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Abstract Climate models project that the Arctic Ocean could see an ice‐free summer by the middle of this
century. Through coordinated simulations, the Polar Amplification Model Intercomparison Project (PAMIP)
aims to elucidate the causes and consequences of future Arctic sea‐ice loss. There is particular interest in
understanding the mechanisms by which midlatitude weather and climate may be impacted, including via the
“stratospheric pathway”; Arctic sea‐ice loss and associated warming is proposed to induce a wave‐driven
weakening of the wintertime stratospheric polar vortex, which could subsequently impact tropospheric
circulation. However, this is not well understood: studies do not so far find a robust stratospheric response to
Arctic sea‐ice loss in either strength or sign. Here, we conduct novel analysis of the stratospheric response in
thirteen PAMIP‐contributing models, looking beyond the typical time‐ and zonal‐mean diagnostics. Although
our results overall confirm the lack of robust response, one model, HadGEM3‐GC31‐MM, has a statistically
significant equatorward shift in vortex latitude, deceleration of vortex winds, and increase in sudden
stratospheric warmings. Its response is found to be highly state‐dependent, significant only in the easterly phase
of the quasi‐biennial oscillation (QBO). Though we cannot comprehensively conclude whymodels simulate this
range of responses, our analysis does highlight areas for consideration in future work to better constrain the
stratospheric response to Arctic sea‐ice loss. We explore the role of ensemble size, resolution and basic state,
including zonal‐mean winds in the polar and midlatitude stratosphere and upper troposphere, as well as
the QBO.

Plain Language Summary Since the 1980s, the Arctic has warmed much faster than the rest of the
world and summertime sea‐ice has halved. This dramatic change is thought to have far‐reaching impacts. It may,
for example, affect the jet stream and the weather systems it carries over northern America, Asia and Europe.
One suggested pathway for impacts goes via the stratosphere: Arctic change could trigger atmospheric
disturbances that disrupt the typically strong and stable band of winds circling the north pole in the winter,
known as the “stratospheric polar vortex.” We use climate models to study changes in the characteristics and
behavior of the vortex in response to possible future Arctic sea‐ice loss. We find no consistent change in the
average state nor variability of the vortex across models. However, one model does show a significant
weakening and shift of the vortex. Though it is tricky to unpick why certain models differ from the others, our
findings highlight that future studies into the response to Arctic sea‐ice loss may benefit from careful
consideration of model resolution, ensemble size, and representation of the stratosphere's basic state, including
the polar vortex, tropical lower stratosphere, and midlatitude upper troposphere/lower stratosphere winds.

1. Introduction
In the Arctic Ocean, significant loss of sea‐ice is considered a major contributor to strong near‐surface atmo-
spheric warming (Screen & Simmonds, 2010), in conjunction with other atmospheric and oceanic processes (see
Jenkins et al., 2024). With ongoing human emissions, climate models project a sea‐ice‐free Arctic summer by the
middle of this century (Notz & SIMIP Community, 2020; Notz & Stroeve, 2016). Whilst the consequences of sea‐
ice loss likely extend well beyond the Arctic, the precise nature of the changes in atmospheric circulation are
uncertain. As a result, the impacts on midlatitude weather and climate, and on the communities that live across the
northern midlatitudes, are also uncertain (Cohen et al., 2020).

One of the proposed mechanisms linking Arctic sea‐ice loss and associated warming to midlatitude circulation is
the so‐called “stratospheric pathway.” The hypothesis is that Arctic change modulates upward‐propagating
planetary waves which, if sufficiently strong, can disturb the stratospheric polar vortex (Kim et al., 2014;
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Kretschmer et al., 2018). In particular, strong wave‐driving can increase the chances of sudden stratospheric
warmings (SSWs): dramatic breakdowns of the wintertime vortex whose own anomalies can influence the surface
for up to weeks at a time (Baldwin et al., 2021; Domeisen & Butler, 2020; Kolstad et al., 2022). However, the
stratospheric pathway mechanism is not certain—including the influence of Arctic sea‐ice loss on the strato-
spheric polar vortex itself. Some studies also find that, though the stratosphere may respond to Arctic sea‐ice loss,
stratosphere–troposphere coupling anomalies may not necessarily always extend to the surface (Cai et al., 2012;
Xu et al., 2023).

In general, studies find the simulated stratospheric response to greenhouse gas forcings are model‐dependent
(Ayarzagüena et al., 2020; Karpechko et al., 2022, 2024). Arctic sea‐ice loss is one component of greenhouse gas‐
forced climate change that is often studied in isolation; stratospheric responses to sea‐ice loss also appear to be
model‐dependent. There are a variety of systematic model biases which are understood to contribute to the range
of such responses (Smith et al., 2017; Sun et al., 2015). One way in which this can happen is through modification
of a model's “basic state,” with some studies noting the dependency of the stratospheric response on both oceanic
and atmospheric state. In particular, there appears to be a role for the climatological stratosphere itself. Idealized
model experiments find that the vortex response to polar warming is sensitive to both the climatological polar
vortex and “neck” winds (Mudhar et al., 2024). This neck region between the stratospheric polar vortex and
tropospheric jet has similarly been identified as a key region in studies with more complex models. This includes
the response to general greenhouse gas forcings (Karpechko et al., 2024), as well as Arctic‐specific forcings. For
example, Sigmond and Sun (2024) propose that the climatological neck winds control the amount of anomalous
sea‐ice loss‐induced planetary wave activity that can propagate into the stratosphere. Other studies have found a
dependency on the tropical lower‐stratosphere winds, or quasi‐biennial oscillation (QBO) phase, which may
modify the climatological vortex, and hence its response to forcing, as well as the propagation of anomalous wave
activity into the vortex directly (Labe et al., 2019; Xu et al., 2024).

There has not yet been a systematic and/or detailed multi‐model comparison of the stratospheric response to
Arctic sea‐ice loss, with the majority of relevant studies discussed above using a single model. Here we make use
of simulations from the Polar Amplification Model Intercomparison Project (PAMIP), part of the Sixth phase of
the Coupled Model Intercomparison Project (CMIP6), to do so. PAMIP involves numerous international
modeling groups performing coordinated large ensemble sea‐ice loss experiments (Smith et al., 2018). Previous
analysis of the PAMIP simulations of future Arctic change suggest a robust negative north Atlantic oscillation
(NAO) response across atmosphere‐only models, with an equatorward shift of the tropospheric jet (Smith
et al., 2022). Although the sign of the jet shift appears consistent, the magnitude varies widely across the models,
implying large uncertainty in any downstream changes in midlatitude weather and climate. The stratospheric
response is even more uncertain, with no consistent sign or strength of change in winter‐mean zonal‐mean
stratospheric polar vortex winds across models (Smith et al., 2022; Zheng et al., 2023). This stratospheric un-
certainty may also contribute to the range of magnitudes of the simulated tropospheric jet shift, though is likely
not critical for the direction (Mudhar et al., 2024; Smith et al., 2022).

In this study, we investigate the response of the stratosphere to future Arctic sea‐ice loss using PAMIP simu-
lations. As well as predominantly using individual models, the research to‐date has typically focused on the
change in the zonal‐mean strength of time‐mean stratospheric westerlies within the wintertime vortex. We build
on this by examining the change in vortex geometry and variability, too. We aim to address two questions:

1. How robust is the stratospheric response to Arctic sea‐ice loss in the models, both in terms of mean state and
variability?

2. If responses differ significantly between models, what drives those differences?

2. Methods
2.1. Model Experiments

We utilize coordinated PAMIP experiments run with 13 atmospheric global climate models (Smith et al., 2018).
Experiment 1.1 pdSST-pdSIC simulates the “present day” climate by prescribing the surface with present day
estimates of sea surface temperatures (SSTs) and sea‐ice concentration (SIC). Experiment 1.6 pdSST-
futArcSIC is the same as 1.1 but the Arctic SIC is based on that expected to result from a global warming
of 2°C compared to pre‐industrial conditions, with future SSTs used only where sea‐ice is lost compared to in 1.1.
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The difference between 1.6 and 1.1 can thus be considered the simulated response to future Arctic sea‐ice loss and
associated local changes in SSTs (Smith et al., 2018, 2022). Each simulation starts on 1 April and runs for
14 months, though we focus on the northern hemisphere extended winter period from October to April. In
PAMIP, all of the models are required to have at least 100 ensemble members (Table 1) and are forced with the
same SSTs and SIC.

We analyze monthly‐mean zonal wind, temperature and geopotential height from all models listed, and daily‐
mean zonal wind data from a subset of these. Our analysis of vortex variability requires daily data and we
find that the appropriate variables at this frequency are only available for eight of the PAMIP‐contributing
models; in Sections 3 and 4 we make sure to highlight where we focus only on these models. This subset of
models samples a range of horizontal resolutions, vertical levels and model tops, as well as stratospheric polar
vortex climatologies and responses, making it a reasonably representative sample of the wider PAMIP multi‐
model ensemble. We also compare zonal wind and geopotential height‐derived diagnostics to that of ERA5
(Hersbach et al., 2020), using daily data for the extended winter periods of 1979/80 to 2021/22 at a horizontal
resolution of 1° and with 37 vertical levels up to 1 hPa.

2.2. Diagnostics

We look at the change in the stratospheric polar vortex mean state and its variability between experiments using
the 10 hPa, 60°N zonal wind, or that derived from each models' closest grid point. We refer to the former asU10,60.
For variability, we use standard deviation of these winds (σ10,60), SSW frequency and final warming (FW) date,
all calculated from daily data. We also look at zonal wind in the neck region at 70 hPa and averaged over 45− 55°N
(Uneck and σneck). Unless otherwise stated, these zonal wind diagnostics are zonal, ensemble, and northern winter
(December–February, DJF) means.

SSWs are identified following the Charlton and Polvani (2007) approach for “major” warmings. Here, we look for
a reversal in the sign of daily U10,60 over extended winter, requiring that (a) winds must return to westerly for at
least 20 consecutive days between reversals and (b) that they return to westerly for at least 10 consecutive days
before 30 April. Given that the PAMIP experiments are 14‐month timeslices, with the first 2 disregarded for spin‐
up we treat each ensemble member as a “year.” FW dates, the last date in spring when U10,60 reverses, are also
identified using daily data extending to the end of May (Ayarzagüena et al., 2020; Butler & Gerber, 2018).
Applying these criteria to the ERA5 data gives a mean SSW frequency of 0.61 year− 1 and a median FW date of

Table 1
Models Used, Resolution (Degrees Latitude × Degrees Longitude × Number of Vertical Levels × Model Top in hPa), and Ensemble Size (Monthly/Daily)

Institute Model Resolution Members

Alfred Wegener Institute Bremerhaven; Max Planck Institute for Meteorology, Hamburg AWI‐CM‐1‐1‐MR 0.94 × 0.94 × 95 × 0.01 100/100

Canadian Centre for Climate Modelling and Analysis CanESM5 2.8 × 2.8 × 49 × 1 300/100

Centre Européen de Recherche et de Formation Avancée en Calcul Scientifique CNRM‐CM6‐1 1.0 × 1.0 × 91 × 0.01 300/100

Institute of Atmospheric Physics, Beijing FGOALS‐f3‐L 1.0 × 1.0 × 32 × 2.19 100/100

University of Exeter HadGEM3‐GC31‐LL 1.25 × 1.875 × 85 × 0.005 200/191

Met Office UK HadGEM3‐GC31‐MM 0.55 × 0.83 × 85 × 0.005 300/300

Institute Pierre Simon Laplace IPSL‐CM6A‐LR 1.26 × 1.25 × 79 × 0.01 200/200

University of Tokyo/National Institute for Environmental Studies/Japan Agency for Marine‐
Earth Science and Technology

MIROC6 1.4 × 1.4 × 81 × 0.004 100/100

National Center of Atmospheric Research CESM2 1.25 × 1.0 × 32 × 2.25 200a/–

US Department of Energy/University of California Irvine E3SMv1 1.0 × 1.0 × 72 × 0.12 200b/–

Barcelona Super Computing Centre EC‐EARTH3 1.0 × 1.0 × 91 × 0.01 150a/–

Norwegian Meteorological Institute NorESM2‐LM 1.9 × 2.5 × 32 × 3.6 100/–

Research Center for Environmental Changes, Academia Sinica (Taiwan) TaiESM1 0.9 × 1.25 × 30 × 2 199c/–

Note. The top eight models are those with daily data available. aOnly 100 members are available for temperature and geopotential height. bOnly 298 members are
available for geopotential height. cOnly 91 are members available for pdSST-futArcSIC.
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∼13 April. As they require daily data, SSW frequency and FW date are only analyzed using the eight models that
have such data available.

For some of our analysis, we separate ensemble members by QBO phase. We use the zonal‐mean early winter
(October–November) 30 hPa, 5°S–5°N‐mean zonal wind as our QBO index (UQBO, Labe et al., 2019; Richter
et al., 2020). We then classify ensemble members into westerly (QBO‐W) or easterly (QBO‐E) phases as follows,

UQBO
⎧⎨

⎩

≥5 m s− 1 : QBO‐W

≤ − 5 m s− 1 : QBO‐E,
(1)

such that members with − 5 m s− 1 <UQBO < 5 m s− 1 are classified as “neutral.”

We also look at the geometry of the stratospheric polar vortex by applying moment diagnostic methods (described
in detail in Seviour et al., 2013) to December–March monthly‐mean 10 hPa geopotential height. Such “vortex
moments” provide a 2D geometrical description of the vortex by essentially fitting an equivalent ellipse to a
contour that defines the vortex edge from which we can infer the location of its center (as described by the
centroid latitude, ϕ, and longitude, λ) and how “stretched” it is (described by the ratio of its major to minor axis, or
aspect ratio, a). ERA5 data reveals a mean northern hemisphere winter vortex that is slightly elliptical, with
a ∼ 1.6, and centered just north of 75°N.

Finally, we calculate wave‐1 refractive index using monthly‐mean zonal wind and temperature (n2k=1; Mat-
suno, 1970; Mudhar et al., 2024). Refractive index generally describes regions in which waves are able to
propagate: waves decay in regions of negative n2, such that wave propagation is easiest in regions of positive n2,
indicating a kind of “waveguide.” By using wavenumber k = 1, we specifically focus on the waveguide for
planetary‐scale waves. Thus, analyzing n2k=1 enables us to gain some insight into potential changes in upward
wave propagation that could contribute to the stratospheric response.

Given the inconsistencies between some of the models' daily versus monthly ensemble sizes, depending on the
data available (Table 1), we only compare diagnostics calculated using data that has consistent time resolution
and/or ensemble members. In other words, we do not draw relationships between monthly and daily data, since
the latter's members may be a subset of the former. This is particularly key when comparing mean strength of
winds to their variability (e.g., standard deviation or SSW frequency). Where appropriate, we also identify where
mean responses are significant using a bootstrapping approach. This is done by randomly resampling data from
the two experiments N times with replacement, whereN is the total number of ensemble members, then taking the
difference. This is done 1,000 times (quicker than but comparable with 10,000), with the resultant distribution of
differences used to identify whether the sign of change is significant to the 97.5% confidence level; that is, if
<2.5% of responses are of a different sign, then we say the response is significant.

3. Stratospheric Response to Arctic Sea‐Ice Loss in PAMIP Simulations
Across PAMIP‐contributing models, the average response to future Arctic sea‐ice loss is a weakening of the
winter stratospheric winds—but this is not robust. We see this across all of the models analyzed here (Figure 1),
including the smaller subset of models with daily data, corroborating previous work by Smith et al. (2022). The
individual models clearly disagree on the sign of the response, though changes are fairly small in most
(Figures 1a–1m). CNRM‐CM6‐1, E3SMv1, HadGEM3‐GC31‐LL, MIROC6, and NorESM2 all show a
strengthening of U10,60, though none with any significance. The rest of the models show a weakening, but only
CanESM5 and HadGEM3‐GC31‐MM have a significant response in polar latitudes as high as 10 hPa; CanESM5
does not show a significant U10,60 response specifically, though TaiESM1 does.

Similarly, the daily evolution of U10,60 over the extended winter shows fairly small changes between climatology
(pdSST-pdSIC) and the future experiment (pdSST-futArcSIC, Figure 2) across our eight‐model subset.
Within DJF, CanESM5 and HadGEM3‐GC31‐MM have the largest decelerations, though only the latter has a
consistently significant response (from around January onwards). Interestingly, CNRM‐CM6‐1 seems to expe-
rience a late, and significant, strengthening in March.
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Relatedly, there is no consistent sign of change in mean SSW frequency across this subset (Figure 3a), nor in SSW
timings throughout extended winter (not shown). HadGEM3‐GC31‐MM is the only model with a significant
response: an increase in SSWs in response to future Arctic change. The average timing of FWs also does not
significantly change in any of the models, with differences between the two experiments' median (and mean) FW
dates a matter of days (Figure 3b). Despite small changes in the average FW date, some models' overall FW date
distributions do clearly change. For example, the range of FW dates contracts for CNRM‐CM6‐1 and HadGEM3‐

Figure 1. Zonal, DJF and ensemble‐mean zonal wind response (colors) to Arctic sea‐ice loss per model, overlaid with climatological (pdSST-pdSIC) contours,
including the zero wind line (thick contour). The stippling indicates where the response is statistically significant, the purple line the neck region at 70 hPa, 45− 55°N,
and the black dot 10 hPa, 60°N. Panels (n) and (o) show the multi‐model mean (MMM) for all models and the subset with daily data, respectively, with stippling where the
response is significant and ≥10 of the 13, or ≥6 of the 8, models agree on the sign. All the models' data has been latitudinally regridded to 2.5° to support comparison.
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GC31‐LL, becoming slightly more evenly spread in the former. Whereas the range of FW dates extends for
HadGEM3‐GC31‐MM and IPSL‐CM6A‐LR, with indication of dates as early as February in the latter. Though
CMIP6 model simulations of abrupt4 × CO2 showed a robust change in FW dates versus picontrol
(Ayarzagüena et al., 2020), the PAMIP protocol uses a much weaker, and ultimately different type of, forcing.
Nevertheless, given that Arctic sea‐ice loss is a key component in climate change generally, we believe our
findings support previous conclusions that sea‐ice loss contributes to the simulated spread in CO2‐driven pro-
jections (Kretschmer et al., 2020).

Finally, most models' polar vortices do not significantly shift (or stretch) in response to Arctic sea‐ice loss,
contrary to the robust shift seen in models under greenhouse gas forcings (Karpechko et al., 2022). Here, the most
notable changes in vortex location seem to be the statistically significant shifts equatorward in CanESM5 and
HadGEM3‐GC31‐MM's mean centroid latitudes (Figure 4b). Although CMIP6 experiments, ranging from
4 × CO2 to the mildest SSP scenarios, show a consistently eastward shift in average vortex longitude (Karpechko
et al., 2022), most of the PAMIP‐contributing models show a small westward shift (8 out of the 13 models,
Figure 4c). As for FWs, this suggests that Arctic sea‐ice loss is unlikely to be the main driver of the responses to
general greenhouse gas forcings but could contribute to the spread. Meanwhile an almost even split of models'
mean aspect ratios become marginally smaller/larger, with little qualitative change in distributions across
ensemble members (Figure 4a). It is worth noting that there are large mean state biases here, with all the models
having a vortex that is on average too poleward and too circular compared to ERA5 (dotted black lines in
Figure 4), similar to results found for historical CMIP6 simulations (Hall et al., 2021).

4. Exploring Potential Causes of Model Uncertainty
The above results paint a picture of an overall weak yet diverse response to future Arctic sea‐ice loss across the
PAMIP‐contributing models. Now we explore what might drive differences between them, including why
HadGEM3‐GC31‐MM might be the only one with a consistently statistically significant stratospheric response
for a number of measures, by looking at factors including ensemble size, resolution, and simulated basic state.

Figure 2. Daily evolution ofU10,60 from October to April (DJF shaded in gray) in the two experiments, as well as the response (dashed line), for each of the eight models
with daily data. Fill between pdSST-pdSIC and pdSST-futArcSIC lines and a bold response line indicates periods with a statistically significant change. The
evolution of ERA5 U10,60 is marked on each by the dotted line.
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4.1. Role of Ensemble Size

The models analyzed here have a range of ensemble sizes, from 100 to 300 members (Table 1). To assess the
robustness of models' stratospheric responses, and the dependency of that response on ensemble size, we perform
a bootstrapping test similar to that described in Section 2.2. In this case, we find stratospheric wind responses
(ΔU10,60) and conduct the bootstrapping process for ensemble sizes n = 1 up to N, the total number of ensemble
members in each model. Given the sign of the ensemble‐mean U10,60 response (i.e., strengthening or weakening),
for each of the sub‐ensembles, pn is the probability across the 1,000 bootstrapping resamples that the mean change
with n members is different to that with N:

Figure 3. For the eight models with daily data, (a) mean SSW frequency in pdSST-pdSIC (light) and pdSST-
futArcSIC (dark) per model. The absolute count is at the bottom of each bar and the black lines mark the 97.5% confidence
levels (thick lines for model(s) whose means are significantly different). Bars are ordered L‐R by the size of the difference
between the two experiments' mean SSW frequency, that is, the biggest decrease to increase. (b) FW timing per experiment
(colors as in a) per model, with the near‐central black bar marking the median, upper/lower the extrema, and white the mean.
Median FW day of the year is below each violin, where 120 corresponds to ∼30 April. Violins are ordered L‐R by the size of
difference between the two experiments' median FW dates, that is, largest shift earlier to later. The ERA5‐derived SSW
frequency and median FW date are marked with the horizontal dotted line.
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Figure 4. As in Figure 3b but for vortex (a) aspect ratio, a, (b) centroid latitude, ϕ, and (c) centroid longitude, λ, and for all
models (using monthly data), with the ERA5‐derived values marked by the dotted lines. Violins are ordered L‐R by change in
median values; that is, models whose vortices become more to less circular, more equator‐ to poleward, and more west‐ to
eastward, respectively. The spotty pattern indicates models whose change in the mean between experiments is significant.
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pn =
⎧⎨

⎩

p(ΔUn10,60 > 0), if ΔUN10,60 > 0

p(ΔUn10,60 < 0), if ΔUN10,60 < 0.
(2)

This gives an indication of the size of the ensemble that could be sufficient to achieve a statistically significant
response of any sign in each model's U10,60.

Some studies propose that the lack of robust response may, along with model uncertainty, be due to internal
variability obscuring both near‐surface and stratospheric responses. These studies find that even the minimum of
100 ensemble members in PAMIP is insufficient to capture the atmospheric response, and in particular robustly
identify the stratospheric pathway in the NAO response (Liang et al., 2024; Peings et al., 2021; Sigmond &
Sun, 2024). We reach a similar conclusion for the stratospheric response itself: for most of the models analyzed
here, even 300 members may not be enough. Figure 5 shows that only HadGEM3‐GC31‐MM and TaiESM1
achieve a statistically significant U10,60 response, emerging around n = 200 and 150, respectively. We do
however note that, as in Table 1, TaiESM1 has less than half the number of ensemble members available for
pdSST-futArcSIC as in pdSST-pdSIC. The emergence of significance does vary when using the “mis-
matched” ensembles, as above, compared to when using only the same 91 members in both—in the latter case,
significance emerges even before n = 100. Nevertheless, we take this result to mean that there is something else
intrinsic to these models' stratospheric response to sea‐ice forcing relative to internal variability—and that
HadGEM3‐GC31‐MM's significant response cannot solely be due to its large ensemble.

4.2. Role of Resolution

Although horizontal resolution has been suggested to affect responses to Arctic sea‐ice loss (Streffing
et al., 2021), the evidence for its influence, especially on the stratospheric response, is inconclusive. For example,
Figure 2 of Smith et al. (2022) shows that the higher horizontal resolution version of the OpenIFS model
(OpenIFS‐511) has a larger deceleration relative to the lower resolution version (OpenIFS‐159) in response to
Arctic sea‐ice loss (Streffing et al., 2021). The version with more vertical levels (OpenIFS‐1279, 137 levels; 60 in
the stratosphere where p< 100 hPa) also shows a vortex strengthening compared to weakening in that with the
same horizontal resolution but ∼30% fewer levels (OpenIFS‐511, 91 levels; 38 in the stratosphere). We do not
analyze the OpenIFS simulations here, due to data availability, but we can look across the models we do have,
which span a range of resolutions (Table 1).

Across the models, we do not find any clear relationship between vortex response and horizontal resolution
(Figure 6a). The three models with the largest U10,60 weakening have resolutions of 1° or finer, but CanESM5,

Figure 5. pn (Equation 2) calculated using U10,60 for resampled sub‐ensembles up to each model's total ensemble size. The
black dashed line marks the 97.5% level.
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with the next largest weakening, has the coarsest resolution of all the models analyzed, making it a notable outlier.
Interestingly, our model ensemble includes two versions of the HadGEM3 model whose predominant difference
is their horizontal resolution (Andrews et al., 2020). Comparing their pdSST-pdSIC zonal winds indicates that
the higher resolution version has a statistically significantly stronger vortex, with a similarly significant difference
between their stratospheric responses (Figure 7). But unlike with OpenIFS, the stratospheric response is of
opposite sign between the two versions of HadGEM3 and, unfortunately, without data from more models run at
multiple different resolutions, it is difficult to conclude whether higher horizontal resolution is synonymous with a
stronger vortex and thus results in (greater) deceleration in response to Arctic sea‐ice loss. Furthermore, we might
expect vertical resolution to be particularly important for resolving stratospheric processes. Yet we find that
models with a high number of levels and model top are not necessarily more similar to ERA5 (see e.g.,
HadGEM3‐GC31‐MM vs. AWI‐CM‐1‐1‐MR in Figure 8 and Hall et al., 2021), nor are those with a low number
of levels and model top any less likely to simulate vortex weakening (e.g., CanESM5 and TaiESM1 in Figure 6b).

Previous work, including as part of PAMIP, had hinted at a role for resolution in the diversity of simulated
stratospheric responses, but only two PAMIP‐contributing models were specifically run with different resolu-
tions. Though both those models display significant differences in their simulated responses for different reso-
lutions, the overall relationship across the multi‐model ensemble is not straightforward: we find no obvious
resolution dependency across our 13 models (Figure 6). There are too many additional model differences to be
able to clearly identify the role of model resolution in the stratospheric response; to do so would require targeted
simulations with more models that are beyond the scope of this study. Nevertheless, it is an important question to
try to address, especially given the often‐discussed computational cost savings that could be made by running
with lower resolution in favor of more ensemble members.

4.3. Role of the Basic State

Previous work (discussed in Section 1) highlights the importance of models' simulated basic state in driving
differences in models' forced responses. Figure 7 shows that although only a few of the models analyzed here have
significantly different U10,60 responses, most of them have significantly different climatologies. Furthermore,
across the eight models with daily data, a weaker polar vortex is typically a more variable one, in terms of SSW
frequency (Figure 9a). For a model such as AWI‐CM‐1‐1‐MR, very weak climatological U10,60 may indicate a
simulated vortex state that is simply more susceptible to anomalous wave activity‐driven wind reversals
(Figures 2a and 3a). Whereas for a model such as CanESM5, the very strongU10,60 may instead limit the ability of
waves to reverse vortex westerlies, with much fewer SSWs (Figures 2b and 3a).

Figure 6. U10,60 response, calculated from monthly data, versus (a) horizontal and (b) vertical model resolutions, with
Pearson r and associated p‐value shown for relationships across all models.
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With a focus on the models with daily data, it then seems that, in response to Arctic change, the stronger the vortex
in pdSST-pdSIC, the larger its deceleration and associated increase in SSW frequency (Figure 9c), corrobo-
rating previous experiments with an idealized model (Mudhar et al., 2024). Indeed, in our eight‐model subset, the
change in SSW frequency is well‐correlated with the response in both the mean strength and variability of the
vortex, which themselves are strongly negatively correlated (Figure 9b). The change in SSW frequency tracking
vortex strength is unsurprising, but there is also some clear dependency of the mean vortex response on its own
basic state.

Factors that influence the stratospheric state are typically ones that modify wave propagation. For example,
phenomena such as ENSO or QBO (see Section 4.4), or factors that result from model differences. One such
example is differences in gravity wave parametrizations that impact simulated vortex strength and/or neck winds
(Sigmond & Sun, 2024). We use the wave‐1 refractive index squared (n2k=1) to infer a waveguide for planetary
waves (following Mudhar et al., 2024). Within the waveguide, this neck region between the subtropical jet and
stratospheric polar vortex has previously been highlighted as being particularly key: it is the region through which
tropospheric wave activity can travel to ultimately be able to interact with the stratospheric vortex. As the n2k=1
calculation partly depends on zonal winds, Uneck can be used as a proxy for the waveguide there; stronger Uneck
typically means more positive n2k=1, implying a better waveguide in the neck. The optimal waveguide enables
upward‐propagating waves to reach and break in the mid‐stratosphere, resulting in a weaker, more variable
vortex, with relatively high incidence of SSWs. This requires sufficient stratosphere–troposphere coupling, in
turn characterized by sufficiently strong neck and polar vortex winds: this is a state in which the stratosphere is not
isolated from the troposphere due to winds being too weak (no tropospheric interaction at all) nor too strong

Figure 7. The difference between each models' pdSST-pdSIC U10,60 (climatology, above diagonal line) and response
(below line). The colors indicate the size of difference and numbers show that difference only where it is statistically
significant (i.e., the p‐value from a two‐tail t‐test is ≤0.025). The differences are calculated as row minus column; for
example, the top right box indicates that AWI‐CM‐1‐1‐MR has a 20 m s− 1 weaker U10,60 than TaiESM1.
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(reflective of tropospheric wave activity), and is something that can be highly
model‐dependent. Here, climatological n2k=1 varies across the models, but is
overall positive from around the midlatitude mid‐troposphere into the polar
stratosphere (not shown), thus theoretically conducive to upward wave
propagation. Across the models with daily data, there is a positive correlation
for climatological Uneck versus U10,60 and σ10,60 (Figure 9a), but it is weak.
There is essentially no relationship between climatologicalUneck versusU10,60
across the full ensemble. This suggests that there are differences beyond just
neck winds that cause some of the models to have a better‐connected
stratosphere and troposphere than others.

Despite differences in climatology, there is some agreement on the response
of refractive index across the PAMIP‐contributing models. Previous studies
have highlighted Uneck as a control on the ability of waves to reach the
stratosphere, particularly in response to Arctic sea‐ice loss (Albers &
Birner, 2014; Mudhar et al., 2024; Sigmond & Sun, 2024). We find that the
neck region n2k=1 predominantly becomes more positive in response to Arctic
sea‐ice loss (Figure 10). The notable exceptions are E3SMv1, HadGEM3‐
GC31‐LL, and IPSL‐CM6A‐LR, which for them suggests a restriction of
waves being able to propagate into and weaken the vortex; the first two do
show a clear mean vortex strengthening but the latter does not (Figure 1).
Most of the other models show a degradation of the waveguide poleward of
the tropospheric jet (browns around 40− 60°N, 100− 200 hPa in Figure 10),
just below an enhancement of n2k=1 that extends well into the stratosphere —
though changes are small. Consistent with their zonal wind responses
(Figure 1), CanESM5 and HadGEM3‐GC31‐MM show statistically signifi-
cant enhancements of refractive index from the neck region into the mid‐
stratosphere; the strong enhancement in TaiESM1 is more on the equatorward
side of the vortex. Interestingly, models with U10,60 strengthening in response
to the sea‐ice forcing tend to have weak neck winds in pdSST-pdSIC, with
the exception of HadGEM3‐GC31‐LL. Although for models with U10,60
weakening, those with the strongest neck winds in pdSST-pdSIC also show
both the largest vortex and neck wind deceleration, such as CanESM5,
HadGEM3‐GC31‐MM, and TaiESM1. This implies that these models have
an improved waveguide that allows anomalous wave activity, including that
additionally generated by the Arctic sea‐ice loss, to propagate up into, then
break within, the vortex, manifested as a higher SSW frequency and weaker
vortex.

Overall, we find a negative correlation between climatological U10,60 and its response (Figure 9c for models with
daily data, correlation is slightly weaker at r = − 0.48 across all 13): the stronger the vortex climatologically, the
greater its deceleration in response to Arctic sea‐ice loss. We also find that the models with daily data whose polar
vortices decelerate most tend to have the largest increase in SSW frequency (Figure 9b). The change in SSW
frequency also corresponds well to the change in neck wind variability (σneck), which itself is highly correlated to
the change in vortex variability (σ10,60, Figure 9b). This suggests that models whose winds in the lower‐ to mid‐
stratosphere become more variable in response to Arctic sea‐ice loss similarly see an increase in SSW frequency,
and vice versa for a decrease, consistent with changes in the waveguide.

4.4. Role of the QBO

The quasi‐biennial oscillation (QBO) in the tropical lower stratosphere is another factor that can directly influence
the stratospheric state. The easterly phase (QBO‐E) is typically associated with a weaker, more disturbed, polar
vortex than westerly (QBO‐W, Holton & Tan, 1980). Labe et al. (2019) have further proposed that under the
influence of Arctic warming, the weaker vortex typical of QBO‐E may weaken more than that of QBO‐W. Walsh
et al. (2025) discuss the potential mechanisms behind the contrasting vortex responses to sea‐ice loss in the QBO‐

Figure 8. Difference between models' and ERA5‐derived values for different
diagnostics: U10,60 and Uneck are calculated from monthly data and the rest
from daily, where available. The numbers are the size of the difference (U and σ
in m s− 1, SSW frequency in year− 1) and the colors indicate the ranking of
models from best (light gray) to worst (black) based on absolute error; for
example, the top left box indicates that AWI‐CM‐1‐1‐MR's U10,60 is 11 m s− 1

weaker than in ERA5, the second biggest mean bias of all the models forU10,60.
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E and W simulations with HadGEM3‐GC31‐MM. They identify constructive interference with climatological
wave‐1 geopotential height in the upper troposphere/lower stratosphere in QBO‐E, and destructive interference in
QBO‐W. They also highlight increased upward wave activity corresponding to regions of enhanced wave‐1
refractive index in QBO‐E, resulting in notable wave convergence in the polar stratosphere that coincides with
the significant deceleration there. This mechanistic description, for just one of the PAMIP‐contributing models,
corroborates previous work by Labe et al. (2019) with another model. To build on this, we have generalized their
investigations to a larger sample of the PAMIP multi‐model ensemble.

Among the 13 models analyzed here, CanESM5, CESM2, FGOALS‐f3‐L NorESM2‐LM, and TaiESM1 have
previously been identified as models that are unable to simulate the QBO (Lee et al., 2020; Richter et al., 2020).
Given the persistence of the initial conditions during these 14‐month (approximately half the QBO period) time‐
slice simulations, we view even the models that do not have an internally generated QBO as sampling different
QBO phases. Within PAMIP, the two HadGEM3 models were specifically initialized to have an approximately
equal number of ensemble members in both phases in the winter, however IPSL‐CM6A‐LR also has members in
all states (Figure 11). In the October–November period used to classify the QBO phase (Equation 1), we find that
eight of the models are predominantly in QBO‐E (Figure 12a) and only three have >20% of members in QBO‐W
(HadGEM3‐GC31‐LL/MM and IPSL‐CM6A‐LR, Figure 12a). Across the models with daily data, there are a
comparable proportion of members in QBO‐W as in a neutral state, but the most overall are in QBO‐E (true using
both monthly and daily data sets).

Averaging across all models' members (MMM) reveals marginal differences in the climatologicalU10,60 between
QBO phases (Figure 12c).U10,60 appears slightly stronger in QBO‐W than QBO‐E (and neutral), though the inter‐
model spread is large. The U10,60 response is then especially interesting. It seems that in spite of the inter‐model
spread in climatological U10,60, there is clear agreement between models, and thus in the MMM, in terms of the
sign of the U10,60 response when splitting by QBO phase: U10,60 weakens under QBO‐E and strengthens under
QBO‐W (Figure 12d). This split of response by phase is particularly seen in HadGEM3‐GC31‐LL, HadGEM3‐
GC31‐MM and IPSL‐CM6A‐LR, which have members in both phases. Though this MMM picture may seem
contrary to the results not split by phase previously, in which stronger climatological polar vortices decelerated
more, it is consistent with the expectation that a weaker polar vortex under QBO‐E should weaken further with
Arctic forcing (Labe et al., 2019). Furthermore, mean SSW frequency increases in response to sea‐ice loss under
QBO‐E, but decreases under QBO‐W (Figure 12b) for those models with daily data. Though neither change is
statistically significant, the sign of change is consistent with our previous results, whereby a sea‐ice loss‐driven
weakening ofU10,60 is accompanied by an increase in SSW frequency (i.e., QBO‐E members) and vice versa for a
strengthening of U10,60 (QBO‐W members).

Figure 9. Pearson correlations between different daily zonal wind‐derived diagnostics' (a) climatological (pdSST-pdSIC) values and (b) response, and (c) the
relationship between diagnostics' response (rows) with climatology (columns), all for the eight models with daily data only. The colors and numbers indicate the sign
and strength of the correlation, with |r|≥ 0.5 bolded. In (c), the top right value of +0.2 indicates a weak positive correlation between U10,60 response and climatological
SSW frequency, whereas the bottom left value of +0.62 indicates a strong positive correlation between SSW frequency response and climatological U10,60.
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Compared to previous studies such as Labe et al. (2019) or Walsh et al. (2025), identifying a clear role for QBO
phase in the stratospheric response to Arctic sea‐ice loss is complicated by the different modeling approaches
across the PAMIP‐contributing models. We suggest that the QBO modulation of the vortex response is not solely
about the mean polar vortex state (the MMM values across phases are not overly dissimilar in Figure 12c), but
likely modulates the response through its relation to other changes in the basic state, similar toWalsh et al. (2025).
Crucially, this model ensemble is overall biased toward the QBO‐E phase (Figure 12a), which suggests a biasing
of the MMM response toward a vortex weakening (as in Figure 1n) and SSW frequency increase for the models
with daily data. To that end, the importance of sampling the different phases within models, and not just across the
model spread, is clear: QBO phase can affect the vortex response, possibly even so far as the sign.We also suggest

Figure 10. As in Figure 1 but for wave‐1 refractive index squared, n2k=1 and without the multi‐model mean.
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taking particular care when initializing the models. For example, not choosing initial conditions from a point in a
run where the QBO is too weak or perhaps in a transitionary phase. Furthermore, evolution of AWI‐CM‐1‐1‐MR
and IPSL‐CM61‐LR UQBO (Figures 11a and 11g) suggest it may even be worth using nudging to maintain
conditions throughout a simulation (e.g., Butchart et al., 2018). Finally, we note that HadGEM3‐GC31‐MM under
QBO‐E has by far the largest magnitude of U10,60 change (disregarding the few CNRM‐CM6‐1 members),
whereas the response of its members under QBO‐W are comparable to that of other models, suggesting that the
robust response of HadGEM3‐GC31‐MM when not split by QBO phase appears to come only from its QBO‐E
members.

Figure 11. Monthly evolution of the pdSST-pdSIC simulation of UQBO per model, with members split into QBO phases depending on winds' sign and strength (black
dashed horizontal lines mark ±5 m s− 1) in October–November (gray‐shaded region, diagnostic description in Section 2.2). The colored lines show evolution of
individual members in each phase, with the horizontal lines on the box‐and‐whiskers marking the median and extrema of the distribution.
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5. Discussion and Conclusions
The response to a single forcing, such as Arctic sea‐ice loss, cannot be directly observed. Nevertheless, it is useful
to study responses to individual forcings in order to understand how they may contribute to the overall trend of
global climate change. For the response to future Arctic sea‐ice loss, previous studies have utilized emergent
constraints from model simulations to estimate the real world response (e.g., Karpechko et al., 2024; Smith
et al., 2022). Our analysis does not unfortunately present a compelling argument for such a constraint for the
stratosphere. To gain an insight into a possible “true” response, then, one could choose to jointly assess how well a

Figure 12. (a) The proportion of ensemble members in each QBO phase per model using monthly data; proportions for the
first eight models using daily data are comparable. The black line marks 50% and the key shows the total number of members
in each phase in brackets. (b) SSW frequency as in Figure 3a (where the lighter and darker colors are pdSST-pdSIC and
pdSST-futArcSIC, respectively), but calculated from a composite of the eight models' ensemble members in each QBO
phase (total number of members in brackets). Then UQBO versus (c) pdSST-pdSIC U10,60 and (d) its response using
monthly‐mean data split by QBO phase, including a weighted line of best fit and r across all models, and two‐tail t‐test with
associated p‐value to indicate the significance of the difference between the multi‐model mean (MMM, star) vortex responses of
QBO‐E and W members. The more opaque the symbol the greater the proportion of members in a given phase: the key shows
numbers of members in QBO‐E | neutral | QBO‐W per model.
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model simulates the present and how robustly it simulates the future. In that case, we would be particularly
interested in models that both (most) accurately represent the world as we know it, and have a statistically sig-
nificant response to the additional forcing. For the former, most of the models simulate a wintertime vortex (and
neck winds), that are biased too strong compared to ERA5 (Figure 8), in turn affecting timings and magnitude of
the stratospheric evolution over extended winter (Figure 2); around half of the models with daily data have
average FW dates that are too late and most of those eight models overestimate the frequency of SSWs (Figure 8).
Altogether, HadGEM3‐GC31‐MM is one of the least‐biased models: its DJF‐mean pdSST-pdSIC Uneck and
U10,60 are slightly stronger than in ERA5 (Figure 8), but its extended winter evolution of the latter, median FW
date, and mean SSW frequency are very similar (Figures 2 and 3). However, we cannot know which aspects of the
present climate are important for the response, so a “better” simulation of the aforementioned quantities may not
necessarily lead to a more realistic response.

When attempting to understand that “realistic” response, it is worth noting that this study comes up against a
number of limitations related to model resolution, parametrizations, and the use of atmosphere‐only versus
coupled models. First, we use atmosphere‐only rather than coupled atmosphere‐ocean models; yet, it has been
suggested that atmosphere‐only models underestimate the response to sea‐ice loss compared to that in coupled
models (Deser et al., 2015; Labe et al., 2020). By using fixed SSTs in these atmospheric models, simulated
variability is likely lower than, and thus not directly comparable to, that of the real world. As such, we cannot
necessarily expect a direct relation between models' responses and model bias: we certainly see that models with
mean SSW frequency or FW date close to ERA5 are overall not consistent in the sign of their responses (Figure 3).
It also means that we do not consider the proposed dependency of stratosphere–troposphere coupling on the
background oceanic state such as the El Niño‐Southern Oscillation (ENSO; Shen et al., 2024, 2025; Walsh
et al., 2025), Atlantic multidecadal variability (Liang et al., 2024), interdecadal Pacific variability (Hu &
Guan, 2018; Simon et al., 2022), or warming SSTs generally (Hu et al., 2018; Yu et al., 2024). Although isolating
the impact of sea‐ice loss in coupled simulations is technically challenging (see e.g., England et al., 2022; Lewis
et al., 2024), future work could compare the stratospheric responses between atmosphere‐only and coupled
models to quantify the modulating effects of oceanic feedback (e.g., SST anomalies) on the Arctic sea‐ice‐
stratospheric polar vortex relationship, thereby providing a more targeted research outlook. Next, our preliminary
analysis in Section 4.2, corroborating similar previous work, suggests that resolution could affect the strength of
response but a lack of data means we are unable to really explore its relative role. And finally, previous work
suggests that small or no stratospheric polar vortex change could result from canceling effects of sea‐ice loss in
the Atlantic versus Pacific sectors (McKenna et al., 2018; Sun et al., 2015; Xu et al., 2023). One study utilizing
PAMIP's regional sea‐ice loss experiments, run with just a few models, found a particularly interesting result for
HadGEM3‐GC31‐MM: there was a large vortex weakening in response to Barents‐Kara Sea sea‐ice loss but no
such compensating strengthening with Sea of Okhotsk sea‐ice loss, as seen in other models (Xu et al., 2024). This
could explain the HadGEM3‐GC31‐MM's comparatively large stratospheric weakening in our own study.
However, Xu et al. (2024) did not specifically examine the additive effects of these separate regional experiments
on the winter vortex, which are additionally not expected to be linear (Screen, 2017). Although future work that
analyses the PAMIP regional sea‐ice loss experiments would aid in the understanding, the experiments we have
analyzed here all have the same boundary conditions, enforcing simultaneous sea‐ice loss over the entire Arctic
region. This means that the model differences apparent in our results cannot be explained by differences in the
regional patterns of sea‐ice loss.

Furthermore, in this study we find that the thirteen PAMIP‐contributing models analyzed display a diversity of
responses to future Arctic sea‐ice loss. For the stratospheric polar vortex that is in terms of both its mean state and
variability, with responses varying in both sign and strength. With a subset of the models, the changes in SSW
frequency closely follow changes in the vortex strength and variability (Figure 9b). The models with the greatest
vortex weakening show an enhanced neck region waveguide (Figure 10), allowing greater upward wave flux,
accompanied by strong deceleration of the vortex (Figure 1) and an increase in SSW frequency (Figure 3a),
corroborating previous studies that highlight the key role of the neck (Mudhar et al., 2024; Sigmond& Sun, 2024).
But the lack of significantly different simulated responses unfortunately limits our ability to say whether the
models are actually responding differently, and if so, why. Regardless, we find that stratospheric responses are
well‐correlated with climatological state (Figure 9a) and that most models' simulated stratospheres are signifi-
cantly different from each other (Figure 7). We also note our focus on stratospheric diagnostics defined at the
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10 hPa level; consideration of lower stratospheric levels (≥70 hPa) could mean more models display a significant
response, but do not believe this would notably alter our results.

Along with its relatively small climatological biases, HadGEM3‐GC31‐MM also shows a large and robust
response to future Arctic sea‐ice loss across its 300‐member ensemble, with a strong stratospheric signal in the
mean that seems to emerge even at smaller ensemble sizes (Figure 5) and for a subset of members under QBO‐E
(Figure 12d). Although we find this model's response to be particularly compelling, these characteristics do not
necessarily mean that HadGEM3‐GC31‐MM gets closest to the “true” response. Nevertheless, besides a large
ensemble (Section 4.1), it has the added benefits of having one of the finest resolutions (Section 4.2) and near‐
even sampling of the two QBO phases (Section 4.4)—features that other models with significant vortex weak-
ening, CanESM5 and TaiESM1, are not able to compete with. Unfortunately, we are overall unable to identify one
single factor that may explain its large and significant response, though the strong response under QBO‐E is
especially interesting, and may perhaps explain TaiESM1's large vortex weakening. Although future modeling
studies into stratospheric responses may benefit from running larger ensembles to find significant responses
(similar to Peings et al., 2021; Liang et al., 2024; Sigmond & Sun, 2024), we emphasize that the simulated basic
state seems to play a key role in models' responses. Our analysis especially highlights the QBO phase as being
highly important in experiments such as these, as it influences both climatological vortex state and response
(Figure 12). With this subset of PAMIP‐contributing models biased toward QBO‐E, we suggest that it is possible
that we are seeing a multi‐model ensemble polar vortex response that is biased toward a weakening. We believe
that future studies would thus benefit from ensuring models have simulations in all phases.

In greenhouse gas‐forced climate change projections, the response of the stratosphere is uncertain. The response to
sea‐ice loss represents one source of uncertainty in polar vortex projections, but few studies have so far investigated
the extent to which model dependency in the stratospheric response to climate change is driven by model de-
pendency in the response to Arctic sea‐ice loss specifically. This is the first study to look across an ensemble of
Arctic sea‐ice loss‐forced complex models, with a focus on the stratosphere. Though the causes of model differ-
ences in the stratospheric response to sea‐ice loss remain unclear, simulated basic state is an apparent control on
vortex response—including, but not limited to, QBO phase. And it is not only the polar vortex mean state that
changes in response to sea‐ice loss, but also vortex variability, including SSW frequency, and downward coupling
to the troposphere. Overcoming the limitations discussed above, including considerations for future inter‐model
comparisons, are not just crucial for understanding the stratospheric response to Arctic climate change, but for
the surface too. Further work is required to better understand the role of the stratosphere in future climate change,
but we believe that inter‐model comparison protocols such as PAMIP can provide invaluable insight.
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