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Earth’s upper-level jet streams influence the speed and direction of travel
of weather systems and commercial aircraft, and are linked to severe
weather occurrence. Climate change is projected to accelerate the average

upper-level jet stream winds. However, little is known about how fast
(>99th percentile) upper-level jet stream winds will change. Here we show
that fast upper-level jet stream winds get faster under climate change using
daily data from climate model projections across a hierarchy of physical
complexity. Fast winds also increase ~2.5 times more than the average

wind response. We show that the multiplicative increase underlying the
fast-get-faster response follows from the nonlinear Clausius-Clapeyron
relation (moist-get-moister response). The signal is projected to emerge
inboth hemispheres by 2050 when considering scenario uncertainty. The
results can be used to explain projected changes in commercial flight times,
record-breaking winds, clear-air turbulence and a potentialincrease in
severe weather occurrence under climate change.

Earth’s jet streams are fast-flowing narrow bands of wind'2. The fast-
estjet stream winds are eastward and occur in the upper troposphere
~10-12 km above the surface. Jet streams are important because they
shape Earth’s surface climate by steering weather systems and are
linked to severe weather occurrence. In particular, the regions around
fast upper-level jet stream winds (jet streaks) have been linked to the
occurrence of severe storms, tornadoes, hail and severe wind>™. Jet
streams also affect the speed and path of commercial flights and canbe
responsible for clear-air turbulence®’. The strength of the jet streamis
influenced by different factors, including the thermal structure of the
atmosphere and momentum transfer by weather systems (eddy-driven
jet) and the tropical circulation (subtropical jet)®°.

Climate changeis projected to accelerate the average upper-level
jetstream winds following anincrease in the meridional temperature
gradientaloft" . The accelerationis projected to occur in both hemi-
spheres. However, in the Northern Hemisphere it is weaker due to an
opposing influence of Arctic amplification of surface temperature
primarily during wintertime'**. Consistent with the projected accel-
eration of the average upper-level jet stream winds, climate change is
projected to significantly affect transatlantic flight times and increase
clear-air turbulence®’.

In the literature, different changes in extremes under climate
change have beendocumented. Whenthe entire distribution shifts (for
example, towards warmer temperature) then the extremesincrease at
thesamerate as the average. This additiveincrease occurs for tempera-
ture extremes™ %, although there can be regional exceptions. When
theentire distributionincreases by afixed per cent then the extremes
increase faster thanthe average. This multiplicative increase occurs for
midlatitude precipitation extremes”. It is important to quantify how
fast upper-level jet stream winds change under climate change and
determine whether the response follows the average or not.

Little is known about how fast (>99th percentile) upper-level
jet stream winds change under climate change. Changes in fast jet
streamwinds have importantimplications for commercial flight paths,
clear-air turbulence and severe weather occurrence. Furthermore,
no mechanism has been proposed to explain the response of fast jet
streamwinds. In contrast, there have been significant advancesin our
understanding of temperature and precipitation extremes, including
the underlying physical mechanisms controlling their response to
climate change**. Understanding the mechanisms controlling the
climate change response is essential for having confidence in climate
change projections®?,
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Here we quantify how fast upper-level jet stream winds, defined
as days exceeding the 99th percentile of the daily distribution of
200 hPa zonal wind, change under climate change across a hierarchy
of climate models from the World Climate Research Programme’s
Coupled Model Intercomparison Project Phase 6 (CMIP6)”. In order
to quantify the response to anthropogenic forcing, we compare daily
jet stream winds that exceed the 99th percentile at the end of the
twentieth (1980-2000) and twenty-first (2080-2100) centuries under
ahigh-emission scenario (Shared Socipeconomic Pathway (SSP) 5-8.5).
When examining near-term trends, we also consider alower-emission
scenario (SSP2-4.5). The 200 hPa level is chosen following previous
work®. Similar results are found for pressure levels around the cores
of the upper-level jet streams (250 and 300 hPa) as discussed below.

Following previous work investigating precipitation extremes??,
we consider changesin fast upper-level jet stream winds as a function
of latitude by aggregating data across all days and all longitudes at
agiven latitude. Thus, each longitudinal value is represented in the
distribution. As the magnitude of extremes at a given percentile is
known to depend on spatial resolution®, we coarse-grain reanalysis
dataand use acommon time frequency and spatial grid for reanalysis
and climate model datato ensure alike-for-like comparison (Methods).

Fast jet stream winds exceed 60 m s™ (134 mph) in the extratrop-
ics (20-60° latitude) of both hemispheres in reanalysis data® (dashed
blackline, Extended Data Fig.1a). They occur throughout the seasonal
cycle butare mostcommonin the extended winter season (Supplemen-
tary Fig.1). Climate models capture fast jet stream winds in reanalysis
data reasonably well, including their latitudinal structure (compare
blacklines, Extended Data Fig. 1a). Fast winds exceed 75 m s™ (168 mph)
if the original reanalysis grid is used (Extended Data Fig. 1b).

Fastupper-level jet stream winds get faster

Climate models project that fast upper-level jet stream winds get faster
under climate change across the extratropics in both hemispheres by
2.1+ 0.5% per degree of global mean changein surface air temperature,
hereafter 2.1+ 0.5% K™ (mean * s.d. across the climate model ensemble;
Fig.1a). Note each model response s calculated separately and normal-
ized by its ownglobal mean change in surface air temperature. We refer
to this as the fast-get-faster response.

The fast-get-faster response under climate change occurs through-
out the seasonal cycle (Extended Data Fig. 2), in the previous genera-
tion of coupled climate models*® (Extended Data Fig. 3a) as well as in
simpler models without coupling to the ocean or land (Extended Data
Fig.3b,c).Italsooccursaround the cores of the upper-level jet streams
at250and 300 hPa (Extended Data Fig. 4), although the rate of increase
is smaller. The smaller rate of increase may reflect the upward shift of
the atmospheric circulation under climate change that has been con-
nected to moist processes, in particular moist adiabatic adjustment®.
The robustness of the fast-get-faster response suggests it is tied to a
robust underlying physical mechanism.

The rate of increase of fast jet stream winds under climate
changeis close to the rate of increase of the average jet stream wind
(2.6 £ 0.9%K™; Extended DataFig. 5a). Asimilar multiplicative increase
under climate change for the average and fast winds implies achange
in the distribution. Consistently we find that the response of fast
winds averaged across the extratropics increases substantially more
than ~2.5 times the average wind response (Fig. 1b), whereas slow
winds increase substantially less than ~0.5 times the average wind.
Thus, the upper-level jet stream wind distribution involves a multi-
plicative increase (per cent increase) under climate change and not
an additive increase (shift of the entire distribution) towards faster
winds (Extended Data Fig. 6).

Previous work showed both the average upper-level jet stream
wind and the vertical wind shear increase under climate change, con-
sistent with an increase in the meridional temperature gradient™*>*,
Here we quantify the connection between changesinthermal structure
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Fig.1|Fastjet stream winds under climate change. a, Fractional changesin fast
(>99th percentile) 200 hPa jet stream winds normalized by the global mean
change in surface air temperature (Au,,) for each model. b, Response of the
extratropical (20-60°) 200 hPajet stream wind (Au,q_¢,) in both hemispheres
across percentiles relative to the response of the average wind (At,o_go). The
black horizontal line indicates the expected response following a uniform shift of
the entire distribution towards faster wind. Data are presented as multi-model
mean (thickline) + one standard deviation of the response across the model
ensemble (shading).

under climate change and fast jet stream winds using thermal wind, uy,
whichis defined as
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where pis surface pressure, fis the Coriolis parameter, a is the radius
of Earth, a =1/pisthe specific volume where pis density, pis pressure,
¢ is latitude, R is the dry gas constant and T is the air temperature®®.
We neglect the surface wind in equation (1), which is small, consistent
with previous work*. We use daily temperature data to compute u; at
each grid box and aggregate it across all days and all longitudes at a
given latitude.

Thermal wind increases under climate change over the extratrop-
ics in both hemispheres by 2.1+ 0.7% K™ (Fig. 2a). The thermal wind
response is significantly correlated with the fast-get-faster response
across climate models (R=0.90, P=0.01). The slight deviation froma
one-to-onerelationship indicates that surface wind, ageostrophic pro-
cessessuchasfrictionand the numerical method used have asecondary
influence. A similar relationship occurs for the average upper-level jet
stream wind response (Extended Data Fig. 5b).

The robust relationship between the fast-get-faster response
under climate change and thermal wind does notimply a causal under-
standing because temperatureisinfluenced by many factors, including
moisture®**, the atmospheric circulation®, cloud radiative effects***
andsoon. To have confidencein the projected fast-get-faster response
from climate models it is important to understand the mechanism
underlying the -2% K™ rate of increase.

Fast-get-faster follows from moist-get-moister

Akey factor thatimpacts the density and temperature responses, and
thereby thermal wind, under climate change is moisture. Moisture
exhibits two robust responses under climate change, which follow from
the Clausius-Clapeyronrelation provided there is amoisture source.
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Fig.2|Relationship between fast jet stream winds and thermal wind.

a,b, Fractional changesin fast (>99th percentile) 200 hPa jet stream winds
averaged over the extratropics (20-60° latitude) normalized by the global

mean change in surface air temperature for each model versus thermal wind

(a; equation (1)) and moist thermal wind (b; equation (2)). Values from individual
models for the Northern and Southern hemispheres are shown by squares and
circles, respectively.

The first response involves an increase of saturation specific
humidity with temperature®, which follows from the Clausius-
Clapeyronrelation (black line, Fig. 3a). The increase involves warmer
air ‘holding’ more moisture via evaporation at all latitudes, with the
largest increase near the Equator. The consequence is an increase of
the meridional gradient of saturation specific humidity between the
Equator and the pole under uniform global warming (compare slopes
of solid blue and orange lines, Fig. 3a) and polar-amplified warming
projected by climate models (compare y-axis range of solid blue and
dashed orange lines, Fig. 3a). We refer to this as moist-get-moister.
Ultimately, it implies an increase in the meridional density gradient
(adding water vapour to an air parcel at roughly the same temperature
and pressure makes it lighter, because the molecular mass of dry air
is 29 g mol™ whereas that of water vapour is 18 g mol™)*>* and can
thereby affect thermal wind and the jet stream. Previous work showed
vertically integrated specific humidity* and the meridional gradient of
near-surface specifichumidity*** both increase under climate change
following the Clausius-Clapeyron relation.

The second responseinvolves latent heat release (condensation)
by rising air parcels that ‘hold’ more moisture following the Clausius-
Clapeyron relation. The additional latent heat is released aloft, lead-
ing to amplified warming aloft and a weakened vertical temperature
gradient (Fig. 3b) under climate change®**>**, We refer to this as moist
adiabaticadjustment. Latent heat release also varies meridionally:itis
larger for rising parcels (either upright or slantwise) near the Equator
thanthoseinthe extratropics or polar region (orange triangles, Fig. 3c).
Note the latent heat release response involves the moist-get-moister
response butin addition requiresrising air parcels and condensation.
Thus, it is related to the wet-get-wetter or rich-get-richer response
of precipitation (precipitation is the vertical integral of latent heat
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Fig.3|Robust responses of moisture under climate change following

the Clausius-Clapeyron relation. a, Moist-get-moister response involves
warmer air ‘holding’ more moisture following the Clausius-Clapyeron relation
(black line), with the largest increase near the Equator. Itimplies anincreased
meridional gradient of saturation specific humidity under uniform warming
(slopes of blue versus orange lines) and polar-amplified warming (compare y-axis
range of solid blue and dashed orange lines). b, Latent heat release aloft by rising
air parcels that ‘hold’ more moisture following moist adiabatic adjustment under
climate change (uniform surface warming indicated from blue to orange). c, The
latent heat release aloft (orange triangle) is largest at the Equator following the
Clausius-Clapyeron relation (black line).

release) under climate change, which s affected by moist-get-moister
and convective mass flux responses®*, Previous work showed the
latent heat release response is important in the extratropics under
climate change. In particular, extratropical dry entropy increases
aloft under climate change due to warming aloft. However, the vertical
gradient of saturated equivalent potential temperature (moist static
stability) islargely unchanged, consistent with theimpact of latent heat
release from moist adiabatic adjustment*®. This s consistent with the
importance of moisture for the climatological static stability of the
extratropical atmosphere*’*,
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To understand the fast-get-faster response and its connection to
moisture under climate change, we consider moist thermal wind, uy,,
whichis defined as

200 hPa 5 200 hPa
_ 1 da(s*,p) /‘ 1 <6T) os*
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Utm fa a¢ p fa ap " a¢ p ( )
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where (0T/0p),.is the moist adiabaticlapse rate in pressure coordinates,
s*=c,InB.* is the saturation (moist) entropy, ¢, is the specific heat of
air at constant pressure and 6,*is the equivalent potential temperature
air would have if it were saturated at the same temperature and pres-
sure. Saturation entropy is the sum of dry entropy (s4=c,Inf, where 6
is potential temperature) and saturation specific humidity (g*), that
is,s*=s4+L,g*/T,whereL,isthelatent heat of vaporization. Moist ther-
malwind can be derived by writing the specific volume aas a function
of s*and p and using athermodynamic Maxwell relation (Methods)***".

Moist thermal wind can be used to understand how the
fast-get-faster response under climate change is influenced by the
response of moisture. In particular, the response of moist thermal wind
under climate change is

200hPa
1 0s* oT oT 0s* .
Aty ~ 7 ‘{ ﬁA (5)3* + (5)5* A (%) dp + residual

Moist adiabatic adjustment

3

where Ais the difference between the end of the twenty-first and twen-
tieth centuries. The residual is small, confirming the usefulness of the
moist thermal wind decomposition (Extended Data Fig. 7).

The first term on the right-hand side of equation (3) quantifies
theimpact oflatent heat release following moist adiabatic adjustment
(Fig. 3b). The second term on the right-hand side of equation (3)
depends on the meridional gradient of dry entropy (s4), which is
affected by meridionally varying latent heat release (Fig. 3¢), and the
meridional gradient of saturation specific humidity (g*), which quanti-
fies the moist-get-moister response (Fig. 3a), that is
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We use daily temperature data to compute moist thermal wind uy,,
ateachgrid boxand aggregate it across all days and all longitudes ata
given latitude. Moist thermal wind increases under climate change over
the extratropics inboth hemispheres by 2.5 + 0.6% K™ (Fig. 2b) and the
response is significantly correlated with the fast-get-faster response
across climate models (R = 0.89, P=0.01). Asimilar relationship occurs
for the average jet stream wind (Extended Data Fig. 5c).

The moist-get-moister response increases the meridional gradient
of saturation specific humidity (Fig. 3a and third term on right-hand
side of equation (5)) and thereby increases moist thermal wind
(orangeline, Fig.4a). More specifically, it contributes to anincrease of
2.2+0.2% K" averaged over the extratropics. The moist-get-moister
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Fig. 4 | Relationship between fast jet stream winds and moisture under
climate change. a, Fractional changes in fast (>99th percentile) moist thermal
wind (Auqe) due to the contributions from moist-get-moister, latent heat
release and moist adiabatic adjustment responses (see equation (5)) normalized
by the global mean change in surface air temperature for each model.

b, Response of moist thermal wind over the extratropics (20-60° latitude,
Alrmao-60) inboth hemispheres across percentiles relative to the response of the
average wind (AliTm0—e0) due to the contributions in aand dry entropy responses
(see equation (5)). Dataare presented as multi-model mean (thick line) + one
standard deviation of the response across the model ensemble (shading).

response also leads to fast winds getting faster than the average wind
(orange line, Fig. 4b) under climate change.

The moist-get-moister response can be affected by achangeinthe
meridional temperature gradient (dashed orange line, Fig. 3a). The
impact of the meridional temperature gradient response can be
quantified by imposing only the change in global mean tempera-
ture between the twenty-first and twentieth centuries, that is,
Totser @, D.0) = Tagin(d, . P, ) + ATy (p), Where Ty, and T referto
the twentieth- and twenty-first-century temperature, respectively, 1
islongitude, and AT, is the change in global mean temperature, which
only depends on pressure. Imposing T,;+ is analogous to the
moist-get-moister response under uniform global warming (compare
solid blue and orange lines, Fig. 3a). The moist-get-moister response
to meridionally uniform global warming leads to anincrease of moist
thermal wind (2.0 + 0.6% K™; Extended Data Fig. 8a), which is very
similar to the response to meridionally varying warming. Furthermore,
the moist-get-moister response with no change in meridional tempera-
ture gradient also leads to fast winds getting faster than the average
wind under climate change (Extended Data Fig. 8b). This implies that
the moist-get-moister response is fundamentally tied to the climato-
logical (twentieth-century) meridional temperature gradient and the
nonlinear Clausius-Clapeyron relation. The smallimpact of the meridi-
onal temperature gradient response on the moist-get-moister response
is consistent with the dominance of saturation specific humidity
changes over temperature changes, that s,

(L) SE [T o
ap\ T ))” T lg-op Top| T op

because Ag*/q* =28% > AT/T =1%, following Fig. 3a.

The remaining two terms in the moist thermal wind decomposi-
tion, which are affected by latent heat release, namely moist adiabatic
adjustment and the meridional dry entropy gradient, lead to a small
response (the sum of first and second terms on the right-hand side
of equation (5); green line, Fig. 4a). More specifically, together they
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Fig. 5| Emergence of fast-get-faster signal. a,b, Time series of fractional
changes (relative to the 1980-2000 period) in fast 200 hPa jet stream winds in
reanalysis and climate models for different emission scenarios for the Southern
(a) and Northern (b) Hemisphere extratropics in the satellite era (1980-2022).
Dataare presented as multi-model mean (thick line) + one standard deviation
ofthe response across the model ensemble (shading). c¢,d, Linear trends of
fractional changesin fast jet stream winds in reanalysis and climate models

for different scenarios normalized by the global mean warming of surface air
temperature for each dataset in the Southern (c) and Northern (d) Hemisphere
extratropics. Statistically significant trends are indicated by closed circles.

contribute to a change of 0.2 + 0.7% K™ averaged over the extratrop-
icsand alsolead to asmall change in the wind distribution (greenline,
Fig. 4b). The small response is the result of opposing influences of
latent heat release associated with moist adiabatic adjustment, which
decreases moist thermal wind (blue line, Fig. 4a), and the meridional
dry entropy gradient, which increases moist thermal wind (differ-
ence between blue and green lines, Fig. 4a). Neither contribution can
account for fast winds getting significantly faster than the average
(blue and black lines, Fig. 4b).

Why do fast winds get faster? Taken all together, the moist
thermal wind decomposition shows we can understand the
fast-get-faster response of the upper-level jet stream winds under
climate change from the moist-get-moister response, that is,
the increased meridional saturation specific humidity gradient
under climate change, that follows from the nonlinear Clausius-
Clapeyron relation (Fig. 3a). The moist-get-moister response
involves evaporation not latent heat release and increases thermal
wind by increasing the meridional density gradient. Interestingly,
the rate of increase of the fast-get-faster response (-2% K™) is close
to the rate of increase of evaporation under climate change -2% K™
(refs.39,52). The other effects of moisture, which involve latent heat
release (moist adiabatic adjustment and increased meridional dry
entropy gradient), oppose one another. More specifically, the latent
heatrelease contribution exhibits a dipole vertical structure (Sup-
plementary Fig.2a). The latent heat release dipole is consistent with
itsrolein producing an upward shift of the atmospheric circulation
under climate change® and it being more important at 250 hPaand
300 hPa(greenlines, Extended DataFig.9). The dry entropy gradient
dominates above 400 hPa (Supplementary Fig. 2b), consistent with
enhanced tropical upper tropospheric warming and extratropical
stratospheric cooling®*¢, and contributes to the larger response of

fastwinds at200 hPa. A similar mechanistic understanding holds for
theresponse of the average jet stream wind (Extended Data Fig. 10)
under climate change. Hence, the moist-get-moister response can
also explain why fast jet stream winds increase substantially more
than the average wind, that is, why the increase is multiplicative
rather than additive.

Emergence of fast-get-faster signal

The fast-get-faster response under climate change is robust across
the extratropics between the end of the twenty-first and twentieth
centuries under the SSP5-8.5 scenario (Fig. 1a). Over the satellite era
(1980-2022), linear trends in fast upper-level jet stream winds across
the extratropics are positive in reanalysis data (black lines, Fig. 5a,b),
butthelinear trend coefficients are not statistically significant (P = 0.14
for the Southern Hemisphere, P= 0.42 for the Northern Hemisphere;
openblackcircles, Fig.5c,d). Thelinear trends of fast jet stream winds
over the satellite era in climate models under the SSP2-4.5 and SSP5-
8.5scenarios exhibit considerable spread (green and orange shading,
Fig. 5a,b), with some models having insignificant linear trends (open
coloured circles, Fig. 5¢,d).

When fast upper-level jet stream wind trends over the satellite
era are weighted by global mean surface air temperature trends, the
reanalysis trends fall within the distribution of climate model trends
inbothhemispheres (Fig.5c,d). However, the reanalysis trends are on
the low end of the model trend distribution, which is consistent with
climate models exhibiting stronger tropical upper tropospheric warm-
ing trends than observations®. Given the spread in the climate model
trends, we use the model distribution to characterize the emergence
of the fast-get-faster signal by calculating the year when all models in
the ensemble project a statistically significant linear trend for the time
series beginning in 1980. All climate models in the ensemble project
a statistically significant fast-get-faster signal (P value of linear trend
coefficient for each modelis <0.05) across the Southernand Northern
Hemisphere extratropics by 2035 and 2045, respectively, following the
SSP5-8.5scenario. Following the SSP2-4.5 scenario, all climate models
inthe ensemble project astatistically significant fast-get-faster signal
across the Southern and Northern Hemisphere extratropics by 2038
and 2048. Thus, the fast-get-faster signalis projected toemergeinboth
hemispheres by 2050.

Discussion

We have shown, using daily data from climate model projections
across a hierarchy of physical complexity, that fast upper-level jet
stream winds get faster under climate change. Inaddition, fast winds
increase ~2.5times more than the average wind response; thus climate
models project record-breaking upper-level jet stream winds in the
future. We provide a physical basis for the fast-get-faster response
and show that the multiplicative increase is consistent with the
moist-get-moister response (increased meridional saturation specific
humidity gradient under climate change) that follows from the non-
linear Clausius-Clapeyronrelation. The moist-get-moister response
involves evaporation not latent heat release, and impacts thermal
wind directly through the meridional density gradient. The results
show that moist processes can be used to understand the response
of extratropical jet stream winds under climate change, including
fast jet stream winds. Furthermore, the robustness of the physical
mechanism underlying the fast-get-faster response and the fact it
occurs across a climate model hierarchy gives confidence in climate
model projections. While the fast-get-faster signal has not emergedin
reanalysis data, the signal is projected to emerge in both hemispheres
by 2050 when considering scenario uncertainty. Finally, the results can
be used to explain the significant projected changes in commercial
flight times and clear-air turbulencein the future. They also pointtoa
critical need to understand the impact of the fast-get-faster response
for severe weather occurrence in the future.
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Methods

Reanalysis and climate model data

We use daily zonal wind (variable ua), atmospheric temperature (vari-
ableta) and surface air temperature (variable tas) data from 18 CMIP6
(Supplementary Table 1) and 18 CMIP5 (Supplementary Table 2) mod-
els. We also use daily zonal wind data from the ECMWF Reanalysis v5
(ERAS) reanalysis from 1980 to 2022. For ERAS, the daily zonal wind
datawas constructed from hourly data.

The magnitude of extremes at a given percentile is known to
depend on spatial resolution®. To ensure a like-for-like comparison,
we examine the reanalysis and climate model extremes on the same
spatial grid. For the vertical grid, we interpolate all daily data onto a
common vertical grid with 12 pressure levels (1,000, 925, 850, 700,
500, 300, 250, 200, 150, 100, 50 and 10 hPa) using log interpolation.
The 37-pressure-level reanalysis data are sub-sampled onto the same
8-pressure-level climate model vertical grid before interpolating. For
the horizontal grid, we interpolate all data onto a1.5° x 1.5° grid using
cubic spline interpolation. Coarse-graining the reanalysis data leads
to weaker extremes consistent with previous analysis of precipitation
extremes (Extended Data Fig.1).

Statistical tests

The sstatistical significance of the relationship between zonal wind and
thermal wind responses across models for both hemispheres (Fig. 2)
is quantified by the P value of the Pearson’s correlation coefficient
according to a two-tailed ¢-test.

The ssatellite-eratrends (Fig. 5) were quantified by aleast-squares
linear regression model. The statistical significance of the linear trend
was assessed at the 95% confidence level (P value of the linear coeffi-
cientof theleast-squareslinear regression model <0.05) according to
atwo-tailed ¢-test. In addition, a Durbin-Watson test was performed
to test the autocorrelation of the residuals of the linear regression
model and the statistical significance of the Durbin-Watson test was
computed followingref. 54. The results of the Durbin-Watson test show
the autocorrelation is not significant. In particular, for the reanalysis
trends the Durbin-Watson Pvalues are P=0.91for the Southern Hemi-
sphereand P=0.93 for the Northern Hemisphere. The Durbin-Watson
Pvalues for the climate model ensemble mean trends are P= 0.58 for
the Southern Hemisphere and P=0.50 for the Northern Hemisphere.
These large Pvalues (P> 0.05) indicate we can confirm the null hypoth-
esis that the autocorrelation of the residuals is not significant.

Moist thermal wind

Moist thermal wind can be derived for a saturated atmosphere by
writing the specific volume a = a(s*, p), where s*is the saturated moist
entropy, whichis conserved under moist reversible processes,and pis
pressure®®*, The meridional gradient of specific volume, which appears
inthe equation for thermal wind (equation (2)), can be written as

(), -(55), 5 ”

Saturated moist entropy satisfies the first law of thermodynamics

Tds* = du + pda — Ldg* (8)

which can be written as a function of saturated moist enthalpy
*=u+pa-Lg*suchthat

dh* = Tds* + adp. 9)

These relationshipsimply

(10)

<0h*) —u
op /.

() -7

Because g*(T, p) and h*(s*, p), we have equality of mixed partial

dEI Ivatives
p P s P s* st p

and upon substitution into equations (9) and (10) we obtain the Max-

We“ |e|at|0”
( )p ( )g*
0s 6p

where the right-hand side is the moist adiabatic lapse rate. The meridi-
onal gradient of specific volume is

(%), (%), %
09/, \dp). o9’

This becomes moist thermal wind upon substitution of (9a/d¢)  into
the thermal wind equation:

12)

13)

(14)

200hPa
10a6"p) 1(9T\ 85

Urm = faop PT / f_a<6_p>s*5¢

Ps Ps

200hPa

dp. (15)

The physicalinterpretation of moist thermal wind is that changesin the
meridional density gradientinamoist atmosphere can beinfluenced by
changes the meridional gradient of saturation entropy and the impact
of latent heat release aloft via the moist adiabatic lapse rate.

Data availability

The data used in the paper are publicly available: CMIP6 (https://
esgf-node.lInl.gov/projects/cmip6/), CMIPS5 (https://esgf-node.lInl.
gov/projects/cmip5/) and ERAS (https://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview).

Code availability
The codes used in the manuscript are available at https://doi.
org/10.5281/zenodo.8428075 (ref. 55).
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Extended Data Fig. 1| Fast jet stream winds in reanalysis data and climate coarse-grained grid (see Methods) and (b) original grid. Data are presented as
models. The fast (> 99th percentile) daily upper-level (200 hPa) jet stream multi-model-mean (thick line) + one standard deviation of the response across

(zonal) winds for historical (1980 to 2000, black) and future (2080 to 2100, red) the model ensemble (shading).
climates for coupled climate models (solid) and reanalysis data (dashed) on (a)
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Extended Data Fig. 2| Fast jet stream winds under climate change across the

seasonal cycle. Fractional changes in the fast (> 99th percentile) upper-level
(200 hPa) jet stream winds normalized by the global-mean change in surface
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air temperature for each model for (a) November through March and (b) April
through September. Data are presented as multi-model-mean (thick line) + one
standard deviation of the response across the model ensemble (shading).
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Extended Data Fig. 3| Fast jet stream winds under climate change across a (1980 t0 2000) coupled climate models, (b) CMIP6 amip-p4K minus amip, and
model hierarchy. Fractional changesin the fast (> 99th percentile) upper-level (c) CMIP6 aqua-p4K minus aqua. Data are presented as multi-model-mean
i (thickline) + one standard deviation of the response across the model ensemble

(200 hPa) jet stream winds normalized by the global-mean change in surface air

temperature for each model for (a) CMIP5 RCP8.5 (2080 to 2100) minus historical (shading).
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minus historical (1980 to 2000) coupled climate models. Data are presented as
multi-model-mean (thick line) + one standard deviation of the response across

the model ensemble (shading).

Extended Data Fig. 4 | Fast jet stream winds under climate change across the
jetcores. Fractional changes in the fast (> 99th percentile) upper-level (a) 250
hPaand (b) 300 hPa jet stream winds normalized by the global-mean change
insurface air temperature for each model for CMIP6 SSP5-8.5 (2080 to 2100)
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Extended Data Fig. 5| Average jet stream winds under climate change. global-mean change in surface air temperature for each model versus (b)

(a) Fractional changes in the average daily upper-level (200 hPa) jet stream thermal wind (equation (1)) and (c) moist thermal wind (equation (2)) averaged
winds normalized by the global-mean change in surface air temperature for over the extratropics (20-60 latitude). Northern Hemisphere values from
each model. Data are presented as multi-model-mean (thick line) + one standard individual models are shown by squares and Southern Hemisphere values are
deviation of the response across the model ensemble (shading). Fractional shownby circles.
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Extended DataFig. 6 | Jet stream wind distribution response toidealized climate change. Response of distribution of 200 hPa extratropical (20-60 degrees)
jetstreamwinds from 1980 t0 2000 in ERA5 to idealized climate change involving a uniformincrease of 8 ms™ (additive increase, dashed black) and a 8% increase
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(multiplicative increase, solid black).
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Extended Data Fig. 7 | Residual of moist thermal wind decomposition for fast
line) + one standard deviation of the response across the model ensemble

jetstreamwind. Fractional changesin the fast (> 99th percentile) upper-level
(200 hPa) moist thermal wind decomposed into contributions from the residual (shading).
(black) normalized by the global-mean change in surface air temperature for
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Extended Data Fig. 8 | Relationship between fast jet stream winds and model. (b) Response of moist thermal wind over the extratropics (20-60°
moisture under climate change. (a) Fractional changes in the fast (> 99th latitude) in both hemispheres across percentiles relative to the response of the
percentile) upper-level (200 hPa) moist thermal wind due to the contributions average wind (u7,,) due to the same contributions as (a). Data are presented as
from moist-get-moister response with no change in meridional temperature multi-model-mean (thick line) + one standard deviation of the response across

gradient (meridional saturation entropy gradient following Clausius-Clapeyron)  the model ensemble (shading).
normalized by the global-mean change in surface air temperature for each
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Extended Data Fig. 9 | Relationship between fast jet stream winds and
moisture under climate change. Fractional changesin the fast (> 99th
percentile) upper-level (200 hPa) moist thermal wind due to the contributions
from moist-get-moister, latent heat release and moist adiabatic adjustment
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responses (see equation (5)) normalized by the global-mean change in surface air
temperature for each model at (a) 250 hPa and (b) 300 hPa. Data are presented as
multi-model-mean (thick line) + one standard deviation of the response across
the model ensemble (shading).
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(b) Residual of moist thermal wind decomposition of the average jet stream
wind response under climate change. Data are presented as multi-model-
mean (thick line) + one standard deviation of the response across the model

Extended Data Fig.10 | Relationship between the average jet stream winds
and moisture under climate change. (a) Fractional changes in the average4
upper-level (200 hPa) moist thermal wind due to the contributions from changes
inlatent heat release, moist-get-moister response and moist adiabat normalized ensemble (shading).
by the global-mean change in surface air temperature for each model.
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