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A shift towards broader and less persistent Southern
Hemisphere temperature anomalies
Itamar Karbi 1✉ and Rei Chemke 1

Temperature anomalies considerably influence the regional climate and weather of the extratropics. By the end of this century,
climate models project an intensification of synoptic temperature variability in the Southern Hemisphere mid-latitudes. This
intensification, however, comprises temperature anomalies with various length scales and periods, which might respond differently
to anthropogenic emissions. Here, we find a shift, in coming decades, towards spatially larger and less persistent temperature
anomalies in the Southern Hemisphere mid-latitudes. A shift towards larger length scales is also found during regional extreme
heat events. The shift in length scale and duration is found to stem from changes in the meridional heat flux of atmospheric
perturbations. Our results emphasize the importance of investigating the length scale and period-dependent changes in the mid-
latitude climate, to prevent masking the different impacts of various length scales and periods, and thus provide more accurate
climate projections for the mid-latitudes.
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INTRODUCTION
The weather and climate of the extratropics are largely affected by
temperature anomalies. On daily to monthly time scales,
temperature anomalies modulate synoptic weather (i.e., day-to-
day variations), and they also account for extreme heat and cold
events. On multi-decadal time scales, synoptic temperature
variability largely affects the distribution of heat and moisture
across the extratropics 1. Given their crucial role in setting the
weather and climate of the mid-latitudes, even modest changes in
temperature anomalies would have large climatic2–5 and societal
impacts6.
By the end of the century, synoptic temperature variability in

the Southern Hemisphere (SH) mid-latitudes is projected to
considerably intensify during both summer and winter, and shift
poleward during summer7–9 (Supplementary Fig. 1b, c). Given the
turbulent nature of the mid-latitude flow, which results in non-
uniform distribution of the intensity of mid-latitude phenomena
across length scales and periods10–12, the projected intensification
in SH synoptic temperature variability might also be scale
dependent; temperature anomalies of different length scales
and periods may respond differently to anthropogenic forcings.
For example, by the end of the century, while large atmospheric
waves will become stronger (in terms of their kinetic energy, for
example), small waves will become weaker13–17. In terms of
temperature anomalies, previous studies also found a length scale
and period-dependent response to anthropogenic forcings, but
mainly in the Northern Hemisphere (NH). The spatial scale of
atmospheric waves was found to affect the occurrence of
atmospheric and marine heatwaves18–21. In addition, in both
recent and coming decades, NH mid-latitude phenomena (e.g.,
temperature anomalies, heat flux and precipitation) were found to
become more persistent22–25.
In the SH, on the other hand, the projected changes in the

persistence and size of temperature anomalies are more uncertain.
For example, previous studies reached opposite conclusions
regarding the future changes in the persistence of SH temperature
anomalies; while some studies argued for an increase in the

persistence of SH temperature anomalies23, others argued for a
decrease in persistence 22. The opposite findings might stem from
examining different length scales and periods. Furthermore, these
studies have not examined the full spectrum of length scales and
periods, and have not accounted for the codependence of the
period and length scale of the anomalies (the dispersion
relation26). To accurately assess how temperature anomalies will
change in coming decades, without masking out the different
impacts of the various length scales and periods, it is critical to
investigate the future changes in temperature anomalies across all
length scales and periods.
Lastly, temperature anomalies associated with extreme heat

events (i.e., heatwaves and warm spells), both atmospheric and
marine, are of particular interest due to their adverse weather
impacts27,28. Previous studies have identified that, globally, both
atmospheric and marine heatwaves are projected to become
more intense and frequent over the 21st century29–31, and some
trends are already detectable today32–36. However, while the
duration of future NH heatwaves over land is projected to
increase29,37, future changes in the duration of SH heatwaves over
land are less pronounced29,38–40. Moreover, there is large
uncertainty regarding the projected changes in the length scale
of extreme heat events in the SH.

RESULTS
Broader and less persistent temperature anomalies
To examine the length scale and period-dependent future
changes in temperature anomalies, we conduct a two-
dimensional Fourier analysis in longitude and time to the SH
mid-latitude synoptic temperature variability over the 20th and
21st centuries (Methods). Unlike previous examples of scale-
dependent Fourier analysis15, which focused on dynamical
changes in atmospheric waves, here, we not only conduct a
zonal and temporal Fourier analysis, but also we examine a near-
surface thermodynamic quantity. Our analysis is thus mostly valid
to the SH, since in the NH a near-surface Fourier transform is

1Department of Earth and Planetary Sciences, Weizmann Institute of Science, Rehovot, Israel. ✉email: itamar.karbi@weizmann.ac.il

www.nature.com/npjclimatsci

Published in partnership with CECCR at King Abdulaziz University

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00526-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00526-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00526-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00526-9&domain=pdf
http://orcid.org/0009-0001-4442-3078
http://orcid.org/0009-0001-4442-3078
http://orcid.org/0009-0001-4442-3078
http://orcid.org/0009-0001-4442-3078
http://orcid.org/0009-0001-4442-3078
http://orcid.org/0000-0002-7121-6437
http://orcid.org/0000-0002-7121-6437
http://orcid.org/0000-0002-7121-6437
http://orcid.org/0000-0002-7121-6437
http://orcid.org/0000-0002-7121-6437
https://doi.org/10.1038/s41612-023-00526-9
mailto:itamar.karbi@weizmann.ac.il
www.nature.com/npjclimatsci


limited due to topography41 (note the lack of a spectral shift and
the disagreement across models in NH temperature variability
spectral changes, Supplementary Fig. 2).
Prior to analyzing the future changes in temperature variability,

we first note that previous studies found biases in the climatology
and trends of SH mid-latitude dynamics in climate models 42–44.
Here, on the other hand, CMIP6 adequately simulate both the
historic climatology and trends in the temperature variability
spectrum (Supplementary Figs. 3, 4); since the source of SH mid-
latitude model bias (e.g., storm tracks) was argued to be related to
upper-level dynamics44, such model bias might have only a minor
impact on near-surface variables. This gives us confidence in using
CMIP6 models to assess the projected temperature variability
changes.
We analyze the response of the temperature variability

spectrum to anthropogenic emissions (difference between the
2080–2099 and 1980–1999 periods) in 21 models that participate
in the Coupled Model Intercomparison Project Phase 6 (CMIP6)
under the historical (through 2014) and the Shared Socio-
economic Pathways 5-8.5 (through 2100) forcings (Methods)45.
We find that, by the end of this century, temperature anomalies
are projected to become spatially larger and less persistent
(shading in Fig. 1). While spatially small and long-lasting anomalies
(top-left region in Fig. 1) will overall weaken by 4%, relative to the
1980–1999 period (blue colors in Fig. 1), and up to 30% in certain
frequencies and wavenumbers, the spatially large and short-lived
anomalies (bottom and bottom-right regions in Fig. 1) are
projected to overall intensify by 9% (red colors in Fig. 1), and up
to 60% in certain frequencies and wavenumbers.
To further quantify these spectral changes we next separately

examine the changes in length scale and period. First, the length
scale of temperature anomalies is projected to increase for all
periods (Fig. 1); temperature variability at low wavenumbers is
projected to strengthen, while at high wavenumbers to weaken.
Quantitatively, relative to the 1980–1999 period, the increase in
the weighted-mean wavelength (Methods) is up to 7% across all
periods (i.e., a shift of 550 km in the mid-latitudes; Supplementary
Fig. 5). Note that since at high latitudes the spectrum is
concentrated more at low wavenumbers, it is conceivable that
the reduction in wavenumber (i.e., the increase in length scale) is
merely a manifestation of the poleward shift of temperature
variability (Supplementary Fig. 1a)46. However, we find that the
increase in length scale occurs throughout the mid-latitudes

(Supplementary Fig. 6), confirming that it is not an artifact of the
poleward shift of temperature variability.
Second, a shift towards less persistent anomalies is evident at

wavenumbers 4 and above; while short-lived anomalies are
projected to intensify, long-lasting anomalies are projected to
weaken. At wavenumbers 3 and below, although temperature
variability shows an intensification over all periods, most of the
intensification occurs at periods shorter than the period of
maximum temperature variability over the end of the 20th
century, suggesting a shift towards less persistent anomalies for
these wavenumbers as well (compare red colors and black
contours in Fig. 1). Overall, the reduction in the weighted-mean
period (Methods) is up to 11% across all wavenumbers (i.e., a shift
of 0.8 days; Supplementary Fig. 5). The period dependent changes
found here could explain the contradicting results of previous
studies22,23, of an increase and a decrease in the duration of
temperature anomalies; analyzing only a limited part of the
spectrum, and not accounting for the codependence of the length
scales and periods, might lead to the opposite conclusions
regarding the impacts of anthropogenic emissions on the period
of temperature anomalies in the SH. In other words, a change in
the persistence, for example, could be assessed only by examining
the shift in period of the entire spectrum and not just the
strengthening/weakening of the variability at a given period. In
addition, not only that we find that the duration of temperature
anomalies is projected to decrease, but also their overall phase
speed (which accounts for both the mean and eddy phase speeds)
is projected to increase, leading to less persistent temperature
anomalies (Supplementary Fig. 7).
Lastly, ozone depletion and recovery were found to affect the

large-scale atmospheric flow in the SH summer47. It is thus
conceivable that the projected spectral shift found here might
also be driven by changes in ozone concentrations. However, not
only the spectral shift is found in both summer and winter
(Supplementary Fig. 8a, b), but also examining the spectral
changes between the pre-ozone depletion and post-ozone
recovery periods48 (i.e., removing the ozone impacts) yields
similar results (Supplementary Fig. 9). Thus, ozone is not likely
the main anthropogenic forcing agent contributing to the future
spectral changes in temperature anomalies in the SH.

Scale-dependent changes during extreme heat events
Are the above shifts in length scale of SH temperature anomalies
also evident during extreme heat events? To answer this question,
we next conduct a zonal Fourier analysis by pooling together days
of regional extreme heat events (Methods). We here conduct only
a zonal, and not a temporal, spectral analysis of extreme heat
events since these events are not continuous in time.
Similar to the spectral shift found for all temperature anomalies

(Fig. 1), we find that temperature anomalies are projected to
become spatially larger also during extreme heat events (Fig. 2);
the weighted-mean wavelength of temperature variability, aver-
aged over the mid-latitudes, is projected to increase by 5% (with
95% confidence interval of 3-7%) during extreme heat events
(compare gray lines in Fig. 2). Note that changes in the length
scale of temperature anomalies during extreme heat events are
not uniformly distributed across all latitudes. Over the equator-
ward part of the mid-latitudes, temperature anomalies of long
wavelengths during extreme events are projected to strengthen,
while short anomalies weaken. Over the poleward part of the mid-
latitudes, while an intensification of temperature anomalies during
extreme heat events is evident across all length scales, the
maximum intensification occurs at length scales larger than the
length scale of maximum temperature variability over the
1980–1999 period, resulting in the overall increase in scale by
the end of the century.

Fig. 1 Future spatially larger and less persistent temperature
anomalies. The response of mid-latitude temperature variability (K2)
to anthropogenic emissions (difference between the 2080–2099 and
1980–1999 periods) in CMIP6 mean as a function of wavenumber
and period. Black contours show the climatological spectrum of
temperature variability (averaged over the 1980–1999 period). Gray
dots show regions where at least 80% of the models agree on the
sign of change.
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The source of the spectral shift in temperature anomalies
To elucidate the source of the shift towards larger and less
persistent temperature anomalies, we examine in spectral space
the different terms of the temperature variability tendency
equation (Methods). In particular, temperature variability could
be modified via four processes: zonal, meridional, and vertical
advection (including adiabatic heating) of temperature variability,
and diabatic heating.
For simplicity, to illustrate the impacts of the different terms, we

investigate their contributions to the shift in wavenumber (Fig. 3a, c)
and period (Fig. 3b, d), separately. Specifically, we examine the
temperature variability equation at the wavenumber and period
where the spectral shift is most clearly evident (i.e., at a period of
14 days and zonal wavenumber 5); similar results are found when
examining the role of the different terms across the entire
spectrum (Supplementary Fig. 10). We find that the term that
mainly contributes to the increase in the length scale and the
decrease in the persistence of temperature anomalies is the
meridional advection of temperature variability (solid red lines in
Fig. 3c, d). All other terms have minor and mitigating effects. The
critical role of meridional advection in temperature variability
changes is similar to its role in driving changes in the temperature
distribution across the extra-tropics, as found in previous
studies7,9,49–51.
The meridional advection term can be decomposed into three

different types of processes (Fig. 3c, d; Methods): (i) eddy-mean
interactions, which account for the interactions between the zonal
and time anomalies and the time-mean zonal-mean fields, (ii)
eddy-eddy interactions, which account for the interactions
between the zonal and time anomalies of different length scales
and periods, and (iii) hybrid eddy-mean/eddy-eddy interactions
which account for all interactions with either the zonal anomalies
of the time mean field or the temporal anomalies of the zonal
mean field. Examining the contribution of the different interaction
terms reveals that the changes in eddy-mean interactions are the
source of the shift towards spatially larger and less persistent
temperature anomalies (dashed red lines); the other interactions
have minor mitigating effects (dash-dotted red lines). Further
decomposing the eddy-mean interactions (Supplementary Fig.
10g, h), we conclude that it is the interaction between the

meridional eddy heat flux and the zonal and monthly mean
meridional temperature gradient that results in the projected
spectral shift.
The interaction between the eddy heat flux and the meridional

temperature gradient also plays a major role in the growth of
atmospheric perturbations26,52 (i.e., storms, temperature anoma-
lies, etc.), since it represents the extraction of available potential
energy from the mean flow to the eddies53. Thus, the spectral shift
found here might be driven by processes that affect the growth of
eddies, e.g., the vertical structure of the zonal mean zonal wind
(the meridional temperature gradient), static stability, and
tropopause height. We thus next conduct a linear normal mode
instability analysis to the linearized quasi-geostrophic equations
(similar to previous studies14,15,54, only here for the SH), and
examine the projected changes in the eddy growth rate using the
mean fields (zonal wind, static stability, and tropopause height) as
input parameters (Methods).
First, similar to the shift in length scale of temperature

variability, we also find a shift of the eddy growth rate towards
larger length scales (solid black line in Supplementary Fig. 11).
Second, we find that changes in static stability and tropopause
height contribute to the strengthening of large length scales and
weakening of small length scales, while changes in the zonal wind
contribute to strengthening of the growth rate over all length
scales. Although the above growth rate analysis is only conducted
as a function of length scale, similar results are found when linking
the changes in the mean fields to the length scale and period-
dependent eddy heat flux changes. Specifically, the increase in
static stability and tropopause height are well correlated with the
weakening of the eddy heat flux (averaged over regions of the
spectrum with a projected weakening in eddy heat flux,
Supplementary Fig. 12e, f). They are also correlated, though to a
lesser extent, with the strengthening of the eddy heat flux
(Supplementary Fig. 12b, c). The changes in the temperature
gradient (i.e., wind shear), on the other hand, are only correlated
with the strengthening of the eddy heat flux (Supplementary Fig.
12a, d).

DISCUSSION
The turbulent nature of the mid-latitude flow results in a non-
uniform distribution of temperature variability across different
length scales and periods. Since different physical processes
control this distribution of temperature variability, temperature
anomalies of different length scales and periods might respond
differently to anthropogenic emissions. Thus, examining the future
length scale and period-dependent temperature variability
changes is crucial to avoid masking out their distinct future
climate impacts.
However, to date, there is a large uncertainty in future length

scale and period-dependent changes in temperature variability in
the SH. Previous studies examined the changes in temperature
variability over specific length scales or periods, and have not
accounted for the codependence of the temporal and length
scales of the anomalies, thus reaching opposite conclusions
regarding future changes in temperature variability22,23. Here we
examine the future changes in SH near-surface synoptic tempera-
ture variability across a wide range of length scales and periods,
and find that temperature anomalies will become broader and less
persistent by the end of this century (similar results are evident
throughout the troposphere; Supplementary Fig. 13). In other
words, while the intensity of spatially large-scale and short-lived
anomalies will increase, the intensity of spatially small-scale and
long-lasting anomalies will decrease in coming decades. Thus, we
expect that while the reduction in the persistence might reduce
the impact of temperature anomalies, the increase in length scale
is expected to increase their impact since it will affect wider areas.

Fig. 2 Spectral changes in temperature variability during regional
extreme heat events. The response of temperature variability (K2) to
anthropogenic emissions (difference between the 2080–2099 and
1980–1999 periods) in CMIP6 mean as a function of wavelength and
latitude during regional extreme heat events (shading). Black
contours show the climatological spectrum of temperature varia-
bility (averaged over the 1980–1999 period). Gray dots show regions
where at least 80% of the models agree on the sign of change. The
solid and dashed black lines show the weighted mean wavelength
averaged over the 1980–1999 and 2080–2099 periods, respectively.
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The source of the projected shift of SH temperature anomalies
to larger length scales and shorter periods is found to stem from a
similar shift of the meridional heat flux by atmospheric perturba-
tions. More specifically, changes in the vertical temperature
structure are found to mostly contribute to this shift, emphasizing
that eddy heat fluxes of different length scales and periods might
have different sensitivities to changes in the vertical temperature
profile. In contrast, in the NH, previous work argued for the impact
of Arctic amplification, and the associated reduction in the
meridional temperature gradient, in modulating the length scale
and duration of NH mid-latitude phenomena55,56. The different
roles of the vertical and meridional temperature gradients could
partly explain the hemispheric asymmetry in the length scale and
period-dependent changes of mid-latitude phenomena by the
end of this century (e.g., the increase vs. the decrease in
persistence in the NH and SH, respectively).
Finally, our results also show that temperature anomalies during

extreme heat events are also expected to increase in length scale
and thus to affect wider areas. This adds to the projected increase
in the intensity and frequency of such extreme events in the
SH32–34. Given the substantial climate impacts of temperature
anomalies, our results highlight that for scientists to provide the
most accurate projection of mid-latitude climate change, it is
imperative to examine the changing mid-latitude climate as a
function of length-scale and period.

METHODS
CMIP6
We use daily and monthly outputs of zonal and meridional winds,
geopotential height, temperature and maximum surface

temperature from 21 models (we use all models with available
data) that participate in the Coupled Model Intercomparison
Project Phase 645 (CMIP6, Supplementary Table 1) and select only
the “r1i1p1f1” member (in order to weigh all models equally)
under the Historical (through 2014) and Shared Socioeconomic
Pathways 8.5 (SSP5-8.5, through 2100) experiments.

Reanalyses
We use 6 hourly outputs of temperature from five different
reanalyses: ERA557, NCEP258, JRA-5559, MERRA260 and CFSv261.
Reanalyses provide the best estimate for the state of the
atmosphere in recent decades, by constraining atmospheric
models with observations (e.g., rawinsondes, satellite, and surface
marine and land data), thus creating a continuous estimate of the
atmospheric state in space and time.

Temperature variability
Synoptic temperature variability is defined as deviations from
zonal and monthly mean temperature field. We calculate the
synoptic temperature variability as a function of length scale and
period by conducting a two-dimensional Fourier transform, in
longitude and time, to the temperature field (T'k,ω, where
subscripts k and ω represent the zonal and temporal Fourier
components, and prime stands for the deviation from
the monthly-mean zonal-mean field) and then multiply by its
complex conjugate to obtain the temperature variability in
spectral space (T 0

k;ω
2). To examine the temperature variability

changes as a function of phase speed, we follow previous
studies62, and transform T 0

k;ω
2 to T 0k;c

2 using the following relation
c=ω(2πacosϕ)/k, where c is the phase speed, a is Earth radius and
ϕ is the latitude.

Fig. 3 Spectral changes in the temperature variability tendency equation. The response of temperature variability as a function of (a) zonal
wavenumber (at a period of 14 days) and (b) period (at zonal wavenumber 5). Black solid lines show the CMIP6 mean and shading the 95%
confidence interval based on a Student’s t-distribution. c, d The contribution of each term in the temperature variability equation to the CMIP6
changes in temperature variability. Red, gray, light, and dark blue solid lines show the contribution of meridional, zonal, and vertical advection
and diabatic heating terms, respectively. Dashed and dash-dotted lines show the contribution of the meridional advection term decomposed
to eddy-mean/eddy-eddy and the sum of the eddy-eddy and the hybrid eddy–mean/eddy–eddy interactions, respectively.
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Specifically, at each latitude, the spectral analysis is performed
at 850mb over 28-day segments, and we average the spectrum
over the mid-latitudes (30∘S− 60∘S) and over the entire year.
Following previous studies63, we choose to analyze the 850 mb
level as not only that it holds continuous spatial and temporal
temperature data on an isobaric surface, which enables conduct-
ing the Fourier analysis, but it also allows us to assess the future
climate impacts of temperature variability near the surface.
Nevertheless, similar results are found throughout the tropo-
sphere (Supplementary Fig. 13). In addition, we analyze here the
annual mean spectrum since similar behavior is evident in both
winter and summer (Supplementary Fig. 8). Lastly, the weighted-
mean wavenumber (k) is calculated, following previous studies13,
as kðωÞ ¼ P

kk T 0ðk;ωÞj j2=Pk T
0ðk;ωÞj j2. Similarly, the weighted-

mean frequency (ω) is calculated as ωðkÞ ¼ P
ωω T 0j

ðk;ωÞj2=Pω T 0ðk;ωÞj j2.

Regional extreme heat events
The spectral analysis of regional extreme heat events is applied
only for days that satisfy the CTX90pct definition64, i.e., events of
at least three consecutive days when the maximum daily
temperature averaged over the SH climate regions (South Pacific,
South Atlantic, South America, and Australia, Supplementary Fig.
1) is above the 90th percentile of either the 1980–1999 or the
2080–2099 periods (we pool together days of extreme events
from each region). We note that the shift of temperature
anomalies towards larger length scales is also evident when
considering extreme events at each region separately (Supple-
mentary Fig. 13), and when assessing extreme events using the SH
mid-latitudes mean maximum daily temperature (Supplementary
Fig. 14). Lastly, the shift to larger length scales is also evident when
analyzing days that satisfy the CTN90pct criterion for a
heatwave64, i.e., events of at least three consecutive days when
the minimum daily temperature averaged over the SH climate
regions is above the 90th percentile (Supplementary Fig. 15).

Temperature variability tendency equation
To elucidate the mechanisms underlying the changes in the zonal
and temporal spectra of temperature variability, we spectrally
analyze the temperature variability tendency equation, which is
derived by spectrally decomposing the temperature tendency
equation and multiplying by the complex conjugate of the
spectrally decomposed temperature field ðT 0

k;ω
�Þ,

1
2

∂ T 02�
�

�
�

∂t k;ω
¼ Re T 0

k;ω
� �uTx � vTy � wðTp � κT=pÞ þ Q
� �

k;ω

� �
;

(1)

where u, v,w are the zonal, meridional, and vertical velocities,
Tx, Ty, Tz are the zonal, meridional, and vertical temperature
gradients respectively, wκT/p is adiabatic heating (κ= R/cp, where
R is the gas constant, which equals 287JK−1kg−1, and cp is the
specific heat capacity of air, which equals 1003JK−1kg−1), Q is
diabatic heating, calculated as a residual, and asterisk denotes a
complex conjugate.
We next decompose the temperature and meridional velocity in

the meridional advection term in Eq. (1) as follows,

X ¼ X
� �þ ~X

� �þ X
y þ X 0; (2)

where over-bar and square brackets stand for zonal mean and
monthly mean, respectively, and the tilde and dagger stand for
deviations from the zonal mean and monthly mean, respectively.
This yields a decomposition of the meridional advection term as
follows,

T 0 vTy
� � ¼ NEMþ LEEþ HEM; (3)

where NEM ¼ T 0ðv0 Ty
� �þ v½ �T 0

yÞ represents the eddy-mean inter-
actions between the eddy fields (deviations from both zonal
and monthly means) and the time mean zonal mean fields,
LEE ¼ T 0v0T 0

y represents the eddy-eddy interactions (interactions
between eddies of different length-scales and periods), and

HEM ¼ T 0ðv0 ~Ty
� �þ ~v½ �T 0y þ v0Ty

y þ vyT 0
y þ vy ~Ty

� �þ ~v½ �Ty
yÞ repre-

sents the hybrid eddy-mean/eddy-eddy interactions, which
account for all interactions with either the zonal anomalies of
the time mean field or the time anomalies of the zonal mean field.

Linear normal mode instability analysis
To examine the future changes in the eddy growth rate, we follow
previous studies14,15,54, and conduct a linear normal mode
instability analysis to the quasigeostrophic equations, linearized
about a mean state,

∂q0

∂t
þ u

∂q0

∂x
þ ∂ψ0

∂x
∂q
∂y

¼ 0; Hp < p< ps

∂

∂t
∂ψ0

∂p
þ u

∂

∂x
∂ψ0

∂p
� ∂ψ0

∂x
∂u
∂p

¼ 0; p ¼ Hp; Ps; (4)

where ∂ψ0
∂x ¼ v0; ∂ψ0

∂y ¼ �u0, q0 ¼ ∇2ψ0 þ Γψ0 is the eddy quasi-

geostrophic potential vorticity, Γ ¼ ∂
∂p

f 2

S2
∂
∂p, S

2 ¼ � 1
ρθ

∂θ
∂p is the static

stability, θ is potential temperature, ρ is density, f is the Coriolis
parameter and Hp is the tropopause height (defined, following the
World Meteorological Organization, as the lowest level where the
vertical temperature gradient crosses the 2K km−1 value, and the
average vertical gradient does not exceed 2K km−1 at all higher
levels within 2 km65). Placing a plane wave solution in Eq. (4),
ψ ¼ Re ψ̂ðpÞeiðkx�ωtÞ	 


, yields an eigenvalue problem with the
eigenvalues representing the growth rate of the waves15,44. The
mean fields (zonal wind, static stability, and tropopause height)
are averaged over the mid-latitudes (30∘S−60∘S) and over the
1980–1999 or the 2080–2099 periods. Simplifying the mid-latitude
flow to an eigenvalue problem allows us to attribute the length-
scale dependent changes in the growth rate of the waves to the
mean fields. This is done by re-solving Eq. (4) only keeping the
mean fields constant at climatological values (i.e., averaged over
the 1980–1999 period), except for one. We note that such
decomposition is additive since the sum of the distinct contribu-
tions from each mean field to the growth rate changes is almost
identical to the growth rate changes (compare black and green
dashed lines in Supplementary Fig. 10).

DATA AVAILABILITY
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