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Abstract

Purpose of Review Extratropical jets and associated storm tracks significantly influence weather and regional climate across
various timescales. Understanding jet responses to climate change is essential for reliable regional climate projections. This
review serves two main purposes: (1) to provide an accessible overview of extratropical jet dynamics and a comprehensive
examination of current challenges and uncertainties in predicting jet responses to greenhouse gas increases and (2) to suggest
innovative experiments to advance our understanding of these responses.

Recent Findings While successive generations of climate model ensembles consistently project a mean poleward shift of
the midlatitude zonal-mean maximum winds, there remains considerable intermodel spread and large uncertainty across
seasonal and regional jet responses. Of particular note is our limited understanding of how these jets respond to the intricate
interplay of multiple concurrent drivers, such as the strong warming in polar and tropical regions, and the relative importance
of each factor. Furthermore, the difficulty of simulating processes requiring high resolution, such as those linked to sharp sea
surface temperature gradients or diabatic effects related to tropical convection and extratropical cyclones, has historically
hindered progress.

Summary We advocate for a collaborative effort to enhance our understanding of the jet stream response to climate change.
We propose a series of new experiments that take advantage of recent advances in computing power and modelling capa-
bilities to better resolve small-scale processes such as convective circulations, which we consider essential for a good rep-
resentation of jet dynamics.

Keywords Jet stream - Climate change - Climate projections - Regional climate projections - Projection uncertainty -
Sensitivity experiments

Introduction

The jet streams are among the most remarkable atmospheric
circulation phenomena. These powerful air currents are a
permanent feature of the atmosphere and have a strong
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influence on climate and weather around the planet. In the
zonal average, two (not always distinct) jets may be found
in each hemisphere: a subtropical jet (hereafter STJ) that
approximately marks the transition between the tropical zone
and the dry subtropics, and a polar front or eddy-driven jet
(hereafter EDJ) that separates the cold high-latitude air from
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the warmer subtropical air. The EDJs guide storms towards
the west coasts of the continents via relatively narrow paths
over the oceans called storm tracks [1, 2], which strongly
determine the regional hydroclimate and storminess.
Observational and modelling evidence shows that the
position and intensity of the jet streams vary on timescales
ranging from days to centuries, accounting for a large frac-
tion of the regional climate variability in the extratropics
[3]. In regions located in climatic transition zones such as
the Sahel or California, decadal and multidecadal fluctua-
tions in the jet can have dramatic, long-lasting effects (e.g.,
Wahl et al. [4]), while interannual and intraseasonal vari-
ations may lead to anomalous weather regimes and some-
times extreme weather events. For example, in the winter of
2009/2010, a strongly southward-shifted jet over the North
Atlantic caused very cold conditions over most of Europe
[5], while in the winter of 2011/2012, a poleward-displaced
jet resulted in a severe drought over Spain and Portugal [6].
Given the jet’s large impact on regional climate and
weather, understanding how it will respond to increased
greenhouse gas (GHG) concentrations is a key area of
research. Although there is wide agreement on the expected
changes in impact-relevant thermodynamic aspects of cli-
mate change (e.g., global warming with continental and polar
amplification, increase in sea level, ice melt; [IPCC, 2023 [7]),
the response of many aspects of the atmospheric circulation,
including the jets, to climate change, remains poorly under-
stood [8—11]. A single agreed-upon theoretical explanation
is lacking [12], although early papers suggested a weak pole-
ward shift (i.e., Kushner et al. [13]), which appeared con-
sistent with the local shift in lower-tropospheric temperature
gradients/baroclinicity. Yet this poleward shift is not unam-
biguously corroborated by observations, and current model
projections are also far from being conclusive. For example,
while many models project a poleward displacement of the
zonal-mean EDJs [14—16], the magnitude of this shift var-
ies significantly between models, and regionally, the models
show disparate and often opposite responses [16, 17]. Criti-
cally, there exist several competing drivers and associated
mechanisms that have the potential to enhance or reduce the
intensity of the jet as well as to alter its position (e.g., Shaw
[12] and Sect. "Jet phenomenology: A short introduction").
Our quantitative understanding of the relative importance of
these drivers is limited, which contributes to the uncertainty
and lack of confidence in model projections and observed
trends. The simple fact that both the near-surface and the
upper-level meridional temperature gradient influence the jet
and that these gradients change in the opposite sense as the
planet warms (given the observed simultaneous occurrence
of polar amplification at the surface and tropical amplifica-
tion aloft) may lead to misleading results if only one of these
metrics is taken into account. The issue is compounded by
the limited availability of long records of reliable upper-level

@ Springer

observational/reanalysis data, which hinders the clear separa-
tion of a forced signal from internal variability in the histori-
cal record that could be used to validate projected changes.

Encouragingly, developments in seasonal and decadal
forecasting have demonstrated that current models have some
skill in predicting certain aspects of the extratropical circula-
tion, such as North Atlantic Oscillation (NAO) fluctuations
[18, 19], beyond the deterministic timescales of weather fore-
casts. The NAO is intimately linked to the strength and posi-
tion of the North Atlantic jet, and, therefore, these forecasts
suggest that a fraction of the EDJ variability is forced by
predictable drivers [20, 21], such as sea surface temperatures
(SST) and stratospheric circulation anomalies. Identifying
these drivers and the specific mechanisms by which they
affect the EDJ and determining how they will respond to
increasing GHGs is a potential avenue to increase our under-
standing of the jet response to climate change and reduce the
uncertainty in the projections of future jet behaviour.

We believe it is critical to undertake a coordinated effort
aimed at improving our understanding of the jet response to
increased GHGs. Coordinated experiments, such as the Polar
Amplification Model Intercomparison Project (PAMIP) [22],
have proved very useful in testing specific individual mecha-
nisms, such as those involved in the circulation response to
future sea ice loss [23]. The jet, however, is subject to multiple
concurrent influences, and therefore, experiments to test the
jet's response to simultaneous forcings are urgently needed.
Moreover, mounting evidence emphasizes the necessity of
accurately representing diabatic processes to capture the jet
states faithfully (e.g., Schemm [24]). Thus, such experiments
would greatly benefit from recent strides in computational
capabilities, which enable high-resolution (~km-scale) cou-
pled climate simulations on a global scale. While these simula-
tions are currently employed to assess climate change impacts
(e.g., Wedi et al. [25]; Hohenegger et al. [26]), we argue that
they should also serve as a tool for conducting sensitivity stud-
ies on the circulation's response to increased GHGs.

This manuscript aims to highlight knowledge gaps, review
and reconcile different findings on expected future changes in
the midlatitude EDJs and advocate for a coordinated effort to
enhance our understanding of their response to global warm-
ing. We focus on the EDJ because it is more closely related
to surface impacts in the extratropics. However, we fully
acknowledge that changes in the subtropical jet are also of
significance. Sect. "Jet phenomenology: A short introduc-
tion" provides a concise overview of the jet stream's char-
acteristics, intended as a reference for readers from diverse
backgrounds. Sect. "Eddy-driven jet response to increased
GHG gases" delves into the various mechanisms that poten-
tially contribute to the jet stream's response to anthropogenic
forcings, covering changes in mean position, strength and
variability. Lastly, Sect. "Key challenges and ways forward"
identifies and discusses key knowledge gaps while proposing
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potential research avenues, including model experiments, to
advance our understanding of the jet stream's response.

Jet phenomenology: A short introduction

According to theory, rotating planets with differential meridi-
onal heating support the existence of two different types of
jets: a “thermally-driven” jet that results purely from conser-
vation of angular momentum (in the absence of eddies, Held
and Hou [27]) and an “eddy-driven” solely due to momentum
flux convergence by transient eddies (neglecting advection of
angular momentum, Panetta [28]). On Earth, which is a fast
rotating planet, the two types of jets coexist, although they
are not always clearly separated. The STJ is located at the
poleward edge of the Hadley Cell (HC): it primarily results
from angular momentum conservation in the upper branch
of the HC and is, therefore, baroclinic. The EDIJ is located
further poleward, is equivalent barotropic, extending through-
out the depth of the troposphere, and results from transient
momentum flux convergence by Rossby waves [29-31]. The
two driving processes interact and the jets can mutually influ-
ence each other. Moreover, in many instances, the jets merge
into a single structure (e.g., Lee and Kim [32]).

In the absence of zonal asymmetries, the planet's jet
streams would form continuous, uniform belts around the
Earth. However, zonal asymmetries such as the distribution
of land and ocean, the presence of mountain ranges, tropical
convection and east—west midlatitude SST gradients contrib-
ute to the formation of distinct regional jet streams. In the
Northern Hemisphere (NH) winter, at upper levels, the jets
exhibit very different characteristics across longitudinal sec-
tors: in the Asian/North Pacific region, the STJ and the EDJ
merge into a very strong jet that stretches from eastern Asia
to the central Pacific along approximately 35°N, while in the
North Atlantic sector two distinct weaker jets are present with
the subtropical branch located at about 25°N and the eddy-
driven branch further north, the latter with a pronounced
southwest-to-northeast tilt. The Pacific jet also displays
reduced variability compared to the North Atlantic jet (e.g.,
Held and Wang [33]). In summer, a weaker EDJ is present
north of 40°N at most longitudes, although this appears to be
an artefact of the temporal averaging as the actual jet resem-
bles a succession of short, varying, “jetlets” [34].

The Southern Hemisphere (hereafter, SH) is character-
ized by a primarily eddy-driven jet commonly known as the
Southern Hemisphere jet. During the summer months, a sin-
gle EDJ can be found at about 45°S at most longitudes, albeit
with varying strength. In the winter season, the jet exhibits
more pronounced zonal asymmetries [35], including a strong
STJ in the South Pacific that is often well separated from the
EDJ. These asymmetries have been linked to the influence of
tropical SSTs [36] and Antarctic orography [37].

The EDJ is accompanied by planetary and synoptic scale
Rossby waves (RWs), successions of cyclonic and anticy-
clonic anomalies that give the jet its meandering charac-
ter. The interplay between the jet and the RWs contributes
to local weather variations; when RWs become stationary,
they can lock in place persistent weather anomalies, lead-
ing to extreme weather events (e.g., Screen and Simmonds
[38]). Rossby wave breaking sometimes results in a long-
lasting deflection of the jet and storm tracks in a phenom-
enon known as an atmospheric block (e.g., Barriopedro et al.
[39]). These blocks typically consist of a meridionally ori-
ented dipolar anomaly of geopotential height in the upper
troposphere, often accompanied by a surface anticyclone,
and are more common in the eastern basins of the North
Pacific and Atlantic Oceans. Like RWs, atmospheric blocks
may become quasi-stationary and persist beyond the typical
decay time of an anticyclonic anomaly, sometimes for sev-
eral weeks. They are frequently linked to severe cold spells
in winter and drought and heatwaves in summer [40-42] and
can also lead to flooding [42].

Eddy-driven jet response to increased GHG
gases

Time-mean jet response to anthropogenic forcing
Observed and simulated historical trends

Recent research by Woollings et al. [43] suggests that zon-
ally averaged zonal wind trends are emerging from internal
variability in both the Northern and Southern hemispheres.
The authors examined zonal indices designed to capture
global scale zonal wind changes in four reanalyses and found
robust and statistically significant trends consistent with an
overall poleward shift of the jets. Additionally, the study
also suggests that this shift is driven by upper tropospheric
tropical warming. However, the authors found that the jet
response to upper tropospheric tropical warming in CMIP6
historical simulations is often weaker than observed.
Studies of the changes in the individual Atlantic and
Pacific jets remain less conclusive and depend on the sea-
son, period, and the vertical level of analysis. For instance,
Robson et al. [44] analysed low-level zonal winds from the
ERA-Interim reanalysis spanning 1979-2016 and found that
there has been a significant equatorward displacement and
weakening of the North Atlantic (hereafter, NATL) EDJ dur-
ing summer, while, in winter, they found the trends to be
small in comparison with the interannual variability. In con-
trast, Blackport and Fyfe [45] found a significant low-level
winter strengthening of the NATL EDJ in ERAS and NCEP/
NCAR reanalysis from 1951 to 2020. Additionally, Hallam
et al. [46] also found a winter NATL jet strengthening during
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1871-2011 in the Twentieth Century Reanalysis (hereafter,
20CR) dataset. Furthermore, Blackport and Fyfe [45], as in
Woollings et al. [43], highlight that the observed changes of
the jet are large compared to the simulated historical trends
in CMIP6 climate models.

As for trends at upper levels, Lee et al. [47] analyzed four
reanalysis products and found that the annual mean upper
tropospheric zonal wind speed in the NATL has not changed
since the start of the observational satellite era in 1979, but
the vertical shear has increased by 15 per cent. The authors
attribute this increase in vertical shear to an intensified upper
tropospheric meridional temperature gradient. In contrast,
Simmons [48] found a weakening of the winter NATL zonal
wind at 200 hPa over the Arctic but a strengthening in the
mid-latitude band between 50°N and 60°N.

For the North Pacific (NPAC) jet, results are also incon-
clusive. For instance, Hallam et al. [46] analysed 20CR rea-
nalysis upper-level data spanning from 1871 to 2011 and
concluded that there was no significant change in the lati-
tude or speed of the NPAC jet over this period. Zhao et al.
[49], however, found a small but significant poleward shift of
the NPAC upper-level jet in the winter season by analysing
ERAS data from 1979 to 2019.

In the Southern Hemisphere (hereafter, SH), several
observational and modelling studies have shown that the
upper-level and low-level winds have shifted in summer
about 2° poleward since the mid-1970s [50-55]. This shift
has been mostly attributed to ozone depletion and the asso-
ciated cooling at high latitudes [56-61]. As expected from
the ongoing ozone recovery, the poleward jet shift ceased
after 2000. Encouragingly, coupled climate models, such as
CMIPS5 and CMIP6, have reproduced this observed shift, as
well as the slow-down after 2000 [62], indicating the mod-
els' ability to capture the jet response to external forcing in
the SH. Considerable regional variation, however, is seen
within the observed poleward shift, likely due to internal
variability [63].

Some modelling studies suggest that aerosols have also
played a role in the historical jet trends (e.g., Dong et al.
[64]). Simulations solely forced with historical anthropo-
genic aerosols during the twentieth century suggest that the
effect of aerosols was to displace the jet equatorward in the
NH and weaken it in the SH [65—-67]. If this effect is impor-
tant in nature, it would offset and obscure any poleward shift
and strengthening of the EDJ due to greenhouse forcing.

Projected jet changes

For the twenty-first century, a broad range of numerical
experiments, including three generations of CMIP coupled
climate models, project an overall poleward shift of the zon-
ally-averaged upper and low-level zonal winds in response to
rising concentrations of GHGs. However, these shifts vary
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significantly depending on the region and season (e.g., Yin
[51] for CMIP3; Barnes and Polvani [50]; Grise & Polvani
[68]; Simpson et al. [69]; Vallis et al. [14] for CMIP5; and
Harvey et al. [15] and Oudar et al. [16] for CMIP6).

The diversity of model regional and seasonal responses
within the CMIP6 ensemble is illustrated in Fig. 1, which
displays latitudinal jet shifts (Fig. 1A) and zonal velocity
changes (Fig. 1B) at low levels across three basins and sea-
sons for 31 models. The changes are computed by subtract-
ing the “past” (1980-2014) jet climatology obtained from
the historical simulations from the “future” (2065-2099) jet
climatology from the Shared Socioeconomic Pathway SSP5-
8.5 scenario simulations, and the results are not sensitive to
the details of the methodology (see Methods).

During spring (MAM), summer (JJA), and autumn
(SON), most models project a poleward shift of the NATL
jet, consistent with previous studies with CMIP5 (e.g.,
Simpson et al. [69]) and CMIP6 (e.g., Harvey et al. [15])
data. However, there are significant differences between the
models. For instance, during SON, when the shift is most
pronounced, the multimodel mean shift is around 2° (a rather
small change given we are considering the most extreme
forcing scenario), but while in some models the shift is twice
as large, others show almost no discernible change. During
winter (DJF), the NATL jet intensifies (Fig. 1B), but the
multimodel mean shift is close to zero. These results align
with previous findings indicating that in winter, rather than
shifting, the NATL jet narrows, intensifies, and extends far-
ther eastward towards Europe [15, 16, 69].

In the NPAC, the multimodel mean indicates a robust
poleward shift of the jet during DJF, JJA, and SON, while
the shift is close to zero in MAM. Regarding changes in
wind speed, there is virtually no agreement between models
in either winter or summer, with a 50/50 split in the sign of
the response and a zero mean signal. During the transitional
seasons, most models concur on deceleration.

In the SH, most CMIP6 models project a poleward shift
of the jet in DJF, MAM, and JJA. This is consistent with pre-
vious CMIPS5 studies (e.g., Barnes and Polvani [50]; Simp-
son et al. [69]). However, unlike those studies, we found
that the multimodel mean shift is zero during SON, with
an even split in the sign between individual models. This
result aligns with Curtis et al. [70], who found a weaker
shift in austral winter (May—October) in CMIP6 compared
to CMIPS. All models agree on a jet acceleration across all
seasons, consistent with previous research (e.g., Barnes and
Polvani [50]; Simpson et al. [69]).

The year-round intensification of the SH jet is by far the
strongest and most robust projected change in the CMIP6
simulations (with no model exhibiting a weakening in any
season), albeit with a substantial spread, partially related to
different treatment of the ozone field across models [71-73].
This consistency sharply contrasts with the changes in the
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Fig.1 (A) Seasonal-mean
latitudinal jet shift (degrees
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NH, which vary with season and basin, and with a range of
uncertainty that spans positive and negative values.

The large variation in model projections stems from dif-
ferences in the representation of physical processes and
spatial resolution within each model (i.e., structural uncer-
tainty), as well as internal variability (aleatoric uncertainty).
In Fig. 1, we used only the first ensemble member of each
model, so, in order to assess the impact of internal variability
alone, we repeated the calculation of the jet shift and speed
response to climate change using a large ensemble com-
prising 39 members (rlilpl to r39ilpl) of the ACCESS-
ESM1.5 model, which differ solely in their initial conditions
(Fig. 2). Figure 2A shows that the spread in the jet shift
response due to internal variability is roughly half the inter-
model spread shown in Fig. 1. The spread associated with
internal variability in the wind speed is about half of the
intermodel spread, except in SON in the NPAC and MAM
in the SH, when it is about 75%. This result suggests that a
significant portion of the intermodel uncertainty in CMIP6
can be attributed to irreducible internal variability.

This lack of agreement has important implications
since the jet response has been identified as a key source
of uncertainty in regional climate impacts (e.g., Karpechko
[8]; Fereday et al. [74]). Overall, we believe that caution is

warranted when interpreting these projections for the fol-
lowing reasons:

1. There is a significant spread in projected jet changes, not
only in terms of the magnitude but even the sign (Fig. 1).

2. Recent evidence from Woollings et al. [43] and Black-
port and Fyfe [45] suggest that models underestimate the
jet stream response to anthropogenic forcing during the
historical period, raising the possibility that the future
jet response is also underestimated.

3. Biases in the mean jet position persist in all model gen-
erations (e.g., Harvey et al. [15]), and their impact on the
jet response remains uncertain. For instance, a model’s
future SH jet shift has been shown to be related to its jet
position in present-day climate across several genera-
tions of CMIP models [14, 50, 70, 75, 76]. Whether this
relationship arises from dynamics or mainly reflects geo-
metric effects is not fully understood [76-78]. Still, the
biases in the jet latitude could reflect misrepresentations
of certain dynamical processes, thus also compromising
the simulated projected changes.

4. Crucially, there is no consensus on the relative impor-
tance of the physical mechanisms driving the jet’s forced
response, nor is there a complete understanding of the
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Fig.2 (A) Seasonal-mean
latitudinal jet shift (degrees
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mechanisms themselves [12, 14]. Both limitations make
it difficult to develop constraints to reduce the uncertain-
ties in the jet projections.

Mechanisms mediating the mean jet
response to increasing GHG concentrations

The EDJ is driven by the convergence of eddy momentum
fluxes and the poleward transport of heat by eddies. Eddies
originate in the baroclinically unstable source regions of the
midlatitudes, and propagate away from the jet as Rossby
waves when they reach a critical size [30, 79]. According to
linear theory, many of these Rossby waves break in critical
layers located equatorward of the jet, often referred to as sink
regions. These critical layers are zones where the background
zonal flow speed matches the Rossby wave phase speed and
beyond which the waves can no longer propagate. The wave-
breaking decelerates the zonal flow locally, so that a wave
propagating out of the jet and breaking in a critical layer is
associated with a flux of westerly momentum from the vicin-
ity of the critical layer into the jet core. On the poleward side
of the jet, there is typically a turning latitude where Rossby
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wave reflection dominates over breaking. However, wave
breaking can also occur on the poleward side for large-ampli-
tude Rossby waves and weak background westerlies [80, 81].

As for the changes expected in the jet as a result of
increased GHGs, historically, there has been a strong focus
on investigating the competing influences of tropical and
polar warming, in what is referred to as a “tug-of-war” on
the jets ([82] and Fig. 3). All else being equal, warming on
the poleward flank of the jet reduces the meridional tem-
perature gradient, which, according to thermal wind balance,
weakens the jet. Conversely, warming on the tropical flank
enhances the meridional temperature gradient and strength-
ens the jet. With climate change, we expect both polar and
tropical warming, but with the former maximizing near the
surface and the latter maximizing aloft in the upper tropo-
sphere (e.g., Hansen et al. [83]). Which effect will dominate
the jet changes remains uncertain (e.g., Stendel et al. [84]).

Moreover, while the perturbed jet must remain in thermal
wind balance, this constraint alone is not enough to predict
future changes in the jet. The adjustment of the jet to exter-
nal forcing arises through a complex sequence of dynamic
alterations in the properties of eddies and their source and
sink regions, as well as in their associated fluxes. This leads to
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Fig.3 Warming patterns impact
the jet stream in different ways.
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changes in the jet's position as well as its speed (e.g., Hoskins
and Woollings [85]; Baker et al. [86]). For example, the latent
heat release that warms the tropical upper troposphere may
also affect the location of the background temperature gradi-
ent [87], the effective diffusivity of the atmosphere [88], or the
dominant eddy length scales [89] such that the jet is pushed
poleward. In addition, greenhouse warming is associated
with other effects such as stratospheric cooling, lifting of the
tropopause and expansion of the Hadley Cell, which can also
influence the jet. We refer the reader to Shaw [12] for a com-
prehensive overview of proposed mechanisms for jet changes.

During the last decade, new research has refined our
understanding of the role played by changes in the distri-
bution of latent and radiative heating in altering the jet.
For instance, on synoptic- to basin-scales, latent heating in
extratropical weather systems due to the condensation of
water vapour has been shown to strengthen the upper-level
jets [90-93] by enhancing the cross-jet potential vorticity
gradients. On a global scale, besides warming of the upper
tropical troposphere, latent heating also plays an important
role in the EDJ and storm track dynamics by contributing
to balancing the adiabatic cooling in the ascending branch
of the Ferrell cell [1, 94]. Further, modelling evidence sug-
gests that enhanced midlatitude diabatic heating in response
to climate change induces a meridional circulation, and the
Coriolis deflection of the meridional flow decelerates the
windshear on the poleward flank of the jet [95].

Radiation and its representation in models is also cru-
cial for the present-day jet streams and their response to
climate change [96—101]. In addition to well-known effects
such as greenhouse-induced radiative cooling of the strato-
sphere, clouds play an important role because their strong

variations in space and time make them effective in creating
temperature contrasts. Modelling clouds and their interac-
tions with radiation remains one of the key challenges in
climate research. Cloud-radiative interactions shape the jet
streams on both the long time scales of climate and the short
time scales of weather. On climate time scales, a number
of modelling studies in which cloud-radiative interactions
were carefully manipulated found that changes in the radia-
tive heating of clouds contribute to the poleward shift of
the jet streams under global warming [99, 102, 103] and
also to regionally distinct changes such as the downstream
strengthening of the North Atlantic jet stream during winter
[104, 105]. On weather time scales, cloud-radiative inter-
actions were found to modulate the intensity of extratropi-
cal cyclones that travel along the extratropical jet stream
[106-109]. Throughout these studies, upper-tropospheric ice
clouds in the tropics and extratropics and low-level mixed-
phase clouds in the extratropics have emerged as key drivers
of the cloud-radiative impact on the midlatitude circulation.

Changes in the variability of jet streams in response
to anthropogenic forcing

Changes in jet variability are an integral part of the over-
all jet response to increased GHG and can greatly impact
regional weather and climate. We believe discussions of the
climate projections of the jet stream should not only cover
changes in the mean state but also changes in the jet vari-
ability. However, how the jet variability will be altered in
response to increasing GHG is a topic of ongoing debate
with no clear consensus (e.g., Hoskins and Woollings [85]).
The problem is further complicated because variability
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changes are closely linked to changes in the mean state and
because findings are highly sensitive to how variability is
defined.

The variability of the jet stream can be broadly divided
into three main types: meridional shifting, which involves
local zonal wind shifts poleward and equatorward; pulsing,
which involves local zonal wind accelerations without a
change in latitudinal position (e.g., Lee and Feldstein [110];
Lorenz and Hartmann [111]; Thompson et al. [112]) and
meandering, wave-like jet excursions or undulations along
its course. The type of variability that prevails differs across
ocean basins and depends on the local jet characteristics.
For instance, both shifting and pulsing are observed in the
NATL extratropics, while pulsing dominates the exit region
of the Asia—Pacific jet [113, 114].

Shifting and pulsing

The latitudinal shifts of the jet stream are closely linked to
the occurrence of Rossby-wave breaking on both sides of
the jet. Locally, wave breaking causes a deceleration of the
eastward flow, resulting in a poleward shift of the jet when
wave breaking occurs on the equatorward side and an equa-
torward shift of the jet when wave breaking occurs on the
poleward side [3, 115-118].

Jet shifting and pulsing are often conflated in statistical
analysis, such as teleconnection or principal component
analysis [119], but they are physically distinct structures
of variability, exhibiting different sensitivities, feedbacks,
timescales and impacts (e.g., Baker et al. [86]). The pre-
ferred behaviour can vary regionally, with strong jets often
inhibiting meridional shifts, and also on decadal time scales
[3]. Such decadal variability presents a clear challenge to the
detection and attribution of regional anthropogenic changes.

Several studies have shown that the dominant mode
of variability depends on the mean position of the jet so
that when the EDJ moves meridionally, whether closer to
the poles or the equator, its primary mode of variability
changes from a meridional shift to pulsing [81, 120, 121].
This change can be qualitatively understood from linear RW
theory. If the mean jet is located in midlatitudes, far from
both the poles and the STJ, when a random eddy fluctuation
changes the jet position, the jet “self-modifies” the posi-
tion of the critical lines so that momentum fluxes can be
redistributed to sustain the jet in its new position. In this
case, shifting tends to dominate. However, if the mean jet is
close to the poles, an anomalous jet position cannot be eas-
ily maintained because the smaller potential vorticity (here-
after, PV) gradients at high latitudes facilitate the creation
of a turning latitude (where the wave is reflected), which
impedes the poleward displacement of the critical line and
the redistribution of momentum. In this situation, the jet
variability will be primarily controlled by equatorward wave
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propagation (and poleward momentum flux), changing the
dominant mode from shifting to pulsation. A similar situa-
tion arises when the EDIJ is close to a strong STJ: the equa-
torward critical line is set by the relatively stationary STJ,
preventing the redistribution of momentum and favouring
pulsations over displacements [113, 121].

According to this reasoning, if the jet moves poleward in
response to increased GHG, the jet would transition from
shifting to a more pulsing mode of variability, and as a con-
sequence, the persistence of anomalous meridional shifts
would decrease [75, 81, 120, 121]. This change has been
shown to occur in some CMIP5 simulations, in which the
jet latitude variability decreases while the jet speed vari-
ability increases as the jet moves poleward [50]. However,
the magnitude of these changes and mechanisms remains
unclear [122] and are dependent on the mean jet response,
which, as we have discussed, is uncertain.

Meandering

The term “jet meandering” is used to refer to large-scale
wave-like jet motion or the sinuosity of the jet. Although
one could argue that jet meandering and jet shifting are
not separate phenomena, meander refers more commonly
to hemispheric-scale wavy displacements in the jet. Such
meanders are associated with RW propagation and signifi-
cantly influence regional weather and climate by transport-
ing warm and cold air across latitudes (e.g., Rhines [123]).
When these meanders become stationary with respect to the
ground, they can lead to persistent weather anomalies. Sev-
eral extreme events in winter and summer have been linked
to high-amplitude RW meanders [38, 124-128].

Several measures of jet meandering have been proposed
in the literature. For instance, Cattiaux et al. [129] propose
a measure of jet sinuosity as the length of the Z500 isopleth
normalised by the length of the latitudinal circle, which pro-
vides a measure of the geometric scale of the meanders. Has-
sanzadeh et al. [130] define jet meandering as the meridional
wave amplitude derived from a Fourier decomposition of the
7500 isopleth, which provides an indication of the mean-
der's extent in the meridional direction. Francis and Vavrus
[131] employ a measure based on the meridional wind speed
relative to the total wind speed, and Huang and Nakamura
[132] introduce a local wave activity metric that provides a
combined measure of the magnitude of the anomalies and
their geometric characteristics.

Changes in jet meandering due to climate change—which
would have implications for the temporal characteristics of
weather patterns—is a topic of intense research and con-
troversy. Several studies have suggested that the NH EDJ
has become “wavier” and associated weather patterns more
persistent in recent decades [131, 133, 134]. The central
hypothesis is that the increase in waviness is due to a weaker
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jet stream resulting from reduced meridional temperature
gradients caused by Arctic amplification [131, 133, 134].
However, while this viewpoint has gained traction in non-
specialized media, it is not universally accepted within the
climate science community (for more specific reviews, refer
to Barnes and Screen [135], Hoskins and Woollings [85] and
Cross-chapter box 10.1 in IPCC ARG6 [7]). It is worth noting
that the observed signal of Arctic amplification has emerged
from internal variability only over the past three decades,
which is likely too short of a period to definitively establish
its direct association with changes in midlatitude circulation
using reanalysis products [136]. Additionally, observed jet
waviness trends are inconsistent across different methodolo-
gies and exhibit seasonal and regional dependencies [85,
136-138].

The modelling evidence is also inconclusive, with con-
flicting results obtained in idealized experiments (e.g.,
Hassanzadeh et al. [130]; Green et al. [139]). Moreover,
research suggests that the specific characteristics of Arctic
heating may influence the jet response [140-142]. Addition-
ally, polar warming is not the only driver of jet change, and
numerous key processes influencing the jet response are not
adequately represented in these highly idealized simulations.

Key challenges and ways forward

In this section, we highlight three key aspects of the jet's
response to climate change that require more research. Fol-
lowing that, we present a set of experiments and a methodo-
logical framework tailored to improve our understanding of
these areas.

Key challenges

CH1Mechanisms: Multiple mechanisms and potential
drivers have been proposed to explain the jet response to
climate change. These include tropical and Arctic warm-
ing, changes in static stability, and alterations in moisture
concentrations and cloud properties, among others. The
relative importance of these mechanisms remains uncer-
tain, and the specific dynamical mechanisms mediating
the jet response are still unclear. This lack of understand-
ing hampers our ability to assess the reliability of model
projections.

CH2 Uncertainty in Global and Regional Responses:
While climate models suggest that the zonal-mean zonal
winds will shift poleward, there is still significant uncer-
tainty regarding the magnitude and the regional and sea-
sonal structure of the changes. Better constraining the
regional jet response is crucial for providing accurate
regional climate projections that can be used for impact
and adaptation studies.

CH3Interactions with Other Climate Factors: In addi-
tion to well-mixed GHG, the jet stream is influenced by
other processes. Changes in aerosols, ozone, and solar var-
iability, among others (see Table 1 and Hall et al. [143]),
can affect the jet. However, the interactions between these
factors and the jet stream response to climate change are
poorly understood and are a source of uncertainty, particu-
larly at the regional scale.

Proposed experiments

Here, we suggest a series of experiments designed to
address the three challenges described in the previous
section. While these challenges are interconnected, each
experiment focuses on specific aspects (Fig. 4). However,
all experiments contribute, to varying degrees, to the over-
all progress of the entire set of challenges. The detailed
design and technical specifications of these experiments
are beyond the scope of this manuscript, but all proposed
experiments should be feasible with current computing and
technical capabilities.

Experiments targeting CH1: Mechanisms

The most crucial challenge in understanding the jet response
is to comprehend the mechanisms behind it since, without a
better understanding of these processes, we cannot reduce or
constrain the sources of projection uncertainty required to
make progress in CH2. It is also challenging to confidently
attribute and quantify the impact of the other forcings of
CH3. Therefore, most experiments are primarily designed to
target CH1, even though they indirectly contribute to advanc-
ing CH2 and CH3.

Sensitivity experiments to test the jet
response to simultaneous forcing
mechanisms

There is a rich history of using idealized model experiments
to test the jet response to specific forcings (e.g., Polvani
and Kushner [144]; Lorenz and DeWeaver [145]; Ring and
Plumb [146]; Brayshaw et al. [147]; Butler et al. [87]; Simp-
son et al. [148]; McGraw and Barnes [149]; Burrows et al.
[150]). Although these experiments have provided valu-
able insights into the mechanisms underlying the jet stream
response, they exhibit several limitations as they often relied
on atmosphere-only, idealized, low-resolution models.
Moreover, by testing individual forcings in isolation, they
cannot provide a complete and accurate representation of
the real-world climate system feedbacks and interactions.

@ Springer
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Exp 1: Testing simultaneous forcings

Exp 2: Process-oriented denial exp.

Exp 3: Storyline simulations targeting
uncertainty in future projections

Nudging exp. Sensitivity exp.

Fig.4 Proposed experiments contributing to solving the three challenges. A filled grey circle indicates the primary experiment target challenge.

White circles indicate challenges likely to also benefit from the experiment

In reality, the jet is influenced by multiple simultaneous and
sometimes opposing forcings, and its overall response is
determined by complex feedback processes.

Building from these pioneering works, we propose a sig-
nificant advancement by employing high-resolution global
models that can simulate sharp SST gradients and allow
for independent switching on and off topography, moisture
and a coupled slab ocean representation. Initially, experi-
ments would be run with topography, moisture, and the
slab ocean turned on, and the model could be subjected to
multiple simultaneous forcings with adjustable strengths.
Moreover, different heating patterns could be tested since
the evidence suggests that the jet response may be sensitive
to the particular heating pattern, especially over the tropics
(e.g., Lu et al. [151]). For instance, one experiment could
involve investigating the jet stream response to different
spatial patterns of upper tropospheric tropical warming,
along with a low-level Arctic warming anomaly, with vari-
ous combinations of forcing strengths.

Conducting these experiments at a high spatial resolution
is essential to better resolve small-scale processes such as
convective circulations and test the circulation sensitivity
to the representation of regional scale processes. The use of
high resolution might also potentially reduce model biases.
A recent study by Schemm [24], for instance, has shown that
using a 5 km resolution substantially reduces the biases in

the NATL storm track, which are common in coarser model
resolutions.

We emphasize that sufficient computational resources
must be available to run multiple experiments with vary-
ing initial conditions. This requirement is crucial given that
internal variability, as illustrated in Fig. 2 and shown in vari-
ous studies (e.g., Giorgi and Xi [152]; O’Reilly et al. [153]),
contributes significantly to uncertainties in projections of
future extratropical climate.

Process-oriented denial experiments

In a subsequent phase, we aim to refine our understanding by
choosing experiments from the first set that manifest a robust
jet response and identify the underlying processes and model-
ling assumptions upon which the model's response relies. To
achieve this, our experimental approach would involve sys-
tematically disabling topographical effects, moisture dynam-
ics, cloud processes, and the influence of the slab ocean,
enabling us to probe their individual impacts on the system's
response. Furthermore, the model's sensitivity to resolution
and parameterisation schemes could also be tested. Process-
oriented denial experiments have already proven useful, for
example, in studying the role of the Arctic and Antarctic strat-
ospheric vortex disturbances for surface predictability [154].
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Experiments targeting CH2 and CH3:
Uncertainty in global and regional
responses and interactions with other
climate factors

Typically, the uncertainty in the future climate response
to changes in GHG and aerosols is explored by analysing
multimodel ensembles of climate projections. However,
the typical multimodel ensemble approach is problematic:
the ensemble mean may mask the circulation response to
specific forcings since different models show different and
sometimes opposite circulation responses (e.g., Shaw et al.
[155]), and this washout effect can lead to an underestima-
tion of the mean response. An alternative storyline-based
approach has recently been proposed to overcome the prob-
lems of interpreting multimodel ensembles [156, 157]. In the
storyline approach, the climate responses can be conditioned
to the occurrence of plausible changes in drivers (e.g., Arc-
tic and tropical warming, stratospheric cooling, SSTs and
sea-ice anomalies, among others) and to different levels of
GHG forcing [11].

Storyline simulations targeting uncertainty
in future projections in the drivers (also
contributing to CH3)

Storylines of regional atmospheric circulation changes have
been mainly developed via regression analyses across the
spread in the projections from CMIP models [11, 158].
However, this approach cannot directly verify the causal-
ity of the relationship between the selected drivers and the
regional atmospheric circulation, hence limiting confidence
in the results. Nonetheless, various studies have demon-
strated the value of different forms of nudging experiments
or atmosphere-only runs to link the spread in CMIP projec-
tions to individual drivers. In free-running mode, detecting
a model’s response to a perturbation typically requires many
samples. By contrast, in a nudging experiment, certain cli-
mate system components are constrained to stay close to
a predefined reference state while the rest of the system
evolves freely. This approach enables the study of the model
response to a perturbation with a high signal-to-noise ratio
but with a substantially smaller amount of data. The nudg-
ing technique has been applied to analyse the jet response
to, e.g., NH winter stratospheric vortex responses [159,
160], radiative feedback and cloud changes [97, 102] and
sea ice [161]. Building on these approaches, we suggest
that there is a need for a protocol of experiments cover-
ing the uncertainty in the key drivers influencing the jet
(Table 1) based on atmospheric and/or SST nudging. The
approach should lead to a reasonable number of “storyline
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experiments”, each describing a different plausible future
surface and stratospheric climate that are expected to span
most of the spread in the inter-model jet response. These
storylines experiments would aim to shed light on the worst-
case scenarios of regional climate impacts and their key
driving remote climate agents.

Advanced diagnostics by means of improved model
output

Jet detection

Jet streams exhibit a complex structure and vary rapidly,
making it necessary to employ temporal or spatial averag-
ing of the wind field when analyzing long-term changes.
Numerous methods have been proposed to detect and ana-
lyze the jet stream. One commonly employed approach
involves identifying local maxima of zonal mean zonal
wind in height-latitude space or at specific heights (e.g.,
Blackmon et al. [162]; Rikus [163]; Woollings et al. [164]).
These methods typically employ criteria based on latitude
and velocity thresholds or different vertical levels to distin-
guish between the subtropical and extratropical jet streams.
These methodologies are very valuable for examining the
average zonal and vertical variations in the flow. How-
ever, they do not capture the longitudinal structure of the
jet stream. Other researchers have proposed 3D detection
schemes that identify wind maxima in latitude, longitude,
and height space and use different methods to "reconstruct”
the jet stream (e.g., Limbach et al. [165]; PenaOrtiz et al.
[166]; Spensberger et al. [167]; Barriopedro et al. [168]).
Each methodology has advantages and disadvantages, and
it is essential to employ various methods to address differ-
ent research questions. However, certain results, such as
changes in waviness or the timing of jet response emer-
gence, may inevitably depend on the chosen methodology.

To advance our mechanistic understanding of the jet
stream response, new numerical experiments must pro-
vide adequate diagnostic tools. These diagnostics could
be made available through a dedicated jet stream software
package, along the lines of the TropD software of Adam
et al. [169] for tropical circulations. This would help to
increase the reproducibility and comparability of results.
Table 2 presents a suggested list of model outputs likely
to be required.

Finally, the simulation output must have at least daily
temporal resolution. Daily data is crucial to investigate, for
instance, changes in the persistence of specific jet states and
their variability. Additionally, the simulation output should
include an adequate number of vertical levels, particularly
near the tropopause, to effectively detect changes in the ver-
tical position of the jet stream.
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Table 2 Suggested model output to be provided by the new jet experiments. 3D and 4D refer to three and four dimensions, respectively

Wind Temperature

Radiation and heat

Water vapour Others

U-component of wind (4D) Air-temperature (4D)

Short and long wave radiation

Relative humidity (4D) Potential vorticity (4D)

heating rates (4D)

V-component of wind (4D) Sea-surface temperature (3D) Cloud-radiative heating rates
Latent heating rate (4D)

Eastward and northward Soil-temperature (3D)

Specific humidity (4D) Sea-ice cover (3D)
Total precipitation (3D) Soil moisture (3D)

turbulent surface stress Surface sensible and latent heat- Land albedo (2D)
(3D) ing rates (3D)
Conclusions Methods

Changes in the eddy-driven jet stream as a response to cli-
mate change have the potential to strongly alter the hydrocli-
mate of many extratropical regions. However, as highlighted
in this manuscript, the response of the jet to increased GHGs
is uncertain, which poses a substantial challenge to provid-
ing reliable regional climate change projections. This uncer-
tainty propagates to climate change impact studies and could
render their outcomes of limited utility if the atmospheric
circulation response is inadequately constrained.

Thermodynamic aspects of the climate response, such as
a ubiquitous warming with polar and tropical amplification,
differential rates of ocean and continental warming, or the
increase in the atmospheric water vapour holding capacity,
are well constrained in model projections and, crucially,
grounded in well-understood physics. In contrast, the jet
stream response depends on several competing drivers, and
although substantial progress has been made in recent dec-
ades, there is yet no complete agreed-upon theory describ-
ing the mechanisms governing the jet’s response to climate
change. The absence of a theoretical framework complicates
the identification of sources of uncertainty in current cli-
mate change projections, leading to a lack of confidence in
regional-scale jet stream responses.

To address these challenges, we advocate for a coordi-
nated, collaborative effort aimed at enhancing our under-
standing of the jet stream response to climate change. We
propose a series of new experiments that take advantage of
recent advances in computing power and modelling capabili-
ties to better resolve small-scale processes such as convec-
tive circulations, which are essential for a good representa-
tion of jet dynamics. Additionally, these experiments should
be accompanied by standardized outputs and agreed-upon
detection algorithms to ensure the comparability of results
across studies.

In conclusion, we believe it is crucial to bridge the gap
in our understanding of the jet stream's response to climate
change in order to lay the foundations for more robust and
reliable regional climate change projections and informed
climate change mitigation and adaptation strategies.

Jet latitude and speed diagnoses

The assessment of the latitudinal position of the eddy-driven
jet uses an algorithm reminiscent of the one described in
Blakport and Fayfe [45]. The algorithm follows these key
steps:

(1) Firstly, the monthly mean zonal wind is averaged across
three pressure levels: 925 hPa, 850 hPa, and 700 hPa
from historical and SSP585 CMIP6 experiments [200].
Identifying the EDJ from low-level winds avoids con-
fusing wind maxima associated with the STJ and the
EDJ [164].

(2) Next, at each longitude, the algorithm identifies the
maximum westerly wind speed, which is considered
the "jet-core" speed. To prevent erroneous detections
associated with small-scale wind extremes related to
topography and coastlines, wind maxima above 75°N
or 75°S are disregarded [164]. The latitude at which
this maximum wind speed occurs becomes the latitude
of the jet core event.

(3) Then we calculate a jet latitudinal index for each basin
by zonally averaging the latitudinal maxima of jet
speeds over specific longitudinal ranges, which are
(60W to OE for the North Atlantic, 180W to 180W in
the Southern Hemisphere, and 150E to 240E for the
North Pacific). It is worth noting that the algorithm's
performance remains robust, even when the specific
latitudinal range is subject to minor adjustments.

In addition to the method outlined above, alternative
approaches to detect the jet core were explored, including
prominence detection and the use of a parabolic fit, as detailed
in Blakport and Fayfe [45], all yielding congruent results.

Acknowledgements We would like to thank Isla Simpson from NCAR,
Francisco J. Doblas Reyes from the BSC, Laurent Terray from CER-
FACS, and Rein Haarsma from KNMI for providing valuable sugges-
tions for the manuscript. We would also like to thank the University of
Graz for providing funding for the open-access publication.

@ Springer



2 Page 14 of 20

Current Climate Change Reports (2025) 11:2

Author Contribution A.O. Conceptualized, wrote the main manuscript
text and prepared the Figs. 1-4. .B., AK., C.L, D.M.,, OR,, AV,
T.W., and G.Z. conceptualized, edited and reviewed the manuscript.
L.S., Edited and reviewed the manuscript.

Funding Open access funding provided by University of Graz.

Data Availability CMIP6 data used in Fig. 1, 2 is described in Eyring
et al. [200] and was downloaded from the Copernicus Climate Change
Service (C3S) (2023).https://cds.climate.copernicus.eu/ The code used
in this study is available via personal request to the corresponding
author.

Declarations

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Hoskins BJ, Valdes PJ. On the Existence of Storm-Tracks. J
Atmos Sci. 1990;47(15):1854-64. https://doi.org/10.1175/1520-
0469(1990)047%3c1854:0TEOST%3¢2.0.CO;2.

2. E. K. M. Chang, S. Lee, and K. L. Swanson, “Storm Track
Dynamics,” J Clim, vol. 15, no. 16, pp. 2163-2183, 2002,
[Online]. Available: http://www.jstor.org/stable/26249394

3. Woollings T, et al. Daily to Decadal Modulation of Jet Vari-
ability. J Clim. 2018;31(4):1297-314. https://doi.org/10.1175/
JCLI-D-17-0286.1.

4. Wahl ER, Zorita E, Trouet V, Taylor AH. Jet stream dynamics,
hydroclimate, and fire in California from 1600 CE to present.
Proc Natl Acad Sci. 2019;116(12):5393-8. https://doi.org/10.
1073/pnas.1815292116.

5. J. Cattiaux, R. Vautard, C. Cassou, P. Yiou, V. Masson-Delmotte,
and F. Codron, “Winter 2010 in Europe: A cold extreme in a
warming climate,” Geophys Res Lett, vol. 37, no. 20, p. n/a-n/a,
Oct. 2010, https://doi.org/10.1029/2010GL044613.

6. RM.,A.JLA.,B.D.,G-H.R.,G.L.,N.R.,C.R., A.M.R.
, & M. N. Trigo, “The record winter drought of 2011-12 in the
Iberian peninsula,” Bull Am Meteorol Soc, vol. 94, pp. 41-45,
2013.

7. K. Calvin et al., “IPCC, 2023: Climate Change 2023: Synthe-
sis Report. Contribution of Working Groups I, II and III to the
Sixth Assessment Report of the Intergovernmental Panel on
Climate Change [Core Writing Team, H. Lee and J. Romero
(eds.)]. IPCC, Geneva, Switzerland.,” Jul. 2023. https://doi.org/
10.59327/TPCC/AR6-9789291691647.

8. A. Yu. Karpechko, “Uncertainties in future climate attributable to
uncertainties in future Northern Annular Mode trend,” Geophys
Res Lett, vol. 37, no. 20, p. n/a-n/a, Oct. 2010, https://doi.org/
10.1029/2010GL044717.

@ Springer

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Woollings T. Dynamical influences on European climate:
an uncertain future. Philosophical Transactions of the Royal
Society A: Mathematical, Physical and Engineering Sciences.
2010;368(1924):3733-56. https://doi.org/10.1098/rsta.2010.0040.
Shepherd TG. Atmospheric circulation as a source of
uncertainty in climate change projections. Nat Geosci.
2014;7(10):703-8. https://doi.org/10.1038/nge02253.

Zappa G, Shepherd TG. Storylines of Atmospheric Circula-
tion Change for European Regional Climate Impact Assess-
ment. J Clim. 2017;30(16):6561-77. https://doi.org/10.1175/
JCLI-D-16-0807.1.

T. A. Shaw, “Mechanisms of Future Predicted Changes in
the Zonal Mean Mid-Latitude Circulation,” Current Climate
Change Reports, vol. 5, no. 4. Springer, pp. 345-357, Dec. 01,
2019. https://doi.org/10.1007/s40641-019-00145-8.

. Kushner PJ, Held IM, Delworth TL. Southern Hemisphere

Atmospheric Circulation Response to Global Warming. J
Clim. 2001;14(10):2238-49. https://doi.org/10.1175/1520-
0442(2001)014%3c0001:SHACRT%3¢2.0.CO;2.

Vallis GK, Zurita-Gotor P, Cairns C, Kidston J. Response of
the large-scale structure of the atmosphere to global warming.
Q J R Meteorol Soc. 2015;141(690):1479-501. https://doi.org/
10.1002/qj.2456.

B.J. Harvey, P. Cook, L. C. Shaffrey, and R. Schiemann, “The
Response of the Northern Hemisphere Storm Tracks and Jet
Streams to Climate Change in the CMIP3, CMIPS5, and CMIP6
Climate Models,” Journal of Geophysical Research: Atmos-
pheres, vol. 125, no. 23, Dec. 2020, https://doi.org/10.1029/
2020JD032701.

T. Oudar, J. Cattiaux, and H. Douville, “Drivers of the North-
ern Extratropical Eddy-Driven Jet Change in CMIP5 and
CMIP6 Models,” Geophys Res Lett, vol. 47, no. 8, Apr. 2020,
https://doi.org/10.1029/2019GL086695.

Woollings T, Blackburn M. The North Atlantic Jet Stream
under Climate Change and Its Relation to the NAO and EA
Patterns. J Clim. 2012;25(3):886-902. https://doi.org/10.1175/
JCLI-D-11-00087.1.

Scaife AA, et al. Skillful long-range prediction of European and
North American winters. Geophys Res Lett. 2014;41(7):2514—
9. https://doi.org/10.1002/2014GL059637.

Dunstone N, et al. Skilful predictions of the winter North Atlan-
tic Oscillation one year ahead. Nat Geosci. 2016;9(11):809-14.
https://doi.org/10.1038/nge02824.

Smith DM, Scaife AA, Eade R, Knight JR. Seasonal to decadal
prediction of the winter North Atlantic Oscillation: emerg-
ing capability and future prospects. Q J R Meteorol Soc.
2016;142(695):611-7. https://doi.org/10.1002/qj.2479.

A. Marcheggiani, J. Robson, P. Monerie, T. J. Bracegirdle,
and D. Smith, “Decadal Predictability of the North Atlantic
Eddy-Driven Jet in Winter,” Geophys Res Lett, vol. 50, no. 8,
Apr. 2023, https://doi.org/10.1029/2022GL102071.

Smith DM, et al. The Polar Amplification Model Intercom-
parison Project (PAMIP) contribution to CMIP6: investigating
the causes and consequences of polar amplification. Geosci
Model Dev. 2019;12(3):1139-64. https://doi.org/10.5194/
gmd-12-1139-2019.

Smith DM, et al. Robust but weak winter atmospheric circu-
lation response to future Arctic sea ice loss. Nat Commun.
2022;13(1):727. https://doi.org/10.1038/s41467-022-28283-y.
S. Schemm, “Toward Eliminating the Decades-Old ‘Too Zonal
and Too Equatorward’ Storm-Track Bias in Climate Models,”
J Adv Model Earth Syst, vol. 15, no. 2, Feb. 2023, https://doi.
org/10.1029/2022MS003482.

N. P. Wedi et al., “A Baseline for Global Weather and Climate
Simulations at 1 km Resolution,” J] Adv Model Earth Syst, vol.
12, no. 11, Nov. 2020, https://doi.org/10.1029/2020MS002192.


https://cds.climate.copernicus.eu/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1175/1520-0469(1990)047%3c1854:OTEOST%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1990)047%3c1854:OTEOST%3e2.0.CO;2
http://www.jstor.org/stable/26249394
https://doi.org/10.1175/JCLI-D-17-0286.1
https://doi.org/10.1175/JCLI-D-17-0286.1
https://doi.org/10.1073/pnas.1815292116
https://doi.org/10.1073/pnas.1815292116
https://doi.org/10.1029/2010GL044613
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1029/2010GL044717
https://doi.org/10.1029/2010GL044717
https://doi.org/10.1098/rsta.2010.0040
https://doi.org/10.1038/ngeo2253
https://doi.org/10.1175/JCLI-D-16-0807.1
https://doi.org/10.1175/JCLI-D-16-0807.1
https://doi.org/10.1007/s40641-019-00145-8
https://doi.org/10.1175/1520-0442(2001)014%3c0001:SHACRT%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014%3c0001:SHACRT%3e2.0.CO;2
https://doi.org/10.1002/qj.2456
https://doi.org/10.1002/qj.2456
https://doi.org/10.1029/2020JD032701
https://doi.org/10.1029/2020JD032701
https://doi.org/10.1029/2019GL086695
https://doi.org/10.1175/JCLI-D-11-00087.1
https://doi.org/10.1175/JCLI-D-11-00087.1
https://doi.org/10.1002/2014GL059637
https://doi.org/10.1038/ngeo2824
https://doi.org/10.1002/qj.2479
https://doi.org/10.1029/2022GL102071
https://doi.org/10.5194/gmd-12-1139-2019
https://doi.org/10.5194/gmd-12-1139-2019
https://doi.org/10.1038/s41467-022-28283-y
https://doi.org/10.1029/2022MS003482
https://doi.org/10.1029/2022MS003482
https://doi.org/10.1029/2020MS002192

Current Climate Change Reports

(2025) 11:2

Page 15 of 20 2

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Hohenegger C, et al. ICON-Sapphire: simulating the compo-
nents of the Earth system and their interactions at kilometer and
subkilometer scales. Geosci Model Dev. 2023;16(2):779-811.
https://doi.org/10.5194/gmd-16-779-2023.

Held IM, Hou AY. Nonlinear Axially Symmetric Circulations in
a Nearly Inviscid Atmosphere. J Atmos Sci. 1980;37(3):515-33.
https://doi.org/10.1175/1520-0469(1980)037%3c0515:NAS-
CIA%3e2.0.CO:;2.

Panetta RL. Zonal Jets in Wide Baroclinically Unstable Regions:
Persistence and Scale Selection. J Atmos Sci. 1993;50(14):2073—
106. https://doi.org/10.1175/1520-0469(1993)050%3¢2073:ZJ1-
WBU%3e2.0.CO;2.

Held IM. Momentum Transport by Quasi-Geostrophic Eddies.
J Atmos Sci. 1975;32(7):1494-7. https://doi.org/10.1175/1520-
0469(1975)032%3c1494:MTBQGE%3¢2.0.CO;2.

Rhines PB. Waves and turbulence on a beta-plane. J Fluid Mech.
1975;69(3):417-43. https://doi.org/10.1017/S0022112075001504.
Simmons AJ, Hoskins BJ. The Life Cycles of Some Nonlinear
Baroclinic Waves. J Atmos Sci. 1978;35(3):414-32. https://doi.org/
10.1175/1520-0469(1978)035%3c0414: TLCOSN%3¢e2.0.CO;2.
Lee S, Kim H. The Dynamical Relationship between Subtropi-
cal and Eddy-Driven Jets. J] Atmos Sci. 2003;60(12):1490—
503. https://doi.org/10.1175/1520-0469(2003)060%3c1490:
TDRBSA%3e2.0.CO:2.

Held IM, Ting M, Wang H. Northern Winter Stationary Waves: Theory
and Modeling. J Clim. 2002;15(16):2125—44. https://doi.org/10.
1175/1520-0442(2002)015%3¢c2125:NWSWTA%3e2.0.CO;2.
Nielsen-Gammon JW. A Visualization of the Global Dynamic
Tropopause. Bull Am Meteorol Soc. 2001;82(6):1151-67.
https://doi.org/10.1175/1520-0477(2001)082%3c1151:
AVOTGD%3e2.3.CO;2.

Hoskins BJ, Hodges KI. A New Perspective on Southern Hemi-
sphere Storm Tracks. J Clim. 2005;18(20):4108-29. https://doi.
org/10.1175/JCLI3570.1.

Inatsu M, Hoskins BJ. The Zonal Asymmetry of the Southern
Hemisphere Winter Storm Track. J Clim. 2004;17(24):4882-92.
https://doi.org/10.1175/JCLI-3232.1.

Patterson M, Woollings T, Bracegirdle TJ, Lewis NT. Win-
tertime Southern Hemisphere Jet Streams Shaped by Inter-
action of Transient Eddies with Antarctic Orography. J
Clim. 2020;33(24):10505-22. https://doi.org/10.1175/
JCLI-D-20-0153.1.

Screen JA, Simmonds I. Amplified mid-latitude planetary waves
favour particular regional weather extremes. Nat Clim Chang.
2014;4(8):704-9. https://doi.org/10.1038/nclimate2271.
Barriopedro D, Garcia-Herrera R, Lupo AR, Hernandez E.
A Climatology of Northern Hemisphere Blocking. J Clim.
2006;19(6):1042—63. https://doi.org/10.1175/JCLI3678.1.
Vautard R. Multiple Weather Regimes over the North Atlan-
tic: Analysis of Precursors and Successors. Mon Weather
Rev. 1990;118(10):2056-81. https://doi.org/10.1175/1520-
0493(1990)118%3c2056:MWROTN%3e2.0.CO;2.

M. Matsueda, “Predictability of Euro-Russian blocking in sum-
mer of 2010,” Geophys Res Lett, vol. 38, no. 6, p. n/a-n/a, Mar.
2011, https://doi.org/10.1029/2010GL046557.

Kautz L-A, et al. Atmospheric blocking and weather extremes
over the Euro-Atlantic sector — a review. Weather and Cli-
mate Dynamics. 2022;3(1):305-36. https://doi.org/10.5194/
wed-3-305-2022.

Woollings T, Drouard M, O’Reilly CH, Sexton DMH,
McSweeney C. Trends in the atmospheric jet streams are emerg-
ing in observations and could be linked to tropical warming.
Commun Earth Environ. 2023;4(1):125. https://doi.org/10.1038/
s43247-023-00792-8.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Robson J, et al. Recent multivariate changes in the North Atlan-
tic climate system, with a focus on 2005-2016. Int J Climatol.
2018;38(14):5050-76. https://doi.org/10.1002/joc.5815.

R. Blackport and J. C. Fyfe, “Climate models fail to capture
strengthening wintertime North Atlantic jet and impacts on
Europe,” Sci Adyv, vol. 8, no. 45, Nov. 2022, https://doi.org/10.
1126/sciadv.abn3112.

Hallam S, Josey SA, McCarthy GD, Hirschi JJ-M. A regional
(land—ocean) comparison of the seasonal to decadal vari-
ability of the Northern Hemisphere jet stream 1871-2011.
Clim Dyn. 2022;59(7-8):1897-918. https://doi.org/10.1007/
$00382-022-06185-5.

Lee SH, Williams PD, Frame THA. Increased shear in the
North Atlantic upper-level jet stream over the past four dec-
ades. Nature. 2019;572(7771):639-42. https://doi.org/10.1038/
s41586-019-1465-z.

Simmons AJ. Trends in the tropospheric general circulation from
1979 to 2022. Weather and Climate Dynamics. 2022;3(3):777—
809. https://doi.org/10.5194/wed-3-777-2022.

S.Zhao, D. Huang, J. Zhu, Y. Zhang, and Z. Gong, “The Ellipse-
Fitting Detection of Winter North Pacific Jet and the Associated
Air Temperature Variations in the Northern Hemisphere,” Jour-
nal of Geophysical Research: Atmospheres, vol. 128, no. 12, Jun.
2023, https://doi.org/10.1029/2022JD038177.

Barnes EA, Polvani L. Response of the Midlatitude Jets, and of
Their Variability, to Increased Greenhouse Gases in the CMIP5
Models. J Clim. 2013;26(18):7117-35. https://doi.org/10.1175/
JCLI-D-12-00536.1.

J. H. Yin, “A consistent poleward shift of the storm tracks in
simulations of 21st century climate,” Geophys Res Lett, vol.
32, no. 18, p. n/a-n/a, Sep. 2005, https://doi.org/10.1029/2005G
L023684.

“World Meteorological Organization (WMO), Scientific Assess-
ment of Ozone Depletion: 2010, GAW Report No. 278, 509 pp.,
WMO, Geneva, 2010.”

“World Meteorological Organization (WMO), Scientific Assess-
ment of Ozone Depletion: 2014, GAW Report No. 278, 509 pp.,
WMO, Geneva, 2014.”

“World Meteorological Organization (WMO), Scientific Assess-
ment of Ozone Depletion: 2018, GAW Report No. 278, 509 pp.,
WMO, Geneva, 2022.”

“World Meteorological Organization (WMO), Scientific Assess-
ment of Ozone Depletion: 2022, GAW Report No. 278, 509 pp.,
WMO, Geneva, 2022.,” 2022.

Thompson DWJ, Solomon S, Kushner PJ, England MH, Grise
KM, Karoly DJ. Signatures of the Antarctic ozone hole in
Southern Hemisphere surface climate change. Nat Geosci.
2011;4(11):741-9. https://doi.org/10.1038/ngeo1296.

N. C. Swart and J. C. Fyfe, “Observed and simulated changes in
the Southern Hemisphere surface westerly wind-stress,” Geophys
Res Lett, vol. 39, no. 16, p. n/a-n/a, Aug. 2012, https://doi.org/
10.1029/2012GL052810.

L. B. Hande, S. T. Siems, and M. J. Manton, “Observed Trends
in Wind Speed over the Southern Ocean,” Geophys Res Lett, vol.
39, no. 11, p. n/a-n/a, Jun. 2012, https://doi.org/10.1029/2012G
L051734.

Gerber EP, Son S-W. Quantifying the Summertime Response of
the Austral Jet Stream and Hadley Cell to Stratospheric Ozone
and Greenhouse Gases. J Clim. 2014;27(14):5538-59. https://
doi.org/10.1175/JCLI-D-13-00539.1.

S.-W. Son et al., “Impact of stratospheric ozone on Southern
Hemisphere circulation change: A multimodel assessment,” J
Geophys Res, vol. 115, p. DOOMO07, Oct. 2010, https://doi.org/
10.1029/2010JD014271.

@ Springer


https://doi.org/10.5194/gmd-16-779-2023
https://doi.org/10.1175/1520-0469(1980)037%3c0515:NASCIA%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1980)037%3c0515:NASCIA%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1993)050%3c2073:ZJIWBU%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1993)050%3c2073:ZJIWBU%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1975)032%3c1494:MTBQGE%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1975)032%3c1494:MTBQGE%3e2.0.CO;2
https://doi.org/10.1017/S0022112075001504
https://doi.org/10.1175/1520-0469(1978)035%3c0414:TLCOSN%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1978)035%3c0414:TLCOSN%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(2003)060%3c1490:TDRBSA%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(2003)060%3c1490:TDRBSA%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015%3c2125:NWSWTA%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015%3c2125:NWSWTA%3e2.0.CO;2
https://doi.org/10.1175/1520-0477(2001)082%3c1151:AVOTGD%3e2.3.CO;2
https://doi.org/10.1175/1520-0477(2001)082%3c1151:AVOTGD%3e2.3.CO;2
https://doi.org/10.1175/JCLI3570.1
https://doi.org/10.1175/JCLI3570.1
https://doi.org/10.1175/JCLI-3232.1
https://doi.org/10.1175/JCLI-D-20-0153.1
https://doi.org/10.1175/JCLI-D-20-0153.1
https://doi.org/10.1038/nclimate2271
https://doi.org/10.1175/JCLI3678.1
https://doi.org/10.1175/1520-0493(1990)118%3c2056:MWROTN%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(1990)118%3c2056:MWROTN%3e2.0.CO;2
https://doi.org/10.1029/2010GL046557
https://doi.org/10.5194/wcd-3-305-2022
https://doi.org/10.5194/wcd-3-305-2022
https://doi.org/10.1038/s43247-023-00792-8
https://doi.org/10.1038/s43247-023-00792-8
https://doi.org/10.1002/joc.5815
https://doi.org/10.1126/sciadv.abn3112
https://doi.org/10.1126/sciadv.abn3112
https://doi.org/10.1007/s00382-022-06185-5
https://doi.org/10.1007/s00382-022-06185-5
https://doi.org/10.1038/s41586-019-1465-z
https://doi.org/10.1038/s41586-019-1465-z
https://doi.org/10.5194/wcd-3-777-2022
https://doi.org/10.1029/2022JD038177
https://doi.org/10.1175/JCLI-D-12-00536.1
https://doi.org/10.1175/JCLI-D-12-00536.1
https://doi.org/10.1029/2005GL023684
https://doi.org/10.1029/2005GL023684
https://doi.org/10.1038/ngeo1296
https://doi.org/10.1029/2012GL052810
https://doi.org/10.1029/2012GL052810
https://doi.org/10.1029/2012GL051734
https://doi.org/10.1029/2012GL051734
https://doi.org/10.1175/JCLI-D-13-00539.1
https://doi.org/10.1175/JCLI-D-13-00539.1
https://doi.org/10.1029/2010JD014271
https://doi.org/10.1029/2010JD014271

2

Page 16 of 20

Current Climate Change Reports (2025) 11:2

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Son S-W, et al. Tropospheric jet response to Antarctic ozone
depletion: An update with Chemistry-Climate Model Initiative
(CCMI) models. Environ Res Lett. 2018;13(5):054024. https://
doi.org/10.1088/1748-9326/aabf21.

Banerjee A, Fyfe JC, Polvani LM, Waugh D, Chang K-L. A pause
in Southern Hemisphere circulation trends due to the Montreal
Protocol. Nature. 2020;579(7800):544-8. https://doi.org/10.
1038/s41586-020-2120-4.

D. W. Waugh, A. Banerjee, J. C. Fyfe, and L. M. Polvani, “Con-
trasting Recent Trends in Southern Hemisphere Westerlies
Across Different Ocean Basins,” Geophys Res Lett, vol. 47, no.
18, Sep. 2020, https://doi.org/10.1029/2020GL088890.

Dong B, Sutton RT, Shaftrey L, Harvey B. Recent decadal weak-
ening of the summer Eurasian westerly jet attributable to anthro-
pogenic aerosol emissions. Nat Commun. 2022;13(1):1148.
https://doi.org/10.1038/s41467-022-28816-5.

Ming Y, Ramaswamy V, Chen G. A Model Investigation of
Aerosol-Induced Changes in Boreal Winter Extratropical Cir-
culation. J Clim. 2011;24(23):6077-91. https://doi.org/10.1175/
2011JCLI4111.1.

Wang H, Xie S-P, Liu Q. Comparison of Climate Response to
Anthropogenic Aerosol versus Greenhouse Gas Forcing: Distinct
Patterns. J Clim. 2016;29(14):5175-88. https://doi.org/10.1175/
JCLI-D-16-0106.1.

H. Wang, S. Xie, X. Zheng, Y. Kosaka, Y. Xu, and Y. Geng,
“Dynamics of Southern Hemisphere Atmospheric Circulation
Response to Anthropogenic Aerosol Forcing,” Geophys Res Lett,
vol. 47, no. 19, Oct. 2020, https://doi.org/10.1029/2020GL089919.
Grise KM, Polvani LM. The response of midlatitude jets to
increased CO 2: Distinguishing the roles of sea surface tem-
perature and direct radiative forcing. Geophys Res Lett.
2014;41(19):6863-71. https://doi.org/10.1002/2014GL061638.
Simpson IR, Shaw TA, Seager R. A Diagnosis of the Seasonally
and Longitudinally Varying Midlatitude Circulation Response to
Global Warming*. J Atmos Sci. 2014;71(7):2489-515. https://
doi.org/10.1175/JAS-D-13-0325.1.

Curtis PE, Ceppi P, Zappa G. Role of the mean state for the
Southern Hemispheric jet stream response to CO , forcing in
CMIP6 models. Environ Res Lett. 2020;15(6):064011. https://
doi.org/10.1088/1748-9326/ab8331.

T. J. Bracegirdle et al., “Twenty first century changes in Antarctic
and Southern Ocean surface climate in CMIP6,” Atmospheric
Science Letters, vol. 21, no. 9, Sep. 2020, https://doi.org/10.
1002/as1.984.

Ivanciu I, Matthes K, Biastoch A, Wahl S, Harlal$3 J. Twenty-first-
century Southern Hemisphere impacts of ozone recovery and
climate change from the stratosphere to the ocean. Weather and
Climate Dynamics. 2022;3(1):139-71. https://doi.org/10.5194/
wed-3-139-2022.

Haase S, Fricke J, Kruschke T, Wahl S, Matthes K. Sensitivity of
the Southern Hemisphere circumpolar jet response to Antarctic
ozone depletion: prescribed versus interactive chemistry. Atmos
Chem Phys. 2020;20(22):14043-61. https://doi.org/10.5194/
acp-20-14043-2020.

Fereday D, Chadwick R, Knight J, Scaife AA. Atmospheric
Dynamics is the Largest Source of Uncertainty in Future Winter
European Rainfall. J Clim. 2018;31(3):963-77. https://doi.org/
10.1175/JCLI-D-17-0048.1.

J. Kidston and E. P. Gerber, “Intermodel variability of the pole-
ward shift of the austral jet stream in the CMIP3 integrations
linked to biases in 20th century climatology,” Geophys Res
Lett, vol. 37, no. 9, p. n/a-n/a, May 2010, https://doi.org/10.
1029/2010GL042873.

Simpson IR, et al. Emergent Constraints on the Large-Scale
Atmospheric Circulation and Regional Hydroclimate: Do
They Still Work in CMIP6 and How Much Can They Actually

@ Springer

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Constrain the Future? J Clim. 2021;34(15):6355-77. https://
doi.org/10.1175/JCLI-D-21-0055.1.

Simpson IR, Polvani LM. Revisiting the relationship
between jet position, forced response, and annular mode
variability in the southern midlatitudes. Geophys Res Lett.
2016;43(6):2896-903. https://doi.org/10.1002/2016GL067989.
Breul P, Ceppi P, Shepherd TG. Revisiting the wintertime
emergent constraint of the southern hemispheric midlatitude
jet response to global warming. Weather and Climate Dynam-
ics. 2023;4(1):39-47. https://doi.org/10.5194/wcd-4-39-2023.
Vallis GK, Maltrud ME. Generation of Mean Flows and
Jets on a Beta Plane and over Topography. J Phys Oceanogr.
1993;23(7):1346-62. https://doi.org/10.1175/1520-0485(1993)
023%3c1346:GOMFAJ%3e2.0.CO;2.

E. A. Barnes and D. L. Hartmann, “Testing a theory for the
effect of latitude on the persistence of eddy-driven jets using
CMIP3 simulations,” Geophys Res Lett, vol. 37, no. 15, p.
n/a-n/a, Aug. 2010, https://doi.org/10.1029/2010GL044144.
E. A. Barnes, D. L. Hartmann, D. M. W. Frierson, and J.
Kidston, “Effect of latitude on the persistence of eddy-driven
jets,” Geophys Res Lett, vol. 37, no. 11, p. n/a-n/a, Jun. 2010,
https://doi.org/10.1029/2010GL043199.

Held IM. Large-Scale Dynamics and Global Warming. Bull
Am Meteorol Soc. 1993;74(2):228-41. https://doi.org/10.1175/
1520-0477(1993)074%3c0228:LSDAGW %3¢2.0.CO;2.

J. Hansen et al., “Climate forcings in Goddard Institute for
Space Studies SI2000 simulations,” Journal of Geophysical
Research: Atmospheres, vol. 107, no. D18, Sep. 2002, https://
doi.org/10.1029/2001JD001143.

M. Stendel, J. Francis, R. White, P. D. Williams, and T. Wooll-
ings, “The jet stream and climate change,” in Climate Change,
Elsevier, 2021, pp. 327-357. https://doi.org/10.1016/B978-0-
12-821575-3.00015-3.

Hoskins B, Woollings T. Persistent Extratropical Regimes and
Climate Extremes. Curr Clim Change Rep. 2015;1(3):115-24.
https://doi.org/10.1007/s40641-015-0020-8.

Baker HS, Woollings T, Mbengue C. Eddy-Driven Jet
Sensitivity to Diabatic Heating in an Idealized GCM.
J Clim. 2017;30(16):6413-31. https://doi.org/10.1175/
JCLI-D-16-0864.1.

Butler AH, Thompson DWJ, Heikes R. The Steady-State
Atmospheric Circulation Response to Climate Change-like
Thermal Forcings in a Simple General Circulation Model. J
Clim. 2010;23(13):3474-96. https://doi.org/10.1175/2010]
CLI3228.1.

Lu J, Zhou W, Kong H, Leung LR, Harrop B, Song F. On
the Diffusivity of Moist Static Energy and Implications
for the Polar Amplification Response to Climate Warm-
ing. J Clim. 2022;35(21):7127-46. https://doi.org/10.1175/
JCLI-D-21-0721.1.

Riviere G. A Dynamical Interpretation of the Poleward Shift
of the Jet Streams in Global Warming Scenarios. J Atmos Sci.
2011;68(6):1253-72. https://doi.org/10.1175/2011JAS3641.1.
Davies HC, Rossa AM. PV Frontogenesis and Upper-Tropo-
spheric Fronts. Mon Weather Rev. 1998;126(6):1528-39. https://
doi.org/10.1175/1520-0493(1998)126%3c1528:PFAUTF%3¢2.0.
CO;2.

Madonna E, Wernli H, Joos H, Martius O. Warm Conveyor Belts
in the ERA-Interim Dataset (1979-2010). Part I: Climatology
and Potential Vorticity Evolution. J Clim. 2014;27(1):3-26.
https://doi.org/10.1175/JCLI-D-12-00720.1.

Martius O. A Lagrangian Analysis of the Northern Hemisphere
Subtropical Jet. J Atmos Sci. 2014;71(7):2354—69. https://doi.
org/10.1175/JAS-D-13-0329.1.

Bukenberger M, Riidisiihli S, Schemm S. Jet stream dynamics
from a potential vorticity gradient perspective: The method and


https://doi.org/10.1088/1748-9326/aabf21
https://doi.org/10.1088/1748-9326/aabf21
https://doi.org/10.1038/s41586-020-2120-4
https://doi.org/10.1038/s41586-020-2120-4
https://doi.org/10.1029/2020GL088890
https://doi.org/10.1038/s41467-022-28816-5
https://doi.org/10.1175/2011JCLI4111.1
https://doi.org/10.1175/2011JCLI4111.1
https://doi.org/10.1175/JCLI-D-16-0106.1
https://doi.org/10.1175/JCLI-D-16-0106.1
https://doi.org/10.1029/2020GL089919
https://doi.org/10.1002/2014GL061638
https://doi.org/10.1175/JAS-D-13-0325.1
https://doi.org/10.1175/JAS-D-13-0325.1
https://doi.org/10.1088/1748-9326/ab8331
https://doi.org/10.1088/1748-9326/ab8331
https://doi.org/10.1002/asl.984
https://doi.org/10.1002/asl.984
https://doi.org/10.5194/wcd-3-139-2022
https://doi.org/10.5194/wcd-3-139-2022
https://doi.org/10.5194/acp-20-14043-2020
https://doi.org/10.5194/acp-20-14043-2020
https://doi.org/10.1175/JCLI-D-17-0048.1
https://doi.org/10.1175/JCLI-D-17-0048.1
https://doi.org/10.1029/2010GL042873
https://doi.org/10.1029/2010GL042873
https://doi.org/10.1175/JCLI-D-21-0055.1
https://doi.org/10.1175/JCLI-D-21-0055.1
https://doi.org/10.1002/2016GL067989
https://doi.org/10.5194/wcd-4-39-2023
https://doi.org/10.1175/1520-0485(1993)023%3c1346:GOMFAJ%3e2.0.CO;2
https://doi.org/10.1175/1520-0485(1993)023%3c1346:GOMFAJ%3e2.0.CO;2
https://doi.org/10.1029/2010GL044144
https://doi.org/10.1029/2010GL043199
https://doi.org/10.1175/1520-0477(1993)074%3c0228:LSDAGW%3e2.0.CO;2
https://doi.org/10.1175/1520-0477(1993)074%3c0228:LSDAGW%3e2.0.CO;2
https://doi.org/10.1029/2001JD001143
https://doi.org/10.1029/2001JD001143
https://doi.org/10.1016/B978-0-12-821575-3.00015-3
https://doi.org/10.1016/B978-0-12-821575-3.00015-3
https://doi.org/10.1007/s40641-015-0020-8
https://doi.org/10.1175/JCLI-D-16-0864.1
https://doi.org/10.1175/JCLI-D-16-0864.1
https://doi.org/10.1175/2010JCLI3228.1
https://doi.org/10.1175/2010JCLI3228.1
https://doi.org/10.1175/JCLI-D-21-0721.1
https://doi.org/10.1175/JCLI-D-21-0721.1
https://doi.org/10.1175/2011JAS3641.1
https://doi.org/10.1175/1520-0493(1998)126%3c1528:PFAUTF%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(1998)126%3c1528:PFAUTF%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(1998)126%3c1528:PFAUTF%3e2.0.CO;2
https://doi.org/10.1175/JCLI-D-12-00720.1
https://doi.org/10.1175/JAS-D-13-0329.1
https://doi.org/10.1175/JAS-D-13-0329.1

Current Climate Change Reports

(2025) 11:2

Page 17 of 20 2

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

its application to a kilometre-scale simulation. Q J R Meteorol
Soc. 2023;149(755):2409-32. https://doi.org/10.1002/qj.4513.
O. Lachmy and Y. Kaspi, “The Role of Diabatic Heating in
Ferrel Cell Dynamics,” Geophys Res Lett, vol. 47, no. 23, Dec.
2020, https://doi.org/10.1029/2020GL090619.

0. Lachmy, “The Relation Between the Latitudinal Shifts
of Midlatitude Diabatic Heating, Eddy Heat Flux, and the
Eddy-Driven Jet in CMIP6 Models,” Journal of Geophysical
Research: Atmospheres, vol. 127, no. 16, Aug. 2022, https://
doi.org/10.1029/2022JD036556.

P. Ceppi, Y.-T. Hwang, D. M. W. Frierson, and D. L. Hartmann,
“Southern Hemisphere jet latitude biases in CMIP5 models linked
to shortwave cloud forcing,” Geophys Res Lett, vol. 39, no. 19, p.
n/a-n/a, Oct. 2012, https://doi.org/10.1029/2012GL053115.
Ceppi P, Zelinka MD, Hartmann DL. The response of the
Southern Hemispheric eddy-driven jet to future changes
in shortwave radiation in CMIP5. Geophys Res Lett.
2014;41(9):3244-50. https://doi.org/10.1002/2014GL0O60043.
Li Y, Thompson DWJ, Bony S. The Influence of Atmospheric
Cloud Radiative Effects on the Large-Scale Atmospheric Cir-
culation. J Clim. 2015;28(18):7263-78. https://doi.org/10.
1175/ICLI-D-14-00825.1.

Voigt A, Shaw TA. Impact of Regional Atmospheric Cloud
Radiative Changes on Shifts of the Extratropical Jet Stream in
Response to Global Warming. J Clim. 2016;29(23):8399-421.
https://doi.org/10.1175/JCLI-D-16-0140.1.

Tan Z, Lachmy O, Shaw TA. The Sensitivity of the Jet Stream
Response to Climate Change to Radiative Assumptions. J Adv
Model Earth Syst. 2019;11(4):934-56. https://doi.org/10.1029/
2018MS001492.

A. Voigt, N. Albern, P. Ceppi, K. Grise, Y. Li, and B. Medeiros,
“Clouds, radiation, and atmospheric circulation in the present-
day climate and under climate change,” WIREs Climate Change,
vol. 12, no. 2, Mar. 2021, https://doi.org/10.1002/wcc.694.
Ceppi P, Shepherd TG. Contributions of Climate Feedbacks to
Changes in Atmospheric Circulation. J Clim. 2017;30(22):9097—
118. https://doi.org/10.1175/JCLI-D-17-0189.1.

Albern N, Voigt A, Thompson DWJ, Pinto JG. The Role of
Tropical, Midlatitude, and Polar Cloud-Radiative Changes
for the Midlatitude Circulation Response to Global Warm-
ing. J Clim. 2020;33(18):7927-43. https://doi.org/10.1175/
JCLI-D-20-0073.1.

Albern N, Voigt A, Pinto JG. Cloud-Radiative Impact on
the Regional Responses of the Midlatitude Jet Streams and
Storm Tracks to Global Warming. J Adv Model Earth Syst.
2019;11(7):1940-58. https://doi.org/10.1029/2018MS001592.
Albern N, Voigt A, Pinto JG. Tropical cloud-radiative changes
contribute to robust climate change-induced jet exit strength-
ening over Europe during boreal winter. Environ Res Lett.
2021;16(8):084041. https://doi.org/10.1088/1748-9326/ac1310.
Schifer SAK, Voigt A. Radiation Weakens Idealized Midlatitude
Cyclones. Geophys Res Lett. 2018;45(6):2833—41. https://doi.
org/10.1002/2017GL076726.

Grise KM, Medeiros B, Benedict JJ, Olson JG. Investigating the
Influence of Cloud Radiative Effects on the Extratropical Storm
Tracks. Geophys Res Lett. 2019;46(13):7700-7. https://doi.org/
10.1029/2019GL083542.

Keshtgar B, Voigt A, Hoose C, Riemer M, Mayer B. Cloud-
radiative impact on the dynamics and predictability of an ide-
alized extratropical cyclone. Weather and Climate Dynamics.
2023;4(1):115-32. https://doi.org/10.5194/wcd-4-115-2023.

A. Voigt, B. Keshtgar, and K. Butz, “Tug-Of-War on Idealized
Midlatitude Cyclones Between Radiative Heating From Low-
Level and High-Level Clouds,” Geophys Res Lett, vol. 50, no.
14, Jul. 2023, https://doi.org/10.1029/2023GL103188.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Lee S, Feldstein S. Mechanism of Zonal Index Evolution in a Two-
Layer Model. J Atmos Sci. 1996;53(15):2232-46. https://doi.org/
10.1175/1520-0469(1996)053%3¢2232:MOZIE1%3¢2.0.CO;2.
Lorenz DJ, Hartmann DL. Eddy—Zonal Flow Feedback in the
Southern Hemisphere. J Atmos Sci. 2001;58(21):3312-27.
https://doi.org/10.1175/1520-0469(2001)058%3c3312:EZFFIT%
3e2.0.COs2.

D. W. J. Thompson, S. Lee, and M. P. Baldwin, “Atmospheric
processes governing the Northern Hemisphere annular mode/
North Atlantic Oscillation,” 2003, pp. 81-112. https://doi.org/
10.1029/134GMOS.

Eichelberger SJ, Hartmann DL. Zonal Jet Structure and the Lead-
ing Mode of Variability. J Clim. 2007;20(20):5149-63. https://
doi.org/10.1175/JCLI4279.1.

Li C, Wettstein JJ. Thermally Driven and Eddy-Driven Jet Vari-
ability in Reanalysis. J Clim. 2012;25(5):1587-96. https://doi.
org/10.1175/JCLI-D-11-00145.1.

E. A. Barnes and D. L. Hartmann, “Detection of Rossby wave
breaking and its response to shifts of the midlatitude jet with
climate change,” Journal of Geophysical Research: Atmospheres,
vol. 117, no. D9, p. n/a-n/a, May 2012, https://doi.org/10.1029/
2012JD017469.

Kunz T, Fraedrich K, Lunkeit F. Synoptic scale wave breaking
and its potential to drive NAO-like circulation dipoles: A simpli-
fied GCM approach. Q J R Meteorol Soc. 2009;135(638):1-19.
https://doi.org/10.1002/qj.351.

BenedictJJ, Lee S, Feldstein SB. Synoptic View of the North Atlan-
tic Oscillation. J Atmos Sci. 2004;61(2):121-44. https://doi.org/10.
1175/1520-0469(2004)061%3c0121:SVOTNA %3e2.0.CO;2.
Riviere G, Orlanski I. Characteristics of the Atlantic Storm-Track
Eddy Activity and Its Relation with the North Atlantic Oscilla-
tion. J Atmos Sci. 2007;64(2):241-66. https://doi.org/10.1175/
JAS3850.1.

Monahan AH, Fyfe JC. On the Nature of Zonal Jet EOFs. J Clim.
2006;19(24):6409-24. https://doi.org/10.1175/JCLI3960.1.

E. A. Barnes and D. L. Hartmann, “Influence of eddy-driven jet
latitude on North Atlantic jet persistence and blocking frequency
in CMIP3 integrations,” Geophys Res Lett, vol. 37, no. 23, p.
n/a-n/a, Dec. 2010, https://doi.org/10.1029/2010GL045700.
Barnes EA, Hartmann DL. Rossby Wave Scales, Propaga-
tion, and the Variability of Eddy-Driven Jets. J Atmos Sci.
2011;68(12):2893-908. https://doi.org/10.1175/JAS-D-11-039.1.
Grise KM, Polvani LM. Is climate sensitivity related to dynami-
cal sensitivity? Journal of Geophysical Research: Atmospheres.
2016;121(10):5159-76. https://doi.org/10.1002/2015JD024687.
Peter B. Rhines, “Rossby Waves,” Encyclopedia of Atmospheric
Sciences. 2002.

Kysely J. Influence of the persistence of circulation patterns on
warm and cold temperature anomalies in Europe: Analysis over
the 20th century. Glob Planet Change. 2008;62(1-2):147-63.
https://doi.org/10.1016/j.gloplacha.2008.01.003.

Coumou D, Rahmstorf S. A decade of weather extremes. Nat Clim
Chang. 2012;2(7):491-6. https://doi.org/10.1038/nclimate 1452.
Fragkoulidis G, Wirth V, Bossmann P, Fink AH. Linking North-
ern Hemisphere temperature extremes to Rossby wave packets.
QJ R Meteorol Soc. 2018;144(711):553-66. https://doi.org/10.
1002/qj.3228.

M. Rothlisberger, S. Pfahl, and O. Martius, “Regional-scale
jet waviness modulates the occurrence of midlatitude weather
extremes,” Geophys Res Lett, vol. 43, no. 20, Oct. 2016,
https://doi.org/10.1002/2016GL070944.

Galfi VM, Messori G. Persistent anomalies of the North Atlan-
tic jet stream and associated surface extremes over Europe.
Environ Res Lett. 2023;18(2):024017. https://doi.org/10.1088/
1748-9326/acaedf.

@ Springer


https://doi.org/10.1002/qj.4513
https://doi.org/10.1029/2020GL090619
https://doi.org/10.1029/2022JD036556
https://doi.org/10.1029/2022JD036556
https://doi.org/10.1029/2012GL053115
https://doi.org/10.1002/2014GL060043
https://doi.org/10.1175/JCLI-D-14-00825.1
https://doi.org/10.1175/JCLI-D-14-00825.1
https://doi.org/10.1175/JCLI-D-16-0140.1
https://doi.org/10.1029/2018MS001492
https://doi.org/10.1029/2018MS001492
https://doi.org/10.1002/wcc.694
https://doi.org/10.1175/JCLI-D-17-0189.1
https://doi.org/10.1175/JCLI-D-20-0073.1
https://doi.org/10.1175/JCLI-D-20-0073.1
https://doi.org/10.1029/2018MS001592
https://doi.org/10.1088/1748-9326/ac13f0
https://doi.org/10.1002/2017GL076726
https://doi.org/10.1002/2017GL076726
https://doi.org/10.1029/2019GL083542
https://doi.org/10.1029/2019GL083542
https://doi.org/10.5194/wcd-4-115-2023
https://doi.org/10.1029/2023GL103188
https://doi.org/10.1175/1520-0469(1996)053%3c2232:MOZIEI%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1996)053%3c2232:MOZIEI%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(2001)058%3c3312:EZFFIT%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(2001)058%3c3312:EZFFIT%3e2.0.CO;2
https://doi.org/10.1029/134GM05
https://doi.org/10.1029/134GM05
https://doi.org/10.1175/JCLI4279.1
https://doi.org/10.1175/JCLI4279.1
https://doi.org/10.1175/JCLI-D-11-00145.1
https://doi.org/10.1175/JCLI-D-11-00145.1
https://doi.org/10.1029/2012JD017469
https://doi.org/10.1029/2012JD017469
https://doi.org/10.1002/qj.351
https://doi.org/10.1175/1520-0469(2004)061%3c0121:SVOTNA%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(2004)061%3c0121:SVOTNA%3e2.0.CO;2
https://doi.org/10.1175/JAS3850.1
https://doi.org/10.1175/JAS3850.1
https://doi.org/10.1175/JCLI3960.1
https://doi.org/10.1029/2010GL045700
https://doi.org/10.1175/JAS-D-11-039.1
https://doi.org/10.1002/2015JD024687
https://doi.org/10.1016/j.gloplacha.2008.01.003
https://doi.org/10.1038/nclimate1452
https://doi.org/10.1002/qj.3228
https://doi.org/10.1002/qj.3228
https://doi.org/10.1002/2016GL070944
https://doi.org/10.1088/1748-9326/acaedf
https://doi.org/10.1088/1748-9326/acaedf

2

Page 18 of 20

Current Climate Change Reports (2025) 11:2

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Cattiaux J, Peings Y, Saint-Martin D, Trou-Kechout N, Vavrus
SJ. Sinuosity of midlatitude atmospheric flow in a warming
world. Geophys Res Lett. 2016;43(15):8259-68. https://doi.
org/10.1002/2016GL070309.

Hassanzadeh P, Kuang Z, Farrell BF. Responses of midlatitude
blocks and wave amplitude to changes in the meridional tem-
perature gradient in an idealized dry GCM. Geophys Res Lett.
2014;41(14):5223-32. https://doi.org/10.1002/2014GL060764.
Francis JA, Vavrus SJ. Evidence for a wavier jet stream
in response to rapid Arctic warming. Environ Res Lett.
2015;10(1):014005. https://doi.org/10.1088/1748-9326/10/1/
014005.

Huang CSY, Nakamura N. Local Finite-Amplitude Wave Activ-
ity as a Diagnostic of Anomalous Weather Events. J Atmos Sci.
2016;73(1):211-29. https://doi.org/10.1175/JAS-D-15-0194.1.
J. A. Francis and S. J. Vavrus, “Evidence linking Arctic ampli-
fication to extreme weather in mid-latitudes,” Geophys Res
Lett, vol. 39, no. 6, p. n/a-n/a, Mar. 2012, https://doi.org/10.
1029/2012GL051000.

Coumou D, Di Capua G, Vavrus S, Wang L, Wang S. The influ-
ence of Arctic amplification on mid-latitude summer circula-
tion. Nat Commun. 2018;9(1):2959. https://doi.org/10.1038/
$41467-018-05256-8.

Barnes EA, Screen JA. The impact of Arctic warming on the
midlatitude jet-stream: Can it? Has it? Will it? WIREs Clim
Change. 2015;6(3):277-86. https://doi.org/10.1002/wcc.337.
Blackport R, Screen JA. Weakened evidence for
mid-latitude impacts of Arctic warming. Nat Clim
Chang. 2020;10(12):1065-6. https://doi.org/10.1038/
$41558-020-00954-y.

Barnes EA. Revisiting the evidence linking Arctic amplifica-
tion to extreme weather in midlatitudes. Geophys Res Lett.
2013;40(17):4734-9. https://doi.org/10.1002/gr1.50880.
Screen JA, Simmonds I. Exploring links between Arctic
amplification and mid-latitude weather. Geophys Res Lett.
2013;40(5):959-64. https://doi.org/10.1002/grl.50174.

R. Geen et al., “An Explanation for the Metric Dependence of the
Midlatitude Jet-Waviness Change in Response to Polar Warm-
ing,” Geophys Res Lett, vol. 50, no. 21, Nov. 2023, https://doi.
org/10.1029/2023GL105132.

Sellevold R, Sobolowski S, Li C. Investigating Possible
Arctic-Midlatitude Teleconnections in a Linear Frame-
work. J Clim. 2016;29(20):7329-43. https://doi.org/10.1175/
JCLI-D-15-0902.1.

Yuval J, Kaspi Y. Eddy Activity Response to Global Warming-
Like Temperature Changes. J Clim. 2020;33(4):1381-404.
https://doi.org/10.1175/JCLI-D-19-0190.1.

D. Kim, S. M. Kang, T. M. Merlis, and Y. Shin, “Atmospheric
Circulation Sensitivity to Changes in the Vertical Structure of
Polar Warming,” Geophys Res Lett, vol. 48, no. 19, Oct. 2021,
https://doi.org/10.1029/2021GL094726.

Hall R, Erdélyi R, Hanna E, Jones JM, Scaife AA. Drivers of
North Atlantic Polar Front jet stream variability. Int J Climatol.
2015;35(8):1697-720. https://doi.org/10.1002/joc.4121.

L. M. Polvani and P. J. Kushner, “Tropospheric response to strat-
ospheric perturbations in a relatively simple general circulation
model,” Geophys Res Lett, vol. 29, no. 7, Apr. 2002, https://doi.
0rg/10.1029/2001GL0O14284.

D.J. Lorenz and E. T. DeWeaver, “Tropopause height and zonal
wind response to global warming in the IPCC scenario integra-
tions,” Journal of Geophysical Research: Atmospheres, vol. 112,
no. D10, May 2007, https://doi.org/10.1029/2006JD008087.
Ring MJ, Plumb RA. The Response of a Simpli-
fied GCM to Axisymmetric Forcings: Applicability

@ Springer

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

of the Fluctuation-Dissipation Theorem. J Atmos Sci.
2008;65(12):3880-98. https://doi.org/10.1175/2008JAS2773.1.
Brayshaw DJ, Hoskins B, Blackburn M. The Storm-Track
Response to Idealized SST Perturbations in an Aquaplanet GCM.
J Atmos Sci. 2008;65(9):2842—-60. https://doi.org/10.1175/2008]
AS2657.1.

Simpson IR, Blackburn M, Haigh JD, Sparrow SN. The Impact
of the State of the Troposphere on the Response to Stratospheric
Heating in a Simplified GCM. J Clim. 2010;23(23):6166-85.
https://doi.org/10.1175/2010JCLI3792.1.

McGraw MC, Barnes EA. Seasonal Sensitivity of the Eddy-
Driven Jet to Tropospheric Heating in an Idealized AGCM.
J Clim. 2016;29(14):5223-40. https://doi.org/10.1175/
JCLI-D-15-0723.1.

Burrows DA, Chen G, Sun L. Barotropic and Baroclinic Eddy
Feedbacks in the Midlatitude Jet Variability and Responses
to Climate Change-Like Thermal Forcings. J Atmos Sci.
2017;74(1):111-32. https://doi.org/10.1175/JAS-D-16-0047.1.
LuJ, Chen G, Frierson DMW. Response of the Zonal Mean Atmos-
pheric Circulation to El Nifio versus Global Warming. J Clim.
2008;21(22):5835-51. https://doi.org/10.1175/2008JCLI2200.1.
Giorgi F, Bi X. A study of internal variability of a regional cli-
mate model. Journal of Geophysical Research: Atmospheres.
2000;105(D24):29503-21. https://doi.org/10.1029/2000JD900269.
O’Reilly CH, Befort DJ, Weisheimer A, Woollings T, Ballinger
A, Hegerl G. Projections of northern hemisphere extratropical
climate underestimate internal variability and associated uncer-
tainty. Commun Earth Environ. 2021;2(1):194. https://doi.org/
10.1038/543247-021-00268-7.

Hitchcock P, et al. Stratospheric Nudging And Predictable Sur-
face Impacts (SNAPSI): a protocol for investigating the role of
stratospheric polar vortex disturbances in subseasonal to seasonal
forecasts. Geosci Model Dev. 2022;15(13):5073-92. https://doi.
org/10.5194/gmd-15-5073-2022.

Shaw TA, et al. Storm track processes and the opposing influ-
ences of climate change. Nat Geosci. 2016;9(9):656—64. https://
doi.org/10.1038/nge02783.

Hazeleger W, et al. Tales of future weather. Nat Clim Chang.
2015;5(2):107-13. https://doi.org/10.1038/nclimate2450.
Shepherd TG, et al. Storylines: an alternative approach to rep-
resenting uncertainty in physical aspects of climate change.
Clim Change. 2018;151(3—-4):555-71. https://doi.org/10.1007/
$10584-018-2317-9.

Mindlin J, et al. Storyline description of Southern Hemisphere
midlatitude circulation and precipitation response to greenhouse
gas forcing. Clim Dyn. 2020;54(9-10):4399-421. https://doi.org/
10.1007/500382-020-05234-1.

Simpson IR, Hitchcock P, Seager R, Wu Y, Callaghan P.
The Downward Influence of Uncertainty in the Northern
Hemisphere Stratospheric Polar Vortex Response to Climate
Change. J Clim. 2018;31(16):6371-91. https://doi.org/10.1175/
JCLI-D-18-0041.1.

Peings Y, Cattiaux J, Magnusdottir G. The Polar Stratosphere as
an Arbiter of the Projected Tropical Versus Polar Tug of War.
Geophys Res Lett. 2019;46(15):9261-70. https://doi.org/10.
1029/2019GL082463.

Harvey BJ, Shaffrey LC, Woollings TJ. Deconstructing the cli-
mate change response of the Northern Hemisphere wintertime
storm tracks. Clim Dyn. 2015;45(9-10):2847-60. https://doi.org/
10.1007/s00382-015-2510-8.

Blackmon ML, Wallace JM, Lau N-C, Mullen SL. An Observa-
tional Study of the Northern Hemisphere Wintertime Circulation.
J Atmos Sci. 1977;34(7):1040-53. https://doi.org/10.1175/1520-
0469(1977)034%3c1040:A0OSOTN%3e2.0.CO;2.


https://doi.org/10.1002/2016GL070309
https://doi.org/10.1002/2016GL070309
https://doi.org/10.1002/2014GL060764
https://doi.org/10.1088/1748-9326/10/1/014005
https://doi.org/10.1088/1748-9326/10/1/014005
https://doi.org/10.1175/JAS-D-15-0194.1
https://doi.org/10.1029/2012GL051000
https://doi.org/10.1029/2012GL051000
https://doi.org/10.1038/s41467-018-05256-8
https://doi.org/10.1038/s41467-018-05256-8
https://doi.org/10.1002/wcc.337
https://doi.org/10.1038/s41558-020-00954-y
https://doi.org/10.1038/s41558-020-00954-y
https://doi.org/10.1002/grl.50880
https://doi.org/10.1002/grl.50174
https://doi.org/10.1029/2023GL105132
https://doi.org/10.1029/2023GL105132
https://doi.org/10.1175/JCLI-D-15-0902.1
https://doi.org/10.1175/JCLI-D-15-0902.1
https://doi.org/10.1175/JCLI-D-19-0190.1
https://doi.org/10.1029/2021GL094726
https://doi.org/10.1002/joc.4121
https://doi.org/10.1029/2001GL014284
https://doi.org/10.1029/2001GL014284
https://doi.org/10.1029/2006JD008087
https://doi.org/10.1175/2008JAS2773.1
https://doi.org/10.1175/2008JAS2657.1
https://doi.org/10.1175/2008JAS2657.1
https://doi.org/10.1175/2010JCLI3792.1
https://doi.org/10.1175/JCLI-D-15-0723.1
https://doi.org/10.1175/JCLI-D-15-0723.1
https://doi.org/10.1175/JAS-D-16-0047.1
https://doi.org/10.1175/2008JCLI2200.1
https://doi.org/10.1029/2000JD900269
https://doi.org/10.1038/s43247-021-00268-7
https://doi.org/10.1038/s43247-021-00268-7
https://doi.org/10.5194/gmd-15-5073-2022
https://doi.org/10.5194/gmd-15-5073-2022
https://doi.org/10.1038/ngeo2783
https://doi.org/10.1038/ngeo2783
https://doi.org/10.1038/nclimate2450
https://doi.org/10.1007/s10584-018-2317-9
https://doi.org/10.1007/s10584-018-2317-9
https://doi.org/10.1007/s00382-020-05234-1
https://doi.org/10.1007/s00382-020-05234-1
https://doi.org/10.1175/JCLI-D-18-0041.1
https://doi.org/10.1175/JCLI-D-18-0041.1
https://doi.org/10.1029/2019GL082463
https://doi.org/10.1029/2019GL082463
https://doi.org/10.1007/s00382-015-2510-8
https://doi.org/10.1007/s00382-015-2510-8
https://doi.org/10.1175/1520-0469(1977)034%3c1040:AOSOTN%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1977)034%3c1040:AOSOTN%3e2.0.CO;2

Current Climate Change Reports

(2025) 11:2

Page 19 of 20 2

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Rikus L. A simple climatology of westerly jet streams in global
reanalysis datasets part 1: mid-latitude upper tropospheric jets.
Clim Dyn. 2018;50(7-8):2285-310. https://doi.org/10.1007/
s00382-015-2560-y.

Woollings T, Hannachi A, Hoskins B. Variability of the
North Atlantic eddy-driven jet stream. Q J R Meteorol Soc.
2010;136(649):856-68. https://doi.org/10.1002/qj.625.
Limbach S, Schomer E, Wernli H. Detection, tracking and event
localization of jet stream features in 4-D atmospheric data.
Geosci Model Dev. 2012;5(2):457-70. https://doi.org/10.5194/
gmd-5-457-2012.

Pena-Ortiz C, Gallego D, Ribera P, Ordonez P, Alvarez-Castro
MDC. Observed trends in the global jet stream characteristics
during the second half of the 20th century. Journal of Geophysi-
cal Research: Atmospheres. 2013;118(7):2702-13. https://doi.
org/10.1002/jgrd.50305.

Spensberger C, Spengler T. Feature-Based Jet Variability in the
Upper Troposphere. J Clim. 2020;33(16):6849-71. https://doi.
org/10.1175/JCLI-D-19-0715.1.

Barriopedro D, Ayarzagiiena B, Garcia-Burgos M, Garcia-
Herrera R. A multi-parametric perspective of the North Atlantic
eddy-driven jet. Clim Dyn. 2023;61(1-2):375-97. https://doi.org/
10.1007/s00382-022-06574-w.

Adam O, et al. The TropD software package (v1): standard-
ized methods for calculating tropical-width diagnostics. Geo-
sci Model Dev. 2018;11(10):4339-57. https://doi.org/10.5194/
gmd-11-4339-2018.

Hoskins BJ, Karoly DJ. The Steady Linear Response of a
Spherical Atmosphere to Thermal and Orographic Forcing. J
Atmos Sci. 1981;38(6):1179-96. https://doi.org/10.1175/1520-
0469(1981)038%3c1179:TSLROA%3e2.0.CO;2.

Horel JD, Wallace JM. Planetary-Scale Atmospheric Phenomena
Associated with the Southern Oscillation. Mon Weather Rev.
1981;109(4):813-29. https://doi.org/10.1175/1520-0493(1981)
109%3c0813:PSAPAW %3¢2.0.CO;2.

Karoly DJ. Southern Hemisphere Circulation Features Asso-
ciated with El Nifio-Southern Oscillation Events. J Clim.
1989;2(11):1239-52. https://doi.org/10.1175/1520-0442(1989)
002%3¢1239:SHCFAW %3e2.0.CO;2.

Irving D, Simmonds I. A New Method for Identifying the Pacific-
South American Pattern and Its Influence on Regional Climate
Variability. J Clim. 2016;29(17):6109-25. https://doi.org/10.
1175/ICLI-D-15-0843.1.

Seager R, Harnik N, Kushnir Y, Robinson W, Miller J. Mecha-
nisms of Hemispherically Symmetric Climate Variability*.
J Clim. 2003;16(18):2960-78. https://doi.org/10.1175/1520-
0442(2003)016%3c2960:MOHSCV %3¢2.0.CO;2.

Minobe S, Kuwano-Yoshida A, Komori N, Xie S-P, Small
RJ. Influence of the Gulf Stream on the troposphere. Nature.
2008;452(7184):206-9. https://doi.org/10.1038/nature06690.
Sheldon L, Czaja A. Seasonal and interannual variability of an
index of deep atmospheric convection over western boundary
currents. Q J R Meteorol Soc. 2014;140(678):22-30. https://doi.
org/10.1002/qj.2103.

O’Reilly CH, Czaja A. The response of the Pacific storm track
and atmospheric circulation to Kuroshio Extension variability.
Q J R Meteorol Soc. 2015;141(686):52—66. https://doi.org/10.
1002/qj.2334.

Sampe T, Nakamura H, Goto A, Ohfuchi W. Significance of a
Midlatitude SST Frontal Zone in the Formation of a Storm Track
and an Eddy-Driven Westerly Jet*. J Clim. 2010;23(7):1793—
814. https://doi.org/10.1175/2009JCLI3163.1.

Wills SM, Thompson DWJ, Ciasto LM. On the Observed Relation-
ships between Variability in Gulf Stream Sea Surface Temperatures
and the Atmospheric Circulation over the North Atlantic. J Clim.
2016;29(10):3719-30. https://doi.org/10.1175/JCLI-D-15-0820.1.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Fang J, Yang X-Q. Structure and dynamics of decadal anomalies
in the wintertime midlatitude North Pacific ocean—atmosphere
system. Clim Dyn. 2016;47(5-6):1989-2007. https://doi.org/10.
1007/500382-015-2946-x.

Gastineau G, Frankignoul C. Influence of the North Atlantic SST
Variability on the Atmospheric Circulation during the Twentieth
Century. J Clim. 2015;28(4):1396-416. https://doi.org/10.1175/
JCLI-D-14-00424.1.

Oss6 A, Sutton R, Shaffrey L, Dong B. Observational evidence
of European summer weather patterns predictable from spring.
Proc Natl Acad Sci. 2018;115(1):59-63. https://doi.org/10.1073/
pnas.1713146114.

Ossé A, Sutton R, Shaffrey L, Dong B. Development, Ampli-
fication, and Decay of Atlantic/European Summer Weather
Patterns Linked to Spring North Atlantic Sea Surface Tempera-
tures. J Clim. 2020;33(14):5939-51. https://doi.org/10.1175/
JCLI-D-19-0613.1.

Peings Y, Magnusdottir G. Forcing of the wintertime atmospheric
circulation by the multidecadal fluctuations of the North Atlantic
ocean. Environ Res Lett. 2014;9(3):034018. https://doi.org/10.
1088/1748-9326/9/3/034018.

Gastineau G, Frankignoul C. Cold-season atmospheric response
to the natural variability of the Atlantic meridional overturning
circulation. Clim Dyn. 2012;39(1-2):37-57. https://doi.org/10.
1007/s00382-011-1109-y.

Folland CK, Knight J, Linderholm HW, Fereday D, Ineson S,
Hurrell JW. The Summer North Atlantic Oscillation: Past, Pre-
sent, and Future. J Clim. 2009;22(5):1082-103. https://doi.org/
10.1175/2008JCLI2459.1.

R. T. Sutton and D. L. R. Hodson, “Atlantic Ocean Forcing
of North American and European Summer Climate,” Science
(1979), vol. 309, no. 5731, pp. 115-118, Jul. 2005, https://doi.
org/10.1126/science.1109496.

Woollings T, Gregory JM, Pinto JG, Reyers M, Brayshaw
DJ. Response of the North Atlantic storm track to climate
change shaped by ocean—atmosphere coupling. Nat Geosci.
2012;5(5):313-7. https://doi.org/10.1038/ngeo1438.

Bellomo K, Angeloni M, Corti S, von Hardenberg J.
Future climate change shaped by inter-model differences
in Atlantic meridional overturning circulation response.
Nat Commun. 2021;12(1):3659. https://doi.org/10.1038/
s41467-021-24015-w.

Cohen J, Entekhabi D. Eurasian snow cover variability and
northern hemisphere climate predictability. Geophys Res Lett.
1999;26(3):345-8. https://doi.org/10.1029/1998 GL900321.

S. Han and J. Sun, “Impacts of Autumnal Eurasian Snow Cover
on Predominant Modes of Boreal Winter Surface Air Tempera-
ture Over Eurasia,” Journal of Geophysical Research: Atmos-
pheres, vol. 123, no. 18, Sep. 2018, https://doi.org/10.1029/2018]
D028443.

Wegmann M, Rohrer M, Santolaria-Otin M, Lohmann G. Eura-
sian autumn snow link to winter North Atlantic Oscillation is
strongest for Arctic warming periods. Earth System Dynamics.
2020;11(2):509-24. https://doi.org/10.5194/esd-11-509-2020.
Cohen JL, Furtado JC, Barlow MA, Alexeev VA, Cherry JE.
Arctic warming, increasing snow cover and widespread boreal
winter cooling. Environ Res Lett. 2012;7(1):014007. https://doi.
org/10.1088/1748-9326/7/1/014007.

Mori M, Watanabe M, Shiogama H, Inoue J, Kimoto M. Robust
Arctic sea-ice influence on the frequent Eurasian cold winters in
past decades. Nat Geosci. 2014;7(12):869-73. https://doi.org/10.
1038/ngeo02277.

Petoukhov V, Semenov VA. A link between reduced Barents-
Kara sea ice and cold winter extremes over northern continents.
J Geophys Res. 2010;115(D21):D21111. https://doi.org/10.1029/
2009JD013568.

@ Springer


https://doi.org/10.1007/s00382-015-2560-y
https://doi.org/10.1007/s00382-015-2560-y
https://doi.org/10.1002/qj.625
https://doi.org/10.5194/gmd-5-457-2012
https://doi.org/10.5194/gmd-5-457-2012
https://doi.org/10.1002/jgrd.50305
https://doi.org/10.1002/jgrd.50305
https://doi.org/10.1175/JCLI-D-19-0715.1
https://doi.org/10.1175/JCLI-D-19-0715.1
https://doi.org/10.1007/s00382-022-06574-w
https://doi.org/10.1007/s00382-022-06574-w
https://doi.org/10.5194/gmd-11-4339-2018
https://doi.org/10.5194/gmd-11-4339-2018
https://doi.org/10.1175/1520-0469(1981)038%3c1179:TSLROA%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1981)038%3c1179:TSLROA%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(1981)109%3c0813:PSAPAW%3e2.0.CO;2
https://doi.org/10.1175/1520-0493(1981)109%3c0813:PSAPAW%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(1989)002%3c1239:SHCFAW%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(1989)002%3c1239:SHCFAW%3e2.0.CO;2
https://doi.org/10.1175/JCLI-D-15-0843.1
https://doi.org/10.1175/JCLI-D-15-0843.1
https://doi.org/10.1175/1520-0442(2003)016%3c2960:MOHSCV%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(2003)016%3c2960:MOHSCV%3e2.0.CO;2
https://doi.org/10.1038/nature06690
https://doi.org/10.1002/qj.2103
https://doi.org/10.1002/qj.2103
https://doi.org/10.1002/qj.2334
https://doi.org/10.1002/qj.2334
https://doi.org/10.1175/2009JCLI3163.1
https://doi.org/10.1175/JCLI-D-15-0820.1
https://doi.org/10.1007/s00382-015-2946-x
https://doi.org/10.1007/s00382-015-2946-x
https://doi.org/10.1175/JCLI-D-14-00424.1
https://doi.org/10.1175/JCLI-D-14-00424.1
https://doi.org/10.1073/pnas.1713146114
https://doi.org/10.1073/pnas.1713146114
https://doi.org/10.1175/JCLI-D-19-0613.1
https://doi.org/10.1175/JCLI-D-19-0613.1
https://doi.org/10.1088/1748-9326/9/3/034018
https://doi.org/10.1088/1748-9326/9/3/034018
https://doi.org/10.1007/s00382-011-1109-y
https://doi.org/10.1007/s00382-011-1109-y
https://doi.org/10.1175/2008JCLI2459.1
https://doi.org/10.1175/2008JCLI2459.1
https://doi.org/10.1126/science.1109496
https://doi.org/10.1126/science.1109496
https://doi.org/10.1038/ngeo1438
https://doi.org/10.1038/s41467-021-24015-w
https://doi.org/10.1038/s41467-021-24015-w
https://doi.org/10.1029/1998GL900321
https://doi.org/10.1029/2018JD028443
https://doi.org/10.1029/2018JD028443
https://doi.org/10.5194/esd-11-509-2020
https://doi.org/10.1088/1748-9326/7/1/014007
https://doi.org/10.1088/1748-9326/7/1/014007
https://doi.org/10.1038/ngeo2277
https://doi.org/10.1038/ngeo2277
https://doi.org/10.1029/2009JD013568
https://doi.org/10.1029/2009JD013568

2

Page 20 of 20

Current Climate Change Reports (2025) 11:2

196.

197.

198.

A. Yu. Karpechko et al., “Northern Hemisphere Stratosphere-
Troposphere Circulation Change in CMIP6 Models: 1. Inter-
Model Spread and Scenario Sensitivity,” Journal of Geophysical
Research: Atmospheres, vol. 127, no. 18, Sep. 2022, https://doi.
org/10.1029/2022JD036992.

Kidston J, et al. Stratospheric influence on tropospheric
jet streams, storm tracks and surface weather. Nat Geosci.
2015;8(6):433-40. https://doi.org/10.1038/nge02424.

L.J. Gray et al., “A lagged response to the 11 year solar cycle in
observed winter Atlantic/European weather patterns,” Journal of
Geophysical Research: Atmospheres, vol. 118, no. 24, Dec. 2013,
https://doi.org/10.1002/2013JD020062.

@ Springer

199.

200.

Scaife AA, Ineson S, Knight JR, Gray L, Kodera K, Smith DM.
A mechanism for lagged North Atlantic climate response to solar
variability. Geophys Res Lett. 2013;40(2):434-9. https://doi.org/
10.1002/gr1.50099.

Eyring V, Bony S, Meehl GA, Senior CA, Stevens B, Stouffer
RJ, Taylor KE. Overview of the Coupled Model Intercomparison
Project Phase 6 (CMIP6) experimental design and organization.
Geoscientific Model Development. 2016;9(5):1937-58. https://
doi.org/10.5194/gmd-9-1937-2016.

Publisher's Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1029/2022JD036992
https://doi.org/10.1029/2022JD036992
https://doi.org/10.1038/ngeo2424
https://doi.org/10.1002/2013JD020062
https://doi.org/10.1002/grl.50099
https://doi.org/10.1002/grl.50099
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/gmd-9-1937-2016

	Advancing Our Understanding of Eddy-driven Jet Stream Responses to Climate Change – A Roadmap
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	Jet phenomenology: A short introduction
	Eddy-driven jet response to increased GHG gases
	Time-mean jet response to anthropogenic forcing
	Observed and simulated historical trends
	Projected jet changes


	Mechanisms mediating the mean jet response to increasing GHG concentrations
	Changes in the variability of jet streams in response to anthropogenic forcing
	Shifting and pulsing
	Meandering

	Key challenges and ways forward
	Key challenges
	Proposed experiments
	Experiments targeting CH1: Mechanisms


	Sensitivity experiments to test the jet response to simultaneous forcing mechanisms
	Process-oriented denial experiments
	Experiments targeting CH2 and CH3: Uncertainty in global and regional responses and interactions with other climate factors
	Storyline simulations targeting uncertainty in future projections in the drivers (also contributing to CH3)
	Advanced diagnostics by means of improved model output
	Jet detection


	Conclusions
	Methods
	Jet latitude and speed diagnoses

	Acknowledgements 
	References


