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ABSTRACT

The North Atlantic Oscillation (NAO) is the leading mode of large-
scale atmospheric circulation variability that steers weather patterns
across Europe. In summer, its positive phase is associated with above-
average temperatures in northwest Europe and below-average tem-
peratures in the Mediterranean, whereas the negative phase is associ-
ated with the opposite pattern.

Recent increases in the occurrence of contrasting weather events
across different parts of Europe have prompted hypotheses that global
warming may be altering the variability of the NAO. While climate
change simulations generally project a positive trend in the NAO in-
dex through the 21st century, this trend reflects changes in the mean
state rather than in the variability. Furthermore, most studies examin-
ing the NAO response to global warming have focused on winter. To
date, no study has examined how variability — particularly extreme
states of the NAO — responds to global warming in summer.

To close this gap, I use transient climate change simulations with
a large ensemble size. The ensemble spread of these simulations at
each time step measures the internal variability, and its temporal evo-
lutions reveal how this internal variability changes in response to
transient climate change. In the first study, I use monthly outputs,
both because data at this timescale are available from multiple Earth
system models to assess the robustness and because the NAO is a
low frequency phenomenon. This low-frequency characteristic does
not exclude fast synoptic processes for playing a role. In my second
study, I leverage daily output from a single model to investigate the
role of Rossby wave breaking events and eddy fluxes in driving the
summer NAO variability. I also compare the findings from climate
simulations with historical reanalysis data.

I find a robust enhancement of summer NAO variability, superim-
posed on the previously identified long-term trend, in response to
global warming. This enhancement is evident as a widening of the
summer NAOQO index distribution, and an increase in the occurrence
of both positive and negative phases of summer NAO extremes. I also
show that the impact of these summer NAO extreme events on the
surface temperature is amplified over northwestern Europe. The sig-
nal of increasing occurrence and intensifying impacts of the summer
NAO extremes is also emerging in the reanalysis data.

I show that the increased occurrence of summer NAO extremes
under global warming is driven by more frequent wave breaking
events, which are associated with enhanced variability of upper-level
eddy momentum convergence. This momentum forcing is primarily
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contributed by transient eddies that are generated from lower-level
baroclinicity. The baroclinicity is sustained by heat flux carried by
quasi-stationary eddies. As global warming amplifies the land-ocean
temperature contrast, the variability of these heat flux increases. This
increase ultimately contributes to changes in the occurrence of sum-
mer NAO extremes.

In my thesis, I established that the mean state of the summer NAO
Conclusion/implica-  becomes more positive, meanwhile, both positive and negative phases
tion of the summer NAO extremes become more likely due to an ampli-
fied variability under global warming. I attributed the increase in the
occurrence of summer NAO extremes to changes in the statistics of
their eddy forcing. My finding highlights the effects of climate change
on the variability of the atmospheric flow, and thus has important im-

plications for extreme weather attribution and adaptation.

ZUSAMMENFASSUNG

Die Nordatlantische Oszillation (NAO) ist der dominierende Modus
der grofiraumigen atmosphérischen Zirkulation, der die Wettermus-
Hintergrundinforma- ter in Europa steuert. Im Sommer ist eine positive NAO-Phase mit
tion iiberdurchschnittlichen Temperaturen in Nordwesteuropa und unter-
durchschnittlichen Temperaturen im Mittelmeerraum verbunden, wih-
rend die negative Phase das gegenteilige Muster erzeugt.
Die jlingste Zunahme gegensitzliche Wetterereignisse in verschie-
denen Teilen Europas hat zu der Hypothese gefiihrt, dass die globale
Frage/Problem Erwdrmung die Variabilitit der NAO verdandern konnte. Wahrend Si-
mulationen des Klimawandels im Allgemeinen einen positiven Trend
des NAO-Indexes fiir das 21. Jahrhundert voraussagen, spiegelt die-
ser Trend eher Verdnderungen im Mittelwert als in der Variabilitat
wider. Dartiber hinaus konzentrierten sich die meisten Studien, die
sich mit der Reaktion der NAO auf die globale Erwdrmung befass-
ten, auf den Winter. Bislang wurde in keiner Studie untersucht, wie
die Variabilitdt - insbesondere die extremen Zustdnde der NAO - im
Sommer auf die globale Erwdrmung reagiert.
Um diese Liicke zu schlie3en, verwende ich Simulationen des Kli-
Ansatz mawandels mit grofSer Ensemblegrofie. Die Ensemblestreuung dieser
Simulationen bei jedem Zeitschritt ist ein Maf fiir die interne Varia-
bilitdat, und ihre zeitliche Entwicklung zeigt, wie sich diese interne
Variabilitdt als Reaktion auf voriibergehende Klimadnderungen ver-
dndert. In der ersten Studie verwende ich monatliche Daten von meh-
reren Erdsystemmodellen, um die Robustheit der Ergebnisse zu be-
werten und, weil die NAO ein niederfrequentes Phdanomen ist. Die
Tatsache, dass es sich bei der NAO eher um ein niederfrequentes
Phianomen handelt, schliefst nicht aus, dass auch schnelle synopti-
sche Prozesse eine Rolle spielen. In der zweiten Studie verwende
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ich Tagesdaten aus einem einzigen Modell, um die Rolle von Rossby-
Wellenbrechungsereignissen und die Rolle von Wéarme- und Impuls-
fliisssen durch Stérungen bei der Steuerung der sommerlichen NAO-
Variabilitdt zu untersuchen. Die in den Simulationen des Klimawan-
dels ermittelten Verdnderungen werden werden mit denen eines Re-
analysedatensatz fiir historische Zeitraume verglichen.

Ich finde eine robuste Verstarkung der sommerlichen NAO-Variabilitat

als Reaktion auf die globale Erwdrmung, die den zuvor ermittelten
langfristigen Trend tiberlagert. Diese Verstarkung zeigt sich in einer
Verbreiterung der Verteilung des Sommer-NAO-Indexes und in einer
Zunahme der positiven und negativen Phasen der Sommer-NAO-
Extreme. Ich zeige auch, dass die Auswirkungen dieser extremen
Ereignisse auf die Oberflachentemperatur tiber Nordwesteuropa ver-
starkt werden. Das Signal fiir das zunehmende Auftreten und die sich
verstirkenden Auswirkungen sommerlicher NAO-Extreme ist auch
in den Reanalysedaten erkennbar.

In meiner Dissertation habe ich festgestellt, dass der mittlere Zu-
stand der sommerlichen NAO positiver wird, wihrend gleichzeitig
sowohl positive als auch negative Phasen der sommerlichen NAO-
Extreme aufgrund einer verstarkten Variabilitit unter dem Einfluss
der globalen Erwdrmung wahrscheinlicher werden. Ich habe die Zu-
nahme des Auftretens sommerlicher NAO-Extreme auf Verdanderun-
gen in ihrem Antrieb durch atmospharische Storungen zurtickgefiihrt.
Meine Ergebnisse unterstreichen die Auswirkungen des Klimawan-
dels auf die Variabilitdt der atmosphérischen Stromung und haben
daher wichtige Implikationen fiir die Zuordnung extremer Wetterer-
eignisse und die Anpassung daran.

In meiner Dissertation habe ich festgestellt, dass der mittlere Zu-
stand der sommerlichen NAO positiver wird, wihrend gleichzeitig
sowohl positive als auch negative Phasen der sommerlichen NAO-
Extreme aufgrund einer verstarkten Variabilitit unter dem Einfluss
der globalen Erwdrmung wahrscheinlicher werden. Ich habe die Zu-
nahme des Auftretens sommerlicher NAO-Extreme auf Verdnderun-
gen in ihrem Antrieb durch atmospharische Storungen zurtickgefiihrt.
Meine Ergebnisse unterstreichen die Auswirkungen des Klimawan-
dels auf die Variabilitidt der atmosphérischen Stromung und haben
daher wichtige Implikationen fiir die Zuordnung extremer Wetterer-
eignisse und die Anpassung daran.
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Winds rise from the tips of duckweeds.

— HRERE XU
Song Yu, Fu on Wind, 298—222 BC

INTRODUCTION

Traveling synoptic low- and high-pressure systems, or transient ed-
dies, govern surface weather conditions in mid-latitudes. They are
associated with inherent instability of atmospheric flow, and feed cir-
culation patterns of large-scale in which they are embedded [38, 89].
These large-scale circulation patterns are spatially well defined and
limited in numbers. They vary in low frequencies [1, 3], and are usu-
ally associated with persistent weather conditions [34, 73]. Recently,
certain types of severe weather have been occurring more frequently
[37, 69, 91], raising concerns that global warming may be altering the
variability of these large-scale circulation patterns. However, evidence
for such changes remains elusive.

Over the North Atlantic, the leading mode of the large-scale circu-
lation patterns is the North Atlantic Oscillation (NAO). The NAO is
a dipole-like pattern in the atmospheric pressure anomaly field that
swings over a wide range of time scales. This pattern and the am-
plitude of its variability are well simulated in atmospheric general
circulation models forced with climatological annual cycles of solar
insolation and sea surface temperature [71]. This provides strong evi-
dence that much of the NAO variability arises from processes internal
to the atmosphere [36].

Meanwhile, the anthropogenic forced changes in North Atlantic cir-
culation projects strongly onto the NAO pattern [21, 63]. This NAO-
like response would manifest as a long-term trend in the NAO in-
dex, which has been well established by previous studies (e.g, [57,
64]). However, this long-term trend represents changes in the mean
state of the NAO, changes in the variability of the NAO in a tran-
sient warming climate, on the other hand, remains a knowledge gap.
Quantifying such changes is essential for effective risk management
of extreme weather in Europe [32]. This thesis aims to fill this gap,
with a focus on the NAO in summer.

1.1 NAO VARIABILITY AND EXTREME WEATHER

The NAO variability steers the surface weather over much of Eu-
rope and North America. In fact, the NAO was firstly identified from
temperature field rather than atmospheric pressure field. During his

An earlier
description of the
NAO



NAO in summer

summer NAO and
extreme weather

INTRODUCTION

stay in Greenland between 1770-78, the missionary Hans Egede Saabye
made the following observation in his diary [70]:

"In Greenland all winters are severe, yet they are not alike. The
Danes have noticed that when the winter in Denmark was se-
vere, as we perceive it, the winter in Greenland in its manner
was mild, and conversely. " - Hans Egede Saabye (1770-78)

Such a dipole pattern in the temperature field has been linked to the
NAO over one century later by Walker and Bliss (1932 [92]). In their
words, the NAO is “the tendency for pressure to be low near Iceland in
winter when it is high near the Azores and south-west Europe; ... this distri-
bution of course is associated with high temperature in north-west Europe
and low temperature off the Labrador coast”.

The difference of the anomalous pressure between the Icelandic
Low and the Azores High adopted by Walker and Bliss remains a
standard method to define the NAO index [36]. Meanwhile, pattern
decomposition methods, such as the Empirical Orthogonal Function
(EOF) analysis, are also widely adopted [2, 93].

Although firstly identified in winter, the NAO is actually a pattern
persistent throughout all seasons. I focus on the NAO in summer, as
it plays a key role in driving heat waves, droughts, and floods during
this season [22, 23, 46, 84]. The pattern of the summer NAO is shown
in Figure. 1a. As its winter counterpart, the summer NAO index that
measures the strength of this pattern exhibits strong variability over
a wide range of time scales (Figure. 1b).

NAO index

-10 ¢

1860 1880 1900 1920 1940 1960 1980 2000 2020
Time

Figure 1: The summertime North Atlantic Oscillation. a, Spatial pattern
of the summer NAO at mid troposphere (500 hPa). b, The corre-
sponding temporal index of the summer NAO. The pattern and
the index are decomposed with EOF analysis. The index is nor-
malized with its temporal standard deviation. Data comes from
NOAA-CIRES-DOE Twentieth Century Reanalysis (20CR) [11].

Extreme states of the summer NAO, arising from this strong vari-
ability, trigger the occurrence of certain severe weather events. For
instance, the Russian heatwave and the severe floods in Pakistan in
summer 2010 are associated with a persistent negative phase of the



1.2 NAO VARIABILITY AND LARGE-SCALE MEAN FLOW

summer NAO [22, 74]. The European hot summer in 2018 is associ-
ated with a series of consecutive positive NAO events [46, 84]. From
a statistical view point, much of the observed extreme precipitation
and temperature over Europe in individual seasons is associated with
the NAO [73].

The tight link between the NAO variability and the surface weather,
and particularly the important role of the summer NAO in causing
severe weather, indicates that any changes in the NAO variability
due to global warming would have profound impacts on society and
ecosystems. In the remainder of this section, I firstly review the cor-
respondence between the phases of the NAO and the state of the
atmospheric mean flow (section 1.2). Then I show how the associated
mean flow changes in response to global warming (section 1.3). To
provide a dynamical framework for explaining changes in the NAO
variability, I review the “eddy-mean-flow" interactions (section 1.4).
This is followed by an introduction to the main tool used to investi-
gate changes in the NAO variability—the large ensemble simulations
(section 1.5). Finally, I outline the research gap and pose the research
questions to be answered in this thesis (section 1.6).

1.2 NAO VARIABILITY AND LARGE-SCALE MEAN FLOW

The atmospheric flow over the North Atlantic exhibits multiple equi-
librium states, known as flow regimes [8]. They arise due to multi-
ple equilibria of the nonlinear equations that govern the atmospheric
dynamics [8, 87]. For instance, a quasi-geostrophic 3-plane model
of barotropic flow over topography exhibits two stable flow regimes:
one is a ‘high-index” flow with a weak wave component and a rela-
tively stronger zonal component; the other is a ‘low-index” flow with
a strong wave component and relatively weaker zonal component.
Similarly, the observed atmosphere over North Atlantic also exhibits
two preferred flow regimes, a zonal flow regime and a blocked flow
regime [99]. Transitions between the two flow regimes are associated
with the NAO variability [98].

The positive phase of the NAO corresponds to the zonal flow regime,
while the negative phase of the NAO corresponds to the blocked flow
regime [98]. Regime shifts between these flow regimes are associated
with the location of the westerly jet stream. There are two jet streams
over the North Atlantic, namely the subpolar jet and the subtropical
jet [61]. The subpolar jet is essentially eddy-driven, and the subtropi-
cal jet is related to the upper branch of the Hadley Cell [61]. During
the zonal flow regime, the subpolar jet diverts northward and sepa-
rates from the subtropical jet (Figure. 2a). Whereas during the blocked
flow regime, the subpolar jet shifts southward and merges with the
subtropical jet, which is accompanied with a strengthened Greenland
blocking [65] (Figure. 2b).

a preview

flow regimes

jet stream
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Figure 2: The NAO is associated with zonal and blocked flow regimes. a
Composite mean of the 300 hPa wind field during positive phase
of the winter (DJF) NAO. Isotachs are shaded at 20, 30, and 40
m s~ . Arrows show the wind vector. b Same as a, but for negative
phase of the NAO. Plot is adapted from ref [98]. Data are from 40-
yr ECMWEF Reanalysis (ERA-40) [88]

The physical processes that induce the meridional displacement of
the jet stream include Rossby wave breaking. The Rossby waves are
large-scale wavelike disturbances that arise under the effects of poten-
tial vorticity (PV) gradient. In the barotropic flow, the potential vortic-
ity is the absolute voricity that increases monotonically poleward [89].
Because the PV of air parcels is conserved, meridional displacements
of the air parcels would therefore change the PV gradient and lead to
Rossby wave breaking. Both a poleward displacement (Figure. 3a) or
a equator-ward displacement (Figure. 3b) may reduce the PV gradient
[94]. Depending on the sign of the momentum flux (u’v’) associated
with the waves, the Rossby wave breaking can be classified into an-
ticyclonic wave breaking (u'v’ > 0, Figure. 3a)) and cyclonic wave
breaking (u’v’ < 0, Figure. 3b) [67]. The anticyclonic wave breaking,
which predominantly occurs at the equator flank of the jet stream,
acts to push the jet stream poleward (Figure. 3a). The cyclonic wave
breaking, which predominantly occurs at the poleward flank of the
jet stream, acts to push the jet stream equatorward (Figure. 3b). There-
fore, the anticyclonic wave breaking is regarded as a precursor of the
positive NAQO, and the cyclonic wave breaking is regarded as a pre-
cursor of the negative NAO.

To conclude, the variability of the NAO is associated with tran-
sitions between flow regimes over the North Atlantic. Such transi-
tions are connected to the meridional displacement of the subpolar
jet, which is aided by Rossby wave breaking events. In this thesis, I
will show that changes in the variability of the NAO under global
warming are consistent with changes in the large-scale atmospheric
mean flow.

1.3 CHANGES IN THE NORTH ATLANTIC MEAN FLOW

The North Atlantic mean flow changes in both the zonal and blocked
regimes. On the one hand, the zonal component of the upper-level
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a Anticyclonic wavebreaking u'v’ > 0 b Cyclonic wavebreaking u'v’ < 0

Poleward shifted jet equatorward shifted jet

Figure 3: Wave breaking events drive meridional displacement of the jet
stream. a Schematic plot of anticyclonic wave breaking on a isen-
tropic surface. Blue color shows the stratospheric air with high po-
tential vorticity (PV). White color shows the tropospheric air with
low PV. u’v’ represents eddy momentum flux. b, Same as a, but
for the cyclonic wave breaking.

jet stream winds accelerates with simulated global warming, with its
mean location shifting poleward [76] (lines, Figure. 4a-c). A similar
acceleration is also emerging in the reanalysis during the historical
period [96]. On the other hand, the Greenland blocking has enhanced
in the past 40 years [65], and the waviness of the jet has increased in
summer at lower altitudes [13]. The concurrent changes in both the
zonal and the blocked flow regimes in midlatitudes manifest them-
selves as changes in the variability of the zonal jet stream winds (lines,
Figure. 4d-f), a pattern that overlap with the NAO (Figure. 4g-h).

Theories seeking to explain changes in the atmospheric mean flows
under global warming include thermal wind balance. Using pressure
(p) as vertical coordinates, the thermal wind balance is given by:

ou R OT
Top ~ fpoy @

P PJy
where R is the specific gas constant for dry air, f is Coriolis parameter,
u is zonal wind, and T is air temperature. Any processes that change
the temperature field must be compensated for by adjusting the wind
field to maintain the thermal wind balance [38]. For instance, at the
upper level, the meridional temperature is strengthening due to the
upper troposphere warming over the tropics and the stratosphere
cooling over the North pole, and the upper-level zonal jet stream
winds accelerate and shift northward in response (contours, Figure.
4a-c) [45]. Studies also argued that the zonal mean flow at the lower-
level is weakening in response to the weakening meridional temper-
ature gradient due to Arctic Amplification [13]. However, whether
this change is an externally forced signal or the internal variability

remains inconclusive [61].

Apart from the temperature gradient, the effect of changes in water
vapor on atmospheric response can also be interpreted through the
thermal wind balance [76, 77]. This effect includes changes in both
the density (adding water vapor to an air parcel at same temperature

effects of

temperature gradient

effects of water vapor
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Figure 4: North Atlantic atmospheric circulation changes in response to

global warming. a, Shading shows the mean of the 500 hPa geopo-
tential height in meters for 1850-1859 in the Max Planck Insti-
tute for meteorology Grand Ensemble (MPI_GE) [51]. Contours
show the mean of the zonal wind (u) at 500 hPa for 1850-1859 in
MPI_GE. Contours are drawn at intervals of 5 m/s, ranging from
0 - 20 m/s. b, Same as (a), but for years 2090-2099. ¢, The differ-
ence between b and a. Contours are drawn at intervals of 0.5 m/s,
ranging from -1.5 - 1.5 m/s, eliminating o m/s contour. d, Shading
shows the standard deviation of the 500 hPa geopotential height
for years 1850-1859 in MPI_GE. Contours show the standard devi-
ation of the zonal wind (u) at 500 hPa pressure level for 1850-1859
in MPI_GE. Contours are drawn at intervals of 2 m/s, ranging
from o - 10 m/s. e, Same as (d), but for 2090-2099. f, The difference
between e and d. The same contour levels are shown as c. g, The
spatial pattern of the NAO for 1850-1859 in MPI_GE. The percent-
age in the brackets shows the explained variance. h, Same as g, but
for 2090-2099. i, The difference between h and g.

and pressure makes it lighter) and temperature (latent heat release
after condensation) of the air. The decrease in the air density due to
more water vapor is greater in the tropics than in the polar regions.
Meanwhile, latent heat release is also stronger for rising air parcels
in tropics than in polar regions. Together, they change the meridional
density and temperature gradient, and affect the thermal wind and

jet stream.
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In summary, the upper-level zonal jet stream winds accelerate in
response to the the enhancement in the meridional temperature gra-
dient at upper troposphere to maintain the thermal wind balance. As
has been projected by most climate models, this acceleration would
correspond to a positive trend in the NAO index [52]. However, the
thermal wind balance is built on the equilibrium state [89]. Such an
interpretation doesn’t rule out any changes that may occur in the
transient states. Nevertheless, potential changes in the NAO variabil-
ity require a different dynamical framework to be explained. In this
thesis, I will show that “eddy-mean-flow" interactions provide one
such framework.

1.4 NAO VARIABILITY AND EDDY-MEAN-FLOW INTERACTIONS

Eddies in the atmosphere are wave-like departures from the mean
flow. In the midlatitudes, the eddies are large and the fluxes of mo-
mentum and heat they carry are a major part of the atmospheric cir-
culation. In this section, I will outline how the eddies, although of a
smaller scale than the NAO pattern, generate the variability of the
NAO.

1.4.1 Transient eddies and quasi-stationary eddies

Generally, the eddies are characterized by (i) transient eddies that
are familiar with fast-traveling low- and high pressure systems, and
(ii) quasi-stationary eddies, which are pronounced departures from
symmetry in seasonal mean flow. The transient eddies arise from the
lower-level baroclinic instability, normally with temporal periods of
several days and with zonal wave numbers typically larger than 6 [67,
89]. The quasi-stationary eddies are an atmospheric response to the
asymmetric thermal and orographic forcing, with normally smaller
wave numbers [13, 38]. The North Atlantic sector experiences both
a maximum of the transient eddy kinetic energy (Figure. 5a) and a
trough of quasi-stationary eddies with wavenumber 3 (Figure. 5b). In
summer, the fluxes of momentum and heat carried by the transient
eddies and the quasi-stationary eddies are of comparable magnitude
in Northern Hemisphere [38], but they play different roles in forcing
the mean flow.

1.4.2 Eddy momentum forcing of the upper-level subpolar jet

The momentum flux carried by transient eddies essentially maintains
the upper-level zonal mean flow in summer. This eddy momentum
forcing can be diagnosed from the momentum equation of quasi-
geostrophic flow. By neglecting dissipation and vertical advection,
and by approximating the Coriolis parameter by a constant value fo,

Two types of eddies
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Figure 5: Transient eddies and quasi-stationary eddies over the Northern
Hemisphere in summer. a, The climatology of the eddy kinetic en-
ergy of the transient eddies at 250 hPa during 1979-2024. The tran-
sient eddies are extracted based on band-pass filter of 2-12 days
according to ref [67]. b, Wavenumber 3 quasi-stationary eddies
in high latitudes at 250 hPa during the same period. The quasi-
stationary eddies are computed from the zonal anomaly of the
monthly data of 250 hPa geopoential height according to ref [47].
Data comes from ECMWEF Reanalysis v5 (ERA5) [33].

the zonal mean of the zonal momentum for a non divergent flow can
be written as [89]:

?::fov—%w—%F (2)
where (u,v) is the horizontal velocity, F represents frictional term.
Hats and primes denote respectively the zonal mean and eddy com-
ponents of the flow. The u/v’ is called eddy momentum flux.

Therefore, the eddies exert forcing to the zonal mean flow via con-
vergence of their momentum flux. This eddy momentum forcing by
transient eddies is comparable to that by quasi-stationary eddies in
winter, but becomes much stronger in summer [38]. It is what essen-
tially maintains the upper-level subpolar jet [38, 68]. Given the cor-
respondence between the location of the subpolar jet and the phase
of the NAO (section 1.2), the anomalous convergence of the eddy
momentum flux by transient eddies has been proposed as the key
mechanism driving the NAO variability [90].

1.4.3 Eddy thermal forcing of the lower-level baroclinicity

Apart from the momentum forcing, eddies also modulate the NAO
variability by changing the low-level baroclinicity. The baroclinicity
describes a form of unstable states where the fluid, although statically
stable, is able to release available energy when parcels move along a
sloping path due to perturbations [89]. It can be approximated with
the Eady growth rate [35], which is defined as:
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ov

f
OE ~ 031 - — oz

N (3)

where o is the Eady growth rate, f is the Coriolis parameter, N is

the Brunt-Vaisild frequency, defined as N = /932 where g is grav-

o . . . ov .
itational acceleration and 0 is the potential temperature, — is the

vertical shear of the wind, z is the vertical height, v is the horizontal
wind vector. From this definition, the baroclinicity is linked to the ver-
tical shear of the horizontal wind, which is, in turn, connected to the
horizontal temperature gradient via the thermal wind balance (The
vertical shear in equation 1 is expressed in pressure coordinates but
can be readily converted to height coordinates).

The variation of the meridional component of this temperature
gradient under the quasi-geostrophic approximation is given by the
meridional derivative of the zonal-mean thermodynamic equation

[38, 58]:

0 0 — 02 0
— =T ) ==—Vv'T' —— (Tw)—-R
> ( s ) T (@) ()
] 0lno . .
where T stands for air temperature, I' = —T is the static sta-

bility parameter; w represents vertical velocity; R represents diabatic
heating; the v/T’ represents eddy heat flux. By transporting warm air
poleward and cold air equatorward, eddies act to reduce the merid-
ional temperature gradient.

Therefore, by altering the meridional temperature gradient, eddies
exert forcing to the lower-level baroclinicity. However, the sign of
this thermal forcing depends on the distribution of the eddies” crit-
ical line. Based on a beta-plane multilayer quasigeostrophic channel
model, one study has indicated that while high-frequency eddies act
to reduce the baroclinicity, low-frequency eddies act to reinforce it
[102]. This contrast arises because the high-frequency eddies experi-
ence their critical line at the center of the jet, where their thermal
forcing weakens the baroclinicity. In contrast, low-frequency eddies
encounter low-level critical line at the poleward of the jet, and their
thermal forcing maintain the baroclinicity at the jet core [58, 102].
Hence, transient eddies and quasi-stationary eddies—given their dis-
tinct frequencies—may have contrast eddy thermal forcing on the
NAO variability.

1.4.4 Fluctuation of the eddy forcing and the variability of the NAO

Taken all together, it seems reasonable to draw the following implica-
tions: eddies drive the NAO variability by changing the subpolar jet

11
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at upper levels. The variations of the upper-level subpolar jet is pri-
marily driven by transient eddies, which accelerate the zonal mean
flow at the jet core via anomalous convergence of their momentum
flux. These transient eddies arise from lower-level baroclinicity. The
variations of the lower-level baroclinicity is primarily driven by quasi-
stationary eddies, which modulate the meridional temperature gradi-
ent at the jet core via their heat flux.

Furthermore, the relative low-frequency variability of the NAO can
be generated by the high-frequency fluctuations of the eddies via pos-
itive eddy feedback. During positive phase of the NAO, the subpolar
jet shifts poleward (section 1.2), and the transient eddy generation
follows [102]. The eddy momentum forcing at the jet core by these
transient eddies reinforces this northerly shifted jet — momentum
aspect of the positive eddy feedback. Although the thermal forcing
by these transient eddies weakens the lower-level baroclinicity in the
process, that by quasi-stationary eddies maintains the baroclinicity at
the center of the jet — thermal aspect of the positive eddy feedback. A
similar positive eddy feedback can be inferred for the negative phase
of the NAO. Therefore, much of the NAO variability is internally
generated by the atmospheric circulation via “eddy-mean-flow" inter-
actions.

1.5 QUANTIFYING THE INTERNAL VARIABILITY USING LARGE EN-
SEMBLE SIMULATIONS

The observed atmospheric flow is composed of internal variability su-
perimposed on the anthropogenically forced signal. Examining changes
in the internal variability of the NAO over time requires a method to
extract this internal variability at each time step. A current approach
in climate modeling is to run a large number of simulations (30-100)
with the same coupled model and the same protocol for transient ra-
diative forcing (historical and/or future scenario), but with different
initial conditions [18, 19]. Because the temporal sequences of internal
variability evolve differently in the various ensemble members, once
the memory of the initial conditions has been lost, the forced com-
ponent at each time step (at each location) can be estimated by av-
eraging the members, provided that the ensemble size is sufficiently
large. The internal component in each ensemble member is then deter-
mined as the residual from the ensemble mean. The spread across all
ensemble members after removing the ensemble mean at each time
step thus measures the internal variability, and changes in this spread
over time show how the internal variability — beyond the mean state
— change in response to global warming [54, 62].

Using a collection of such SMILEs from various Earth system mod-
els further ensures the robustness of the results by accounting for the
potential bias in individual models. Moreover, since extremes occur
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MODELING CENTER MODEL NAME SIZE  YEARS
Max Planck Institute MPI_GE [51] 100  1850-2100
for Meteorology
Canadian Centre for CanESM2 [42] 50 1950—-2100
Climate Modelling and
Analysis

National Center for At- CESM1_CAMs5 [41] 40 1920-2100
mospheric Research

Commonwealth Scien- MK3.6 [39] 30 1850-2100
tific and Industrial Re-

search Organisation

Geophysical Fluid Dy- GFDL_CM3 [86] 20 1920-2100
namics Laboratory

Max Planck Institute MPI_GE_onepct [51] 100 100 years
for Meteorology

Max Planck Institute MPI_GE_CMIP6 [59] 50 1850-2100
for Meteorology

Table 1: SMILEs used in this thesis. In the first study, I use monthly outputs
(the first six rows), in the second study, I use daily outputs (the last
row).

very rarely by definition, a sufficiently large database from SMILEs
enable a robust investigation of extreme cases of the summer NAO. In
this thesis, I use monthly outputs of five SMILEs forced by historical
and representative concentration pathway (RCP) 8.5 future scenarios
and one SMILEs driven by a forcing where the concentration of the
CO; increase by 1% per year from 1850 (MPI_GE_onepct) are used
(Table 1). To interprate changes in the internal variability of the NAO
from perspective of the “eddy-mean-flow" interactions, I use daily
output of the CMIP6 version of the Max Planck Institute for meteorol-
ogy Grand Ensemble forced by historical and Shared Socioeconomic
Pathways 585 (SSP5-85) (MPI_GE_CMIP6, Table 1).

In principle, the internal variability of the NAO can also be esti-
mated from pre-industrial control runs of climate simulations [55, 98],
and changes under anthropogenic forcing can be inferred by compar-
ing these with abrupt CO, runs (for example, 2xCO, experiments)
[55]. However, experiments with abrupt CO; reveal the equilibrium
climate response to a stabilized CO, concentration, which includes
the adjustment of the ocean. Changes in the NAO variability in these
abrupt CO, runs [55], therefore, would differ from that diagnosed in
transient warming scenarios, as the latter capture only the changes in
NAO variability that are internally generated within the atmosphere.

why not abrupt CO,
experiments?
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1.6 RESEARCH QUESTIONS

Gaps remain in our understanding of the NAO response to global
warming:

1. Previous studies have primarily focused on changes in the mean
state of the NAO, while changes in its variability — especially
its extreme states — remain unexplored in a transient warming
climate.

2. Thermal wind balance has been widely used to explain circula-
tion changes under global warming, but it cannot account for
changes in the NAO variability, for which a driving mechanism
is yet to be understood.

3. Most previous studies have investigated NAO response to global
warming in winter, little has been done for the NAO in summer.

To fill the above gaps, I seek to answer the following research ques-
tions:

QUESTION 1  How does the variability, particularly the extreme states of
the summer NAQO, change in response to global warming?

QUESTION 2  What are the physical processes driving such changes?



MORE EXTREME SUMMERTIME NORTH ATLANTIC
OSCILLATION UNDER CLIMATE CHANGE

In this chapter, I answer the question of How does the summer NAO
change in response to global warming? As has been demonstrated in
the introduction, such changes can be partitioned into two distinct
aspects: (i) changes in the mean state of the NAO, and (ii) changes in
the variability of the NAO. The former is well documented; Hints of
the latter are emerging.

Changes in the mean state of the NAO are reflected as a long-term
trend in the NAO index and have been extensively studied, espe-
cially for the winter NAO. In winter, the climate models within the
frame of the Coupled Model Intercomparison Project (CMIP) show
a large spread in the trends of the NAO [14, 52], with most mod-
els agreeing on a positive trend til late 21 century (2080-2099) under
high-emissions scenarios [52]. A robust long-term trend in the winter
NAO index remains virtually undetectable in observations [64, 82].
In summer, climate models tend to simulate a positive trend of the
NAO index during the historical period, which is also subject to a
large model dispersion and deviation from observations [5, 27, 37].
Nevertheless, a positive NAO trend is expected as most climate mod-
els predict a northward shift of the jet stream under global warming
[29, 50, 61, 76].

Although changes in the variability of the summer NAO have not
yet been studied, hints of such changes are emerging in studies of
the prediction and impact of the NAO. Recent advances in the NAO
prediction shows that the predictive skill of NAO variability is be-
yond the deterministic timescales of weather forecasting [10, 24, 83].
This skillful prediction suggests that some fraction of the NAO vari-
ability is driven by predictive boundary conditions, such as the sea
surface temperature that changes with global warming [61]. Indeed,
a major source of the predictive skill for NAO variability in the late
20th century is external forcing [43]. A recent study shows that the
impact of the atmospheric variability modes such as the NAO in
winter expands with global warming [62]. Therefore, studies about
the NAO suggest that its variability may also undergo changes with
global warming.

In this study, we examine changes in the variability of the summer
NAO using SMILEs and the 20CR data. Compared to the multi-model
large ensembles from CMIP, SMILEs not only provides a large sample
size to study extreme events of the summer NAO, but also differen-
tiate the uncertainties from the internal variability and uncertainties
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from model bias. The 20CR dataset is used because, compared with
other reanalysis datasets, it assimilates only sea-level pressure and
sea surface temperature fields rather than utilizing all available ob-
servations in the troposphere, making it less sensitive to temporal
inhomogeneities in the observations [7] and less constrained so that
it includes some of the variability due to internal atmospheric pro-
cesses [81].

2.1 INCREASED OCCURRENCE OF SUMMER NAO EXTREMES

The Max Planck Institute for Meteorology Grand Ensemble (MPI_GE)
simulations [51] project that both the mean state and the variability
Widening in the  of the summer NAO change with global warming. The change in the
summer NAO index  mean state of the summer NAO is evident as the mean of the sum-
distribution mer NAO index distribution shifts towards positive values (Figure.
6a). After removing this shift in the mean state, the distribution of
the summer NAO index is wider under the simulated ~ 4K warmer
climate than under the pre-industrial climate (Figure. 6b). This en-
hancement of the summer NAO variability is statistically significant
based on bootstrapping (asterisk, Figure 6b), and therefore represents
a secondary response of the summer NAO to global warming.
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Figure 6: Summer NAO response to global warming. a, The summer NAO
index distribution in Max Planck Institute for Meteorology Grand
Ensemble (MPI_GE) during the first 10 years (1850-1859) and the
last 10 years (2090-2099) of the simulations. b, Same as a, but with
the mean of the index removed. Numbers in the brackets show
changes in the standard deviation, with a asterisk indicating sig-
nificance at 95 % confidence level based on bootstrapping. ¢ The oc-
currence of the positive summer NAO extremes in MPI_GE forced
by historical and the RCP8.5 scenarios (orange curves), as well as
a forcing where the concentration of the CO, increases by 1% per
year (red curves). The extreme events are identified when the NAO
index exceeds or falls below 1.5 standard deviation.



2.2 AMPLIFIED IMPACT OF SUMMER NAO EXTREMES

As a consequence of the enhanced summer NAO variability, the
occurrence of summer NAO extremes, for both the positive and neg-
ative phases, increases. In MPI_GE forced by both the historical and
RCP8.5 further scenarios (red curve, Figure 6¢, d), and an idealized
scenario in which the carbon dioxide content of the atmosphere in-
creases by 1% per year (brown curve, Figure 6¢, d), this increase is
statistically significant (shadings, Figure. 6c, d).

2.2 AMPLIFIED IMPACT OF SUMMER NAO EXTREMES

Not only does the occurrence of summer NAO extremes increase,
but their impacts on surface temperature also amplify. The positive
summer NAO extremes have warming a effect over northwestern Eu-
rope and central North America, and a cooling effect over Greenland
and the Mediterranean (Figure. 7a, b). Conversely, the negative sum-
mer NAO extremes have a cooling effect over northwestern Europe
and central North America, and a warming effect over Mediterranean
(Figure. 7d, e). Under global warming, the average impacts of such ex-
tremes on surface temperature significantly increases over Northwest
Europe (Figure. 7c, f).

We have also examined changes in the impacts of the summer NAO
extremes on precipitation. Although an amplified impact on the pre-
cipitation over Europe is also indicated by all the climate models used
in this study, none of them show that such a change is statistically sig-
nificant.

2.3 CHANGES IN THE ASSOCIATED FLOW REGIMES

Since the variability of the summer NAO is tightly associated with
transitions between the zonal and blocked flow regimes, changes in
summer NAO variability may be accompanied by changes in both
regimes. In this study, since we use monthly data to ensure the avail-
ability of simulations from multiple models, the zonal flow regime
is identified by a more northerly shifted eddy-driven jet stream [97],
and the blocked flow regime is represented by high values of the
Greenland blocking index [30].

Figure. 8a depicts the density of the occurrence of summer NAO
extremes against the location of the eddy driven jet stream and the in-
dex of the Greenland blocking in MPI_GE. Under the pre-industrial
climate, the negative and positive phases of the summer NAO ex-
tremes lie correspondingly in the second and fourth quadrant of the
coordinate plane defined by these two indexes (Blue shades and con-
tour lines, Figure 8a), confirming the link between the summer NAO
variability and the flow regimes. Under the simulated ~ 4K warmer
climate, the zonal flow shifts northward (vertical dashed lines, Figure
8a), and the Greenland blocking enhances (horizontal dashed lines,
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Figure 7: Amplified impact of the summer NAO extremes on surface tem-
perature. a, Composite mean of the surface temperature (colors)
and sea level pressure (contours) during positive summer NAO
extremes in the first 10 years of simulations (1850-1859). Contours
are drawn at intervals of 1 hPa, ranging from —5 to 5 hPa, with 0
contour omitted. b, Same as a, but for the last 10 years of simula-
tions (2090-2099). ¢ The difference between b and a. The crossed
patches represents areas where the difference is significant at the
95 % confidence level. d-f, Same as a-c, but for the negative sum-
mer NAO extremes.

Figure 8a). Meanwhile, the occurrence of the summer NAO extremes
increases, for both the positive phase (solid lines, Figure 8a) and the
negative phase (shades, Figure 8a). We further show that increasing
negative summer NAO extremes are linked to increasing number of
extreme episodes of Greenland blocking (crosses, Figure 8b), and in-
creasing positive summer NAO extremes are linked with increasing
extreme episodes of both northward diverting eddy-driven jet and
the enhancing Greenland blocking (circles, Figure 8b).

2.4 EMERGENCE OF ENHANCING SUMMER NAO VARTABILITY IN
HISTORICAL PERIODS

It is possible, albeit with large uncertainties, to examine changes in

summer NAO the summer NAO variability using reanalysis data. I compare the
variability enhances  temporal variability of the summer NAO between the first 40 years
during hlswr.w;l (1850-1889) and the last 40 years (1976-2015) of the 20CR data. The
P summer NAO variability during the last 40 years is indeed signifi-
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Figure 8: Changes in the summer NAO extremes coincide with changes
in the frequency of flow regimes. a, Density plot of occurrence of
summer NAO extremes as a function of eddy-driven jet stream lo-
cation and Greenland blocking index. Line contours represent the
negative summer NAO extremes, and contours with shading rep-
resent the positive summer NAO extremes. Blue colors for the first
10 years of the simulations, and orange colors for the last 10 years.
Dashed lines show the climatology. b Scatter plot of occurrence of
summer NAO extremes every decade as a function of occurrence
of different flow regimes. The zonal flow regime is identified when
the eddy-driven jet stream location is more north than 1.5 standard
deviation of the first 10 years. The blocked flow regime is identi-
fied when the Greenland blocking index higher than 1.5 standard
deviation of the first 10 years.

cantly larger than the first 40 years (Figure. 9a), consistent with the
projections of the MPI_GE (Figure. 6b). Accordingly, the occurrence
of summer NAO extremes increases for both the positive (Figure. gb)
and negative phase (Figure. 9c). Although this increase is not statis-
tically significant using bootstrapping based method, the consistence
between the 20CR and the SMILEs strengthen our confidence that
the signal of increasing summer NAO variability likely emerges in
the historical period.
An amplified impact of the summer NAO extremes on the surface
temperature is also evident in the 20CR. The warming effect of the impacts amplify
positive summer NAO extremes over Northwest Europe is amplified =~ during historical
(Figure. 9d-f). This amplification is consistent with the findings in the periods
MPI_GE. Moreover, we found a strong amplification of the warming
effect over the Mediterranean during the negative phase of the sum-
mer NAO extremes. The amplified impact on the surface temperature
is consistent with the enhanced low over the Arctic during the posi-
tive phase, and reduced high over north Europe during the negative
phase (Contours, Figure. 9).
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Figure 9: Hints of enhanced summer NAO variability emerge in histori-
cal periods. a, Distribution of the normalized NAO index in the
20CR. The first 40 years represent 1850-1889, the last 40 years rep-
resent 1976-2015. Numbers in the top parentheses indicate changes
in the standard deviation, with an asterisk indicating significance
at the 95 % confidence level. b, The occurrence of positive sum-
mer NAO extremes in the 20CR and 20CR with all the ensemble
members (20CR_ens). Error bars represent the 95 % confidence in-
terval based on bootstrapping. ¢, Same as b, but for the negative
summer NAO extremes. d, Composite mean of the 10-meter air
temperature (shading) and sea level pressure (contours) during
the positive phase of the summer NAO extremes in the first 40
years. Contours are drawn at intervals of 1 hPa, ranging from —5
to 5 hPa, with the 0 contour omitted. e, Same as d, but for the last
40 years. f, The difference between e and d. g-i, Same as d-f, but
for the negative summer NAO extremes.

2.5 ROBUSTNESS OF THE FINDINGS

The summer NAO in this study is decomposed using the Empirical
Orthogonal Function (EOF) analysis. EOF is a standard method for
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calculating the spatial pattern and the time series of the NAO. We
have shown that the results remain quantitatively similar for changes
in various configurations of this approach. For example, we have de-
composed the NAO pattern for every non-overlapping 10-year period
and generated the NAO index seperately for each decade by project-
ing the geopotential field data onto the corresponding NAO pattern.
The conclusions drawn from the NAO index generated using a tem-
porally fixed pattern are similar to that generated using temporally
varying patterns. Indeed, changes in the spatial patten of the summer
NAO under global warming are modest (Fig. 4g-i), which is consis-
tent with a relatively local enhancement rather than a spatial shift of
the jet variability (Fig. 4d-f).

In addition, we have calculated the summer NAO index using a
second, different method. The other classic method to calculate the
NAO index apart from the EOF analysis is based on the pressure dif-
ference between Iceland and the Azores. Similarly, we have calculated
the summer NAO index using the difference in 500 hPa geopotential
height between these two boxes. This box difference based method
shows a weaker, but still significant increase in the summer NAO
variability.

We have examined various large ensemble simulations carried out
with different Earth system models (Table 1). All models support an
increase in the occurrence of negative summer NAO extremes. An in-
crease in positive extremes is found in MPI_GE, CESM1_CAMs5, and
MK3.6, but not in GFDL_CM3 and CanESM2. By downsampling the
MPI_GE to match the smaller ensemble sizes of the other models, we
attribute the discrepancy in GFDL_CM3 to its five-times-smaller en-
semble size compared to the MPI_GE. On the other hand the different
behavior of the CanESM2 might stem from its weak representation of
the link between the phase of summer NAO extremes and the posi-
tion of the eddy-driven jet.

The amplified impacts of the summer NAO extremes on the surface
temperature have been investigated using composite analysis. We
show that the same conclusion can be drawn from Singular Value De-
composition (S§VD) analysis. Based on SVD analysis with one month
of lead/lag, we further ensure that the spatial pattern shown in Fig-
ure 7 is an effect of the summer NAO extremes rather than of other
processes like the soil moisture variability.
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CHANGES IN ATMOSPHERIC EDDIES CONTRIBUTE
TO MORE SUMMERTIME NAO EXTREMES

In this chapter, I answer the question of: What are the physical processes
driving changes in summer NAO extremes in response to global warming?
On the one hand, the increase in the occurrence of summer NAO ex-
tremes under a transient warming climate is robust to the choices of
Earth System models and approaches used [48]. On the other hand,
our understanding of atmospheric response to global warming at re-
gional scale is of low confidence [37, 75, 79, 80]. Such a finding thus
requires physical reasoning to be persuasive.

Previous studies have shown that the thermal wind balance (equa-
tion 1) can be used to explain the changes in the upper-level zonal jet-
stream winds [45, 76] (section 1.3), but it cannot be used to explain
changes in the variability of the summer NAO. This is because the
thermal wind balance is built on the equilibrium states rather than
transient states. The physical processes driving the NAO variability
include Rossby wave breaking (section 1.2), which is associated with
the eddy momentum forcing at upper levels (section 1.4). Therefore,
the enhancement of the summer NAO variability may be related to
changes in the eddy forcing of the mean flow.

I use daily output from MPI_GE_CMIP6 to extract the eddy compo-
nent of atmospheric flow. Transient eddies are obtained by applying
a 2—12 day band-pass filter to the daily data [67]. Quasi-stationary ed-
dies are obtained from the zonal anomaly of the 30-day running mean
of the daily data [47]. The eddy momentum forcing of the upper-level
subpolar jet is quantified by the convergence of eddy momentum flux
(—%W in equation 5). Since eddies also provide feedback to the
lower-level baroclinicity via eddy heat flux (section 1.4.3), I examine
this eddy thermal forcing by the second meridional derivative of eddy
heat flux (%\TT’ in equation 6). The effect of eddy forcing on the
NAO variability are examined using composite analysis across differ-
ent phases of the summer NAO extremes. Finally, I demonstrate how
changes in the statistics of this eddy forcing contribute to the increase
in the summer NAO extremes.

3.1 SUMMER NAO VARIABILITY, UPPER-LEVEL JET, AND LOWER-
LEVEL BAROCLINICITY.

I begin by showing that the summer NAO is associated with zonal jet

stream winds at upper level. During positive summer NAO extremes,
the subpolar jet stream at 250 hPa tilts northeast-southwest towards
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Northern Europe, separating from the subtropical jet (Figure. 10a).
Conversely, during negative summer NAO extremes, the subpolar jet
merges with the subtropical jet, forming a continuous zonal belt of a
single jet stream (Figure. 10b). Therefore, similar to its winter counter-
part [98], the variability of the summer NAO is essentially linked to
the meridional displacement of upper-level subpolar jet (Figure. 10c).

8 6 -4-20 2 4 6 8 8 6 -4-20 2 4 6 8 -3 -2 -1 0 1 2
Eady growth rate (day~?) Eady growth rate (day~?) A Eady growth rate (day~!)

Figure 10: The variability of the summer NAO is associated with the vari-
ability of the upper-level jet and lower-level baroclinicity. a,
Composite mean of the zonal wind (unit: ms~ ') at 250 hPa for
the positive summer NAO extremes. Shadings show the first 10
years (1850-1859), contours show the last 10 years (2090-2099).
Contours share the same intervals as the shadings, eliminating
0 m/s. b, Composite mean of the zonal wind at 250 hPa for the
negative summer NAO extremes. ¢, The difference between b and
a. d, Composite mean of the Eady growth rate (unit: day~") at
850 hPa for the positive summer NAO extremes. shadings for the
first 10 years, and contours for the last 10 years. Contours share
the same intervals as the shadings, eliminating 0 day~'. e, Com-
posite mean of the Eady growth rate at 850 hPa for the negative
summer NAO extremes. f, Difference between e and d.

Similarly, the summer NAO is associated with the baroclinicity at
lower level. Here, the baroclinicity at 850 hPa is approximated with
the Eady growth rate at 850 hPa (equation 7) [35]. During positive
NAO extremes, there is a local maximum of the Eady growth rate
over the North America continent between [50 - 70 °N] (Figure. 10d),
coinciding with the local maximum of the zonal jet stream wind at
upper level (Figure. 10d). Conversely, during negative summer NAO
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extremes, the Eady growth rate over the North America between [50
- 70 °N] decreases, and that over North Europe between [40-60 °N]
increases (Figure. 10e), coinciding with the extension of the zonal jet
stream at the upper-level (Figure. 10e). Therefore, the NAO variabil-
ity is also linked to the fluctuations in the lower-level baroclinicity
(Figure. 10f).

The similarity between the pattern of the upper-level jet stream and
lower-level baroclinicity associated with the summer NAO variability
reveals a positive eddy feedback: transient eddies generation follows
the shift of the upper-level jet. However, as discussed in (section 1.4.3),
the transient eddies exert a negative eddy thermal feedback. The pos-
itive eddy feedback must therefore come from a third process, which
i will explain in more details below.

3.2 ROLE OF THE EDDY MOMENTUM FORCING OF THE UPPER-
LEVEL JET

To establish the link between the anomalous eddy momentum forcing
and the occurrence of the summer NAO extremes, I plot its spatial
average over high latitudes ([50 - 70 © N]) as a function of time relative
to the onset of the summer NAO extremes (Figure. 11a, b). The eddy
momentum forcing is indeed a direct driver in the occurrence of the
summer NAO extremes, as it starts to diverge from its climatological
state roughly 10 days prior to the onset of the positive and negative
phases (Figure. 11a, b).Moreover, the transient eddies are playing the
leading role (Figure. 11a), and the quasi-stationary eddies are playing
the secondary role (Figure. 11b).

3.3 ROLE OF THE EDDY THERMAL FEEDBACK OF THE LOWER-
LEVEL BAROCLINICITY

Eddies also modulate the summer NAO variability by changing the
lower-level baroclinicity via heat flux they carry. However, by trans-
porting warm air poleward and cold air equatorward, transient ed-
dies, or these low- and high-pressure systems, weaken the meridional
temperature gradient and reduce the lower-level baroclinicity in the
process (Figure. 11c), forming a negative thermal feedback. For in-
stance, the positive summer NAO extremes require poleward shifted
baroclinicity and eddy generation (Figure. 10f). However, as the ex-
treme events develop, the thermal feedback from transient eddies
drop below zero (solid lines, Figure. 11c). Similarly, negative sum-
mer NAO extremes require equatorward shifted baroclinicity (Figure.
10f), but the transient eddies exert a positive thermal feedback to the
lower-level baroclinicity at higher-latitude (dashed lines, Figure. 11c¢),
restricting the southward shift of the lower-level baroclinicity. There-
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Figure 11: Role of the upper-level eddy momentum forcing and the lower-
level eddy thermal feedback in modulating the summer NAO
variability. a, Spatial mean (averaged over [-180, 180, 50, 70 °N]J)
of the composite anomalies of the upper-level (250 hPa) eddy mo-
mentum forcing from transient eddies as a function of time rela-
tive to the onset of the summer NAO extremes. b, Same as a, but
for the quasi-stationary eddies. ¢ Spatial mean (averaged over [-
180, 180, 50, 70 °N]) of the composite anomalies of the lower-level
(850 hPa) eddy thermal feedback from transient eddies as a func-
tion of time relative to the onset of the summer NAO extremes. d
Same as ¢, but for the quasi-stationary eddies.

fore, the thermal forcing by transient eddies acts to dampen the de-
velopment of the summer NAO extremes.

To support a sustained generation of transient eddies during the
prolonged summer NAO extremes, the lower-level baroclinicity must
be maintained. I show that it is the quasi-stationary eddies that ful-

positive feedback of fill this role. About 15 days earlier the onset of the positive summer
quasi-stationary - NAQ extremes, the quasi-stationary eddies start to exert a positive
eddics forcing on the lower-level baroclinicity (solid lines, Figure. 11d). The
anomalous positive forcing by the quasi-stationary eddies prevails

over the anomalous negative forcing from the transient eddies. As a

result, there is a net positive anomaly of the eddy thermal forcing

prior to the onset of the positive summer NAO extremes, that main-

tains the transient eddy generation. Conversely, for negative phase of

the summer NAO extremes, the upper-level jet weakens and shifts

equatorward (Figure. 10c), in response to a reduced eddy generation
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at high latitudes (Figure. 10f). This reduction is mainly contributed
by an anomalous negative thermal forcing by quasi-stationary eddies,
which begins roughly 15 days prior to the onset (dashed lines, Figure.
11d).

Under global warming, the average upper-level eddy momentum
forcing and the lower-level eddy thermal feedback for each extreme
events enhance (compare black lines with red lines, Figure. 11). This
explains why the intensity of the summer NAO extremes increase
with global warming (section 2.2). Below, I demonstrate why the oc-
currence of these extreme events increase with global warming.

3.4 MORE SUMMER NAO EXTREMES ROOTED IN ENHANCED EDDY
MOMENTUM FORCING AND EDDY THERMAL FEEDBACK.

Under global warming, the occurrence of the summer NAO extremes
increases for both positive and negative phases — evidence of in-  summer NAO
creased summer NAO variability on daily timescales (Figure. 12a).  extremes increase
Such increases are consistent with the increasing occurrence of their
precursors. The anticyclonic Rossby wave breaking at the equator
flank of the jet stream is the precursor of the positive summer NAO
extremes. The cyclonic Rossby wave breaking at the poleward flank
of the jet stream is the precursor of the negative summer NAO ex-
tremes. Under global warming, the occurrence of both anticyclonic
Rossby wave breaking events and the cyclonic Rossby wave breaking
at high latitudes increases with simulated global warming (Figure.
12b).
Consistent with changes in the Rossby wave breaking events, the as-
sociated eddy momentum forcing exhibits a strong increase in its vari-
ability: the standard deviation of the eddy momentum forcing from variability of eddy
transient eddies enhances with global warming (Figure. 12c). This  forcing increases
non-linear enhancement can be traced to changes in the lower-level
baroclinicity. I show that the variability of the lower-level thermal
feedback of the baroclinicity indeed displays a similar non-linear in-
crease in its variability (compare lines in Figure. 12c with the dashed
line in Figure. 12d).
Finally, why does the eddy thermal forcing by quasi-stationary ed-
dies becomes more variable? Although the near surface temperature
increases everywhere, the pattern of change is not spatially uniform.  land-ocean contrast
One dominant feature of this heterogeneity is a stronger warming increases
over land than over ocean. As a result, when a zonally uniform warm-
ing signal is removed, the land-ocean temperature contrast is found
to be enhanced by global warming [44]. Since the quasi-stationary ed-
dies are forced by the land-ocean thermal contrast, together with to-
pographic forcing, such an enhancement may be associated with the
enhanced variability of the eddy thermal forcing by quasi-stationary
eddies. Nevertheless, this hypothesis requires further investigation.
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Figure 12: Changes in the eddy forcing due to global warming increase
the occurrence of the summer NAO extremes. a, The occurrence
of the summer NAO extremes. b The occurrence of both anticy-
clonic and cyclonic wave breaking events. The lines show the spa-
tial mean of the occurrence of wave breaking events over [-90, 40,
50, 70 °N]. ¢, Changes in the standard deviation of the eddy mo-
mentum forcing averaged over [-180, 180, 50, 70 °N] at 250 hPa. d,
Changes in standard deviation of the eddy thermal forcing aver-
aged over [-180, 180, 50, 70 °N] at 850 hPa. All the standard devi-
ations are calculated across all the ensembles within each decade,
and then scaled by the value in the first decade (1850-1859).
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4.1 HOW DOES THE SUMMER NAO RESPOND TO GLOBAL WARM-
ING?

From my first study, it becomes clear that changes in the summer
NAO in response to global warming can be partitioned into two dis-
tinct aspects: (i) the mean state of the summer NAO becomes more
positive, and (ii) the variability and extremes of the summer NAO are
increasing.

Similar to its winter counterpart, the summer NAO index exhibits
a positive trend in it its mean state in climate projections. One of the
mechanisms behind this change is the northward shift of the zonal jet
stream winds [29, 49, 98]. All the SMILEs used in our study support
such a positive trend in the summer NAO index.

Superimposed on this positive trend, my study identifies a sec-
ondary summer NAO response to global warming — an enhance-
ment in its variability. Evidence for this enhancement include a widen-
ing in the summer NAO index distribution and an increase in the oc-
currence of both positive and negative summer NAO extremes. This
enhancement is statistically robust in MPI_GE in three different green-
house gas-driven transient scenarios: a moderate warming scenario
(RCP4.5), a strong warming scenario (RCP 8.5), and an idealized sce-
nario in which the CO, concentration in the atmosphere increases by
1% per year.

Not only does the occurrence of the summer NAO extremes in-
crease, but the average impact of these extremes on European surface
temperature is also amplified. All the climate models predict an am-
plified impact of NAO extremes on European temperature in sum-
mer. This amplification is significant over northwestern Europe, i.e.,
an amplified warming during positive summer NAO extremes, and
an amplified cooling during negative summer NAO extremes.

The findings of an enhanced summer NAO variability and ampli-
fied impacts of summer NAO extremes are robust to various con-
figurations of approaches used. They are supported by the NAO
index generated by both the EOF analysis and the box-difference
based method. They are predicted by multiple climate models. The
enhanced summer NAO variability was not limited to a specific alti-
tude in the troposphere, but was evident at almost all altitudes. This
equivalent-barotropic response indicates the importance of interac-
tions between eddies and the mean flow, as is later shown in my
second study.
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Furthermore, I show that such an enhanced summer NAO variabil-
ity and an amplified impact of the summer NAO extremes are likely
emerging in the historical period. The 20CR dataset also indicates
an amplified warming effect during negative summer NAO extremes
over the Mediterranean, a concerning feature absent in the SMILEs.

4.2 WHAT ARE THE PHYSICAL PROCESSES DRIVING CHANGES IN
SUMMER NAO EXTREMES IN RESPONSE TO GLOBAL WARM-
ING?

In my second study, I provide a physical interpretation for the in-
crease in the occurrence of the summer NAO extremes from a per-
spective of “eddy-mean-flow" interactions. I show that the eddy forc-
ing of the summer NAO variability comprises upper-level momen-
tum forcing and lower-level thermal forcing. These two components
consist of contributions from transient eddies and quasi-stationary
eddies. The upper-level momentum forcing is dominated by the tran-
sient eddies, and the lower-level thermal forcing is primarily driven
by quasi-stationary eddies.

The eddy momentum forcing at upper levels, specifically the con-
vergence of the eddy momentum flux, alters the latitudinal position
of the subpolar jet stream, which is associated with the phase of
the summer NAO. I show that the occurrence of the positive sum-
mer NAO extremes is driven by a continuous positive anomaly of
this momentum forcing beginning around 10 days prior to its onset.
Conversely, the occurrence of the negative summer NAO extremes is
driven by a negative anomaly.

The eddy thermal forcing at lower levels, specifically the second
meridional derivative of the eddy heat flux, modulates the lower-
level baroclinicity. This baroclinicity is the source of transient eddies
such as high- and low-pressure systems. While the transient eddies
provide a negative feedback to the lower-level baroclinicity, the quasi-
stationary eddies reinforce the baroclinicity through a positive feed-
back. The positive summer NAO extremes are sustained by a positive
anomaly of the thermal forcing by quasi-stationary eddies at high lat-
itudes, whereas the negative summer NAO extremes are associated
with a negative anomaly.

I show that global warming modifies this eddy forcing of the sum-
mer NAO extremes. Specifically, the variability of eddy thermal forc-
ing at lower-level increases, due to an enhanced land-ocean temper-
ature contrast by global warming. The increase in the variability of
the eddy thermal forcing leads to a more variable transient eddy gen-
eration and thus contributes to an enhancement of the variability of
the eddy momentum forcing. Through eddy-mean-flow interactions,
this chain of enhancement is translated into enhanced occurrence of
summer NAO extremes.
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4.3 HOW DOES THE FINDING ADVANCE THE FIELD?

Our understanding of the atmospheric response to a transient warm-
ing climate is crucial for effective risk management, as it helps assess
whether rates of adaptation can keep pace with worsening extreme
weather [32]. But this response remains obscured due to strong inter-
nal variability [28, 80, 100]. Over the North Atlantic, previous studies
have shown that the anthropogenic forced signal in the atmosphere
projects strongly onto the internally generated pattern of the NAO
[12, 20, 34, 63]. Therefore, the NAO index exhibits a long-term trend
in its mean state [5, 36, 50, 52].

My first study demonstrates that global warming affects not only
the mean state of the summer NAO, but also enhances its variabil-
ity. While a positive trend in the mean state of the summer NAO in-
dex suggests an increased probability of positive NAO extremes, the
enhanced summer NAO variability suggests an increased probabil-
ity of both positive and negative NAO extremes. As a consequence,
contrasting severe weather events are becoming more likely under
global warming. Changes in the variability of the summer NAO also
provide insights into changes in the jet stream and blocking under
global warming. Our study suggests that both the “fast-gets-faster”
response [76] (corresponding to enhanced positive NAO extremes)
and the “wave-get-wavier" response [13, 56, 77] (corresponding to
enhanced negative NAO extremes) in jet stream winds are likely to
occur in a transient warming climate.

My second study provides a physical interpretation of the enhanced
summer NAO variability under global warming. Based on composite
analysis, I show that summer NAO variability is a direct response to
the anomalous convergence of momentum flux carried by transient
eddies at the upper level, which is associated with Rossby wave break-
ing. This mechanism, identified in the SMILEs, is consistent with a
simple dynamical model [9o]. The transient eddies originate from the
lower-level baroclinic instability [38, 89]. Although transient eddies
act to reduce baroclinicity in the process, I find that quasi-stationary
eddies tend to maintain it during prolonged summer NAO extremes.
This positive eddy feedback from quasi-stationary eddies supports
the assumption, based on a simplified quasi-geostropic atmospheric
model [102], that eddies of different frequencies play distinct roles
in modulating baroclinicity. In particular, I show that changes in the
statistics of the eddy forcing contribute to the increase in the occur-
rence of the summer NAO extremes.

My finding and interpretation advance our understanding of the
large-scale atmospheric response to global warming through two key
aspects. First, an extension of the study object: from the change in the
temporal mean states—certainly an important aspect—to the change
in the variability and extreme states, which directly govern the sur-

31

implications of the
first study

implications of the
second study

summary of the
contribution



32

outlook

SUMMARY AND CONCLUSION

face weather. Second, a complementary dynamical framework used
to interpret the atmospheric response: moving beyond the thermal
wind balance—based on changes in the meridional temperature gra-
dient (e.g., [45, 76])—to “eddy-mean-flow" interactions, which is based
on changes in the eddy fluxes of momentum and heat.

Looking ahead, how atmospheric variability responds to global
warming remains a challenging scientific question. One reason for
this is that the atmospheric variability covers a very wide range of fre-
quencies. The relative high frequency variability, such as the synoptic
to sub-season variability of the summer NAO studied in this thesis,
is generated internally within the atmosphere via interactions across
processes with different scales. The relative low frequency variability,
on the other hand, arise from coupling between the atmosphere and
more slowly varying components like deep ocean and sea ice, and is
beyond the scope of this study. For the high-frequency component,
I have shown that their changes are associated with changes in the
Rossby wave breaking, which can be traced to changes in the lower-
level baroclincity. However, other aspects, such as changes in the back-
ground jet stream, may also contribute. Another open question is how
changes in atmospheric variability and extreme events in a transient
warming climate will inform the local adaptation decision-making.
High-resolution global models, now reaching kilometer-scale resolu-
tion, opens new opportunities to tackle these challenges [75, 79].
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ABSTRACT

Extreme states of the North Atlantic Oscillation in summer can lead
to severe weather events such as heatwaves and floods in Europe. But
how these extremes evolve in response to climate change remains un-
explored. Here we show that the statistical distribution of the summer
North Atlantic Oscillation index grows wider with increasing global
warming in large ensembles of climate change simulations as well as
reanalysis data. Such an amplified variability of the summer North
Atlantic Oscillation caused by global warming leads to a higher prob-
ability of summer North Atlantic Oscillation extremes — for both pos-
itive and negative phases — accompanied by an amplification of their
impacts on surface temperature over northwestern Europe. Changes
in summer North Atlantic Oscillation extremes highlight the effects
of climate change on the transient behaviour of the atmosphere, and
thus have important implications for extreme weather attribution.

A.1 INTRODUCTION

Some severe European weather events in summer, such as heatwaves,
droughts, and floods, have been linked to extreme states of the North
Atlantic Oscillation (NAO) [22—24, 34, 46, 84], the leading mode of
atmospheric variability over the North Atlantic sector [36, 92]. The
NAO represents a large-scale seesaw pattern in the atmospheric pres-
sure anomaly. Its positive phase reflects an enhanced south-north
pressure gradient associated with stronger zonal jet stream winds,
and its negative phase reflects a reduced pressure gradient associated
with weaker zonal jet stream winds. The probability of severe sum-
mer weather in Europe has increased disproportionately compared
to the rest of Northern Hemisphere midlatitudes over the past 40
years [69, 91]. This amplified probability raises the concern that global
warming could influence the summer NAO extremes, enhancing the
likelihood of heat extremes over Europe. However, previous studies
addressing changes in the summer NAO have focused on changes in
the mean — particularly the long-term trends under global warming
[27, 31]. To date, no study has examined changes in the variability,
particularly the extreme states of the summer NAOQO, in response to
global warming. To fill this gap is the purpose of this paper.
Long-term trends in the NAO index reveals the response of the
mean state of the NAO to global warming and have been exten-
sively studied, mostly for winter. In winter, the state-of-the-art cli-
mate models in the frame of the sixth phase of the Coupled Model
Intercomparison Project (CMIP6) show a large spread in the trends of
the NAO [14, 52], with most models agreeing on a positive trend til
late 21 century (2080—2099) under the Representative Concentration
Pathway (RCP) 8.5 scenario [52]. This positive NAO trend in winter
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is intimately linked to adjustments of the jet stream: the models pre-
dict a strengthening and a poleward shift of the zonal jet in response
to global warming [29, 49, 50, 61, 76]. Although an accelerating jet
stream is also emerging in observations [96], a robust long-term trend
in the winter NAO remains virtually undetectable [4, 64, 82]. In sum-
mer, climate models tend to simulate a positive trend in the NAO in
the historical period, which is also subject to a large model dispersion
and deviation from observations [5, 27, 37]. The large uncertainty in
the trend of the NAO arises from the fact that different models re-
spond differently to the same radiative forcing [83], trends predicted
by models are biased from observations over the North Atlantic sec-
tor [4, 61, 96], and the NAO exhibits strong internal variability.

As a consequence of the positive trend, a previous study has re-
ported more positive extreme states of the NAO in winter under
simulated global warming [53]. This is expected as the fast upper-
level zonal jet stream winds increase more than the average zonal jet
stream winds under climate change [76]. While an upward trend in
the mean state of the NAO would increase the likelihood of positive
NAO extremes, an enhancement in the variability of the NAO would
increase the likelihood of both positive and negative NAO extremes.
A potential changes in the NAO variability is suggested by recent ad-
vances in seasonal forecasting. The predictive skill of the NAO vari-
ability is beyond the deterministic timescales of weather forecasts [25,
72]. This skillful prediction suggests that some fraction of the NAO
variability are driven by predictive boundary conditions, such as sea
surface temperature that changes with external forcing [61]. Indeed,
a major source of the predictive skill for the NAO variability in the
late 20 century is external forcing [43]. In addition, a study has shown
that global warming will expand the spatial footprint of some inter-
nal atmospheric variability mode in winter [62]. Both the prediction
and the climate impact studies suggest that the variability of the NAO
may be altered by global warming, and the probability of both — the
positive NAO extremes corresponding to enhanced zonal winds and
the negative NAO extremes corresponding to enhanced blocking [15,
98, 99] — would increase.

The increasing likelihood of NAO extremes would raise a particu-
lar concern in summer, given their close association with the occur-
rence of temperature and precipitation extremes. For summer, studies
have reported changes in both zonal and blocked atmospheric flows
in response to global warming. For instance, the zonal component
of the jet stream over North Atlantic sector exhibits a poleward shift
and acceleration, especially over higher altitudes [45, 49, 76]. Mean-
while, Greenland blocking appear to be enhanced in the last 40 years
[9, 13, 45, 65, 82]. Overall, changes in atmospheric flows represent
a closely balanced tug-of-war between tropical warming over upper-
tropospheric [49] and polar warming close the surface [13, 45, 82],
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but which effect will dominate remains inconclusive [61]. It is plau-
sible that both the zonal flow and blocked flow will change in sum-
mer under global warming. Given that the NAO variability is asso-
ciated with transitions between the zonal and the blocked flows [98],
changes in both, due to global warming, would suggest changes in
summer NAO variability. However, examining such changes in the
NAO variability is difficult because a small number of realizations of
climate change simulations, e.g, from Coupled Model Intercompari-
son Project (CMIP), do not allow the internal variability to be prop-
erly diagnosed [16, 17, 95] and multi-model ensembles suffer from
the additional structural uncertainty between models [18, 83].

Instead, a large ensemble of simulations with a single model allows
the changing internal variability in a transient climate to be deter-
mined. The ensemble spread of such “initial-condition large ensem-
bles (LEs)" is an expression of the internal variability at each individ-
ual time step [21, 54]. Temporal changes in the ensemble spread of the
transient LEs under historical and future radiative forcing scenarios
thus reveal changes in the internal variability — beyond the change in
the mean state — against global warming [54, 62]. Using a collection
of such LEs from various Earth system models further ensures the ro-
bustness of the results by accounting for the bias of each model [18]. It
is also possible, albeit with large uncertainties, to isolate the internal
variability in reanalysis data. In this case, temporal variability over
a relatively short time window is usually taken as the internal vari-
ability (e.g. ref [31]). In this study, we use five LEs under historical
condition and the Representative Concentration Pathway (RCP) 8.5
future scenarios [18], one LEs under 1% CO, scenario, one LEs under
RCP 4.5 scenario [51], and the 20CR data [81]. We examine changes
in the summer NAO between the first 10 years and the last 10 years
of the LEs, which respectively represents the pre-industrial climate
and a simulated ~ 4K warmer climate. In particular, we investigate
the occurrence of summer NAO extremes every non-overlapping ten
years in LEs. The findings from LEs are compared with the 20CR in
historical periods.

A.2 RESULTS

A.2.1  Increased summer NAO variability and extreme states under global
warming

We begin by investigating the summer NAQO response to global warm-
ing at 500 hPa in LEs. The summer NAO is decomposed from 500 hPa
geopotential height (Z500) data by applying the Empirical Orthogo-
nal Function (EOF) analysis along ensemble dimension (Methods).
The LEs largely reproduce the spatial pattern of the summer NAO
as a seesaw pattern for both the pre-industrial climate and the sim-
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ulated ~ 4K warmer climate (Fig A1a for Max Planck Institute for
Meteorology Grand Ensemble (MPI_GE), and Supplementary Figure.
A1 for other LEs). In contrast to the apparent northward shift of the jet
stream (contours, Supplementary Figure. A3c), the spatial pattern of
the summer NAO changes only slightly under global warming (Sup-
plementary Figure. A3i). We show that the resilience of the summer
NAO pattern to global warming is consistent with a local enhance-
ment, rather than a spatial shift, of the variability of the jet stream and
Z500 (Supplementary Figure. A3f). This enhancement largely over-
laps with the southern center of actions of the summer NAO, leading
to the increase in the explained variance of the summer NAO from
18% to 24 % (Figure. A1a). Since the NAO dominates the weather
over much of Europe, a more relevant question would be how global
warming affects the strength of the NAOQ, i.e. the NAO index.

Changes in the NAO index due to global warming can be parti-
tioned into two parts: 1) changes in the mean state of the NAO that is
reflected by the shift in the mean of the NAO index distribution, and
2) changes in the variability of the NAO that is reflected by changes
in the shape of the NAO index distribution. The changes in the mean
state is evident when the NAO index is generated using the Zs00
without removing the ensemble mean (Supplementary Figure. Asa)
— all LEs used in this study agree on a positive long-term trend in
the summer NAO index til the end of the 21 century (Supplemen-
tary Figure. As). Given the evidence described in the introduction,
we also examine changes in the variability of the NAO after remov-
ing the mean-state change (Methods). Our analysis provides strong
evidence for a secondary summer NAO response to anthropogenic
forcing: we find significant widening in the distributions of the sum-
mer NAO index in MPI_GE (Figure. A1b). Such an enhanced summer
NAO variability is also seen in the NAO index generated by the clas-
sical method — difference between Iceland and the Azores (Supple-
mentary Figure. A6a). The response of the summer NAO variability
to global warming, superimposed on the mean state change, is pro-
jected by all Earth system models used in this study (Supplementary
Figure. A2).

The enhanced variability would manifest itself in higher proba-
bilities of both positive and negative NAO extremes. In this study,
we define the summer NAO index above 1.5 standard deviation as
positive NAO extremes, and those below -1.5 standard deviation as
negative NAO extremes. We extract such NAO extremes every non-
overlapping ten-years throughout the time span of the LEs (Meth-
ods). The MPI_GE, forced by historical and RCP8.5 future scenarios,
shows continuous increases in the occurrence of both positive and
negative summer NAO extremes at 500 hPa pressure level, either the
NAO index is generated via EOF (Figure. A1c, d) or box difference
based methods (Supplementary Figure. A6b, c). The MPI_GE_onepct,
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same as MPI_GE but driven by a stronger anthropogenic forcing
— the CO; concentration increases by 1% per year — shows more
pronounced increases in the occurrences of positive and negative ex-
tremes (red lines, Figure. A1c, d). The MPI_GE forced by a more mod-
erate warming scenario, RCP 4.5, shows weaker but still statistically
significant increases (Supplementary Figure. A7).

The increase in the occurrence of the summer NAO extremes at 500
hPa is fairly consistent across different LEs (Figure. A2), indicating
that such an increase is not due to model biases. Community Earth
System Model (CESM1_CAMs5) (blue lines, Figure. A2) and Common-
wealth Scientific and Industrial Research Organization MK3.6 model
(MK3.6) (green lines, Figure. A2) show increases in the occurrence
of both positive and negative extremes. Two other models, Geophys-
ical Fluid Dynamics Laboratory’s Coupled Model (GFDL_CM3) and
Canadian Earth System Model (CanESM2) behave differently from
MPI_GE in terms of positive NAO extremes, either with varying
NAO patterns (yellow and purple lines, Figure. A2) or a fixed NAO
pattern (yellow and purple lines, Supplementary Figure. A10) (Meth-
ods). The different behavior of the GFDL_CM3 seems to be due to
its 5 times smaller ensemble size compared to MPI_GE, so that the
prediction is overwhelmed by the decadal variability. Indeed, if 20 en-
semble members are randomly selected from 100 ensemble members
of MPI_GE, the increase in the positive NAO extremes does not sig-
nificantly emerge (compare filled yellow bar with unfilled orange bar,
Figure. A2c). The different behavior of CanESM2 in terms of positive
NAO extremes will be explained in section A.2.3 with respect to the
representation of flow regimes.

Hints of the increasing probability of NAO extremes in summer
are emerging in the historical periods. We extract the internal vari-
ability of the summer NAO in the historical periods from the 20CR
(Methods). The 20CR data are used because, compared with other
reanalysis data, it assimilates only sea-level pressure and sea surface
temperature fields rather than utilizing all available observations in
the troposphere, making it less sensitive to temporal inhomogeneities
in the observations [7] and less constrained so that it includes some
of the variability due to internal atmospheric processes [81]. The dis-
tribution of the summer NAO index in the last 40 years (1976-2015) is
wider than in the first 40 years (1850-1889) of the record (Figure. A1f).
For comparison, the widening is also evident when all the ensemble
members of the 20CR (20CR_ens) are used to isolate the internal vari-
ability (Methods). Based on a threshold of 1.5 standard deviation of
the first 40 years, the occurrence of the NAO extremes increases in
the last 40 years (Figure. A1g, h). Assessing the significance of the
increase appears to be difficult in the reanalysis data. Bootstrapping-
based methods show that the increase in 20CR is insignificant and
that in 20CR_ens is significant (error bar, Figure. A1g, h). This un-
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certainty is partly due to the fact that bootstrapping requires a large
sample size, and underlies the difficulty of extracting internal variabil-
ity from reanalysis data (Methods). Nevertheless, the uncontroversial
results between the 20CR and the LEs enhance our confidence that
increasing probability of both positive and negative summer NAO
extremes is likely to emerge in the historical periods.

The increasing occurrence of the summer NAO extremes is shown
not only at 500hPa, but throughout most of the troposphere. Except
for the near-surface altitudes, the rise in the occurrence of NAO ex-
tremes due to global warming appears to be significant up to 200 hPa,
either under the 1% CO; scenario (Figure. A3a, b), or the Historical
and RCP8.5 scenarios (Supplementary Figure. A11a, b) in MPI_GE.
The vertically consistent changes are also evident in the 20CR (Figure.
A3c, d) and 20CR_ens (Supplementary Figure. A11c, d). Note that
the 20CR doesn’t show obvious changes in the occurrence of summer
NAO extremes at the upper troposphere (200 hPa). This is consis-
tent with a recent study showing that upper atmospheric response to
global warming would not emerge until 2050 [76]. Bootstrap based
methods show that the increase in the 20CR is insignificant, and that
in 20CR_ens is significant. Again, sample size may contribute to this
uncertainty.

A.2.2  Increased climate impacts of summer NAO extremes over northwest-
ern Europe

The large sample size of the extremes in LEs allows us to investigate
changes in the climate impacts of the summer NAO extremes under
global warming. To do so, we firstly remove long-term trend by re-
moving the ensemble mean from each ensemble member, and then
calculate composite mean of surface temperature and precipitation
during these summer NAO extremes (Methods). A positive extreme
summer NAO event has a warming effect over northwestern Europe
and central North America, and a cooling effect over Greenland and
the Mediterranean, a pattern that is consistent across different models
and reanalysis data under pre-industrial climate (Figure. Aza-f). How-
ever, under the simulated ~ 4K warmer climate, the warming effect
over Northwest Europe is increased and expanded (Figure. A4g-k).
Such an amplification is statistically significant and consistent across
different models (Figure. A4m-q). The opposite change — increased
cooling over north-western Europe — occurs during negative sum-
mer NAO extremes (Figure. A5).

The amplified impact of summer NAO extremes on the surface
temperature is also evident in the 20CR_ens (Figure. A4 and A5 ).
The magnitude of the changes is smaller in the reanalysis data than
in the LEs (Figure. A4r), because the background climate warmed by
less than 1.5K in historical periods, compared to ~ 4K at the end of the
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RCP8.5 runs of the LEs. The 20CR_ens additionally shows an appar-
ent amplification of the warming effect over the Mediterranean basin
during the negative NAO extremes under a warmer background cli-
mate (Figure. Asl). Such an amplification is also seen in the MPI_GE
(Figure. Asm), CESM1_CAMs5 (Figure. Asi), and GFDL_CM3 (Figure.
Ask), but it is mostly insignificant, whereas changes of the opposite
sign are shown in the CanESM2 and MK3.6. This highlights the chal-
lenge for climate models to project the regional climate change —
uncertainty from both the strong internal variability and model dif-
ference [28, 100].

The temperature dipole pattern in Figure. A4 and Figure. A5 may
be induced by other factors, such as variability of the soil moisture.
However, an analysis based on Singular Value Decomposition (SVD)
(Methods) shows that a dipole pattern of soil moisture over Europe
can not induce a temperature pattern as strong as the summer NAO
at the same time scale (Supplementary Figure. A14 and A17). To fur-
ther ensure that the temperature dipole patterns shown in Figure. A4
and Figure. A5 are effects of the summer NAO extremes and not vice
versa, we perform SVD analysis with time lead/lag. When the NAO
is leading the surface temperature by one month, the surface tem-
perature resembles the dipole pattern shown in Figure. A4 (Supple-
mentary Figure. A15), whereas when the NAO is lagging the surface
temperature, the temperature pattern is distinct (Supplementary Fig-
ure. A16). This difference confirms that the summer NAO extremes
induce the temperature dipole pattern, rather than the temperature
dipole pattern induces the summer NAO extremes.

In addition to surface temperature, we also examined changes in
the effect of summer NAO extremes on precipitation (Supplemen-
tary Figure. A12 and A13). Similar to surface temperature, all models
show consistence in the impact of the summer NAO extremes on pre-
cipitation. Under global warming, this pattern is amplified for both
positive and negative summer NAO extremes. However, none of the
models show that this amplification is statistically significant based
on bootstrapping (Methods).

A.2.3  Changes in the summer NAO extremes are associated with changes
in the atmospheric flow regimes

Atmospheric circulation exhibits multiple flow regimes [8], and tran-
sitions between them over the North Atlantic sector are associated
with the summer NAO variability [98, 99]. Therefore, investigating
changes in the flow regimes would provide a different perspective to
changes in the summer NAO extremes, and enhance the robustness
of the finding. In this study, because we use monthly data, the eddy-
driven jet stream location [97] is used as a proxy for the strength of
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the zonal flow regime, and the Greenland blocking index [30] is used
as a proxy for the frequency of the blocked flow regime (Methods).

Changes in the two flow regimes over time are shown in Figure.
Aba, b. We observe both an obvious poleward shift of the eddy-driven
jet (black line, Figure. A6a) and an enhancement of the Greenland
blocking (black line, Figure. A6b) under climate change. The north-
ward shift of the mean-state of the eddy-driven jet stream would sug-
gest more extreme episodes of eddy-driven jet being located further
north; and the increased time-mean state of the the Greenland block-
ing index would suggest more extreme episodes of the eddy-driven
jet stream being located south and merged with the subtropical jet
[99]. Indeed, if we focus on the frequency of extreme states of the two
regimes, the increases are more prominent (red lines, Figure. A6a, b).

Changes in both flow regimes are associated not only with the pos-
itive trend of the summer NAO (Supplementary Figure. A4c, d), but
also with the increase in the summer NAO extremes (Figure. A6c).
Under the pre-industrial climate, the negative and positive phases of
the summer NAO extremes lie correspondingly in the second and
fourth quadrant of the coordinate plane defined by the eddy-driven
jet stream location and the Greenland blocking index (blue lines, Fig-
ure. A6c), confirming the close link between two flow regimes and the
occurrence of positive and negative summer NAO extremes. Under
the simulated ~ 4K warmer climate, the zonal flow shifts northward,
and the Greenland blocking enhances (from blue dashed lines to or-
ange dashed lines, Figure. A6c). Meanwhile, the occurrence of sum-
mer NAO extremes increases (compare orange contours with blue
contours, Figure. A6c). We further show that increasing negative sum-
mer NAO extremes are linked with increasing number of extreme
episodes of Greenland blocking, while increasing positive summer
NAO extremes are linked with increasing extreme episodes of both
northward diverting eddy-driven jet and Greenland blocking (Figure.
A6d).

Finally, other models that show similar changes in the summer
NAO extremes as MPI_GE show similar changes in the zonal and
blocked flow regimes (Supplementary Figure. A22). The different be-
havior of CanESM2 with respect to the positive NAO extremes (Fig-

ure. A2c) compared to the other LEs is also evident in the flow regimes:

the link between northward shifts of the eddy-driven jet stream loca-
tion and the increase in the positive NAO extremes is weak (Supple-
mentary Figure. A22g). This is probably because the location of the
climatological eddy-driven jet stream in this model is more northerly
than in the other models (dashed lines, Supplementary Figure. A22b).
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A.3 CONCLUSION

It is well established that the mean state of the summer NAO changes
in response to global warming. The mechanisms for such a change
include changes in the zonal jet stream winds [29, 49, 50]. All LEs
used in this study support a positive trend in the mean state of the
summer NAO under global warming.

Here, we argue for a secondary response of the summer NAO to
global warming — an increase in its variability. This increase is con-
sistent with the implications of a simple conceptual Lorenz model
[63]. The enhanced variability causes the extreme states of the sum-
mer NAO — for both positive and negative phases — to become more
frequent and their impact over Northwestern Europe to increase. The
increased occurrence of the summer NAO extremes is vertically con-
sistent throughout most of the troposphere. The enhanced impact of
these extremes over northwestern Europe is consistent with the slight
strengthening of the NAO pattern over this region (Supplementary
Figure. A3i). Such an enhanced impact of the NAO extremes in sum-
mer under global warming is consistent with its winter counterpart
[62]. The increased occurrence and impacts of the summer NAO ex-
tremes are supported by most of the state-of-the-art LEs under con-
sideration. Notwithstanding the differences in the production of en-
semble members between simulations and reanalysis data, the 20CR
reanalysis data suggests that increasing probability of the summer
NAO extremes is emerging in the historical period.

The increasing occurrence and impact of the summer NAO ex-
tremes is robust to various configurations of the approach we used.
For instance, the NAO index from both EOF and box difference meth-
ods supports the increasing occurrence; the analysis based on both
composite mean and SVD supports the enhanced impact. Overall, the
increase in the NAO extremes is more robust for the negative phase
than the positive phase. A stronger increase in the negative summer
NAO extremes is consistent with the enhancement of the jet variabil-
ity particularly over the southern flank of the mean jet (Supplemen-
tary Figure. A3f). Nevertheless, as the mean state of the summer NAO
becomes more positive under global warming, a small increase in the
positive summer NAO extremes would still have a considerable ef-
fect.

The changes in both phases of summer NAO extremes are con-
sistent with enhanced likelihood of poleward diverts of the eddy-
driven jet stream and of intensified Greenland blocking episodes by
global warming. While the increasing negative NAO extremes is dom-
inated by enhanced Greenland blocking, the increasing positive NAO
is linked to variations in both flow regimes. Our results thus suggest
that both the ‘fast gets faster’ response [76] (corresponding to en-
hanced positive NAO extremes) and the ‘wave gets wavier’ response



A.4 METHODS 45

[13, 56, 78] (corresponding to enhanced negative NAO extremes) in jet
stream winds are likely to occur in transient warming climate, rather
than one being dominant.

A.4 METHODS
A.4.1 Data

Historical and RCP8.5 runs of five Single Model Initial-condition Large
Ensemble simulations (SMILEs) from the ‘Multi-Model Large Ensem-
ble Archive’ (MMLEA)[18], one SMILEs forced by RCP4.5 scenario,
and an experiment of 1% CO;, run with Max Planck Institute Grand
Ensemble (MPI_GE_onepct) [51] are used. The results from climate
simulations are compared with that of the 20CR data [81]. The 20CR
has 8o ensemble members. These ensemble members are generated
using the Ensemble Kalman Filter [11], and are designed to reflect ob-
servational uncertainty. From the Monte Carlo aspect of the Ensemble
Kalman Filter theory, each member is equally likely. By only assimilat-
ing the surface pressure and sea surface temperature, and using the
coupled atmosphere-land model, the ensemble spread includes some
of the uncertainty from the internal dynamics of the atmospheric cir-
culation [11]. Therefore, the analysis of 20CR is also tested with all the
ensemble members of the 20CR (20CR_ens). All the data are monthly
and confined to boreal summer (June-July-August).

A.4.2  Generating summer NAO index

The NAO is decomposed from geopotential height data at all avail-
able levels in troposphere over the domain [20-80°N and 90°W—-40°E]
using Empirical Orthogonal Function (EOF) analysis. For each level,
the geopotential height data are first weighted by cosine of the lati-
tude. The NAO index is identified as the first principle coefficients
(PCs) of the EOF analysis, and is standardized by dividing the index
with the spatial standard deviation of the eigenvector instead of the
usual way of being multiplied by the temporal standard deviation
of itself. Since the EOF is applied independently for each ten-year
interval (see section A.4.3), this way of standardization ensures that
the index generated from different eigenvectors are comparable, and
the multiplication of the index and the corresponding eigenvector
still gives an estimate of the geopotential height field. We have also
tried with a fixed spatial pattern for all different warming stages, the
results are included in the Supplementary and do not change the
main conclusion. The spatial pattern of the NAO is then obtained by
projecting the geopotential field onto the standardized index, show-
ing the change in the geopotential height field corresponding to the
change in the NAO index of one standard deviation.
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For comparison, NAO index using the difference between two boxes
(25°W —5°E,45°N —55°N) and (52 — 22°W, 60°N — 70°N) [24] is also
investigated for MPI_GE.

A.4.3 Extracting internal variability of the NAO in SMILEs

In SMILEs, the ensemble members differ only slightly in their initial
conditions. The considerable ensemble spread during the simulation
is then mainly due to internal variability of the climate system. The
internal variability of the NAO is then extracted by applying the EOF
analysis along the ensemble dimension of the SMILEs, after removing
the ensemble mean from each of the ensemble members as previous
studies [54, 62]. Note that the ability for the ensemble spread to esti-
mate internal variability differs across different Earth System Models.
MPI-GE provides the best representation of internal variability ac-
cording to ref [85], partly due to its large ensemble size. Therefore,
the ensemble size of all the SMILEs is expanded by concatenating all
the ensemble members and all the summer months (June, July and
August) within a ten-year interval. We refer to this combined dimen-
sion as ‘pseudo ensemble’.

To examine the temporal evolution of summer NAO variability in
SMILEs, the EOF along the pseudo ensemble dimension is conducted
separately over each non-overlapping decade. This allows the spatial
patterns of the NAO to vary across different warming periods. This
is expected, as variations in the spatial structure of the NAO can
lead to different impacts [6], and contribute to its response to global
warming [24, 98]. As a reference, the decomposition using a fixed
pattern (Supplementary Figure. A8) instead of the temporally varying
patterns is also applied (Supplementary Figure. A9, Supplementary
Figure. A10). In this case, the magnitude of the increase reduced for
both positive and negative NAO extremes compared to that with the
varying pattern. So that the increase in the occurrence of positive
NAO extremes in CESM1_CAM5 does not significantly emerge.

The full NAO response, that includes changes in the variability
and the mean state of the NAO for MPI_GE is given in Supplemen-
tary Figure. A4. The index for full NAO response are generated by
projecting the Zs500, without removing ensemble mean, to the NAO
pattern of the first1io years of the simulation.

A.4.4 Extracting internal variability of the NAO in 20CR

The internal variability in the 20CR are extracted with two different
methods, 1) with the ensemble mean only and 2) with all the ensem-
ble members. The first method follows the typical use of the 20CR
data. In this case, a quadratic fit of the single realization is taken as
a representation of the externally forced signal. After removing the
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quadratic fit from the time series at each pixel, the residuals are taken
as a representation of the internal variability. The second method uses
all the ensemble members of the 20CR. Different from SMILEs, the
spread of the 20CR is not designed to measure the internal variability,
and the the ensemble mean includes both the externally forced signal
and the internal variability. Therefore, same as the first method, the
quadratic fit of the ensemble mean is used to represent the externally
forced signal, and is removed from all the ensemble members at each
pixel.

Both methods have short-comes in extracting the internal variabil-
ity in the 20CR. For the first method, single realization would un-
derestimate the internal variability, and the small sample size would
limit the use of bootstrapping. For the second method, although up
to 8o ensemble members are available, the ensemble spread is much
narrower than that of the MPI_GE, and shows clear decadal variabil-
ity (Supplementary Figure. A20), indicating that the ensemble spread
of the 20CR strongly underestimates the internal variability if it is
treated the same as SMILEs. To minimize effects of the above limi-
tations, the NAO from 20CR data are decomposed differently from
the SMILEs. First, the full length of the data is used to decompose
NAO spatial pattern. This is because the leading mode decomposed
from 4o years of data do not fully resemble the typical summer NAO
pattern (Supplementary Fig.A1f). Second, 40 years instead of 10 years
are used as a window to compare changes in the internally generated
NAO extremes.

A.4.5 The occurrence of the summer NAO extremes

1.5 standard deviation of the NAO index in the first period (first 10
years in SMILEs and first 40 years in 20CR) is used as a threshold
to extract the NAO extremes for positive phase (above the threshold)
and negative phase (below -1 times threshold). Although the stan-
dard deviation based threshold assumes Gaussian distributions, the
results should be very similar if percentile based threshold is used.
The advantage of the percentile based threshold is that it allows possi-
ble asymmetry of the NAO index. However, in MPI_GE, 1.5 standard
deviation roughly corresponds to 93% percentile of the index, and
-1.5 standard deviation to 7% of the index in LEs (Supplementary
Figure. A21a). If goth and 10th percentile are used as the thresholds,
the corresponding value in standard deviation are roughly 1.3 and
-1.3. Therefore, the NAO index in the first 10 years of the MPI_GE is
actually symmetric. Other LEs show similar results as MPI_GE( Sup-
plementary Figure. A21). As a reference, such positive NAO extremes
occur 1.6 times per decade, and such negative NAO extremes occur
0.9 times per decade in 20CR based on Extreme Value Theory.
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In the SMILEs and 20CR_ens, the summer NAO extremes in each
period are counted from all the ensemble members and all the months
within each period, and then divided by the ensemble size. The linear
trend of the occurrence in SMILEs is calculated between 1950-2099,
where all the models have an output. The rate of increase per decade
is then represented by dividing the linear slope by the occurrence in
the first 10 years and expressed as a percentage. For the ensemble
mean of the 20CR, the summer NAO extremes are counted from all
the months within each 4o-year period, and the rate of increase per
decade is estimated simply by (Ojastyo — Ofirstgo) /(2015 — 1889) x 10,
and represented as percentage by dividing this value with the occur-
rence in the first 40 years

A.4.6  Climate impacts of the summer NAO extremes

The impacts of summer NAO extremes on the surface temperature,
the sea level pressure, and precipitation are examined using the com-
posite analysis. The impact on the surface temperature in MPI_GE
is verified with Singular Vector Decomposition (SVD). In both meth-
ods, the background changes are removed by removing the ensemble
mean in all SMILEs, and the quadratic fit in the 20CR_ens.

For composite analysis, the pre-processed data in the months and
ensemble members where the NAO indexes are identified as positive
(or negative) extremes are averaged. As the occurrence of the NAO
extremes differs between different warming stages, the same number
of most extreme cases as in the pre-industrial climate are included.
The composite analysis using all the extreme cases in the first interval
and the last interval (rather than the same number of extreme cases)
gives very similar results (plots not shown).

For SVD analysis, the variabiles are firstly normalized by their
mean and standard deviation across all ensemble members and each
decade. Then the pre-processed surface temperature and the Zs00
are fed into the SVD. For comparison, same analysis is performed for
the surface temperature and the soil moisture. To examine the causal
relationship, the SVD with time lead/lag of one month is performed.

A.4.7  Eddy-driven jet stream location and Greenland blocking index

Because we use monthly data, the eddy-driven jet stream location and
Greenland blocking can not be measured directly. Instead, we use two
proxies on monthly data, which represent the statistical frequency of
the occurrence of each regime in transient atmospheric flow. Follow-
ing Woollings, et.al [99], the eddy-driven jet stream are identified as
zonal wind averaged between levels of 925 hPa and 700 hPa. The loca-
tion of the eddy-driven jet is defined as the latitude where the zonally
averaged jet stream winds over a longitudinal sector (0 —60°W for the
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North Atlantic) is in its maximum. Following Hanna, et. al [30], the
Greenland blocking is simply estimated as the mean 500 hPa geopo-
tential height for the [60-80°N and 20°-80°W] region.

A.4.8 Statistical significance test

Bootstrap-based methods are used to test the statistical significance
of the widening of the NAO index distribution at the 95% level,
and determine the 5% — 95% confidence interval of the occurrence of
NAO extremes under different warming stages. Specifically, for test-
ing the significance of the widening of the NAO index distribution,
the NAO index of the first interval and the last interval are randomly
resampled separately with replacement, and the difference between
the standard deviations of the two generated samples are calculated.
Such resampling and calculation are repeated for 1000 times. If o
is outside of the 5% — 95% percentile of these differences, changes
in the shape of the distribution is considered as significant. For the
5% — 95% confidence interval of the occurrence of NAO extremes, at
each 10-year (40-year for the 20CR) intervals, the NAO index is ran-
domly resampled for 1000 times with replacement. The occurrences
of the extreme cases in these generated samples are counted in the
same way as the original index. The 2.5% — 97.5% quantile of these
occurrences is identified as the 5% — 95% confidence interval for the
occurrence of NAO extremes.

Bootstrap method is also used to check whether the difference of
the impact of the extreme NAQO between the first interval and the last
interval is statistically significant at the 95% confidence level. Specifi-
cally, 1000 samples of NAO index are generated by resampling with
replacement. For each of the generated NAO time series, extract the
extreme cases, and examine their impacts on surface temperature us-
ing composite analysis as orignal NAO index, separately for the first
internal and the last interval. And then calculate the difference be-
tween impacts of these two intervals. Such calculations are repeated
for all the generated NAO time series. After getting the whole 1000
temperature differences, the 2.5% — 97.5% quantile of these differ-
ences is calculated. if o is not in the range, the difference of the com-
posite mean temperature field between the last interval and the first
interval is considered as significant.

The 5% — 95% confidence interval of the linear trend of the evolu-
tion of extreme NAO occurrence is obtained using student’s t test.

DATA AVAILABILITY The model data used in the study are avail-
able online at https://www.earthsystemgrid.org/dataset/ucar.cgd.

ccsm4. CLIVARS_$LE.html (for CanESM2 [42], CESM1_CAMs5 [41], MK3.6

[39], GFDL_CM3 [86]) and at https://esgf-data.dkrz.de/projects/
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mpi-ge/ (for MPI_GE [51]). The 20CR data set can be found at https:
//psl.noaa.gov/data/gridded/data.20thC$_$ReanV3.html (ref [81]).

CODE AVAILABILITY The codes used in the manuscript are avail-
able at https://doi.org/10.5281/zenodo.15363373 (ref [66]).
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Figure A1: The occurrence of summer NAO extremes at 500 hPa increases
under global warming. a, Spatial patterns of the summer NAO
in the first 10 years (1850-1859, shading) and the last 10 years
(2090-2099, contour) of the Max Planck Institute Grand Ensem-
ble (MPI_GE) historical and RCP8.5 runs. The percentages in the
top parentheses indicate changes in the explained variance. b,
The distribution of the NAO index widens under the simulated
global warming in the MPI_GE. Numbers in the top parentheses
indicate changes in the standard deviation, with asterisk indi-
cating significance at the 95% confidence level based on boot-
strapping. ¢, Evolution of the occurrence of the positive NAO
extremes every non-overlapping 10 years in the MPI_GE and
MPI_GE_onepct. MPI_GE_onepct runs for 100 years with the ini-
tial condition of 1850, and forced by 1% CO; increase per-year.
Shading represents the 5% — 95% confidence interval based on
bootstrapping. Numbers in the legend show the ensemble size.
d, Same as (c) but for negative NAO extremes. e, Spatial pattern
of the NAO in the NOAA-CIRES-DOE 20th Century Reanaly-
sis (20CR) data during (1850-2015). The percentage in the top
parentheses indicates the explained variance. £, Distribution of
the NAO index in the 20CR. The first 40 years represent (1850-
1889) and the last 40 years represent (1976-2015). Numbers in the
top parentheses indicate changes in the standard deviation, with
asterisk indicating significance at the 95% confidence level. g,
The occurrence of positive NAO extremes in the 20CR. 20CR_ens
represent the 20CR with all the ensemble members. Error bars
represent the 5% — 95% confidence interval based on bootstrap-
ping. h, Same as (g), but for negative NAO extremes.
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Figure A2: Upward trend in the occurrence of summer NAO extremes at
500 hPa across different Earth System Models. a, Evolution of
the occurrence of positive NAO extremes per decade. Shadings
represent 5% — 95% confidence interval based on bootstrapping.
b, Same as (a), but for negative extremes. ¢, The rate of increase
in the occurrence of positive summer NAO extremes per decade
during 1950-2100, shown as a solid line for each model. Filled
bars represent the 5% — 95% confidence interval by student-t
test. Unfilled bars represent the 5% — 95% confidence interval
by student-t test of resampled historical and RCP8.5 runs of Max
Planck Institute Grand Ensemble (MPI_GE). d, Same as (c) but
for the negative summer NAO extremes. Numbers in the brack-
ets of the legend indicate ensemble size.
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Figure A3: The occurrence of summer NAO extremes increases through-

out most of the troposphere. a, Profile of the occurrence of the
positive summer NAO extremes in Max Planck Institute Grand
Ensemble 1% CO; run (MPI_GE_onepct). b, Same as (a), but for
negative summer NAO extremes. ¢, Profile of the occurrence of
the positive summer NAO extremes in the first-40 years (1850-
1889) and the last-40 years (1976-2015) in the NOAA-CIRES-DOE
2oth Century Reanalysis (20CR). d, Same as (c), but for negative
NAO extremes. Shading represents 5% — 95% confidence inter-
vals based on bootstrapping.
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Figure A4: The impact of positive summer NAO extremes on (near) sur-
face temperature amplifies over the northwestern Europe in a
warmer climate. a-f, The impact of positive NAO extremes on
surface temperature (shading) and sea level pressure (contours)
in the first 10 years of simulations (f for the first 40 years of 20CR)
from different Earth System Models. Contours are drawn at in-
tervals of 1 hPa, ranging from -5 hPa to 5 hPa, excluding the o
hPa contour. g-k, Same as (a-e), but for the last 10 years of the
simulations (1 for the first 40 years of 20CR). m-r, The difference
between the last 10 years and the first 10 years (r for the last 40
years first 40 years of the 20CR). Crossed patches represent areas
where the difference is significant at 95% confidence level based
on bootstrapping.
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Figure A6: Changes in the frequency of flow regimes coincide with
changes in the summer NAO extremes. a, Temporal evolution
the eddy-driven jet stream location per non-overlapping decade.
Shading shows 1 standard deviation along time and ensemble
dimension for each decade. b, same as a but for the Greenland
blocking index. ¢, Density plot of occurrence of summer NAO
extremes as a function of eddy-driven jet stream location and
Greenland blocking index. Contours represent the negative sum-
mer NAO extremes, and shadings represent the positive summer
NAO extremes. Blue colors represent the extreme events in the
first 10 years, and orange colors the last 10 years. Dashed lines
represent the climatology of the eddy-driven jet location (verti-
cal dashed lines) and the Greenland blocking index (horizontal
dashed lines), respectively for the first 10 (blue dashed lines) and
the last 10 years (orange dashed lines). d, Scatter plot of occur-
rence of summer NAO extremes as a function of counts of eddy-
driven jet stream location more north than 1.5 standard devia-
tion of the first 10 years and counts of Greenland blocking index
higher than 1.5 standard deviation of the first 10 years. Counts
correspond to per decade per member. All plots are shown for
historical and RCP8.5 runs of the MPI_GE. Definitions of eddy-
driven jet and Greenland blocking can be found in Methods.
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SUPPLEMENTARY INFORMATION FOR APPENDIX A
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Supplementary Figure. A1:

500hPa geopotential height (m)

NAO spatial patterns of all the SMILEs
from MMLEA. Spatial patterns of the NAO
in the first (shading) and the last (contour) 10
years of the simulations in (a) CanESM2, (b)
CESM-CAMs, (c) MK3.6, (d) GFDL_CM3, (e)
MPI_GE_onepct, and (f) the first (shading) and
the last (contour) 40 years in the 20CR with
all ensemble members. The percentage in the
brackets shows the explained variance change.
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Supplementary Figure. A2: Summer NAO index distribution of all the
SMILEs from MMLEA corresponding to the
spatial pattern in Supplementary Fig A1, corre-
spondingly for (a) CanESM2, (b) CESM-CAM5,
(c) MK3.6, (d) GFDL_CM3, (e) MPI_GE_onepct
and (f) 20CR with all ensemble members. The
numbers in the brackets show changes in the
standard deviation. Blue bars for the first 10
(40) years, orange for the last 10 (40) years. The
asterisk indicates that the change is statistically
significant at the 95% confidence level based on
bootstrapping.



b

5900
5800
5700
5600
5500 £

S
5400 3

N
5300
5200
5100
5000

d e

] h

o
EOF_NAO [m]

Supplementary Figure. A3:

A.4 METHODS

diff Z500 mean

last10 Z500 mean
 — N

©
S
7500 [m]

Z500 [m]

| o
o
S
EOF_NAO[m]

Atmospheric response to global warming at
500 hPa over the North Atlantic sector. a, Shad-
ing shows the mean of the 500 hPa geopoten-
tial height during 1850-1859 in MPI_GE. Con-
tours show the mean of the zonal wind (u)
at 500 hPa pressure level during 1850-1859 in
MPI_GE. Contours are drawn at intervals of
5m/s, ranging from 0 — 20 m/s, excluding the
0m/s contour. b, Same as (a), but for 2090-2099.
¢, The difference between b and a. Contours
are drawn at intervals of 0.5 m/s, ranging from
—1.5—1.5m/s, excluding the Om/s contour. d,
Shading shows the standard deviation of the
500 hPa geopotential height during 1850-1859
in MPI_GE. Contours show the standard devia-
tion of the zonal wind (u) at 500 hPa pressure
level during 1850-1859 in MPI_GE. Contours
are drawn at intervals of 2 m/s, ranging from
0—10m/s. e, Same as (d), but for 2090-2099.
f, The difference between e and d. Contours
are drawn the same as c. g, The spatial pattern
of the NAO during 1850-1859 in MPI_GE. The
percentage in the brackets shows the explained
variance. h, Same as g, but for 2090-2099. i, The
difference between h and g.
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Supplementary Figure. A4: Full response of the summer NAO to global
warming in MPI_GE. a Changes in the sum-
mer NAO index that is generated by 500 hPa
geopotential height data without removing the
ensemble mean. Dashed lines show the clima-
tology for the first 10 (black) and last 10 years
(red) of the simulations. b As is a, but with
the mean of the NAO index removed. ¢, as a,
but for the NAO index during which the eddy-
driven jet stream is more northly than the cli-
matology of the first 10 years. d, same as ¢, but
for Greenland blocking index.
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Supplementary Figure. Ay: Increasing occurrence of summer NAO ex-
tremes in a moderate warming scenario. a,
The NAO index in the historical and Repre-
sentative Concentration Pathway (RCP) 4.5 sce-
nario of MPI_GE. b, The evolution of the oc-
currence of the positive NAO extremes every
non-overlapping 10 years. Shading represents
the 5% — 95% confidence interval based on boot-
strapping, see Methods. ¢, As is b, but for neg-
ative summer NAO extremes. P-values < 0.05
indicate statistical significance at 5% level.
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Supplementary Figure. A8: The spatial patterns of the NAO when all
the data (all the summer months and all
the ensemble members) are used. The spa-
tial patterns of the NAO in (a) CanESMz2, (b)
CESM-CAMSs5, (c) MK3.6, (d) GFDL_CM3, (e)
MPI_GE_onepct, and (f) MPI_GE. The percent-
age in the brackes shows the explained vari-

ance.
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Supplementary Figure. Ag: The distribution of the NAO using the fixed
spatial patterns from Supplementary Figure.
A8, correspondingly for (a) CanESM2, (b)
CESM-CAMs, (c) MK3.6, (d) GFDL_CM3, (e)
MPI_GE_onepct, and (f) MPI_GE. The num-
bers in brackets show the changes in the stan-
dard deviation. Significance tests were not im-
plemented here due to the high computational
load.
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Supplementary Figure. A1o: Changes in the extreme NAO occurrence
when the fixed spatial pattern is used to gen-
erated the NAO index. The temporal evolu-
tion of the extreme NAO occurrence for posi-
tive phase (a) and for negative phase (b). Shad-
ing represent 5% — 95% confidence interval
based on bootstrapping. The increase rate per
decade in the extreme NAO occurrence for
positive phase (c) and for negative phase (d).
Shading represent 5% — 95% confidence inter-
val based on student-t test.
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Supplementary Figure. A11: The increased occurrence of extreme summer
NAO events in troposphere in simulations in
MPI_GE and all ensemble members of 20CR.
a, Profile of the increase in the occurrence of
the positive extreme NAO events in MPI_GE.
b, Same as (a), but for negative extreme NAO
events. ¢, Profile of the increase in the occur-
rence of the positive extreme NAO events in
all ensemble members of 20CR. d, Same as (c),
but for negative extreme NAO events. Shaded
areas represent 5% — 95% confidence interval
based on bootstrapping.
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Supplementary Figure. A12: The impact of positive summer NAO ex-
tremes on precipitation and sea level pres-
sure. a-e, The impact of positive NAO ex-
tremes on precipitation (colors) and sea level
pressure (lines) in the first 10 years of sim-
ulations from different Earth System Models.
Contours are drawn at intervals of 1 hPa, rang-
ing from -5 hPa to 5 hPa, excluding the o hPa
contour. g-k, Same as (a-e), but for the last 10
years of the simulations. m-q, The difference
between the last 10 years and the first 10 years.
f, The impact of positive NAO extremes on the
precipitation in the first 40 years (1850-1889) of
20CR with all ensemble members. 1, Same as
(f) but for the last 40 years (1976-2015). r, The
difference between the last 40 years and the
first 40 years in the 20CR_ens. None of the dif-
ferences are statistically significant.
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Supplementary Figure. A13:
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Same as Figure. A4 but for negative summer
NAO extremes.
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temperature

Supplementary Figure. A14: Singular Value Decomposition (SVD) be-
tween 500 hPa geopotential height (Z500)
and surface temperature in MPI_GE. a, The
left SVD mode pattern, corresponding to the
summer NAO pattern, in 1850-1859. b, Same
as (a), but for the 2090-2099. ¢, The difference
between the b and a. d, The right SVD mode
pattern, corresponding to the surface temper-
ature, in 1850-1859 of MPI_GE. e, Same as (d)
but for 2090-2099. £, The difference between e
and d. All values are normalized with their
mean and standard deviation.
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Supplementary Figure. A1s: Same as Figure. A14 but the Zsoo is one
month leading the surface temperature.
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Supplementary Figure. A16: Same as Figure. A14 but the Zso0 is one
month lagging the surface temperature.
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Supplementary Figure. A1y: Singular Value Decomposition (SVD) be-
tween soil wetness and surface temperature
in MPI_GE. a, The left SVD mode pattern, cor-
responding to soil wetness, in 1850-1859. b,
Same as (a), but for the 2090-2099. ¢, The dif-
ference between the b and a. d, The right eof
mode pattern of the SVD, corresponding to
surface temperature, in 1850-1859 of MPI_GE.
e, Same as (d) but for 2090-2099. £, The differ-
ence between e and d. All values are normal-
ized with their mean and standard deviation.
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Supplementary Figure. A18: Same as Figure. A1y but the soil wetness is
one month leading the surface temperature.
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Supplementary Figure. A19: Same as Figure. A1y but the soil wetness is
one month lagging the surface temperature.
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Supplementary Figure. A20: The 20CR can not fully represent the NAO

variability along the ensemble dimension. a
The evolution of the average 500 hPa geopo-
tential height over the south center of action
of the NAO ([-30, 10, 40,60]) for all the ensem-
ble members in the MPI_GE during the histor-
ical period (1850-2015). Each colored line rep-
resents one realization. b Same as a but for
the 20CR. ¢ The evolution of the standard de-
viation of all ensemble members for every ten
years (black line) and every year (grey line) in
the MPI_GE. d Same as ¢ but for the 20CR. e
The evolution of the NAO index in all the en-
semble members for the MPI_GE. f Same as e
but for the 20CR.
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Supplementary Figure. A21: Thresholds based on standard deviation ver-
sus those based on percentage. a The corre-
sponding percentile-based thresholds for 1.5
standard deviation and -1.5 standard devia-
tion for all the simulations. b The goth and
10th quantiles of the summer NAO index in
the first 10 years of the simulations are shown
as bars, and the 93rd and 7th quantiles of the
summer NOA index in the first 10 years of the
simulations, which roughly correspond to 1.5
standard deviations, are shown as lines.
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Supplementary Figure. A22: Changes in flow regimes and NAO extremes
for other LEs. Density plot for occurrence of
NAO extremes as a function of eddy-driven
jet location (x-axis) and Greenland blocking in-
dex (y-axis), correspondingly for MPI_GE (a),
CanESM2 (b), CESM1_CAMs5 (c), GFDL_CM3
(d), and MK36 (e). f-j, same order as a-e, but
shown as the occurrence of the NAO extremes
as a function of count of jet stream location
more northly than 1.5 standard deviation of
the first 10 years (x-axis) and count of Green-
land blocking index higher than 1.5 standard
deviation of the first 10 years (y-axis). The
counts are divided by the corresponding en-
semble size. Legends are the same as the Main
text Figure. Abe
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ABSTRACT

The occurrence of the summer North Atlantic Oscillation increase in
a transient warming climate. This enhancement would causes more
contrasting severe weather over different parts of Europe, but the
driving mechanism is yet to be understood. We conduct composite
analysis that is physically motivated by “eddy-mean-flow" interac-
tions using daily output of one large ensemble climate change simula-
tions. We show that transient eddies directly drive the summer NAO
variability through momentum forcing at upper-level. These transient
eddies arise from lower-level baroclinicity, which is sustained by a
positive thermal feedback from quasi-stationary eddies. Under global
warming, the variability of the thermal feedback by quasi-stationary
eddies increase, likely in response to an enhanced land-ocean temper-
ature contrast, ultimately leading to the increase in the summer NAO
extremes. Our study underscores the role of eddy fluxes in explaining
the atmospheric response to global warming.

B.1 INTRODUCTION

The regional atmospheric response to global warming remains a ma-
jor source of uncertainty in climate projection [28, 75, 79, 80, 100].
Over the North Atlantic, the anthropogenic forced changes in the at-
mospheric circulation appear to project strongly onto the internally
generated mode of North Atlantic Oscillation (NAO) [21, 63, 8o].
Such a NAO-like response manifests itself as a long-term trend in
the NAO index [27, 37, 48, 52, 64]. However, in a transient warming
climate, the summertime NAO index further shows an enhancement
in its variability[48]. Such a secondary NAO response to global warm-
ing would have profound impacts on Europe, leading to less reliable
weather forecast and higher probability of contrasting severe weather
over different regions. Although the enhanced summer NAO vari-
ability is consistently predicted by different climate models [48], an
understanding of the driving mechanism is missing.

Previous studies have shown that the thermal wind balance can be
used to explain the changes in the upper-level zonal jet stream winds
[45, 76], but it cannot be used to explain changes in the variability of
the summer NAO. This is because the thermal wind balance is built
on the equilibrium states rather than transient states. Studies based
on simple dynamic models suggest that the variability of the NAO
arise from “eddy-mean-flow" interactions [68, 9o, 102]. The enhance-
ment in the summer NAO variability, therefore, may be interpreted
through changes in its eddy forcing.

Eddies with different frequencies play different roles in sustaining
atmospheric variability mode [58, 102]. Generally, the eddies can be
characterized by (i) transient eddies with temporal periods of less
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than 12 days and with wavenumber typically larger than 6, and (ii)
quasi-stationary eddies with normally smaller wave numbers. These
two types of eddies rise from different processes. The transient ed-
dies rise from the lower-level baroclinic instability, while the quasi-
stationary eddies rise from the asymmetric distribution of the ther-
mal feedback, such as land-ocean contrast [38]. The North Atlantic
sector experiences both a maximum of the transient eddy kinetic en-
ergy (Supplementary Figure. Bia) and a trough of quasi-stationary
eddies with wave number 3 (Supplementary Figure. B1b).

In this study, we investigate the eddy forcing of the summer NAO
variability by both types of eddies. Moreover, we investigate how
changes in this eddy forcing by global warming lead to more summer
NAO extreme events. Using daily output from the Coupled Model In-
tercomparison Project Phase 6 version of the Max Planck Institute for
meteorology Grand Ensemble (MPI_GE_CMIP6), we extract the pro-
longed summer NAO extremes as periods when the index exceeds
+1.5 standard deviations for more than five consecutive days—above
1.5 for the positive phase and below —1.5 for the negative phase. We
obtain the transient eddies by applying band-filter of 2-12 days along
time dimension, and the quasi-stationary eddies as zonal anomaly of
the 30-day running mean of the daily data.

B.2 RESULTS

B.2.1 Summer NAO variability, upper-level jet, and lower-level baroclinic-
ity.

we begin by showing that the summer NAO is associated with the
zonal jet stream winds at upper-level. During positive summer NAO
extremes, the subpolar jet stream tilts northeast-southwest towards
Northern Europe, separating from the subtropical jet (Figure. B1a).
Conversely, during negative summer NAO extremes, the subpolar jet
merges with the subtropical jet, forming a continuous zonal belt of
a single jet stream (Figure. Bib). Therefore, consistent with its win-
ter counterpart [98], the variability of the summer NAO is essentially
linked to the meridional displacement of upper-level subpolar jet (Fig-
ure. Bic).

Similarly, the summer NAO is associated with the baroclinicity at
lower-level. Here, the lower level baroclinicity is approximated with
the Eady growth rate at 850 hPa (Methods) [35]. During positive
NAO extremes, there is a local maximum of the Eady growth rate
over North America continent between [50 - 70 °N] (Figure. Bid),
coinciding with the local maximum of the zonal jet stream wind at
upper level (Figure. Bid). Conversely, during negative summer NAO
extremes, the Eady growth rate over high latitudes of the North Amer-
ica decreases, and that over North Europe between [40-60 °N] in-
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Figure. B1: The variability of the summer NAO is associated with the
variability of the upper-level jet and lower-level baroclinicity.
a, Composite mean of the zonal wind (unit: ms~') at 250 hPa
for the positive summer NAQO extremes. Shadings show the first
10 years (1850-1859), contours show the last 10 years (2090-2099).
Contours share the same intervals as the shadings, eliminating
0 m/s. b, Composite mean of the zonal wind at 250 hPa for the
negative summer NAO extremes. ¢, The difference between b
and a. d, Composite mean of the Eady growth rate (unit: day ')
at 850 hPa for the positive summer NAQO extremes. shadings for
the first 10 years, and contours for the last 10 years. Contours
share the same intervals as the shadings, eliminating 0 day~'.
e, Composite mean of the Eady growth rate at 850 hPa for the
negative summer NAO extremes. f, Difference between e and d.

creases (Figure. B1e), coinciding with the extension of the zonal jet
stream at the upper level (Figure. Bie). Therefore, the NAO variabil-
ity is also linked to the fluctuations in the lower-level baroclinicity
(Figure. Bxf).

Connections to both the upper-level jet and the lower-level baro-
clinicity underscore different aspects of the eddy forcing of the sum-
mer NAO variability. The associated upper-level jet variability high-
lights the effect of the eddy momentum forcing, because it is driven
by the anomalous convergence of eddy momentum flux u/v’, as is
shown in the zonal momentum equation for a non divergent (quasi-
geostrophic) flow:
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% = fov— aayu/v’ +F (5)
where (u,v) are the horizontal velocity, F represents frictional term.
Hats and primes denote respectively the mean and eddy compo-
nents of the flow. Meanwhile, the associated fluctuation of the lower-
baroclincity highlights the eddy heat forcing, because it is related to
eddy heat flux v’0’, as is shown in the meridional derivative of the
zonal-mean thermodynamic equation [38, 58]:

d [ 90 92 d
— (=) =—=V0——(T®) —R 6
at( ay) oyz" ay( ©) ©

where I' = —Taéne

is the static stability parameter; w represents

vertical velocity; R represents diabatic heating.

Therefore, the eddy forcing of the summer NAO variability can be
partitioned into upper-level momentum forcing, and the lower-level
thermal feedback. These two aspects are not distinct, as the lower-
level baroclinicity is the source of the transient eddies that propagate
upwards [38, 60]. These generated transient eddies, which are associ-
ated with lows and highs, transport warm air poleward and cold air
equator. Therefore, they act to weaken the meridional temperature
gradient and the baroclinicity, limiting the further eddy generation—
a negative eddy feedback [68, 102]. However, during summer NAO
extremes—which, by definition, are prolonged—baroclinicity must be
sustained. In the following, we show the different roles of the tran-
sient eddies and quasi-stationary eddies in exerting the eddy forcing.

B.2.2 upper-level eddy momentum forcing of the summer NAO

The eddy momentum forcing is quantified by the convergence of the
eddy momentum flux (the second term on the right hand side of equa-
tion 5). The composite means of the anomalous eddy momentum forc-
ing across different phases of summer NAO extremes exhibit dipolar-
like patterns in their zonal means (Figure. B2). At high latitudes, the
positive summer NAO extremes are associated with an anomalous
convergence of the eddy momentum flux (Figure. B2a), while the neg-
ative summer NAO extremes are associated with an anomalous diver-
gence (Figure. B2d). We then decompose this momentum forcing into
that from transient eddies and that from quasi-stationary eddies. At
upper level, the eddy momentum forcing of the summer NAO ex-
tremes is dominated by transient eddies (Figure. B2b, e), while that
from quasi-stationary eddies plays a secondary role (Figure. Bzg, f).
To establish the casual link between the anomalous eddy momen-
tum forcing and the occurrence of the summer NAO extremes, we
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Figure. B2: Dipolar-like pattern in anomalous eddy momentum forcing
is causing occurrence of summer NAO extremes. a, Zonal av-
erage of the composite mean of the anomalous convergence of
the total (transient eddies and quasi-stationary eddies) eddy mo-
mentum flux for the positive summer NAO extremes. The com-
posite mean is calculated as an average over a time window of
(-10, 5) days relative to the onset of all the identified extreme
events. Colors for the first 10 years (1850-1859) and contours for
the last 10 years (2090-2099) of the simulations. b, Same as a,
but only for the transient eddies. ¢, Same as a, but only for the
quasi-stationary eddies. d-f, Same as a-c, but for the negative
summer NAO extremes. g, The anomalous convergence of the
total eddy momentum flux at 250 hPa zonally averaged over [50
- 70 °N] as a function of time relative to the onset of the summer
NAO extremes. h, Same as g, but only for the transient eddies.
i, Same as g, but only for the quasi-stationary eddies.

plot its spatial average over high latitudes ([50 - 70 ® N]) as a function
of time relative to the onset of the summer NAO extremes (Figure.
B2g-i). The latitudes are chosen to encompass the northern center of
actions of the dipolar-like pattern identified in Figure. B2b. The eddy
momentum forcing is indeed a driving factor in the occurrence of
summer NAO extremes, as it begins to diverge from its climatologi-
cal state roughly 10 days before the onset of the positive and negative
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phases (Figure. B2g). Consistent with the profile of the composite
mean (Figure. B2a-f), the transient eddies are playing a leading role,
and the quasi-stationary eddies are playing a secondary role.

B.2.3 lower-level eddy thermal feedback of the summer NAO

The eddies also modulate the summer NAO variability by chang-
ing the lower-level baroclinicity through eddy thermal feedback. The
eddy thermal feedback is represented by the second meridional deriva-
tive of the eddy heat flux (the first term on the right hand side of
equation 6). However, we present the zonal mean of the composite
anomalous first derivative instead since the second derivative is very
noisy (Figure. B3a-f). The second derivative can be inferred from the
locations where the sign of the first derivative flips. To illustrate that
the eddy thermal feedback is an driving effect in the occurrence of the
summer NAO extremes, we plot the zonal mean value of the second
derivative averaged between [50-70 °N] as a function of time relative
to the onset of the summer NAO extremes (Figure. B3g-i), consistent
with the region used for the momentum forcing analysis.

Transient eddies indeed exert a negative feedback. During the de-
velopment of positive summer NAO extremes, they transport warm
air poleward, weakening the lower-level baroclinicity and thus acting
as a negative forcing on the positive extreme event (solid lines, Figure
Bsh). Conversely, during negative NAO extremes, the baroclinicity
shifts equatorward (Figure B2f). Transient eddies respond by trans-
porting cold air equatorward, enhancing the baroclinicity at higher
latitudes and pushing it poleward, thereby also exerting a negative
feedback on the negative extreme event (dashed lines, Figure B3h).

To support a sustained generation of transient eddies during the
prolonged summer NAO extremes, the baroclinicity must be main-
tained. We show that it is the quasi-stationary eddies that fulfill this
role. 15 days or so prior to the onset of the positive summer NAO
extremes, the quasi-stationary eddies start to exert a positive forcing
to the mean flow, enhancing the lower-level baroclinicity (solid lines,
Figure. B3i). The anomalous positive forcing by the quasi-stationary
eddies offsets the anomalous negative forcing from the transient ed-
dies. As a result, there is a net positive anomaly of the eddy thermal
feedback prior to the onset of the positive summer NAO extremes
(solid line, Figure. B3g), that maintains the lower level baroclinicity.
Conversely, for negative phase of the summer NAO extremes, the
upper-level jet weakens and shifts equatorward, due to a reduced con-
vergence of the eddy momentum flux (Figure. B2d-f). This reduced
eddy generation is mainly caused by an anomalous negative thermal
feedback to the baroclinicity by quasi-stationary eddies at high lati-
tudes, which begins 15 days or so prior to the onset (Figure. B3i).
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B3: Lower-level eddy thermal feedback is primarily contributed
by quasi-stationary eddies. a, Zonal average of the composite
mean of the anomalous convergence of the total (transient ed-
dies and quasi-stationary eddies) eddy heat flux for the positive
summer NAO extremes. The composite mean is calculated as
an average over a time window of (-10, 5) days relative to the
onset of all the identified extreme events. Colors for the first 10
years (1850-1859) and contours for the last 10 years (2090-2099)
of the simulations. b, Same as a, but only for the transient ed-
dies. ¢, Same as a, but only for the quasi-stationary eddies. d-f,
Same as a-c, but for the negative summer NAO extremes. g, The
anomalous convergence of the total eddy heat flux at 850 hPa
zonally averaged over [40 - 60 °N] as a function of time rela-
tive to the onset of the summer NAO extremes. h, Same as g,
but only for the transient eddies. i, Same as g, but only for the
quasi-stationary eddies.

Changes in the eddy forcing of summer NAO under global warming

we have shown that the summer NAO variability is associated

with the meridional displacement of the upper-level zonal jet, which
is primarily driven by anomalous eddy momentum forcing from the
transient eddies. These eddies arise from the lower-level baroclinic
instability, which is mainly sustained by the quasi-stationary eddies.



B3 CONCLUSION AND DISCUSSION

The fact that different types of eddies play different roles in modulat-
ing the summer NAO variability provides a basis for understanding
the projected enhancement in the variability of the summer NAO.

Under global warming, the occurrence of the summer NAO ex-
tremes increases for both the positive and negative phases — an evi-
dence of enhanced summer NAO variability on daily timescale (Fig-
ure. Bja). This increase is also supported by changes in the wave
breaking events—precursors of the summer NAO extremes [67]. The
anticyclonic wave breaking events occurring at the south flank of the
jet over the east side of the North Atlantic region are precursors of the
positive summer NAO extremes (Supplementary Figure. B2a-c). The
cyclonic wave breaking occurring at the west side of the North At-
lantic region are precursors of negative summer NAO extremes (Sup-
plementary Figure. B2d-f). Under global warming, the occurrence of
both the anticyclonic and cyclonic wave breaking events at high lati-
tudes increases (Figure. B4b, Supplementary Figure. B3).

The increase in the summer NAO extremes can be traced to the in-
crease in the variability of their eddy forcing. Under global warming,
the variability of the upper-level eddy momentum forcing, especially
that from the transient eddies, exhibits a strong non-linear increase
(Figure. B4c). This increase is attributable to the non-linear increase
in the variability of the lower-level eddy thermal feedback (Figure.
Bsd), which, via modulating the baroclinicity, determines the vari-
ability of the transient eddy generation. As has been shown in the
previous section, the thermal feedback by quasi-stationary eddies is
more important than the transient eddies.

Lastly, why does the eddy thermal feedback by quasi-stationary ed-
dies become more variable under global warming? Although the near
surface temperature increases everywhere, the pattern of change is
not spatially uniform. One dominant feature of this heterogeneity is
stronger warming over land than over ocean (Supplementary Figure.
By). As a result, when a zonally uniform warming signal is removed,
the land-ocean temperature contrast is found to increase under cli-
mate change (Figure. Bsa, b). This enhanced asymmetry modify the
quasi-stationary eddies (Figure. B5c) and lead to changes in the eddy
heat flux they carry (Figure. B4d).

B.3 CONCLUSION AND DISCUSSION

Using composite analysis that is physically motivated by eddy-mean-
flow interactions, we show that the transient eddies and the quasi-
stationary eddies are jointly driving the occurrence of the summer
NAO extremes. Transient eddies forces the NAO variability through
upper-level momentum flux convergence, while quasi-stationary ed-
dies modulate it via lower-level heat flux. The different roles of the
transient eddies and the quasi-stationary eddies in driving the sum-
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Figure. B4: Changes in the eddy forcing due to global warming increase
the occurrence of the summer NAO extremes. a, The occur-
rence of the summer NAO extremes. b The occurrence of both
anticyclonic and cyclonic wave breaking events. The events are
counted from the spatial mean over ([-9o, 40, 50, 70 °N]). ¢,
Changes in the standard deviation of the eddy momentum forc-
ing averaged over [-180, 180, 50, 70 °N] at 250 hPa. d, Changes in
standard deviation of the eddy thermal feedback averaged over
[-180, 180, 50, 70 °N] at 850 hPa. All the standard deviations
are calculated across all the ensembles within each decade, and
then scaled by the value in the first decade (1850-1859).

mer NAO variability were suggested by simple dynamic models [90,
102].

Moreover, we provide a chain of reasoning about why the summer
NAO variability increases with global warming. We show that this en-
hancement can be traced back to the enhanced variability of the ther-
mal feedback by quasi-stationary eddies, which is a direct response to
the increased land-ocean temperature contrast under global warming.
My interpretation advances our understanding of the large-scale at-
mospheric response to global warming: in addition to the traditional
explanation based on changes in the meridional temperature gradient
via thermal wind balance (e.g., [45, 76]), it highlights “eddy-mean-
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Figure. Bs: Increase in the land-ocean contrast under global warming in-
duces changes in the quasi-stationary eddies. a, Meridional
mean of the zonal anomaly of the potential temperature (0*).
a, Meridional mean of the zonal anomaly of the equivalent
potential temperature (0%). ¢, Meridional mean of the zonal
anomaly of the 250 hPa geopoential height (zg*), which shows
quasi-stationary eddies with wavenumber 3. Overline repre-
sents meridional mean between [50-70 °N]. Asterisk represents
zonal anomaly. The plots show the climatology during both
decades across all ensemble members.

flow" interactions—specifically changes in the eddy fluxes of momen-
tum and heat—as a fundamental dynamical framework.

B.4 METHODS
B.4.1 Data

We use daily output of CMIP6 version of the Max Planck Institute for
Meteorology Large ensemble simulations (MPI_GE_CMIP6), forced
by historical and further scenario of Shared Socioeconomic Pathways
585 (SSP585). We extracted NAO extremes that persist during June,
July, and August. The jet stream and baroclinicity are calculated at
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250 hPa and 850 hPa, respectively. The eddy fluxes of momentum
and heat are calculated for the whole troposphere (1000 hPa - 100
hPa).

B.4.2 NAO extreme events

The pattern of the NAO is decomposed by applying the Empirical
Orthogonal Functions (EOF) along the ensemble dimension of the
monthly 500 hPa geopotential height data. The detailed process can
be found in ref [48]. To obtain daily NAO index, we firstly subtract
a varying seasonal cycle, which is a monthly mean over all ensem-
ble members and every ten years, from the original daily data of the
geopotential height. Then this daily anomalous geopotential data is
projected onto the monthly NAO pattern to get the daily NAO index.
Extreme events of the NAO are extracted when the value is above
1.5 standard deviations or below 1.5 standard deviations for the pos-
itive and negative phases, respectively, and lasts for at least 5 days,
excluding a single exceptional day.

B.4.3 Upper-level jet and lower-level baroclinicity

The upper-level jet is represented with the climatology of the zonal
wind at 250 hPa during each decade in all ensemble members. The
baroclinicity is approximated by the Eady growth rate [35], which is
defined as:

ov

f
OE ~ 031 — oz

N (7)

where o is the Eady growth rate, f is the Coriolis parameter, N is

the Brunt-Viisila frequency, defined as N = g%, where g is grav-

cr s . . . V..
itational acceleration and 6 is the potential temperature, —— is the

vertical shear of the wind, z is the vertical height, v is the horizontal
wind. In this study, since we focus on the effects of the zonal mean
of the eddy thermal feedback, only the vertical shear of the zonal
wind (%) is used in the calculation. The low-level baroclinicity is
represented as the Eady growth rate at 850 hPa.

B.4.4 The transient eddies and the quasi-stationary eddies

The prime terms (e.g., u’, v/, 0') for the transient eddies are calcu-
lated by applying band-pass filter of 2-12 days on the corresponding
daily variable [67]. The prime terms for the quasi-stationary eddies
are calculated by first applying a 30-day running mean to the original
daily variable and then subtracting the zonal mean of the ensemble



B.4 METHODS

mean of the filtered data from the filtered data themselves [47]. To ac-
count for the influence of water vapor transported by eddies, we use
equivalent potential temperature instead of potential temperature in
the calculation of eddy heat flux, following the approach used in the
moist Eliassen—Palm (EP) flux formulation. [26, 101].

B.4.5 Wave breaking events

Wave breaking events are identified from the potential vorticity field
on the 330 K isentropic surface [40, 94]. Only events with at least 50
% of their area located north of 40°N are retained to ensure their rel-
evance to the subpolar jet. They are classified into anticyclonic wave
breaking and cyclonic wave breaking, based on the sign of the eddy
momentum flux by transient eddies [67].
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SUPPLEMENTARY INFORMATION FOR APPENDIX B
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Supplementary Figure. Bi: Transient eddies and quasi-stationary eddies
over the North Atlantic sector. a, The clima-
tology of the eddy kinetic energy of the tran-
sient eddies at 250 hPa. Data show the climate
change simulations by MPI_GE_CMIP6 forced
by histroical and SSP585 scenarios. Colors for
first 10 years of the simulations (1850-1859), con-
tours for the last 10 years of simulations (2090-
2099). b, The zonal anomaly of geopotentail
height shows a wavenumber 3 quasi-stationary
eddy at 250 hPa. Colors for the first 10 years of
simulations (1850-1859), contours for the last 10
years of simulations (2090-2099), with o line ex-
cluded. Yellow dashed line outlines the North
Atlantic sector.
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Supplementary Figure. B2: Wave breaking events as precursors of the
summer NAO extremes. a, Sum of the occur-
rence of the anticyclonic wave breaking during
[-10, 5] days relative to the positive summer
NAO extremes. Shades for the first 10 years
of the simulations (1850-1859), contours for the
last 10 years of the simulations (2090-2099). b,
Same as a, but for the negative summer NAO
extremes. ¢, The difference between the b and
a. d-f, Same as a-c, but for the cyclonic wave
breaking.
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Supplementary Figure. B3: Changes in the wave breaking events under
global warming. a, Difference of the occurrence
of the anticlcylonic wave breaking between the
last 10 years of the simulations (2090-2099) and
the first 10 years of the simulations (1850-1859).
b, Same as a, but for the cyclonic wave breaking.
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260
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Supplementary Figure. B4: Global warming enhances land-ocean temper-
ature contrast. a, The potential temperature at
850 hPa in the first 10 years of simulations (1850-
1859). b, The potential temperature at 850 hPa
in the last 10 years of simulations (2090-2099).
¢, the different between b and a. Data come
from MPI_GE_CMIP6 forced by historical and
SSP585 scenario.
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