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Logarithmic CO2 warming reverses North
Atlantic winter atmospheric circulation
changes

Check for updates

Rei Chemke1 & Ivan Mitevski2

The North Atlantic climate is strongly influenced by large-scale atmospheric circulation, including the
storm track and jet stream, which shape regional precipitation, temperature, and wind patterns.
Climatemodels project an intensification of thewinter circulation through the 21st century, however, it
remains unclear whether abrupt or non-monotonic changes might occur under ongoing warming.
Here we show that under continued CO2 emissions beyond 2100, the intensification reverses, with
both the storm track and jet stream returning toward their 20th-century states. We attribute this
reversal to the logarithmic relationship between CO2 and temperature, which leads to a reduced
meridional temperature gradient and weakened atmospheric circulation at high CO2 concentrations.
This behavior also alters regional climate patterns, reversing storm track-induced warming and
wetting at higher mid-latitudes and cooling and drying at lower mid-latitudes over eastern North
America and the North Atlantic. Our findings suggest that mitigation policies should account for the
pace of continued emissions as well as the potential reversals in climate impacts.

The North Atlantic region hosts key components of the climate system,
including oceanic, atmospheric, and cryospheric processes. Ocean cir-
culation—particularly the Atlantic Meridional Overturning Circulation
(AMOC)—plays a central role in transporting heat between low and high
latitudes and is sensitive to changes in Greenland ice cover. Atmospheric
features such as theNorthAtlantic storm track and jet stream1–5, as well as
sea surface temperature variability6 (e.g., Atlantic multidecadal varia-
bility), strongly influence weather and climate on both sides of the
Atlantic. Consequently, considerable efforts have been devoted to
understanding how these interconnected systems respond to anthro-
pogenic emissions.

In particular, climate model projections consistently show an inten-
sification (mostly over the eastward flank) of the winter North Atlantic
storm track and jet stream by the end of the 21st century1,7–11. The inten-
sification of the flow was argued to be driven by ocean heat transport
changes12, e.g., AMOC weakening was found to be associated with the
changing flow8,13. These large-scale atmospheric flows modulate regional
weather and climate by transporting heat, moisture, and momentum,
thereby influencing patterns of precipitation, temperature and winds,
including extreme events. Strengthening of these flows is expected to have
major consequences not only for the buoyancy- and wind-driven ocean
circulations but also for land regions over eastern North America and
western Europe14,15.

While changes in North Atlantic atmospheric circulation during the
21st century have beenwidely studied (providing valuable insight into near-
future climate risks), it remains unclear whether these trends will persist,
accelerate, or undergo abrupt or non-monotonic changes under ongoing
warming beyond 2100–a critical aspect for designing effective mitigation
strategies. There is a high potential for abrupt and non-monotonic changes
in the large-scale atmospheric flow due to similar projected changes in
several thermodynamic variables16. Indeed, recent work—including idea-
lized modeling experiments17—has identified non-monotonic behavior in
the mid-latitude storm track in the Southern Hemisphere under sustained
CO2 forcing in the 22nd century18, as well as in Northern Hemisphere
stratospheric winds under idealized forcing19. Here, by extending the ana-
lysis on winter North Atlantic atmospheric circulation changes beyond the
21st century, we aim to identify potential reversals or abrupt changes in the
atmospheric circulation, with implications for better constraining the tim-
ing and magnitude of climate-change mitigation and adaptation strategies.

Results
Projected circulation changes beyond 2100
Toexamine the responseof theNorthAtlanticwinter (December-February)
atmospheric circulation to a continuous increase in greenhouse gases
beyond 2100, we first analyze model simulations from phase 6 of the
Coupled Model Intercomparison Program (CMIP6) integrated under the
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long-term extension of the Shared Socioeconomic Pathways 5-8.5
(SSP5-8.5) between the 21st and 23rd centuries. Under this scenario, CO2 is
projected to continue increasing through the first half of the 23rd century,
reaching levels that are ~7.7 times larger than the preindustrial values (black
lines in Fig. 1). Consistent with previous studies, over the course of the 21st
century and continuing through the first half of the 22nd century, the
intensity of both the North Atlantic storm track (calculated using the eddy
kinetic energy, EKE) and the jet stream (Methods) is projected to
increase (red lines in Fig. 1); the North Atlantic region is defined between
90°W − 30°E and 40°N − 60°N, where most of the intensification occurs
(Supplementary Fig. 1).

By the mid-22nd century (the 2140–2160 period), the storm track
intensifies by ~14% (Fig. 1a) and the jet stream by ~7% (Fig. 1b), relative to
the 00’s values (the 1990–2010 period). Surprisingly, despite the continued
increase in CO2 concentrations, starting from the mid-22nd century the
circulation not only stops increasing but even weakens and almost fully
recovers. By the end of the 23rd century (the 2280–2299 period), the storm
trackyields an increaseof only~3%and the jet streamof only~0.2%, relative
to the 00’s values. The small decrease inCO2 concentrations at the endof the
simulation (black lines) may play a minor role in the late-23rd century
weakening, yet most of the weakening occurs while CO2 is still increasing.
Lastly, we note that the reversibility in the circulation intensity is a regional
feature of the North Atlantic (Supplementary Fig. 1), and is not evident in
changes in the position of the flow (Supplementary Fig. 2); the North
Atlantic jet stream was found to considerably shift poleward mostly during
summer and autumn20,21.

Given the impact of the circulation, especially the storm track, on
precipitation and temperature patterns, we next assess the changes in the
eddy horizontal heat andmoistureflux (Methods) (Fig. 2). First, by themid-
22nd century, the eddymoisture flux convergence increases over the higher
mid-latitudes (green colors) while decreasing at the lower mid-latitudes
(brown colors) (Fig. 2a). A similar pattern is evident in eddy heat flux
convergence (Fig. 2c). Overall, the eddies act to warm and wet the higher
mid-latitudes,while cooling anddrying the lowermid-latitudes,mostly over
the Atlantic and eastern North America. These changes are consistent with
the intensification of the storm track (Fig. 1a), i.e., an intensification of the
poleward eddy heat and moisture fluxes. Second, from the mid-22nd cen-
tury through the end of the 23rd century, similar to the reversal of the EKE,
the above patterns also reverse, exhibiting drying and cooling (i.e., diver-
gence of the fluxes) in the higher mid-latitudes, and wetting and warming
(i.e., convergence of the fluxes) in the lower mid-latitudes (Fig. 2b, d).

The physics underlying the reversibility of the circulation
We turn to elucidate the physical mechanism underlying the reversibility of
theNorthAtlantic circulation.To this end,wemakeuse of a set ofCO2 runs,
which allowus to cleanly isolate the link betweenCO2 increase and the non-
monotonic circulation behavior. Specifically, we start by examining the
response of theNorthAtlantic storm track to abrupt CO2 increases, ranging
from 2× to 8× the preindustrial values, simulated with the Community
Earth System Model (CESM) (“Methods”). Despite the idealized and fixed
forcing (rather than the transient forcing in the SSP5-8.5 scenario), the

abrupt runs are able to capture the non-monotonic increase in storm track
intensity with respect to CO2 (Fig. 3a). Namely, while at relatively low CO2

levels (up to 4× the preindustrial values) the storm track intensifies, at
relatively highCO2 levels (above 4× the preindustrial values) the storm track
slightly decreases. Although the abrupt runs do not capture the full rever-
sibility of the storm track as in the transient runs (Fig. 1),we showbelow that
they capture the key mechanism underlying the circulation recovery. We
thus next leverage the abrupt runs to isolate the source of theNorthAtlantic
circulation behavior.

The changes in storm track intensity can be understood by examining
the eddy growth rate10,12,22–24 (a commonly usedmetric that encapsulates the
extraction of potential energy from the mean flow to the eddies). We cal-
culate the eddy growth rate by applying a linear normal mode instability
analysis to the quasigeostrophic potential vorticity equations, using the
vertical structure of the North Atlantic mean zonal wind (U), temperature
(static stability, N) and tropopause height (H) (“Methods”). Despite its
relative simplicity, the eddy growth rate adequately captures the non-
monotonic behavior of the storm track (compare black lines in Fig. 3a, b),
including the increase up to 4 × CO2, and the lack of it at higher CO2 levels.
Decomposing the relative contribution of eachmeanfield to the growth rate
response to CO2 (“Methods”) reveals that changes in the zonal wind shear
account for the growth rate non-monotonic behavior, i.e., the increase at low
CO2 levels that plateaus at high CO2 levels (red line in Fig. 3b). In contrast,
static stability and tropopause height have minor mitigating impacts (blue
and green lines in Fig. 3b). We note that similar results are found in the
extended SSP5-8.5 runs (Supplementary Fig. 3a).

To identify the source of the nonlinear zonal wind shear behavior, we
next examine the atmospheric temperature response at low and high CO2

levels, averaged zonally over the North Atlantic region (Fig. 4), since the
wind shear is in balance with themeridional temperature gradient (thermal
windbalance). First, the temperature changes at lowCO2 levels (between1×
CO2 and 3 × CO2) exhibit the canonical atmospheric warming pattern of
enhanced warming in the upper tropical troposphere and Arctic amplifi-
cation (warming in the lower polar troposphere) (Fig. 4a). Consistent with
previous work examining the North Atlantic storm track intensification
over the 21st century12, the enhanced warming of the lower latitudes
throughout most of the troposphere, relative to the higher latitudes,
increases themeridional temperature gradient (the jet stream), and thus the
eddy growth rate and the storm track intensity (Fig. 3a). Examining the
temperature response to the same increase in CO2 concentrations only at
higher CO2 levels (between 4 × CO2 and 6 × CO2) reveals a different
warming pattern. The enhanced warming of the lower latitudes, which still
exists, considerably weakens, while the polar amplification, although being
reduced, is still considerable throughout the troposphere (Fig. 4b). As a
result, opposite to low CO2 levels, this pattern acts to reduce themeridional
temperature gradient, and thus the jet stream and the storm track intensity
(Fig. 3a). The evolution of the meridional temperature gradient across the
mid-latitudes, further confirms this non-monotonic behavior (Supple-
mentary Fig. 3b). These results join previous work on the larger impact of
upper level warming, relative to lower level warming, on the mid-latitude
flow20,25–27, and specifically on the tendency of upper tropical tropospheric

Fig. 1 | The reversibility of the North Atlantic
circulation by 2300. The evolution of CO2 (black
lines) and thewinter NorthAtlantic (a), eddy kinetic
energy (EKE) and (b), jet stream (red) over the
2000–2300 period under the historical and SSP5-8.5
scenario. Red lines show the CMIP6 mean and
shadings the standard deviation across the models,
with a centered 5-year running mean for plotting
purposes.
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warming to strengthen themid-latitude storm track,while of polarwarming
to weaken the storm track28.

Examining the difference between the warming patterns at low and
high CO2 levels further highlights the importance of the different warming
rates in the lower latitudes (Fig. 4c). First, for the same increase in CO2

concentrations, a weaker warming throughout the troposphere is evident at
higher CO2 levels (blue colors in Fig. 4c). This reducedwarming is expected
given the logarithmic relationship between CO2 and surface temperature.
Second, although the reduced warming implied by the logarithmic
forcing–temperature relationship is evident throughout the troposphere—
whose temperature is coupled to that of the surface—it is not spatially
uniform. The reduced warming seen in Fig. 4c has a similar pattern, only of
an opposite sign, to the canonical atmospheric warming pattern in
Fig. 4a. Specifically, the upper tropical troposphere and the lower Arctic

troposphere exhibit a larger reduced warming. Similar to the surface
warming, which is amplified in the troposphere (Fig. 4a) via internal feed-
backs, the reducedwarming of the surface (i.e., the logarithmic effect) is also
amplified in the atmosphere (e.g., via the moist adiabatic lapse rate in the
tropics or the ice-albedo feedback and the associated wintertime oceanic
heat release into the lower troposphericArctic, that is amplified via the lapse
rate feedback29). Consistent with previous findings30, we note that the upper
polar troposphere exhibits similar warming at low and high CO2 levels
(Fig. 4c), likely since it is not strongly coupled to the surface warming signal
(e.g., unlike the reduced low-level Arctic amplification at high CO2 levels).

Consequently, most of the difference in the mid-latitude tropospheric
warming between low and high CO2 levels stems from the lower latitudes,
where a strong reduced warming is evident throughout the troposphere
(Fig. 4c). Indeed, the upper tropical tropospheric warming (averaged
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Fig. 2 | The impacts of the recovering North Atlantic storm track. The changes in
the eddy flux convergence (Wm−2) of a, b, moisture and c, d, heat over the periods of
intensifying circulation (left column; difference between the 2140–2160 and the

1990–2010 periods) and weakening circulation (right column; difference between
the 2280–2299 and the 2140–2160 periods). Stipplings show regions where the
changes are statistically insignificant at the 5% level based on a Student’s t test.

Fig. 3 | The non-monotonic storm track behavior
under abrupt CO2 forcing. a The North Atlantic
eddy kinetic energy (EKE) in the abrupt runs under
different CO2 levels. b The response of the eddy
growth rate, relative to preindustrial values, to
abrupt CO2 forcing (black line). Also shown are the
relative contributions of the zonal wind (red, σ∣U),
tropopause height (green, σ∣H), and static stability
(blue, σ∣N) to the growth rate response. Error bars
show the standard deviation across years from
each run.
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between20°−40°Nat 500mb) shows a logarithmic relationwithCO2 levels
(linear relation in semilogarithmic axes; Fig. 4d). Similar responses are
evident in the extended SSP5-8.5 runs, which also show that the warming
based on a moist adiabatic lapse rate captures the low latitude warming
(Supplementary Fig. 4). We conclude that at low CO2 levels the upper
troposphere at the lower latitudeswarms considerably (relative to the higher
latitudes), acting to intensify the meridional temperature gradient and the
storm track and jet stream. In contrast, at high CO2 levels, this warming
pattern at low latitudes weakens (more than the warming at the higher
latitudes), due to the logarithmic relationship between CO2 and tempera-
ture, yielding a reduction in the meridional temperature gradient and the
storm track and jet stream intensity, thus explaining the overall non-
monotonic behavior of the circulation.

Lastly, we return to the more realistic SSP5-8.5 scenario to further
corroborate the role of the logarithmic relation between the tropospheric
temperature at the lower latitudes and CO2 in driving the non-monotonic
behavior of the circulation. In particular, we make use of thermal wind
balance, which yields a strong linear relationship (r = 0.91) between the
meridional temperature gradient (ΔyT) and the jet stream (U) across dif-
ferent years in the SSP5-8.5 runs (gray dots in Fig. 5a);ΔyT is defined as the

difference in the zonally averaged North Atlantic temperature at 500mb
between the equatorward (averaged between 40°N − 50°N, Tlow) and
poleward (averaged between 50°N− 60°N, Thigh) flanks of the jet. Based on
the above linear relationship, we next conduct emergent constraint analyses
to create two jet stream evolutions: with and without the logarithmic rela-
tionship between Tlow and CO2.

First, over the 2000–2200 period (when the CO2 increases), we fit, with
respect to CO2, logarithmic and linear profiles to the temperature over the
equatorward flank (Tlow) (Supplementary Fig. 5). Subtracting from each of
these profiles the temperature over the poleward flank (Thigh) yields two
time evolutions of ΔyT. Second, for each year, we take the ΔyT estimated
from each profile together with the linear relationship between the mer-
idional temperature gradient and the jet stream, which yields a constrained
North Atlantic jet stream (“Methods”). Examining the evolution of the
resulting two constrained jet streamprofiles reveals that while a logarithmic
relationship betweenTlow andCO2 captures the reversibility of theflowwith
increasing CO2 concentrations (blue line Fig. 5b), a linear relationship
betweenTlow andCO2 fails to do so,mostly showing an intensification from
the mid-21st century. This analysis demonstrates that the logarithmic
relationship between Tlow and CO2, and the associated reduced warming

Fig. 4 | The logarithmic CO2 warming. The
response of the North Atlantic atmospheric tem-
perature (K) to an abrupt increase in CO2 con-
centrations during (a) EKE intensification (between
1 × CO2 and 3 × CO2) and b EKE weakening
(between 4 × CO2 and 6 × CO2). c The difference in
the warming at low and high CO2 concentrations
(the difference between panel (a) and (b)). Stipplings
show regions where the changes are statistically
insignificant at the 5% level based on a Student’s
t test. d The warming of the tropical upper tropo-
sphere plotted against CO2 levels, relative to pre-
industrial values; note the linear relation in
semilogarithmic axes.
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Fig. 5 | The role of logarithmic CO2 warming in
the reversibility of the flow. a The CMIP6 mean jet
stream (U) plotted against the meridional tem-
perature gradient (ΔyT) across different years over
the 2000–2200 period (gray dots). Their correlation
appears in the upper left corner. Red line and
shading show the linear regression ± 2 s.d. (“Meth-
ods”). b The evolution of the constrained jet stream
based on a linear (red) and logarithmic (blue) rela-
tion between CO2 and temperature over the equa-
torward flank of the jet stream.
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over the lower latitudes (relative to higher latitudes), is key in reversing the
meridional temperature gradient changes, and consequently the North
Atlantic circulation.

Discussion
The latest report from the Intergovernmental Panel on Climate Change
(IPCC), and previous work31, concluded that there is high confidence in
future abrupt and non-monotonic changes in several thermodynamic
variables, such as the polar sea- and land-ice and sea-level rise16. Since
atmospheric flow phenomena are driven by thermodynamic processes, this
suggests that the potential for abrupt and non-monotonic changes in the
large-scale atmosphericflow should be considered aswell. However, to date,
changes in the atmospheric flow beyond 2100 have not been thoroughly
investigated, further increasing the uncertainty in large-scale flow projec-
tions.As a result,mitigation and adaptation strategies, which rely on climate
model projections for the 21st century, have not accounted for potential
non-monotonic or abrupt flow changes beyond 2100.

Here, we find that under continued CO2 emissions, the North
Atlantic circulation (the jet stream and storm track) intensifies through
themid-22nd century but weakens thereafter, further recovering toward
its 20th-century value, by the end of the 23rd century. In addition, this
non-monotonic behavior impacts both the North Atlantic Ocean and
eastern North America, where the tendency of eddy heat and moisture
fluxes to wet and warm the higher mid-latitudes, while drying and
cooling the lower mid-latitudes by the mid-22nd century, reverses
through the end of the 23rd century.

The non-monotonic behavior of the circulation is shown to result
from the logarithmic relationship between CO2 and temperature. Spe-
cifically, the intensification of the circulation is driven by the enhanced
warming of the upper troposphere at lower latitudes, relative to higher
latitudes12, which intensifies themeridional temperature gradient and the
North Atlantic circulation. As CO2 concentrations continue to rise, this
warming pattern at low latitudes weakens considerably (relative to the
higher latitudes) due to the logarithmic relationship between CO2 and
temperature, yielding a weakening of the meridional temperature gra-
dient and of the North Atlantic circulation. We note that since the
enhancedwarming of the upper troposphere at lower latitudes is strongly
coupled to the surface temperature, via the moist diabatic lapse rate, the
CO2 level where the circulation reverses likely depends on the climate
sensitivity, as well as on the extension of the upper-level warming pattern
into the mid-latitudes.

Our results have two main implications for the timing and design of
mitigation pathways. First, the reversibility of the circulation from the mid-
22nd century suggests that the coming decades are a critical period for
mitigating the impacts of the intensifying North Atlantic circulation. The
longer mitigation policies are postponed, the greater the exposure to the
impacts of a strongerNorthAtlantic circulation and the lower the perceived
urgency of intervention, owing to the reversibility of the circulation. Second,
under the SSP5-8.5 scenario, the CO2 increases relatively linearly with time
over the22ndcentury,which yields logarithmicwarmingwith time (andnot
only with CO2) and the associated non-monotonicity of the North Atlantic
circulation with time. Thus, under a rapid, nonlinear increase in CO2

emissions, the warming could hinder the reversibility of the circulationwith
time.We thus stress the importanceof limiting thepaceofCO2 increase, as it
could impact non-monotonic climate behaviors.

Methods
Climate model simulations
Assessing theNorthAtlantic circulation response to CO2 emissions beyond
2100 is conducted by analyzing two sets of climatemodel simulations. First,
wemake use of daily andmonthly wind, temperature and specific humidity
output from model simulations from phase 6 of the Coupled Model
Intercomparison Program (CMIP6) under the historical (through 2014)
and the Shared Socioeconomic Pathways 5-8.5 (SSP5-8.5) (through 2300)32.
Specifically, we include all models with available daily output through the

21st, 22nd and 23rd centuries: CanESM5, EC-Earth3-Veg, IPSL-CM6A-LR
and MRI-ESM2-0.

Second, given the relatively small amount of models with available
daily data (which is necessary for the calculation of the storm track) through
2300, and to cleanly isolate the impact of increased CO2 concentrations on
thenon-monotonicbehavior of theNorthAtlantic circulation,wealsomake
use of abrupt CO2 runs. Specifically, initialized from the preindustrial state,
version 1.2 of the Community Earth System Model33 (CESM) was forced
with 2×, 3×, 4×, 5×, 6×, 7×, and 8× the preindustrial CO2 levels

31. The last 50
years of each 150-year simulation are used for the analysis.

Circulation indices
To examine the changes in the winter (December–February, DJF) North
Atlantic circulation, we analyze twoflowvariables: theNorthAtlantic storm
track and jet stream. The storm track is defined, following previous
studies10,12,24,34–38, as the vertically integrated eddy kinetic energy (EKE),
EKE ¼ 1

g

R ps
0 u

02 þ v0
2
dp, where g is gravity, ps is surface pressure,u and v are

the zonal and meridional winds, respectively, p is pressure and primes
denote eddy terms, calculated using a Butterworth bandpass filter of
2.5–6days. In theCESMruns, due to the lack of daily output across all levels,
the eddies are defined as deviations from the monthly mean; nonetheless,
they produce similar results12.

The jet stream is defined as the tropospheric (between 300–1000mb)
averaged zonal wind; the reversibility of the jet stream is apparent
throughout the troposphere (Supplementary Fig. 1). To further assess the
impacts of the non-monotonic circulation changes, we also examine the
eddy (i.e., storm-track induced) heat and moisture flux convergence. The
eddy heat and moisture fluxes are defined as the vertically integrated DJF
mean cpu

0T 0 and Lvu
0q0, respectively, where u is the horizontal wind vector,

T andq are the atmospheric temperature and specifichumidity, respectively,
cp = 1004 J kg−1K−1 is the specific heat capacity of dry air, and Lv = 2.5 ×
106 J kg−1 is the latent heat of vaporization. Lastly, since in the CESM runs
the intensificationof the circulationdoesnot extendas farwestward as in the
CMIP6 runs (likely due to the different experimental design, i.e., transient
vs. abrupt forcing), we define the North Atlantic region in the abrupt runs
between 20°W − 50°E.

Normal mode instability analysis
The eddy growth rate is calculated by applying a linear normal mode
instability analysis to the quasigeostrophic equations over the North
Atlantic12,24,36,37,39,40. Specifically, the linearized (around the North Atlantic
mean state) quasigeostrophic equations, with zero vertical velocity at the
vertical boundaries, take the following form,

∂q
∂t

0 þ �u � ∇q0 þ u0 �∇�q ¼ 0 ;Hp < p < ps
∂
∂t

∂ψ0

∂p þ �u � ∇ ∂ψ0

∂p � u0 � ∇ ∂�ψ
∂p ¼ 0; p ¼ Hp; ps;

ð1Þ

where overbars and primes denote the North Atlantic mean and deviation
therefrom, respectively,∇ is the horizontal gradient, q0 ¼ ∇2ψ0 þ Γψ0 is the

eddy quasigeostrophic potential vorticity, u0 ¼ � ∂ψ0

∂y and v0 ¼ ∂ψ0

∂x ,

Γ ¼ ∂
∂p

f 2

S2
∂
∂p, S

2 ¼ � 1
ρθ

∂θ
∂p is static stability, θ is potential temperature, ρ is the

density, ∇q ¼ Γvbiþ ðβ� ΓuÞbj is the mean quasigeostrophic potential
vorticity gradient, β is the meridional derivative of the Coriolis parameter f,
andHp is the tropopause height (defined, following theWMO, as the lowest
levelwhere the vertical temperature gradient crosses the 2 K km−1 value, and
stays, on average, below 2 K km−1 in all higher levels within 2 km).

Equation (1) can be written in the form of an eigenvalue problem by
assuming that the zonal derivatives of the mean fields (q,ψ) are negligible
and substituting a plane-wave solution, ψ0 ¼ Re bψ0ðpÞeiðkx�ωtÞ; where k is
the zonal wavenumber and ω is the frequency (the eigenvalues). The
resulting vertical eigenvalue problem is then solved for each year using the
vertically dependent wintertime North Atlantic mean fields (zonal wind,
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temperature, tropopauseheight), andweanalyze the resulting fastest growth
rate each year. Lastly, to assess the relative contribution of eachmeanfield to
the growth rate response, we re-solve the above eigenvalue problem while
keeping all mean fields at their preindustrial values (or 1950 values in the
transient runs) except for one. In spite of the relative simplicity of the
instability analysis, the resulting growth rate adequately captures the EKE
behavior (Fig. 3).

Emergent constraint analysis
To date, emergent constraint analyses41–46 have been mostly used to con-
strain projected climate changes. By exploiting a linear relation (which is
significant and physically robust) across climatemodels between projected
changes and the historical climate, together with observations of the latter,
one could refineand confine the range ofmodel projections.Here,wemake
use of this technique to examine the evolution of the North Atlantic cir-
culation under both a linear and logarithmic relation betweenCO2 and the
upper tropospheric temperature at the lowermid-latitudes. Specifically, we
leverage the strong physical linear relation between the jet stream and the
meridional temperature gradient (thermal wind balance). A total least
squares linear regressionanalysis is used tocalculate the regressionbetween
the CMIP6 mean jet stream and the meridional temperature gradient
across different years (over the 2000–2200 period, when the CO2 increa-
ses). The uncertainties in the jet stream and the meridional temperature
gradient for the regression analysis are estimated as the standard deviation
across years. Bootstrapping the years 100 times with replacement, and
repeating the regression analysis for each iteration, yields 100 values of the
jet stream for eachmeridional temperature gradient. The uncertainty in the
original regression is then estimated as two standard deviations across the
bootstrapped values. We then create two temperature profiles with respect
toCO2 byfitting linear and logarithmic profiles to the temperature over the
equatorward flank of the jet stream. By subtracting from these profiles the
temperature over the poleward flank of the jet stream at each year, we
obtain a time-dependentmeridional temperature gradient for each profile.
Lastly, using the linear relation between the jet stream and the meridional
temperature gradient, together with its uncertainty, we map the artificial
meridional temperature gradients to the jet stream and obtain a time-
dependent jet stream for both linear and logarithmic CO2-temperature
relationships.

Data availability
The data used in the manuscript are publicly available for CMIP6 (https://
esgf-node.llnl.gov/projects/cmip6/), and the CESM data is available upon
request.
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