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Subseasonal variability of the winter North
Atlantic jet stream has decreased due to

climate change

M| Check for updates

Andrea Vito Vacca ® **
Jost von Hardenberg ® "* & Amanda C. Maycock ®?

, Jacob Perez*, Katinka Bellomo ®°%, Jilia Casadevall Diaz®, leuan Davies?,

The North Atlantic eddy-driven jet plays a vital role in shaping Euro-Atlantic weather and climate. While
previous research has focused on the seasonal mean jet response to climate change, its changes at
subseasonal timescales remain poorly understood, despite the importance for extreme weather. Here,
we show that over the past 75 years, wintertime subseasonal variability in jet latitude and tilt has
declined by 18% and 14%, respectively. The decreased jet variability is connected to regional storm
tracks, atmospheric blocking, precipitation and temperature variability in Europe. Climate models
show that part of the reduction in jet variability is due to external forcing, though they tend to
underestimate its magnitude. Models project that jet variability will continue to decrease throughout
the 21st century under increasing global warming. These findings reveal arobust response of the North
Atlantic jet to climate change with implications for current and future European weather.

Climate in the Euro-Atlantic region is strongly shaped by the North Atlantic
large-scale atmospheric circulation'™. Of central importance is the eddy-
driven jet stream (hereafter jet), a band of strong westerly winds extending
across the North Atlantic basin. The jet steers North Atlantic extratropical
cyclones and, through this, plays a central role in shaping European weather
and climate™’. The jet dynamics are closely linked to large-scale modes of
variability, such as the North Atlantic Oscillation (NAO)**, along with key
dynamical processes including Rossby wave breaking™’ and impactful
phenomena like atmospheric blocking''"*.

Most studies examining the jet response to climate change have
focused on seasonal-mean or longer timescales. For instance, a recent study
showed that the winter mean jet has strengthened since 1950 and that this
trend is underestimated in climate models"”. Moreover, climate change
projections show large inter-model disagreement regarding winter mean
trends in the j et'*', which undermines confidence in future climate hazards
across the Euro-Atlantic region'*"*~".

In contrast, changes in jet behaviour at shorter timescales have received
less attention™, despite the primary role of high-frequency jet fluctuations in
driving extreme weather events™**. For example, anomalously wide latitu-
dinal shifts of the jet have been invoked to explain European drought
conditions in 2016/2017%, while an exceptionally strong and latitudinally

steady jet has been linked with extreme cold events in 2009/10°** and severe

European flooding in 2013/14**. A few studies have examined changes in
daily jet waviness™*"”?, but varying definitions of waviness lead to contra-
dictory results and complicate their interpretation. The recent develop-
ment of novel multi-parametric jet diagnostics has revealed new insights
into the diversity of jet configurations™™ and their surface climate
signatures” ™. Notably, the jet inclination (i.e., tilt) has emerged as a key
parameter linked to surface weather and climate extremes””**. However,
one outstanding gap is how climate change is altering jet variability at
subseasonal scales, which is the focus of the present study.

We analyse past and future subseasonal jet variability (hereafter
variability) using a novel diagnostic framework (see Methods). We present
here the evidence that there has been a significant decline in winter jet
latitude and tilt variability over the past 75 years in observation-based rea-
nalysis datasets. Reduced variability in jet latitude and tilt means the jet
undergoes fewer meridional excursions and smaller changes in inclination
within a single winter season, which we show has significant implications for
European winter weather. Moreover, we show that while climate models
generally underestimate the decline in latitude and tilt variability over recent
decades, they consistently project a decrease in future variability under
continued global warming. This suggests that the trend in reanalysis is at
least partly driven by human-caused climate change and may be expected to
continue in the future unless strong mitigation is achieved.
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Results

Variability of the North Atlantic winter jet has declined since 1950
We begin by analysing the variability of the North Atlantic jet during winter
(December-February, DJF) using the ERA5 reanalysis dataset European
Centre for Medium-Range Weather Forecasts'', over the period 1950/1951
to 2024/2025 (hereafter 1950-2024). We use a feature-extraction metho-
dology applied to daily 850 hPa wind fields (see Methods) to analyse the
time evolution of the jet latitude, tilt, and speed variability (Fig. 1, see
Methods).

The jet latitude variability exhibits pronounced multi-decadal fluc-
tuations, consistent with previous studies highlighting low-frequency
variability in North Atlantic atmospheric circulation'**. Superposed on
these fluctuations is a long-term decrease in jet latitude variability (—0.19°
decade ™), which corresponds to an 18% decrease over the period
1950-2024. Jet tilt variability also shows a decreasing trend (—0.21°
decade ™), which corresponds to a 14% reduction over the same period. In
contrast, jet speed variability does not show a significant long-term change
on top of the multi-decadal variability. The trends in jet variability in ERA5
are consistent with those found in other reanalysis datasets, even if they
show less statistical significance (Supplementary Fig. S4). Similar significant
trends are also found using data from the backward extension of ERA5
since 1940.

Implications of declining North Atlantic jet variability

While well-known relationships exist between surface climate variables and
jet characteristics at seasonal or longer timescales, we now investigate the
climatic impacts of the decrease in jet variability observed in the reanalysis.
We composite winters with low (below 20th percentile) and high (above
80th percentile) jet latitude variability for key diagnostics related to synoptic
timescale atmospheric and surface variability: daily precipitation and tem-
perature variability, storm track activity and atmospheric blocking fre-
quency (Fig. 2). The differences in these diagnostics between low and high
variability winters are then linearly scaled to match the 18% reduction in jet
latitude variability from 1950 to 2024 (see Methods), thus providing an
estimate of the climate implications resulting from this observed decrease.
Notably, among the 15 winters identified with low jet latitude variability,
~75% (11 winters) occur in the latter half of the record (1988-2024),
compared to only ~25% (4 winters) in the previous period (1950-1987),
indicating that they are becoming more frequent given the long-term
decline.

Winters featuring low jet latitude variability are associated with
enhanced precipitation variability over Northern Europe, and reduced
precipitation variability over Southern Europe and Greenland (Fig. 2a). This
results in an enhancement of precipitation wet extremes over Northern
Europe (Supplementary Fig. S5¢), with changes that exceed those of the
seasonal mean (Supplementary Fig. S5a). These larger responses in the tail of

the distribution show that variability changes (Fig. 2a) amplify extreme
precipitation beyond a simple uniform shift of the distribution. Winters
with low latitude variability also exhibit lower surface temperature varia-
bility across Europe, particularly in northern regions (Fig. 2b). Cold tem-
perature extremes are similarly reduced (Supplementary Fig. S5d).
However, in this case, the change in extremes is mainly driven by changes in
the seasonal-mean temperature, which is increased in low jet variability
years (Supplementary Fig. S5b).

Furthermore, winters with low jet latitude variability show an inten-
sified storm track, especially near its core and downstream sectors (Fig. 2¢),
and a significant decrease in atmospheric blocking especially over Green-
land, the UK and Scandinavia (Fig. 2d). The intensification of the storm
trackin its core and its reduction at its flanks (Fig. 2¢) is consistent with a less
variable jet, which steers extratropical cyclones less towards the edges of the
North Atlantic sector and more through its central part. The atmospheric
and surface signals associated with reduced jet tilt variability are similar but
weaker than those associated with muted latitude variability (Supplemen-
tary Fig. S6). These results show that the decrease in jet latitude and tilt
variability over the past 75 years has contributed to shifts in surface climate
variability.

Climate models underestimate the past decrease in North
Atlantic jet stream variability

Previous studies have highlighted limitations of current climate models in
reproducing observed winter average jet trends'>". By applying our jet
diagnostics to model simulations that offer a more detailed characterisation
of climate variability compared to earlier studies”, we assess whether state-
of-art models can reproduce the observed decrease in jet latitude and tilt
variability. We analyse historical initial condition large ensemble simula-
tions from 11 models participating in the Coupled Model Intercomparison
Project Phase 6 (see Table 1). We analyse the ensemble mean to isolate the
forced trend for each model and compare the reanalysis data with the
ensemble spread to account for a potential contribution of internal varia-
bility to the observed trend*.

In all models, the ensemble mean trends show a decrease in jet latitude
and tilt variability over 1950-2024 (Fig. 3). The trends are generally more
significant in models with more ensemble members (see crossed dots in
Fig. 3). Indeed, when limiting the analysis to only 5 ensemble members per
model randomly selected 100 times, the significance of the ensemble mean
trends decreases (not shown), reinforcing the importance of using large
ensembles to detect and attribute forced signals in atmospheric variability.
The model results indicate a contribution from external forcings to the
decrease in jet variability found in the reanalysis. However, the magnitude of
the ensemble mean trends is considerably weaker than the ERA5 trend by a
factor of ~4. Moreover, in many of the models the decreases in jet latitude
and tilt variability seen in ERAS5 lie outside of the ensemble spread (Fig. 3).
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Fig. 1 | Time evolution of the North Atlantic eddy-driven jet winter variability. Timeseries (1950-2024) of the North Atlantic eddy-driven jet a latitude, b tilt, and ¢ speed
winter variability in the ERA5 reanalysis dataset. The thick black line represents the 11-year running mean. Red lines in (a) and (b) indicate the linear trends.
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Fig. 2 | Climatic impacts of the decrease in North Atlantic eddy-driven jet latitude
variability. Composite anomalies between winters with low and high North Atlantic
eddy-driven jet latitude variability for a daily precipitation variability, b daily tem-
perature variability, ¢ storm track, and d frequency of blocked days. Variables are
calculated in ERA5 reanalysis data (1950-2024). The storm track is defined as the
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band-pass filter (2-6 days) variance of mean sea-level pressure anomalies. The
anomalies are linearly scaled to match the long-term reduction in variability over
1950-2024 (see Methods). Stippling denotes where the differences between the high
and low years are statistically significant (see Methods).

Table 1 | Climate models data information

Model name No. members Ensemble ID
INM-CM5-0 5 r[1-51i1p1fl
MRI-ESM2-0? 5 r[1-5]ilplfl
CNRM-CM6-1 6 r[l-6]ilplf2
MPI-ESM1-2-HR 10 r[1-10]ilp1fl
IPSL-CM6A-LR 11 r[1-10,14]i1pl1f1
UKESM1-0-LL 14 r[l-4,8-12,15-19]
ilpifl
CanESM5 20 r[1-10]ilpl1fl, r[1-10]
ilpilf2
ACCESS-ESM1-5% 30 r[11-40]ilp1fl
MPI-ESM1-2-LR 50 r[1-50]ilp1fl
CESM2-LE 50 1-50
EC-Earth3-SMHI° 50 r[101-150]ilplfl

For each ensemble member, model timeseries are constructed by concatenating historical
experiments (1850-2014) with SSP3-7.0 experiments (2015-2099).

*MRI-ESM2-0 and ACCESS-ESM1-5 historical data are available from 1950.

°EC-Earth3 SHMI historical data are only available from 1970 and consequently this model is not
shown in Fig. 3.

Where the ERA5 trend is within the ensemble spread, it is consistently below
the 25th percentile of modelled trends. These findings could be explained by
two factors (or their combination): 1) if the change in ERAS5 is primarily
externally-forced, this result would indicate that the models underestimate
the response to climate change (low signal-to-noise’); 2) another possibility
is that the trends in ERA5 were partly driven by low-frequency internal
variability that is underestimated by the models*™*, resulting in a trend as
large as that seen in ERA5 appearing as a rare event”. To further investigate
this second hypothesis, we construct adjusted time series of jet latitude and
tilt variability by rescaling model output to match the (generally higher)
ERAS5 low-frequency variance (see Supplementary Note 2). Recomputing
model trends using these variance-adjusted time series results in the ERA5
trend further within the model distribution (Supplementary Fig. S8). This
suggests a substantial contribution of the internal multi-decadal variability
to the magnitude of the jet variability trend. However, the model ensemble
means remain negative, indicating that anthropogenic climate change plays
a key role in driving the variability reduction.

Climate models agree on a decrease in North Atlantic jet stream
variability under future climate change

We next investigate projected changes in jet variability in a scenario that
includes continued increases in greenhouse gas forcing over the 21st century
reaching 867 ppm atmospheric CO, by 2100 (SSP3-7.0""). Figure 4 shows
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Fig. 3 | Comparison between climate models and a ) latitude variabil |ty
ERAD5 trends in the North Atlantic eddy-driven jet
variability. Linear trends (1950-2024) in the North ERAS —_—

Atlantic eddy-driven jet variability for a latitude and
b tilt computed from climate model simulations (see
Methods). Box-plots represent the distribution of
trends across the model ensemble members: the box
spans the interquartile range (25th to 75th percen-
tiles), the horizontal black line indicates the median,
and the whiskers extend to the minimum and
maximum values. Dots represent the ensemble
mean trends, with their appearance denoting sta-
tistical significance: coloured dots indicate non-
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the climate models consistently simulate a forced decrease in jet latitude and
tilt variability over the 21st century. The magnitude of the forced decrease in
latitude variability over 2025-2099 ranges from —0.05 to —0.11 ° decade™
and for tilt variability —0.07 to —0.17 ° decade™" (Supplementary Tables S1,
S2). These trends correspond to an average future reduction in latitude and
tilt variability of ~6-13% and ~5-12%, respectively, by 2099 relative to the
2024 ERAS5 values (Supplementary Tables S1, S2), which would be in
addition to the observed decreases of 18% and 14% between 1950 and 2024.
Therefore, in a scenario without future mitigation action, the variability of
the jet latitude and tilt could be lower by up to ~31% and ~26% by the end of
the century compared with the mid-20th century. Moreover, this estimate
could be at the lower end of what could occur, given evidence that climate
models underestimate forced responses in the North Atlantic”. In contrast,
there is no systematic projected trend in jet speed variability across the
models, similar to what was seen during the recent past (Fig. 1). The con-
sistency of the projected decrease in jet latitude and tilt variability in the
models stands in stark contrast with the inconsistent seasonal mean jet
trends and the NAO index, which show considerable model differences
(Supplementary Note 1 and Supplementary Fig. S9), in line with previous
studies'>'""".

Mechanism for decrease in North Atlantic jet variability

The results reveal a significant decrease in North Atlantic jet latitude and tilt
variability in reanalysis data, which is simulated as an externally forced
response in climate models albeit with a smaller magnitude, and is projected

to continue under increasing greenhouse gas concentrations. We now seek
to explain the origin of this decrease.

Some studies have suggested a relationship between the climatological
jet position and its response to external forcing across climate models'>*.
However, we find no significant relationship between the climatological
seasonal jet position and the forced response in jet variability across the
models (Supplementary Fig. S11). One study” suggested a relation between
changes in jet latitude variability and seasonal mean jet shifts. However, we
find no significant relationship between projected trends in seasonal mean
jet latitude and the decline in variability across climate models (Supple-
mentary Fig. $12). Another study’' proposed that a stronger jet exhibits less
latitudinal variability. This is due to the increasing Rossby wave refraction,
which limits wave breaking on the poleward flank of the jet that drives jet
shifting’’. Consistent with this hypothesis, we find that at interannual
timescales in ERA5 the winter jet latitude and tilt variability are anti-
correlated with the seasonal mean jet speed (r = —0.55/r = —0.50, respec-
tively; Supplementary Fig. S7). Moreover, there is a comparable correlation
between the projected trends in jet latitude/tilt variability and seasonal mean
jet strength, both across individual ensemble members (r = —0.44/—0.51)
and the ensemble mean trends (r=—0.66/—0.62) (Fig. 5). Notably, the
historical ERA5 jet latitude and tilt variability trends lie along the inter-
model regression slopes (Fig. 5). We also find similar relationships between
the jet latitude variability and the seasonal NAO index trends (Supple-
mentary Fig. S10). This is expected since a more positive NAO is linked with
astrengthened jet on the longer time scales™”. These findings suggest that the
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Fig. 4 | Projected evolution of the North Atlantic eddy-driven jet variability.
Timeseries of North Atlantic eddy-driven jet winter variability anomaly (with
respect to 1970-2014) for a latitude, b tilt and ¢ speed. Solid thick lines represent the
21-year running mean multi-model average, dark shading represents 10-90th

2100

percentile range of simulations and light shading represents minimum and max-
imum values. The vertical line indicates the 2024 year. Right-hand panels show the
anomaly in 2080-2099 with respect to 1970-2014 in individual climate models.
Whiskers denote the 95% confidence interval on the mean.

decrease in jet variability in ERA5 is related to the increase in winter average
jet strength and associated shift towards a more positive NAO". This link is
further supported by the evidence of reduced atmospheric blocking on the
poleward side of the jet during years of low jet variability (Fig. 2d). Given that
atmospheric blocking and Rossby wave breaking are intimately linked"!,
their reduction due to a stronger jet reduces its latitudinal fluctuations,
thereby reducing overall jet variability”'.

However, despite these correlations, it is important to note that the
inter-ensemble and inter-model regression slopes for both jet latitude and
tilt variability are offset from the origin, with the x-intercept coinciding with
a negative variability trend (Fig. 5). This offset indicates that the projected
changes in seasonal mean jet speed under climate change do not fully
explain the modelled decline in jet variability, and suggests jet strength
explains around half of the historical decrease in jet variability in ERA5.

Discussion

Our results reveal a long-term decrease in subseasonal variability of the
winter North Atlantic jet latitude (18%) and tilt (13%) over the past 75 years
(Fig. 1). This decline is qualitatively reproduced by climate models, although
only a small number of individual ensemble members simulate a trend as
large as that seen in the reanalysis datasets (Fig. 3). This suggests there is a
further bias in the ability of climate models to reproduce observed North

Atlantic circulation trends'*"". Despite this discrepancy, the ensemble mean

trends consistently show a decline in jet latitude and tilt variability between
1950 and 2024, indicating an externally-forced contribution to the observed
trends. The decline in subseasonal jet variability is projected to continue in a
scenario with future increases in greenhouse gas concentrations (Fig. 4). In
conclusion, this study reveals a robust response of the winter North Atlantic
atmospheric circulation to climate change, which is already emerging in the
observations. The degree of model consistency in the sign of past and future
trends is remarkable for the North Atlantic atmospheric circulation, which
is generally characterised by a high degree of model discrepancies'*". For
example, a previous study” found that climate models do not agree on
future projections of North Atlantic jet latitude variability. However, the
study used only one ensemble member per model and analyse the full year,
while here we focus on the winter season and use multiple ensemble
members to isolate the forced response. As we demonstrate, the inter-
ensemble spread in jet variability trends is large, and the forced component
is generally weak”, so relying on a single member per model may obscure
coherent forced signals.

The results showed that the ERAS5 trends and the inter-model spread in
the projected decreases in variability can be partly explained by changes in
the winter mean jet strength (Fig. 5), which shapes the dynamics of North
Atlantic Rossby wave breaking™'. Nevertheless, the change in seasonal mean

Communications Earth & Environment| (2026)7:382


www.nature.com/commsenv

https://doi.org/10.1038/s43247-026-03423-0

Article

Fig. 5 | Relation between changes in the mean jet a)
speed and changes in the jet variability. Scatterplot

of 2015-2099 linear trends (SSP3-7.0) in North
Atlantic eddy-driven jet winter variability of

a latitude and b tilt vs. the winter mean jet speed
trend. Unfilled dots represent trends in individual
realizations with a linear regression in black, while
filled dots represent ensemble mean trends for each
model with the inter-model regression line in red.
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jet strength cannot fully explain the future change of variability (Fig. 5). We
propose the decreasing jet variability could also be driven by a downstream
from the North Pacific. The North Pacific jet has shifted poleward in winter
over recent decades™” and is simulated to continue shifting poleward in
future projections under increased climate change™. There is evidence that
this shift is linked to the Tropical Pacific sea surface temperature trends™*”.
The North Pacific jet and storm track influence downstream development
and eddy activity in the North Atlantic. At interannual timescales, when the
North Pacific jet is positioned to the north, there is a greater occurrence of
anticyclonic wave breaking in the North Atlantic* ™, which is associated
with weaker jet latitude variability’'. We suggest that this non-local effect
makes an additional contribution to decreased North Atlantic jet variability,
alongside the local influence from changes in the seasonal mean jet strength,
though this warrants further investigation.

The reduction in the meridional variability of the jet could be inter-
preted as a narrowing of the seasonal mean westerly flow, a feature docu-
mented in future projections'®. However, prior assessments of jet narrowing
have largely relied on multi-model ensemble means'**, which mask con-
siderable inter-model spread and even divergent response signs (Supple-
mentary Fig. S9). By contrast, the reduced subseasonal jet variability
reported here emerges as a robust feature across climate models, indicating
that jet narrowing and reduced jet variability are distinct and not simply two
expressions of the same dynamical response. A recent study ™ has proposed
that the projected mean jet narrowing arises from a blending of opposite
signed externally forced mean latitudinal shifts in different winter months.
We find that the projected decline in jet variability is robust in individual
winter months (not shown), indicating that this mechanism cannot explain
the decreases in subseasonal jet variability presented in this study. A jet
exhibiting less latitudinal variability can be viewed as being closer to its
climatological position, making fewer excursions to the northern and
southern reaches of the North Atlantic. With this in mind, the reduced
variability is in qualitative agreement with the projected increased frequency
of the NAO+ weather regime"***, or relatedly the increased occurrence of
the zonal geopotential jet regime®.

The observed decrease in jet latitude variability was shown to have
substantial surface impacts, including increased precipitation variability
over Northern Europe and reduced variability over the Iberian Peninsula,
decreased temperature variability across much of the European continent,
and changes in storm track intensity and blocking frequency (Fig. 2). One
study® identified a projected decrease in lower-tropospheric daily tem-
perature variance in winter over northern and eastern Europe, which they
linked to a shift toward less negative skewness in the temperature dis-
tribution. Our findings suggest that part of this reduction in temperature
variance could be attributed to a decrease in jet variability. These impacts are
likely to affect multiple socio-economic sectors, including agriculture, public
health, and transportation. Moreover, since jet variability is intrinsically tied
to atmospheric predictability”®, a reduction in variability may lead to

enhanced short-term forecast skill. Thus, the projected decline in variability
could have important implications for the future predictability of European
winter weather.

Methods

Datasets

We use the ERA5 reanalysis dataset”' over the period spanning from January
1950 to February 2025 (referred to as 1950-2024 winters). To check the
robustness of ERA5 trends, we also use the NCAR/NCEP*” and JRA-3Q
reanalyses™ over the same period.

We analyse 11 initial condition large ensemble simulations from the
CMIP6 archive (Coupled Model Intercomparison Project phase 6), the
SMHI-LENS (EC-Earth3 SMHI ensemble®’) and the CESM2-LENS (Large-
ENSemble Community program™), as reported in Table 1. This set of
models is selected because they provide the necessary diagnostic output (i.e.
daily mean zonal wind fields) for at least 5 ensemble members for both the
historical and future experiments. We require these large ensembles because
we are examining changes in variability, which are harder to diagnose
robustly than seasonal mean changes. We use the “historical” DECK
simulations covering 1850-2014"" and the ScenarioMIP Shared Socio-
Economic Pathway 3-7.0 (SSP3-7.0) experiment covering 2015-2100".
This scenario represents continued greenhouse gas emissions and global
warming during the 21st century'’. To calculate trends up to 2024, the
historical simulations are combined with the SSP3-7.0 experiments.

Eddy-driven jet identification and diagnostics

The North Atlantic eddy-driven jet is identified starting from daily 850 hPa
zonal wind fields (U850) in winter (DJF) over the North Atlantic Sector
(15°-75° N, 0°-60° W), following the feature-based method presented in
ref. 34. Firstly, all data are interpolated to a common 2° x 2° grid. Secondly, a
low-pass Lanczos filter with a 61-day window and a 10 day cut-off frequency
is applied’” to remove short time-scale features (<10 days), and focus on the
low-frequency atmospheric variability”*, though this choice does not sig-
nificantly alter the daily jet statistics™, or influence our conclusions. Here-
after, for each day, one or more Eddy-Driven Jet Objects (EDJOs) are
identified in the wind field. The detection of the EDJO begins by locating the
grid point with the highest U850 exceeding a certain minimum zonal wind
speed threshold (U"). For the reanalysis, U = 8 m s~"**”*, while for climate
models U" is computed as the weighted average of the climatological wes-
terly flow. In this way, we take into account difference in models’ cli-
matologies. However, we tested the sensitivity of the results to different U"
values, finding that they are robust even with extremely conservative U’
values (i.e. U defined for each day as the weighted average of the westerly
flow). From this grid point, all contiguous cells with U850 above the
threshold are connected to delineate the extent of the EDJO. Hereafter, a
minimum geodesic length requirement (L) is applied to retain only suffi-
ciently zonally extended EDJOs. L’ = 1661 km, equivalent to the geodesic
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length of the North Atlantic sector at its upper boundary (75°N). This
procedure is repeated for subsequent local maxima above the threshold,
enabling the identification of multiple EDJOs within the same day (see
Figure 1 in Perez et al.”, for a detailed schematic of the procedure).

Once EDJOs are identified, jet morphological features are computed
using 2D spatial-moment analysis, similar to image moment analysis”. The
moments of an EDJO are defined as:

My, = / / ED]OAP‘PLIUSSO()" $)dA, 1)

where ¢ and A are the latitude and longitude, p and q are the order of the
moment in the longitudinal and latitudinal direction, and dA is the area
element on a sphere. From here, the latitude of the EDJO is computed as:

_ Mo
b= @

where MO0 can be interpreted as the EDJO “mass”. The jet speed is the
average wind in the EDJO:

MOO

Um N fED]OdA . (3)

Finally, the tilt is the angle between the longitudinal axis and the major axis
of the jet:

1
« = —arctan
2 (

L) (4)
Myy — My,

where positive values indicate a tilt from south west to north east and north

west to south east for negative values. An example of the jet detection and the
computation of the daily jet diagnostics is reported in the Supplemen-
tary Fig. S1.

Note that this 2D jet identification method differs from zonally-
averaged approaches used in many previous studies, most notably the one-
dimensional Jet Latitude Index (JLI)"*. In contrast to the JLI, which can
exhibit artefacts during periods of strong jet tilting or splitting, the meth-
odology used here provides robust estimates of jet latitude, speed, and tilt
under such complex configurations™. This robustness is critical for ana-
lysing subseasonal variability, which is inherently sensitive to high-
frequency noise. Furthermore, the JLI produces a trimodal distribution of
winter daily jet latitude, which makes the standard deviation a less robust
measure of variance, while our method produces a unimodal distribution
(Supplementary Fig. S2). Nevertheless, sensitivity tests applying the JLI to
ERA5 data produce a negative trend in jet latitude variability consistent with
our results (Supplementary Fig. S2), confirming that the decline in jet
variability is not strongly sensitive to the methodology used. A detailed
comparison between these methods is provided in ref. 34.

Variability diagnostic

We define the subseasonal variability of jet latitude, tilt and speed within a
winter season (DJF) as the standard deviation (o) of daily values. Since the
distributions of these variables are more Gaussian than has been found for
some other North Atlantic jet diagnostics’, the standard deviation is rea-
sonable to describe the total variability. In Fig. 2, the winter season variability
of temperature and precipitation is also computed as the standard deviation
of daily values for each-grid point™’°. In Fig. 2, the composite anomalies
between low and high variability winters are scaled by a factor k in order to
reflect the observed reduction in jet latitude variability. In particular,

A
k Oobs =03 (5)

Ao'law— high

Where Ag,,, = — 1.425° is the ERA5 reduction in jet latitude variability
(1950-2024) and Aojo,—pigh = —4.75° is the average jet latitude variability
difference between low (20th percentile) and high (above 80th percentile)
variability years.

Atmospheric blocking diagnostic

To compute the atmospheric blocking frequency, we employ a two-
dimensional absolute index based on the reversal of the geopotential
height gradient, following the method described by Davini et al.””.
Specifically, for each grid point, we evaluate the northward
(GHGN) and southward (GHGS) gradients of the 500 hPa geopo-
tential height:

2g500(Py, Ag) — 28500(¢y, Ag)

GHGN (‘/’07 Ao) = by — & (6)
0
0

Here, Ay and ¢, denote the longitude and latitude of the grid point,
respectively, with ¢, ranging from 30°N to 75°N and A, from 0° to 360°. The
latitudes ¢ = ¢y — 15° and ¢ = ¢ + 15° define the southern and northern
reference points used in the gradient calculations. An instantaneous
blocking event is identified at the grid point (Ao, ¢y) if the following con-

dition is met:
GHGS($, A9) > 0; GHGN(¢,Ag) < — 10mlat™* (8)

To isolate synoptic-scale and quasi-stationary blocking events, we
apply the tracking algorithm described in ref. 77, Appendix A. The algo-
rithm filters out events with a duration shorter than 5 days or a spatial extent
smaller than 500,000 km?.

Statistical tests

We assess the significance of the long-term trends and correlations between
the variables using a non-parametric bootstrap approach. Here, data points
are randomly shuffled 10* times, and the trend slope or the correlation is
recalculated at each iteration. The corresponding p-value is the fraction of
bootstrap iterations in which the absolute value of the resampled slope/
correlation exceeds that of the original dataset. We consider strongly sta-
tistically significant relationships with p < 0.05, marginally statistically sig-
nificant 0.1 < p < 0.05. To assess the statistical significance of the difference
between low- and high-variability years in Fig. 2, we apply a Welch’s  test at
95% confidence level”.

Data availability

The CMIP6 model output data are publicly available at https://esgf-
metagrid.cloud.dkrz.de/search/cmip6-dkrz/. The reanalysis datasets are
publicly available: ERAS5 from https://cds.climate.copernicus.eu/, JRA-3Q
from https://rda.ucar.edu/datasets/d640000/, NCAR/NCEP from https://
psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html. The preprocessed
data for reproducing the figures are available at: https://doi.org/10.5281/
zenodo.18852321.

Code availability

The eddy-driven jet detection algorithm is available from https://github.
com/scjpleeds/EDJO-identification. The atmospheric blocking algorithm is
available from https://github.com/michele-filippucci/blocktrack. The code
for reproducing the figures is available at: https://doi.org/10.5281/zenodo.
18852321.
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