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data, so that the decline in acrosol mass begins 6 months after the start of the eruption or on October A

1 (see Fig. 1). We thus obtain aerosol optical properties for an idealized, long-lasting high-latitude

NH eruption. In this experiment we assume stratospheric injection only, although similar eruptions

in the natural world would likely inject part of the total aerosol mass within the troposphere during

the eruption. Past NH eruptions like Laki and Eldgja had an atmospheric loading of 210Tg and

120Tg respectively, much larger than our 14Tg eruption, that was carried aloft with the eruptive

column up into the upper troposphere with portions of the aerosols reaching the lower stratosphere

during the eruptions (Thordarson et al., 2001). Hence our experiment can also be considered as a

6-month stratospheric aerosol injection that is analogous to similar although smaller eruptions (as

compared to Laki) without the tropospheric aerosols.,
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Figure 1: The time series, of the original EVA aerosol extinction output (1/km, black curve) and the ;

aerosol mass of the volcanic forcing file of Neely et al. (2016) (kg/kg, blue dashed, curve) used for

deriving the linear scaling coefficient for the conversion of EVA output into WACCM4 input _

(kg/kg. red curve). The time series are normalized (mean=0, standard deviation=1) to allow

comparison of time series with different units. The horizontal axis is, time (months) from the start

of the eruption. Here we assume that the aerosol lifetime at 65° N is the same as at 45° N. Dashed

vertical lines show the three winters that we focus on in this study.
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P76  ensemble members) in winter 3 compared to only 10% in winters 1-2. Of these 10 ensemble

D77  members, two members show three SSWs per winter that can be considered highly unlikely based

D78  on historical records: Despite winters with more than 1 SSWs are considered unusual, examples

D79  do exist in the observational record of multiple SSWs in one winter, like the winter of 1998/1999

P80 and 2009/2010 (Kodera et al., 2016 and Ineson et al., 2023 respectively). However, when

D81 considering the different number of SSWs between winters in the unperturbed experiment we

P82  cannot rule out the possibility that large ensembles are needed to confirm this link.

D83

D84  According to the above, the evolution in ¢p/ from winter 1 to winter 3 can be summarized as

P85  follows: In the first winter, the thermal forcing appears to be stronger than the upward wave flux

D86  because of the large amount of aerosols present, thereby dominating the response that causes the

P87  polar vortex strengthening and the inclusion of cold polar air within. In the second winter, the

P88  thermal forcing from the volcanic aerosols at midlatitudes has decreased where it is now mostly

P89  confined to higher latitudes as seen both in the LW flux and T50 (Fig. 2f and Fig. 3b). We suspect

D90  that in addition to the aerosol decrease, this slight decrease in the temperature difference between

P91  high and midlatitudes allows the strong upward wave flux to dominate and enter the upper

P92  stratosphere. There the waves are absorbed that causes further warming over the polar cap in
P93  addition to weakening the zonal stratospheric winds (Fig. 5b and Fig. 4b). This upward wave flux

094  and weaker winds continue into the third winter, where winter 2 likely acts as a precursor, allowing

P95  for SSWs to develop more frequently as detected in the T50 warming that is now confined over

D96  the polar cap (Fig. 4c and Fig. 5c, respectively). The expected absence of a surface response is

D97  obvious in our atm-only experiment where basic physical mechanism, via the thermal wind balance

P98  due to radiative heating, dominates the atmospheric circulation response in the first two post-

P99  eruptive winters, with a strong stratospheric polar vortex isolating the cold air over the polar

100 regions in the second winter as in the ¢pl experiment (Fig. 5a-b).
01

102  3.3. Tropospheric response

103  Whatis it then that drives this polar vortex weakening and the SSW response in the ¢p/ experiment?

104  To understand better, we now turn our attention towards the troposphere to evaluate the role of

105  eddies and surface cooling in the forced ¢p/ response.

106
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107  3.3.1. The role of eddy feedback

108 As detailed in the introduction, the mechanism behind a stratospheric polar vortex response

109 following large volcanic eruptions has long been considered to be rooted in anomalous changes

110  within the stratospheric temperature gradient, whereas in recent years number of studies have been

11 emerging with evidences depicting tropospheric eddies as the main force in mediating atmospheric

112  circulation responses towards the stratosphere and vice versa. We want to examine further if eddies
113  play arole in the ¢p/ polar vortex response and the upward EP flux detected (Fig. 4a-f) as well as

114  the SSW detected in the 3rd winter, where we follow Smith et al. (2022) to calculate the eddy

115  feedback as the squared of the correlation between the zonal mean zonal winds (U) and the

116  divergence of the EP flux averaged over 200-600hPa. This is done for both perturbed (red) and

117  unperturbed (blue) experiments (Fig.6).
18

a) cpl (DJF1) b) cpl (DJF2) ¢) cpl (DJF3)

19 5 e % = —= = e

120  Figure 6: The ¢pl eddy feedback evolution in the lower atmosphere (200-600hPa) in winters 1-3

n21 where the eddy feedback is calculated as the squared correlation of zonal mean zonal winds and

122  the divergence.
23

124  An increase in perturbed eddy feedback at 45-60° N in winter 1 occurs during the strong thermal

125  forcing and the polar vortex strengthening and implies eddy mean-flow interactions and increased

126  eddy generation (Fig. 6a). Interestingly, a similar trend is also detected in atm-only for both winters

127  (Supplementary Fig. S4) where the aerosol thermal forcing dominates within the stratosphere. This

128  is especially clear in winter 2 of atm-only where a more robust increase in eddy feedback occurs

129  at 35-70° N. Since the thermal wind balance is strongest during boreal summer, as seen in the

130 increase in LW flux at mid-latitudes for both ¢p/ and atm-only, but close to normal during winter

131 in atm-only, where LW flux is absent at mid-latitudes, it suggests that although thermal forcing

132  triggers the polar vortex strengthening the eddy feedback maintains it. However, we cannot

18
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133  exclude the possibility that the DJF polar vortex strengthening mainly depends on the thermal wind

134  balance during summer that continues into early winter (e.g. July-November) without eddies

135 playing a role. DallaSanta et al. (2019) reported on the role of eddy feedback in the polar vortex

136  strengthening following a Pinatubo-like volcanic eruption. One of their conclusions were that the

137  thermal-wind balance is too simplified in explaining the simulated stratospheric polar vortex

138 response where eddies are needed to mediate atmospheric perturbation, both to couple the

139  stratosphere to the troposphere as well as achieving the forced stratospheric response alone.

140  Although our eddy feedback results suggest a similar response as in DallaSanta et al. the signal

141  appears to be quite low compared to the noise as is depicted by the variability between winters in

142  the unperturbed experiment.

143  The role of eddies in the polar vortex weakening in winters 2-3 is even less clear, especially

144  considering the eddy feedback increase of the control run in winter 2 suggesting in general that

145 more ensemble members are needed to evaluate the role of eddies in the forced response with any

146  certainty. However, we do see evidence of eddy-mean flow interactions of opposite signs in winter

147 2, suggesting that reduction of eddy feedback (eddy growth) is occurring due to wave breaking in

148  the upper stratosphere at high latitudes as is identified in the EP-flux and the weakening the zonal

149  winds (Fig. 6b and Fig. 4e respectively). Finally, the feedback pattern emerging in the third winter

150 does not seem to be related to the upward wave activity (Fig. 4f) and thus possibly demonstrating

151 a top-down mechanism via the extratropics, a pathway that is known to be similar to the response
152  to SSWs (DallaSanta et al., 2019). In addition to the relatively low signal to noise identified in the

153  eddy feedback, it is also important to consider that Smith et al. (2022) identified CESM1 WACCM-

154 SC as having one of the weakest eddy feedback of the sixteen models they investigated.

155  Nonetheless they do underline the need for further studies on this subject.

156  To examine in more detail the origin of the upward wave fluxes in winters 2 and 3 of the cpl
157  experiment that causes the detected polar vortex weakening and the SSWs. we look towards the

158  surface.
159
160  3.3.2. The role of surface cooling

161  As a response to the decrease in SW flux following the eruption, extensive and heterogeneous

162  cooling is identified in the T2m anomalies in winters 1-3 over latitude bands that contain the most

163  significant SW flux decrease (Fig. 2d and Fig. 7). At hemispheric scale we see the strongest coolin
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over northeastern North America and along the Asian midlatitudes in winter 1 that protrudes over

the northwestern North Pacific (Fig. 7a) where it progresses from an initial preferential surface

cooling over the midlatitudes in winter 1 to a later cooling of polar regions in winter 3.

a) DJF1 (T2m)

-0.24 -0.16

b) DJF2 (T2m)
180

¢) DJF3 (T2m)
0

0 [CONTOUR FROM 270 15 BV 62%)

fligure 7: a-c) Sea level pressure (contours) and femperature (T2m. colored area) anomalies; in cpl.

for winter _1-3. respectively. d-f) Vertical component of the Plumb flux response at 850 hPa for \

winters, 1-3, respectively, Contours and shaded areas indicate significance at the 95% confidence

interval according to a student's t-test.
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3.3. The tropospheric response in cpl*
In this section we present results from the first three winters
of the ¢pl experiment to assess the surface imprint of the
stratospheric anomalies detected following our idealized
volcanic eruption and their potential impact on weather and
surface climate in the Northern Hemisphere. In Fig. 7 the
time evolution of the zonally averaged SST response is
shown during the first 3 post-volcanic years. The strongest
surface cooling takes place in midlatitudes during the second
post-eruption summer. §
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Figure 8 Same as Figure 7 but for winters 1-2 in atm-only,

This T2m cooling in winter 3 (Fig. 7c) occurs during the significant increase in SSWs also detected

in winter 3 (Fig. 5), an, expected cooling pattern during such events. In general the large-scale
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circulation is rather consistent in winters 1 and 2, where it is largely constrained by the imposed

SSTs and hence land-sea contrast dynamics. In atm-only, the surface response is hampered over

the ocean by construction, and T2m anomalies are therefore confined to landmasses, yielding an

overall much weaker, temperature response compared to cp/ (Fig. 8a-b).
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Apart from the magnitude of the cooling, the main difference between the surface temperature

responses in ¢pl and atm-only is the presence of anomalous warming-cooling dipoles, hence

regions of enhanced temperature contrast like the Aleutian/Alaska region. The vertical component

of the 3D wave activity flux (the Plumb flux) at 850 hPa (Fig. 7d-f) allows us to locate the origins h

of the upward ¢p/ EP flux (Fig. 4d-f) as being strongest over the north eastern part of the Pacific
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Ocean (off the west coast of North America) in winter 1, where it continues up into the stratosphere

North Pacific and increases over the North Atlantic and Siberia, pointing to a possible influence of

the change in land-sea temperature contrast (Fig. 7¢). In addition to this upward flux, we also detect

downward propagating wave flux over both the Aleutian and Greenland regions at 850 hPa and

over a large area south of 45° N at 150 hPa. This downward Plumb flux is evidence of changes in

the planetary wave structure where wave reflection occurs due to the sudden weakening of the

zonal winds identified in the U10 (Fig. 3a).

An upward wave-activity flux now dominating both at 850 (seen in Fig. 7f) and 150 hPa (Fig.

Slc), where it encircles the polar stratosphere porth of 60° N,

Only minor activity is occurring in the Plumb flux of atm-only in winter 1 as expected, where

downward flux dominates the mid-latitudes, with the exception of the upward flux over Greenland

and the Himalayas that is most likely of orographic nature (Fig. 8c-d).

When the cooling is no longer confined to the NH mid-latitudes in ¢p/ and has reduced towards

the polar regions as in winter 3, also evident in the SST (Supplementary Fig. 5S), the upward

Plumb flux also decreases compared to previous winters (Fig. 7f). This suggests that the mid-

latitude spatiotemporal cooling pattern plays a part in the strong wave activity detected. This can

be revealed by computing the T2m gradient (Tgrad) where strong land-sea temperature gradients

are known for their ability to influence atmospheric wave activity (Hoskins and Valdes, 1990;

Brayshaw et al., 2009; He et al., 2014; Wake et al., 2014; Portal et al., 2022). In winter 1 the

meridional gradient shows sharp significant changes encircling 45° N (Fig. 9a), with positive

(negative) gradient anomalies occurring south (north) of 45° N. In winter 2 we still see the gradient

present at 45° N but now located over North America and the North Pacific while winter 3 mostly

reveals regional anomalies in the Barents-Kara, Greenland-Iceland and the North Pacific regions
(Figure 9b-c), occurring over areas of significant sea ice increase (not shown). The sharp Tgrad

changes throughout the NH at 45° N identified in winter 1 (Fig. 9a), followed by a reduction of

land-sea temperature contrast over eastern Canada and the U.S. in winter 2 (Fig. 7b), a known

cause of planetary wave enhancement (Portal et al., 2022), could provide an explanation for the

strong upward wave flux detected in the second and third post-volcanic winters (Figure 7e-f). Both

the zonal and meridional Tgrad components show an increase in the northern part of Alaska that
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coincides with the region of T2m warming over the Aleutian/Alaska region (Fig. 7a) and the strong

upward Plumb flux (Fig. 7d). This warming, in addition to the strong continental cooling over

North East America and the general decrease in Tgrad spanning from mid to northern part of North
America, might also trigger this strong Plumb flux in the Northern Pacific. At least it is unlikely

that the Tgrad alone could explain such a strong increase in the upward Plumb flux where the

source is likely to be rooted in anomalous spatial temperature patterns. Although not shown, an

increase in sea ice extent in East Siberia extending into the Chukchi Sea, in addition to the

temperature dipole over Alaska and North East America, might further support the role of

anomalous spatial temperature pattern occurring in the vicinity of this strong upward Plumb flux

detected.

Plotting the average Tgrad for various regions against the average number of SSWs for winters 1-

3 (Supplementaru Fig. S6), we do see that the strongest Tgrad reduction occurs over the North

East US in the second winter, agreeing with the upward Plumb flux over the same region and

serving as further evidence for its contribution to the upward EP flux in winter 2. This Tgrad

reduction continues into the third winter where we also detected a reduction in the upward Plumb

flux over the same area (Fig. 7f). Looking towards the Barents sea, a clear spatial difference

emerges compared to the North East US, where a clear Tgrad increase occurs in winter 3 related

to the SSWs. In general less changes are detected between winters in the North West NA and the

North Pacific, reflecting the confined cooling over higher latitudes in winter 3 associated with the

SSWs.
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Figure 9: a-c) The zonal (degrees north) and meridional (degrees east) T2m gradient anomalies

(perturbed minus unperturbed) for winters 1-3. Colored areas indicate 95% significance according

to a student’s t-test.

4 Discussions,

Our two sets of coupled ocean-atmosphere and atmosphere-only experiments examine the large-

scale climate response to an idealized long-lasting NH eruption, where their differences give us

valuable insight into the volcanically forced mechanisms at play within the coupled climate system

in CESM1, We assessed the first three winters of the cp/ experiment and used the first two winters

of atm-only as a comparison to investigate the dynamics that govern the stratospheric polar vortex

and the associated surface response.,
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Results from our ¢pl experiment show a similar response in the first winter as in the two winters

of, atm-only, with a strengthening of the zonal winds resulting from an aerosol-induced sharp

temperature gradient between the mid-latitudes and the pole (Fig. 4a, and Fig. 5a). We show that

this zonal wind strengthening is not affected by the strong upward EP flux detected, where the LW

flux (Fig. e-f) supports our conclusions that the polar vortex strengthening is induced by the
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thermal wind balance, A distinct change to this pattern emerges in cp/ winter 2 where we detectan

SSW-like pattern, with strong negative anomalies emerging in the polar US0 winds and a warming

in the TS50 field (Fig. 4b). We also detect an absorption in the LW flux at high latitudes, that is

absent at midlatitudes, where this T50 warming is evident of the potential role of a decreased

temperature gradient in the polar vortex weakening identified. Furthermore, the upward wave flux
from the troposphere into the stratosphere and the T50 warming indicate absorption of upward

propagating waves into the stratosphere that causes this warming and weakening of U10 winds

over the polar cap. This pattern is known to be related to SSWs (Kretschmer et al., 2018; Kodera

et al., 2016) that we further confirm in winter 3.,
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Deleted: 4b). This T50 warming is still present in winter 3
and coincides with an unexpected and significant increase in
the number of SSW events (Fig. 4c and Fig. 5). The EP and
Plumb fluxes (Fig. 4d-i) give further information on the
source of this detected SSW increase where two mechanisms
appears to be competing in the first three winters: a) A
surface mechanism with strong upward wave activity flux and
b) a stratospheric mechanism, where the strengthening of the
U50 winds is due to a local heating by volcanic aerosols. The
strength of each one determines which mechanism dominates
in these three winters and hence the associated climate
response.

Although the above coincides with a positive (negative) eddy feedback in the first (second) winter

that could in theory play a role in sustaining the strengthening (weakening) of the polar vortex, our

eddy feedback results indicate low signal to noise where further studies with additional ensemble

members would be required to confirm their role in the forced response. Similarly as the eddy

feedback, low signal to noise is also evident in the SSW analysis, both of which suggest the need

for more ensemble members in order to get a more robust response. However, the response we do

detect in the U50 and T50 fields is strong compared to the unperturbed run where the eddy

feedback, and especially the SSW, provides an explanation in agreement with the patterns detected

although noisy.

Bittner et al. (2016b) identified a similar but opposite response, when compared to our ¢pl response

in winters 2-3 (Fig. 4), following a Tambora-like eruption where a strengthening of the polar vortex

due to less wave breaking at high latitudes was considered to be an indirect effect associated with

a changes in planetary wave propagation. Since the volcanic aerosols in our experiments have

declined extensively in the third winter, making the aerosol thermal forcing a limited factor, we

cannot rule out similar indirect effects where changes in wave propagation leads to an increase in
wave breaking at high latitudes and hence the increase in SSWs.

While not directly comparable to our study but still providing an important analog, Muthers et al.

(2016) identified an average increase in the number of SSWs during a 30-year (constant) decrease

in solar radiation in line with our significant increase in SSWs in winter 3. Our results do support

the findings of Sjolte et al. (2019). where the stratospheric temperature gradient does not appear

to play a major role in the polar vortex weakening we identify but rather the upward wave flux.
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wave flux to dominate and enter the upper stratosphere to
weaken the zonal stratospheric winds (Fig. 5b and Fig. 4b).
This upward wave flux and the weaker winds continue into
winter 3, allowing for more frequent SSWs to develop (Fig.
4c and Fig. 5c, respectively), where the US0 weakening in
winter 2 potentially plays a contributing role to the significant
number of SSWs detected.”

q

In our atm-only experiment the stratospheric warming by
volcanic aerosols dominates the atmospheric circulation
response in the first two post-eruption winters. Between June
and September of the first two simulated years (not shown),
strong radiative warming from the volcanic aerosols is
present in the stratosphere between 30 and 60° N around the
50 hPa region. In the following winters (winter 1 and 2), lack
of solar radiation north of 60° N results in a strong
temperature difference between the poles and midlatitudes
(where sunlight is still a dominating factor) that leads to
stronger stratospheric zonal winds and a stronger
stratospheric polar vortex according to thermal wind balance
and this isolates the cold air over the polar regions (Fig. 6a-
b). The weaker westerlies in the midlatitudes occur due to the
same mechanism but with a decrease in the meridional T
gradient between equator and midlatitudes. This dominating
stratospheric mechanism becomes clear as the EP flux
diagnostics indicate little upward wave flux at 30-40° N
compared to a stronger downward wave flux occurring at
around 60° N. This purely atmospheric response following
our idealized volcanic eruption is thus according to the
standard theory following equatorial eruptions. This indicates
that the stratospheric aerosol warming in WACCM4 is
insensitive to the injection latitude in terms of the polar
vortex response to volcanic eruptions since warming from
both high- and mid-latitude eruptions will be confined to the
midlatitudes during winter and warming from low latitude
eruptions will be confined at low latitudes, both of W(W
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The strong surface cooling detected in Fig. 7, is a well-known caveat in the CMIP5 models .
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(including CESM1) (Driscoll et al., 2012; Chylek et al., 2020) and is clearly detected in our

coupled simulation. Since our results indicate the dominant role of the volcanically induced
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stratospheric thermal wind balance that causes the polar vortex strengthening, the cooling does not

appear to impact the response identified in winter 1 as also revealed by the EP flux in addition to

the eddy feedback although weakly. The same cannot be said about winters 2-3. where our results

indicate that the exaggerated spatiotemporal T2m pattern might explain the strong upward wave

flux and the associated stratospheric response.
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N. When considering the e-folding time in Toohey et al. (2019), a substantial aerosol decrease of

about 43% occurs at 17km (a.b.s.) for an eruption at 60° compared to at 0°. However, since our

experiment assumes a constant stratospheric injection over 5 months with the aim to simulate a

long-lasting HL eruption compared to a single injection at low latitudes, the difference in the e-

folding time between low and high-latitudes would be expected to decrease. Using CESM2-

WACCMG6 with interactive chemistry Zhuo et al., (2023) identified that although an eruption at

64° N did have a shorter aerosol lifetime compared to at 15° N, they lead to stronger volcanic

forcing over the NH extratropics although the resulting climate impacts did not last as long. In

addition, one of their conclusions was that different duration and intensity of both tropical and NH

extratropical eruptions can lead to different results, stressing that our 6 month long sulfate injection

is not directly comparable with volcanic eruptions of shorter duration. Although the aerosol

lifetime in our experiment might be exaggerated into the third year, our results do indicate that the

polar vortex weakening in winter 2 appears to act as a trigger for further weakening that eventually

leads to SSWs in winter 3. In order to confidently confirm such a delayed link, additional

sensitivity simulations are required and thus we leave that for future studies.

Unlike our simulated eruption using a version of WACCM4 where the chemistry is prescribed

natural volcanic eruptions can contain various chemical compounds that impact the formation and

the lifetime of sulfate aerosols as well as affecting the atmospheric circulation via e.g. ozone

depletion like halogens are known to do. More advanced versions as well as models that include

interactive chemistry are thus important to reveal in more detail the chemistry-climate interactions

that occur in the natural world (Clyne et al., 2021; Case et al., 2023; Fuglestvedt et al., 2024). Thus
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volcanic forcing being zonally symmetric and thus nearly
homogeneously spread throughout the higher northern
latitudes during peak forcing. However, the volcanic forcing
is the same in atm-only and coupled experiments suggesting
an intrinsic reason originating in the model itself. When the
idealized volcanic forcing profile is compared to the other
profiles used for scaling (Fig. 1), with the aerosol lifetime
being around 36 months for all curves, we would not expect
drastic changes using a shorter eruption of similar injection
size.

Although we do not focus specifically on the QBO, it is
undeniably a dominating variability within the equatorial
stratosphere that can influence the polar vortex differently
depending on the state of the QBO. Each QBO cycle spans
around 28 months on average but the number of ensemble
members we have is only 20 and so we do not capture a
complete QBO cycle in our ¢pl experiment. The potential
impact this could have on our results was tested and from that
it is clear that our cp/ experiment is biased towards the
easterly phase, where it is present in 14 ensemble members
prior to the onset of our idealized volcanic eruption compared
to the first 6 ensemble members having the westerly phase.
The easterly phase of the QBO can impact the polar vortex by
weakening it (Labe et al., 2019), thus allowing SSW events
to develop more easily. To test the robustness of our results
and the detected SSW in winter 3 with respect to the QBO,
we also compared the
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our idealized experiment can be considered primitive in the sense that it only considers sulfate

aerosols but sufficient when focusing on answering questions on the basic mechanism that such

eruptions can initiate. Another important aspect that we do not focus on in our study is the role of

different initial conditions on the forced climate response, where initial atmospheric and climate

conditions, including e.g. the stability of the polar vortex, control the lifetime and distribution of

the volcanic aerosols as well as the forced dynamic climate response (Weierbach et al., 2023; Zhuo

et al., 2023; Fuglestvedt et al., 2024). An exception is our assessment on how the easterly and

westerly phase of the Quasi-Biennial-Oscillation affect our results where we compared, ensemble

members showing easterly phase with the westerly ones to test if the US0 and T50 response
patterns would be different. They were not, both phases showed a weakening of the U50 although
the zonal winds were more confined and consistent over the higher latitudes of the NH during the
easterly phase (not shown). The difference in the number of ensemble members used for these
calculations could of course impact the statistics of this test of ours but not the overall pattern

detected.,
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CESM2-WACCMG6 has obvious improvements when compared to CESM1-WACCM4 (see e.g.

Gettleman et al., 2019, Danabasoglu et al., 2020), among them being an interactive QBO as well

as having a slightly higher frequency of occurring SSWs (Holland et al., 2024). Nonetheless

CESM1-WACCM4 has comparable transient climate response to CESM2 as well as the ability to

capture the general physical mechanism occurring within the climate system as identified in

various recent studies (Danabasoglu et al., 2020: Zang et al., 2018; Elsbury et al., 2021b; Peings
et al., 2023; Ding et al., 2023: Yu et al., 2024).

5 Conclusions

Results from our study suggest that two mechanisms are competing in the first three winters:

i) Winter 1: The stratospheric polar vortex strengthening is triggered by stratospheric aerosol

thermal forcing via thermal wind balance. Since this response is not influenced by the strong

upward wave flux identified, this is evident of two mechanisms that are competing simultaneously:
A Top-down and a Bottom-up mechanism, where the Top-down dominates the response.

ii) Winter 2: The upward wave flux, originating in the strong volcanically induced surface cooling

gets absorbed in the stratosphere that causes a warming over the polar cap in addition to polar
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