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Abstract Projected changes in the Northern Hemisphere stratospheric polar vortex are analyzed using 
Climate Model Intercomparison Project Phase 6 experiments. Previous studies showed that projections of the 
wintertime zonally averaged polar vortex strength diverge widely between climate models with no agreement 
on the sign of change, and that this uncertainty contributes to the regional climate change uncertainty. Here, 
we show that there remains large uncertainty in the projected strength of the polar vortex in experiments 
with global warming levels ranging from moderate (SSP245 runs) to large (Abrupt-4xCO2 runs), and that the 
uncertainty maximizes in winter. Partitioning of the uncertainty in wintertime polar vortex strength projections 
reveals that, by the end of the 21st century, model uncertainty contributes half of the total uncertainty, with 
scenario uncertainty contributing only 10%. Regression analysis shows that up to 20% of the intermodel spread 
in projected precipitation over the Iberian Peninsula and northwestern US, and 20%–30% in near-surface 
temperature over western US and northern Eurasian, can be associated with the spread in vortex strength 
projections after accounting for global warming. While changes in the magnitude and sign of the zonally 
averaged vortex strength are uncertain, most models (>95%) predict an eastward shift of the vortex by 8°–20° 
degrees in longitude relative to its historical location with the magnitude of the shift increasing for larger global 
warming levels. There is less agreement across models on a latitudinal shift, whose direction and magnitude 
correlate with changes in the zonally averaged vortex strength so that vortex weakening/strengthening 
corresponds to a southward/poleward shift.

Plain Language Summary Previous studies showed that changes in the strength of the winds in 
the Northern Hemisphere wintertime stratosphere, the so-called polar vortex, can affect near-surface winds 
and precipitation on various timescales. However, climate models do not agree on whether the polar vortex 
will weaken or strengthen during the 21st century. Here, we use Climate Model Intercomparison Project Phase 
6 experiments to better understand how the polar vortex will respond to future greenhouse gas emissions. 
We show that half of the uncertainty in the vortex strength projections by the end of the 21st century is due 
to climate model errors (model uncertainty). We show that the uncertainty in the vortex strength projections 
is linked to the uncertainty in projected precipitation over the Iberian Peninsula and northwestern US and 
projected near-surface temperature over the western US and northern Eurasia. Most models predict an eastward 
shift of the vortex relative to its historical location but we do not detect any influence of the vortex longitudinal 
shift on surface precipitation and temperatures. There is less agreement across models on a latitudinal shift, 
whose direction and magnitude correlate with changes in the vortex strength so that vortex weakening/
strengthening corresponds to a southward/poleward shift of the vortex.
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1. Introduction
Stratosphere-troposphere coupling is an important source of surface climate variability and change from 
sub-seasonal to centennial timescales (see Kidston et al., 2015 for a review). It has been proposed and demon-
strated that the projected changes in the strength of the Northern Hemisphere stratospheric polar vortex, the 
wintertime circumpolar westerly winds spanning the stratosphere north of ~50°N, affect the climate change 
response of the Northern Annular Mode (NAM) and associated precipitation and windiness patterns, in particular 
over Europe (Karpechko & Manzini, 2012; Manzini et al., 2014; Oudar et al., 2020; Scaife et al., 2012; Shindell 
et al., 1999; Sigmond et al., 2004; Simpson et al., 2018; Zappa & Shepherd, 2017). Simpson et al. (2018) demon-
strated that the difference in wintertime Mediterranean precipitation projections between models on opposite 
ends of the model spectrum of polar vortex change was on the order of 10% of the present day precipitation 
climatology. Understanding potential changes in the stratosphere in response to anthropogenic global warming is 
therefore of importance for understanding future changes in regional surface climate.

The stratosphere cools in response to increased greenhouse gas (GHG) concentrations, a thermodynamic finger-
print of global climate change (Manabe & Wetherald, 1975). At the same time, tropospheric warming affects 
the generation (e.g., Stephenson & Held, 1993) and propagation (e.g., Shepherd & McLandress, 2011; Sigmond 
& Scinocca, 2010) of atmospheric planetary and gravity waves. Wave dissipation in the stratosphere leads to 
complex nonlinear wave—mean flow interactions so that the net effect of the projected dynamical changes on the 
polar vortex can only be predicted using numerical modeling. Vertical and horizontal resolution of the climate 
models, as well as parameterizations of radiative processes, orographic and non-orographic gravity waves all 
can affect the polar vortex response to anthropogenic global warming in the models (Hardiman et  al.,  2012; 
Karpechko & Manzini, 2012; Sigmond & Scinocca, 2010).

Analysis of the models participating in the Climate Model Intercomparison Project 5 (CMIP5) revealed large 
uncertainty, even in the sign of the zonally averaged polar vortex strength response to increased GHGs (Manzini 
et al., 2014; Simpson et al., 2018; Wu et al., 2019). Nearly half of the CMIP5 models had model lids above the 
stratopause (1 hPa) aiming to fully resolve stratospheric dynamics. On average, these so-called “high-top” models 
better represented stratospheric variability and stratosphere-troposphere coupling in comparison to the “low-top” 
models that underestimated stratospheric variability and produced too short-lived anomalies in the Northern 
Annular Mode (Charlton-Perez et al., 2013; Hardiman et al., 2012). However, no significant difference in the 
polar vortex response to climate change between high top and low top models was found (Manzini et al., 2014; 
Simpson et al., 2018) suggesting that only improving numerical resolution in the stratosphere is not sufficient to 
constrain the polar vortex response to climate change. Similarly, large uncertainty in the magnitude and sign of the 
polar vortex response was found in the Climate Model Intercomparison Project 6 (CMIP6) models (Ayarzagüena 
et al., 2020; Rao & Garfinkel, 2021) and across chemistry-climate models that include ozone-climate interactions 
(Ayarzagüena et al., 2018).

Several studies have proposed explanations for the divergent stratospheric projections, linking it to spread in the 
amount of planetary wave activity propagating from the troposphere (Karpechko & Manzini, 2017), in the wave 
refraction properties of the basic states (Sigmond & Scinocca, 2010), and in the evolution of Barents-Kara Seas 
ice loss across models, which can affect the upward propagating planetary wave activity (Kretschmer et al., 2020; 
Manzini et al., 2018). However, Wu et al.  (2019) found that only 27% of the CMIP5 spread is related to the 
amount of planetary wave activity dissipated in the polar stratosphere.

The lack of model agreement in the polar vortex response exemplifies the limited understanding of the atmos-
pheric circulation response to anthropogenic forcing (Shepherd, 2014). Given the significant contribution of the 
uncertainty in polar vortex strength to regional climate change uncertainty (e.g., Simpson et al., 2018; Zappa & 
Shepherd, 2017), understanding the polar vortex response to global warming and narrowing down its uncertainty 
is a challenge that the scientific community has to address.

In this study, we investigate the polar vortex response using simulations by CMIP6 models. We progress beyond 
earlier studies on this topic in several ways. First, the sensitivity of the stratospheric zonal wind response to the 
respective emission scenario, both Shared Socioeconomic Pathways (SSP) and simplified scenarios, is analyzed 
in all seasons (Section 3.1). Hence, we expand on previous studies, which focused on the response in the strongest 
emission scenario, such as RCP8.5, and the winter season. Second, separate contributions of various sources of 
the uncertainty—internal variability, model uncertainty, and scenario uncertainty—are quantified (Section 3.2). 
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Third, a non-zonal component of the stratospheric response is considered (Section 3.3). Matsumura et al. (2021) 
reported a robust asymmetry in the stratospheric temperature response between American (warming) and Eura-
sian (cooling) sectors across CMIP5 simulations. Here, motivated by their work, we extend their analysis by 
examining both the longitudinal and latitudinal shifts of the polar vortex using elliptical diagnostics (Mitchell 
et al., 2011), as well as their impact on surface climate (Section 3.4). The methods and data used for the analysis 
are described in Section 2.

2. Data and Methods
2.1. CMIP Data Sets

We use data from 55 CMIP6 models listed in Table S1 in Supporting Information S1. Data from seven experi-
ments (Historical, SSP245, SSP370, SSP585, piControl, Abrupt-4xCO2, and 1pctCO2) are used. Note that not 
every model performed all these experiments. Table S2 in Supporting Information S1 shows that 53% of the 
analyzed CMIP6 models are high-top models (model lid above 1 hPa), which is a small increase with respect to 
CMIP5 which has 44% high-top models (Table S3 in Supporting Information S1).

Two models (CanESM5-CanOE and MCM-UA-1-0) provided data for some of the above experiments but were 
not included in the analysis. CanESM5-CanOE is the same model as CanESM5 except for a different ocean 
biogeochemistry module that does not feedback onto the physical ocean model and, therefore, results are iden-
tical to the equivalent members of CanESM5 from the perspective of dynamical changes in the atmosphere. 
MCM-UA-1-0 is from a much older generation of climate models than other CMIP6 models and it has a model 
top at 15 hPa so it is not expected to have realistic stratospheric variability. For comparison with previous studies, 
we also consider the CMIP5 RCP8.5 scenario for some parts of the analysis. Table S3 in Supporting Informa-
tion S1 lists CMIP5 models and number of realizations used.

We diagnose the polar vortex strength response using 10-hPa zonal mean zonal winds averaged over 60°–75°N 
(𝐴𝐴 𝐴𝐴10 ), following Simpson et al. (2018) and Wu et al. (2019). This index covers the region where the intermodel 
spread in zonal mean zonal wind change maximizes (Simpson et  al.,  2018). The climate change response is 
defined as a mean difference between a period in the future and a period in the past. For idealized emission 
scenarios abrupt-4xCO2 and 1pctCO2, the difference is calculated between years 100–149 of these experiments 
and all years in piControl unless stated otherwise. For SSP and RCP8.5 scenarios, the difference is calculated 
between years 2070–2099 and years 1980–2009 of the corresponding historical simulations. Only those histor-
ical simulations that have a corresponding future scenario simulation are considered. Some historical simula-
tions were continued for one scenario but not for the others. In such cases, model historical ensembles differ 
between the scenarios. Note that most of the CMIP5 historical simulations end in the year 2005; therefore, years 
2006–2009 from RCP8.5 were added to the historical simulations when calculating the baseline climatology for 
consistency with the CMIP6 experiments. Both idealized and SSP scenarios are considered when we analyze 
changes in the polar vortex, while the uncertainty partitioning (Section 3.2) and sensitivity of surface response to 
the polar vortex response (Section 3.4) are only based on the SSP scenarios.

Multimodel mean results are obtained by first calculating ensemble mean diagnostics for individual models and 
then averaging across models. Thus, each model has an equal contribution to the multimodel ensemble means 
regardless of the number of realizations in each model.

2.2. Uncertainty Partitioning

Hawkins and Sutton  (2009) considered the uncertainty of climate projections by a multimodel ensemble and 
proposed an approach to separate the total uncertainty (T) in the response of a climate indicator into components 
due to internal variability (I), scenario uncertainty (S), and model uncertainty. Here, we apply a similar approach to 
analyze the uncertainty in the 𝐴𝐴 𝐴𝐴10 response (𝐴𝐴 ∆𝑈𝑈10 ) across CMIP6 models. The analysis of the uncertainty follows 
the approach by Yip et  al.  (2011) who considered the model uncertainty as consisting of two components—
uncertainty independent of scenario (M) and uncertainty dependent on scenario, or the model-scenario inter-
action uncertainty (D). The original equations used by Yip et al.  (2011) are modified here to account for the 
different number of realizations between models and scenarios
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Here, u(s,m,r,t) is the change of the quantity of interest (in our case 30-year mean 𝐴𝐴 𝐴𝐴10 ) with respect to the refer-
ence period for scenario s, model m, realization r, and year t. 𝐴𝐴 𝑢𝑢(∶) is the mean change in u averaged across the 
corresponding dimensions denoted by (:). Ntot is the total number of realizations across all models and scenarios, 
Nm is the number of models for which scenario realizations are available, Ns is the number of scenarios, Nr(s,m) 
is the number of realizations by model m in scenario s, Nrm is the total number of realizations by a model, and 
Nrs is the total number of realizations by all models in a scenario. In this study, we limit the analysis to the three 
SSP emission scenarios (SSP245, SSP370, and SSP585) because unlike idealized scenarios they reflect plausible 
future projections. Therefore, the number of scenarios, Ns, is 3, the number of models, Nm, is 47, and the number 
of realizations, Ntot, is 606.

Since some models provide a few members, their forced response may not be well separated from internal vari-
ability (Lehner et al., 2020). We partly address this issue in a sensitivity analysis where we only use models that 
provide at least five ensemble members (see Section 3.3).

2.3. Elliptical Diagnostics of the Polar Vortex

Introduced by Waugh (1997) and Mitchell et al. (2011) and modified for use with geopotential height by Seviour 
et al.  (2013), elliptical diagnostics allow the center of the polar vortex to be located. The method by Seviour 
et al. (2013) defines the vortex edge using the value of the 10-hPa zonal mean geopotential height (𝐴𝐴 𝐴𝐴10 ) at 60°N. 
Relying on predefined geopotential height values can potentially lead to biases when applied to data affected by 
trends such as in the climate model projections analyzed here. Instead, we define the polar vortex edge as the 𝐴𝐴 𝐴𝐴10 
contour that corresponds to the geopotential height value at the largest absolute value of the negative gradient 
of geopotential height in the equivalent latitude (EqL) space (Butchart & Remsberg, 1986), requiring that this 
negative gradient should fall between 45° and 80° EqL. Our assumption is that trends such as stratospheric cool-
ing that affect 𝐴𝐴 𝐴𝐴10 values do not as strongly affect height gradients. Since the potential vorticity needed to define 
EqL is not available for climate model simulations, 𝐴𝐴 𝐴𝐴10 was used instead because on a hemisphere it has a similar 
dependence on geographical latitude as potential vorticity, albeit with the opposite sign. The results presented in 
Section 3.3 are based on the method outlined above using monthly mean 𝐴𝐴 𝐴𝐴10 fields, but we confirmed that using 
the zonal mean geopotential height at 60°N to define the vortex edge as in Seviour et al. (2013) gives similar 
results.

2.4. Surface Response Analysis

Several studies have previously quantified the surface response to stratospheric forcing based on a regression 
analysis (Manzini et al., 2014; Oudar et al., 2020; Simpson et al., 2018; Zappa & Shepherd, 2017). Here, we adopt 
a similar regression approach given by

∆𝑋𝑋(𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆) = 𝑎𝑎(𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆) + 𝑏𝑏(𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆) × ∆𝑌𝑌 (𝜆𝜆𝜆 𝜆𝜆) + 𝜖𝜖(𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆) (7)

where 𝐴𝐴 ∆𝑋𝑋(𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆) is the change in the climate variable of interest, calculated as the difference between the 
future (2070–2099) and historical (1980–2009) period for model m and scenario s at longitude 𝐴𝐴 𝐴𝐴 and latitude 𝐴𝐴 𝐴𝐴 . 
We consider different response variables, namely, sea level pressure (𝐴𝐴 ∆SLP ), zonal winds at 850 hPa (𝐴𝐴 ∆𝑈𝑈850 ), 
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2-m temperature (𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚 ), and total precipitation (𝐴𝐴 ∆𝑃𝑃𝑃𝑃 ). 𝐴𝐴 ∆𝑌𝑌 (𝑚𝑚𝑚 𝑚𝑚) is the change in the stratospheric indices which 
are standardized relative to the intermodel standard deviation within a given scenario before the regression. In 
addition to 𝐴𝐴 ∆𝑈𝑈10 used in Simpson et al. (2018), we also regress surface variables on changes in the polar vortex 
centroid latitude (𝐴𝐴 ∆PV𝜑𝜑 ) and longitude (𝐴𝐴 ∆PV𝜆𝜆 ), calculated as described in Section 2.3. Finally, 𝐴𝐴 𝐴𝐴(𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆) and 

𝐴𝐴 𝐴𝐴(𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆) denote the regression coefficients obtained using an ordinary least square regression of 𝐴𝐴 ∆𝑋𝑋(𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆) 
on 𝐴𝐴 ∆𝑌𝑌 (𝑚𝑚𝑚 𝑚𝑚) , and 𝐴𝐴 𝐴𝐴(𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆) is the residual of the linear fit. Before using Equation 7, we first regress out the 
global-mean 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚(𝑚𝑚𝑚 𝑚𝑚) from 𝐴𝐴 ∆𝑋𝑋(𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆) and 𝐴𝐴 ∆𝑌𝑌 (𝑚𝑚𝑚 𝑚𝑚) across models, such that the correlation between 

𝐴𝐴 ∆𝑋𝑋(𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆) or (𝐴𝐴 ∆𝑌𝑌 (𝑚𝑚𝑚 𝑚𝑚) ) and global-mean 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚(𝑚𝑚𝑚 𝑚𝑚) across models is zero. This is done to exclude the 
influence of model climate sensitivity on the analysis which otherwise would obscure the relationship between 

𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚(𝜆𝜆𝜆 𝜆𝜆𝜆 𝑚𝑚𝜆 𝜆𝜆) and 𝐴𝐴 ∆𝑌𝑌 (𝑚𝑚𝑚 𝑚𝑚) . Note that the relationship between 𝐴𝐴 ∆𝑃𝑃𝑃𝑃 and 𝐴𝐴 ∆𝑈𝑈10 is largely insensitive to this 
procedure.

To quantify the potential influence of the stratospheric changes on the surface climate variables several 
metrics are assessed. First, we assess the regression coefficients 𝐴𝐴 𝐴𝐴(𝜆𝜆𝜆 𝜆𝜆𝜆 𝜆𝜆) calculated using Equation 7, which 
quantify the relationship between the stratospheric and surface variables. Second, we calculate the fraction 
of variance of 𝐴𝐴 ∆𝑋𝑋 across models explained by the regression on 𝐴𝐴 ∆𝑈𝑈10 (equivalent to a Pearson correla-
tion coefficient squared). Third, motivated by Simpson et al. (2018), we calculate the fraction of 4𝐴𝐴 𝐴𝐴 in 𝐴𝐴 ∆𝑋𝑋 
(roughly corresponding to 2.5%–97.5% of the intermodel spread) that corresponds to the difference between 
models projecting ±1𝐴𝐴 𝐴𝐴 of the standardized 𝐴𝐴 ∆𝑈𝑈10 . Note that regression analysis does not give a direction 
of causality and additional information, for example, from controlled nudging experiments such as those 
performed in previous studies (e.g., Simpson et al., 2018), are necessary to interpret the regression patterns 
(see Section 3.4).

3. Results
3.1. Zonal Mean Change of the Polar Vortex

The projected changes in wintertime zonal mean zonal wind are shown for CMIP5 and CMIP6 in Figure 1. 
Results from Abrupt-4xCO2 (Figure 1a) and SSP245 (Figure 1b) simulations are shown because, on average, 
they, respectively, simulate the largest and smallest global mean warming among the studied experiments, while 
SSP585 is shown (Figure 1c) because it has GHG forcing comparable to that in CMIP5 RCP8.5 (Figure 1d), 
allowing for comparison with previous studies. To facilitate the comparison across CMIP6 experiments, the 40 
models that performed Abrupt-4xCO2, SSP245, and SSP585 simulations are used to construct the ensemble 
means (Table S1 in Supporting Information S1).

All experiments show a robust (>90% model agreement) strengthening of the subtropical winds from the upper 
troposphere to the upper stratosphere. This is understood as a thermal wind response to an increased meridi-
onal temperature gradient due to a warming upper tropical troposphere and cooling stratosphere. The ensemble 
mean zonal wind strengthening reaches a maximum around 30°N and 100 hPa and its magnitude (11.7 m/s in 
Abrupt-4xCO2, 4.7  m/s in SSP245, and 7.8  m/s in both SSP585 and RCP8.5) scales approximately linearly 
with the scenario-mean global warming levels, which are 5.6°C, 2.3°C, 3.8°C, and 3.4°C in these experiments, 
respectively. These changes correspond to a wind strengthening at 30°N and 100 hPa of approximately 2 m/s 
per degree of global warming, although the strengthening varies between 1 m/s and 3 m/s per degree of global 
warming across individual models suggesting different sensitivity of the subtropical winds to global warming in 
the models.

All experiments show an ensemble-mean weakening of the zonal winds in the polar latitudes (easterly change), 
both in the troposphere and the stratosphere, consistent with previous studies (e.g., Manzini et  al.,  2014). 
However, the weakening is only consistent across models in the troposphere where it may be related to a weak-
ening of the meridional temperature gradient due to Arctic Amplification (Smith et al., 2022; Woollings, 2008). 
Note that these are zonal-mean changes; zonally varying changes at the 850-hPa pressure level are reported in 
Section 3.4. Although the easterly change in the polar stratosphere is not consistent across models, it is worth 
noting that the ensemble mean weakening is of comparable magnitude in all experiments despite considerably 
weaker GHG forcing in SSP245. Furthermore, the scaling of wind changes for each model ensemble mean by 
the corresponding global-mean annual mean model ensemble mean 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚(𝑚𝑚𝑚 𝑚𝑚) shows that ∼80% of the models 
simulate a stronger negative wind change per degree of warming in the polar stratosphere (or less positive wind 
change in mid-latitudes) in SSP245 than in Abrupt-4xCO2 (see Figure S1 in Supporting Information S1). This 
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suggests that wind changes are affected by competing factors whose importance varies with global warming 
levels (Kretschmer et al., 2020; Manzini et al., 2018).

Most previous studies (e.g., Manzini et al., 2014; Simpson et al., 2018) analyzed changes in the stratospheric 
zonal mean zonal wind in winter. Looking across all seasons (Figure 2), the wintertime (DJF) change has the 
largest uncertainty by far; however, the uncertainty with respect to sign is present in all seasons. The intermodel 
spread is smallest in summer when models largely agree on the westerly change of the stratospheric winds. In all 
seasons, the intermodel spread generally increases with the strength of the forcing. For example, in DJF the spread 
in SSP585 as defined by the standard deviation is about 50% larger than that in SSP245 (4.3 m/s vs. 2.8 m/s) while 
in summer (JJA) it is larger by about 30% (0.9 m/s vs. 0.7 m/s). Interestingly, the intermodel difference in 𝐴𝐴 ∆𝑈𝑈10 is 
larger than the differences across scenarios in all seasons. This point will be considered in more detail in the next 
section. While the difference between the ensemble mean responses across scenarios is insignificant, it is worth 
noting that, in terms of the median value, the 𝐴𝐴 ∆𝑈𝑈10 distribution in CMIP5 RCP8.5 is more comparable to that in 
the scenarios with weaker forcing (e.g., SSP370 in DJF) than to that in SSP585. This result suggests that model 
selection may be a more important factor affecting 𝐴𝐴 ∆𝑈𝑈10 than the forcing strength.

Figure 1. Multimodel mean zonal mean zonal wind change for wintertime (December to February, DJF, mean) for 
(a) Abrupt-4xCO2, (b) SSP245 (c) SSP585, and (d) CMIP5 RCP8.5 experiments. Line contours mark ensemble mean 
climatological winds (10, 20, 30, and 40 m/s). The gray bar at 10 hPa indicates the region used for defining 𝐴𝐴 ∆𝑈𝑈10 . Dots 
indicate areas where at least 90% of the models agree on the sign of the change.
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The lack of dependence of 𝐴𝐴 ∆𝑈𝑈10 on scenario in DJF is consistent with a weak relationship between 𝐴𝐴 ∆𝑈𝑈10(𝑚𝑚𝑚 𝑚𝑚) 
and global-mean annual mean 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚(𝑚𝑚𝑚 𝑚𝑚) across models in any scenario. A similar result was also noted by 
Simpson et al. (2018) for CMIP5 RCP8.5. On the other hand we find significant correlations between 𝐴𝐴 ∆𝑈𝑈10(𝑚𝑚𝑚 𝑚𝑚) 
and global-mean annual mean 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚(𝑚𝑚𝑚 𝑚𝑚) across models in JJA (r ∼ 0.6) and SON (r ∼ 0.4) in all scenarios, 
which is consistent with the tendency for the ensemble mean 𝐴𝐴 ∆𝑈𝑈10 to increase between SSP245 and SSP585 in 
these scenarios. In these seasons, the stratospheric winds are less affected by wave driving and more affected 
by thermodynamic and radiative influences which may be more directly connected to the global warming level. 
This result may have implications for understanding mechanisms of stratospheric circulation changes; however, it 
will not be pursued further in this paper. In the rest of the paper, we will focus on the wintertime vortex response 
where the intermodel spread in the largest and where the downward stratospheric influence on tropospheric circu-
lation is well documented (e.g., Kidston et al., 2015).

Considering DJF, the results shown in Figures 1 and 2 might be interpreted as an indication of low signal to 
noise ratio in the polar vortex response suggesting that stronger signal and more ensemble members are needed 
to detect the response. However, individual models do show a significant response and the uncertainty arises 
largely because individual models do not agree on the sign of the 𝐴𝐴 ∆𝑈𝑈10 response. Figure 3 shows 𝐴𝐴 ∆𝑈𝑈10 in DJF for 
individual models and for all analyzed scenarios. The statistical significance of the responses is tested against 
the null hypothesis of no change using the preindustrial control run for each model following the bootstrapping 
procedure described in Simpson et al. (2018). Namely, two sets of 30-year chunks, with each set having the same 
number of chunks as the number of experiment realizations by the model, are randomly sampled from the corre-
sponding preindustrial runs to mimic the past and the future, and the difference between these sets is calculated to 
mimic the change. The procedure is then repeated 5,000 times to create a distribution of zonal mean zonal wind 
changes that could occur through sampling of internal variability with a given ensemble size. A model's response 
is considered to be significant if it lies outside of the 95% confidence interval of this distribution. An assumption 
here is that the internal variability is not changing dramatically such that the preindustrial control variability is 
representative of both the future and past periods.

The fraction of CMIP6 models projecting a statistically significant 𝐴𝐴 ∆𝑈𝑈10 (whether positive or negative) increases 
with global warming levels, peaking at 83% in Abrupt-4xCO2 (Figure 3a), and these models are roughly equally 
divided between both weakening and strengthening of the vortex in all scenarios except in SSP245 (Figure 3d) 
where the number of models projecting vortex weakening (30%) is evidently larger than those with vortex 
strengthening (9%), consistent with a more pronounced weakening seen in the multimodel ensemble mean 
(Figure S1 in Supporting Information S1). The fraction of models simulating a significant strengthening has 
increased from 19% in CMIP5 RCP8.5%–33% in CMIP6 SSP585. While there are more CMIP6 models with 

Figure 2. Seasonal dependence of the intermodel spread in 𝐴𝐴 ∆𝑈𝑈10 in Shared Socioeconomic Pathways (SSP) and CMIP5 
RCP8.5 scenarios. The whiskers span the full range of the model ensemble-mean 𝐴𝐴 ∆𝑈𝑈10 ; the box extends from the first quartile 
to the third quartile. The notch indicates the median value of the ensemble means, and the shape/extent of the notch is the 
confidence interval about the median, which is determined by bootstrapping 5,000 times to determine the 95% confidence 
interval.
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multiple realizations and, consequently, larger signal to noise ratio, this is not the main reason for the increase 
in the number of models with 𝐴𝐴 ∆𝑈𝑈10 exceeding internal variability. Rather, there are more CMIP6 models with 
a strong positive response. For example, there are seven CMIP6 SSP585 models (16% of all models) having 

𝐴𝐴 ∆𝑈𝑈10 larger than +4 m/s but only three such models (8% of all models) in CMIP5. At the same time the frac-
tion of models with significant negative 𝐴𝐴 ∆𝑈𝑈10 has not changed much from CMIP5 to CMIP6. Among CMIP6 
models, CanESM5, GISS-E2-1-G, INM-CM4.8, and ACCESS-CM2 have strongly positive 𝐴𝐴 ∆𝑈𝑈10 while 
CNRM-CM6-1-HR, ITM-ESM, EC-Earth3-CC, and EC-Earth3 have a strongly negative 𝐴𝐴 ∆𝑈𝑈10 response in most 
scenarios. The similarity of model responses across scenarios as well as the partitioning of the response uncer-
tainty into different sources will be discussed in the next session.

3.2. Uncertainty Partitioning of the Zonally Averaged Polar Vortex Response

The 𝐴𝐴 𝐴𝐴10 change in a single realization depends on sampling uncertainty, the particular model response, as well 
as on the strength of the forcing. Our results indicate that model properties are an important controlling factor as 

Figure 3. DJF 𝐴𝐴 𝐴𝐴10 changes in individual models and six experiments analyzed in the study. The changes are calculated between (a and b) all years in piControl and 
years 101–150 of (a) Abrupt-4×CO2 and (b) 1%CO2, and (c–f) 1980–2009 in historical experiments and 2070–2099 in (c) CMIP5 RCP8.5, (d) SSP245, (e) SSP370, and 
(f) SSP585. The error bars show the 95% confidence interval for 𝐴𝐴 ∆𝑈𝑈10 , which is obtained from an equivalent sampling of the piControl and solid/hatched bars indicate 
models whose 𝐴𝐴 ∆𝑈𝑈10 is/is not significant, respectively, according to the method described in the text.
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statistically significant responses of both signs are obtained by different models under the same climate forcing. 
This point is further demonstrated in Figure 4 which shows 𝐴𝐴 ∆𝑈𝑈10 in different experiments as a function of 𝐴𝐴 ∆𝑈𝑈10 
simulated by the same models in the 1pctCO2 experiment. For comparability between scenarios, 𝐴𝐴 ∆𝑈𝑈10 for each 

model ensemble mean and for each scenario (𝐴𝐴 ∆𝑈𝑈10(𝑚𝑚𝑚 𝑚𝑚)) is normalized by the 
corresponding global-mean annual mean model ensemble mean 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚(𝑚𝑚𝑚 𝑚𝑚) . 
The responses in different experiments are strongly correlated with correla-
tion coefficients ranging from 0.73 to 0.90. Most models simulate changes 
of the same sign in all experiments, supporting the hypothesis that model 
properties strongly affect both the sign and the magnitude of 𝐴𝐴 ∆𝑈𝑈10 .

We now quantify the relative contribution of all sources of uncertainty to 
the projected evolution of the polar vortex. Figure 5 shows the total uncer-
tainty in 𝐴𝐴 ∆𝑈𝑈10 and individual uncertainty components calculated following 
Equations 1–5 (Section 2.2). 𝐴𝐴 ∆𝑈𝑈10 is smoothed using a 30-year moving aver-
age. At the mid-21st century, internal variability contributes around 80% to 
the total variance (Figure  5b), with the next largest source of uncertainty 
from the model response uncertainty that is independent of scenario (M). 
During the second half of the 21st century the total uncertainty increases 
(Figure 5a), mostly due to the model uncertainty M. The model uncertainty 
increases considerably after 2080 and becomes the largest contributor to the 
total uncertainty by the end of the century. For the end of the century period 
2070–2099, M explains more than 50% of the total variance (Figure  5b). 
Following Yip et al. (2011) the uncertainty due to the differential response 
of the models to different scenarios (D) is considered separately. Considering 
M and D together, following Hawkins and Sutton  (2009), shows that the 
combined contribution of the model uncertainty exceeds 60%.

Partitioning of the uncertainty in the stratospheric vortex response is in 
contrast with that of the surface temperature response where, by the end of 
the century, the scenario uncertainty can be the largest contributor even on 
regional scales (Hawkins & Sutton, 2009). For the 𝐴𝐴 𝐴𝐴10 response, the scenario 
uncertainty does not exceed 10%. One needs to remember that the scenar-
ios considered by Hawkins and Sutton (2009) encompassed a slightly larger 
range of global warming levels (1.8–3.4 K compared with 2.4–3.8 K here); 
however, the uncertainty in the sign of the 𝐴𝐴 𝐴𝐴10 response suggests that the 
result would not qualitatively change if a similar range of the global warming 
levels was considered here.

Figure 4. Scatterplots of normalized DJF 𝐴𝐴 ∆𝑈𝑈10 in individual models and several scenarios as a function of DJF 𝐴𝐴 ∆𝑈𝑈10 in the 
same models in the 1pctCO2 experiment. 𝐴𝐴 ∆𝑈𝑈10 is normalized by the annual mean global warming between the same periods 
(see Section 2.1 for the information about the periods). The slanted colored solid lines indicate the least-squared linear fits 
and the slanted dashed line indicates the identity line.

Figure 5. Uncertainty partitioning of the 30-year mean 𝐴𝐴 𝐴𝐴10 changes with 
respect to the reference period 1980–2009. (a): Absolute values (m 2/s 2) of the 
different sources of uncertainty in the combined U10 wind changes in SSP245, 
SSP370, and SSP585 scenarios and (b): Relative contribution of different 
sources of uncertainty to the total variance. Solid lines show variances 
calculated using all available realizations. Dotted lines show results where 
internal variability I is calculated based on Equation 8. Dashed lines show 
results based on the 11 models having 5 or more realizations in each of the 
three scenarios (Table S1 in Supporting Information S1).
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Assessing the contribution of the internal variability is complicated by most 
models providing only a few realizations, therefore, Equation 1 can lead to a 
biased estimation of the internal variability (Lehner et al., 2020). To test the 
sensitivity of the results to the uncertainty in estimating the internal variabil-
ity, we repeated the calculations in two different ways. First, for the models 
having fewer than 5 realizations, we estimated the internal variability using 
their piControl simulations. Here, the internal variability is estimated as the 
variance of the 30-year mean 𝐴𝐴 𝐴𝐴10 from the piControl (𝐴𝐴 𝐴𝐴10𝑝𝑝𝑝𝑝 ) multiplied by 2. 
The multiplication accounts for the fact that the variance of the difference is 
the sum of the variances of the two terms. Specifically,

�(�) = 1
�� ⋅��

⋅
∑��

�=1

∑��

�=1
� (�, �, �) (8)

where

� (�, �, �) =

⎧

⎪

⎨

⎪

⎩

1
��(�, �) − 1

��(�,�)
∑
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[

�(�, �, �, �) − �(�, �, ∶, �)
]2 �� ��(�, �) ≥ 5

2 ⋅ ��� (�10��) �� ��(�, �) < 5
 

Following this estimation of the internal variability, the total uncertainty T 
was calculated not from Equation 5 but as the sum of the four terms (Equa-
tion  6) with I estimated from Equation  8. Applying this approach did not 
affect the results obtained using the baseline approach (Figure 5).

In the third approach, we repeated the calculations using Equations 1–5 but 
only used the 12 models with 5 or more realizations in each of the three 
scenarios (Table S1 in Supporting Information  S1). Models with multiple 
realizations contribute disproportionately strongly to the variances calculated 
using Equations 1–5. To exclude potential biases due to the varying number 
of realizations by individual models here we use only the first 5 realizations 
of each of the 12 models. The total variance, internal variability, and model 
uncertainty all increase when calculated using this approach (Figure  5). 
However, the uncertainty partitioning does not change much in compari-
son to the baseline approach. In summary, the different sensitivity tests led 
to essentially the same result as the baseline approach, confirming that the 
model uncertainty is the largest contributor to the total uncertainty by the end 
of the 21st century.

3.3. Zonal Asymmetric Change of the Polar Vortex

Matsumura et al.  (2021) demonstrated that CMIP5 models project a robust zonally asymmetrical response in 
the stratosphere with pronounced cooling over Eurasia and suppressed cooling, or even a warming, over North 
America. A zonally asymmetric stratospheric response is also robustly detected in the CMIP6 experiments, as 
seen from 𝐴𝐴 ∆𝑍𝑍10 (Figure 6).

The spatial structure of 𝐴𝐴 ∆𝑍𝑍10 with an anomalous low over Eurasia and anomalous high over North America 
is remarkably similar across the experiments, although the magnitude varies considerably: the Abrupt-4xCO2 
experiment shows the strongest and SSP245 shows the weakest response. This response is nearly orthogonal in 
space to the NAM response found in the pioneering work by Shindell et al. (1999), which has since been the focus 
of most subsequent studies of stratospheric climate change. In all experiments, the response appears less robust 
in the western hemisphere, in particular, over North America, where models disagree on the positive 𝐴𝐴 ∆𝑍𝑍10 . The 
disagreement on the sign of the response in the western hemisphere is a consequence of the global stratospheric 
cooling which causes a shrinkage of the stratosphere (i.e., negative 𝐴𝐴 ∆𝑍𝑍10 ; Pisoft et al., 2021). This offsets the rise 
in 𝐴𝐴 𝐴𝐴10 in the western hemisphere and compounds the fall in 𝐴𝐴 𝐴𝐴10 geopotential height in the eastern hemisphere. 

Figure 6. Multimodel ensemble mean response of 10-hPa geopotential 
height (𝐴𝐴 ∆𝑍𝑍10 ) calculated as the difference between (a) years 100–150 of 
Abrupt-4xCO2 and all years of piControl; (b) years 2070–2099 of SSP-245 
and 1980–2009 of historical; (c) same as (b) but for SSP-585; and (d) same as 
(b) but for CMIP5 RCP8.5. Dots indicate areas where 90% of the models agree 
on the sign of the response. The 40 CMIP6 models with simulations in all 
three experiments are used in (a–c).
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The magnitude of the stratospheric cooling, as well as the magnitude of the rise in 𝐴𝐴 𝐴𝐴10 in the western hemisphere, 
differ across the models, which leads to the disagreement in the sign of response. Removal of the global mean 

𝐴𝐴 ∆𝑍𝑍10 in individual models before constructing the ensemble mean reveals a robust positive change over North 
America (Figure S2 in Supporting Information S1). Note that, following the approach of Figure 1, only 40 CMIP6 
models with simulations in all three experiments are used in Figure 6; however, inclusion of all models does not 
change the result.

Matsumura et al. (2021) does not give a definitive answer to whether the vortex shift, deduced by Figure 6, occurs 
mostly along latitude or longitude. To address this question, we analyze changes in the center of the vortex using 
the moment diagnostics (Section 2.3).

Figure 7 (upper panels) shows the distribution of monthly polar vortex centroid latitudes (𝐴𝐴 PV𝜑𝜑) during winter 
months. In the preindustrial and historical experiments, 𝐴𝐴 PV𝜑𝜑 is typically located north of 70°N with a median at 
∼80°N. In all scenario experiments, the median values of the distributions are shifted southward by ∼1° with only 
a small difference in the magnitude of the shift between the scenarios. A southward shift of a larger magnitude 
(2.5°) was earlier reported for a single CMIP5 model under the RCP8.5 scenario (Mitchell et al., 2012) which is 
within the intermodel spread in 𝐴𝐴 ∆PV𝜑𝜑 as found here (see Figure 8).

Similarly, Figure 7 (lower panels) shows the distribution of monthly polar vortex centroid longitudes (𝐴𝐴 PV𝜆𝜆) . In 
the preindustrial and historical experiments, the vortex center is shifted off the pole toward Europe although the 
monthly 𝐴𝐴 PV𝜆𝜆 values span the wide range of longitudes between 60°W and 80°E. A shift of the polar vortex off 
the pole toward Eurasia is a known feature of the observed stratosphere (e.g., Karpetchko et al., 2005). One can 
see that an eastward shift in 𝐴𝐴 PV𝜆𝜆 is simulated in all scenarios. The magnitude of the eastward shift increases with 
the strength of the forcing ranging between ∼8° in the median value in the scenario with the weakest forcing 
(SSP245) and ∼25° in the scenario with the strongest forcing (Abrupt-4xCO2) where the magnitude of the shift 
is considerable when compared to the unforced variability in the preindustrial experiment. The shift accelerates 
slightly with the strength of the warming: the rate of the shift is on average about 4.5° per degree of warming in 
Abrupt-4xCO2 and only 3.4° per degree of warming in SSP245; however, the difference in the rate of the shift 
between the scenarios is not statistically significant. One can also see a more eastward location of the vortex 
center in the CMIP6 historical (14°–15°E) than in the CMIP6 preindustrial (8°E) or CMIP5 historical (9°E) 
experiments. While the former difference may result from the climate change between preindustrial and historical 
experiments, the latter difference is due to different model biases between CMIP5 and CMIP6 models. For an 
overview of the stratospheric biases in the historical simulations of CMIP5 and CMIP6 (see for example, Rao 
et al. (2022).

Figure 7. Distributions of the DJF polar vortex centroid latitude (top row) and centroid longitude (bottom row) at 10-hPa comparing reference (black) and global 
warming (red) experiments from CMIP6 (a–j) and CMIP5 (k–l). The medians of each of the distributions are listed in the top left of each panel. In all cases, the 
distributions are constructed using the centroid values from individual months between December and February. For the 1pctCO2 and Abrupt-4xCO2 experiments 
(a–d), the distributions are constructed by using only the last 50 years of the preindustrial control (black) or experiment (red) simulations. For the Shared 
Socioeconomic Pathways (SSP) and RCP experiments (e–l), the distributions for the historical (black) are constructed using only years from 1980 to 2009, while the 
future scenarios (red) are constructed using only years from 2070 to 2099. The statistical significance of the difference in the medians between the reference and global 
warming experiments is assessed with a bootstrap test comparing the 95% confidence intervals on the medians. Asterisks on the red numbers indicate that the medians 
are significantly different.
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Figure 8 shows 𝐴𝐴 ∆PV𝜑𝜑 and 𝐴𝐴 ∆PV𝜆𝜆 for individual models against corresponding 𝐴𝐴 ∆𝑈𝑈10 values. There is a strong 
(r ∼ 0.9, Table 1) correlation between 𝐴𝐴 ∆PV𝜑𝜑 and 𝐴𝐴 ∆𝑈𝑈10 indicating that a southward/northward shift of the vortex 
center corresponds to a zonally averaged vortex weakening/strengthening at 60°N (Figure 8a, left). Such a rela-
tionship is consistent with observed weakening of the polar vortex during Sudden Stratospheric Warming (SSW) 
displacement events (Mitchell et al., 2011). While a southward shift is the most likely change across the models 
(Figure 8a, right), it appears only in ∼75% of models; thus, the uncertainty in the direction of the latitudinal 
vortex shift is comparable to the uncertainty in the sign of 𝐴𝐴 ∆𝑈𝑈10 (Figures 2 and 3).

Figure 8b shows that most CMIP6 models (>95%) simulate an eastward shift of the polar vortex in response to 
global warming with a few exceptions discussed below. The dependence of the magnitude of the shift on global 

warming level is seen when looking at the differences between the scenarios 
(Figure 8b, right). On the other hand, the relationship between the magni-
tude of the eastward shift and global warming level across the models is 
only significant for Abrupt-4xCO2 (r = 0.41, p = 0.05) but not for the other 
scenarios (not shown). Also, there is no relationship between longitudinal 
shift and the zonal mean wind changes across the models (Table 1).

The eastward shift of the polar vortex is a manifestation of an eastward shift 
of the planetary wavenumber 1. Figure 9 illustrates this for the Abrupt-4xCO2 
scenario. In this experiment the shift occurs on two timescales (Figure 9a). 
During the first 5–10  years a fast response occurs when the wavenumber 

Figure 8. Scatterplots and boxplots of the model ensemble-mean changes in DJF polar vortex (a) centroid latitude (𝐴𝐴 ∆PV𝜑𝜑 ) 
and (b) centroid longitude (𝐴𝐴 ∆PV𝜆𝜆 ) against corresponding 𝐴𝐴 ∆𝑈𝑈10 . The whiskers in the boxplots shown in the right panels span 
the full range of the model ensemble-mean changes in the centroid values; the box extends from the first quartile to the third 
quartile and the bars show the medians.

4xCO2 1pctCO2 SSP245 SSP370 SSP585

𝐴𝐴 ∆PV𝜑𝜑 0.91 0.88 0.90 0.90 0.91

𝐴𝐴 ∆PV𝜆𝜆 −0.07 −0.10 −0.13 −0.07 0.04

Note. Correlation coefficients highlighted in bold are significant at p = 0.05.

Table 1 
Correlation Between Model Ensemble-Mean Changes in DJF Polar Vortex 
Centroid Coordinates and 𝐴𝐴 ∆𝑈𝑈10
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1 shifts eastward by a magnitude exceeding, for most models, one standard deviation of its variability in the 
preindustrial experiment. More than 70% of the shift magnitude reached by years 100–149 of Abrupt-4xCO2 is 
reached during the first 5–10 years, that is, during the fast response, while the rest of the response occurs slowly 
over subsequent decades. The shift is seen as a wavenumber 1 structure tilted westward with height throughout 
the stratosphere but not in the troposphere where a wavenumber 2 response is seen instead (Figures 9b and 9c). 
Matsumura et al. (2021) proposed that the zonally asymmetric response in the stratosphere is forced by differen-
tial heating in the equatorial Pacific. The wave response shown in Figures 9b and 9c is consistent with the results 
of their linear barotropic model heating experiments (see Figure 3d in Matsumura et al. (2021)); however, a more 
detailed investigation of the mechanisms of the shift is needed but beyond the scope of our paper.

While model agreement on an eastward shift is remarkable with more than 95% of models reproducing it when 
considered across all scenarios (Figure 8b), it is not simulated by all models. BCC-CSM2-MR and MIROC-ES2L 

Figure 9. (a) Time series of normalized DJF mean wavenumber 1 phases at the 10-hPa geopotential height for all individual 
models in piControl and Abrupt-4xCO2 experiments. For each model, the time series are normalized by the standard 
deviation across all years of the piControl experiment. Thick gray line is the multimodel mean; dashed lines mark ±1σ. 
Year 0 on the x axis corresponds to the first year of Abrupt-4xCO2 with negative values corresponding to piControl. (b) 
Pressure-longitude cross section of DJF eddy geopotential height averaged across 55°–65°N latitudes. Shading shows the 
difference between years 100–149 of Abrupt-4xCO2 and all years of piControl. Contours show the piControl climatology in 
meters with solid/dotted contours showing positive/negative values and dashed line showing zero contour. Gray dots indicate 
areas where 90% of the models agree on the sign of the response. (c) As in (b) but for wavenumber 1.
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are the two models showing no eastward shift in several scenarios. It is worth noting that these are among the low 
top models that strongly, by 30%–50%, underestimate the amplitude of the climatological wavenumber 1 in the 
stratosphere (Table S4 in Supporting Information S1) indicating deficiencies in stratospheric dynamics. Whether 
these deficiencies contribute to the lack of an eastward shift in the projections is currently not clear, as the mech-
anism of the shift is not well understood.

3.4. Stratosphere-Troposphere Coupling

Stratospheric changes are coupled to those at the surface and uncertainty in projected changes is shown to 
be linked to regional climate changes (Manzini et al., 2014; Oudar et al., 2020; Scaife et al., 2012; Simpson 
et al., 2018; Zappa & Shepherd, 2017). Here, we analyze how the coupling with the stratosphere is implicated 
in the regional climate change uncertainty and explore the differences across the three CMIP6 SSP experiments. 
Simulations from all models are used for the analysis in this section to improve the robustness of the statistical 
results. Since not all models performed simulations in all three scenarios, it somewhat affects the interscenario 
comparison; however, we verified that essentially the same results are obtained if only the models that performed 
all three SSP experiments are analyzed. Note that the relationships between the tropospheric variables and 𝐴𝐴 ∆PV𝜑𝜑 
is very similar to that of 𝐴𝐴 ∆𝑈𝑈10 which is expected, given the strong correlation (∼0.9) between 𝐴𝐴 ∆PV𝜑𝜑 and 𝐴𝐴 ∆𝑈𝑈10 
(Table 1). The relationships with 𝐴𝐴 ∆PV𝜑𝜑 are reported in Figures S3 and S4 in Supporting Information S1.

We start by looking at the changes in the boreal wintertime (DJF) 850-hPa zonal winds by the end of the 21st 
century (Figures 10a–10c). In all three scenarios, a tripole structure of the North Atlantic jet changes is detected 
in the multimodel ensemble mean with strengthening of the jet over Europe and weakening at its northern and 
southern flanks, although the majority of the models (>90%) agree on the structure of the change only in SSP585 
(Figure 10c). The pattern of the multimodel ensemble mean changes is consistent with those found in CMIP3 
(Woollings & Blackburn, 2012), CMIP5 (Simpson et al., 2018; Zappa & Shepherd, 2017) and CMIP6 experi-
ments (Harvey et al., 2020; Oudar et al., 2020).

The Pacific jet change is characterized by a poleward shift, also in agreement with previous studies (Barnes 
& Polvani, 2013; Harvey et al., 2020; Oudar et al., 2020), and the changes at SSP245 and SSP370 are more 
consistent across models than those of the North Atlantic jet. The ensemble mean 𝐴𝐴 ∆𝑈𝑈850 magnitude strengthens 
with increased emissions indicating that the models show a better agreement in their response to drivers of the 
jet changes than they do in the response of the stratospheric polar vortex (Section 3.1). In all scenarios, 𝐴𝐴 ∆SLP 
consists of a lowering of the Arctic SLP and rising of the mid-latitude SLP (Figure 11), consistent with the pole-
ward shift of the jets, and the magnitude of the response also strengthens with increased emissions.

The middle columns of Figures 10 and 11 show regression coefficients 𝐴𝐴 𝐴𝐴(𝜆𝜆𝜆 𝜆𝜆) (see Equation 7) used to quantify 
the relationships between 𝐴𝐴 ∆𝑈𝑈10 and 𝐴𝐴 ∆𝑈𝑈850 (Figure 10) and 𝐴𝐴 ∆SLP (Figure 11). Consistent with CMIP5 studies, 
strengthening of the polar vortex coincides with a poleward shift of the Atlantic and Pacific jet streams and lower-
ing of the Arctic SLP. This is an expected outcome and, although regression does not allow establishing causality, 
a similar jet shift is simulated in experiments where the stratosphere was nudged to mimic polar vortex responses 
on opposite ends of the model spectrum (Simpson et al., 2018) where the shift can be unequivocally interpreted 
as an adjustment of the tropospheric circulation to changes in the stratospheric zonal mean circulation. Interest-
ingly, the relationship with stratospheric changes appears stronger in the North Pacific than in the North Atlantic 
in both 𝐴𝐴 ∆𝑈𝑈850 and 𝐴𝐴 ∆SLP . While both jets respond qualitatively similarly to an SSW-like stratospheric forcing in 
stratospheric nudging experiments (Hitchcock & Simpson, 2014), the response in the Pacific jet is expected to 
be weaker than that in the Atlantic jet, possibly because the northern Pacific precursor of stratospheric changes 
(Garfinkel et al., 2010) impacts the SSTs in a way that prevents the jet from being affected by the stratospheric 
anomalies (Dai & Hitchcock, 2021). Thus, if the polar vortex response to climate change is not induced by the 
Pacific precursors, the Pacific anomalies in Figures 10 and 11 may be interpreted as a response to stratospheric 
changes. On the other hand, the response of the Aleutian low to climate change has been interpreted as a driver of 
the polar vortex weakening in AMIP experiments (Karpechko & Manzini, 2017), making a causal interpretation 
of the relationships in the Pacific difficult.

Figures 10 and 11 (right panels) show the relationship between 𝐴𝐴 ∆PV𝜆𝜆 and 𝐴𝐴 ∆𝑈𝑈850 (Figure 10) and 𝐴𝐴 ∆SLP (Figure 11). 
In all scenarios the coupling is more pronounced in the eastern hemisphere where the eastward shift of the polar 
vortex corresponds to a strengthening of the zonal winds over northern Eurasia, a lowering of SLP over the eastern 
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Arctic and rising of SLP over the northwestern Pacific. The coupling is insignificant in SSP245 and SSP370 but it 
strengthens and becomes significant in SSP585, consistent with larger 𝐴𝐴 ∆PV𝜆𝜆 in this experiment (Figure 8).

Figure  12 is similar to Figure  10 but for projected precipitation (𝐴𝐴 ∆Pr ) changes. The precipitation changes 
(Figures 12a–12c) are consistent with those in CMIP5 and earlier studies (e.g., Simpson et  al.,  2018; Zappa 
& Shepherd,  2017): there is drying of the subtropics, in particular over the Mediterranean, and wetting of 
mid- and polar latitudes. In most regions, for example, Northern Europe or Mediterranean, the changes are 
driven by changes in the westerly winds and associated moisture fluxes. As is known (e.g., Collins et al., 2013), 

Figure 10. (a–c) The 𝐴𝐴 𝐴𝐴850 changes between 1980–2009 and 2070–2099; (d–i) regression coefficients of 𝐴𝐴 ∆𝑈𝑈850 on (d–f) 𝐴𝐴 ∆𝑈𝑈10 and (g–i) 𝐴𝐴 ∆PV𝜆𝜆 in (a, d, and g) SSP245, 
(b, e, and h) SSP370, and (c, f, and i) SSP585 after regressing out global warming. Stippling indicates (a–c) areas where less than 90% of the models agree on the sign 
of the change and (d–i) the regression coefficients are not statistically significant at the 95% confidence level according to a field significance test (Wilks, 2016). The 
number of models used for the analysis is shown above the panels. Black contours correspond to the climatological mean 𝐴𝐴 𝐴𝐴850 in the historical simulations (contours 
from 5 m/s, plotted every 5 m/s).
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precipitation changes amplify with warmer temperatures and higher emission scenarios. The 𝐴𝐴 ∆Pr relationship to 
𝐴𝐴 ∆𝑈𝑈10 (Figures 12d–12f) is fairly independent of scenario and maximizes in regions where 𝐴𝐴 ∆𝑈𝑈850 is also coupled 

to 𝐴𝐴 ∆𝑈𝑈10 . Note that the 𝐴𝐴 ∆Pr relationship to 𝐴𝐴 ∆𝑈𝑈10 only weakly depend on whether the influence of the global mean 
𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚 is removed (Section 2.4). Over the Iberian Peninsula where the multimodel ensemble mean response for 

all scenarios shows small changes except for drying in the southwestern part, 𝐴𝐴 ∆𝑈𝑈10 becomes a key factor affecting 
the sign of 𝐴𝐴 ∆Pr with a strengthening/weakening polar vortex consistent with a drying/wetting peninsula (Table 2). 
In this region, about 10%–20% of the intermodel spread in 𝐴𝐴 ∆Pr is statistically related to the spread in 𝐴𝐴 ∆𝑈𝑈10 with 
some dependence on scenario (Table  2). These values are somewhat larger than those reported by Simpson 
et al. (2018), partly because of the differences in the boxes used to define the region (Figure 12).

Similar to 𝐴𝐴 ∆𝑈𝑈850 (Figure 10), 𝐴𝐴 ∆Pr relationship with 𝐴𝐴 ∆𝑈𝑈10 is also strongest over the Pacific, a feature that was not 
given attention in previous studies. While the multimodel ensemble mean 𝐴𝐴 ∆Pr over the coast of northwestern 

Figure 11. Same as Figure 10 but for 𝐴𝐴 ∆SLP .
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US and British Columbia shows wetting of ∼0.3 mm/day to ∼0.5 mm/day for SSP245 and SSP585, respectively, 
the modulation by 𝐴𝐴 ∆𝑈𝑈10 is about ±30% of the multimodel mean anomaly with models projecting polar vortex 
strengthening also projecting less wetting than the models with weakening polar vortex (Table 2). There is also 
a significant relationship of 𝐴𝐴 ∆Pr to 𝐴𝐴 ∆𝑈𝑈10 over the North Pacific. Since precipitation changes can affect ocean 
circulation (e.g., Levang & Schmitt,  2015), this result reveals a potential new pathway for coupling between 
stratospheric and ocean circulation changes, in addition to earlier identified influences from stratosphere-induced 
temperature and wind stress anomalies (e.g., Reichler et al., 2012). The relationship between 𝐴𝐴 ∆Pr and 𝐴𝐴 ∆PV𝜆𝜆 is 
more pronounced in the western Northern Atlantic and eastern Pacific; however, it is not statistically significant 
in any scenario (Figure 12).

We next consider the relationship between 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚 and 𝐴𝐴 ∆𝑈𝑈10 (Figure 13). Note that such an analysis study has 
not previously been done, although the sensitivity of 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚 to projected NAM changes has been shown (e.g., 
Karpechko, 2010). The intermodel spread in 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚 is strongly controlled by global mean warming across models; 
therefore, the global mean 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚 has been regressed out before the analysis (Section 2.4). 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚 is characterized 

Figure 12. Same as Figure 10 but for 𝐴𝐴 ∆Pr . Red boxes in (d) mark regions referred to in Table 2.
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by global surface warming with Arctic amplification, and the magnitude of warming increases with higher emis-
sion scenarios. For all scenarios, the 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚 relation with 𝐴𝐴 ∆𝑈𝑈10 is strong over the North Pacific where projected 
polar vortex strengthening is associated with anomalous warming. Weakened advection of cold Siberian air mass 
due to anomalous 𝐴𝐴 ∆𝑈𝑈850 (Figure 10) is the likely explanation for the 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚 anomaly there, although other plau-
sible factors such as reduced cloudiness and increased shortwave radiative heating associated with the positive 

𝐴𝐴 ∆SLP anomaly in this region (Figure 11) may also contribute.

A warming anomaly associated with a greater increase in polar vortex strength is seen in eastern Siberia in SSP245 
and SSP370 but is weakened in SSP585. Here, the temperature is known to be impacted by stratosphere-related 
changes in the NAM. Namely, vortex strengthening/weakening is associated with positive/negative NAM and 
a relative warming/cooling over Siberia as expected from stratospheric nudging experiments (Hitchcock & 
Simpson, 2014). Similarly, warming anomalies in parts of the eastern US and Canada and cooling over the central 
and western US resemble those found in stratospheric nudging experiments (Hitchcock & Simpson, 2014) and 
are consistent with the response to a positive NAM trend found in CMIP3 models (Karpechko, 2010). Note that 
the cooling anomaly over the western half of the US has not been given attention in the previous studies. This 
anomaly is likely associated with an anomalous northerly flow related to the high SLP anomaly over the North 
Pacific and low SLP anomaly over Northern Canada (Figures 11d–11f).

The regression patterns differ between scenarios, partly reflecting sensitivity to model selections. The difference 
between models with contrasting 𝐴𝐴 ∆𝑈𝑈10 responses reaches 0.5 K, or 10% of the ensemble mean 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚 response, in 
eastern Siberia in SSP370 and in the western half of the US in SSP585 (Table 2). The fraction of the intermodel 
spread in 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚 that can be statistically related to the spread in 𝐴𝐴 ∆𝑈𝑈10 varies between 6% and 32% depending on 
the scenario and metric used (Table 2). Unlike the ensemble mean 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚 which gets stronger for larger emis-
sions, there is no clear dependence of the 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚-𝐴𝐴 ∆𝑈𝑈10 relationship on scenario, suggesting that the relationship is 
affected by model selection and internal variability.

A strong relationship between 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚 and 𝐴𝐴 ∆𝑈𝑈10 is also seen over the Arctic; however, interpretation of these 
anomalies is not straightforward because they may be associated with both upward and downward coupling. 
Over the Barents-Kara Seas, positive 𝐴𝐴 ∆𝑈𝑈10 is associated with reduced warming, and by inference, reduced sea 

𝐴𝐴 ∆Pr 𝐴𝐴 ∆Pr(∆𝑈𝑈10 −) 𝐴𝐴 ∆Pr(∆𝑈𝑈10 +) β σ 2 4 × σ

Iberia SSP245 0.07 0.07 −0.07 −0.08 20 22

SSP370 −0.02 0.10 −0.10 −0.08 11 16

SSP585 0.00 0.13 −0.14 −0.08 13 18

North West US SSP245 0.31 0.13 −0.13 −0.12 18 21

SSP370 0.36 0.08 −0.08 −0.12 15 19

SSP585 0.53 0.17 −0.18 −0.15 18 21

𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚(∆𝑈𝑈10 −) 𝐴𝐴 ∆𝑇𝑇 2𝑚𝑚(∆𝑈𝑈10 +)

Northern Eurasia SSP245 4.18 −0.20 0.18 0.29 23 24

SSP370 5.85 −0.28 0.30 0.34 32 28

SSP585 7.46 −0.14 0.15 0.19 6 12

Western US SSP245 3.35 0.24 −0.19 −0.17 9 15

SSP370 4.28 0.10 −0.11 −0.15 6 12

SSP585 5.37 0.23 −0.25 −0.36 22 23

Note. Values are calculated for 𝐴𝐴 ΔPr over Iberia and adjacent Atlantic ocean (35°N–45°N, 340°E−360°E) and Northwest US and adjacent Pacific ocean (30°N–50°N, 
220°E−240°E) and for 𝐴𝐴 Δ𝑇𝑇 2𝑚𝑚 over Northern Eurasia (40°N–70°N, 80°E−130°E) and Western US (35°N–50°N, 235°E−270°E). Shown are ensemble mean change 
in 𝐴𝐴 ΔPr [mm/day] and 𝐴𝐴 Δ𝑇𝑇 2𝑚𝑚 [K], anomalous (with respect to the multimodel mean after regressing out global mean temperature change across models) mean change 
across models with (𝐴𝐴 Δ𝑈𝑈10 −) weakening or (𝐴𝐴 Δ𝑈𝑈10 +) strengthening of the polar vortex, regression coefficient (𝐴𝐴 𝐴𝐴 ) of 𝐴𝐴 ΔPr [mm/day] and 𝐴𝐴 Δ𝑇𝑇 2𝑚𝑚 [K] on 𝐴𝐴 Δ𝑈𝑈10 , fraction of the 
variance (𝐴𝐴 𝐴𝐴 2) explained by the regression of 𝐴𝐴 ΔPr and 𝐴𝐴 Δ𝑇𝑇 2𝑚𝑚 on 𝐴𝐴 Δ𝑈𝑈10 [%], and fraction of the 4𝐴𝐴 𝐴𝐴 (∼2.5–97.5%) intermodel spread (4𝐴𝐴 𝐴𝐴 ) that corresponds to the difference 
between models projecting ±1𝐴𝐴 𝐴𝐴 of the standardized 𝐴𝐴 Δ𝑈𝑈10 [%]. For ensemble mean changes and regression coefficients, bold values indicate values significantly different 
from 0 (p = 0.05). For mean changes corresponding to the models with weakening or strengthening polar vortex, bold values indicate values significantly different from 
each other. In all cases significance is tested according to a two-sided Student's t-test at p = 0.05.

Table 2 
Influence of the Stratospheric Polar Vortex Change on Precipitation (𝐴𝐴 ΔPr ) and Surface Temperature (𝐴𝐴 Δ𝑇𝑇 2𝑚𝑚 ) Change
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ice melting in the region. Since sea ice melting in the Barents-Kara Seas is expected to lead to a vortex weaken-
ing (Kretschmer et al., 2020; Manzini et al., 2018; Sun et al., 2015), the negative anomaly is consistent with an 
upward coupling. The positive anomaly in the central and eastern Arctic is less clear. This anomaly coincides 
with the negative anomaly in 𝐴𝐴 ∆SLP (Figure 11) and positive anomaly in 𝐴𝐴 ∆Pr (Figure 12) and may therefore point 
to an increased cloudiness and anomalous warming by the longwave radiation. This interpretation relies on the 
assumption that increased Arctic cloudiness leads to a surface warming; however, the influence of the Arctic 
clouds on surface temperatures is uncertain (Middlemas et al., 2020).

The eastward polar vortex shift is consistent with a cooling in the eastern Arctic; however, this relationship is not 
significant in any scenario (Figure 13). Matsumura et al. (2021) proposed that the polar vortex shift will lead to 
an anomalous cooling over Eurasia. Our results indicate that an anomalous cooling over Eurasia can be associ-
ated with a polar vortex weakening (Figure 13) and a southward shift (Figure S4 in Supporting Information S1). 
However, changes in the polar vortex strength and latitudinal position are less robust across models; therefore, the 
implication of the projected stratospheric changes for Eurasian surface temperatures is uncertain.

Figure 13. Same as Figure 10 but for 2-m temperature. Red boxes in (d) mark regions referred to in Table 2.
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4. Discussion and Conclusions
Earlier studies have established that future projected changes in the wintertime Northern Hemisphere zonal mean 
stratospheric polar vortex are highly uncertain and that this uncertainty translates into uncertainty in regional 
climate projections, particularly over Europe. Here, we demonstrate that the uncertainty in polar vortex change 
projections has not been reduced in CMIP6 experiments. In all experiments, except SSP245, roughly equal 
number of models project significant weakening and strengthening of the polar vortex. This indicates that the 
uncertainty in polar vortex strength projections does not arise due to a low signal to noise ratio but is instead 
strongly contributed by a potentially reducible model uncertainty.

We show that, by the end of the 21st century, approximately half of the spread in the polar vortex projections is 
due to the model uncertainty, with a smaller role of the irreducible climate noise (internal variability) and a still 
smaller (∼10%) contribution from the scenario uncertainty. While these estimates may be biased due to inaccurate 
separation between forced and unforced signals in models that provide very few individual realizations (Lehner 
et al., 2020), calculations using only models with multiple realizations confirm the dominant contribution of the 
model uncertainty, which was also noticed in CMIP5 models (Manzini et al., 2014). In SSP245, there are more 
models projecting significant polar vortex weakening than models projecting strengthening. Such an asymmetry, 
not seen in the other scenarios, may indicate different mechanisms of polar vortex change operating at different 
global warming levels, for example, Arctic sea ice melting, and consequent nonlinearity in the response as noted 
in Manzini et  al.  (2018) and Kretschmer et  al.  (2020). Note that also non-CO2 forcing, such as stratospheric 
ozone recovery, can affect polar vortex changes in SSP245; however, its influence on the Arctic polar vortex is 
estimated to be weak in comparison to internal variability (Karpechko et al., 2018). Also, anthropogenic aerosol 
emissions could probably affect the stratospheric wind response because they lead to changes in extra-tropical 
changes which could alter the planetary wave driving of the stratospheric circulation (Allen & Sherwood, 2010). 
However, the differences in how the models treat the aerosol-forced response is probably only a secondary factor 
since the intermodel spread in the stratospheric wind response is also large in simulations with CO2 forcing only.

Our results confirm a significant relation between the changes in the zonal mean polar vortex strength and climate 
over Europe reported in other studies (Manzini et al., 2014; Scaife et al., 2012; Simpson et al., 2018), but also 
emphasize the coupling in other regions. By the end of the 21st century, the uncertainty in the polar vortex 
strength projections is related to up to 20% of the intermodel spread in projected precipitation over the Iberian 
Peninsula and northwestern US. While projected 2-m temperatures strongly depend on model's climate sensi-
tivities, we show that after regressing its influence out, up to 20% of the spread in projected 2-m temperatures 
over the western half of the US and up to 30% over Northern Eurasia can be associated with the uncertainty in 
the projected polar vortex strength. Simpson et al. (2018) used nudging experiments to confirm that the regres-
sion patterns of precipitation over Europe are consistent with downward influence of the polar vortex strength 
changes, and a similar analysis needs to be done for the other regions to attribute the causes of the relationship.

Although the zonal mean polar vortex response is highly uncertain, we find a remarkable consistency across 
models in simulating an eastward shift of the polar vortex, which is interpreted as an eastward shift of the climato-
logical wavenumber 1. Our results are consistent with those by Matsumura et al. (2021) who showed an asymme-
try in the stratospheric response in CMIP5 models. We further show that the shift appears in all studied emission 
scenarios and its magnitude generally increases with global warming level, although only a small fraction of the 
intermodel spread can be attributed to the model's climate sensitivity. A few models, however, do not project 
the eastward shift. We suggest that the divergent stratospheric projections by these models might be related to 
deficiencies in their simulated stratospheric variability, such as strongly underestimated amplitude of the strat-
ospheric wavenumber one in historical simulations; however, we emphasize that obtaining conclusive results 
would require a more detailed investigation which goes beyond the scope of the present paper.

Climate models also project a small southward shift of the polar vortex of about 1° in the multimodel ensemble 
mean in all scenarios; however, unlike the eastward shift, the southward shift is projected by only ∼75% of the 
models, that is, it is less robust. The magnitude and direction of the latitudinal shift strongly correlate with the 
change in the zonal mean stratospheric wind strength across models (r ∼ 0.9) suggesting that these two indices 
reflect essentially the same process. The correlation between the indices, and, consequently, their similar rela-
tionship with the surface changes, raises the question which of the two factors–changes in the zonal mean winds 
or the latitudinal shift of the polar vortex centroid–plays a more important role in the stratosphere-troposphere 
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coupling. Note that the influence of the changes in the zonal mean stratospheric winds on surface climate has 
been demonstrated in nudging experiments (e.g., Simpson et  al.,  2018); however, the potential impact of the 
latitudinal shift is less known.

Matsumura et al.  (2021) also suggested that the zonal asymmetry in the stratospheric response can affect the 
surface climate response over Eurasia. We find that the relationship between the eastward polar vortex shift and 
surface climate is not significant in most cases except for 𝐴𝐴 ∆𝑈𝑈850 in SSP585. Instead, our results indicate that 
the  surface temperature responses over Eurasia, the Pacific, and the western US are related to the changes in the 
strength and the latitudinal shift of the polar vortex whose direction, and therefore implications for the surface 
climate, are uncertain.

We conclude by emphasizing that the results of our paper show the potential to reduce climate projection uncer-
tainty of the tropospheric circulation and hence regional surface climate change by narrowing the intermodel 
spread in projected stratospheric circulation changes. This, in turn, requires understanding the causes of the 
intermodel spread in projected stratospheric changes. A follow-up paper, currently in preparation, makes a step 
toward this goal by utilizing the data from the Dynamics and Variability Model Intercomparison Project (Gerber 
& Manzini, 2016) to explain the spread in terms of the stratospheric momentum budget, and to analyze potential 
drivers of the stratospheric response. Next to this analysis, more coordinated efforts by the modeling community 
are required to pinpoint the origins of the divergent circulation responses and to relate them to existing uncer-
tainty in model representation of physical and dynamical processes. Such efforts may need to be prioritized when 
planning forthcoming CMIP experiments.

Data Availability Statement
CMIP5 and CMIP6 data are available from https://esgf-node.llnl.gov/projects/esgf-llnl/.
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