitudes over the period 2015-
2100. SSP 585 (top) and SSP 245 (bottom). Error bars indicate the inter-model standard

deviation, representing model spread.

The Northern Hemisphere mid-latitudes trends show a clear distinction between a lower
and upper troposphere, where for SSP 585 depicts the weakening of the meridional gradient in
the lower troposphere associated with Arctic amplification (Stuecker et al., 2018) and a
strengthening in the levels above, likely associated with the tropical warming which will
increase the temperature gradient at those levels (Barnes, 2015; Francis, 2017). The SSP 245
shows a similar distribution but at a lower intensity. Whereas we see an ensemble decrease
down to -0.25 K decade™! in the SSP 585 and -0.15 K decade in SSP 245 for the lower
troposphere, and an increase up to 0.4 K decade™ for SSP 585 and 0.2 K decade™! for SSP 245
in the upper troposphere. This clearly depicts how climate is adapting to the anthropogenic

emissions scenarios (Haarsma et al., 2012), with greater response with emissions increase.

The Southern Hemisphere mid-latitudes (Fig. 5) depict a slightly different profile: there is
no/little lower-level weakening. Compared to the strong polar amplification in the Northern
Hemisphere, the Southern Hemisphere polar amplification is much weaker (Caporale et al.,

2024). Salzmann (2017) attributed part of this asymmetry to the contrasting elevations of
16
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Antarctica and the Arctic, with simulations suggesting that lower Antarctic topography would
result in stronger warming responses. However, given that the 50-70°S latitude band
considered here primarily encompasses the Southern Ocean rather than the Antarctic continent
itself, oceanic processes are likely more influential in this region. In particular, the Southern
Ocean is known to exhibit delayed and weakened warming due to strong upwelling of cold
deep waters, deep mixed layers, and efficient ocean heat uptake, which act as a buffer against
surface warming (Armour et al., 2016; Marshall et al., 2015; Swart et al., 2018). Despite this
muted surface response, a modest strengthening of the meridional temperature gradient is still
evident in the upper troposphere, with warming rates between 0.2 and 0.4 K decade™ at 250—

200 hPa under SSP5-8.5, and up to 0.15 K decade™ under SSP2-4.5.

Fig. 5 therefore depicts the meridional temperature differences between sub-tropical and
polar regions, highlighting Arctic-driven amplification in the Northern Hemisphere mid-
latitudes, which weakens temperature gradients (Stuecker et al., 2018) and reduces wind shear
at lower altitudes up to 500 hPa. In addition to Arctic amplification, models seem to be
consistent in projecting amplified warming in the tropical upper troposphere (Barnes, 2015;
Francis, 2017). Unlike polar amplification, which reduces the poleward temperature gradient,
this feature will increase the equator-to-pole gradient at these upper tropospheric levels. In
contrast, the Southern Hemisphere mid-latitudes, with fewer land masses, lower surface albedo
feedback, and higher ocean heat uptake, exhibits less extreme thermal gradients but positive
temperature trends at most levels, with some weak negative trends near the surface at. These
trends correspond to consistent zonal wind speed increases (Smith et al., 2019; Zhu et al., 2023;
Yeung et al., 2021; O’Kane et al., 2024). This differential hemispheric heating underscores the
impact of polar amplification (stronger in the Northern Hemisphere mid-latitudes, Caporale et
al., 2024) and atmospheric dynamics on projected vertical wind shear across latitudes under

future climate scenarios (Casagrande et al., 2020; Ren & Lynch, 2024).

d. Vertical Wind shear: upper troposphere

To evaluate the effects of an intensified meridional temperature gradient at 250 hPa on
atmospheric circulation, Fig. 6 shows the multi-model ensemble-mean and spread of the
annual-mean vertical wind shear at 250 hPa, along with zonal-mean wind speeds at 200 and
300 hPa across mid-latitudes in both hemispheres, based on data from the four models. Wind
shear at 250 hPa was calculated using the centred difference between 200 and 300 hPa,
allowing for an optimal level to observe trends in vertical wind gradients.
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Fig. 6. Multi model ensemble mean and spread across the 26 models for vertical wind shear

at 250 hPa (left) and wind speeds at: 200, 300 (right) at 250 hPa over the period 2015-2100

for the Northern Hemisphere mid-latitudes (top) and Southern Hemisphere mid-latitudes

(bottom)

and both SSPs.

The results visibly indicate an increase in 250 hPa wind shear over time, driven by

contrasting trends in zonal wind speeds at 200 hPa and 300 hPa. Specifically in the Northern

Hemisphere mid-latitudes, a sharp rise at 200 hPa alongside a decline at 300 hPa creates a

growing differential, intensifying wind shear at 250 hPa. As shown in Fig. 6, multi-model

ensemble means reveal statistically significant increases in vertical wind shear and zonal wind
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speeds. With values for vertical wind shear in the range 16-34 % (or 0.04-0.08 m s™* (100 hPa)™*
decade™) for both SSP scenarios over the Northern Hemisphere mid-latitudes for the 86-year
period and across the 26 models (Table 2). This aligns with the findings of Simpson (2016),
who observed an increase in westerly winds at 200 hPa in response to rising greenhouse gas

concentrations.

Projected trends in mean zonal wind speeds at 200 hPa and 300 hPa levels show notable
hemispheric contrasts under SSP scenarios (Fig. 6, and Table A1l in the Appendix section). In
the Northern Hemisphere mid-latitudes, positive trends are observed at 200 hPa with negative
trends at 300 hPa, while the Southern Hemisphere mid-latitudes display positive trends at both
levels. This asymmetry likely arises from vertical temperature profile and meridional
temperature gradient differences (see Fig. 5), influenced by polar amplification, tropical
warming and land-sea contrasts (Archer & Caldeira, 2008; Nakamura et al., 2004; Lee, 2014;
Abish et al., 2015).

e. Stability and Ri

Given the clear link between meridional temperature gradients, vertical wind shear, and
zonal wind speed trends discussed above, it is essential to further explore the role of
atmospheric stability in shaping these dynamics. Atmospheric stability influences how vertical
wind gradients evolve, particularly in regions with intensified meridional temperature contrasts
(Holton, 2004; Held et al., 1980). To quantify this, we computed the yearly means of the Brunt-
Viisila frequency squared (N2, Eq. 4), a metric that measures the resistance of air parcels to
vertical displacement. By examining N? trends, we gain insight into how changes in thermal
stratification contribute to the observed variations in vertical wind shear and the broader

atmospheric circulation patterns.

2 _99
N4 = 03, (eq-4)

where g is the acceleration due to gravity, 0 is the potential temperature, z is height, and
the vertical displacement 0z given by

_ OpR4T
pg

dz (eq. 5)

The change in mean annual stability along with vertical wind shear is crucial for
understanding turbulence dynamics, as it influences the Richardson number (Ri), the ratio of

buoyant forces to shear forces (N*/shear?). When the Ri number is low (less than 1/4), the
19
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atmosphere becomes unstable, favouring the development of turbulence, including Clear Air

Turbulence (CAT) (Sharman & Pearson, 2017).

To compute Ri, vertical wind shear had to be computed in its standard SI units s in contrast
with what has been presented so far (in m s (100 hPa)!). The ratio N?/shear? (s%/s%) was then
computed for the global grid from the monthly means, and then the yearly and regional means
were computed for Ri. For continuity and easy comparison with the previous sections, the

following figures will still show annual mean vertical wind shear in m s (100 hPa)™.

Fig. 7, presents a side-by-side visual analysis of the mean latitudinal yearly mean trends in
vertical shear of zonal wind, Brunt-Viisild frequency squared (N?), Richardson number, and
air temperature at 250 hPa. These variables are shown together because they are physically
interconnected: temperature influences vertical wind shear and N? and the ratio between these

will in turn affect the Richardson number.
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Fig. 7. Mean trends of vertical annual mean wind shear, annual mean N2, annual mean Ri
and annual mean temperature, across latitudinal bands for both SSPs 585 (top) and 245
(bottom) at 250 hPa from 2015 to 2100. Weighted averages are taken over each 10° latitudinal

band. Error bars indicate the inter-model standard deviation, representing model spread.
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Results show a robust latitudinal pattern: positive trends in the tropics for N? (30°S—30°N)
and negative trends in the extra-tropics, with peak negative trends around 50—60° in both
hemispheres. The positive tropical trends are consistent with tropical amplification, where
upper-tropospheric warming exceeds surface warming due to the decreasing moist adiabatic
lapse rate in a warmer climate (Held & Soden, 2006; Shepherd, 2014). In contrast, midlatitude
and polar regions exhibit greater near-surface warming, reducing the vertical gradient of
potential temperature and hence decreasing N? (Lu et al., 2007; Singh & O’Gorman, 2012).
Moreover, the peak negative trends at 50-60° correspond to regions near the poleward flanks
of the jet streams and the transition zone between tropical and extratropical tropopause regimes.
Climate change is known to induce poleward shifts of the midlatitude jets and weakening of
the Hadley circulation (Yin, 2005), as well as tropopause elevation and stratospheric cooling,
all contributing to reduced static stability near 250 hPa in these latitudes (Shaw et al., 2016;
Shepherd, 2008; Singh et al., 2017).

The observed decreasing trends in N? and increasing trends in vertical shear of zonal wind
are consistent with the overall decline in the Richardson number annual mean trends. As
outlined earlier in this section, the annual trend in Ri is derived from the yearly means of
monthly N?/shear? values rather than from the ratio of the respective annual trends of N? and
shear’. Notably, Ri trends follow those of N? more closely, but positive Ri trends are confined
to a narrow equatorial band between approximately 5°S and 5°N, largely because vertical wind

shear trends peak in the subtropics, thereby limiting positive Ri trends outside this region.

Research by Sharman et al. (2014) suggests that when Ri is low, the potential for CAT
increases, especially in regions of high wind shear such as the subtropical jet and subpolar jet.
The heightened potential for CAT events in a warming climate (Smith et al., 2023) is further
exacerbated by changes in atmospheric dynamics, including shifts in the jet stream and the
weakening of the Hadley circulation (Yin, 2005; Lionello et al., 2024), which influence both

wind shear and atmospheric stability.

Fig. 8 shows the annual mean trends of vertical shear of zonal wind, N* and Ri for the

Northern and Southern Hemisphere mid-latitudes regional boxes at 250 hPa.
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Fig. 8. Multi model ensemble mean and spread across the 4 models for the annual means
of: wind shear at 250 hPa (left), N? at 250 hPa (right) and Ri (bottom) over the period 2015-
2100 and both SSPs for the regional boxes over the Northern Hemisphere mid-latitudes, and

Southern Hemisphere mid-latitudes respectively

Fig. 8 and Table 2 indicate a clear tendency for an increase in the annual-mean vertical
wind shear and a decrease in the annual mean stability in both hemispherical regions. As the
annual mean vertical wind shear increases and the mean stability decreases, it is expected that
the Ri will respond accordingly which can in return increase the frequency of CAT events in
the changing climate. In fact, Fig. 8 shows a decreasing trend of Ri over all regions and
scenarios, with the worst scenario (SSP 585) exhibiting stronger trends. These findings agree
with the study by Lee et al. (2023) who found regional patterns of lowered Ri (over a 44-year
reanalysis period) being consistent with the patterns of N? and vertical wind shear indicating
low static stability induced by storm tracks and large shear instability at the exit region of the
jet, respectively. Table 2 provides a more detailed overview of the trend metrics for both
hemispheric regional boxes and SSP scenarios. All the values are statistically significant with

p-values < 0.01. Positive values denote an increase and negative values a decrease.

Shear

Trend N2 Trend
SSPp Region ms’ Shear 1 0_::3 N? Ri Trend | Ri change

& (100 change % 1 | change % | decade™ %
hP a)" decade
decade’!

585 NH-M 0.083 34.65 -0.040 -20.51 -0.050 -47.06
585 SH-M 0.091 26.08 -0.038 -19.49 -0.030 -69.87
585 NH-T 0.108 28.97 0.014 12.99 -0.003 -2.49
585 SH-T 0.112 27.02 0.012 11.00 -0.004 -3.95
245 NH-M 0.043 16.09 -0.021 -11.08 -0.025 -20.62
245 SH-M 0.043 11.21 -0.018 -10.05 -0.014 -38.16
245 NH-T 0.059 20.65 0.005 4.50 -0.003 -4.50
245 SH-T 0.060 17.00 0.004 3.56 -0.003 -1.59

Table 2 - Annual mean trends metrics over the Northern/Southern Hemisphere mid (NH/SH -
M) and tropical (NH/SH - T) latitudes: Vertical wind shear, N?, and Ri at 250 hPa. The

percentage change is the total relative increase/decrease over the 86 year period.
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To complement the analysis of mean trends, Table 3 highlights the 99th percentile behavior of
vertical wind shear, static stability (N?), and Richardson number (Ri). In the midlatitudes, the
99th percentile shear ensemble increases substantially (e.g., 24.80% in NH-M under SSP 585),
with modest corresponding ensemble decreases in N2, resulting in sharp declines in extreme Ri
values - down to -58% in SH-M. This indicates a growing prevalence of dynamically unstable
conditions in the upper tail, which are particularly relevant for aviation hazards like clear-air

turbulence (CAT) (Sharman et al., 2006).

Regon | s | QR | | e
NH-M 585 24.80 -13.02 -41.98
SH-M 585 19.56 -12.32 -58.23
NH-T 585 25.03 11.52 -4.71
SH-T 585 21.75 9.92 -3.33
NH-M 245 11.94 -8.09 -22.41
SH-M 245 8.52 -7.15 -27.75
NH-T 245 14.72 3.82 -4.27
SH-T 245 12.53 3.30 -3.92

Table 3. 99™ percentile metrics over the Northern/Southern Hemisphere mid (NH/SH - M) and
tropica I(NH/SH - T) latitudes: Vertical wind shear at 250 hPa, N? at 250 hPa, and Ri at 250

hPa. The percentage change is the total relative increase/decrease.

However, in the tropics, while high-end ensemble shear also increases (e.g., 25.03% in NH-T),
N? trends are positive, which tempers the Ri response, resulting in much smaller reductions in
extreme Ri values (-3.3% to -4.7%). This further reinforces that in tropical regions, increasing
shear alone does not drive stronger instability due to compensating increases in static stability.
These regional contrasts highlight that the impact of climate change on upper-tropospheric
instability is not spatially uniform and emphasize the need to consider regional dynamics when
assessing the implications for turbulence and jet-related instabilities. While the midlatitude
changes - marked by increased vertical shear and reduced static stability - are consistent with
conditions that favour clear-air turbulence (Sharman et al., 2014), the tropics present a different
picture. Here, despite increased shear, the rise in stability may mitigate the development of

CAT-like conditions. However, the evolving background environment could still foster other
24
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types of turbulence, such as convectively induced turbulence (CIT) and near-cloud turbulence
(NCT), especially given the prevalence of deep convection in these regions. Recent work (e.g.,
Kim et al., 2023) underscores the potential for increased CIT and NCT under warming
scenarios. We therefore acknowledge that while our diagnostics are not specific to convective
turbulence, the observed changes may still reflect broader shifts in turbulence-prone conditions,
particularly in the tropics. Future work employing convection-resolving models could further

clarify these dynamics.

4. Summary and discussion

Climate change appears to have a significant impact on trends in the annual-mean vertical
wind shear, particularly around the core of the upper-level jet streams at 250hPa (Shaw and
Miyawaki, 2024; Lee et al., 2019). The projected temperature increase of values between 0.25
- 0.4 K decade! at mid latitudes and 0.6 — 0.9 K decade™! between tropics under SSP 585 across
models, shows a clear effect on the meridional temperature gradient at 250 hPa and moreover
on the associated vertical wind shear and wind thermal balance. The multi-model ensemble
annual mean for vertical wind shear shows an increase per decade between 0.08 - 0.12 m s!
(100 hPa)! under SSP 585 and 0.04 - 0.06 m s™! (100 hPa)! under SSP 245 across several
latitudes and both hemispheres. This increasing trend in the annual mean vertical shear, is
accompanied by a total decrease/increase in N2, with the multi model ensemble mean values
between 13% over the Northern Hemisphere tropical latitudes and -20% over the Northern
Hemisphere mid latitudes under SSP 585 and between 3.5% over the Southern Hemisphere
tropical latitudes and -11% over the Northern Hemisphere mid latitudes under SSP 245 over
the 86 years analysed. The relationship between the increase/decrease in vertical wind shear
and buoyancy forces (N?) drives a change in the Richardson number, as it adjusts to temperature
shifts in a changing climate. We note a decrease in the annual ensemble mean trends for Ri
ranging from -69 to -47 % over the Southern and Northern Hemisphere mid latitudes
respectively under SSP 585, and -38 to -20 % over Southern and Northern Hemisphere mid
latitudes respectively under SSP 245, for the 2015 - 2100 period. This suggests that climate
change may lead to an increased frequency and intensity of clear-air turbulence (CAT),
especially in regions influenced by the upper-level jet streams, as the evolving vertical wind
shear and reduced buoyancy forces create more favourable conditions for turbulence generation
(Sharman et al., 2014; Lee et al., 2023). Additionally, Smith et al. (2023) found an increase in

CAT events over the North Atlantic using a multi model approach over the period of 1950 -
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2050, reinforcing the need for further investigation and action regarding air safety in a more

turbulent future.

Despite the fact that the relatively coarse resolution of CMIP6 models poses a challenge to
our ability to accurately assess long-term turbulence variations, the observed increases in
annual-mean vertical wind shear and decreases in the annual-mean stability (N?) and
consequently in the Ri remain important results. These changes are indicative of large-scale
atmospheric conditions becoming increasingly favourable for turbulence. While these models
lack the spatial granularity required to resolve localized turbulence intensity or frequency, the
emerging trends carry meaningful implications - such as heightened risks for clear-air
turbulence, which can affect aviation safety, and greater turbulent mixing across the tropopause
- these models however lack the detail needed to fully capture these effects (Shapiro, 1980;
Stohl et al., 2003; Stohl et al., 2004), and the turbulent mixing is crucial as it influences large-

scale atmospheric thermodynamics and dynamics (Huang et al., 2013).

It is important to emphasize that large-scale indicators - such as enhanced vertical wind
shear and reduced static stability - act as necessary but not sufficient precursors to turbulence.
The emergence of actual turbulence, whether CAT or other forms like convectively induced
turbulence (CIT) or near-cloud turbulence (NCT), results from complex and nonlinear
processes that operate at smaller spatial and temporal scales (Lane et al. 2004; Kim and Chun
2010; Kim et al. 2014; Trier et al. 2022; Lee et al. 2025). These include gravity wave breaking,
shear instabilities, and interactions with moist convection - phenomena that lie beyond the
resolution of global climate models. As such, while our findings point to an increasing
predisposition for turbulence under climate change, they should not be interpreted as evidence

of a direct or linear increase in turbulence occurrence or severity.

This distinction underscores the importance of future studies employing high-resolution
models or dynamical downscaling techniques to better capture the multiscale pathways
connecting large-scale climate signals to aircraft-scale turbulence. As more refined datasets
and modelling tools become available, they will enable more detailed assessments of how
climate-driven shifts in jet stream structure and stability affect both the prevalence and intensity

of upper-tropospheric turbulence.
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APPENDIX

Supplementary Information

The following image shows the multi model annual mean trends of vertical wind shear, N?
and Ri for the Northern Hemisphere 0 — 70 °N (Southern Hemisphere 0 — 70 °S) regional boxes,

highlighting the increase/decrease ratio between these 2 quantities.
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Fig. A1 Multi model ensemble spread across the 4 models for wind shear (left), N? (right)
and Ri (bottom) at 250 hPa over the period 2021-2100 and both SSPs for the regional boxes in

the Northern Hemisphere (top panel ) and Southern Hemisphere (bottom panel).

Table Al show with more detail the metrics for annual mean and 99™ percentile trends for

the zonal wind speeds at 300 and 200 hPa for both hemispherical regional boxes in the Northern

Hemisphere (Southern Hemisphere) mid (-M) and tropical(-T) latitudes and SSPs across all 26

models. All the values are statistically significant with p-values < 0.01, positive values denote

an increase and negative values a decrease.

Wind Wind
200hPa Wind p99 300hPa Wind 99
SSP Region Trend change change Trend change hlil o
ms! % % ms’! % change 7o
decade™! decade™!
585 NH-M 0.06 4.05 341 -0.02 -1.64 -0.64
585 SH-M 0.18 8.42 6.89 0.09 4.86 4.26
585 NH-T 0.12 7.22 8.56 0.01 -0.98 2.89
585 SH-T 0.15 9.30 9.80 0.04 2.59 5.26
245 NH-M 0.03 1.69 1.97 -0.01 -1.19 -0.28
245 SH-M 0.08 3.06 2.98 0.04 1.38 1.78
245 NH-T 0.08 8.66 6.48 0.02 4.16 3.33
245 SH-T 0.10 7.08 5.53 0.03 3.44 2.86

Table Al. Annual mean and 99" percentile trends metrics for the wind speed variables for

the Northern/Southern Hemisphere mid and tropical latitudinal boxes. The percentage change

is the total relative Increase/Decrease over the 86 years period.
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