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Abstract

It is widely accepted that Arctic amplification (AA)—enhanced Arctic warming relative to global
warming—will increasingly moderate cold-air outbreaks (CAOs) to the midlatitudes. Yet, some
recent studies also argue that AA over the last three decades to the rest of the present century may
contribute to more frequent severe winter weather including disruptive cold spells. To prepare
society for future extremes, it is necessary to resolve whether AA and severe midlatitude winter
weather are coincidental or physically linked. Severe winter weather events in the northern
continents are often related to a range of stratospheric polar vortex (SPV) configurations and
atmospheric blocking, but these dynamical drivers are complex and still not fully understood. Here
we review recent research advances and paradigms including a nonlinear theory of atmospheric
blocking that helps to explain the location, timing and duration of AA/midlatitude weather
connections, studies of the polar vortex’s zonal asymmetric and intra-seasonal variations, its
southward migration over continents, and its surface impacts. We highlight novel understanding of
SPV variability—polar vortex stretching and a stratosphere—troposphere oscillation—that have
remained mostly hidden in the predominant research focus on sudden stratospheric warmings. A
physical explanation of the two-way vertical coupling process between the polar vortex and
blocking highs, taking into account local surface conditions, remains elusive. We conclude that
evidence exists for tropical preconditioning of Arctic-midlatitude climate linkages. Recent research
using very large-ensemble climate modelling provides an emerging opportunity to robustly

© 2024 The Author(s). Published by IOP Publishing Ltd
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quantify internal atmospheric variability when studying the potential response of midlatitude
CAOs to AA and sea-ice loss.

1. Introduction

Accompanied by a rapid loss of Arctic sea-ice in recent decades, the Arctic has warmed four times faster than
the global mean annually based on observed data since 1980 (Dai ef al 2019, Rantanen et al 2022, Sweeney et
al 2023, Zhou et al 2024). Despite this Arctic amplification (AA), a surprising number of historic cold-air
outbreaks (CAOs) have occurred in the United States (US) and Eurasia in recent years, the frequency of
which may even be increasing regionally during the period of AA (Cohen et al 2021, 2023, Li et al 2022, Ding
et al 2021, Yao et al 2022, 2023). In 2021 and 2022, two of the deadliest and costliest US natural disasters were
related to extreme cold events and/or heavy snowfall (NOAA National Centers for Environmental
Information (NCEI) 2023), while during January 2024 CAOs with record and near-record low daily
temperatures associated with an amplified jet stream configuration and stretched stratospheric polar vortex
(SPV) occurred over the central USA and Scandinavia (Barlow 2024, Eichmann 2024). Severe CAOs cause
socioeconomic impacts including economic losses, travel and energy disruptions, and fatalities (Dixon et al
2005, Field et al 2012, Singh et al 2024), garnering extensive media attention such as reports in the New York
Times, Washington Post, and BBC and other major news agencies.

A key motivation of this study is the often-reported lack of decrease in the occurrence and strength of
Northern Hemisphere (NH) midlatitude cold extremes in the face of AA. Although a significant body of
work suggests that such cold extremes have remained approximately equally severe and frequent as several
decades ago or even become more common (Cohen et al 2014, 2018, 2020, 2023, Overland et al 2015, 2021,
Nygérd et al 2023), other studies suggest that cold events have warmed more than have warm events (e.g.
Screen 2014, Davy et al 2017, Sui et al 2020). Results are sensitive to the metrics, study period, region, season,
and the height of temperature measurement above the ground (whether 1-2 m or higher).

Multiple studies support that AA favours the occurrence of midlatitude cold extremes in winter
(Overland et al 2011, Francis and Vavrus 2012, Outten and Esau 2012, Mori et al 2014, Cohen et al 2021),
although other work does not support such a link (e.g. Blackport et al 2022). The Arctic warming often
corresponds with midlatitude cold anomalies over Eurasia and North America, associated with atmospheric
blocking anticyclones (Cohen et al 2014, 2020, Overland et al 2015 2016, Ye and Messori 2020, Luo et al
2022, Cai et al 2024). Such a pattern has been labelled ‘Warm Arctic Cold Continents’ (Overland et al 2011).
This correspondence does not imply the existence of a definite Arctic-midlatitude linkage, and such linkage
can vary depending on different contemporaneous influences, jet-stream location and surface conditions;
therefore, characterising Arctic-midlatitude linkages is a difficult task (Overland 2016). Furthermore, part of
the observed AA in the last few decades is driven by internal variability that has enhanced Arctic warming while
damping global warming (England ef al 2021, Sweeney et al 2023). This internal variability features an internal
surface air temperature trend pattern with warming in the Barents and Kara Seas and cooling over the tropical
Eastern Pacific and Southern Ocean (Sweeney et al 2024). There is limited research on how such internal
variability affects observed Arctic-midlatitude linkages. Despite such scientific uncertainties and challenges,
identifying potential connections between the rapid Arctic change and extreme weather is instrumental
to predicting the likelihood of these events with sufficient warning to allow emergency management
organisations and decision-makers for infrastructure to prepare for adverse winter weather conditions.

The consequences of AA could be significant and widespread across the globe via changes in the jet
stream (Francis and Vavrus 2012, 2015, Francis et al 2018, Moon et al 2022, Cohen et al 2014), storm tracks
(Wickstrom et al 2020), the SPV (Cohen et al 2020, 2021), as well as changes in the ocean circulation
(Bretones et al 2022, Polyakov et al 2023). Previous studies have linked the changing Arctic to cold spells
(Honda et al 2009, Mori et al 2014, Cohen et al 2018, Zhang et al 2018a, Zhang et al 2020, Cohen et al 2021,
Zhang et al 2022a, 2022b), snowfall (Cohen et al 2018, Bailey et al 2021) and extreme rainfall (Ma et al 2021,
Chen et al 2021a) in the NH midlatitudes. However, this topic remains a central and controversial area of
research and debate, balancing ideas of local forcing such as surface heating owing to sea-ice loss with natural
variability. Uncertainty in causality arises from the ‘tug-of-war’ between global-warming-related
atmospheric circulation changes in the tropics and the Arctic (e.g. Peings et al 2019). Assessment of relative
and intermittent contributions by internal atmospheric chaotic variability, identification of cause and effect,
and the lack of consensus between model and observational studies (Luo et al 2016, Sun et al 2016, Blackport
et al 2019, Cohen et al 2020) complicate the issue.

A literature search via the Web of Science for 2020-2023 using Arctic AND Midlatitude AND (Jet Stream
OR Polar Vortex) yields 75 references and a few more from other sources. This large number is indicative of
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the importance, timeliness, and complexity of this topic. Multiple approaches to study Arctic/midlatitude
connections have been applied, including statistical analyses of observational data and global coupled model
(GCM) outputs, and targeted GCM simulations, to reveal causal connections between Arctic change and the
winter tropospheric/surface response. Much of the evidence supporting an Arctic/midlatitude influence is
based on observations, while results from GCMs are often conflicting (Cohen et al 2020). Seasonal or even
monthly averages obscure individual sub-monthly events. Some researchers (e.g. McCusker et al 2016, Fyfe
2019, Screen and Blackport 2019, Blackport and Screen 2020, Dai and Song 2020) report little evidence for
midlatitude impacts of the striking decline in Arctic sea ice, although these studies mainly examined
responses to Arctic sea-ice loss alone rather than AA more generally, where the former misrepresents the
vertical extent of warming and hence the atmospheric dynamical response: an example is Siberian blocking
(Labe et al 2020). The need to investigate multi-model and single-model ensembles is broadly underscored
(Elsbury et al 2021, Peings et al 2021, Xu et al 2021, Smith et al 2022, Ye et al 2024a). Studies focusing on
dynamics highlight the interconnected roles of the stratosphere, jet-stream meanders, Rossby wave breaking,
blocking, and non-linear interactions. Further work uses causality methods, with for example Samarasinghe
et al (2019) using Granger and Pearl causality together with regression analysis to quantify a positive
feedback between daily Arctic temperatures and North Pacific jet stream changes. Similarly, Kaufman et al
(2024) using a causal inference framework deduced that positive weekly anomalies in Ural sea-level pressure
resulted in Barents—Kara sea (BKS)-ice loss and central Eurasian cooling. Many analyses focus on the
linkages between warm Arctic and cold midlatitude events, but connections have also been found between
cold Arctic anomalies and warm winter events in midlatitudes, especially in Europe (Vihma et al 2020). Such
a range of results confounds those who would like a single answer to follow the science and anticipate
seasonal outlooks. Recognising multiple viewpoints and acknowledging intermittency of linkages reflect the
current state of knowledge (Shepherd 2021, Smith et al 2021). Accumulated evidence suggests that recent
trends in northern midlatitude winter cold events are due to a combination of influences, including both
Arctic warming and interannual variability (Wallace et al 2012, Luo et al 2021, Outten et al 2023).

The purpose of this Review is to evaluate evidence from nonlinear blocking theory and a wide range of
SPV (i.e. a mass of cold, cyclonically rotating air about 15-50 km high that encircles the Arctic during the
cold season (AMS 2019)) excursions that influence winter CAOs, as well as to consider potential
Arctic-midlatitude tropical teleconnections and evidence from large-ensemble climate model simulations of
Arctic-midlatitude linkages. The SPV has been relatively under-studied in previous reviews of
Arctic-midlatitude climate linkages that focus predominantly on the role of changes in the tropospheric
polar jet stream, which is a flow of eastward-moving air driven by planetary rotation, latitudinal temperature
differences and the conservation of angular momentum, which tends to lie south of the Arctic (e.g. Hall et al
2015). The Review is organised as follows. After this Introduction, in section 2 we consider characteristics of
and trends in AA, CAOs and NH high-latitude blocking as such blocking provides a conduit of
troposphere—stratosphere couplings and therefore Arctic-midlatitude linkages. Section 3 contains a
summary of a nonlinear theory of blocking and its application to cross-latitude climate linkages. Section 4
presents a detailed discussion about the role of the NH SPV and, in particular, the extent to which its
strength and movement (centre location and vortex orientation) southward over the NH continents provides
a mechanism for enhancing regional CAOs. Disruptions in the SPV and stratosphere—troposphere
interactions are crucial in consideration of Arctic-midlatitude climate linkages and associated winter weather
extremes, considering that in winter the stratosphere and troposphere are frequently coupled through the
propagation of waves both upwards and downwards (e.g. Baldwin and Dunkerton 1999, Baldwin et al 2021,
Butchart 2022). Hence, to complement the literature review, section 4 includes new analyses on SPV
displacement. Recent work suggests that influences on the Arctic from the tropics might connect onto the
midlatitudes (e.g. Ding et al 2014), so in section 5 we discuss these potential teleconnections. Section 6
provides an evaluation of the evidence from ensembles of GCM simulations and what they reveal about
mechanisms of Arctic-midlatitude climate linkages, and current limitations of such studies. Section 7
summarises and makes recommendations for further research.

2. AA, CAOs and blocking in midlatitudes

2.1. Characteristics of and trends in AA

Over the period 1980-2023 observed annual mean surface air temperatures in the Arctic have warmed about
four times faster than the global mean; faster than predicted by climate models (e.g. Rantanen et al 2022,
Ballinger er al 2023, Sweeney et al 2023). A recent study found removing internal variability using a machine
learning method brings simulated and observed AA into agreement (Sweeney et al 2023). The region north
of 60°N was on average 1.33 °C warmer for the annual mean, and 1.63 °C warmer for spring
(March/April/May; these being the months following the seasonal maximum in sea-ice coverage), in

3
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1991-2021 than in 1951-1980 (Wendisch et al 2023). Arctic warming is largest near the surface and also
extends throughout the troposphere (Hall ef al 2021, Ye and Messori 2021), producing a maximum in
geopotential height surfaces at the tropopause (Francis and Vavrus 2015). AA arises from several climate
feedbacks that act in combination, including the surface-ice albedo feedback, ice-ocean heat flux feedback (a
warmer ocean under reduced sea-ice cover warms the overlying atmosphere), Planck feedback (where
longwave emission increases with rising temperature), and the lapse-rate feedback (a stably stratified
atmosphere results in greater warming near the surface) (Armour et al 2013, Pithan and Mauritsen 2014,
Zhang et al 2018b, Hall et al 2021, Previdi et al 2021, Taylor et al 2022). Even in the absence of the
surface-albedo feedback, AA still occurs due to changes in moisture transport together with a local
greenhouse effect (Graversen and Wang 2009). Apart from the above-mentioned feedbacks, AA is also
caused by changes in the meridional energy transport through an increase in latent energy transport that
outpaces the cooling effect of a decreasing dry-static (i.e. poleward movement of internal and gravitational
potential energy in the atmosphere) energy transport in a warming climate (Graversen and Burtu 2016,
Hahn et al 2021). As well as being maintained through radiative forcing, AA is enhanced through persistent,
frequent and intense synoptic episodes of poleward heat transport (Hall ef al 2021), suggesting the
importance of improving understanding of changes in the atmospheric polar jet stream and cross-latitude
teleconnections (Henderson et al 2021). AA is related to a moistening of the central Arctic caused by a
combination of increased evaporation from newly ice-free ocean areas and increased advection of mild and
moist air by transient cyclones (Ma et al 2024), which can be deflected northwards by more frequent
occurrences of Ural blocking (UB), for example, combined with the positive North Atlantic Oscillation
(NAO) (Luo et al 2017) and Scandinavia-UB in early winter (Wendisch et al 2023).

2.2. Characteristics of and trends in CAOs

Extreme weather events, such as CAOs, exert substantial impacts on human health, energy consumption,
agriculture, and wellbeing. Global warming is projected to increase some weather extremes—for example
heatwaves, drought, and heavy precipitation events (Coumou and Rahmstorf 2012, Coumou et al 2015, Lin
et al 2016, Na et al 2020, Qi et al 2022, Rogers et al 2022, Overland 2024)—but not severe winter weather
such as CAOs and heavy snowfalls (Ashley et al 2020, Cohen et al 2020). Yet contrary to many GCM
projections that predict a general and widespread decrease in cold extremes (Seneviratne et al 2021), recent
weather extremes have included a lack of decrease or even an increase in CAOs and/or heavy snowfalls
regionally across the NH since 1990 up to the recent past (Cohen et al 2014, 2018, 2020, Overland et al 2015,
2021). Work carried out using GCMs supports more likely and longer-lasting future CAOs over central Asia
under continued 21st Century Arctic sea-ice loss (Francis 2015, Screen et al 2015), with a very large ensemble
modelling study yielding more severe future Asian cold extremes in response to a stronger Siberian High and
East Asian jet (Ye ef al 2024a).

Cohen et al (2023) show that, despite the dramatic Arctic warming in the recent period, the temperature
of cold extremes based on daily mean temperatures in populated regions of the NH midlatitudes has stayed
nearly constant; that is, there has not been a corresponding moderation of midlatitude cold extremes
associated with AA. However, the story is not straightforward. Clearly fewer cold records are being broken
overall but recent CAOs continue to penetrate relatively far south into areas ill-equipped to deal with frigid
temperatures—such as Texas, Florida, the Mediterranean and the Middle East—and their duration may be
increasing in some areas (Francis 2015, Screen et al 2015). There is a clear divergence between Arctic
temperatures, which are increasing rapidly, and the temperature of cold extremes in the central-eastern US,
northeast Asia and even Europe, which have remained statistically unchanged (Cohen et al 2023). During
1960-2023, the frequency of cold extremes in those regions has decreased, although this trend is neutral
during the more recent period of strong AA since 1990. Results for the central-eastern US are shown in
figure 1. One recent period of extreme winter weather was the disruptive cold spells of January and February
2021 in Asia (Zheng et al 2021), Europe (DW.com 2021, Euronews.com 2021), and especially south-central
US. The US southern plains cold wave of February 2021 may be unique in the observational record for the
region based on the aggregate severity of the cold intensity, cold duration, southward cold extension, and
widespread disruptive snowfall (Cohen et al 2021). As mentioned in the Introduction, other CAOs in
January 2024 invaded the central US and northern Europe during an otherwise anomalously warm winter.

NH midlatitude CAOs and extremes are mainly produced by midlatitude atmospheric circulation
patterns, i.e. deep troughs and changes in high-latitude blocking that are often related to the negative phase
of the NAO, which is partly driven by internal atmospheric processes and does not necessarily require Arctic
changes for its occurrence (Overland et al 2015, Luo et al 2016, 2019a, Sun et al 2016, Ye et al 2024b). For
example, intense cold extremes still emerged over Eurasia during 1965-1976, an Arctic cooling period, and
are mainly attributed to UB (Luo et al 2022). Because Arctic climate change is a relatively slow process
compared to synoptic changes, it can be considered as a background condition that influences the likelihood

4
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Figure 1. A robust warming trend is observed in the Arctic but no consistent trend is found for Central-Eastern US (30-50 °N,
91-106 °W) cold extremes. Annual frequency of Central-Eastern US (CEUS) overall (respective whole time period) top 5%
coldest DJF days for (a) 1960-2023, (b) 1990-2023, and (c) 20002023, depicted using different colour bars for each decade, and
showing the linear trend line. The slope of the trend line is indicated in each panel (events/decade). The temperature for each cold
CEUS event (coloured dots) is shown in panels (d), (e) and (f) for the same time periods as in panels (a)—(c). Corresponding
Arctic temperatures are shown with black dots. The trend lines indicate tendency in temperature over the ordered events, and the
slope of the trend is indicated in each panel (°C per 30 events). Trend lines are shown solid if the trend is significant at the 0.05
level, dashed otherwise. Reproduced from Cohen et al (2023). CC BY 4.0.

of cold extremes. However, it is unclear how midlatitude cold extremes are directly linked to Arctic changes
and what is the causal relationship. Furthermore, CAOs are influenced not only by large- and synoptic-scale
drivers but also by local forcing, such as cloud radiative forcing, turbulent surface fluxes, and the structure of
the atmospheric boundary layer (ABL). In northern Europe, cold near-surface anomalies are associated with
relatively clear skies and low wind speeds (Sui et al 2020). The former enhances longwave cooling of the
Earth’s surface, while the latter reduces ABL turbulence, favouring strong surface-based temperature
inversions (Sterk et al 2016).

2.3. Characteristics of and trends in NH high-latitude blocking

An atmospheric block is a quasi-stationary, persistent modification of the jet-stream flow that occurs at mid
and high latitudes that typically lasts for one to a few weeks (e.g. Woollings et al 2018). Blocking events are
associated with persistent weather conditions in the vicinity of the block that frequently leads to extreme
weather events in midlatitudes, including winter CAOs (Hanna et al 2016, Woollings et al 2018, Overland

et al 2021). The physical causes of blocking, and consequently how blocking responds to and influences
climate change, are not well understood (Woollings et al 2018), especially in terms of connecting weather
(daily) with climate (interannual) timescales. However, blocking, such as that over Greenland, the North
Pacific and Barents/Kara seas may act as conduits between Arctic-amplified global warming and NH
midlatitude jet-stream changes, although such linkages are complex and non-linear (Overland et al 2016).
High-latitude blocking episodes are sometimes linked to, and may precede, SPV movement, disruptions or
sudden stratospheric warmings (SSWs) (section 4). For example, a strong Greenland blocking episode in
early December 2022, which was associated with severe weather impacts over the UK and central/eastern US,
coincided with a weakening of the SPV and an intensifying Ural ridge (Lu et al 2023).

The conclusions from studies of how winter blocking may have changed over time can depend on the
blocking metrics used (Woollings et al 2018). Consequently, we advocate using a multi-metric analysis
approach. Waznah et al (2021), using long-running (1901-2010) Coupled Reanalysis of the 20th Century
(CERA-20C) data (Laloyaux et al 2016), found no significant overall change in North Atlantic (north of
35 °N) blocking frequency from 1901 to 2010, although they did find some significant seasonal increases in
blocking duration and intensity, such as more blocked days over Europe in spring and summer and more
intense blocking over the Atlantic and Pacific in spring. They found no significant decreases in blocking
intensity for any region. Li et al (2023a) applied three different standard and new blocking indices to
European Centre for Medium-Range Weather Forecasts ERA-Interim reanalysis data (Dee et al 2011) for the
1979-2019 period; they identified increases in blocking frequency and intensity over the Urals and BKS in
winter, over the northern North Pacific and east Siberia in spring, over west Greenland in summer, and over
Europe, the North Atlantic and Norwegian Sea in autumn, along with decreases in a few areas. Woollings

5


https://creativecommons.org/licenses/by/4.0/

10P Publishing

Environ. Res.: Climate 3 (2024) 042004 E Hanna et al

et al (2018), using a hybrid reanalysis and blocking index approach for the period 1958-2012, found few
areas of significant blocking frequency change for the winter season. A significant increase in the year-to-year
variability of Greenland blocking in winter has been observed (Hanna et al 2015). Based on a
two-dimensional potential vorticity-potential temperature blocking index, Tyrlis et al (2020) found a
significant relationship between UB onset and subsequent central Asia cooling on interannual to decadal
timescales, confirming previous findings.

How blocking events, especially in the cold season, may change has an important bearing on
understanding the effects of AA on CAOs, as for example more Scandinavian and Greenland blocking
episodes in winter favour more frequent, but perhaps less severe, CAOs over northern Europe and eastern
North America (Vihma et al 2020). GCMs project an overall decline in blocking occurrence for the rest of
this century, in line with an increase in the Northern Annular Mode (NAM)/Arctic Oscillation, but these
projected trends have low confidence (Woollings et al 2018, Lee et al 2021). GCMs struggle to capture recent
trends in blocking, for example the significant increase in Greenland summer blocking (Hanna et al 2018,
Delhasse et al 2021).

3. Non-linear theory of blocking and its application to Arctic-midlatitude weather
linkages

Atmospheric blocking is a key conduit of Arctic/midlatitude weather linkages. Both blocking and linkages are
intermittent and have preferred geographic locations and sub-seasonal duration (~10-20 d) (Overland et al
2015, 2016, 2021). A recent theory of blocking as an Arctic/midlatitude sub-seasonal weather bridge is the
nonlinear multi-scale interaction (NMI) model (Luo et al 2019a, 2019b, 2023, Luo and Zhang 2020). The
NMI model is based on synoptic-scale eddies, the blocking dipole feature, and the background zonal flow, all
tending to possess the same low-frequency timescale (10-20 d) during their interaction. In this model, the
blocking amplitude as a wave packet is described by an eddy-forced nonlinear Schrédinger equation (Luo
1991, 2000, Luo et al 2019a). The theory is time-dependent, invoking internal atmospheric variability as
causality in the form of atmospheric eddy deformation, energy dispersion, and nonlinearity of the blocking
system and eddy forcing. The evolution (lifetime, intensity, and movement) of blocking can be significantly
influenced by the magnitude of background thermodynamic and dynamic atmospheric conditions, such as
north-south potential vorticity gradients. This model is suitable for describing the NAO and Pacific North
American patterns and the annular modes.

According to NMI theory, the lifetime of blocking is mainly determined by the meridional background
potential vorticity gradient (PVy) (i.e. north-south gradient of the curvature of basic atmospheric features or
meanders in the basic circulation). PVy can be expressed as PVy = dPV/dy ~ PV — PV (figure 2(a)), where
PVy (PVs) represents the background PV over high latitudes (midlatitudes). The magnitude of PVy does not
only depend on the value of PVy over the Arctic, but also on the value of PV over northern midlatitudes.
For a large-scale atmospheric system, anticyclonic (cyclonic) circulation or warming (cooling) corresponds
to a low (high) background PV region (Luo et al 2019b). If a stationary large-scale geopotential ridge or
warm anomaly in the troposphere appears in the NH, then the south side of this stationary ridge or warm
anomaly corresponds to a reduced PVy in the troposphere.

When PVy is weaker, a blocking system tends to have weaker energy dispersion and stronger nonlinearity
so that the block has a longer lifetime, a larger zonal scale, slower decay and lesser eastward movement (Zhang
and Luo 2020). Thus, a weak PVy is a favourable condition for long-lived blocking events and persistent,
intense and widespread midlatitude winter cold extremes or summer heatwaves. The west-east (zonal)
movement of atmospheric blocking is associated with the background westerly wind, PVy, and the blocking
amplitude. The magnitude of PVy can be considered a switch between strong zonal wind flow (strong PVy)
where meteorological features such as storms rapidly propagate eastward, and weak zonal flow (weak PVy)
where quasi-stationary and persistent meridional-wavy features such as blocking patterns are likely.

A weak PVy is shown for three cases in figures 2(b)—(d). As shown in figure 2(b), warming in high
latitudes and cooling in middle latitudes of the troposphere corresponds to a small meridional gradient of
the potential vorticity between high and middle latitudes or a weak PVy (which arises from a weaker PVy
minus stronger PVs). This represents the case of Arctic warming and mid-latitude cooling. If warming over
the Arctic is stronger than that in northern midlatitudes, this corresponds to a weak PVy, as shown in
figure 2(c). When the Arctic and midlatitudes are both cooling, this situation also corresponds to a weak PVy
(figure 2(d)) if the cooling in midlatitudes is greater than the Arctic cooling, or if the background PV is larger
in midlatitudes than in the Arctic. Thus, intense winter CAOs do not necessarily require Arctic warming
(Luo et al 2019b) because Arctic warming is not necessary for producing a weak PVy. This explains the
intermittent and uncertain relationship between the Arctic warming in connection with sea-ice decline and
midlatitude cold extremes (Overland et al 2021). In particular, when Eurasian cooling is strong, PVy is also
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PVy = 8PV/8y ~ PV - PV

Moderate midlatitude
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Figure 2. Schematic diagram of the meridional gradient (PVy) of potential vorticity (PV), which is denoted by (a) the difference
between PVy (Arctic) latitudes) and PV (midlatitudes). A weak PVy corresponds to north-south temperature trend differences
in the following cases: (b) Barents—Kara seas (BKS) warming (red shading, small PV) and moderate Eurasian cooling (blue
shading, large PV); (c) stronger BKS warming (red shading, smaller PV) and moderate Eurasian warming (pink shading, small
PV); (d) BKS cooling (large PV, blue shading) and stronger Eurasian cooling (larger PV, deep blue shading).

small, likely owing to the presence of snow cover, even when the BKS region is slightly cooler in winter
(figure 2(d)). Thus, intense winter cold extremes depend on factors in addition to Arctic warming (Luo et al
2019b), even though Arctic warming overall favours cold extremes associated with blocking events.
According to results from the theoretical NMI model (Luo et al 2019a), there is a critical threshold of
background PVy that determines the persistence of atmospheric blocking. When background PVy is
sufficiently small atmospheric blocking becomes persistent in a fixed region, which favours intense, frequent
and long-lasting midlatitude cold extremes. When PVy becomes even lower or negative, i.e. it is less than a
certain threshold (which requires much stronger Arctic warming), atmospheric blocking becomes less
persistent in a fixed region with stronger westward movement (Chen et al 2021b), therefore inhibiting
midlatitude cold extremes. This suggests that very strong Arctic warming may tend to inhibit intense
midlatitude cold extremes. However, a moderate Arctic warming that allows a small background PVy to not
fall below the above-mentioned threshold is a favourable condition for midlatitude cold extremes. This leads
us to infer that winter midlatitude cold extremes will be less frequent if winter Arctic warming becomes
much stronger under future rapid warming scenarios. Under such scenarios, it is difficult for a small summer
background PVy to reach a critical threshold because summer Arctic warming is not much stronger than in
midlatitudes. Thus, intense, widespread and long-lasting heatwave events can still be observed. It is easy,
however, for a small winter background PVy to reach a critical threshold. Thus, it is likely that future rapid
Arctic warming will suppress winter cold extremes under high-emission scenarios because of a very small
background PVy. For example, Hong et al (2024) used the CESM1 large ensemble dataset with RCP8.5
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Figure 3. Blocking frequency is largest in regions of small meridional potential vorticity gradient. (a) DJF-mean Z500 (contour
interval (CI) = 100 gpm) and meridional potential vorticity gradient PVy (colour shading; 107 PVU m ™! where 1

PVU =10~ m~2s~! Kkg™!) on the 315 K isentropic surface; the thick black contour line represents 5500 gpm. (b) Horizontal
distribution of DJF-mean blocking frequency (%; colour shading), as represented by the percentage of instantaneous blocking
days with respect to the total days of a winter. These plots are based on ERA-Interim data (Dee et al 2011) and the represented
period is 1979-2013. Adapted with permission from Luo et al (2019b). © American Meteorological Society. Used with permission.

emission scenarios to find that winter cold extremes exhibited a sharp decline. Figure 3(a) displays the mean
winter (DJF) PVy as shading, which is calculated on the 315 K isentropic surface located between 300 and
200 hPa in latitudes north of 40 °N. The winter PV gradient is large over the North Atlantic Ocean and
North Pacific Ocean midlatitudes where strong jet streams prevail. Weak background PV gradients exist in
three main regions of high latitudes: one extending from Europe to the Barents Sea/Ural region, near
Greenland, and in the western North Pacific Ocean. Regions of high blocking frequency are defined as the
percentage of blocking days with respect to the total number of winter days (figure 3(b)). Blocking frequency
is largest in regions of weak background PVy. PVy can be further influenced by regional positive surface
temperature anomalies, topography such as the Ural mountains, and by sea-ice loss (Luo et al 2019b, Chen
et al 2021b). The loss of Arctic sea ice or AA is only one factor that can increase the likelihood of weak PVy
gradients that favour blocking and CAOs.

The PVy theory based on the NMI model reveals a positive feedback between UB and BKS warming or
sea-ice decline (Luo et al 2019b). The background BKS warming or sea-ice decline can reduce PVy,
maintaining UB and increasing its quasi-stationarity, which can result in severe and persistent CAOs over
Eurasia and the further intensification (reduction) of BKS warming (sea ice). Clearly, there is a positive
feedback between the BKS warming/sea ice loss and the persistent UB during the blocking period. In the
NMI model, the large-scale meridional potential vorticity (PV) gradient associated with blocking events is
(PVy)r = PVy + (PVy)s (Luo et al 2019a), where PVy is the background PV gradient mainly determined by
the climate state, and (PVy)g is the instantaneous PV gradient of the blocking scale part during the blocking
periods which depends on the persistence, movement and intensity of blocking events. In this theory, the
lifetime, intensity and movement of atmospheric blocking is dominated by the magnitude of PVy rather than
the value of (PVy)g. Although the BKS warming/sea ice loss is amplified by the UB and CAOs over Eurasia
during the blocking period, this UB-induced BKS warming primarily results in more (PVy)g reduction
rather than the reduction of PVy. As a result, the background PVy does not drop below the critical threshold.
According to the winter classification of strong and weak winter PVy associated with background Arctic
warming and cooling over the BKS, a weak (strong) PVy in mid-high latitudes of Eurasia corresponds to a
long-lived (short-lived) UB with weak (strong) movement (supplementary information figures S1(a) and
(b)). Such a small (large) PVy condition is induced by background BKS warming (cooling) (figures S1(c) and
(d)), which tends to favour (suppress) Eurasian cold extremes (figure S1(e)) via increasing (decreasing) the
lifetime, quasi-stationarity and zonal scale of UB.

In summary, the NMI theory importantly includes nonlinear internal atmospheric dynamics, the
occurrence and location of blocking, and the sub-seasonal duration of events. As an example, Yao et al (2023)
found that CAOs and snowstorms in North America and Eurasia were related to unusually weak PVy
conditions and persistent Alaska and UB during November—December 2022.
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Table 1. Different types of SPV disruption: typical examples, their characteristics and impacts. The SPV displacement and stretching
examples are from this study, whilst the SPV split examples are from Butler et al (2020).

SPV displacements SPV stretching SPV splits
Example(s) 14-17 January 2005 11-20 February 2021 February 2018
20-28 December 2022 January 2019

SPV characteristics

SPV moves from pole
towards north of North
American and west
Greenland region.

Warming of polar
stratosphere is zonally
asymmetric and is usually
focused in North Pacific
sector.

Often, but not always,
associated with SSWs (two
of the three main categories
of SSW involve SPV
splitting).

Impacts CAO in eastern Typically CAO in Canada Frequently North American
US—depends on strength and US east of Rockies (see  cold wave, sometimes with
and duration of SPV figures 4(c)—(f)). simultaneous cold wave in
anomaly (see figures 4(a) Eurasia.
and (b)).

4. The SPV

4.1. Climatological SPV configuration and behaviour

Many recent studies have analysed the factors triggering cold spells, attributing them, at least in part, to SPV
disruptions (e.g. Kretschmer et al 2018, King et al 2019, Kautz et al 2020, Huang et al 2021). When the SPV is
in an extreme state, being anomalously weak or strong or shifted over continents, this leads to the
modulation of large-scale tropospheric circulation patterns, and thereby winter weather in the midlatitudes.
Weak SPV conditions, e.g. those associated with SSWs (4.2.3), favour the onset of the negative phase of NAO
at the surface, often leading to colder weather over Northern Eurasia (e.g. Thompson et al 2002, Kidston et al
2015, Kretschmer et al 2018). Hoshi et al (2019) found, based on both observational and simulated data, that
during weak SPV events under conditions of low sea ice in the BKS, upward Rossby wave propagation has a
larger wavenumber 2 contribution, in contrast to a wavenumber 1 contribution dominating under
large-extent sea-ice conditions. The weak SPV events in light-ice years are also followed by colder surface
conditions particularly in Eurasia. Statnaia et al (2022) demonstrated that the probabilities of cold spells over
northern Eurasia are systematically higher when there is a weak SPV at the initialization time. However, the
usual negative NAO response after the weakening of the SPV occurs in only about two-thirds of cases
(Domeisen et al 2020, Kolstad et al 2020). This variability may result in the overprediction of colder surface
temperatures in northern Eurasia owing to the anticipation of the more common response, while an
opposite surface signature might emerge instead. A comprehensive comparison of different SPV regimes is
missing in the literature (Liang et al 2023).

Based on the five cluster patterns identified by Kretschmer et al (2018), we investigate different types of
SPV patterns, summarised in table 1: displacement away from the North Pole (either towards Eurasia or
North America), SPV stretching, and SPV splits (typically with one centre over eastern Eurasia and another
over North America, and which are often associated with SSWs), and their surface impacts in relation to AA
and Arctic-midlatitude linkages.

4.2. Types of SPV disruption

4.2.1. SPV displacements

One of the SPV disruptions is when the centre of SPV moves away from the North Pole: a SPV displacement.
To track the movements of the SPV we use the 100 hPa geopotential height contour with a 15000 m
threshold. For North America, the domain encompassing 60—80 °N and 120-60 °W is of interest as previous
studies showed that this is the region of action centre of cluster 2 (Kretschmer et al 2018). By examining the
number of days when the daily 100 hPa geopotential height is below 15000 m in this domain, one finds that
the SPV is most active during January and February. By March cases with the SPV centre displaced to this
region is reduced significantly. A case study of 14—17 January 2005 shows this strong connection: as the
overall SPV moved, the centre of SPV stayed in the North American region. At the surface cold air gradually
propagated from Alaska to the eastern US, resulting in an extreme CAO event on 16—18 January 2005. A
composite plot of this case is shown in figures 4(a) and (b). We further examined the area occupied by the
contour <15 000 m on a daily basis. The 14—17 January 2005 example, with a maximum daily area of more
than 3 million square km, stands out as having one of the largest such events. However, there are other cases
when the SPV centre moved to the domain of interest, but no CAO occurred at the surface. This was due to
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Figure 4. Examples of stratospheric polar vortex (SPV) displacement and stretching events and impacts. Composites of
geopotential height at 100 hPa (left panels) and surface air temperature anomalies (right panels) for three cases: (a) and (b) 14-17
January 2005 SPV displacement; (c) and (d) 11-20 February 2021 and (e) and (f) 20-28 December 2022 SPV stretching events.
The 2 m surface air temperature anomaly is computed relative to the 1991-2020 period mean. Units are metres for (a), (c), (e)
and °C for (b), (d), (f). Data are based on NCEP/NCAR reanalysis, using the online plotting tool (https://psl.noaa.gov/data/
composites/day/).

the SPV either being too weak or not lasting long enough. For the 33 years analysed (1990-2022), a dozen of
these winters have a strong SPV positioned in the North American action centre. Smith and Sheridan (2019)
also investigated the connection of CAO events with stratosphere and tropospheric polar vortex activities.
They divided the winter (November to March of the following year) into five 28 d periods. They found that
an off-centred, strong polar vortex increased in frequency during Weeks 2 and 3 in period 3 (27 December to
24 January). They also showed that both a strong, off-centred polar vortex pattern over the Beaufort Sea (T6)
and weak polar vortex patterns (T1 and T4) were favoured 3—4 weeks in advance of CAOs. The pattern T6 is
similar to what we show in figure 4(a).
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4.2.2. SPV stretching

During SPV stretching events the warming of the polar stratosphere is zonally asymmetric, with the warming
focused on the North Pacific side of the Arctic, usually centred near the dateline and Alaska. The SPV can
remain weak or strong, as measured by polar cap geopotential heights (PCHs) and/or zonal-mean zonal
wind and is often displaced a little off the North Pole towards the North Atlantic side of the Arctic, typically
towards Greenland. Stretched SPVs are usually forced by an amplified standing wavenumber two in the
troposphere where the excited upward wave energy is reflected off the SPV rather than absorbed, which
limits the amount of polar stratospheric warming. Wave reflection off the upper stratosphere occurs rather
than absorption when upwelling energy from the troposphere encounters a reflective layer (where the zonal
winds in the stratosphere decrease with height or as marked by strong static stability in the lower
stratosphere) (Messori ef al 2022, Weinberger et al 2022). When a reflective layer is encountered, the
warming in the polar stratosphere is focused on the location of reflection (typically in the North Pacific),
leading to asymmetric warming of the polar stratosphere. In contrast, other cases show wave energy being
absorbed when the upwelling energy can propagate deep into the stratosphere when no reflecting layer is
encountered, typically when zonal winds do not decrease with height. Full absorption of the wave energy in
the polar stratosphere leads to widespread and more zonally symmetric warming.

Kretschmer et al (2018) used machine learning to identify two dominant patterns of increased lower
stratospheric geopotential heights over the polar cap, representing a weak SPV. The first pattern is the
well-known SSW (4.2.3), leading to a negative phase of the NAO along with CAOs over northern Eurasia.
The second pattern is zonally asymmetric and is linked to downward reflected planetary waves over Canada
followed by a negative phase of the Western Pacific Oscillation and cold spells in Canada and the US east of
the Rockies, such as during 11-20 February 2021 (figures 4(c), (d)) and 20-28 December 2022 (figures 4(e)
and (f)). During these events the SPV elongates and is therefore referred to as a stretched SPV. When
studying North American cold spells, it is crucial to consider vortex stretching forced by reflection of wave
energy from the troposphere (Cohen et al 2021, Messori et al 2022). Although stretching events persist on
average for days to up to 2 weeks, during October through February, they importantly explain a much larger
part of North America’s seasonal temperature variability than other weak SPV—SSW states.

In a follow up study, Cohen et al (2021) demonstrated that SPV stretching events have accelerated in the
era of AA. As seen in figure S2, cluster 4, which represents SPV stretching events, is associated with cold
temperatures in eastern North America and is the SPV pattern that is increasing the fastest in terms of annual
frequency. Climate change in general, but especially AA, is favourable for forcing these events. A generalised
timeline of the significant atmospheric features is outlined in figure 5 beginning with Ural ridging, followed
by North Pacific ridging and ending with North American and East Asian cold events. It is argued that
warming in the Barents—Kara and Chukchi-Bering seas owing to sea ice melt favours tropospheric
ridging/high pressure in these regions (Kug et al 2015, Tachibana et al 2019, Cohen et al 2020, Overland et al
2021). Autumn Siberian snowfall has also been increasing (Wegmann et al 2015), favouring downstream
troughing over East Asia. This pattern of ridging in the Urals/BKS region and troughing in East Asia strongly
projects onto the tropospheric pattern favourable for forcing SPV stretching that often delivers extreme cold
to Canada and the US. This interpretation is supported by GCM sensitivity experiments forced with
increased Eurasian snow cover and decreased BKS ice, where the atmospheric response is an increase in SPV
stretching events with troughing and colder temperatures across Asia and North America one to two months
following the introduction of Arctic forcing (Cohen et al 2021).

4.2.3. SSWs
A SSW, the state of an extremely weakened SPV, as measured by anomalous PCHs and the zonal-mean zonal
wind at 10 hPa and 60 °N, is characterised by a rapid and zonally symmetric increase in polar stratospheric
temperature and an abrupt decrease in circumpolar zonal wind. SSWs are forced by amplified standing waves
with wavenumbers one or two in the troposphere that excite upward wave energy. The absorption of this
anomalous wave energy results in the dramatic warming of the polar stratosphere observed during SSWs.
SSWs can be categorised into multiple types depending on the shape of vortices: displacement,
describing the SPV migration away from the pole, or splitting in which the SPV separates into two smaller
vortices (Charlton and Polvani 2007, Cohen and Jones 2011). Choi et al (2019) further classified SSW events
into three types based on the vortex shape before and after the onset date of the warming event:
displacement—displacement (DD), displacement—split (DS), and split—split (SS). Figure S3 displays
characteristic features of these three types of SSWs. The DD SSW type is characterised by a single displaced
SPV with a wave-1 pattern throughout the SSW period. Before the onset of the SSW event, both DS and DD
types show almost the same wave-1 pattern featuring a vortex displaced from its climatology. In the DS type,
however, after the SSW onset, the SPV splits into daughter vortices that drift southward over Eurasia and

11



10P Publishing

Environ. Res.: Climate 3 (2024) 042004 E Hanna et al

Late fall to early-winter Arctic amplification amplifies the natural standing wave over Eurasia, which leads to mid- to late-
winter wave amplification over North America. Wave amplification on both continents favors extreme winter weather.

polar vortex
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With Arctic
change

upward wave
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Figure 5. Idealised schematic of atmospheric fields before and after start of SPV stretching events. Before amplified Arctic
warming (top two panels), a stronger stratospheric polar vortex (SPV) was more frequent as a jet stream with relatively small
west-east temperature differences and therefore damped waves, a stronger midlatitude-to-pole temperature gradient, and less
upward wave energy in the troposphere favouring such a condition. With the AA (bottom three panels), the combination of
melting sea ice in the Barents—Kara seas that warms northwestern Eurasia along with increased snowfall over Siberia that cools
northeastern Eurasia favour more frequent amplification of jet-stream waves over Eurasia, triggering increased upward
atmospheric wave energy. Under favourable conditions (decreasing zonal winds with height in the stratosphere) this leads to a
stretched SPV and upward wave transmission over Eurasia and downward wave reflection over North America. Convergence of
downward wave energy in the North American sector leads to a northward shifted jet stream over the Gulf of Alaska, a southward
shifted jet stream over North America, and an increase in extreme winter weather (cold & snow) across eastern North America.
All temperature anomalies are relative to their own period, and we are not arguing that winters are getting colder overall due to
amplified Arctic warming. From Cohen et al (2021). Reprinted with permission from AAAS.

North America in a wave-2 pattern. In the SS type, a wave-2 pattern persists throughout the SSW period,
although the centre of action is displaced slightly after the onset.

Figures 6 and S4 display the surface response to SPV types for pre-SSW and post-SSW periods. For the
case of DD and DS types, surface temperature responses are opposite before versus after the SSW, with a
negative anomaly over Eurasia and a positive anomaly over North America before SSW, and vice versa. The
temperature response, however, is more prominent in midlatitudes for the DS type after the SSW onset, with
a positive anomaly over Eurasia and a negative anomaly over North America. In the SS type, both Eurasia
and North America tend to experience colder-than-normal weather.

In the context of climate change, a question is whether the proportion of SSWs associated with cold
weather extremes will vary and whether the magnitude and nature of any surface impacts will change. There
is considerable skill in forecasting extreme weather following an SSW, with less certainty concerning the
low-or-little impact SSWs (Knight et al 2021). Recent research has identified that a significant proportion of
SSWs are not associated with the canonical SSW surface anomaly pattern (cold eastern US, warm Baffin Bay,
cold Eurasia, warm middle east) (Karpechko et al 2017, Domeisen 2019, Afargan-Gerstman and Domeisen
2020. Hall et al 2022). There is considerable decadal variability in SSWs, these being most active around
2002, but studies disagree on recent (last few decades’) long-term trends from the observed record. Li et al
(2023b) found significant increases in SSW duration and strength from 1981-2020 using ERA5 reanalysis
and radio occultation data. This is in agreement with Zhang et al (2021) who used NCEP/NCAR reanalysis
data. However, Li et al (2024) found no significant overall trends in SSW duration and strength from
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Figure 6. Schematic diagram of surface temperature and polar vortices during pre-warming (top row) and post-warming
(bottom) periods for different types of sudden stratospheric warming (SSW) events. (a) Displacement—displacement (DD) type;
(b) displacement—split (DS) type; and (c) split-split (SS) type. The circles with holes in the centre represent the SPV, and the filled
circles represent surface temperature. The grey circle with a hole in the centre indicates the climatological SPV during winter,
while the blue circles illustrate the shape and position of the polar vortex after the occurrence of SSW.

1980-2020, also based on ERA5 data. Attention is needed to reconcile these differences in the literature.
Furthermore, there is little consensus concerning future changes in SSW frequency: CMIP6 models show
divergent results (Ayarzaguena et al 2020).

There is large inter-event variability in temperature anomalies over the 60-day period following SSW
onset (figure S5). For example, the warmest third of SSWs (‘warm-impact events’) are actually associated
with positive temperature anomalies over the British Isles, and are not associated with the NAO, whereas the
coldest third (‘cold-impact events’) are associated with negative British Isles temperature anomalies and a
negative NAO (Hall et al 2023). The canonical 4-node temperature anomaly pattern over the NH is seen
based on ERA5 data with cold and neutral SSW events, but not with the warm-impact events (figures
S6(a)—(c)). An average over all SSWs conceals the surface impacts of the warm-impact events, instead
producing the canonical pattern. The positive temperature anomalies over Europe associated with these
warm-impact SSWs are also reproduced by CMIP6 models (Hall et al 2023) (not shown).

If the zonal-mean polar cap height anomalies are compared for warm- and cold-impact SSW events, the
warm-impact events appear not to link to the troposphere as clearly, and in addition there are tropospheric
precursors that distinguish the two types of event (figures S6(d) and (e)). This might be because the
troposphere contributes to the magnitude of the SSW’s surface impact, boosting it to the ‘warm-impact
event’ category (see section 4.3). This supports the findings of White et al (2019) who suggest tropospheric
wave activity is, on average, larger preceding the downward-propagating SSW, using a chemistry-climate
model. However, only around two thirds of such events propagated to the surface in their experiments, and a
large number of events is required to determine significance, so the result can only be used probabilistically.

Black and McDaniel (2004) identified that downward propagation of SSW depended on the pre-existing
tropospheric state. The strength of high-pressure patterns over the Ural region (UB, e.g. Luo et al 2016,
Peings 2019) is a well-known precursor to SSWs, and a Pacific signal is also found to influence the downward
response (Afargan-Gerstman and Domeisen 2020). Future changes in UB under climate change will be
important for determining changes in SSW frequency, particularly those associated with strong surface
impacts. UB has a complex and contested association with other factors that may change under global
warming, such as BKS ice extent and Siberian snow cover (Tyrlis et al 2017, Peings 2019, Cohen et al 2021,
Chen et al 2021b, Peings et al 2023).
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Figure 7. Example of SPV disruption on 14 March 1988 identified using zonal-mean zonal wind reversal. (a) 10 hPa geopotential
height anomaly (m); (b) 10 hPa zonal wind (m s™!); (c) zonal-mean geopotential height anomalies from 1000 to 50 hPa and

60 °N-90 °N (m). Plots based on NCEP/NCAR Reanalysis data (Kalnay et al 1996) and created using Python based on data from
https://psl.noaa.gov/data/composites/day/.

4.3. Metrics to identify SPV disruptions

SPV disruptions—SSWs, stretching, splits, and displacements—are typically identified by reversals in the
zonal-mean zonal wind at 10 hPa and 60 °N, as well as by average temperature or height anomalies at 10 hPa
north of 60 °N. On many occasions, however, these metrics fail to detect disruptions because of hemispheric
asymmetries, e.g. in the case of a weak-SPV identified by Cohen and Jones (2011) for 14 March 1988 based
on a 10 hPa zonal-mean zonal wind reversal, figure 7. Moreover, variations in the troposphere can have
dominant influences on upper-level heights, as shown in figure 7, implicating disruptions that may actually
result from positive tropospheric height anomalies rather than stratospheric anomalies.

We propose and demonstrate a new metric to identify SPV disruptions that isolates stratospheric
behaviour rather than conflating anomalies in both the stratosphere and troposphere. We base the new
detection technique on daily 50-10 hPa thickness anomaly fields during mid/late winter (JF) with no zonal
averaging. We employ a hierarchical clustering technique to identify characteristic spatial patterns in daily
thickness fields north of 30 °N from 1979 to 2022 (figure S7(a)).

Resulting patterns indicate a variety of SPV configurations that differ markedly from the canonical
circular, symmetrical SPV, suggesting a spectrum of conditions that could be described as disrupted. These
patterns stand in contrast to those illustrated in Cohen et al (2021) that depict a nearly baroclinic stacking of
height anomalies at 500 and 100 hPa. The nearly identical patterns at these two levels suggest the
stratospheric configurations used to identify disrupted SPV conditions by these researchers include a
substantial contribution from the troposphere. As polar tropospheric heights inflate with increasing AA,
therefore an increased frequency of patterns depicting positive 100 hPa height anomalies would be expected,
while changes in the stratosphere itself may exhibit a completely different behaviour, as illustrated in figure 7.

In figure S7(b) we present the temporal change in frequency of each pattern and fields of corresponding
variables. Using this stratosphere-focused metric, we find that cluster #7—which represents a strong,
north-pole-centred SPV—has become more common in recent decades, consistent with a cooling
stratosphere owing to increasing radiative loss from greenhouse gases. This trend is opposite for the
corresponding 100 hPa pattern shown in Cohen et al (2021), suggesting the trend based on 100 hPa heights
may be influenced by tropospheric changes rather than variability in the stratosphere alone.

Cluster #7 is associated with predominant positive anomalies in 2 m temperatures across the NH (figure
S7(c)), consistent with general observations of surface warming during strong SPV periods. The most
disrupted pattern #5, however, is associated with anomalous cold over much of North America, indicating
that cold spells are favoured in North America when a lobe of the SPV extends southward over the continent.
Clusters #1 and #9 favour northerly winds from the Arctic into Siberia, resulting in negative 2 m temperature
anomalies across northern Asia. Figure S7(d) displays an analysis of vertical wind profiles from 50-10 hPa for
each cluster, colour-coded according to phase of the quasi-biennial oscillation (QBO). It is clear that
zonal-mean zonal winds at 10 hPa do not necessarily indicate the state of the SPV. For example, nodes #2 and
#7 depict strong SPV states, yet only #7 has strong westerly winds at 10 hPa. Moreover, highly disrupted SPVs
such as those in #5, #8, and #10 exhibit both positive and negative wind anomalies.

In summary, we propose that an informative and accurate method to assess the state and behaviour of
the SPV is based on stratospheric thickness anomalies rather than total troposphere—stratosphere height

14


https://psl.noaa.gov/data/composites/day/

10P Publishing

Environ. Res.: Climate 3 (2024) 042004 E Hanna et al

anomalies or zonal-mean zonal winds. Positive height anomalies at 100 or 30 hPa may be caused by inflated
tropospheric heights, which are known to be increasing as amplified Arctic warming continues.

4.4. Precursor conditions to SPV disruptions

The robust but highly intermittent stratospheric pathway for Arctic-midlatitude linkages can dynamically
link AA and sea-ice loss to changes in midlatitude circulation patterns in late winter (Kim et al 2014,
Nakamura et al 2015, 2016, Jaiser et al 2016, 2023, Cohen et al 2020, Siew et al 2020): early winter blocking in
the Scandinavian/Ural region thereby plays an important role in triggering anomalous vertical wave
propagation into the stratosphere, where subsequent wave breaking can lead to a disruption of the SPV. Such
vortex disruptions are often accompanied by strong downward influences on the large-scale tropospheric
circulation, favouring the negative phase of the Arctic Oscillation, a wavier jet stream, and anomalous CAOs
in the midlatitudes. Although this pathway has received attention in literature, the sensitive precursor regions
in the troposphere are not clearly defined, and the involved timescales of the pathway are frequently
obfuscated by monthly mean data or averaging over fixed time lags.

To investigate these precursor mechanisms we regress daily winter (NDJF) mean sea-level pressure
(MSLP) as a function of longitude onto the NAM at 10 hPa and as a function of time—a method based on
Kohler et al (2023). Figure S8 demonstrates that MSLP in winter can be a predictor for the NAM at 10 hPa.
In accordance with Garfinkel et al (2010), two areas exhibit significant regressions: the extended Ural region
and the greater Aleutian low extending from the Sea of Okhotsk to the Rocky Mountains. The negative
regression in the Ural region indicates that a high (low) pressure anomaly in this region is connected to a
negative (positive) NAM at 10 hPa, and thus a weakened (strengthened) SPV during the following 60 d. The
strongest influence of the MSLP on the polar vortex manifests after nearly 30 d. The positive correlation in
the extended Aleutian low region, indicates that a strengthening (weakening) of the Aleutian low is
associated with a weaker (stronger) SPV with a lag of 5-45 d, and a maximum after just under 20 d. Whereas
the Ural region can play an important role in dynamically connecting changes in the BKS to the SPV, the
Aleutian low region is an important link between El Nino Southern Oscillation (ENSO) and the SPV (e.g.
Garfinkel and Hartmann 2008). Moreover, most CMIP (5 & 6) models project a future deepening of the
Aleutian low in winter (Gan et al 2017, Giamalaki et al 2021, Chen et al 2021¢) that could contribute to a
future weakening of the SPV. A simple precursor index, consisting of the detrended MSLP difference between
the Urals (45 °N-80 °N and 30 °E-100 °E) and the extended Aleutian region (5 °N-80 °N and
160 °E-100 °W), is strongly correlated with the strength of the SPV in the following one to two months
(Kohler et al 2023). The positive phase of the index is related to a constructive interference with the
climatological wave-1 pattern, as anomalously high pressure in the Ural region and anomalously low
pressure in the Aleutian region are both related to an increase in the tropospheric wave-1 forcing.

The coupling of tropospheric pressure anomaly patterns to the strength of the SPV involves vertical
propagation of planetary waves, which can be quantified by the vertical component of the Eliassen-Palm flux
(EP flux). To investigate the spatial patterns and timescales of these vertical coupling processes, figure S9(a)
demonstrates how the MSLP projects onto the vertical component of the EP flux at 100 hPa. Positive
(negative) MSLP anomalies in the Ural region induce a positive (negative) vertical EP flux anomaly at
100 hPa—with maximum regression coefficients after 2—3 d at approximately 40 °E. The intensity of this
positive relation weakens, while it broadens regionally at longer timescales up to 25 d. The effect of the
Aleutian MSLP on the EP flux is less long-lasting with a nearly instantaneous maximum effect and a
significant negative regression for up to 15 d.

To further investigate the timescales of the influence of wave activity on the strength of the SPV, the
vertical component of the EP-flux at 100 hPa is regressed onto the meridional mean geopotential at 10 hPa as
a function of longitude and time in figure S9(b). The dominantly positive regression demonstrates that a
positive (negative) EP-flux anomaly is related to a positive geopotential anomaly. The signal originates in the
region of the stratospheric Aleutian high and extends over all latitudes in time, which—in the case of a vortex
weakening—would be a typical vortex-displacement-type anomaly. The largest signal in the geopotential is
visible after 10 d at 100 °E. However, the significant signal over Europe can last up to 50 d after the EP-flux
anomaly. The comparison of the two figures demonstrates that stratospheric processes (Fig. S9b) have a
larger contribution to the time lag in troposphere—stratosphere coupling (cf figure S8) than do the
tropospheric processes.

To quantify the downward influence of stratospheric anomalies that are induced by tropospheric
precursor patterns, we create composites of the NAM based on the earlier defined precursor index (cf
figure 8). The NAM composite differences between years with a high and a low index in the months
November—February illustrate the potential of tropospheric precursors for the subseasonal-to-seasonal
prediction, as the stratosphere exhibits very strong NAM anomalies 2 months following the original
tropospheric pressure anomaly. Similar to the original ‘dripping-paint plots’ by Baldwin and Dunkerton
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Figure 8. Composites of daily time—height development of the NAM (a), (c), (e), (g) and monthly mean temperatures in 2 m (b),
(d), (f), (h) for the difference between high (80th percentile) and low (20th percentile) precursor index. The composites are
created from ERAS5 data (Hersbach et al 2020) based on the monthly mean precursor index for the months of November (a), (b),
December (c), (d), January (e), (f) and February (g), (h). The figures for T2m show the monthly mean values with a time lag of
+1 and +2 months. The NAM index is nondimensional. The contour interval for the white contours is 0.5 and stippling indicates
statistical significance at the 95% level according to a two-sided Wilcoxon-test. Adapted from Kéohler ef al (2023). CC BY 4.0.

(2001) and the multiple reproductions of their figure, the stratospheric NAM anomalies penetrate back into
the troposphere and amplify at the surface, thus favouring the negative phase of the NAM. However, in this
case, the NAM events were not selected using stratospheric criteria but only the MSLP difference between the
Ural and the extended Aleutian region, thereby making use of the predictive power of these precursor
regions. The NAM anomalies tend to be strongest in mid-winter, and the time lag between the precursor
anomaly and the stratospheric NAM anomaly tends to increase towards the end of winter, but the overall
signal remains the same throughout winter. The surface impact is visualised by creating 2 m-temperature
composites for the 2 months following the original anomaly in the precursor index—once again these
composites are based on the difference between years with a high and a low precursor index. The
temperature impact at the surface in month one and two after the precursor anomaly is as expected from a
negative NAM signal: lower temperatures over Eurasia and parts of the North American continent, along
with higher temperatures in the Baffin Bay area, North Africa and the Middle East. This surface impact tends
to be largest during late winter and early spring.

Overall, the analysis of precursor patterns and related timescales contributes to the understanding of the
stratospheric pathway for Arctic-midlatitude linkages. Moreover, it helps to quantify which future changes in
tropospheric pressure patterns (e.g. caused by AA) may lead to disruptions in the SPV. Additionally, White
et al (2019) stated that tropospheric wave activity is larger preceding downward-propagating SSWs
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Figure 9. Schematic for the life cycle of the stratosphere—troposphere oscillation (STO) (Shen et al 2023) and how other studies fit
into the STO concept. For the schematic of STO, blue and red contours indicate cyclonic and anticyclonic anomalies. Purple
arrows denote the propagation of Rossby waves. Orange arrows and black wavy arrows represent the effect of linear and nonlinear
processes that account for the propagation of tropospheric circulation features. Text bubbles describe different types of research
topics. Adapted with permission from Shen et al (2023). © American Meteorological Society. Used with permission.

compared with non-downward propagating events. This highlights the importance of precursor
mechanisms. Kohler ef al (2023) demonstrated the atmospheric model ICON is capable of realistically
reproducing these mechanisms of troposphere—stratosphere coupling. An analysis of the precursor patterns
and coupling mechanisms in the CMIP6 models would be of interest and could contribute to a better
understanding of the large inter-model spread in the response of the strength of the SPV to future emission
scenarios (e.g. Karpechko et al 2022).

4.5. Stratosphere—troposphere coupling on the intraseasonal timescale
Although the NAM has been known as the leading mode of SPV variation, it dominates only on timescales
longer than 60 d (Shen et al 2023). In contrast, on the 10-60 d timescale, observations suggest that the zonal
asymmetric mode, i.e. an SPV displacement, dominates over other variations of SPV (Shen et al 2023). This
mode couples efficiently with the tropospheric circulation, forming a periodic oscillating phenomenon on
the intraseasonal timescale, named the stratosphere—troposphere oscillation (STO; Shen et al 2023).
Throughout its life cycle, the STO propagates westward periodically with a deep structure extending from the
troposphere to the stratosphere (figure S10(c)). In the stratosphere, the STO is characterised by a
wavenumber 1 structure, which propagates clockwise with time, reflecting the movement of the SPV towards
North America, and then onwards to the North Pacific, Eurasia, and the North Atlantic (figure S10(a)). In
the troposphere, the STO is manifested as a large-scale westward-propagating circulation in the midlatitudes,
mainly located over the North Pacific (figure S10(b)).

The mechanism of the STO involves vertical and horizontal Rossby wave propagation (figures S10(c)
and 9). The Rossby waves propagate upward from the troposphere into the stratosphere over East Asia, which
maintains the STO’s stratospheric component, then the reflection of these waves back to the troposphere
contributes substantially to the development of the STO’s tropospheric centre over North America. The
vertical wave propagation presents a periodic change, alternating between upward and downward, and is
inherent to changes in the STO’s vertical structure, which are mainly attributed to the westward propagation
of the tropospheric circulation. Meanwhile, linear processes and nonlinear cross-scale interactions explain
the STO’s westward propagation in the troposphere, which therefore facilitates changes in vertical wave
propagation.
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Strong and robust temperature changes over the mid-high latitudes are seen during the STO life cycle,
where the temperature also shows an oscillation between cold and warm in accord with the circulation
transition (figure S10(b)). This intraseasonal temperature anomaly can strongly contribute to the raw
temperature change (Lin et al 2022) and, more importantly, it favours the occurrence of extreme
temperature events (Guan et al 2020). For example, a strong cold extreme swept through North America in
2013/14 with features resembling the STO (Cohen et al 2022). From a statistical perspective, large-scale
temperature extremes over North America are strongly linked with the shift of the SPV (Guan et al 2020,
Cohen et al 2021). These sets of evidence together reinforce the role of STO in contributing to the extremes.

This newly defined STO phenomenon shares similarities with other studies on concepts of intraseasonal
wintertime extratropical circulation in the NH. Early studies focusing on the troposphere found a clear
westward retrograding circulation over the North Pacific (e.g. Takaya and Nakamura 2005). This
retrograding mode is recognized as the dominant intraseasonal variation over this region, which presents a
periodic phase change (Branstator 1987, Kushnir 1987), resembling the tropospheric circulation of STO. For
the stratospheric component, the zonal asymmetric change of SPV, similar to the location shift in STO, is
responsible for severe cold extremes over North America (Kretschmer et al 2018, Matthias and Kretschmer
2020) and occurs mainly via the wave reflection process (Ding et al 2022). In terms of stratosphere—
troposphere coupling, a Western Hemisphere teleconnection resembling the STO was found to precede the
SPV shift (Tan and Bao 2020), whereas the opposite tropospheric circulation is seen following the shift of
SPV (Messori et al 2022). In addition, the wave-coupling is shown to occur on the intraseasonal timescale
(Shaw et al 2014). Although those studies arose from different scientific questions, their results fit well into
different parts of the STO concept.

Therefore, the STO unifies previous studies into one stratosphere—troposphere coupling framework,
providing an holistic perspective to understand the wintertime extratropical atmospheric circulation. It not
only offers potential for subseasonal-to-seasonal forecasting given its oscillating nature, but also provides
new insight into understanding cold extremes over NH mid-high latitudes.

5. Role of the tropics in Arctic-midlatitude climate linkages

The QBO, Madden—Julian Oscillation (MJO) and ENSO are well-known modes of tropical atmosphere and
oceanic variability that may have teleconnections with NH climate (e.g. Henderson et al 2014, Ye et al 2018,
Ye and Jung 2019, Clancy et al 2021, Ma et al 2022). Equatorial/midlatitude connections relate to the
increased upward arm of the Hadley cell that in turn can influence the latitudes of the Ferrel and Polar cell
transition locations (Qian et al 2016a, 2016b). It is worth noting that each of those tropical modes of
variability not only exert strong influence on the mid-latitude climate individually but can also interact with
each other to modulate the eventual response. For example, ENSO is shown to modulate the influence of
M]JO on the polar vortex (e.g. Ma et al 2020), thereby affecting the mid-latitude climate response. In
addition, the combined influence of QBO and ENSO on the stratosphere shows strong nonlinearity, yielding
different atmospheric circulation responses in mid-latitudes (e.g. Walsh et al 2022, Ma et al 2023). This
interaction shows that caution is needed when investigating the role of tropical variability in impacting
Arctic-midlatitude climate linkages and CAQ.

5.1.QBO

The QBO, which consists of alternating easterly (QBOE) and westerly (QBOW) zonal winds in the equatorial
stratosphere at an average interval of 28 months, is driven by wave mean-flow interactions, namely the
dissipation of wave-momentum fluxes arising from a range of tropospheric waves (Pahlavan et al 2021a, b,
Anstey et al 2022). The QBO influences extra-tropical circulation in both the troposphere and stratosphere.
The SPV is weaker during QBOE winters than during QBOW winters, known as the Holton-Tan
relationship (e.g. Lu et al 2014; see figure S11), which is mainly explained by a shift of the zero-wind (critical)
line that affects the propagation of planetary waves into the stratosphere.

The QBO also influences tropospheric circulation by modifying the vertical temperature profile of the
tropics from the QBO-induced meridional circulation (Haynes et al 2021). During the QBOE phase, the
tropical tropopause-layer temperature over the tropical Pacific warm pool region becomes lower by
1 °C-2 °C. This is linked to more active tropical convection and enhanced teleconnections into mid-to-high
latitudes. Based on both observational and numerical results, Yamazaki et al (2020) showed the relevance of
this process for the Holton—Tan relationship in the late-fall to early-winter period. Labe et al (2019) found
that the early-winter upper tropospheric mean response to future Arctic sea-ice retreat is stronger during
QBOE.
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Figure 10. Potential influence of the quasi-biennial oscillation (QBO) on Arctic-midlatitude climate linkages. (a)
November—December averaged composite of 250 hPa geopotential height anomalies (shading; m) for the QBO easterly phase
(QBOE), and the composite mean difference (contours; the Barents—Kara seas high minus low turbulent heat flux winters within
the QBOE composite), using the 1996-2018 data from the JRA-55 (Kobayashi et al 2015, Harada ef al 2016). Arrows indicate the
Takaya-Nakamura wave activity flux (m?s~2) based on the composite mean difference. (b) and (c) The same as the shading and
contours of (a). The contour intervals of (b) and (c) are 20 m. The black and red dots indicate the areas with the (p < 0.05) and
(p < 0.02) significance levels based on the (b) Welch—Aspin Student’s ¢-test and (c) linear regression analysis, respectively.

The easterly phase of the QBO is associated with a weaker SPV and also with an enhanced upper-level
circum-global height anomaly pattern with blocking highs in the early-winter period (colour shading on
figure 10). The pattern includes a Ural high, which interacts constructively with the upper-level tropospheric
height anomaly associated with sea-ice retreat in the BKS (solid contours in figure 10). This leads to an
enhanced wave train over Eurasia that is often indicative of a severe Asian winter monsoon (arrows on
figure 10). Zhang et al (2020) showed that during the QBOE, sea-ice loss over the Chukchi—Bering seas
results in stronger upward wavenumber 2 propagation into the stratosphere, which affects the SSW with
longer duration and stronger intensity followed by enhanced CAOs over the continents. Those results suggest
that the QBO phase is a relevant factor for Arctic-midlatitude linkages by affecting the background
circulation, which modulates the frequency of severe CAOs.

5.2.MJO

The MJO is the largest component of 30-90 d variability in the tropical atmosphere. It involves deep
convection that slowly propagates eastwards above relatively warm parts of the Pacific and Indian Oceans
(Zhang 2005) and is considered a remote source of predictability in the extratropics (Cassou 2008). An active
MJO in certain phases influences large-scale flow in higher latitudes, such as the Euro-Atlantic
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Figure 11. Rossby wave trains and interactions between the upstream and downstream atmospheric regimes provide important
energy support for the maintenance of local atmospheric blocking episodes. Hovmoller diagram of the daily 500 hPa geopotential
height anomalies (shading and contour, units: gpm) averaged over 40 °N-70 °N from 12 November—27 December 2022. ABI to
AB4 represent four consecutive Alaska blocking events, and UB is Ural blocking. Black lines with arrows indicate the propagation
of Rossby wave packages. All the anomalies are calculated relative to the mean condition of 1979-2020. Adapted from Yao et al
(2023), with permission from Springer Nature.

mid-tropospheric flow, and therefore favours CAOs (Ferranti et al 2018, Statnaia et al 2020, Knight et al
2021).

Figure S12 shows how the quality of CAO forecasts depends on MJO phase. We define predicted CAOs as
the lower tercile of T2m in subseasonal-to-seasonal models at the extended-range timescales of weeks 3 and
4. The MJO is preferably in phases 6—8 during initialization of forecasts that correctly predicted CAOs for
week 3 (figure S12(a)). Lin (2009) and Seo and Son (2012) showed that phases with the enhanced convection
over the western and central Pacific excite wave trains that propagate poleward, which can influence
extratropical flow patterns at a timescale of 2 weeks, favouring an onset of negative phase NAO. Forecasts
with the MJO phase 3 in the initial conditions are responsible for the largest number of false alarm forecasts
among all MJO phases. The MJO phase 3 often coincides with the Scandinavian Blocking regime in northern
Europe that evolves into the positive phase NAO regime after approximately a week (Cassou 2008). The
forecasts initiated during the MJO phase 3 and under the Scandinavian Blocking regime apparently take into
account the persistence of the regime rather than the typical teleconnection from MJO. This results in the
correct prediction of colder temperatures when the response from the MJO is not canonical (figures S12(b)
and (c)). Given the considerable number of false-alarm forecasts following MJO phase 3, it suggests that
forecasting systems give weight to the weather regime rather than relying on this remote precursor.

5.3. ENSO

Cooler sea-surface temperatures in the equatorial eastern Pacific Ocean (i.e. La Nina conditions) in
conjunction with AA have been noted to weaken and shift the epicentre of UB or change the frequency of UB
events and thus promote CAOs over China, Korea and Japan during early winter (Luo et al 2021). Against the
backdrop of ongoing AA and the three-year La Nina during 2021-2023, the winter of 2022/23 was
characterised by frequent and extreme CAOs in North America and Eurasia. Yao et al (2023) revealed the
physical mechanism from the perspective of the potential vorticity gradient. Their study concluded that the
meridional temperature gradient in the NH weakened owing to anomalous Arctic warming and tropical
Pacific cooling, that led to a weakening of the meridional potential vorticity gradient at mid-high latitudes,
which in turn favoured the frequent establishment and maintenance of NH high-latitude blocking. Therefore
during the winter of 2022/23, the regimes within the Rossby wave trains were amplified. This enhancement
can be attributed to the strengthened energy dispersion between the upstream and downstream atmospheric
structure within the wavetrains, occurring against a weakened meridional potential vorticity gradients and
significant downward propagation of stratospheric anomalies. Especially notable are the UB during the end
of November and in mid-December and Alaska blocking around late December whose heightened
persistence resulted in severe and disruptive CAOs (figure 11).
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6. Recent insights using large-ensemble climate model simulations

Many of the disagreements in influences of AA could be caused by unclear causal relationships in
observations and/or differing assumptions in modelling experiments, e.g. different forcings, resolutions, and
model physics. To address these issues, the Polar Amplification Model Intercomparison Project (PAMIP)
(Smith er al 2019, 2022) has coordinated an unprecedented set of multi-model ensemble experiments to
understand the causes and consequences of AA induced by varying sea ice and sea-surface temperature.
Results from the PAMIP multi-model ensemble suggest robust but weak influences of Arctic sea-ice loss on
winter climate (Smith et al 2022). Some notable inter-model differences are noted such as the polar
stratospheric response (Smith et al 2022). Further regional analyses revealed significant inter-model
differences in the response of the North Atlantic polar jet to sea-ice loss (Ye et al 2023) (figure S13). A
fundamental and outstanding question is does existing model ensemble size in single-model simulations or
for individual models in the PAMIP quantify well the internal variability when assessing the response to AA?
For any individual model in PAMIP and other modelling experiments, the ensemble size (typically between
100 and 500) may not be sufficiently large to fully separate forced response from internal variability (Peings
et al 2021). The uncertainty in the forced response to projected Arctic sea-ice loss arising from internal
variability has been extensively studied in recent very large-ensemble climate simulations (Ye et al 2024a).
This could cause disagreements between modelling studies and confound inter-model comparisons. In
particular, the response of extreme weather in midlatitudes to sea-ice loss is more challenging when dealing
with relatively small GCM ensembles (e.g. Ye et al 2024b). Further uncertainty in how tropospheric
circulation responds to Arctic sea-ice loss comes from stratospheric internal variability (Sun et al 2022).

To address these issues and complement PAMIP, very large-ensemble, initial-condition climate model
simulations have been conducted to understand the response of weather and climate to projected Arctic
sea-ice loss under 2 °C global warming above pre-industrial levels (Ye ef al 2024a). Analyses from these very
large-ensemble climate simulations suggest that large ensembles (>>400) are needed to robustly estimate the
seasonal-mean large-scale circulation response, and very large ensembles (>>1000) for regional climate and
extreme weather events (figure 12). The analyses also identified resolution-dependence of the stratospheric
response and the associated impacts on the troposphere (figure 12). The results suggest that previous
modelling studies that show different response to Arctic sea-ice loss—such as different signs of NAO
response—could be due to internal variability given their small ensemble size. It is noted that in the
high-resolution simulations, even with very large-ensemble size, the stratospheric response to Arctic sea-ice
loss is uncertain. This finding has implications for the role of the stratosphere in bridging AA effects on
weather and climate variability.

One possible limitation is that the PAMIP simulations use sea-ice variability as the AA proxy. In the real
world, both Arctic sea-ice loss and other forcings and feedbacks, such as temperature, contribute to Arctic
atmospheric warming (e.g. Ye and Messori 2020), while Labe et al (2020) demonstrate that only considering
sea-ice loss creates a much weaker forcing than total, more realistic AA. The PAMIP and Ye et al (2024a)
studies likely underestimate the full impact of AA. There are currently no comparably extensive, targeted
climate model experiments to study the full effects of AA other than fully-coupled simulations forced by
differing scenarios of anthropogenic and natural factors.

7. Synthesis including future research priorities

Our research findings lead to important scientific and societal implications. The need is growing for early
predictions of atmospheric circulation regimes likely to produce extreme weather across diverse
socio-economic sectors that can significantly benefit from advanced warnings. An improved understanding
of Arctic-midlatitude climate linkages benefits subseasonal-to-seasonal (S2S) weather predictions, covering
outlooks for weeks up to 2 months, which are increasingly vital for weather-dependent planning (e.g. White
et al 2021). Even if CAOs become less frequent and/or less intense overall, their impacts can be more
significant as society under continued global warming becomes increasingly less prepared as CAOs penetrate
into regions ill-equipped to respond. Given the potential high impact on large populations, further research
is essential to improve understanding of climate-change-related teleconnections and their two-way
interactions on the atmospheric dynamics responsible for the onset of CAOs. There is a need to look
systematically and mechanistically at multiple cases of suspected Arctic/midlatitude weather connections,
especially with the ongoing occurrence of extreme CAOs, such as during January 2024 in northern Europe
(Rantanen et al 2024) and February 2021 in the south-central US.

The occurrence of extreme cold events is often caused by the synergy of multiple factors, including
atmospheric modes such as a negative NAO pattern, high-latitude regional blocking over the Urals,
Scandinavia, Greenland, and Alaska (Yao et al 2016, 2022, Zhuo et al 2022, Ballinger et al 2022, Ye and
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Figure 12. The need for large ensembles (>>400) to robustly estimate the seasonal-mean large-scale circulation response to Arctic
sea-ice loss, and very large ensembles (>>1000) for regional climate and extremes, with resolution-dependence of stratospheric
response and the associated impacts on tropospheric response. (a) and (b) Sub-sampled 95% range of the ensemble-mean
response to projected Arctic sea-ice loss (not full AAW) as a function of ensemble size, and (c) and (d) the standard deviation
ratio against 100-member size as a function of ensemble size. Results are obtained using a sub-sampling method based on the very
large-ensemble climate simulations. Left (right) panels are for low-resolution (high-resolution) climate simulations. Vertical line
at top panels indicates 400 members. Upper (lower) horizontal line at bottom panels indicates 0.5 and 0.3 std ratio, respectively.
Units: m s~ !, hPa and °C for Polar Vortex, NAO and temperature response, respectively. Adapted from Ye et al (2024a).
CCBY 4.0.

Messori 2020, Tachibana et al 2019), and external forcing such as anomalies in sea ice, snow cover and
sea-surface temperature in newly sea-ice free regions northwest of Alaska and the Barents Sea (Yao et al 2023,
Zhang et al 2018a, Cohen et al 2012). The nature of the synergy between atmospheric modes is highly
variable. Tracking changing trends of such synergies and identifying their commonalities is an important
path and perspective for understanding the past and future CAOs. Mining the extended-range predictors of
extreme cold events provides a useful tool for forecasting. For example, Song et al (2023) found that sea-ice
anomalies in key regions during autumn play a role in regulating the frequency and intensity of UB and
associated cold extremes in the following winter via changes in the winter tropospheric PVy due to weakened
SPV. We advocate detailed research on dynamics and physical mechanisms of cold extremes and their
predictors.

The frequent presence of hemispheric asymmetries in the structure of SPV (Cohen and Jones 2011), as
well as the need to identify SPV disruptions that isolates stratospheric behaviour from the tropospheric
influences, calls for defining a different metric to understand SPV disruptions and predict their influence on
the mid-latitude weather. Here we propose a metric based on daily 50-10 hPa thickness anomaly fields
during JF winter. This simple-to-calculate metric provides insight into SPV, as opposed to the traditional
baroclinic stacking of height anomalies at 500 and 100 hPa (Cohen et al 2021). It removes tropospheric
influences and reveals stratospheric dynamics that otherwise remain obscured by the lower atmosphere.
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The PVy theory of the NMI blocking model provides a perspective on Arctic-midlatitude weather
linkages, and as such can be used to identify their (potential) causal relationship. It addresses the questions of
location, mechanism and duration. This theory can also be used to differentiate the various contributions of
Arctic warming, ENSO, SPV disruptions (Chen et al 2021b, Song et al 2023), Pacific Decadal Oscillation,
Atlantic Multidecadal Variability oceanic heatwaves, the ‘cold pool’ south of Greenland, and other
background factors to winter cold extremes, summer heatwaves, Greenland Ice Sheet melting (Hanna et al
2009, 2014, Fettweis et al 2013, Wang and Luo 2022), and wildland fires (Jones et al 2022, Luo et al 2024).
This PVy theory allows inference that long-lasting, intense and widespread winter cold extremes and summer
heatwaves will be more frequent due to the presence of more persistent blocking events with larger zonal
scale if PVy remains weaker under future global warming or Arctic warming in winter or summer. For
example, rapid Arctic warming can increase the persistence of North American circulation patterns (Francis
et al 2018) and summer sea-ice loss can enhance the risks of western North American wildfires (Zou et al
2021) and eastern Siberian wildfires (Luo et al 2024) via increasing the persistence of Siberian blocking due
to reduced PVy. Weakening of the winter SPV can lead to a reduced PVy along Northern Hemispheric
midlatitudes in the troposphere (Chen et al 2021b), thus promoting CAOs over continents via increasing the
persistence and zonal scale of blocking events. However, the temperature extremes will be suppressed if PVy
is below a critical threshold under future Arctic warming.

Research should investigate the relative importance of both large- and synoptic-scale drivers and local
factors (orography, snow/ice cover, clouds, surface energy budget, ABL structure) that determine the local
severity of extreme CAOs. This can be done by applying the methodology that Nygérd et al (2023) used for
temperature data from the 850 hPa level to near-surface (2 m) temperatures. Differences in the results
between the two levels would give insight to the role of surface forcing and ABL processes. Such an approach
is motivated by differences in the conclusions of Sui et al (2020) and Nygérd et al (2023), based on differing
temperature data: 2 m air temperatures were used in the former study, indicating decreased occurrence of
wintertime cold extremes in northern Europe, whereas 850 hPa temperatures were used in the latter, only
indicating minor changes in the strength and occurrence in Europe.

We highlight important types of stratosphere—troposphere coupling via SPV location changes and
stretching, which has been understudied relative to the previous primary focus on SSWs, even though the
impact of the former SPV events on North American temperatures can be of greater extent, magnitude, and
frequency (Kretschmer et al 2018). A key priority is therefore identifying and understanding the shape and
movement of the SPV over continents, considering the vertical coherence between 100 mb and 500 mb
geopotential height features, and surface weather (Cohen et al 2021, Overland et al 2021). Improved
understanding of the patterns and processes of vortex behaviour can extend the lead time for warning of cold
extremes in Eurasia, the eastern US and Canada. Future research should aim to explain the connection
between AA, SPV events, and their influence on severe winter weather in North America and Eurasia.
Furthermore, the characterisation of the SPV before and after a SSW event could provide useful information
in improving weather predictability, especially over North America, although more in-depth analysis is
needed to understand how the vortex types influence the tropospheric circulation and thus surface weather.
The reasons why some SSWs are not associated with the characteristic surface impacts needs to be better
understood. It is important to quantify and characterize inter-event variability, and how this may change
under future climate scenarios. Improved prediction of surface impacts associated with individual SPV
events and CAOs is crucial for mitigating their effects on society.

The stratosphere—troposphere coupled oscillation that we report should be further investigated,
including its dynamic mechanism, long-term trend and capability of model simulations. Regarding its
dynamics, the diversity of the STO should be analysed, including its life cycle and the tropospheric response.
While studies have reported that some CMIP6 models can capture the wave reflection process and
subsequent tropospheric response similar to STO (Ding et al 2023a, 2023b), it is important to systematically
study whether GCMs can reproduce the entire oscillation. Understanding of the STO offers an additional
perspective for S2S forecast skill. Given that STO strongly influences surface temperature, and the fact that
CAQO:s still occur despite global warming, it is worthwhile to investigate the STO.

A more holistic physical explanation of the coupling process between the northern SPV and high-latitude
blocking at intra-seasonal timescales, with additional forcing from surface conditions by snow and sea ice, is
required. There is a clear opportunity for further research to address the combination of these factors.

There is some evidence for tropical modulation of Arctic-midlatitude climate linkages through
teleconnections associated with the QBO, MJO and ENSO. Regarding possible QBO forcing, although the
enhanced upper-level circumpolar height anomaly pattern with blocking highs in early winter (section 5.1) is
observationally a robust signature, a better understanding of its relationship with tropical convection is
required. MJO phase through enhanced convection over the tropical Pacific seems to be able to influence
airflow, blocking and CAO over Europe (section 5.2). La Nina-related eastern tropical Pacific sea-surface
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Figure 13. Overview schematic of Arctic-midlatitude weather/climate linkages in a stratospheric polar vortex and high-latitude
blocking context, adapted from Kretschmer et al (2020). CC BY 4.0. Key high-latitude blocking features shown are Alaska
blocking (AB), Greenland blocking (GB), Scandinavian blocking (SB), and Ural blocking/sea-level pressure (Ural-SLP). Also
shown is North Pacific sea-level pressure. Two sea-ice regions are depicted: North Pacific sea-ice concentration and Barents—Kara
seas sea-ice concentration. v'T” denotes eddy heat flux. Potential tropical drivers of Arctic-midlatitude linkages are shown: El Nino
Southern Oscillation, Madden—]Julian Oscillation and the quasi-biennial oscillation. The striped box indicates the high-latitude
region of interest where blocking occurrence is affected by changes in the meridional gradient of potential vorticity (PVy), which
in turn is affected by Arctic amplification and sometimes mid-latitude cooling. Adapted from Kretschmer et al (2020). CC BY 4.0.

temperature cooling in combination with AA together with the excitation of Rossby waves from the tropics
in this ENSO phase favours the development of northern high-latitude blocking and therefore CAOs.
Although the time scales of the MJO, QBO, and ENSO range from weeks to years, there is evidence that they
are interrelated, e.g. a larger MJO amplitude and more active convection in the Pacific warm pool region,

i.e. La Nina condition, during the QBOE regime. This calls for future research to be directed towards a better
understanding of an integrated tropical modulating role on AA/midlatitude linkage.

Sweeney et al (2024) show that internal variability from 1979-2022 has enhanced Arctic warming but
cooled other regions (e.g. tropical eastern Pacific), resulting in a smaller meridional temperature gradient
and thus a weaker PVy. It is an important future research task to separate that part of the global warming due
to anthropogenic forcings from that due to natural variability. We present an overview schematic of
Arctic-midlatitude weather/climate linkages, based on the potential drivers and interactions discussed above,
focusing on high-latitude blocking, PVy, SPV and possible connections to the tropics (figure 13). This shows
interconnections between all the different climate processes and drivers reviewed above.

Large-ensemble GCM studies are an essential tool to complement evidence from observations. Future
research could be carried out to take full advantage of the sheer ensemble size by the very large-ensemble
climate simulations and PAMIP model output, and to complement these large ensembles using
large-ensemble fully-coupled models with well-resolved stratospheres. Key priorities include further
quantifying internal variability in the response to Arctic sea-ice loss in coupled model simulations, and more
detailed investigations of the role of the stratosphere in bridging the influence of Arctic sea-ice loss and AA.
However, greater recognition of the need to include the full effects of AA (beyond just sea-ice loss) and a
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good representation of the stratosphere in such large-ensemble GCM simulations are also required to obtain
realistic responses of extreme winter weather regimes to a rapidly warming Arctic.

In this review we have shown how Arctic-midlatitude climate linkages are influenced by nonlinear
blocking and by different modes of SPV variability, moving beyond the current predominant focus on SSWs.
Such linkages are preconditioned by multiple tropical sources (ENSO, MJO, QBO) and require very large
climate model ensembles to be properly understood. Enhanced studies of blocking, SPV, their vertical
coupling, connections to CAOs and their resulting impacts, and more diverse and comprehensive model
results based on newly-available large-ensemble projections, form important ways forward for conceptual
understanding of Arctic-midlatitude climate linkages in the era of global warming and AA and for advancing
synoptic to seasonal weather forecasting.
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