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Jet stream response to future Arctic sea
ice loss not underestimated by

climate models
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Previous studies using an emergent constraint have suggested that climate models underestimate the
winter jet stream response to sea ice loss, casting doubt on the quality of mid-latitude climate
projections. However, the robustness of this emergent constraint has been questioned. Here, we
propose a more robust emergent constraint based on lower stratospheric winds. Using coordinated
sea ice loss experiments with bespoke versions of two state-of-the-art climate models along with a
multi-model archive, we identify a strong relationship between these winds and the jet stream
response. The new emergent constraint reduces the uncertainty in the response by 62% and indicates
that the real-world response closely matches the multi-model mean—suggesting no systematic
underestimation, in contrast to earlier studies. Our results underscore the importance of reducing
lower stratospheric wind biases and increase confidence in climate model projections of a future
poleward shift of the jet stream in response to global warming.

Regional variations in climate change are shaped by changes in the large-
scale atmospheric circulation. The position and strength of the mid-latitude
jet stream not only determine how surface temperature and precipitation
patterns change on average'~, but also impact extreme weather events
through their impact on the location and intensity of the storm tracks**,
atmospheric rivers™ and atmospheric blocks’, which drive heat, cold, wind
and precipitation extremes'*">. Obtaining robust projections of the mid-
latitude circulation response to climate change is therefore essential for
effective efforts to adapt to the impacts of global warming.

It has become evident that the future strength and position of the jet
streams are governed by changes in meridional (equator-to-pole) tem-
perature gradients'’. Arctic sea ice loss is accompanied by enhanced
warming in the Arctic (often referred to as Arctic Amplification), reducing
the equator-to-pole temperature gradient and generally contributing to an
equatorward shift of the jet streams™*'*"*, At the same time, enhanced upper
tropospheric warming in the tropics, another notable consequence of global
warming, increases the equator-to-pole temperature gradient and con-
tributes to stronger, more poleward jet streams'>'*". The competition
between these two opposing drivers is often referred to as a ‘tug-of-war’. The
relative strength of the two drivers determines the sign of the net response to
global warming™ . In the zonal-mean, climate models tend to project a
small net poleward shift of the mid-latitude jet stream in response to global
warming, especially for the higher emissions scenarios (ref. 26, Figure
4.30a), consistent with an emerging poleward shift in observations” and

suggesting that the impacts of the tropical upper-tropospheric warming will
exceed that of Arctic Amplification. It should be noted though, that
regionally, the response is more complicated than a simple shift, with the
winter North Atlantic jet projected to narrow®**””, which could be the result
of opposing shifts in different parts of the winter season™.

Recent studies have questioned the accuracy of these climate projec-
tions, and in particular the part of the response that is driven by Arctic sea ice
loss. A previous study'” developed an emergent constraint, a relationship
across models between an observable aspect of the climate system (the
‘predictor’) and its response to climate change (the ‘predictand’)’"*. Using a
coordinated set of sea ice loss experiments™, they identified a positive cor-
relation across models between the strength of the simulated eddy-feedback
(a measure of how large scale atmospheric waves impact the zonal-mean
flow) and the jet response to sea ice loss. Since the eddy-feedback was found
to be 1.2 to 3 times too weak in the models compared to observation-based
products, they suggested that the real-world jet response to sea ice loss is
systematically underestimated by climate models. This finding is consistent
with other evidence that climate models tend to underestimate the pre-
dictable fraction of North Atlantic Oscillation, which has been referred to as
the ‘signal-to-noise paradox™. Another recent paper'® proposed a method
for correcting the systematic underestimation in response to sea ice loss, and
found that after correction the (equatorward) jet shift in response to sea ice
loss, exceeds the (poleward) jet shift in response to increasing greenhouse
gases. Hence, they suggested that after the correction the net response of the
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Fig. 1 | Zonal-mean zonal wind: present-day climatology and response to future
sea-ice loss. December-February (DJF) zonal-mean zonal wind (contours) present
day climatology and (shading) response to future sea ice loss in a CESM2-G1,

b CESM2-G2 and c their difference and d CanESMS5, e CanESM5-G and f their

difference. The contour interval is 10 ms” in a, b, d, e and 5m ™ in ¢ and f, with
dashed contours representing negative values and the thick line the 0 m's™ contour.
Black dots denote statistically significant responses at a more than 95% confidence
level according to a Student’s f test.

jet to global warming would be an equatorward shift, in contrast to the raw
(uncorrected) climate projections. This has potentially large implications as
climate impact studies are based on climate models that project a zonal-
mean poleward shift of the jet stream.

However, a recent study found that there are large uncertainties in
the eddy-feedback parameter (EFP), the predictor used in these studies to
constrain the response to sea ice loss”. They showed that after accounting
for sampling and multidecadal variability, the diagnosed EFP in the
current generation of climate models is generally not inconsistent with
observation-based products. This challenges the notion that climate
models systematically underestimate EFP and, through the EFP-based
emergent constraint, the jet stream response to sea ice loss. It also
highlights the need to explore whether a more robust emergent con-
straint with smaller uncertainty in the predictor can be identified.

The findings of ref. 3 (hereafter SS24) suggest a potential basis for
such an alternative emergent constraint. Their study demonstrated
with controlled perturbation experiments with the Canadian Earth
System Model version 5 (CanESM5) that the magnitude of the jet
stream response to sea ice loss critically depends on the present-day
zonal wind climatology and proposed a mechanism to explain this
sensitivity. In addition, ref. 36 provided evidence that the stratospheric
response to sea ice loss is sensitive to the present-day climatology.
These studies raise the question whether the differences in the present-
day zonal wind climatology could explain the large differences in the
response across models. In the current study, we first establish the
robustness of the $S24 findings by repeating the perturbation experi-
ments with a second, independent state-of-the-art Earth System
Model. We will then combine these simulations with the large archive
of coordinated sea ice loss experiments that contributed to the Polar
Amplification Model Intercomparison Project (PAMIP)”, and show
that across the 15 models, there is a robust relationship between the
zonal wind climatology and the jet stream and surface climate response
to future sea ice loss. Finally, we will exploit this relationship to reduce
the uncertainty in the climate response to sea ice loss through an
emergent constraint.

Results

Single model sensitivity experiments

We begin by examining the robustness of the SS24 results by conducting
experiments with a second model, the Community Earth System Model
version 2 (CESM2; see Methods). Similar to the approach taken with
CanESMS5 in $S24, we conduct identical sea ice loss experiments using two
versions of CESM2. These two versions are identical except for a parameter
in the orographic gravity wave scheme’ (see Methods), which, as in the two
versions of CanESMS5, resulted in a modification of their present-day cli-
matology: CESM2-G1 has strong climatological winds in the neck region
(between the subtropical jet and polar vortex) and the polar vortex, akin to
CanESMS5, while CESM2-G2 has weaker winds in these regions, with a
smaller bias compared to observations, similar to CanESM5-G (see contours
in Fig. 1 and see Supplementary Fig. 1).

In response to future Arctic sea ice loss, CESM2-G1, with its stronger
present-day neck region winds, exhibits a pronounced stratospheric
pathway’**'. This includes a weakening of the stratospheric polar vortex,
leading to a significant equatorward shift of the jet in the troposphere
(Fig. la). This winter-mean response closely resembles that of CanESM5
with strong neck region winds (Fig. 1d). The seasonal cycle of the CESM2-
G1 response (Supplementary Fig. 2), shows that the stratospheric pathway
occurs 1-2 months earlier than in CanESM5 (5524, Fig. 4). Notably, altering
the present-day zonal wind climatology in CESM2-G2 suppresses the
stratospheric pathway and results in a much weaker tropospheric response,
similar to CanESM5-G (compare Fig. 1b, e). This significantly alters the
surface climate response (Supplementary Fig. 3), akin to findings for
CanESMS5 in $524.

The mechanism behind this substantial modification of the response is
similar to that reported for CanESM5 in SS24: as in CanESM5-G, the
reduced neck region winds in CESM2-G2 result in a region with a negative
refractive index (see orange contours in Supplementary Fig. 4, and in
Fig. 5¢,d of S524), which acts as a barrier to planetary wave propagation out
of the polar vortex region. An Eliassen-Palm flux budget analysis (Supple-
mentary Fig. 4 and SS24, Fig. 5¢,d) shows that these differences can explain
differences in where anomalous planetary wave activity in response to sea ice
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Fig. 2 | Zonal-mean zonal wind response to future sea-ice loss and its association
with present-day neck region winds. (colors) December-February (DJF) response
to sea ice loss: a the multi-model mean, b the multi-model spread, as quantified by
the difference between the three models with the strongest and the three models with
the weakest tropospheric wind response, ¢ the across-model correlation with the
present-day neck region winds (u,,eck pa)> d the mean of the three models with the
strongest Upeck, pa> € the mean of the three models with the weakest u4,,c pa> and f its
difference. Contours in a show the present-day multi-model mean zonal-wind
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(contour interval: 10 m s™), and in ¢ and f the multi-model mean response (identical
to the shading in a, contour interval: 0.2 ms™). Black dots in ¢ denote statistically
significant correlations at a more than 95% confidence level. The black box in
a (between 40 and 60°N and between 100 and 50 hPa) marks the region of the neck
region winds, and the black boxes in b (between 600 and 150 hPa, and between 30
and 39°N for the low latitude and between 54 and 63°N for the high latitude box)
mark the regions over which the tropospheric zonal wind response is calculated.

changes is deposited and slows down the mean flow. This mechanism,
described in more detail in $S24, explains why the basic state in CanESM5
and CESM2-G1 allows for a stratospheric pathway to occur, leading to a
significant equatorward shift of the jet in the troposphere, and why the basic
state in CanESM5-G and CESM2-G2 acts to suppress a stratospheric
pathway, leading to a very small tropospheric response. In conclusion, these
findings validate the SS24 conclusions using an independent model and
demonstrate that in controlled single-model experiments, perturbing the
climatological neck region winds leads to a markedly different response to
sea ice loss.

PAMIP multi-model analysis
We next examine if these relationships between present-day neck region
winds and the response to sea ice loss across two versions of the same model
are also valid across the spread between multiple (independent) models, by
considering the PAMIP multi-model archive. We supplement these 12-
model PAMIP simulations with the corresponding experiments from
CanESM5-G, CESM2-G1 and CESM2-G2, for a total of 15 models, but note
that very similar results are obtained when we limit the analysis to the 12
models from the PAMIP archive. Figure 2a shows that the multi-model
mean response features a slight weakening of the stratospheric polar vortex
and equatorward shift of the tropospheric jet stream'’. While the tropo-
spheric jet consistently shifts equatorward in the models, previous
studies'”"* showed that despite identical lower boundary forcings (i.e.,
prescribed sea surface temperature and sea ice), the magnitude of the tro-
pospheric zonal wind response varies significantly — by up to a factor of four
(see also Fig. 4). Furthermore, the sign of the stratospheric response is not
consistent across models.

This substantial model spread is highlighted in Fig. 2b, which shows the
difference in the zonal-mean zonal wind response between the three models

with the strongest tropospheric zonal wind response (following ref. 17
defined as the response of the zonal wind averaged over the high minus low
latitude box in Fig. 2b) and the three with the weakest response. Notably, the
magnitude of this response difference exceeds that of the multi-model mean
response (Fig. 2a), reflecting the fact that some models exhibit very weak
responses, while others show responses that are two to three times larger
than the multi-model mean response. The question we explore next is
whether this large spread in the response can be explained by the spread in
the present-day neck region winds.

To investigate this, we present correlations between the strength of the
present-day neck region winds (defined here as the climatological zonal-
mean zonal wind averaged over the box in Fig. 2a and hereafter referred to as
Upeckpa) and the zonal-mean zonal wind response to sea ice loss at each
latitude and pressure level. The CanESM5 and CESM2 simulations in which
the present-day climatology was perturbed (Fig. 1) predict that in response
to sea ice loss models with a stronger 1, s would tend to exhibit a stronger
weakening of the stratospheric polar vortex and a stronger equatorward
shift of the tropospheric jet stream. This is confirmed by the correlation
analysis shown in Fig. 2c, which reveals negative correlations between
Upeckpa and the stratospheric polar vortex response to sea ice loss, and a
dipole of positive and negative correlations between e pq and the tro-
pospheric zonal-mean zonal wind response around 40°N and around 65°N,
respectively. An important finding of this study is that across PAMIP
models, the strength of e pa is a good predictor of the atmospheric cir-
culation response to sea ice loss, as hypothesized by SS24. This conclusion is
further reinforced by composites of the zonal-mean zonal wind response,
which reveal a strong response in the three models with the strongest 14,,¢ ¢ pa
(Fig. 2d) and a much weaker response in the three models with the weakest
Upeck pd (Fig. 2€). The difference between these composites closely resembles
the PAMIP model spread (compare Fig. 2f, b).
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We now extend the correlation and composite analysis to other aspects
of the climate response to sea ice loss. Figure 3a shows the multi-model
mean lower tropospheric zonal wind response. The equatorward jet shift
appears to be primarily confined to the North Atlantic. While a similar
dipole in zonal wind response is found over the Pacific, a comparison with
the present-day climatology (indicated by the contours) shows that, rather
than a jet shift, the response is characterized by an eastward extension of the
Pacific jet toward North America®. Both the correlation analysis (Fig. 3b)
and composite analysis (Fig. 3c) show that the magnitude of both the
Atlantic jet shift (and in particular the part that extends to Europe) and the
eastward extension of the Pacific jet toward North America depends on
Upeckpa- This, in turn, influences the mid-latitude surface temperature
response to sea ice loss, which in the multi-model mean is characterized by
warming (Fig. 3d). Figures 3e and f show that in models with a stronger
Uneckpa the magnitude of the warming is stronger over western North
America-driven by a larger eastward extension of the Pacific jet, which
transports relatively mild ocean air inland. Similarly, the stronger Atlantic
jet shift in models with a strong u,ecpq causes increased warming over
Greenland and decreased warming over northern Eurasia.

Emergent Constraint

Having established strong statistical relationships between ueqpq and
various aspects of the climate response to sea ice loss, we next attempt to
exploit these relationships to reduce the uncertainty in the response through
a neck region wind-based emergent constraint. Such emergent constraints
are presented for the sea ice loss-induced response of the stratospheric polar
vortex (Fig. 4a, defined here as the zonal-mean zonal wind at 10 hPa
averaged between 60 and 75°N as in ref. 43), the tropospheric zonal wind
(Fig. 4b) and the near surface jet latitude (Fig. 4c, calculated here at 850 hPa
following the calculation in ref. 16). Consistent with Figs. 2¢, 3b, and 4
shows that these three metrics of the response all significantly correlate with
Upeck,pa With a correlation coefficient of -0.71 (p < 0.01) for the stratospheric
polar vortex, and -0.53 (p = 0.02) for the tropospheric zonal wind and near-
surface jet latitude responses. The emergent constraint response is the value
of the linear fit evaluated at the observed value of the present-day neck
region winds. Importantly, since the observed value of the present-day

region winds is virtually identical to the multi-model mean value, the
constrained responses (depicted by the big green dots in Fig. 4) are virtually
identical to the multi-model mean responses (depicted by the big red dots in
Fig. 4). Hence, the key finding of this study is that the emergent constraint
based on present-day neck region winds suggests that on average, climate
models accurately simulate the response to sea ice loss.

Finally, we assess the strength of the emergent constraint by comparing
the uncertainty in the unconstrained and constrained responses. For the
unconstrained model response, uncertainty is quantified by bootstrapping
ensemble-mean responses, generating 10,000 resamples per model to derive
5-95% confidence intervals (shown by the small pink error bars in Fig. 4).
The overall uncertainty is defined by the envelope of these intervals across all
models (large pink error bars in Fig. 4; see Methods). For example, the
unconstrained stratospheric polar vortex response has a 5-95% confidence
interval of -3.1 m/s to +2.0 m/s, corresponding to a total uncertainty of
5.1 m/s. The uncertainty in the constrained model response arises from
three sources: (i) the linear regression between predictor and predictand, (ii)
the internal variability of ensemble-mean model values, and (iii) the
uncertainty in the observed wind used to apply the constraint™. These three
contributions are combined to produce the overall 5-95% confidence
interval for the emergent constraint response (large green error bar in Fig. 4,
see Methods). For the stratospheric polar vortex, this interval is -1.4 m/s to
+0.5 m/s, giving a total uncertainty of 1.9 m/s—63% smaller than in the
unconstrained case. This demonstrates the strength of the neck-region-
wind-based emergent constraint in reducing uncertainty in the response to
sea ice loss. Very similar reductions are found for the tropospheric zonal
wind and the near-surface jet latitude response (62%).

Discussion

In summary, our controlled single-model experiments and analysis across
climate models have revealed that the strength of the present-day neck
region winds is a good predictor of the atmospheric circulation response to
sea ice loss. Leveraging this relationship we have proposed a new, robust
emergent constraint, which reduces the uncertainty in the jet stream
response by 62% and indicates that the multi-model mean response is close
to the real-world response. This reduction in uncertainty is attributed not
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only to the strong linear relationship between predictor and predictand but
also to the relatively low uncertainty in the predictor—the strength of the
neck region winds. This is a notable advantage of the newly proposed
emergent constraint over a previously proposed one, for which the pre-
dictor’s amplitude was highly uncertain'’*. Future research should examine
if our emergent constraint survives an out-of-sample test, which is a
requirement for a proposed emergent constraint to be verified’”. This
would require identical sea ice loss experiments to be performed with a new
generation of climate models.

These results have important implications for model developers, as
they demonstrate that an accurate simulation of neck region winds is crucial
for accurately simulating the response to future sea ice loss. The importance
of accurate neck region winds has also been identified regarding the climate
response to CO, doubling'” and the stratospheric polar vortex response to

climate change”. How can this be accomplished? In our CanESM5 and
CESM2 perturbation experiments, the present-day neck region winds were
perturbed by changing parameters in the orographic gravity wave drag
(OGWD) scheme. To investigate the impact of OGWD on neck region
winds across models we turn to historical experiments in the CMIP6 archive
(see Methods). The multi-model mean OGWD is characterized by large
OGWD just above the subtropical jet extending poleward and upward
(Fig. 5a). The pattern of the composite difference in OGWD between
models with weak and strong neck region winds (Fig. 5b) is very similar to
that of the multi-model mean climatology. This suggests that the OGWD
patterns is similar in all models, but that the amplitude, which in OGWD
schemes is determined by a scaling parameter’”*', determines the strength of
the neck region winds. In conclusion, these results highlight the importance
of proper tuning of the OGWD scheme for accurate climate projections.
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Our results also have important implications for future climate pro-
jections. While a previous study has suggested that a correction for a sys-
tematic underestimation of the impact of sea ice loss on the atmospheric
circulation results in a response that is opposite to the raw model
projections'®, our new, more robust emergent constraint suggests that such a
correction is not needed. Hence, our results enhance the confidence in the
climate model projections that the tropics will win the ‘tug-of-war’ and that
the zonal-mean jet stream will shift poleward in response to future warming,

Methods

Models

CanESMS5 is a state-of-the-art Earth system model developed at the Cana-
dian Centre for Climate Modelling and Analysis (CCCma)®. Its atmo-
spheric component is run at T63 spectral resolution, corresponding to
approximately 2.8° in both latitude and longitude, and employs 49 vertical
levels with a modellid near 1 hPa. Although CanESMS5 is classified as a “low-
top” model with a lower frequency of sudden stratospheric warmings than
observed*”, it has been shown to be among the best-performing models in
reproducing stratosphere-troposphere coupling™.

CESM2 is the latest Earth system model developed by the National
Center for Atmospheric Research (NCAR)*®. Its atmospheric component,
the Community Atmosphere Model version 6 (CAMS6), employs the finite
volume (FV) dynamical core. The CESM2 sensitivity experiments are
conducted at a horizontal resolution of 2.5° in longitude and 1.92° in lati-
tude, in contrast to the default 1.25° x 0.94° grid used in the regular CESM2
model simulations submitted to PAMIP™. The model top is located at 2.26
hPa, classifying it as a “low-top” model. CESM2 ranks among the top 10% of
CMIP6 models in representing key aspects of tropospheric circulation".

Perturbation of climatological winds

Both CanESM5 and CESM2 use an anisotropic orographic gravity wave
drag scheme”, which allows for parameter adjustments to perturb the cli-
matological winds. In CanESMS5, two free parameters are modified to
enhance the gravity wave drag, producing a variant called “CanESM5-G™*".
The increased gravity wave drag in CanESM5-G results in a weaker stra-
tospheric polar vortex and reduced neck winds compared to the default
CanESM5. Unlike many other low-top models, CanESM5-G slightly
overestimates the frequency of sudden stratospheric warmings®. Two
CESM2 variants with similar zonal wind climatologies as CanESM5 and
CanESM5-G are obtained by applying similar adjustments. In particular,
the gravity wave drag efficiency parameter named “effgw_rdg beta” is
reduced from the default value of 1.0 to 0.4 to obtain a zonal wind clima-
tology with relatively strong neck region winds in CESM2-G1, while
CESM2-G2 features weaker neck regions winds through the increase of this
parameter to 2.5.

Model Simulations

For each model configuration, we follow the PAMIP protocol to conduct
two experiments: pdSST-pdSIC and pdSST-futArcSIC, representing the
present-day sea-surface temperature combined with either observed or

future Arctic sea ice conditions, respectively”. The radiative forcing is fixed
at year-2000 levels. Each simulation is run from April 1, 2000, to May 31,
2001. For CanESM5 and CanESM5-G, 300 ensemble members are gener-
ated using 10 distinct initial states, each with 30 perturbations to cloud
physics introduced by varying the seed in the random number generator. A
similar approach is used for CESM2, except that the number of initial states
is doubled, resulting in 600 ensemble members. The CanESM5 and
CanESMS5-G simulations are described in detail in SS24.

Multi-model CMIP6 PAMIP simulations

We consider all PAMIP models available at the Earth System Grid Fed-
eration (ESGF) system with at least 100 ensemble members, where ensemble
members are selected only if all considered variables (zonal wind, tem-
perature, surface temperature and sea level pressure) for both pdSST-pdSIC
and pdSST-futArcSIC experiments are available. These 12 models are AWI-
CM-1-1-MR (100), CanESMS5 (300), CESM1-WACCM-SC (299), CESM2
(200), CNRM-CM6-1 (499), E3SM-1-0 (200), EC-Earth3 (169), FGOALS-
f3-L (100), HadGEM3-GC31-MM (300), IPSL-CM6A-LR (200), MIROC6
(100), NorESM2-LM (200), with the number in brackets denoting the
number of available ensemble members. We supplement these simulations
with CanESM5-G (300), CESM2-G1 (600) and CESM2-G2 (600), for a total
of 15 models.

CMIP6 historical simulations

To investigate the importance of orographic gravity wave drag for present-
day neck region winds, we consider all CMIP6 models available at the ESGF
system with at least one ensemble member of the historical simulation for
which both the zonal wind and the zonal wind tendency due to orographic
gravity wave drag (utendogw) is available. These 12 models are: CanESM5
(rlilp2fl), CESM2 (rlilp1fl), CESM2-FV2 (rlilp1fl), CESM2-WACCM
(rlilp1fl), CESM2-WACCM-FV2 (rlilplfl), GFDL-ESM4 (rlilplfl),
HadGEM3-GC31-LL (rlilp1f3), HadGEM3-GC31-MM (rlilp1f3), IPSL-
CM6A-LR  (rlilplfl), MPI-ESM1-2-LR (rllilplfl), MRI-ESM2-0
(rlilp1fl) and UKESM1-0-LL (rlilplf2), with the label in the brackets
denoting the ensemble member selected for this study. Note that we did not
consider the PAMIP simulations (pdSST-pdSIC) for this analysis as only a
few PAMIP models provided utendogw data.

Observed value of the neck regions winds, and its uncertainty
The observed present-day (1981-2014) neck region wind is the average of
three reanalysis products: ERA5*, MERRA-2" and JRA-55*. To quantify
uncertainty, we apply bootstrapping: the 1981-2014 data from all three
products are pooled, 34 years are randomly resampled with replacement,
and the mean wind is calculated. This procedure is repeated 10,000 times to
derive the 5-95% confidence interval.

Uncertainty in the unconstrained model response

For each model, bootstrapping was used to quantify uncertainty due to
internal variability in (i) the ensemble-mean neck regions winds (the pre-
dictor) and (ii) the ensemble-mean response to future sea ice loss (the
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predictand). Specifically, for each variable 10,000 resampled ensemble
means were generated to form a bootstrap distribution, from which 5-95%
confidence intervals were calculated (shown as pink error bars in Fig. 4). The
total uncertainty in the unconstrained model response is defined as the full
range of these error bars across all models: the lower bound corresponds to
the minimum of the model-specific 5% confidence levels, and the upper
bound corresponds to the maximum of the model-specific 95% confidence
levels.

Uncertainty in the emergent constraint model response

The uncertainty in the emergent constraint arises from three sources: (1)
uncertainty in the predictor-predictand relationship (i.e., the regression fit),
(2) uncertainty in the ensemble-mean model values due to internal varia-
bility, and (3) uncertainty in the observational value used to apply the
constraint. These are treated as follows.

First, we calculate the uncertainty in the regression fit using the 5-95%
confidence interval based on the raw (non-bootstrapped) ensemble mean
model values, using the Python routine scipy.stats.linregress, which esti-
mates uncertainty intervals from an ordinary least squares regression under
the assumption of normally distributed residuals. This interval is shown as
the dark gray shading in Fig. 4.

Next, we combine this regression uncertainty with the uncertainty in
the model ensemble means by repeating the regression analysis 10,000
times, each time drawing model ensemble means from their bootstrap
distributions. This yields bootstrap distributions of the lower (5%) and
upper (95%) regression confidence limits. The overall 5-95% confidence
interval is then defined by the 5th percentile of the lower-limit distribution
and the 95th percentile of the upper-limit distribution and is shown by light
gray shading in Fig. 4.

Finally, we incorporate the uncertainty in the observed value by eval-
uating the emergent constraint not only at the best-estimate observed wind
value, but also at its 5% and 95% confidence levels. The intersections of the
light grey shading (representing the model uncertainty) with the green
shading (representing the observational range) define the range of uncer-
tainty in the emergent constraint response. Specifically, the 5% and 95%
observational values are applied to the upper and lower regression con-
fidence limits obtained in the previous step, producing a range of con-
strained responses. The overall 5% confidence level of the emergent
constraint response is taken as the lowest of these values, and 95% con-
fidence level as the highest.

Data availability

PAMIP simulations from CanESM5-G, CESM2-G1 and CESM2-G2 are
available at https://crd-data-donnees-rdc.ec.gc.ca/CCCMA/publications/
2025_Sigmond_Sun, and CMIP6 PAMIP and historical simulations are
available from the Earth System Grid Federation portal at https://esgf-node.
linl.gov/search/cmip6/. Observations of zonal-mean zonal wind were
obtained from https://www.jamstec.go.jp/ridinfo/.

Code availability
Analysis scripts used for this study are available at https:/gitlab.com/
michael.sigmond/pamip_cmip6.
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