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11  Abstract
12 The temporary enhancement of the stratospheric aerosol layer after major explosive volcanic
13 eruptions can trigger climate anomalies beyond the duration of the radiative forcing. Whereas
14 the mechanisms responsible for long-lasting response to volcanic forcing have been extensively
15 investigated for tropical eruptions, less is known about the dynamical response to high-latitude
16  eruptions. Here we use global climate model simulations of an idealized long-lasting (6
17  months) northern hemisphere high-latitude eruption to investigate the climate response during
18 the first three post-eruption winters, focusing on the dynamics governing the stratospheric polar
19  vortex. Our results reveal that two competing mechanisms contribute to determining the post-
20  eruption evolution of the polar vortex: 1) A local stratospheric mechanism whereby increased
21  absorption of thermal radiation by the enhanced aerosol layer yields a polar vortex
22 strengthening via a thermal wind response. 2) A bottom-up mechanism whereby surface
23 cooling yields an increase in atmospheric wave activity that propagates into the winter
24  stratosphere, leading to a weakening of the polar vortex, also seen as an increased occurrence
25  of sudden stratospheric warming events (SSWs). The local stratospheric mechanism dominates
26  in the first post-eruption winter, while the bottom-up mechanism dominates in the follow-up
27  winters. The identification of a deterministic response such as increased SSWs following high-
28 latitude volcanic eruptions calls for increased attention to these events as an important source
29  of interannual variability and a possible source of increased seasonal predictability of northern
30 hemisphere regional climates.
31
32
33
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35 1 Introduction

36

37  Sulfur-rich volcanic eruptions are an important driver of natural climate variability by imposing
38 short-lived yet possibly very strong radiative anomalies within the atmospheric column. These
39 anomalies occur due to the optical properties of the sulfate aerosols that form when sulfur
40  gasses in the volcanic plume react with water in the atmosphere (Robock, 2000; Timmreck,
41  2012; Zanchettin, 2017). In general, sulfate aerosols scatter short-wave radiation thereby
42  cooling the surface and absorb long-wave radiation resulting in a warm layer in the
43  stratosphere. This direct radiative effect can alter both meridional surface and stratospheric
44 temperature gradients that can, in turn, initiate further dynamical climate responses on seasonal
45  to decadal time scales (Church et al., 2005; Gleckler et al., 2006; Stenchikov et al., 2009;
46  Shindell et al., 2009; Otterd et al., 2010; Zanchettin et al., 2012; Swingedouw et al., 2015).
47  Over the past decade or so, several studies have shown that high-latitude, Northern Hemisphere
48  (NH) eruptions appear to lead to a different climate response compared to tropical eruptions
49  (Meronen et al., 2012; Pausata et al., 2015; Gudlaugsdottir et al., 2018; Sjolte et al., 2019).
50 Like tropical eruptions, NH extratropical eruptions can also disturb the meridional temperature
51 gradient, especially considering that a) the aerosols tend to stay longer in the polar stratosphere
52 (Grafetal., 1994, 2007) and b) the tropopause is lower at higher latitudes than at the equator.
53  Spatiotemporal characteristics of volcanic aerosols from NH extratropical eruptions are also
54  very different when compared to tropical eruptions. Therefore, tropical eruptions are not
55 analogs of NH extratropical eruptions, underlining the need for more studies on the latter to
56  further quantify their potential climate impacts (Zanchettin et al., 2016).

57  When the meridional stratospheric temperature gradient increases because of warming from
58  volcanic sulfate aerosols originating in the tropics, the stratospheric polar vortex becomes
59  stronger due to thermal wind. Conversely, if the meridional stratospheric temperature gradient
60 decreases because of warming at high latitudes, the result is a weakening of the stratospheric
61 polar vortex (Kodera, 1994; Perlwitz & Graf, 1995; Stenchikov et al., 2002; Bittner et al.,
62  2016). A strengthened stratospheric polar vortex can effect the troposphere as the positive
63 phase of the Northern Annular Mode, while a weaker polar vortex is linked to increased
64 likelihood of sudden stratospheric warming events (SSWs) in the stratosphere and a negative
65  Northern Annular Mode at the surface (Haynes, 2005; Domeisen et al., 2020; Huang et al.,
66  2021; Kolstad et al., 2022, and references therein). Given this top-down mechanism, one
67  expects the results of volcanic eruptions to give tropospheric signatures either in observations

68 or in numerical simulations, but the stratosphere is noisy and tropospheric signatures are weak
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69  (Weierbach et al., 2023; DallaSanta and Polvani, 2023; Kolstad et al., 2022; Azoulay et al.,
70  2021; Polvani et al., 2019; Zanchettin et al., 2022; Toohey et al., 2014). Also, the radiative
71  surface cooling following large volcanic eruptions has been shown to impact large-scale modes
72  of climate variability, such as the El Nino-Southern Oscillation and the Atlantic Multidecadal
73  Variability (e.g., Zanchettin et al., 2012; Pausata et al., 2023; Zhu et al., 2022; Dee et al., 2020;
74  Predybaylo et al., 2020; Pausata et al., 2020; Khodri et al., 2017; Colose et al., 2016), which
75  can in turn affect the stratospheric polar vortex via a bottom-up mechanism (e.g., Graf et al.,
76 2014; Peings and Magnusdottir, 2015; Omrani et al., 2022). Since both mechanisms, i.e., the
77  top-down mechanism triggered by stratospheric heating and the bottom-up mechanism
78  triggered by surface cooling, act together in the real world and, in simulations, under realistic
79  volcanic forcing, idealized model experiments are required to assess their relative contribution
80  to uncertainty in post-eruption regional climate variability (Zanchettin et al., 2016).
81 Icelandic volcanism has played a role in shaping past NH climate variability and will continue
82  doing so. Two Icelandic eruptions during the past 2000 years, namely Eldgja in ~939 CE and
83 Laki in 1783 CE, are considered to have had a significant impact even on global climate
84  variability (Brugnatelli and Tibaldi, 2020; Zambri et al., 2019; Oppenheimer et al., 2018;
85  Thordarson and Self, 2003; Stothers, 1998). These types of effusive eruptions are common in
86 Iceland where their duration can extend over years. Eruption history as well as dense
87  monitoring network of Icelandic volcanic systems tell us that many of these systems are
88  currently on the verge of an eruption, having already produced some of the largest volcanic
89  eruptions over the past millennia (e.g., Orzfajokull, Bardabunga and Hekla, Larsen &
90 Gudmundsson, 2014; Barsotti et al., 2018; Einarsson, 2019). Therefore history and current
91  activity makes these types of eruption an ideal reference case to explore the potential climatic
92  impacts following NH eruptions and to test hypotheses about the underlying mechanisms
93  driving the climate response.
94 In this study we perform idealized, long-lasting high-latitude volcanic perturbation
95  experiments using The Community Earth System Model version 1 (CESM1) both in coupled
96  and an atmosphere-only mode to assess 1) the response within of NH stratospheric polar vortex
97  and ii) the resulting NH tropospheric response during the first three winters following the
98  eruption, referred to as post-eruption winters in the text. This paper is organized in the
99  following manner: Section 2 describes the model, experimental design and diagnostics, results

100  for each winter are presented in section 3, where we end with summarizing discussions in

101  section 4.

102
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103 2 Methods

104  2.1. The Global Climate Model

105 We use the Community Earth System Model (CESM) version 1, from the National Center for
106  Atmospheric Research (NCAR). In our configuration of CESM1, the atmospheric model is the
107 Whole Atmosphere Community Climate Model, version 4 (WACCM4, Marsh et al., 2013).
108 WACCM4 includes 66 vertical levels (up to 5.1x10—6 hPa, ~140 km) and uses CAM4 physics.
109  We use the specified chemistry version of WACCM4 (SC-WACCM4; Smith et al., 2014),
110  which is computationally less expensive to run, but simulates dynamical stratosphere-
111  troposphere coupling and stratospheric variability that is comparable to the interactive
112 chemistry model version. The SC-WACCM4 experiments are run with a horizontal resolution
113 of 1.9 latitude by 2.5° longitude and include present-day (year 2000) radiative forcing. A
114  repeating 28-month full cycle of the Quasi-biennial Oscillation (QBO) is included in the SC-
115 WACCM4 experiments through nudging of the equatorial stratospheric winds to observed
116  radiosonde data. In the coupled ocean-atmosphere configuration, the ocean component of
117  CESMI is the Parallel Ocean Program version 2 (POP2). CESM1 also includes the Los Alamos
118  seaice model (CICE), the Community Land Model version 4 (CLM4) and the River Transport
119  Model (RTM). CLM is run at a horizontal resolution of 1.9°x2.5°, POP2 and CICE are run at
120  nominal 1° resolution with higher resolution near the equator than at the poles. Further details
121  about CESMI are given in Hurrell et al. (2013).

122

123 Simulations run in atmosphere-only mode with prescribed sea surface temperature (SST) and
124  sea ice concentration (SIC) fields are run with SC-WACCM4 in stand-alone mode and are
125  referred to as atm-only. The SST and SIC fields are prescribed and fixed to the 1979-2008
126  monthly climatology of HadISST observations (Rayner et al., 2003). The coupled experiments
127  are henceforth referred to as cpl.

128

129  2.2. Volcanic Forcing File

130 We use the Easy Volcanic Aerosol (EVA) forcing generator (Toohey et al., 2016). EVA
131  provides zonally symmetric stratospheric aerosol optical properties as a function of time,
132 latitude, height, and wavelength (see detailed information on the tool in Toohey et al., 2016).
133  EVA has been used to generate volcanic forcing in both idealized volcanic experiments (e.g.,
134 Zanchettin et al., 2016) and for paleoclimate simulations (Jungclaus et al., 2017) contributing

135  to the sixth phase of the coupled model intercomparison project.
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136  We use EVA to prescribe the idealized volcanic aerosol loading corresponding in time and
137  magnitude to that of the 1991 Mt. Pinatubo eruption (14.04 Tg SO.), but at a midlatitude
138  location. Since the model reads the volcanic forcing as aerosol mass (kg/kg), we scale our
139  forcing file by using the standard aerosol mass input file for CAM4 and 5 (see Neely et al.,
140 2016, Table 1) for the same Pinatubo period. A monthly scaling factor was derived from this
141  linear relationship between the aerosol extinction (1/m?) and the aerosol mass (kg/kg) that was
142 used to scale the initial EVA forcing data (Fig. 1).

143 The aerosol optical properties for an idealized, long-lasting high-latitude NH eruption are
144  obtained with a two-step approach using our newly obtained scaled forcing. First, we move the
145  injection location northwards so that the center of the aerosol mass is at 65° N latitude and
146  spanning 10-28 km in altitude. We then approximate a 6-month long eruption that starts on
147  May 1 by extending in time the highest monthly value in our forcing data so that the decline in

148  aerosol mass begins 6 months after the start of the eruption or on October 1 (see Fig. 1).
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151  Figure 1: Normalized profiles of the aerosol mass (Neely et al. 2016, blue dashed), aerosol
152 extinction (EVA, black curve) used for the linear scaling method to establish our idealized
153  scaled forcing (red curve) as a function of time (months) from the start of the eruption. Here
154  we assume that the aerosol lifetime at 65° N is the same as at 45° N. Dashed vertical lines show
155 the three winters that we focus on in this study.

156

157  2.3. Experimental design
158  We run two experiments with CESM1. One is with an atmosphere-only version of the model

159  (atm-only), the other is with the fully coupled model (cp/). In both experiments we run 20



https://doi.org/10.5194/egusphere-2024-1302
Preprint. Discussion started: 21 May 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

160 ensemble members using the volcanic forcing and 20 exactly corresponding ensemble
161  members except without the volcanic forcing, which we call the control.

162  The atm-only experiments were run over three full years, which provides two full winters after
163  an eruption is imposed. We found that there was no need to extend the simulations further given
164  the duration of the forcing and short memory of the atmosphere. The cpl experiments follow a
165  similar protocol but they were integrated over 15 years to assess the response influenced by
166  oceanic dynamical adjustment. However, in this study we only focus on the first three winters
167  following the eruption. We define the first post-volcanic winter as December of the starting
168  year (year 00) and the following January and February (year 01), the second post-volcanic
169  winter is then December of year 01 and the following January and February of year 02 etc.
170  Because the QBO is prescribed, and given its important influence on the atmospheric
171  circulation and on the distribution of volcanic aerosols within the stratosphere (Thomas et al.,
172 2009; DallaSanta et al., 2021; Brown et al., 2023), we have been careful to vary the QBO phase
173  that is imposed on the 20 ensemble members. For this, we shift the 28-month QBO cycle by
174  one month for every ensemble member, so that the phasing of the QBO differs from one
175  ensemble member to the next (Elsbury et al., 2021). This avoids potential biases in the climatic
176  response that may be induced by any dominating QBO phase.

177

178  2.4. Diagnostics

179  Model output is analyzed by computing paired anomalies, defined as deviations of each
180 volcanic simulation from the corresponding control simulation (Zanchettin et al., 2022)
181  (volcanic minus control). The statistical significance of the ensemble mean of paired
182  anomalies is assessed at the 95% confidence interval, calculated from all 20 ensemble
183  members, using a two-sided student's t-test.

184  To identify Sudden Stratospheric Warming (SSW) events we use an algorithm following
185  Charlton and Polvani (2007), where sudden warming events are determined to take place if the
186 10 hPa zonal-mean zonal wind at 60°N becomes easterly during winter. To evaluate the effects
187  of planetary waves on the zonally averaged stratospheric response, we use the Eliassen Palm
188  flux (EP flux) and its divergence (Edmon et al., 1980). We also use the 3D generalization of
189  the EP flux, the Plumb flux (Plumb, 1985) for a longitudinal representation in the lower
190 troposphere and stratosphere.

191

192 3 Results

193  3.1. Volcanic radiative forcing
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194  Figure 2 shows the net short-wave (SW) flux at the top of the atmosphere for atm-only and cpl
195  (panels a and b, respectively). The meridional distribution of the mean aerosol mass averaged
196  over the three years is shown in Fig. 2c. The perturbation of solar fluxes is dominated by the
197  obvious strong seasonal evolution, with strong anomalies over the first two post-eruption
198  summers, of similar amplitude despite the already declining forcing in the second post-eruption
199  summer as can be seen in Fig. 1, and substantially smaller anomalies in the third post-eruption
200 summer (Fig. 2a). The solar flux anomalies remain confined north of around 30 °N, with a
201  northward displacement of peak values along the three summers from around 60 °N to around
202  70° N (Fig. 2a). The maximum value of the aerosol mass center is located between 60 and 70°
203 N as expected, with most of the aerosol mass being located north of 45° N (Fig. 2b). EVA
204  prescribes transport of a small part of the volcanic aerosol to the southern hemisphere,
205  which explains the slight increase between 0 and 60° S. Overall, the radiative forcing thus

206  remains largely confined to NH extratropical summers.
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210  Figure 2: The time evolution of the net solar flux anomaly at the top of the atmosphere at 65°

211 N (contours from -100 to 20 by 10 Wm-2) in a) atm-only and b) ¢pl. ¢) The aerosol mass



https://doi.org/10.5194/egusphere-2024-1302
Preprint. Discussion started: 21 May 2024 G
© Author(s) 2024. CC BY 4.0 License. E U Sp here

212 averaged over the three years with respect to latitude and pressure height (contours from 2e-8
213 to 2.6e-7 by 2e-8) in the atm-only experiment.
214

215  3.2. The Stratospheric response

216  In addition to cooling due to the negative SW flux anomalies at the top of the atmosphere,
217  stratospheric aerosols absorb longwave (LW) radiation, leading to warming in the lower
218  stratosphere. Accordingly, the strong seasonality in the radiative perturbations described
219  above also characterizes stratospheric temperatures, where a strong increase in the zonally
220  averaged temperature at 50 hPa (T50) is detected north of 30° N during post-eruption

221  summers in both experiments (Fig. 3a and 3b). This summer warming is followed by a net
222 cooling of the polar stratosphere in the first winter seen for both cp/ and atm-only, where the
223 c¢plreveals intra-seasonal dynamical effects beyond the direct radiative response. A clear
224  difference between cp/ and atm-only is seen in winters 2-3 as captured by T50 (Fig. 3a and
225  3b) that is also detected in the stratospheric polar vortex index calculated by averaging zonal
226  mean zonal winds at 50 hPa between 70 and 80° N. We will focus on this difference in the

227  following sections.

228
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Figure 3. Latitude versus time response of T50 in a) ¢p/ and b) atm-only. Contours are
significant in 95% confidence intervals according to a student's t-test. The stratospheric polar
vortex is shown here as the zonal winds at 50 hPa (U50) between 70 and 80° N for c) cp/ and

d) atm-only where black lines show ensemble mean and blue shadings show ensemble mean
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235  3.2.1 - First post eruption winter (cpl)

236  In the first winter of the cp/ experiment, Fig. 4a depicts the 50 hPa zonal wind and temperature
237  response, showing colder T50 at high latitudes and into midlatitudes over the Atlantic. There
238 is warming over large swaths of the subtropics (to 20° N) and into midlatitudes over the
239  Pacific. The zonal wind at 50 hPa (U50) weakens over the subtropics and into midlatitudes
240  over the Pacific and is stronger in high latitudes and into midlatitudes over the Atlantic. These
241  are signatures of a stronger and colder stratospheric polar vortex. Figure 4d is a meridional
242 cross section showing the response in EP flux and divergence (red contours) in winter 1, along
243  with the winter-mean, zonal-mean jet response (black contours). There is a strong upward EP
244  flux from the surface with convergence of the flux (red dashed contours) in the upper
245  troposphere to lower stratosphere, which weakens the westerlies (black dashed
246  contours). However, the polar vortex itself is reinforced in winter 1, which shows the dominant
247  influence of the local heating due to the volcanic aerosols and the associated increase in the
248  meridional temperature gradient in the stratosphere. This can also be seen in the T50 response
249 in Fig. 3a and Fig. 4a (shading), where a clear dipole of colder temperature at the pole, versus
250 warmer temperature in lower latitudes, is visible. This stratospheric temperature dipole
251  increases the gradient between midlatitudes and the pole, leading to a strengthening of the polar
252 vortex as expected from the thermal wind relationship (as seen from the strengthening of U50
253  around the pole, Figure 4a, contours).

254

255  Figure 4g shows the 850 hPa vertical component of the wave activity flux (the Plumb flux) that
256  allows us to locate sources of wave activity near the surface in winter 1. An upward Plumb flux
257  anomaly is located over the North Pacific Ocean, off the west coast of North America in winter
258 1. This upward 850 hPa Plumb flux response is also found in the stratosphere (at 150 hPa),
259  although it is located further north (see Supplementary Fig. S1a).

260

10
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Figure 4: All panels are for the coupled experiment. a-c) Zonal wind (contours) and temperature
(shading) response at 50 hPa for winters 1-3, respectively. d-f) EP flux (arrows) and divergence
(red contours) response, along with zonal-mean, zonal wind response (black contours) and
climatology (green contours) in winters 1-3, respectively. g-i) Vertical component of the Plumb
flux response at 850 hPa for winters 1-3, respectively. Contours and color-shaded areas

indicate 95% significance according to a student's t-test.
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270  3.2.2. Second post-eruption winter (cpl)

271  In the second winter, a different pattern emerges as seen in Fig. 4b with strong warming over
272 the polar stratosphere and weaker warming over N America and the Pacific, along with a
273  weakening of U50 at high latitudes with a polar vortex shifted towards Eurasia. An upward
274  propagation of planetary waves persists as seen in Fig. 4e, with a more robust upward EP flux
275 in the lower to mid stratosphere than in winter 1. The direct thermal forcing is therefore the
276  response, and the upward EP flux and its convergence in the stratosphere now weakens the
277  polar vortex as seen in Fig. 4e (black dashed contours). Furthermore, the polar vortex is now
278  more confined over the pole, but as it is slightly shifted toward Eurasia we do not see a clear
279  weakening in the U50 index in Fig. 3¢ defined over 70-80° N.

280 In winter 2, the vertical Plumb flux at 850 hPa has decreased in the North Pacific but increased
281  over the North Atlantic and Siberia, pointing to a possible influence of the change in land-sea
282  thermal contrast (Fig. 4h). A significant downward Plumb flux is also occurring in the lower
283  stratosphere over a large area south of 45° N while an upward Plumb flux is seen in the ocean
284  region between the east coast of North America and Southern Europe, forming a dipole pattern
285  in the wave flux in the mid-Atlantic region (Supplementary Fig. S1b).

286

287  3.2.3. Third post-eruption winter (cpl)

288  As can be seen in Fig. 4c, the response in winter 3 is similar to that in winter 2 except that the
289  T50 warming is now confined over the polar stratosphere. An upward propagation of planetary
290 waves continues to persist (Fig. 4f) with an upward pointing wave-activity flux now
291  dominating both at 850 (seen in Fig. 4i) and 150 hPa (Fig. S1.c) where it encircles the polar
292  stratosphere north of 60° N. This polar stratospheric warming that is associated with weaker
293  zonal winds identified in winter 2 and 3 (Fig. 4b and 4c, respectively) is reminiscent of
294  increased SSWs that we now examine using the method of Charlton and Polvani (2007) for
295 these winters. Results from the SSW analysis are presented in Fig. 5, where no significant
296 increase in SSWs is detected in winters 1 and 2. In winter 2, the number of SSW events do
297 increase in the forced experiment (cpl) (light-gray bars, 17 events in total) compared to the
298  control (dark-gray bars, 11 events in total) although this difference does not emerge as
299  statistically significant (p-value = 0.11). This changes in winter 3 when the difference between
300 perturbed and unperturbed experiment becomes statistically significant, with 27 SSWs
301  occurring in our forced experiment compared to only 6 in the control experiment (p-value =
302  2.6e-4). This increase in SSW events agrees well with the U50 and T50 anomalies of winter 3

303  (Fig. 4c). During winter 2, the warming of the polar stratosphere is as strong as in winter 3 but

12
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304  more spread out into midlatitudes. This response in winter 2 does not lead to as many SSWs
305 despite the weaker zonal winds, but it does appear to act as an important precursor to the
306 significant increase in SSWs detected in winter 3. As for the second winter, the zonal wind
307 weakening is still asymmetric and confined over the pole so this weakening is also not
308 identified in the U50 index of Fig. 3c.

309  Furthermore, almost no downward stratospheric wave activity flux (Supplementary Fig. S1c)
310 is detected in winter 3 where the upward flux is mostly circumpolar between 40° and 60° N,

311  agreeing with the detected SSW response.
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315  Figure 5: The sum of all SSW events in each experiment (all 20 ensemble members) of winters
316  1-3 both for cpl (light-gray bars) and control (dark bars). The color red indicates 95%
317  significance according to a two-sided student’s t test.

318

319  3.2.4. Winters 1-2 in atm-only: a comparison to cpl

320 The atm-only experiment provides valuable information to understand the mechanisms behind
321  the response detected in the cpl experiment. Winter 1 in atm-only shows a similar thermal wind
322  mechanism at play as for the cp/ experiment (Fig. 6a and 4a, respectively). However, a stark
323  difference between ¢pl and atm-only is detected in winter 2 when anomalous patterns in cpl/
324  (Fig. 4b) reveal a different mechanism occurring within the coupled climate system compared
325 to the standalone atmosphere as shown in Fig. 6b. While atm-only exhibits in winter 2 a
326  response similar to winter 1, a significant warming emerges in ¢p/ in winter 2 in the T50 over

327  the polar stratosphere, along with a weakening of US0 (Fig. 4b). This difference is also detected
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328 in the EP flux, with a strong increase in upward EP flux in the cpl winter 2 (Fig. 4e) protruding
329  further up into the stratosphere compared to atm-only (Fig. 6d), demonstrating how dominating
330 the stratospheric thermal response is in atm-only. We mainly see regions of downward Plumb
331  flux at 850 hPa in winters 1-2 (Fig. 6e and 6f) with the exception of an upward Plumb flux over
332 Greenland in winter 1 and Northern North Pacific and the Tibetian plateau in winter 2, most

333  likely originating in orography.
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336  Figure 6: For the atm-only experiment. a-b) Zonal wind (contours) and temperature (shading)
337  response at 50 hPa for winter 1 and winter 2, respectively. c-d) EP flux (arrows) and divergence
338 (red contours) response along with zonal-mean zonal wind (black contours) and climatology
339  (green contours, 2m) in winters 1-2, respectively. e-f) Vertical wave-activity (Plumb) flux
340 anomalies at 850 hPa for winters 1-2, respectively. Contours and colored area indicate 95%
341  significance according to a student's t-test.

342

343  3.3. The tropospheric response in cpl

344  In this section we present results from the first three winters of the cpl experiment to assess the
345  surface imprint of the stratospheric anomalies detected following our idealized volcanic
346  eruption and their potential impact on weather and surface climate in the Northern Hemisphere.
347  In Fig. 7 the time evolution of the zonally averaged SST response is shown during the first 3
348  post-volcanic years. The strongest surface cooling takes place in midlatitudes during the second

349  post-eruption summer.
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353  Figure 7: Time evolution of the zonally averaged SST response in the cp/ experiment during
354  the first three post-eruption years. Contours indicate 95% significance according to a two-tailed
355  student's t-test.

356
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Figure 8: a-c) Sea level pressure (contours) and surface temperature (colored area) response in
cpl, for winter 1-3, respectively. d-e) The same but for atm-only and winters 1-2, respectively.
Contours and shaded areas indicate significance at the 95% confidence interval according to a

student's t-test.

In Figure 8, the near-surface air temperature (T2m) and sea-level pressure (SLP) response is
depicted for winter 1-3 in cp/ and winters 1-2 in atm-only, for comparison. There is cooling of
the midlatitude continents in ¢pl/ that is most pronounced over Siberia and eastern North
America in winter 1 (Fig. 8a). The area of cooling increases in winter 2 when it emerges at
higher latitudes before decreasing and becoming more confined to the higher latitudes in winter
3 (Fig. 8b-c). Meanwhile a slight significant warming is detected in winter 1 in the North
Pacific, and NE and NW of Greenland (Fig. 8a). The surface cooling dominating the NH during
winter 3 (Fig. 8c) occurs during the significant increase in SSWs also detected in winter 3 (Fig.
5), and this is a temperature pattern expected during such events. A different temperature
response is detected in atm-only in winter 1 where a warming is present over N-Eurasia while

cooling occurs over northern North America and the midlatitudes of Eurasia (Fig. 8d). In winter
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375 2, the cooling is confined to the midlatitudes only, while the warming is located north of 60°
376 N (Fig. 8e).
377

378 4 Summarizing discussions

379  Our two sets of atmosphere-only and coupled ocean-atmosphere experiments examine the
380 large-scale climate response to an idealized long-lasting NH eruption. We assessed the first
381 three winters of the cp/ experiment and used the first two winters of atm-only as a comparison
382  toinvestigate the dynamics that govern the stratospheric polar vortex and the associated surface
383  response. Results from our ¢pl experiment show a similar response in the first winter as atm-
384  only, with a strengthening of the zonal winds resulting from an aerosol-induced sharp
385 temperature gradient between the midlatitudes and the pole (Fig. 4a). A distinct change to this
386 pattern emerges in winter 2 where we detect an SSW-like pattern, with strong negative
387  anomalies emerging in the polar U50 winds and a warming in the T50 field (Fig. 4b). This T50
388  warming is still present in winter 3 and coincides with an unexpected and significant increase
389 in the number of SSW events (Fig. 4c and Fig. 5). The EP and Plumb fluxes (Fig. 4d-i) give
390 further information on the source of this detected SSW increase where two mechanisms appears
391  to be competing in the first three winters: a) A surface mechanism with strong upward wave
392  activity flux and b) a stratospheric mechanism, where the strengthening of the U50 winds is
393  due to a local heating by volcanic aerosols. The strength of each one determines which
394  mechanism dominates in these three winters and hence the associated climate response.

395 In the first winter, the thermal forcing is stronger than the upward wave flux because of the
396 large amount of aerosols present, thereby dominating the response. In the second winter, the
397 thermal forcing from the volcanic aerosols at midlatitudes has decreased, allowing the strong
398 upward wave flux to dominate and enter the upper stratosphere to weaken the zonal
399  stratospheric winds (Fig. 5b and Fig. 4b). This upward wave flux and the weaker winds
400 continue into winter 3, allowing for more frequent SSWs to develop (Fig. 4c and Fig. Sc,
401  respectively), where the US0 weakening in winter 2 potentially plays a contributing role to the
402  significant number of SSWs detected.

403

404  In our atm-only experiment the stratospheric warming by volcanic aerosols dominates the
405  atmospheric circulation response in the first two post-eruption winters. Between June and
406  September of the first two simulated years (not shown), strong radiative warming from the

407  volcanic aerosols is present in the stratosphere between 30 and 60° N around the 50 hPa region.
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408 In the following winters (winter 1 and 2), lack of solar radiation north of 60° N results in a
409  strong temperature difference between the poles and midlatitudes (where sunlight is still a
410 dominating factor) that leads to stronger stratospheric zonal winds and a stronger stratospheric
411  polar vortex according to thermal wind balance and this isolates the cold air over the polar
412 regions (Fig. 6a-b). The weaker westerlies in the midlatitudes occur due to the same mechanism
413  but with a decrease in the meridional T gradient between equator and midlatitudes. This
414  dominating stratospheric mechanism becomes clear as the EP flux diagnostics indicate little
415  upward wave flux at 30-40° N compared to a stronger downward wave flux occurring at around
416  60° N. This purely atmospheric response following our idealized volcanic eruption is thus
417  according to the standard theory following equatorial eruptions. This indicates that the
418  stratospheric aerosol warming in WACCM4 is insensitive to the injection latitude in terms of
419  the polar vortex response to volcanic eruptions since warming from both high- and mid-latitude
420  eruptions will be confined to the midlatitudes during winter and warming from low latitude
421  eruptions will be confined at low latitudes, both of which will increase the temperature gradient
422 and trigger polar vortex strengthening.

423

424  As emphasized above, the difference between cpl/ and atm-only experiments gives valuable
425  insight into the volcanically forced mechanisms at play within the coupled climate system in
426  CESMI, where the short-term atmospheric response in our cpl experiment seems to depend
427 more on the dynamic surface response than on the changes in stratospheric temperature
428  gradients.

429

430  The strong surface cooling detected in Fig. 7 and 8 is a well-known caveat in the CMIP5 models
431  (including CESM1) (Driscoll et al., 2012; Chylek et al., 2020) and is clearly detected in our
432  coupled simulation. Furthermore, the stratospheric aerosol warming appears to be exaggerated
433  in atm-only when compared to T50 fields from the coupled simulation while the strong surface
434  cooling is absent. In other words, atm-only (WACCM4) exaggerates stratospheric warming of
435  volcanic aerosols while the coupled version exaggerates volcanic surface cooling.

436  This exaggeration could also be attributed to the volcanic forcing being zonally symmetric and
437  thus nearly homogeneously spread throughout the higher northern latitudes during peak
438  forcing. However, the volcanic forcing is the same in atm-only and coupled experiments
439  suggesting an intrinsic reason originating in the model itself. When the idealized volcanic

440  forcing profile is compared to the other profiles used for scaling (Fig. 1), with the aerosol
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441  lifetime being around 36 months for all curves, we would not expect drastic changes using a
442  shorter eruption of similar injection size.

443 Although we do not focus specifically on the QBO, it is undeniably a dominating variability
444 within the equatorial stratosphere that can influence the polar vortex differently depending on
445  the state of the QBO. Each QBO cycle spans around 28 months on average but the number of
446  ensemble members we have is only 20 and so we do not capture a complete QBO cycle in our
447  cpl experiment. The potential impact this could have on our results was tested and from that it
448  is clear that our cp/ experiment is biased towards the easterly phase, where it is present in 14
449  ensemble members prior to the onset of our idealized volcanic eruption compared to the first 6
450  ensemble members having the westerly phase. The easterly phase of the QBO can impact the
451  polar vortex by weakening it (Labe et al., 2019), thus allowing SSW events to develop more
452  easily. To test the robustness of our results and the detected SSW in winter 3 with respect to
453  the QBO, we also compared the ensemble members showing easterly phase with the westerly
454  ones to test if the U50 and TS50 response patterns would be different. They were not, both
455  phases showed a weakening of the U50 although the zonal winds were more confined and
456  consistent over the higher latitudes of the NH during the easterly phase (not shown). The
457  difference in the number of ensemble members used for these calculations could of course
458  impact the statistics of this test of ours but not the overall pattern detected. These results call
459  for further studies on the relationship between NH eruptions and deterministic responses like
460  SSWs, using both sensitivity experiments as well as observational datasets. Currently, work is
461  ongoing to test the sensitivity of the polar vortex and the emerging SSWs to NH eruptions of
462  smaller size as well as the long-term climate impacts. Establishing a link between NH eruptions
463 and SSWs could serve as an important contribution in the improvement of decadal
464  predictability of NH climate.

465
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