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1. Introduction

1.1 Jet streams

The jet streams are powerful, relatively narrow currents of air that encircle the globe from
west to east in both the northern and southern hemispheres. While the strongest winds are
found at heights of 10e15 km, typical of cruising aircraft, jet streams, particularly in
temperate latitudes, “steer” the movement of frontal zones and air masses, thus affecting sur-
face weather and contributing to the prevailing westerly winds familiar to many in the mid-
latitude regions.

The jet streams rose to prominence in meteorology following World War II, when high-
altitude air campaigns had on several occasions been adversely affected by unexpectedly
strong winds [1]. The establishment of hemispheric-scale networks of radiosonde observa-
tions by Carl-Gustav Rossby and collaborators in the 1940s and 1950s identified for the first
time the global nature of the jet streams and the waves that propagate along them [2]. Since
then, the jets have been central to our understanding of weather patterns and climate
variability.

Although not observed or measured until relatively recently, the existence of jet streams
was theorized by George Hadley in the 18th century in his groundbreaking discussion on
the cause of the tropical trade winds [3]. Hadley correctly identified the rotation of the Earth
and the nonuniform distribution of solar heating as the two key ingredients needed to explain
the trade winds. As hot air rises above the equator, relatively cool air is pushed along the
surface from both Northern and Southern Hemispheres to replace it. Conservation of
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momentum implies that these air masses must turn westward over the Earth's surface as they
approach the equator, as their distance from Earth's rotation axis increases. Hence, the east-
erly trade winds are born. High up at the top of Hadley's circulation cell, he predicted that air
moving poleward must similarly acquire velocity from west to east. In meteorology, such
currents are termed “westerly” winds, i.e., winds from the west.

Momentum transport associated with the tropical Hadley cells is hence a key process
responsible for driving the subtropical jet streams. However, in midlatitudes,1 the atmo-
sphere is dominated not by planetary cells such as Hadley's but by abundant turbulent
and chaotic eddy circulations known collectively as the “storm tracks.” These eddies crucially
also act to accelerate the westerly jet streams and are increasingly viewed as blending seam-
lessly with the tropical circulation in achieving the poleward energy and momentum trans-
port required of the atmosphere, since the tropical regions receive more energy from the
Sun than the polar regions, and temperature differences between the tropics and the poles
cannot grow indefinitely. Cartoons of the atmosphere often indicate two separated jets in
each hemisphere: a subtropical jet located at the edge of the Hadley cell and a subpolar jet
at higher latitude. In reality, the latitude of the jets varies with both longitude and time,
and the subtropical and subpolar jets are often merged into one band of strong westerly
winds in the midlatitudes, known generally as the jet streams.

In the absence of surface asymmetries and large-scale instability, the jets would uniformly
encircle the globe, but regional featuresdsuch as continents, mountain ranges, and patterns
of ocean temperaturesdact to shape the regional jet streams by forcing northesouth wave
patterns known as Rossby waves (or planetary waves). These waves are named for Carl-
Gustaf Rossby who first developed, during the 1930s, the theory of these flow patterns in
fluids such as the atmosphere (or ocean) on rotating planets. These regional features can
also explain why a strong and straight jet is observed across the North Pacific, while the
jet is more variable over the North Atlantic [4,5]. We thus often refer to individual jets, for
example, as the North Pacific jet or the North Atlantic jet.

1.2 Jet streams and Rossby waves

The radiosonde networks spearheaded by Rossby in the 1930se40s were crucial for iden-
tifying not just the hemispheric jet stream but also the planetary-scale waves that now bear
his name (Fig. 15.1). Rossby waves are pervasive features of any large-scale weather map
and, in some sense, are more fundamental features of the atmosphere than even the jets them-
selves. These waves manifest as trains of alternating weather patternsdlow pressure, high
pressure, low pressure, and so ondgenerally arranged in a line roughly from west to east.
These pressure anomalies are known, respectively, as cyclones (low pressure) and anticy-
clones (high pressure). If a jet stream is present, then the waves can be seen as meanders
in the jet, as it snakes to the north and south of the weather systems.

Rossby waves arise from the conservation of vorticity, or informally “spin,” in geophys-
ical fluid dynamics. Vorticity comprises two components, one due to the rotation of air
masses relative to the Earth's surface and one due to the planetary rotation of the Earth itself.

1The region between the tropics and the polar circles (Tropic of Cancer and Arctic Circle on the Northern and
Tropic of Capricorn and Antarctic Circle on the Southern Hemisphere).
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If an air mass moves poleward, for example, its planetary vorticity will increase because its
local vertical axis is aligned more closely with the axis of the Earth. Its relative vorticity
therefore has to decrease to compensate, so it spins relative to the ground in the opposite
direction to the Earth, forming an anticyclone. The essence of Rossby waves is that neigh-
boring air masses affect each other and can grow and propagate as waves of vorticity anom-
alies (e.g., Ref. [6]).

Rossby waves are thought to play a central role in the formation of jet streams in general.
On large, planetary scales (on the order of 5000 km), the atmosphere behaves in many ways
like a two-dimensional fluid, with stirring introduced by the growth of vortices (eddies) in
the unstable midlatitude regions. This growth, termed baroclinic instability, arises because
of the strong meridional (north/south) temperature gradient in the mid-latitudes. The insta-
bility arises because cold, dense air sits alongside warm, lighter air. In such a setting, two-
dimensional turbulence theory predicts that eddies should merge and grow to ever larger
length scales. However, the planetary rotation critically constrains the flow: As the eddies
grow, the efficiency of Rossby wave propagation increases until the wavelike parts of the
flow dominate, and the disturbances propagate away as Rossby waves. The waves tend to
ultimately propagate out of the midlatitude band, toward both the north and south, and
the structure of the waves in this situation acts to transport westerly momentum back into
the central region of the jet where the eddies grew. Hence, the “eddy-driven” jets are formed,
without the need for an adjacent Hadley cell. These jets are common features of our oceans
and the atmospheres of other planets as well as our own [7,8].

In the absence of background winds, Rossby waves would propagate toward the west;
however, the westerly winds typical of the midlatitudes blow, or “advect,” the anticyclonic
(clockwise) and cyclonic (counterclockwise) vorticity anomalies of the Rossby wave toward
the east. When these two processes balance, i.e., the westward Rossby wave propagation is
equal to the eastward advection by the westerly winds, a transient (propagating) wave be-
comes stationary. This is described physically as the wave having zero phase speed, where
the phase speed describes how fast the individual peaks and troughs of a wave propagate
relative to the Earth. Such Rossby waves typically exist on weather timescales (days to
weeks), and thus, we use the term quasi-stationary to distinguish these waves from the sta-
tionary waves that are present when taking a time average over many years for a particular

FIGURE 15.1 A view of the subpolar jet stream (colored wavy streamlines depicting the wind speed, with dark
red colors depicting the fastest winds) with an example of a Rossby wave in the Northern Hemisphere. Rossby waves
lead to positive (“þ”) and negative (“�”) vorticity anomalies that form cyclones and anticyclones, respectively. For
further discussion, see text. Figure adapted from an image by the NASA Scientific Visualization Studio.
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season. These stationary waves are largely forced by landesea contrasts and mountain ranges
(see, e.g. Ref. [4]) and typically have a larger spatial scale than quasi-stationary or transient
waves. Quasi-stationary waves are of particular importance for persistent weather and
weather extremes, as we will see in the next section.

The speed of Rossby wave propagation depends on the spatial scale of the wave, such
that larger Rossby waves travel toward the east more slowly than smaller Rossby waves.
This means that the strength of the zonal wind required to make a wave stationary also
depends on the spatial scale of the wave [9]. As the zonal wind speed varies with time,
latitude, and longitude, the spatial scale of the quasi-stationary waves will also vary.
Thus, if there are changes in the average strength, latitude, or variability of the jets with
a warming climate, the average spatial scale of quasi-stationary and stationary waves
will be affected (see Section 2.2).

An exact definition of quasi-stationary waves has yet to be agreed upon in the literature,
but relevant studies typically look at waves present in data averaged over 2 weeks to 1 month
(e.g., Refs. [10,11,12]) or use quasi-stationary to refer to relatively short waves with near-zero
phase speed [10]. Linear Rossby wave theory, together with observations of some events,
suggests that at least some long-lasting quasi-stationary wave events are not just one singular
wave but rather are recurrent Rossby wave events, in which a series of transient, propagating
waves all have phases that line up, such as in Fig. 15.2 [11].

In addition to shifting, pulsing, and stationary waves, a distinct form of jet variability is
associated with a process termed atmospheric blocking (e.g., Ref. [13]). This typically in-
volves the local and temporary deflection of the jet and associated storm track by a large-
scale, persistent weather pattern, often involving a stationary anticyclone. Blocks typically
last for a week or two, and this persistence can lead to severe weather impacts that often
enhance seasonal contrasts, discussed further in Section 1.4.

The interaction between jets, Rossby waves, and blocking is complex and remains a topic
of active research. While the jets, particularly outside of the subtropics, generally owe
their existence to the propagation of Rossby waves, the waves themselves are often strongly
affected by the jets. Analysis of jet stream characteristics by Woollings et al. [14]
supports the association of weaker jet stream winds with increased occurrences of blocks
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FIGURE 15.2 Hovmoller plots showing 250-hPa meridional wind averaged between 35� and 65�N during two
separate recurrent Rossby wave events. Black dashed lines highlight the individual wave packets. Note that each wave
packet is propagating in space; however, the phase alignment of successive packages results in a quasi-stationary
signal. Here, hPa refers to hectopascals or hPa.
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(eddies in the flow) and a larger variance in jet stream latitude, which can be interpreted as
increased waviness (Fig. 15.3). Similarly, Blackport and Screen [15] show that weaker equa-
tor to pole surface temperature gradients, associated with weaker jets, leads to a “wavier”
circulation (as measured by local wave activity), and vice versa, on interannual to decadal
timescales. Interestingly, they did not find this relationship to hold for longer-term changes,
i.e., with anthropogenic climate change; this will be discussed further in Section 2.2.

A jet stream manifests as a concentrated gradient of vorticity, so that the jet locally
enhances the background poleward gradient of vorticity owing to the rotation of the Earth.
This gradient in vorticity is exactly where Rossby waves grow and propagate, and idealized
wave theories suggest that Rossby waves should bend toward strong and narrow jet
streams. Indeed, in certain circumstances, jets can act as atmospheric waveguides that
locally trap the waves in a narrow band of latitudes [16,17].

As noted earlier, the distribution of land and mountains on Earth creates zonal asymme-
tries in jet strength, which in turn creates zonal asymmetries in the atmospheric waveguides
[16]. This is illustrated in Fig. 15.4, depicting the climatological mean zonal wind in the
upper troposphere (the troposphere is the layer of atmosphere from the surface to an altitude
of approximately 14 km) in boreal summer (JuneeAugust) in black contours (highlighting the
jets), and the frequency of the presence of a local waveguide in colored shading. Zonal
variations in the waveguides create variations in waves properties at different longitudes,
with more zonal propagation in regions with stronger waveguides [18,19].

FIGURE 15.3 Time series of North Atlantic winter blocking and jet diagnostics from the 20CR reanalysis. All
series have been smoothed with an 11-yr running mean. From [14].
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1.3 Natural variability of the jet streams

Jet streams, in particular those with a strong eddy-driven component, are highly variable
in terms of position and strength, and these variations give rise to many regional weather and
climate impacts. Atmospheric variability has historically been described using fixed spatial
anomaly patterns, deriving from a correlation or principal component analysis2 (see, e.g.,
Ref. [21]). The dominant patterns, often termed annular modes or oscillations, as in the North
Atlantic Oscillation (NAO), generally reflect changes in the latitudinal position and/or
strength of the jet stream [22,23,24]. The dominance of these structures attests to the power
of the jets in influencing climate: Across much of the Earth's surface, the single most impor-
tant piece of information for regional climate is the strength and relative position of the jet.

Much jet variability can be conceptually viewed as a pulsing in strength or shifting in lati-
tude of jet streams, such as those in the North Atlantic and Pacific sectors of the Northern
Hemisphere, although other factors such as the meridional tilt of a jet can also be important
(e.g., Ref. [25]).

The jets can vary naturally on timescales from weeks to decades in a complex interaction
of timescales [26]. While much of this variability was previously thought to be chaotic in
origin [27], recent work has shown that a considerable part of the variability in seasonal
mean jet states is in fact predictable a season or more beforehand [28]. These findings have
refocused attention on predictable drivers of jet variability, in particular via stationary Rossby
waves forced by tropical variability [29]. Tropical variability has long been understood as a
key driver of jet variability, with El Niño/Southern Oscillation (ENSO) events standing as
the classic example, but subseasonal variations such as the Madden-Julian Oscillation have
also been shown to exert similar influence on jet variability from week to week in the
midlatitudes [30].

Atmospheric blocks are connected with jet variability, as they typically involve a blocking,
or diversion, of the jet around the blocked region. Blocks are very diverse in their configura-
tions and mechanisms, with complex interactions often occurring between blockings and
Rossby waves [31]. The amplification and breaking of Rossby waves are often crucial for
blocking occurrence [32,33,34], and some, but certainly not all, blocking anticyclones can

FIGURE 15.4 Black contours showing the Northern Hemisphere midlatitude upper troposphere (300 mb) jet
(zonal wind; black lines, contour interval 10 m/s) in boreal summer. Shading shows the frequency of waveguide
occurrence for wavenumber k ¼ 6. See Ref. [20] for details on the waveguide detection.

2A method of multivariate statistics used to approximate a large data set with a small number of linear combina-
tions of variables retaining as much as possible information from the original data.
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be considered part of a larger quasi-stationary Rossby wave. Research is still ongoing to fully
understand the dynamics of blocking events. One recently suggested approach proposes an
analogy between atmospheric blocks and the dynamics of traffic jams [35]. The idea is to
assign a “capacity” of air to the jet streams, just like the capacity of a motorway. When
this capacity is exceeded, the flow is blocked, similar to a traffic jam, and it is suggested
that both blocking and traffic jams can be described by the same mathematical model. It is
yet to be seen if this analogy holds up to further scrutiny.

1.4 The jet stream, Rossby waves, and weather

Variability in the jet streams and associated Rossby waves play a critical role in our
weather and climate. Numerous extreme weather and climate events can be attributed to
jet stream variability, to name just a few examples: the cold European winter associated
with a southward jet shift in 2010 [36], the hot European summer associated with a north-
ward jet shift in 2018 [37], and the prolonged California drought of 2011e17, linked to a
northward displaced jet [38].

As shown in Ref. [39], a variety of extreme weather eventsdsuch as heatwaves, cold spells,
and stormy periodsdare more likely when high-amplitude Rossby waves are present (often
thought of as when the jet stream is in a relatively wavy state). Large waves span many de-
grees of latitude, allowing atmospheric disturbances traveling along the jet stream to tap into
tropical heat and moisture more effectively, fueling storm development, transporting heat far
poleward, and increasing the likelihood of heavy precipitation. In the Northern Hemisphere,
deep southern excursions of the jet stream can usher Arctic air into regions unaccustomed to
freezing temperatures and generate strong eastewest temperature gradients that are essential
ingredients for snowstorms. In addition, the anticyclones in the Rossby waves are typically
associated with clear skies and thus hotter weather in summer. Thus, large waves are asso-
ciated with both hot extremes [40] and cold extremes [41]. Moreover, as large waves tend to
progress eastward more slowly, this can cause weather regimes to stall and create persistent
conditions that may lead to extreme events.

Indeed, many precipitation and temperature extreme events have been associated with
high-amplitude Rossby waves in both winter and summer [42,43,10,44,39]. This includes,
for example, the persistent cold spells in winter 2009/2010 in Europe and the winter of
2013/2014 in the eastern United States, as well as the European heatwaves of 2003 and
2018 and the Russian heatwave and Pakistan floods of 2010. The circulation anomalies asso-
ciated with the waves lead to regions of northerly (winds from the north) and southerly
(winds from the south) air flow. Where the winds flow from equator to pole, they bring
hot and often humid air; conversely, they bring cold dry air to regions where they flow in
the opposite direction.

Rossby waves are also associated with the transport of moisture, as well as with a phe-
nomenon known as atmospheric rivers [45,46]. Atmospheric rivers are narrow bands of
extremely moist air reaching from the tropics (where the atmosphere is typically more hu-
mid) into the midlatitudes and sometimes even farther poleward. They transport large
amounts of moisture and so are often associated with extreme precipitation events [47]. As
examples, Rossby waves have been linked to precipitation extremes including the Pakistan
floods of 2010 and Balkan floods of 2014 [48,49].
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In addition to causing extreme events in a single region, some Rossby waves can extend
zonally (west to east) for long distances [18]; the simultaneous occurrence of several such
large-scale waves with a particularly high amplitude can lead to concurrent extreme events
in disparate regions of the Earth, with the potential even to affect global crop yields [50]. Such
zonally extensive Rossby waves across a continent, along with other aspects of high-
amplitude Rossby waves, have been connected with atmospheric waveguides trapping
Rossby wave activity in a confined latitude band.

Atmospheric blocking events (introduced in the previous section) also influence weather
by obstructing the mild westerly flow into the continents. Through the same arguments as
given earlier for the impact of Rossby waves on circulation and thus temperature, blocks
can lead to both extreme cold days in winter and extreme hot days in summer, although there
are differences in the mechanisms in the different seasons [51,52].

Much of the theory and connections discussed earlier apply to all seasons; however, atmo-
spheric circulation, as well as the dynamics of extremes, change substantially with the sea-
sons, and so it is often instructive to explore some aspects of the influence of jets and
Rossby waves on weather separately for the cold versus warm seasons.

1.4.1 Autumn/winter

Under the right conditions, wave energy from the tropospheric jet stream can be trans-
mitted upward into the stratosphere (the stably stratified atmospheric layer above the tropo-
sphere, in which temperature generally increases with height). If enough energy is transferred
over a week or more, the usually fairly circular stratospheric polar vortex (SPV; a strong
cyclone normally located over the North Pole in the stratosphere, leading to a strong strato-
spheric jet around 60N, present during the cold season) can be disrupted: It can shift away
from the pole, become elongated, or even split into two or more subvortices. These events
are called sudden stratospheric warmings and are particularly important as, despite occur-
ring high up in the atmosphere, they can have a strong influence on our weather at the sur-
face [53]. When these events occur, pools of frigid Arctic air can penetrate southward over
Northern Hemisphere continents, causing disruptive long-lasting cold spells. During January
2019, for example, the SPV split into two centers of circulation that drifted southward and
brought record-breaking cold to much of eastern North America, Asia, and Eastern Europe
(Fig. 15.5).

Research is ongoing to fully understand the dynamics of these sudden stratospheric warm-
ing events, which occur approximately once every other winter, particularly to better under-
stand what triggers the initiation of the wave energy propagation from the lower atmosphere
into the stratosphere. Some of these events have been associated with a strong ridge that ex-
tends northward over the Barents/Kara Seas, connected with low sea ice in this region earlier
in the year; thus what began in the early autumn with an unusual loss of sea ice north of
western Russia has been suggested to affect winter weather around the Northern Hemisphere
for months (e.g., Ref. [54]). Other factors can also cause SPV disruptions, however, and
conversely, not all years with low Barents/Kara sea ice will disturb the SPV. While the asso-
ciation is clear, the dynamical mechanisms behind it are not. Research is ongoing to better
understand this complex set of interactions [55]; this connection is discussed further in the
context of sea ice loss in response to climate change in Section 2.2.
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1.4.2 Summer

In addition to simply being warmer, background conditions during summertime differ
from the cold season in several important ways. First, the stratospheric polar vortex does
not exist in summer owing to the absorption of solar energy by the ozone layer and subse-
quent warming of stratospheric air. Second, the jet streams (subpolar and subtropical) are
naturally much weaker during summer because the temperature gradient between low
and high latitudes is smaller. Third, the jets shift poleward during the warm season, along
with storm tracks and tropical air masses. These changes affect Rossby waves, weather,
and connections between the polar regions and midlatitude weather, which will be discussed
further in Sections 2.2 and 3.2.

High-amplitude, quasi-stationary, or recurrent Rossby waves have been associated with
extreme summer heatwaves [42,11]. Researchers at Potsdam University have proposed that
many of the most disruptive recent summer extreme weather eventsdsuch as European heat-
waves in 2003, 2006, and 2015; the Russian heatwave and Pakistan floods of 2010; drought in
the southwestern United States in 2011; and concurrent heatwaves during 2018 in North

FIGURE 15.5 Geopotential heights (m) at 30 hPa on January 20, 2019, during a major disruption of the strato-
spheric polar vortex that caused a severe and prolonged cold outbreak in eastern North America. Low heights
correspond to cold temperatures. Data from NOAA/ESRL/PSD.
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America, western Europe, and western Russiadwere associated with stagnant weather pat-
terns caused by so-called quasi-resonant conditions. These conditions are favored when there
is a Rossby wave of a specific spatial scale encircling the Northern Hemisphere, along with a
waveguide that helps maintain the wave at a particular latitude, trapping the wave energy
and amplifying the Rossby waves in the north/south direction. These amplified waves can
lead to persistent weather conditions that can cause prolonged heatwaves, drought, and
flooding. While the dynamics of this quasi-resonance mechanism are still debated in the sci-
entific community, authors in Refs. [56,57,20] also showed that waveguides are associated
with a greater likelihood of high-amplitude quasi-stationary wave activity, with further im-
plications for extreme events [12].

2. Expected changes with climate change

To make confident projections of the future under anthropogenic climate change, we use a
combination of climate models, observed trends, and, where possible, fundamental theory.
While climate models have many known systematic biases, they are based on the basic
laws of physics and remain invaluable tools for establishing causality within the complex
climate system. In contrast to phenomena such as temperature increases or rising sea levels,
interpreting observed long-term changes in jet dynamics, Rossby waves, and associated
extreme weather events is difficult owing to a high level of natural variability in these phe-
nomena. Observed changes will be discussed in more depth in Sections 3.1 and 3.2; here, we
describe some of the potential expected changes as predicted by theory and models.

2.1 Jet streams

Many generations of climate models have predicted a general poleward shift of the jets
and associated circulation systems in response to anthropogenic climate change. This
consensus began to emerge clearly in the Fourth Assessment Report of the IPCC, at least
partly as a result of the increased availability of daily model output in the accompanying
CMIP3 suite of model simulations [58]. Overall, this response reflects an expansion of the
tropical climate zone demarcated by the Hadley cells, a poleward shift of the subtropics
and the jets, and a poleward contraction of the midlatitude storm track regions. Although
clear in the zonal mean of climate model projections, this simplistic picture obscures consider-
able regional and seasonal detail in the projected changes [59,60].

Mechanistic understanding of these predicted changes has historically focused on the
competing influences of tropical and polar warming; the so-called “tug-of-war” on the jet
streams [61]. As the jets owe their existence to the contrast in temperatures between the tro-
pics and the polar regions, perturbations to this temperature contrast are expected to directly
impact the jets as well as the associated storm tracks and Hadley cells. A weaker jet could be
caused by reduced poleward temperature gradients owing to cooling equatorward of the jet
and/or warming on the poleward side.

With anthropogenic climate change, we expect both enhanced warming in the tropical up-
per troposphere and enhanced warming over the Arctic, known as Arctic amplification. The
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tropical warming hot spot results from a reduction in the moist adiabatic lapse rate (the rate
at which the temperature of an air parcel containing water vapor decreases with altitude),
which is a consequence of increased latent heat release from additional water vapor due to
higher temperatures. Evidence for the hot spot exists in observations and climate models
[62]. Arctic amplification occurs for multiple reasons, including temperature feedbacks and
effects from the loss of sea ice [63]. It remains unclear which will be the dominant mechanism
as climate change progresses [64,65], but observations and models agree that Arctic amplifi-
cation is occurring and will continue into the future. The tropical warming is expected to
strengthen the subtropical jets and shift the circulation poleward, while the polar warming
is expected, in contrast, to weaken the jets and push them equatorward (e.g., Refs. [66,67]).
In other words, whereas Arctic amplification acts to reduce the upper troposphere and lower
stratosphere wind speed, tropical upper-tropospheric warming acts to increase it.

Fig. 15.6 shows zonal-mean temperature trends under a 1%/year CO2 increase model
simulation for Northern Hemisphere winter [68]. The tropical upper-tropospheric warming
hot spot can be seen as the dark red anomaly over the equator centered at around
200 hPa. Enhanced warming is also seen close to the surface over the Arctic (the dark red
anomaly near the surface over the Arctic, on the far right of the figure). These results suggest
that Arctic amplification is a relatively shallow phenomenon compared with the full depth of
the troposphere, confined to below 700 hPa, approximately the lower 3 km of the atmo-
sphere. This is also the case in reanalyses [69] and in most of the CMIP5 models [70].
Some recent research, however, shows that models with particularly shallow Arctic warming
exhibit responses much weaker than observed, while those with deep Arctic warming show
responses closer to that observed in the past decades [70].

FIGURE 15.6 The simulated ensemble-mean zonal-mean temperature trend (�C/decade) in Northern Hemi-
sphere winter (December, January, and February), as calculated over a period of 70 years in a 1%/year CO2 increase
experiment. The black and white lines denote the tropopause height (boundary between troposphere and stratosphere)
at the start and end. From [68].
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The projected changes in temperature gradients are expected to have a substantial impact
on the jet. Fig. 15.7 shows the wintertime zonal-mean zonal wind changes projected by
climate model simulations by the end of the 21st century, in response to increased atmo-
spheric CO2 concentrations. There is an increase in wind speed in the latitude range
20e60�N in both the Pacific and Atlantic sectors at altitudes higher than around the
400e500 hPa pressure surface. The increase is consistent (at least qualitatively) with the ther-
mal wind response to the strengthened meridional temperature gradient in these parts of the
atmosphere due largely to the tropical upper-tropospheric warming hot spot. The projection
of larger increases higher up in the atmosphere, with weaker increases lower down, means
that the models are projecting an increase in vertical wind sheardhow much the wind speed
changes with heightdin the upper troposphere and lower stratosphere region. We show in
Section 3.1 evidence of increased vertical wind shear in historic observational data, increasing
our confidence in these model projections, and in Section 4.2, we discuss some implications of
this for shear-generated clear-air turbulence, with important socioeconomic implications for
the aviation sector.

In Fig. 15.7, there is little evidence of a weakening of the jet stream as predicted by Arctic
amplification alone, although this analysis focuses on winter. A study looking at more recent
climate model projections shows a similar picture for winter, but in summer, there is a pro-
jected weakening of the jet in the troposphere [72]. Reanalysis data sets and models typically
agree that, in the upper troposphere and lower stratosphere, Arctic amplification loses the
tug-of-war to the tropical upper-tropospheric warming hot spot, which acts to increase the
equator to pole temperature gradient, but the answer is less clear in the middle troposphere
and may be seasonally dependent. Exactly what impact these competing mechanisms
throughout the atmospheric column will have on surface weather is the subject of ongoing
research and debate.

FIGURE 15.7 The simulated ensemble-mean, zonal-mean, zonal wind change in the Northern Hemisphere in
winter (November to March) from the end of the 20th century to the end of the 21st century in the CMIP3 project, in
the Pacific (left) and Atlantic (right). The contour interval is 0.25 m/s, with positive contour lines solid, negative
contour lines dashed, and the zero line removed. From [71].
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In addition to this traditional tug-of-war, attention has broadened more recently to other
factors that have competing effects on the jets and storm tracks, such as the varied effects of
changes in moisture concentrations and cloud properties [73,74]. A plethora of specific the-
ories have been proposed to mechanistically explain the jet response to climate change
[75], such that it would seem a daunting challenge for theory alone to solve the issue.

From these considerations, it is clear that the consistent global-average poleward shift pre-
dicted by climate models arises from a delicate balance between many competing effects. The
predominance of a poleward shift shows that models favor the tropical warming, and the
associated dry and moist dynamical processes that affect the temperature and stability in
the subtropics as dominant influences on the jets, but the balance is a close one, and models
also show a seasonal and regional dependence of projected changes [59]. Overall, the pro-
jected model responses in the jets are weaker than the observed natural decadal variability
in many cases; this weak response could be an underestimate of the anthropogenic influence
on the jets if any of the many competing effects is misrepresented in the models. There is thus
currently no strong scientific consensus on whether, under various climate change scenarios,
we should expect a weakening, a strengthening, or no change in jet strength [59,76e80]. Some
of this discrepancy appears to be from zonal asymmetries in the response, i.e., different re-
sponses in the Pacific and Atlantic jets [59], seasonal differences in the response [60], the
use of different diagnostics and metrics [81], and/or biases in models and differences in
experimental design [82,70].

Driven largely by the dominance of patterns such as the NAO and the Southern Annular
Mode in recent observed decadal trends, attention has historically been focused on the jet
variability associated with fixed spatial patterns such as these. A key development over
the past decade has been the broadening of the discussion to consider the potential changes
in Rossby wave activity along the jets under climate change. This was originally driven by
concerns that rapid Arctic warming may have been driving apparent changes in wave
behavior with associated impacts on extreme weather in the midlatitudes [10,56,78]. These
concerns are still being debated (e.g., Ref. [15]), providing a welcome broadening of the focus
away from fixed “modes” to considering jet variability more generally. This is discussed
further in the following section.

2.2 Rossby waves and associated extreme weather

As discussed earlier, unraveling the impacts of anthropogenic global warming on the jets
is a complex task. Understanding the impacts on Rossby waves and extreme weather is, if
anything, even more complex. We not only need to understand how jet changes influence
atmospheric wave dynamics, but as the jets and waves interact, changes in the waves will
lead to changes in the jet and vice versa (e.g., Refs. [83,84]). The potential jet changes
introduced earlier may affect wave dynamics, including stationary waves, waveguides,
and blocking [85,86,87,88,72].

Even if we did have a clear picture of how changing temperatures affect the jets, the
impacts on Rossby waves dynamics and subsequently on extreme events remain unclear,
although this is the subject of intense ongoing research [43]. As mentioned in Section 1.2,
several studies have found correlations between observed jet strength and measures of
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“waviness” over the past decades. Combined with modeling studies, these suggest that a
weaker jet results in a higher frequency of amplified wave patterns and more blocking events,
and vice versa, i.e., a weaker jet is “wavier” [14,76,78,89]. As is often the case with atmo-
spheric dynamics, however, the picture is not completely clear, with some idealized model
experiments showing the opposite behavior, with a stronger jet resulting in smaller waves
[90]. In addition, one recent study also suggests that while there is a strong relationship be-
tween near-surface equator-to-pole temperature gradients and “waviness” of the atmospheric
circulation on interannual to decadal timescales, this relationship may not hold for longer-
term climate trends [15].

In addition to changes in jet strength, other studies suggest that changes in the latitude of
the jet may also play a role in Rossby waves and extreme weather [91]. And, while most
studies look at the frequency or strength of events, we might also expect an increase in the
size of blocks under climate change conditions [92], with implications for the spatial extent
of related heat extremes. This increase was associated with changes in both jet strength
and the width of the jet, adding jet width to the list of possible changes that may affect Rossby
waves and extreme weather.

Yet another aspect of the climate change response is the ability of the atmospheric jets to
act as waveguides, influencing the occurrence of high-amplitude Rossby waves, whether that
is through quasi-resonant amplification or the occurrence of quasi-stationary or recurrent
Rossby wave events. Because waveguides are created by sharp, strong jets, a weakened jet
might be expected to produce fewer, or weaker, waveguides, while a strengthened jet could
produce more frequent waveguides. Changes in jet variability, in addition to potential
changes in the mean strength, are simulated by models under climate change scenarios
[93,59], and these may play an equally important role in waveguide changes. Indeed, Cou-
mou et al. [94] find that jet structure, particularly a split jet, is also key for the formation of
waveguides during summer. Using a split jet structure as a proxy for the probability of
high-amplitude waves, one study finds that climate models project an increase in the fre-
quency of such conditions in the future, suggesting an increase in the frequency of summer
extreme weather events [95].

Additionally, Teng and Branstator [96] suggest that changes in wave sources may be
equally important to changes in waveguides, on which there is relatively limited research
currently. One study suggests that changes in tropical Rossby wave sources associated
with a weakening of tropical circulation in response to anthropogenic warming may explain
many stationary wave changes [97]. Projected changes in the zonal winds will also affect the
wavenumber of the stationary waves. Current models predict a decrease in the stationary
wavenumber in the upper troposphere, which leads to a lengthening of the wavelength of
the stationary waves and slower eastward progression. This can have significant conse-
quences for both temperature and precipitation in the extratropics, with predictions of in-
creases in precipitation in some regions and decreases in others [88].

Next, we explore in more detail some of the theory and results that are specific to either the
cold or warm season, as in Section 1.4.

2.2.1 Autumn/winter

In the cold season, the extent of Arctic sea ice and high-latitude snow cover may play an
important role in midlatitude circulation [98,99,100], with obvious implications for a
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warming climate as sea ice and snow cover decrease. As cautioned earlier in this chapter,
however, the mechanisms associated with impacts of Arctic amplification on the midlati-
tudes, as well as the relative importance compared with other changes forced by anthropo-
genic warming, is still the subject of intense ongoing research [55,101]. As discussed in
Section 1.4, there may also be potential connections between regional sea ice cover and
sudden stratospheric warming events, which disrupt the SPV and subsequently impact sur-
face weather.

While overall Arctic warming in the lower atmosphere acts to reduce the zonal-mean
north/south temperature gradient and weaken the jet stream's westerly winds, focused
warming in localized regions of the Arctic, from sea ice loss for example, may affect the
large-scale circulation and temperature patterns in different ways. Regression analysis of
observed winter temperature anomalies from 1950 to 2019 shows that temperature anomalies
in specific Arctic regions where sea ice retreat has been observed are associated with broader-
scale patterns of temperature anomalies extending beyond the Arctic (Fig. 15.8). For example,
warm anomalies in the Barents-Kara Seas (Fig. 15.8A) extend over northern Eurasia and are
also associated with relatively cool temperatures over midlatitudes of Asia and northern
North America. In winters when the whole Arctic is overly warm (Fig. 15.8E), eastern North
America and eastern Asia are abnormally cool. These associations between regional Arctic
warming and continental temperature anomalies say nothing about causation or mecha-
nisms, however. The patterns may be linked through other factors, such as changes in the tro-
pics and/or natural teleconnections; thus, the research challenge is to unravel how and how
much the momentous changes in the Arctic system are influencing the large-scale circulation
and under what conditions.

2.2.2 Summer

As discussed in Section 1.4, background conditions during summertime differ from the
cold season. Considering Arctic amplification in particular, during summer, the regions of
strongest Arctic amplification occur mainly over high-latitude land areas rather than over

FIGURE 15.8 Observed relationships between winter (DJF) near-surface air temperature anomalies around the
Northern Hemisphere on days when regional and pan-Arctic 850 hPa temperature anomalies were between 0.5 and
3.0 standard deviations above the climatological average. Temperature anomalies are for winters during 1950e2019
with temperature anomalies in (A) BarentseKara Seas, (B) Canadian ArchipelagoeBaffin Bay, (C) Greenland Sea, (D)
ChukchieBeaufort Seas, and (E) pan-Arctic regressed onto near-surface temperature anomalies. Arctic locations are
indicated with a yellow X. Anomalies are calculated relative to climatological averages from 1981 to 2010. From [55].
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the Arctic Ocean. These fundamental seasonal differences mean that mechanisms linking the
Arctic with midlatitude weather regimes during summer differ markedly from those oper-
ating during winter.

In addition to potential changes in jet strength, and subsequently on Rossby wave ampli-
tude, quasi-resonant amplification, introduced in Section 1.4, may play an additional role in
summer. During quasi-resonant amplification, an atmospheric waveguide helps amplify
Rossby waves under certain conditions. It has been suggested that a split-jet configuration,
with one branch flowing along high latitudes and another farther south, is favorable for
creating the waveguides that make quasi-resonant amplification more likely [95]. This
split-jet seems to be associated with a double peak in the poleward gradient of continental
temperature anomalies, providing a mechanism for changing temperatures to change the fre-
quency of quasi-resonant amplification of Rossby waves. This is illustrated by Fig. 15.9, using
the example of Arctic amplification as a mechanism for changing the temperature gradients,
although as discussed earlier this is not the only mechanism at work. Based on climate model
output, one study suggests that the conditions favorable for waveguides are indeed likely to
increase in frequency in the future [87], although the impacts of this on extreme events is still
a topic of active research [102].

3. Observed changes

3.1 Jet streams

The highly variable nature of jets poses a particular challenge for the identification of
emerging signals of anthropogenic climate change. Jets are known to vary naturally on
decadal timescales similar to those on which the “fingerprints” of climate change are
becoming apparent [104]. Even the magnitude of jet variability has itself been suggested to
vary decadally in some cases [105]. As an instructive example, considerable attention focused
on the positive trend in the winter NAO, which is reflected in a strengthening and northward
shift of the Atlantic jet from the 1960s to the 1990s [106]. However, the supposed trend weak-
ened and then reversed shortly after [107], providing a cautionary example that even appar-
ently strong trends over a period of just a few decades should not automatically be assumed
to be a result of climate change.

FIGURE 15.9 Schematic of proposed amplification of Rossby waves during summer in response to enhanced
warming of high-latitude land areas. Left image illustrates conditions before Arctic warming; right is with Arctic
warming, with larger waves in the jet stream. From [103].
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A more concrete example is that of the recent trend in the Southern Annular Mode (the
dominant pattern of natural variability in the circulation of the Southern Hemisphere, largely
reflecting northesouth shifts of the jet stream) during the southern spring/summer season.
This trend is dominated by a poleward shift of the midlatitude jet, which is generally consid-
ered to result in large part from the anthropogenic destruction of ozone within the Southern
Hemisphere stratospheric polar vortex. Crucially, this conclusion was supported by careful
comparisons of the observed trends with those predicted by climate models [108]. This typ-
ifies the detection and attribution approach that is a cornerstone of IPCC-level climate science.
As in other areas of climate science, confidence in any potential emerging signals of change in
the jets will not be achieved by observational analysis alone but will require quantitative sup-
port from models and, if possible, fundamental theory.

As discussed earlier in this chapter, the Northern Hemisphere subpolar (eddy-driven) jet
stream can be influenced by a variety of factors. Because the north/south temperature
gradient is the primary driver of jet stream winds, with a strong gradient fueling a strongly
sheared jet, anything that affects the strength of the gradient will also influence the jet stream.
In recent decades, the Arctic has warmed at a far greater pace than midlatitude regions in
general, especially in autumn and winter. This has reduced the north/south gradient in
the lower atmosphere and weakened the jet's westerly winds on the poleward side of the
jet. This can be seen in Fig. 15.10, which presents recent (2000e19) cold season (Novembere
March) anomalies in air temperature, geopotential height, and zonal (west-to-east) winds
from the midlatitudes to the North Pole and from the surface up through the troposphere.
Over the past 20 years, air temperatures have risen over the Arctic about three times faster
than in midlatitudes, both near the surface and in the upper atmosphere. Because warm
air has a lower density than cold air, pressure decreases more slowly with height, causing

FIGURE 15.10 Latitude/height anomalies in air temperature (A, �C), geopotential height (B, m), and zonal winds
(C, m/s) for the cold season (NovembereMarch) during 2000e19. Anomalies are calculated relative to 1980e99. Data
were obtained from NOAA/ESRL/PSD.
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a local high pressure and subsequently high geopotential height (the height above the surface
of a given pressure level), increasingly so with altitude (Fig. 15.10B). This reduced pressure
over the Arctic weakens the poleward gradient, consistent with the slower zonal-mean zonal
winds evident in Fig. 15.10C north of about 55�N, especially in the upper troposphere where
the jet stream resides. There is some evidence that weaker jet streams may be more easily
diverted from their west-to-east path by various featuresdsuch as mountain ranges, areas
of convection, and sea surface temperature (SST) anomaliesdresulting in a tendency for a
wavier jet stream.

As mentioned previously, regional and seasonal variations in temperature changes
complicate the story, however. High-latitude warming during recent decades is strongest
during fall and winter over the Arctic Ocean (Fig. 15.11A and D) owing primarily to the
reduction of sea ice coverage and thickness. As sea ice recedes, additional solar energy is
absorbed by the ice-free water rather than being reflected to space by the more reflective
ice, causing the ocean to warm. As cold air returns in fall, much of that absorbed heat is
returned to the atmosphere, contributing to the changes illustrated in Figs. 15.10 and 15.11.
Since 2015, temperature anomalies during winter have exceeded 5�C over much of the central
and Pacific sectors of the Arctic Ocean. During spring and summer, however, the location of
strongest warming shifts to high-latitude land areas (Fig. 15.11B and C) owing primarily to
the substantially earlier melt of spring snow cover on Eurasia and North America [109].
Earlier snow loss allows the underlying soil to dry out and warm sooner, contributing to
the positive temperature anomalies observed in spring and summer. These seasonal differ-
ences in warming patternsdand their corresponding impacts on regional north/south tem-
perature gradientsdwill have differing influences on the jet stream, as discussed in Section
2.2. Distinct mechanisms have been proposed linking the various high-latitude warming pat-
terns with large-scale atmospheric responses, but large natural fluctuations in the climate sys-
tem cause signals of change to be obscured by noise. As the globe continues to warm in
response to increasing concentrations of atmospheric greenhouse gas concentrations, signals
are expected to strengthen, allowing more robust detection and attribution of changes in the
jet stream.

Regional climates can also exhibit pronounced multidecadal patterns of variability. For
example, the summer jet stream over the North Atlantic exhibits multidecadal variability
in its position as described by the summer NAO [110,111]. This variability is thought to be
driven in part by Atlantic multidecadal variability (AMV) in SSTs (e.g., Ref. [112]). This
example shows that apparent trends in the jets over short periods should be treated with
caution owing to the potential contribution from patterns of natural multidecadal variability.

Study of the North Atlantic region illustrates the tug-of-war between Arctic amplification
and the tropical warming hot spot, discussed in Section 2.1. Fig. 15.12 shows the vertical vari-
ation of trends in the annual-mean northesouth temperature difference across the North
Atlantic over the past four decades (since the start of the satellite era). This temperature
difference has weakened in the lower atmosphere (below around 450 hPa) due to Arctic
amplification, but higher up it has strengthened due to the tropical upper-tropospheric
warming hot spot (coupled with lower stratospheric cooling). The weakening at ground level
and strengthening in the upper troposphere and lower stratosphere regions are both statisti-
cally significant, despite large interannual variability in the position and strength of the North
Atlantic subpolar jet stream. However, we note that, although a tropical upper-tropospheric
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FIGURE 15.11 Anomalies in air temperature (�C) at 925 hPa during 2000e19 (relative to 1980e99) for (A)
JanuaryeMarch, (B) AprileJune, (C) JulyeSeptember, and (D) OctobereDecember. Data are from NOAA/ESRL/PSD.
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warming hot spot is expected from basic physical considerations, is present in climate model
simulations of the future, and is present in weather balloon observations (albeit taken mainly
over land) over the past few decades, evidence for its existence in satellite observations (and
hence also reanalysis data) is less clear and still subject to debate.

We saw in Section 2.1 that models and theory predict an increase in vertical wind shear
(the change of wind speed with height) in the upper troposphere and lower stratosphere
(UTLS). Lee et al. [69] argued that, when attempting to detect long-term trends in the jet
streams in the UTLS region, it is better to study changes not in the wind speed, which are
subject to the tug-of-war discussed, but rather in the vertical wind shear, which is directly
controlled by the local meridional temperature gradients. Effectively, instead of studying
the outcome of a delicately balanced tug-of-war, this strategy allows us to study one side
of it in isolation, giving a better signal-to-noise ratio and more robust results. What such
an analysis reveals is that the annual-mean subpolar jet stream in the North Atlantic sector
has become 15% more sheared since satellites began observing it in the late 1970s, as shown
in Fig. 15.13. Lee et al. [69] also showed that the stronger shear is quantitatively consistent
with the thermal wind response to the changing temperature gradient.

Thus, the vertical shape of the subpolar jet streams is being modified by climate change in
a nontrivial manner. Vertical profiles display weaker shear in the lower troposphere, but
stronger shear higher up. These changes were first projected by climate model studies but
are now clearly evident in historical observational data. The changes are also consistent
with our dynamical understanding of the large-scale atmosphere, in terms of thermal wind
balance.

3.2 Rossby waves and associated weather extremes

An increase in the frequency of amplified jet stream patterns would result in more persis-
tent weather conditions of various types, which are a primary driver of extreme weather
events. Measuring changes in persistence, however, is not straightforward and suffers
from the signal-to-noise problem mentioned above for jets. It might seem that air temperature

FIGURE 15.12 Vertical profiles of linear trends in annual-mean (all months) northesouth temperature difference
across the North Atlantic over the period 1979e2017, according to three different reanalysis data sets. The domain
being analyzed is 30e70�N and 10e80�W. Error bars represent the 95% confidence intervals. From [69].
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anomalies at meteorological stations would be good candidates for measuring persistence,
but temperatures can be affected by many local factorsdsuch as cloudiness, soil moisture,
winds from heterogeneous surfaces (e.g., nearby bodies of water, forest vs. fields, developed
vs. undeveloped land), and adiabatic effects owing to nearby elevationdcausing temperature
variations that are unrelated to the persistence of a weather regime. Precipitation holds
greater potential, as synoptic-scale conditions must be right to produce it, but local convec-
tion must be taken into account. Another consideration is the shifting background state
owing to global warming, which would contribute to a positive trend in the persistence of
high-temperature anomalies if the underlying warming trend was not first removed.

While the literature is still relatively sparse on this topic, several recent studies provide ev-
idence for changing persistence of weather regimes around the Northern Hemisphere. Guil-
bert et al. [113] focused on the northeastern United States and assessed the persistence of
daily precipitation events based on 222 weather stations with continuous data extending
back at least five decades. They found that the probability of precipitation occurring in two
or more consecutive days increased in all months, with strongest positive trends in late
spring. Dry spells exhibited positive trends earlier in spring, suggesting that the region is
likely to experience larger swings in precipitation regimes. Francis et al. [114] also used pre-
cipitation measurements at weather stations as a metric of persistence but extended the
domain to the entire lower 48 U.S. from 1950 to 2015. Especially during the latter two de-
cades, they found that the frequency of long-duration wet spells and dry spells (defined as
events lasting at least 3 consecutive days) exhibited robust changes regionally and seasonally.
The frequency of dry spells increased in most seasons across the southeastern states and high
plains, while the frequency of wet spells increased in the eastern part of the country.

FIGURE 15.13 Time series of annual-mean (all months) vertical shear in zonal wind, spatially averaged in the
North Atlantic sector at 250 hPa over the period 1979e2017. Data are presented from three different reanalysis data
sets, shown in different colors. Also shown are the mean of the three reanalysis data sets (solid black line) and the linear
trend in the mean (dashed black line). From [69].
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Pfleiderer and Coumou [115] investigated the persistence of temperature anomalies,
analyzing changes in the length of consecutive anomalously warm or cold days over North-
ern Hemisphere land areas between 1954 and 2014. They found robust increases in the persis-
tence of both cold and warm anomalies over midlatitude land areas during summer months,
particularly the warm events over Europe where heatwaves have been unusually intense in
recent years. They also found that persistent summer regimes were more likely to occur when
the storm track activity and eddy kinetic energy were weak, which is favored when equator
to pole temperature gradients are reduced.

An entirely different approach to measuring changes in weather regime persistence was
employed by Francis et al. [114] and Vihma et al. [116], in which a neural networkebased
pattern identification algorithm was applied to large-scale daily fields of upper-level atmo-
spheric geopotential height anomalies. In both studies, a long-duration event (LDE) was
defined as 3 or more consecutive days that the atmosphere resided in the same large-scale
pattern. Francis et al. [114] focused on the eastern Pacific/North American sector of the
Northern Hemisphere and found that LDEs increased in frequency during 1996e2015 rela-
tive to 1976e95 for patterns that feature positive geopotential height anomalies at high lati-
tudes. The authors claim that the recent rapid warming of the Arctic may favor an increased
persistence of weather regimesdand therefore extreme eventsdover North America. The
analysis reported in Ref. [116] focused on the Atlantic/Europe region using the same
approach and definition of LDEs. Patterns reminiscent of a negative NAO exhibited
increasing frequencies of LDEs, while LDEs decreased in patterns similar to a positive
NAO. Europe generally experiences anomalously cold (warm) winters during negative (pos-
itive) NAO phases; thus despite overall global warming, Europe has continued to experience
prolonged cold winter spells.

Disruptive extreme summer weather events around the Northern Hemisphere midlati-
tudes have increased in frequency and intensity in recent decades, including heatwaves,
droughts, and heavy precipitation [117,118]. Some of these extremes are directly related to
thermodynamic changes, particularly warming and moistening of the atmosphere, but a
growing number of studies suggests that many extremes can only be explained by shifts in
atmospheric dynamics, particularly increasing persistence of weather regimes owing to
amplified jet stream configurations (e.g., [10,50,56,87,95]).

Recent studies suggest that the quasi-resonant amplification fingerprint has occurred more
often in recent decades, especially over Eurasia [95] although the exact causes of these in-
creases are a topic of active research [102]. Some empirical and modeling studies report
increased waviness in the summer jet stream in some regions but not consistently around
the Northern Hemisphere (e.g. Refs. [76,119,78,120,121]), while other studies find no robust
changes in summer waviness (e.g., Refs. [91,122,123]). Discrepancies likely arise through dif-
ferences in analysis methods, time intervals, and the realism of model simulations.

Various lines of evidence also suggest that westerly winds in the summertime jet stream
have weakened, at least partially in response to the observed reduction in the north/south
temperature gradient. Linked with a slower summer jet is an observed weakening of
storm-track activity and eddy kinetic energy by approximately 15% since the late 1970s,
implying that summer weather systems are less potent and more likely to stagnate as frontal
systems struggle to make inroads into central continents [77]. While this time period
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coincides with rapid changes at high latitudes, other factors are also involved, including natu-
rally and anthropogenically fluctuating ocean temperature patterns and large-scale atmo-
spheric variability. Unraveling the causes of extreme summer weather events is an active
and fascinating area of research.

4. Future impacts of changing jets

4.1 Persistent weather regimes and extreme weather

As noted in the previous section, an increase in the frequency of amplified jet stream pat-
terns would likely result in more extreme weather events. In addition to an observed increase
in the persistence of temperature and precipitation anomalies over the past 60 years, Pflei-
derer et al. [124] studied weather persistence in one climate model for a future with 2�C of
global warming. They found a 4% increase in the likelihood of anomalously warm summer
periods lasting longer than 2 weeks over midlatitude land areas, along with a 26% increase in
precipitation events lasting longer than 7 days. Substantial increases (~20%) in the persistence
of warm-plus-dry conditions were also projected for eastern North America during summer.
These changes were much reduced in projections for 1.5�C global warming, providing further
motivation to restrain greenhouse gas emissions as much as possible, thus lessening disrup-
tion by extreme weather in the future.

In addition to regional Arctic amplification, the existing state of sub-Arctic/midlatitude
ocean temperature patterns can influence the longitudinal axis of ridges and troughs, and
consequently, the degree to which a region of Arctic warming can affect the amplitude of
the jet stream waves. When a ridge is located in the vicinity of a high-latitude warm anomaly,
the additional Arctic heating can intensify the ridge by further elevating geopotential height
surfaces, which also tends to amplify the latitudinal breadth of the ridge. When a ridge is
strengthened, the downstream trough also tends to deepen. This ridge/trough configuration
typically causes couplets of anomalous warm and cold surface conditions that can persist for
several days or even weeks if the wave is sufficiently large, as larger waves tend to progress
eastward more slowly. In contrast, if existing factors favor a ridge axis position that is not
aligned with a region of Arctic warming, little interaction would be expected.

Several recent studies have investigated this potential constructive interference between a
naturally varying factordsuch as the Pacific Decadal Oscillation (PDO), El Niño Southern
Oscillation (ENSO), or the Atlantic Multidecadal Oscillation (AMO)dand factors related to
climate change, such as regional Arctic amplification. For example, Sung et al. [125] found
that the intensity of ridging off the North American west coast increased under the combined
conditions of a positive PDO, which features above-normal SSTs in the eastern North Pacific,
along with warm temperatures in the Pacific sector of the Arctic. This amplified ridging typi-
cally brings persistent warm, dry weather to western North America along with cold spells
and snow storms in the east, a pattern that has predominated since the PDO shifted to a pos-
itive phase in late 2013. If the ridge sets up a bit farther west, however, disturbances can ride
southward along down its east side and bring heavy precipitation to western states along with
bitter cold in the Midwest, which occurred during the winters of 2017/18 and 2018/19.
Studies by authors of Refs. [98,126,127,128,129] are consistent with these findings.
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A similar constructive relationship has been identified over the Eurasian continent. A
climatological ridge tends to exist in the vicinity of the Ural Mountains in western Russia.
North of this range lie the Barents and Kara Seas, a region of the Arctic where recent sea
ice retreat has been substantial and autumn/winter warming has been pronounced. Because
ridging in this area is tied to topography, its location is more consistent than those tied to SST
anomalies, and consequently, the impacts on weather patterns have been more regular.
Numerous studies have identified a linkage connecting Barents/Kara Seas warming,
increased autumn snowfall over Siberia, an amplified ridge/trough jet stream configuration
over the continent, and an increased likelihood of persistent cold spells in central and eastern
Asia (e.g., [54,100,130e142]). While the direct impact of Barents/Kara Seas warming occurs
mainly in late autumn and early winter, a connection with the stratosphere may continue
the jet stream's amplified waviness into late winter.

This research all suggests that changes in the jet streams and Rossby waves may play a
crucial role in the frequency of persistent and extreme weather under a changing climate.
More research is required to better understand the connections and interactions between
the many parts of this complex problem to provide more confident projections of future
changes in weather extremes.

4.2 More clear-air turbulence for aircraft

We saw in Section 2.1 that climate models project an increase in the vertical wind shear in
the upper troposphere and lower stratosphere, and Section 3.1 shows that these projections
are supported by observations of current changes. This upper troposphere and lower strato-
sphere region covers the altitudes at which commercial passenger aircraft typically cruise.
Therefore, although we do not live at these altitudes, we do have a special interest in
them, because it is where we fly.

The increase in vertical wind shear at aircraft cruising altitudes has unfortunate conse-
quences for air travelers because an invisible form of turbulence is produced in the jet stream
whenever the shear is strong. Clear-air turbulence (CAT) is generated in clear skies when the
vertical wind shear is stronger than the stratification, as measured by the Richardson number
being subcritical (Ri < 1/4 ). It follows that climate change is causing an increase in the rate of
production of CAT at aircraft cruising altitudes. In particular, when the concentration of CO2
in the atmosphere is doubled in climate model simulations, the amount of moderate-or-
greater CAT within the transatlantic flight corridor in winter increases by 40%e170% [143]
and severe CAT increases by 36%e188% [144]. These findings are replicated globally and
throughout the year at a range of different flight cruising altitudes, with some midlatitude
regions experiencing several hundred percent more CAT by the period 2050e80 in a
commonly used future CO2 scenario [145].

In addition to the impacts on aviation, increased CAT would create more mixing in the
upper atmosphere and could therefore also have important (but presently unknown) conse-
quences for atmospheric dynamics and thermodynamics.
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5. Summary

Jet streams are powerful currents of air that encircle the globe in both the Northern and
Southern Hemispheres in an eastward direction at a height of 10e15 km. Jet streams are
important because they create weather systemsdareas of both low and high pressuredand
steer them along the midlatitudes. They owe their existence to differences in temperature be-
tween low and high latitudes as well as the rotation of the Earth. The jet streams normally do
not flow in a straight path from west to east, but rather meander in alternating troughs and
ridges. These waves are called Rossby waves. Their existence is a direct consequence of the
conservation of vorticity.

Rossby waves play an important role in the formation of jet streams via baroclinic insta-
bility, which is a consequence of the northesouth temperature gradient. Their propagation
speed depends on the background winds. Normally the background flow to the east is stron-
ger than the intrinsic propagation speed of the Rossby waves (which is westward in the
absence of background winds). However, if these two processes balance, the propagation
(transient) waves can become (quasi-) stationary, and even move westward if the background
winds are weak and the waves are large. Furthermore, the propagation speed of Rossby
waves depends on the wavelength (larger waves travel eastward more slowly) and on lati-
tude. Jets can locally increase the gradient of vorticity, which is the source for Rossby
wave growth. From wave theory, it follows that Rossby waves could be inclined toward nar-
row jet streams and thus can act as a kind of waveguide. It is not clear how changes in the jet
stream under climate change conditions may affect these wave guides.

Atmospheric blocking occurs when a jet stream ridge becomes especially large and forms a
separate anticyclonic eddy in the flow, which creates a large-scale persistent weather pattern
that “blocks” the propagation of Rossby waves. As such blockings can last for 1 or 2 weeks,
they can lead to severe weather impacts. The processes that create and destroy blocks, as well
as interactions between Rossby waves and blocks, are not yet fully understood, which pre-
sents challenges to both weather forecasting and climate projections.

The source of energy for the jet streams is the temperature gradient between subpolar and
subtropical regions. As the Arctic at low elevations warms much faster than low latitudes
owing to a variety of processes that amplify global warming, the poleward temperature
gradient relaxes, and it is hypothesized that the westerly jet stream winds will weaken,
causing a “wavier” trajectory and increasing the likelihood of forming blocks and other types
of eddies. On the other hand, a hot spot of warming near the level of the tropopause is also
expected to occur in response to enhanced release of latent heat as the climate warms. As a
consequence, the poleward gradient increases aloft, strengthening the upper-level westerly
winds, and altering the vertical stability of the (tropical) atmosphere. Changing poleward
temperature gradients at different heights in the atmosphere is also altering the vertical shear
in midlatitudes, which may increase clear-air turbulence at altitudes where aircraft fly. It is
not yet clear which of the two areas of amplified warming will exert the most influence on
the jet streams under climate change conditions, and how they will vary by season, region,
and background state of the climate system. These questions are being actively addressed
by researchers, as future changes in jet streams will affect weather patterns that have pro-
found impacts on society and ecosystems.
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