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The Polar Stratosphere as an Arbiter of the Projected
Tropical Versus Polar Tug of War
Yannick Peings1 , Julien Cattiaux2 , and Gudrun Magnusdottir1

1Department of Earth System Science, University of California, Irvine, CA, USA, 2Centre National de Recherches
Météorologiques, Université de Toulouse, CNRS, Météo‐France, Toulouse, France

Abstract This study explores the “tug of war” between the effects of Arctic amplification (“AA”) and
upper‐troposphere tropical warming (“UTW”) on the response of the future North Atlantic atmospheric
circulation. The late 21st century AA and UTW temperature anomalies are imposed in a high‐top
atmospheric model by nudging the temperature. Two sets of experiments are performed, with and without
feedback of the polar stratosphere to highlight its role in the response to UTW, AA, and both combined.With
interactive polar stratosphere, UTW forces an equatorward shift of the eddy‐driven jet that reinforces the
response to AA. However, when the polar stratosphere feedback is suppressed, the response to UTW is
opposite and reflects the previously identified tug of war between the effects of UTW and AA inmidlatitudes.
This study highlights that the polar stratosphere is a key component for future changes in the North Atlantic
atmospheric circulation and that it must be accurately represented in climate change scenarios.

Plain Language Summary The jet streams are bands of strong westerly winds that drive weather
patterns in midlatitudes. With climate change, they are expected to migrate poleward in association with an
expansion of the tropical belt and amplified upper‐level tropical warming (UTW). However, recent
studies have pointed out that the fast warming in the Arctic (or Arctic Amplification, AA) may counteract
this effect in winter. In this study we explore the respective and combined influence of UTW and AA by
prescribing temperature anomalies in an atmospheric model that resolves the stratosphere. The focus is on
the North Atlantic sector, where previous work had found a pronounced tug of war effect. In fall, in the
absence of any significant response in the polar stratosphere, we retrieve well‐established results, that is, a
poleward shift of the midlatitude jet in response to UTW and an equatorward shift in response to AA.
However, in winter UTW induces a robust weakening of the stratospheric polar vortex that shifts the jet
equatorward and reinforces the effect of AA. Our study highlights that the polar stratosphere may
significantly modulate the tropics‐Arctic tug of war in the future, advocating for an accurate representation
of stratospheric processes in climate models.

1. Introduction

A “tug of war” has been identified in climate projections, concerning the changes in the midlatitude atmo-
spheric circulation. In the midlatitudes, the general response to increased greenhouse gases (GHGs) concen-
trations consists of an expansion of Hadley cells (Lu et al., 2007) and a poleward shift of the eddy‐driven jet
streams and storm tracks (e.g., Barnes & Polvani, 2013; Shaw et al., 2016). This response is associated with a
pronounced warming at upper levels in the tropics (referred to as UTW, for upper‐troposphere tropical
warming, henceforth; Santer et al., 2017). However, Arctic amplification (AA, i.e., stronger warming in high
latitudes due to various feedbacks; Serreze et al., 2009, Stuecker et al., 2018) has been suggested to oppose
this response in the Northern Hemisphere. Indeed, General Circulation Model (GCM) experiments that iso-
late the impact of Arctic sea ice loss simulate weaker westerlies in midlatitudes and an equatorward shift of
the jet streams in fall/winter, that is, a negative phase of the Northern Annular Mode or the North Atlantic
Oscillation (NAO; Deser et al., 2015, Blackport & Kushner, 2017, Screen et al., 2018, Zappa et al., 2018). This
competition between the effects of UTW and AA on the midlatitude circulation is one factor driving large
uncertainties concerning changes in the jet stream/storm track characteristics in future scenarios (Barnes
& Polvani, 2015; Harvey et al., 2013; Peings et al., 2017; Zappa & Shepherd, 2017).

Despite great progress on the topic in recent years, isolating the effect of AA from the effect of tropical expan-
sion and UTW is challenging. Sea ice loss sensitivity experiments give excellent insights on the impact of AA
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(Screen et al., 2018), but sea ice loss is only one aspect of AA; for example, high‐latitude snowmelt and water
vapor transport also play a role. Moreover, in fully coupled GCMs, the response to Arctic sea ice loss is com-
municated to lower latitudes, where it induces warmer sea surface temperature (SST; Tomas et al., 2016).
This indirect SST response has to be considered to isolate the effect of a warmer Arctic alone, since it is
opposed to the direct effect of decreased sea ice in the Arctic (Blackport & Kushner, 2017). Using climate pro-
jections from the latest Coupled Model Intercomparison Project (CMIP5, Taylor et al., 2012), the role of
UTW versus AA can also be isolated using a composite or “storyline” approach (Peings et al., 2018; Zappa
& Shepherd, 2017). However, limited sample size in terms of models/ensemble members, especially after
compositing based on large‐scale drivers, may limit robustness in the results.

To add complexity to the issue, the circulation changes are asymmetric in longitude, such that the zonal
mean response masks regional specifics and longitudinal sectors must be examined individually (Cattiaux
et al., 2016; Peings et al., 2017). For example, in the Community Earth System Model Large Ensemble
(CESM‐LENS, Kay et al., 2015), at the end of the 21st century the North American sector exhibits a weaker
and wavier westerly flow (Vavrus et al., 2017). However, the response over the North Atlantic sector is very
different, with a narrowing and strengthening of the westerlies that is associated with reduced waviness and
reduced occurrence of blockings (Peings et al., 2018). This is also a sector where coupling with the strato-
sphere has been shown to have a significant impact on the tropospheric response (Hitchcock & Simpson,
2014; Manzini et al., 2014; Peings et al., 2017; Zappa & Shepherd, 2017). Through its downward influence
on the troposphere, the polar stratosphere is a source of uncertainty for climate change in midlatitudes since
it does not exhibit a consistent response in climate change scenarios (Manzini et al., 2014; Simpson
et al., 2018).

In the present study, we experiment with a novel approach to reveal the response of the large‐scale atmo-
spheric circulation to UTW and AA and assess the role of the polar stratosphere in the tug of war.We directly
impose UTW and AA in a high‐ top atmospheric GCM by nudging the temperature in the regions of interest,
with or without variability in the polar stratosphere. A related previously applied approach is to impose heat-
ing anomalies into simplified atmospheric GCMs (e.g., Butler et al., 2010; Wang et al., 2012). In particular,
Butler et al. (2010) investigated the individual and combined influences of UTW, AA, and the polar strato-
sphere, on the zonal mean circulation using a dry dynamical core GCM.However, to our knowledge, this has
never been done in a full atmospheric GCM that includes moist processes. Our focus in this study is on the
North Atlantic sector, where competing effects of UTW, AA, and of the polar stratosphere have been found
in climate change projections (Peings et al., 2018; Zappa & Shepherd, 2017).

2. Methods
2.1. Numerical Experiments

The numerical experiments are performed with the Specified‐Chemistry Whole Atmosphere Community
Climate Model (SC‐WACCM). Compared to the standard WACCM, SC‐WACCM has prescribed chemistry
(rather than interactive), which allows for significantly lower computational costs while retaining almost
identical stratosphere climatology and variability (Smith et al., 2014). The model includes 66 vertical levels
with a top at 5.1 × 10−6 hPa (~140 km), with parametrizations of nonorographic gravity waves and turbulent
mountain stress that allow for a realistic frequency in Sudden Stratospheric Warmings (Richter et al., 2010).
The horizontal resolution is 1.9° × 2.5° in latitude/longitude. A Quasi‐Biennial Oscillation (QBO) is included
by relaxing equatorial zonal winds between 86 and 4 hPa toward the climatological QBO cycle (~28 months)
observed in radiosonde data.

Two sets of experiments have been carried out for this study:

1. The first set of experiments is run with a freely evolving stratosphere. The control run (CTL) consists of a
51‐year simulation forced with year 2000 external forcings (GHGs, aerosols, and solar) and climatological
sea surface temperature and sea ice concentration from the HadISST dataset (1979–2008 average annual
cycle; Rayner et al., 2003). Three perturbation experiments are branched off from the control on 1
October. They each include 50 members starting from the 50 different 1 October initial conditions from
CTL. The simulations are run until the end of March. In these three experiments, a regional nudging of
the temperature is applied in the Arctic lower troposphere and/or the upper troposphere in the tropics in
order to impose AA and UTW signals in the model and examine the response in the Northern
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Hemisphere midlatitudes. The forcing consists of a smooth daily annual cycle of temperature anomalies
that represent the projected change at the end of the 21st century (2080–2099 minus 1979–2008 averages)
as projected by CESM‐LENS (40‐member ensemble mean). The daily anomalies from October to March
are interpolated to 3‐hr anomalies and superimposed on the 3‐hr interpolated daily variability from the
control run. This protocol allows us to retain high‐frequency variability in the forced region, while
imposing a background temperature anomaly. The temperature is relaxed at every model time step (30
min) with a relaxation coefficient of 0.1 (5 hr, i.e., 10 time steps, relaxation time). A buffer zone is
applied at the limits of the nudging region to allow for a smooth linear transition from freely evolving
to constrained grid points (see a full description of the nudging protocol in SI). The zonal mean
temperature forcing and nudging domain for the three perturbation experiments are shown in
Figure 1. The UTW forcing (“UTW‐2090 experiment”) is applied between 20°S and 20°N, from 400 to
100 hPa, and has a maximum of ~6 °C at 250 hPa at the equator (Figure 1a). The AA forcing (“AA‐
2090 experiment”) is imposed north of 70°N, from the surface to 600 hPa and has the same maximum
amplitude as UTW (Figure 1b). The “TAA‐2090” experiment include both forcings (Figure 1c). These
three experiments reveal the individual and combined impacts of UTW and AA on the large‐scale
atmospheric circulation in fall/winter. In order to verify the validity of the nudging protocol, we have
run a nudging control simulation in which the temperature is nudged toward the control run daily
variability (without superimposed temperature anomaly) in the UTW domain. When compared with
the original control run, we did not find any significant tropospheric or stratospheric response (not
shown), giving confidence that the nudging protocol does not create unwanted effects that may
influence the results.

2. The second set of simulations includes similar temperature forcings as in UTW/AA/TAA‐2090 but with
imposed polar stratosphere to remove its influence on the tropospheric response. These three experi-
ments are named UTW‐2090‐cps, AA‐2090‐cps, and TAA‐2090‐cps, with the “cps” suffix for “control
polar stratosphere.” In these experiments, the polar stratosphere (north of 65°N and above 200 hPa;
see dashed box in Figure 1) is relaxed to the 3‐hourly interpolated daily variability from CTL. They thus
share similar polar stratosphere to CTL, and the polar stratosphere cannot respond to the imposed for-
cing. In these experiments the horizontal winds are also nudged in order to efficiently suppress any stra-
tospheric variability. They reveal the role of the polar stratosphere in the atmospheric response to UTW
and AA and in the tug of war between UTW and AA. For the sake of consistency, the ‐cps experiments
are compared to a control run with similar relaxation of the polar stratosphere toward CTL but without
any UTW or AA forcing applied. However, using the original control run as a reference does not affect
the results since nudging the polar stratosphere toward CTL does not induce any significant response
in the model.

Figure 1. (a) October anomalies of the zonal mean temperature (K) in UTW‐2090, with climatology from CTL shown in green contours (20 K interval from 210 K).
The black box shows the nudging domain (dashed box is for the ‐cps experiments only). (b) Same as (a) but for AA‐2090. (c) Same as (a) but for TAA‐2090.
UTW = upper‐troposphere tropical warming; AA = Arctic amplification.
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2.2. Diagnostic Tools

For each experiment, a daily NAO index is defined as follows: We compute the first Empirical Orthogonal
Function (EOF) mode of December–March sea‐level pressure (SLP) in the (85°W/60°E; 20°N/85°N) domain
in CTL. Daily NAO values are then obtained by projecting daily SLP anomalies on this EOF pattern. The
wave activity in the extratropics is evaluated using the vertical component of the Plumb flux (Plumb,
1985) that characterizes the vertical propagation of wave‐activity flux into the stratosphere.

3. Results
3.1. Individual and Combined Response to UTW and AA

A fast adjustment occurs in the stratosphere after applying UTW, with a cooling of the tropical stratosphere
above the forcing and a cooling of the polar stratosphere, in October (Figure 1a). In AA‐2090, the AA signal
extends outside of the forcing region, with warm anomalies greater than 2°C north of 65°N and up to 400 hPa
(Figure 1b). The response in TAA‐2090 is a linear combination of the two forcings (Figure 1c), suggesting
linear additivity in the effect of UTW and AA.

Figures 2a–2c show the response of the 700‐hPa zonal wind (U700) in November over the North Atlantic sec-
tor in each experiment. UTW leads to reinforced westerlies on the poleward side of the eddy‐driven jet, espe-
cially at the exit of the jet over the Norwegian and Barents Seas (Figure 2a). These anomalies represent a
reinforcement and poleward extension of the eddy‐driven jet, in line with the expected response to increased
GHGs and warmer tropics in GCMs (McCusker et al., 2017; Oudar et al., 2017). In contrast, AA induces
weaker westerlies on the poleward flank of the jet (Figure 2b). Decreased westerlies are found not only over
the North Atlantic but also across all longitudes, consistent with increased tropospheric heights over the
whole Arctic in AA‐2090 (see Z500 anomalies in Figure S1 in the supporting information). In TAA‐2090,
the respective effects of UTW and AA cancel each other out, especially in the eastern and subpolar North
Atlantic where no significant U700 anomalies are found (Figure 2c).

In winter (December to March average, DJFM), a completely new picture emerges in UTW‐2090. A strong
Rossby wave‐like signal is found over the North Atlantic basin that projects onto the negative NAO (see also
Z500 anomalies in Figure S1d) and results in a robust equatorward shift of the jet (Figure 2d). This response
is robust over DJFM and also in each winter month taken individually (not shown). Since the winter
response in AA‐2090 remains the same as in November (i.e., equatorward shift of the jet and negative
Northern Annular Mode, Figures 2e and S1e), the effect of UTW now reinforces the effect of AA, and a very
strong equatorward jet shift/negative NAO is found in TAA‐2090 (Figure 2f and S1f). This combined
response to UTW and AA differs from the ensemble mean response in CMIP5 and CESM‐LENS, which in
contrast exhibit reinforced westerlies at the core of the jet (or positive zonal index; see, e.g., Figure 2a in
Peings et al., 2018). It is also at odds with results from Butler et al. (2010) and Wang et al. (2012), who found
a poleward shift of the eddy‐driven jet in response to UTW‐type forcing. An explanation for this different
response to UTW in winter is found when investigating the polar stratosphere, as described in the
next section.

3.2. Role of the Polar Stratosphere in Winter

Figure 3 shows the response of the daily geopotential height over the polar cap (Zcap) in the UTW/AA/TAA‐
2090 experiments, in a time versus pressure level cross section. Zcap is a proxy for the strength of the polar
vortex (Baldwin & Thompson, 2009), with positive (negative) anomalies representing a warmer/weaker
(cooler/stronger) polar vortex. Zcap is averaged over the North Atlantic sector here to highlight
stratosphere‐troposphere coupling in this region, but results are consistent when using the full Zcap. To
highlight wave‐mean flow interactions in the stratosphere, the superimposed red contours show the asso-
ciated anomalies in upward planetary wave activity flux entering the stratosphere, derived from the vertical
component of the Plumb flux at all levels, averaged between 40°N and 80°N. In order to characterize the
associated tropospheric response in the North Atlantic, daily NAO anomalies are shown in the lower panels.
In October–November, lower geopotential heights are found in the stratosphere in UTW‐2090 (i.e., a cooler
and stronger polar vortex), associated with positive NAO values (i.e., reinforced westerly flow) in the North
Atlantic (Figure 3a). This signal is opposed to the effect of AA (positive height and negative NAO anomalies,
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Figure 3b). Note that by design, positive tropospheric height anomalies are found in AA‐2090 and TAA‐2090
due to the warm anomaly imposed in the Arctic troposphere.

In December, the polar vortex starts to weaken in UTW‐2090, following several episodes of upward wave
activity flux entering the stratosphere in fall and early winter (Figure 3a, red contours). The anomalous
upward wave activity flux originates in the North Atlantic and North Pacific (see the 850‐hPa Plumb flux
anomalies in Figure S2a). AA‐2090 also simulates positive height anomalies in the lower stratosphere
(Figure 3b), associated with increased planetary wave activity over Eurasia and the North Pacific
(Figure S2b). The large planetary wave forcing in TAA‐2090 (Figure S2c) is associated with a strong polar
vortex weakening in winter and reinforced negative NAO anomalies from mid‐December to end of March
(Figure 3c). As revealed by Z50 anomalies in Figure S3, the polar vortex weakens in AA‐2090, but in
UTW‐2090 and TAA‐2090 it shifts toward Siberia. In these two experiments, the frequency of sudden strato-
spheric warming, defined following Charlton and Polvani (2007), more than double in DJFM (13.1
SSW/decade in UTW‐2090, 15.3 SSW/decade in TAA‐2090, compared to 6.3 SSW/decade in CTL). As
expected from stratosphere‐troposphere coupling mechanisms (e.g., Kidston et al., 2015), this stratospheric
response projects onto the negative NAO near the surface. The response of the stratosphere to UTW is very
robust, since similar responses are found when analyzing 10‐year subperiods of the UTW‐2090
simulation (Figure S4).

The central role of the polar stratosphere is revealed by the ‐cps experiments with suppressed feedback of the
polar stratosphere. The equatorward shift in the eddy‐driven jet in UTW‐2090‐cps is reduced (Figure 4a ver-
sus Figure 2d), while it is reinforced in AA‐2090‐cps (Figure 4b versus Figure 2e). When both forcings are
combined, the equatorward shift of the jet is strongly reduced (Figure 4c versus Figure 2f). Figures 4d and
4e illustrate the tug of war between UTW and AA in both set of experiments. They respectively show
TAA‐2090 minus AA‐2090 and TAA‐2090‐cps minus AA‐2090‐cps, that is, the isolated effect of UTW in
the presence of AA. Unlike in the free polar stratosphere experiments (Figure 4d), in the ‐cps experiments

Figure 2. (a) November anomalies of the 700‐hPa zonal wind in UTW‐2090 (m/s), with climatology shown in green contours (4 m/s interval from 6 m/s). Shading
indicates anomalies that are significant at the 95% confidence level. (b) Same as (a) but for AA‐2090. (c) Same as (a) but for TAA‐2090. (d–f) Same as (a–c) but for
DJFM anomalies. UTW = upper‐troposphere tropical warming; AA = Arctic amplification; DJFM = December to March.

10.1029/2019GL082463Geophysical Research Letters

PEINGS ET AL. 9265



Figure 3. (a) Daily anomalies of North Atlantic Zcap (geopotential height averaged north of 65°N, between 90°W and 30°E), in a time versus pressure level cross
section (black contours, 25/50/100/150/200/300 intervals) in UTW‐2090. Shading indicates anomalies that are significant at the 95% confidence level. The red
contours show upward WAFz pulses in the stratosphere (zonal average between 40°N and 80°N) that are significant at the 95% confidence level (2 standard
deviation contour). The bottom panel shows the corresponding daily NAO anomalies, dashed when they are significant at the 95% confidence level. (b) Same as (a)
but for AA‐2090. (c) Same as (a) but for TAA‐2090. UTW = upper‐troposphere tropical warming; AA = Arctic amplification; NAO = North Atlantic Oscillation.
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UTW opposes to the effect of AA (Figure 4e versus 4b). Note that there are nonlinearities in the ‐cps
experiments, since the response in TAA‐2090 does not equal to the sum of the response to UTW and AA
(Figures 4a–4c). As shown in Figure S5, similar change of sign in the tug of war between free and ‐cps
experiments occurs in the North Pacific.

Such influence of the polar stratosphere on North Atlantic climate change projections is consistent with
multimodel analyses of RCP8.5 forcing scenarios (e.g.Peings et al., 2017, 2018, Simpson et al., 2018, Zappa
& Shepherd, 2017). To illustrate this further, Figure S6 compares the six CMIP5 models/CESM‐LENS mem-
bers with the warmest polar stratosphere anomaly at the end of the 21st century, with the six CMIP5
models/CESM‐LENS members with the coolest polar stratosphere anomaly in winter. The U700 anomalies
in CMIP5 support the findings of this study, as the “warm polar stratosphere” models exhibit more of an
equatorward shift of the eddy‐driven jet (Figure S6a), compared to a poleward shift in the “cold polar strato-
sphere” models (Figure S6b). This is especially visible when the difference between the two ensembles of
simulations is computed (Figure S6c), with a dipole of zonal wind anomalies that resembles the winter
response in TAA‐2090 (Figure 2f), although slightly shifted over Western Europe. In CESM‐LENS
(Figures S6d–S6f), this modulation by the polar stratosphere is also apparent, even though it is much less
detectable due to less variance in this ensemble of simulations that includes only the influence of internal
variability (versus internal variability plus model physics in CMIP5).

4. Discussion and Conclusions

This study investigates the tug of war between UTW and AA in terms of their effect on the changes in North
Atlantic midlatitude atmospheric circulation at the end of the 21st century. It is the first (to our knowledge)

Figure 4. (a) December to March anomalies of the 700‐hPa zonal wind in UTW‐2090‐cps (m/s). (b) Same as (a) but for AA‐2090‐cps. (c) Same as (a) but for
TAA‐2090‐cps. (d) Tug of war in the presence of polar stratospheric feedback (TAA‐2090 minus AA‐2090). (e) Tug of war in the absence of polar stratospheric
feedback (TAA‐2090‐cps minus AA‐2090‐cps). Climatology is shown in green contours (4 m/s interval from 6m/s). Shading indicates anomalies that are significant
at the 95% confidence level. UTW = upper‐troposphere tropical warming; AA = Arctic amplification.

10.1029/2019GL082463Geophysical Research Letters

PEINGS ET AL. 9267



that attempts to impose UTW and AA anomalies directly into a full AGCM in order to isolate their impact in
mid‐latitudes. Nudging the temperature in the regions of interest appears to be an efficient way to precisely
impose the UTW and AA anomalies and investigate the tropical versus polar tug of war. We opted for tem-
perature forcings representative of the late 21st century (using CESM‐LENS to construct the imposed
anomalies), but early or mid‐21st century forcings may be used in future studies to assess the degree of lin-
earity in the responses. Our main findings can be summarized as follows:

1. AA is associated with increased tropospheric thickness over the Arctic that results in reduced westerlies
on the poleward flank of the eddy‐driven jet, in line with thermal wind hypotheses (Francis & Vavrus,
2012) and recent Arctic sea ice loss experiments using coupled ocean‐atmosphere GCMs (Screen et al.,
2018). This tropospheric response is associated with a moderate warming of the polar stratosphere and
negative NAO anomalies in winter. A topic of interest in the Arctic‐midlatitude linkage field of research
is whether AA may increase cold extreme temperature over midlatitudes in winter (Cohen et al., 2014).
Figure S7 shows the response in cold extreme temperature, using the cold days index (see definition in
the supporting information) that measures both the frequency and intensity of cold extreme days. In
our AA‐2090 simulation, cold extreme days increase over Siberia and over limited areas of central
Europe (Figure S7a). However, no response is found over western Europe and North America. The cool-
ing over Siberia is associated with a high‐pressure system that advects polar air into mid‐latitudes (see sea
level pressure response in Figure S7c), consistent with previous work on the warm Arctic‐cold continent
pattern (e.g., Mori et al., 2014). The cold anomaly over Siberia is strongly reduced in AA‐2090‐cps
(Figure S7b), as is the high over Siberia (Figure S7d), supporting results from Zhang et al. (2018) and
the central role of the polar stratosphere in the warm Arctic‐cold Siberia pattern. Note however that in
our case the cooling over Siberia is found for a strong pan‐Arctic warming, as projected in the future,
while the influence of present‐day sea ice loss on the warm Arctic‐cold Siberia pattern is not evident
(Peings, 2019; Sorokina et al., 2016).

2. In autumn, UTW induces a poleward shift of the North Atlantic eddy‐driven jet that opposes to the effect
of AA, as expected from warmer tropics (e.g., Barnes & Polvani, 2013; Butler et al., 2010; Oudar et al.,
2017). However, after the stratospheric polar vortex is well established in winter, a strong polar strato-
spheric warming emerges that dramatically switches the response of the troposphere in the North
Atlantic toward an AA‐type response, that is, an equatorward shift of the jet and negative NAO. This con-
structive influence between the effects of UTW and AA results in larger weakening of the polar vortex
and associated negative NAO when both forcings are present. Turning off the influence of the polar stra-
tosphere through nudging further supports this conclusion. In this case the effect of UTW opposes the
effect of AA, and we retrieve the tug of war between the effects of UTW and AA identified in previous
studies (Butler et al., 2010; Zappa & Shepherd, 2017). Further work is necessary to clarify the strato-
spheric response to UTW. A source of concern may arise from the fact that present‐day SSTs are pre-
scribed underneath the UTW anomaly, which may lead to an unrealistic response due to changing
convection and tropospheric stability. However, prescribing future tropical SST to the model without
any nudging of the atmosphere yields qualitatively similar results as prescribing UTW (Figure S8), giving
us confidence that the UTW‐2090 response is not unphysical.

In summary, this study suggests that the polar stratosphere may play a greater role in the future changes
of the North Atlantic atmospheric circulation than previously thought. Previous studies using ensembles
of RCP8.5 simulations had shown the link between changes in the troposphere (especially in the North
Atlantic) and the stratosphere, with some limitations in attributing causality that is inherent to multimo-
del analyses of coupled ocean‐atmosphere simulations (Manzini et al., 2014; Peings et al., 2017, 2018;
Zappa & Shepherd, 2017). By isolating the effects of UTW, AA, and of the polar stratosphere feedback,
the present sensitivity study complements these multimodel analyses and confirms the active role of
the stratosphere in driving the changes in the troposphere. For instance, the strong dependence of the
response to UTW on the polar vortex response aligns with the “storyline” analyses of Zappa and
Shepherd (2017). Our study also supports the findings of Simpson et al. (2018), who highlighted the role
of the polar stratosphere in climate change projections using a similar nudging methodology. By isolating
the effects of UTW and AA, we show that the polar stratosphere is particularly sensitive (at least in our
model) to UTW and that the stratospheric feedback can strongly affect the response in the North Atlantic
westerlies. Whether our results are robust in other GCMs will have to be determined. It will be especially
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interesting to explore this question in the new CMIP6 that will include a larger number of models with
well‐resolved stratosphere than CMIP5.
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