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Response to Reviewers

We would like to thank both reviewers for their time and effort taken to provide this second review our manuscript. We have
addressed all major and minor comments raised by the reviewers. In doing so, we feel we have crafted a revised manuscript
that is more rigorous and better includes the most recent studies on the subject. Here we list the main changes that we have
made:
e We added a composite analysis when the ITCZ is north or south of its climatological location in order to investigate
the wind anomaly along the equator and compare it with the volcano cases.
e We further toned down our discussion and conclusion, and highlight the caveat associated to our analysis since we
do not investigate the role of the initial conditions, which may be important in affecting the ODT mechanism.
Below, we copy the reviewers' comments in bold and describe how each of these issues has been addressed in the revised
manuscript and the line in the revised manuscript (RM) are identified. The RM is attached after the answers to reviewers’
and the changes compared to the previous version are highlighted in bold.
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Response to Reviewer #1:

This is the second review, so | skip the general comments on the paper content. | appreciate the author's efforts in
improving the paper, but serious discrepancies remain. | also hawe to mention that despite the real wlcanoes are
chosen for the analysis, there are no attempts to compare the model results with observations.

We thank the reviewer for this second evaluation of the manuscript and appreciate the positive remarks. Our model simulates
a global cooling of around 0.2°C following the 3 major eruptions investigated in the study (Agung, El Chichén and
Pinatubo). Mau and Robock, 1995 provided an estimate for the cooling following these large volcanic eruptions to be of a
similar magnitude as those simulated by our model. Our model also reproduces the high-latitude winter warming after El

Chichon and Pinatubo in the first winter after the eruption locally 2°C.
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Figure R1: Ensemble mean of changes in sea surface temperature (SST) (shadings) between the volcano case and the climatology
for the year following the Agung (a-c), El Chichdén (d-f) and the Pinatubo (g-i) eruptions. Contours show the SST anomalies
following the color bar scale (solid lines for positive anomalies and dashed lines lines for negative anomalies, the 0 line is omitted).

MPI-ESM has been extensively used to look at the impacts of volcanic eruptions on climate (e.g. Bitner et al. 2016,
Timmreck et al, 2016, Illing et al., 2018). In particular, Bittner et al., 2016 validate the zonal mean zonal wind anomalies
between 55°N — 65°N at 10 hPa (m/s) in the first winter after eruptions in the Supplementary Material, showing that the
zonal mean temperature and wind anomalies in DJF are fairly realistic in the model. Bittner also wrote a more extensive
thesis where he compares some observed fields to the model version used in our study (Bittner 2015).

We added figure R1 in the appendix as model validation and we added the following paragraph in the methodology section
(line 118 to 123 in the RM):

“MPI-ESM has been extensively used to investigate the impacts of volcanic eruptions on climate (e.g. Bittner et al., 2016;
Illing et al., 2018; Timmreck et al., 2016). In particular our model is able to reproduce the global cooling of around 0.2
following the three eruptions investigated in this study as well as the high-latitude winter warming (locally up to 2°C) after
El Chichén and Pinatubo in the first winter after the eruption (see Fig. A18) in agreement with the estimates provided in the
literature (e.g. Robock & Mao, 1995; Timmreck, 2012).”
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Minor Comments:

R1. It has been reported by Predybaylo et al. (2017, 2020) that the ODT effect is sensitive to ocean preconditioning.
You can not claim that ODT is not working if you did not test it properly. Please remowe the claim that you keep in
the revised paper or make a proper analysis.

We agree with the Reviewer that to claim that the ODT mechanism is not working, a specific set of sensitivity experiments
need to be performed. Here we like to clarify that we do not think that the ODT effect is not present. The effect is present in
both Pinatubo and El Chichon as the ENSO responds to a global cooling with a positive phase (warming), which means the
ODT is indeed at play.

However, what we are claiming is that the ODT may not be the main mechanism in our model, but rather a response as also
explained in Pausata et al. (2020). The studies that the Reviewer cited did not explicitly test the ODT mechanism but rather
the response, nevertheless they claimed the existence of an ODT mechanism. Predybaylo et al., 2017 used a diagnostic tool
to assess the presence of the ODT and main contributors, but as it is a diagnostic tool, it cannot be used to determine whether
the ODT is a mechanism or rather a response to other mechanisms, triggering an ODT response. Predybaylo et al., 2020
performed a set of sensitivity experiments in which they prescribed land temperature to attribute the responses to
volcanically induced land-ocean temperature gradients and the equatorial Pacific Ocean-dynamical thermostat. However, by
imposing the cooling of land (Maritime Continent + Australia) they are assuming the response of the Equatorial Pacific to
volcanic forcing: it is not obvious that the volcanic aerosol will cool the western Pacific and Maritime Continent faster than
the central or eastern Pacific or that it is actually responsible for that cooling, due to towering clouds of almost 20 kmth ick
hovering in that region. In other words, the cooling of the Maritime Continent could still be a dynamical response. Hence, we
agree with the Reviewer that to claim the existence or not of the ODT mechanism ad -hoc sensitivity simulations need to be
performed.

No matter the sensitivity experiments or initial conditions, given that for the Agung eruption the ODT response does not take
place (clearly for at least for the vast majority of the initial conditions), our results suggest that even if the ODT were a
mechanism, it cannot be the dominant mechanism. Furthermore, the dominant mechanism may also be model dependent, as
suggested by the differences between the results of Predybaylo et al 2020 and Khodri et al., 2017 in regards to the Maritime
Continent mechanism.

Nevertheless, we have also toned down our claims throughout the manuscript. The abstract (line 13 to 16 in the RM) we now
reads:

“Our results point to the volcanically induced displacement of the ITCZ as a key mechanism that drives the ENSO response,
while suggesting that the other mechanisms (the ocean dynamical thermostat, the cooling of tropical northern Africa or of
the Maritime Continent) commonly invoked to explain the post-eruption ENSO response may be less important in our
model.”

In the results section, we modified the paragraph that talk about the ODT (line 192 to 199 in the RM):
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“The most commonly invoked mechanism that explains the ENSO response after large tropical volcanic eruptions is the
ODT (Clementet al., 1996) and the preferential cooling of the warm pool relative to the eastern equatorial Pacific, leading
to an El Nifio-like response (e.g. Emile-Geay et al., 2008; Mann et al., 2005). However, in our simulations even ifthere is a
volcanic aerosol over the equatorial Pacific and a surface cooling for all the eruptions (Figs. 1, A3, A4 and A5), we see a
negative phase of the relative ENSO and an anomalouseasterly wind stress developing after the Agung eruption (Figs.2 and
3). Should the ODT mechanism be dominant in our model, we would expect the opposite response of both the relative SST
and wind stress. This suggests thatthe ODT is likely not the leading mechanismin our model, while not ruling out that it can

still play a role under specific initial conditions (e.g. Predybaylo et al., 2020).”

In Figure R1, with all explanations, the SST anomaly does not look like La Nifia. It shifts from the equator. It is
strange that for the E Chichén and Pinatubo cases, the wind anomaly changes sign along the equator. One does not
expect this as a result of the shift of ITCZ

Given that there is a superposition of the volcanic cooling and the ENSO response, when discussing the ENSO response to
volcanic eruptions, one needs to look at the changes in thermocline rather than at the surface. As already shown and
discussed in the previous response (Fig. R4 in previous response), the thermocline anomalies are clearly s howing a La Nina-
like response following the Agung eruption. Furthermore, the wind anomalies do change sign along the equator due to the
ITCZ shift, that is what triggers the ENSO response. Perhaps, the reviewer is referring to the difference in DJF year 1 in the
eastern Pacific with opposite anomalies between El Chich6n and Pinatubo, while similar anomalies in the western Pacific.
Those differences may be caused by the fact that while El Chichén aerosol is mostly confined to the NH, Pinatubo aerosol is
distributed across both Hemispheres. This is likely the cause of a weaker El Nifio response for the Pinatubo eruption.

We also performed a composite analysis of the wind anomalies to investigate the changing sign of the wind anomaly along
the equator (Fig R2).
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Figure R2: Composite analysis of the precipitation (shadings) and 10 m wind (arrows) anomaly for all the events when the ITCZ is north
of its climatological location (a,c) and the events when the ITCZ is south of its climatological location (b,d) in the three reference periods.
Only significant precipitation changes are shaded with an approximate 95 % confidence level using a Student t test. Contours show the
SST anomalies following the color bar scale (solid lines for positive anomalies and dashed lines lines for negative anomalies, the O line is
omitted). The bold line indicates the climatological location of the ITCZ.

In figure R2, we observe the same pattern of the wind anomaly that change sign along the equator in JJA and in the second
year. Hence, those wind anomalies seem to be in line with the shift of the ITCZ. Moreover, the main point that we are
making is that the wind anomalies are opposite in response to Agung compared to El Chichén and Pinatubo and that is why
we suggest that the ITCZ shift is the driver of the response (Fig. 5). We would also like to point out that even if the pattern is
less strong, the precipitation anomalies after Agung are similar to the precipitation anomaly that we see when the ITCZ is
north of its climatological position and in the same way the precipitation anomalies after Pinatubo and El Chich én resemble

the precipitation anomaly when the ITCZ is south of its climatological location.

In Figure R3, how did you calculate the confidence interval? Why is it so uniform and does not depend on the season?
For each month, the shading is twice the standard error of the mean (SE), which is obtained by calculating the standard
deviation (STD) and dividing it by the square root of the number of ensembles (200). We use the SEM as we are interested
in knowing the accuracy of the sample mean and whether is significantly different from 0. As the reviewer pointed out, the

STD depends on the season. However, since we are using a large ensemble, when calculating the SEM, we are diving the
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STD by a large number so the difference between the season become very small therefore such small variation cannot with
the eyes in the figures.

Here is an example of the STD and SEM values of the Nino3.4 index for the 12 first months after Agung eruption.

Months | June | July | Aug. | Sept. [ Oct. [ Nov. | Dec. | January [ Feb. [ March | April [ May
STD 108 | 101 (098 (097 | 104 |104 | 118 | L14 105 | 098 100 | 1.05
SEM 0.076 | 0.072 | 0.070 | 0.069 | 0.073 | 0.078 | 0.084 | 0.081 0.075 | 0.0691 | 0.071 | 0.075

R3. Does the model exhibit the stochastic behavior for the spring and winter eruptions? Does it show the spring
predictability effect?

In this study, we are considering the total climate response to volcanic forcing with respect to the climatology as done in
several studies (Khodri et al., 2017; Ohba et al., 2013; Stevenson et al., 2016). We are not separating the ENSO response into
deterministic and stochastic response as our experiment set-up does not allow to do so. For doing so, experiments with
volcano and no-volcano ensemble members starting from the same initial conditions as for example in Predybaylo et al.,
2020 or Pausata et al., 2015, are necessary.

While it is called “Spring Predictability Barrier”, it does not mean that models have no skills in predicting the following
ENSO phase. The skill of the models, of course, gets better the closer you get to the period of time you are predicting and
furthermore, boreal summer is the ENSO developing season. Nevertheless, the reviewer may be aware of the footprint
mechanism (Vimont et al., 2001), in which mid-latitude anomalies from the previous winter affect the summer tropical
atmosphere and hence ENSO. Finally, even if the eruptions occur in winter or spring the maximum aerosol load is not
occurring in those months but several months afterwards and therefore still able to affect the ENSO main developing season
(boreal summer). In any case, as mentioned above, here we are comparing an ensemble of 200 members with the volcanic
eruption vs. the reference climate, i.e. we are comparing two climatologies and assessing whether they are significantly
different.

We have modified the paragraph that discuss the presence of other in the discussion to better consider the key results that
Predybaylo et al 2020 pointed out (line 254 to 272 in the RM):

“Our work also pointed out that the ODT (Clement et al., 1996), the cooling of the Maritime Continent (Ohba et al., 2013)
and of the tropical Africa (Khodri et al., 2017) are likely not the dominant drivers of the ENSO response in the MPI-GE
model. Discrepancies between these previous studies and our results may occur for three reasons. First, most previous
studies are based on a small number of ensemble members (e.g. 5 members for 3 eruptions for the SH plume in Zuo et al.
(2018)) or they heavily rely on statistical tools using a small sample of events (e.g. SEA in Liu et al. (2018)). Consequently,
those results may be biased by the use of a restrained number of ensemble members. Here, our study points out the
importance of a large number of ensemble members when investigating the ENSO response to volcanic eruptions. Second,
different models may present different mechanisms. The fact that the above-mentioned mechanisms are not dominant is also

in qualitative agreement with the modeling experiments in Pausata et al. (2020), who use the Norwegian Earth System
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Model (NorESM), suggesting that the ITCZ shift mechanism is at play in both the NorESM and the MPI-GE. Third, the role
of theinitial ENSO state is important for determining the ENSO response (Pausataetal., 2016; Predybaylo et al., 2017) and
consequently influencing the role of the ODT and the other above-mentioned mechanisms. Our study only considers the total
climate response to volcanic forcing; however, in a recent study, Predybaylo et al, (2020) separated the ENSO response to
volcanic eruptionsinto a deterministic and stochastic response. They have shown that the deterministic response is dominant
for spring and summer eruptions, while stochastic response plays a major role for eruptions occurring in winter. However,
our experimental design does not allow the seperation of the total climate response into the deterministic and stochastic
component with further future experiments needed in which the volcano and the reference no-volcano ensemble members
start from the same initial conditions.”

L121: I'm afraid | haw to disagree with the answer. The ITCZ shift affects equatorial winds. This should inevitably
disturb ocean Kelvin wawes.

We agree with the Reviewer, the ITCZ shift does affect the ocean Kelvin waves via its impact on equatorial winds. What we
are trying to say is that there is a volcanically induced shift of the ITCZ in the 3" year after the eruption and that shift affect
the intensity of the trade winds which in turn affects the ENSO state. In our previous response we were just arguing that was

not the cooling of tropical Africa responsible for the Kelvin wave anomalies.

L167: | am not sure | can completely agree with the answer. Rossby wawes propagate to the west and can not affect
the Pacific directly. The train of Kelvin or Rossby wawes can not be excited by graduate cooling. There should be a
periodic forcing, not strictly periodic but variable in time. The release of latent heat is an example of such a forcing.
The damping of WAM should decrease this forcing. Why should the Kelvin wawe activity increase? It will change and
become weaker.

The answer that we gave to the Reviewer comes from Khodri et 2017. In that part of our manuscript, we are presenting their
results and conclusions therefore we cannot alter them. We have slightly modified the text to make it clearer, and it now
reads (line 75 to 80 in the RM):

“Khodri et al., (2017) suggested that the cooling of tropical Africa, following volcanic eruptions, may increase the
likelihood ofan EI Nifio events through the weakening of the West African Monsoon and changes in the Walker circulation.
More specifically, the authors suggest that the reduction of the tropical precipitation and tropospheric cooling favours
anomalous atmospheric Rossby and Kelvin waves in autumn (SON), with a weakening of the trade winds over the western

FPacific, leading to Bl Nino-like conditions in the year after the eruption.”
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Response to Reviewer #2:

The paper analyses one of the biggest datasets - the MPI grand ensemble - in terms of ENSO responses to strong
wlcanic forcing peaking at different latitudes. The topic is hot and challenging, the chosen dataset is comprehensive
and budding; howewer, the results require further investigation.

We thank the reviewer for the thorough evaluation of the manuscript and appreciate the positive remarks on the pertinence of
the study.

Major comments:

1. The paper reports warming of the tropical Pacific as a response to both symmetric and Northern Hemisphere
wlcanic forcings, and cooling of the tropical Pacific after Southern Hemisphere wlcanic forcing. Despite being
statistically significant, the obtained amplitudes of warming (0.3 degrees) and cooling (-0.2 degrees) anomalies are too
small to be interpreted as H Nifio-like and La Nifia-like responses. E Nifio and La Nifia occur when the sea surface
temperature anomaly is abowe 0.5 degrees for a few consecutive months. Moreower, the anomalies are calculated as
the relative Nifio3.4 index, not the conventional Nifio3.4 index. This index is used to detect the "dynamic El Nifio
response’” by removing the mean tropical cooling. Naming this result “relative H Nifo-like response™ may confuse
the reader because the range -0.5 to 0.5 degree is, in fact, a neutral state of the ocean.

First, we would like to clarify that for Nino3.4 index the threshold is +/-0.4°C Nino SST Indices
(https://climatedataguide.ucar.edu/climate-data/nino-sst-indices-nino-12-3-34-4-oni-and-tni). Second, there is no such
convention for El Nifio-like as there is for El Nifio and Nina. The “-like” indicates that warm or cold anomalies in the
equatorial Pacific will be superimposed to the ongoing ENSO state. Furthermore, as we mentioned in the first round of
reviews, the -like is to indicate that the anomalies resemble the El Nifio anomalies in terms of structure and pattern. It has
been standard practice to name it this way (e.g., Pausata et al., 2015, 2016, 2020 and a recent review paper by McGregor et
al., 2020) and we have specified it in the text. Furthermore, even without using the RSST the magnitude of the anomalies are
similar to CMIP (Maher et al., 2015) (Fig. A13).

To clarify the point, we now clearly mention in the beginning of the manuscript the meaning of the “relative La Nifia-like”

and “relative El Nifo-like” (line 45 to 47 in the RM):

“In thisstudy, the terms El Nifio-like and La Nifia-like conditions are used to describe an anomalous warming or cooling of
the equatorial Pacific relative to a climatology and the term relative is used to describe deviations from the tropical average
(20°N-20°S).”

2. The authors discuss only the sensitivity of the ENSO response to the spatial distribution of the wolcanic aerosols.

They analyze the ensemble mean anomaly and disregard the important sensitivity to the initial conditions and timing
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of the eruptions. Predybaylo et. al (2020) conducted a study with 54 100-member ensembles specifically analyzing the
ENSO sensitivity to initial conditions, timing, and strength of the tropical eruptions with the symmetric aerosol
distribution. It showed that disregarding the initial conditions and timing of the eruption in the analysis may lead to
improper interpretation of the data, related mechanisms and therefore confusing results. Thus, only the ensemble size
cannot be a decisiwe factor inthe conducted analysis.

We agree with the reviewer on the importance of the initial conditions. As per our answer to Reviewer #1, since we do not
test impacts of the initial conditions or the timing of eruption as this is out of scope of the study, we further toned our c laims
in the manuscript (see also answer R1 and R3 to Reviewer #1).

We would like to point out that sampling the initial conditions is more complicated than just looking at the SST when the
eruption occurs. To truly sample what the model would have done without the volcano more experiments need to be done
(e.g., volcano and no-volcano starting from the same initial conditions). Given that Predybaylo et al 2020 argue that the
stochastic response is dependent on the initial condition and the eruption time, it really is out of the scope of what we can do
with the experiments. The objective of this paper is indeed to investigate the sensitivity of the ENSO response to the spatial

distribution of the volcanic aerosols.

3. The ODT mechanism depends on the initial conditions (Predybaylo et al. 2020) and therefore cannot be easily
rejected in this paper. The other mechanisms also require further inwestigation. For example, the eruption of Agung
happened in winter and its impact may be too noisy for interpreting the mechanism and therefore the ITCZ shift in
this case could be questioned. Additionally, the amplitude of the response is again too small for being La Nifia-like.
We agree with the reviewer that the ODT mechanism cannot be completely rule out based on our results and it may exist and
play a role under specific initial conditions. No matter what, given that for the Agung eruption the ODT response does not
take place, our results suggest that even if the ODT were a mechanism, it cannot be the dominant mechanism. This is a key
results and we suggest that following Predybaylo’s studies more investigation needs to be done looking at the initial
conditions. See also answer R3 to Reviewer #1.

Regarding the time of the eruption for the Agung: the effect of the eruption and its associated aerosol loading is not limited
to the time of the eruption. As it is possible to see from the AOD figure (Fig.1), the aerosol loading peaks in summer and
high aerosol concentrations persist for a couple of years and so does the cooling. Furthermore, the anomalies are significant,
which means it is unlikely to be noise.

Regarding the amplitude of the response, we have clarified it above (see major comment 1 to reviewer #2).

Minor comments:
L48: abbreviations should be spelled out
We thank the reviewer for pointing that out.
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L49: the abbreviation should read: CESM-LME

We thank the reviewer for pointing that out.

L52: the long name of CESM-LME should be removed as itwas already defined

We thank the reviewer for pointing that out.

L55: reference case - climatology or control (experiments without volcanic forcing)?

Here we changed the termreference case to climatology.

L50-51: Liu Li reference should read Liu etal.

We thank the reviewer for pointing that out.

L59: The mechanism is not quite clearly described, could you please rephrase it. Also it should be mentioned that this
mechanism depends on the ocean preconditioning (Predybaylo et al. 2017, 2020)

Here we clarified our explanation about the ODT mechanism (line 57 to 61 in the RM):

“One of the most frequently used hypotheses is the “ocean dynamical thermostat” mechanism (ODT) (Clement et al., 1996),
where a preferential cooling in the western Pacific relative to the eastern Pacific takes place. Such a differential cooling
weakens the zonal SST gradient along the equatorial Pacific which causes a relaxation of the trade winds, leading to a
temporary weakening ofthe ocean upwelling in the eastern Pacific. This process is then amplified by the Bjerknes feedback,
yielding an EI Nifio (Bjerknes, 1969).”

About Predybaylo et al. 2020, we now included a specific paragraph in the introduction that talk about this paper (line 93 to
97 in the RM):

“A recent study by Predybaylo et al, 2020 additionally demonstrates the need for using large ensembles to investigate the
ENSO response to volcanoes, utilising 54 100-member ensembles of idealised experiments, they found that the role of the
initial ENSO state as well as decomposing the response into a deterministic and stochastic component are important
specially to highlight the role of the ODT mechanism”

L57: weakens or amplifies

We thank the reviewer for pointing that out

L74: shifts anay

We thank the reviewer for pointing that out

L76: larger cooling compared to what?

We added compared to the NH in the sentence, we now read :
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“In contrast, the ITCZ moves northward following a larger SH cooling compared to NH, strengthening the trade winds and

triggering La Nifia-like anomalies”

L88: This is not true. Predybaylo etal. 2020 analyses 54 100-member ensembles.
As mentioned in a previous comment, now dedicate a specific part of the introduction on the Predybaylo et al 2020 paper.

(See minor comment L59 of the second reviewer).

L86-87: The stochastic component of the ENSO response strongly depends on the timing of the eruption.
Like mentioned in the previous comment, we have now highlighted the importance of the stochastic component referring to

Predybaylo et al 2020 paper (See minor comment L59 of the second reviewer).

L95: The large ensemble of mixed initial conditions cannot fully explain the mechanisms and ODT, for example,
depends on the initial conditions.
We thank the reviewer for bringing that out, as we mentioned before (see also answer R1 and R3 to Reviewer #1), we toned

down our conclusion on the ODT because we do not test the initial conditions appropriately.

L112: not all the studies use composites, for example Ohba et al. 2013, Predybaylo et al. 2017, 2020

We thank the reviewer for pointing that out, that was indeed not what we meant. We modified the sentence, we now read :
“Such a large ensemble also allows us to analyse the ENSO response of individual eruptions instead of a composite of
multiple eruptions as done in some previous studies that used a small number of ensembles (e.g. Maher et al., 2015;

Stevenson et al., 2016, Zuo et al., 2018).”

L122: By default, the RSST enhances the ENSO response and should only be analysed together with the SST
(Predybaylo et al. 2020).

We had a similar comment by a previous reviewer and we now include our analysis with the SST in the Appendix To clarify
that point, we added to the methodology:

“In this study, we use the RSST to isolate the intrinsic ENSO signal, but the analysis using the SST are available in the

Appendix (Khodri et al., 2017).”



305

310

315

320

325

330

335

References

Bittner, M., Schmidt, H., Timmreck, C., & Sienz, F. (2016). Using a large ensemble of simulations to assess the Northern
Hemisphere stratospheric dynamical response to tropical volcanic eruptions and its uncertainty. Geophysical Research
Letters. https://doi.org/10.1002/2016GL070587

Bittner, M., (2015). On thediscrepancy between observed and simulated dynamical responses of Northern Hemisphere
winter climate to large tropical volcanic eruptions Doctoral dissertation, Universitat Hamburg Hamburg

Bjerknes, J. (1969). Monthly Weather Reyiew Atmospheric Teleconnections From the Equatorial Pacific. Monthly Weather
Review.

Clement, A.C., Seager, R., Cane, M. A., & Zebiak, S. E. (1996). Anocean dynamical thermostat. Journal of Climate.
https://doi.org/10.1175/1520-0442(1996)009<2190:AODT >2.0.CO; 2

llling, S., Kadow, C., Pohlmann, H., & Timmreck, C. (2018). Assessingtheimpact of a future volcanic eruption on decadal
predictions. Earth System Dynamics. https://doi.org/10.5194/esd-9-701-2018

Khodri, M., lIzumo, T., Vialard, J., Janicot, S., Cassou, C., Lengaigne, M., et al. (2017). Tropical explosive volcanic
eruptions can trigger El Nind by cooling tropical Africa. Nature Communications. https://doi.org/10.1038/s41467-017-
00755-6

Maher, N., McCregor, S., England, M. H., & Gupta, A. Sen. (2015). Effects of volcanism on tropical variability.
Geophysical Research Letters. https://doi.org/10.1002/2015GL064751

McGregor, S., Khodri, M., Maher, N., Ohba, M., Pausata,F. S. R., & Stevenson, S. (2020). The Effect of Strong Volcanic
Eruptions on ENSO. https://doi.org/10.1002/9781119548164.ch 12

Ohba, M., Shiogama, H., Yokohata, T., & Watanabe, M. (2013). Impact of strong tropical volcanic eruptions on enso
simulated in a coupled gcm. Journal of Climate. https://doi.org/10.1175/JCLI-D-12-00471.1

Pausata, F. S. R., Grini, A., Caballero, R., Hannachi, A., & Seland, @. (2015). High-latitude volcanic eruptions in the
Norwegian Earth System Model: The effect of different initial conditions and of the ensemble size. Tellus, Series B:
Chemical and Physical Meteorology. https://doi.org/10.3402/tellusb.v67.26728

Pausata, F. S. R., Chafik, L., Caballero, R., & Battisti, D. S. (2015). Impacts of high-latitude volcanic eruptions on ENSO
and AMOC. Proceedings of the National Academy of Sciences. https://doi.org/10.1073/pnas.1509153112

Pausata, F. S. R., Karamperidou, C., Caballero, R., & Battisti, D. S. (2016). ENSO response to high-latitude volcanic
eruptions in the Northern Hemisphere: The role of the initial conditions. Geophysical Research Letters.
https://doi.org/10.1002/2016 GL069575

Pausata, F. S. R., Zanchettin, D., Karamperidou, C., Caballero, R., Battisti, D. S., & Battisti, D. S. (2020). ITCZ shift and
extratropical teleconnections drive ENSO response to volcanic eruptions. Science Advances.
https://doi.org/10.1126/sciadv.aaz5006

Predybaylo, E., Stenchikov, GePredybaylo, E., Stenchikov, G. L., Wittenberg, A. T., & Zeng, F. (2017). I. of a pinatubo-size



volcanic eruptionon E. J. of G. R. https://doi.org/10. 1002/2016JD0257960rgi. L., Wittenberg, A. T., & Zeng, F.
(2017). Impacts of a pinatubo-size volcanic eruption on ENSO. Journal of Geophysical Research.
https://doi.org/10.1002/2016JD 025796
Predybaylo, E., Stenchikov, G., Wittenberg, A. T., & Osipov, S. (2020). El Nifio/Southern Oscillation response to low-
340 latitude volcanic eruptions depends on ocean pre-conditions and eruption timing. Communications Earth &
Environment. https://doi.org/10.1038/s43247-020-0013-y
Robock, A., & Jianping Mao. (1995). The volcanic signal in surface temperature observations. Journal of Climate.
https://doi.org/10.1175/1520-0442(1995)008<1086:TVSIST>2.0.CO;2
Stevenson, S., Otto-Bliesner, B., Fasullo, J., & Brady, E. (2016). “El Nifio Like” hydroclimate responses to last millennium
345 volcanic eruptions. Journal of Climate. https://doi.org/10.1175/JCLI-D-15-0239.1
Timmreck, C. (2012). Modeling the climatic effects of large explosive volcanic eruptions. Wiley Interdisciplinary Reviews:
Climate Change. https://doi.org/10.1002/wcc.192
Timmreck, Claudia, Pohlmann, H., llling, S., & Kadow, C. (2016). The impact of stratospheric volcanic aerosol on decadal-
scale climate predictions. Geophysical Research Letters. https://doi.org/10.1002/2015GL067431
350 Vimont, D. J., Battisti, D. S., & Hirst, A. C. (2001). Footprinting: A seasonal connection between the tropics and mid -
latitudes. Geophysical Research Letters. https://doi.org/10.1029/2001GL 013435



10

15

20

25

30

The sensitivity of the ENSO to volcanic aerosolspatial distribution

in the MPI Grand Ensemble

Benjamin Ward*, Francesco S.R. Pausata’, Nicola Maher?

! Department of Earth and Atmospheric Sciences, University of Quebec in Montreal, Montreal, Canada
2 Max-Planck-Institute for Meteorology, Hamburg, Germany
Correspondence to: Benjamin Ward (ward_soucy.benjamin@courrier.ugam.ca)

Abstract. Using the Max Planck Institute Grand Ensemble (MPI-GE) with 200 members for the historical simulation (1850-
2005), we investigate the impact of the spatial distribution of volcanic aerosols on the ENSO response. In particular, we
select 3 eruptions (El Chichén, Agung and Pinatubo) in which the aerosol is respectively confined to the Northern
Hemisphere, the Southern Hemisphere or equally distributed across the equator. Our results show that relative ENSO
anomalies start at the end of the year of the eruption and peak the following one. Especially, we found that when the aerosol
is located in the Northern Hemisphere or is symmetrically distributed, relative El Nifio-like anomalies develop while aerosol
distribution confined to the Southern Hemisphere leads to a relative La Nifia-like anomaly. Our results point to the
wlcanically induced displacement of the ITCZ as a key mechanism that drives the ENSO response, while suggesting
that the other mechanisms (the ocean dynamical thermostat, the cooling of tropical northern Africa or of the
Maritime Continent) commonly inwked to explain the post-eruption ENSO response may be less important in our
model.

1 Introduction

Aerosol particles from volcanic eruptions are one of the most important non-anthropogenic radiative forcing that have
influenced the climate system in the past centuries (Robock, 2000). Oxidised, sulfur gases (mainly in form of 5O5) injected

into the stratosphere by large Plinian eruptions form sulfate aerosols (H=50,) (Pinto et al. , 1989; Pollack et al., 1976) that
have a time residence of 1-3 years (Barnes & Hofmann, 1997; Robock & Yuhe Liu, 1994). These particles both scatter and
absorb incoming solar radiation as well as part of the outgoing longwave radiation (Stenchikov et al., 1998; Timmreck,
2012). For intense and sulfur-rich volcanic eruptions, the net effect is a general cooling of the surface and a warming in the
stratosphere where the aerosols tend to reside longer (Harshvardhan, 1979; Rampino & Self, 1984). The maximum global
cooling seen in modeling studies is generally reached within 6-8 months following the eruption peak in optical depth before
returning to normal values after about 3 to 4 years (Thompson et al., 2009). These rapid modifications in temperature may
induce dynamical changes in the atmosphere and in the ocean including a strengthening of the polar vortex (e.g.,
Christiansen, 2008; Driscoll et al. , 2012; Kodera, 1994; Stenchikov et al., 2006), a weakening in the African and Indian
Monsoon (e.g. lles et al., 2013; Man et al.,, 2014;Paik et al., 2020; Trenberth & Dai, 2007; Zambri & Robock, 2016) as well
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as forced changes on the El Nifio-Southern Oscillation (ENSO) (e.g., Emile-Geay et al., 2008; McGregor & Timmermann,
2011; Pausata et al., 2015; Wang et al., 2018).

Paleoclimate archives and observations from the past centuries suggested that large tropical eruptions are usually followed
by a warm sea-surface temperature (SST) anomaly in the Pacific (e.g., Adams et al. , 2003; D’Arrigo et al. , 2005; Li et al.,
2013; S. McGregor et al. , 2010; Wilson et al.,, 2010) even if there is still uncertainty on the significance of theses results
(Dee et al., 2020). In addition, El Nifio events followed in the first or the second winter after the five largest eruptions o fthe
last 150 years (Krakatau in August 1883, Santa Maria in October 1902, Agung in February 1963, El Chichon in March 1982
and Pinatubo in June 1991). However, the Santa Maria, El Chich6n and Pinatubo eruptions occurred after an El Nifio event
was already developing making it difficult to determine a causal link between ENSO and these eruptions (e.g., Self et al.,
1997; Nicholls, 1988).

Moreover, modelling studies initially found divergent responses for the ENSO changes after large tropical eruptions (e.g.
Ding et al., 2014; McGregor & Timmermann, 2011; Stenchikov et al., 2006; Zanchettin et al., 2012). However, the majority
of the studies have pointed to an El Nifio-like response following volcanic eruption (for a review of these studies see
McGregor et al., 2020). In particular, the use of relative sea surface temperature (RSST) or sea surface height (SSH) instead
of SST have helped to disentangle the ENSO response from volcanically induced cooling in the Pacific and to highlight the
dynamical ENSO response (Khodri et al., 2017; Maher et al., 2015). In this study, the terms E Nifio-like and La Nifia-
like conditions are used to describe an anomalous warming or cooling of the equatorial Pacific relative to a
climatology and the term relative is used to describe deviations from the tropical awerage (20°N-20°S).

Although a consensus is emerging, different aerosol spatial distributions may give rise to different ENSO responses.
Stevenson et al., (2016) investigated the impact of northern hemisphere (NH), southern hemisphere (SH) and tropical
volcanic eruptions using the Community Earth System Model Last Millennium Ensemble (CESM-LME). They concluded
that while NH and tropical eruptions tend to favour El Niflo-like conditions, SH eruptions enhance the probability of La
Nina-like events within one year following the eruptions. Conversely, Liu et al., (2018) through a millennium simulation
performed with CESM 1.0 and Zuo et al., (2018) using the CESM-LME concluded that SH, NH and tropical eruptions all
resulted in El Nifio-like conditions in the second year after the eruption.

The mechanisms that trigger a change in the ENSO state following volcanic eruptions are still debated. The center of the
argument is explaining how a volcanic eruption weakens or amplifies the trade winds (i.e. constant surface eastward winds
within the tropics). One of the most frequently used hypotheses is the “ocean dynamical thermostat” mechanism
(ODT) (Clement et al., 1996), where a preferential cooling in the western Pacific relative to the eastern Pacific takes
place. Such a differential cooling weakens the zonal SST gradient along the equatorial Pacific which causes a
relaxation of the trade winds, leading to a temporary weakening of the ocean upwelling in the eastern Pacific. This
process is then amplified by the Bjerknes feedback, yielding an El Nifio (Bjerknes, 1969). A related mechanism for the
preferential El Nifio anomalies following volcanic eruptions is based on the recharge-discharge theory of ENSO, including

changes in the wind stress curl during the eruption year as one of the triggering factors (McGregor & Timmermann, 2011,
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Stevenson et al. 2017). However, through a set of sensitivity experiments, Pausata et al., 2020 have questioned the existence
of the ODT mechanism in coupled climate models following volcanic eruptions, pointing to the Intertropical convergence
zone (ITCZ) displacement and extratropic-to-tropic teleconnections as key mechanisms in affecting post-eruption ENSO.
The ITCZ-shift mechanism was originally proposed for the ENSO response to high-latitude eruptions (Pausata et al., 2015;
2016) and then suggested to also be at work for tropical asymmetric eruptions (Colose et al., 2016; Stevenson et al., 2016).
Trade winds converge towards the ITCZ where their intensity weakens, as the air circulates in an upward direction, creating
the so-called doldrums (areas of windless waters). Consequently, a shift of the ITCZ affects the position of the doldrums and
the intensity of the trade winds over the equator. In general, the ITCZ shifts away fromthe hemisphere that is cooled (Kang
et al., 2008; Schneider et al., 2014). Consequently, for an eruption with aerosol concentrated in the NH, the ITCZ location
moves equatorward, weakening the trade winds and leading to an El Nifio-like anomaly via the Bjerknes feedback (Bjerknes,
1969). In contrast, the ITCZ moves northward following a larger SH cooling compared to NH, strengthening the trade
winds and triggering La Nifia-like anomalies as seen in Colose et al. (2016) and Stevenson et al. (2016). Khodri et al.,
(2017) suggested that the cooling of tropical Africa, following wolcanic eruptions, may increase the likelihood of an El
Nifio ewvents through the weakening of the West African Monsoon and changes in the Walker circulation. More
specifically, the authors suggest that the reduction of the tropical precipitation and tropospheric cooling fawours
anomalous atmospheric Rossby and Kelvin wawes in autumn (SON), with a weakening of the trade winds ower the
western Pacific, leading to El Nino-like conditions in the year after the eruption. A similar mechanism has been
suggested based on the cooling of the Maritime continent or south-eastern Asia instead of tropical Africa (Eddebbar et al.,
2019; Ohba et al., 2013; Predybaylo et al.,2017). However, there is yet no consensus as to which of these proposed

mechanisms is the main driver of the ENSO response after large volcanic eruptions.

Modeling studies have investigated the impact of volcanic eruptions on ENSO using different approaches. Many studies
have used a superposed epoch (SEA) or composite analysis, in which they used a window of a few years before the eruption
to create a reference to compare with the post-eruption period (e.g. Liu, et al., 2018; Zuo et al., 2018). The significance of the
response to volcanic eruptions is then assessed using a Monte Carlo method. However, this statistical methodology has some
shortcomings as it is not able to fully remove the signal of internal variability: ENSO anomalies can still be seen in the
reference period (see for example figure 4 in Liu , et al, (2018)). Some other studies use a small number of ensemble
members with volcanic forcing and ensemble members without volcanic forcing starting from different initial conditions
(e.g. McGregor & Timmermann, 2011; Predybaylo et al., 2017; Sun et al., 2019). However, when starting the two ensemble
sets from different initial conditions, a large number of ensemble members (equivalent to at least 150 years reference
period/climatology) is needed to isolate the internal variability of ENSO (Milinski et al., 2019; Wittenberg, 2009). A recent
study by Predybaylo et al, 2020 additionally demonstrates the need for using large ensembles to investigate the ENSO
response to wlcanoes, utilising 54 100-member ensembles of idealised experiments, they found that the role of the

initial ENSO state as well as decomposing the response into a deterministic and stochastic component are important
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specially to highlight the role of the ODT mechanism. Here, for the first time, we use a 200-member ensemble taken from
the Max Planck Institute Grand Ensemble (MPI-GE) for the historical simulations (1850-2005) (Maher et al., 2019) to
investigate the ENSO response to hemispherically symmetric and asy mmetric volcanic eruptions. The large ensemble and
the different aerosol distributions allow us to shed light on the mechanisms at play in altering the ENSO state after volcanic

eruptions.

2 Methodology and Experimental Design

In this study we consider the three largest eruptions, in terms of quantity of aerosols injected in the stratosphere, of the last
100 years; the Agung in Indonesia (8 °S 115 °E) in February 1963; El Chichdn in Mexico (17 °N 93 °W) in March 1982; and
the Pinatubo in the Philippines (15 °N 120 °E) in June 1991. Two eruptions have an asymmetrical aerosol distribution, so
either the aerosols are confined to the NH (El Chichdn) or to the SH (Agung). The Pinatubo eruption has an approximately
symmetrical distribution with the sulfate aerosols spread across both hemispheres. We also considered the eruption of
Krakatau in Indonesia (6 °S 105 °E) in 1883, which is also modelled with an approximately symmetrical aerosol plume to
further corroborate our results. For clarity, we only show the results for Pinatubo, which are qualitatively similar to
Krakatau. The results of Krakatau are displayed in the supplementary material (Figs. A7, A8 and A9). The stratospheric
aerosols used in this study are prescribed in the historical simulations of the model (MPI ESM) from the data set of
Stenchikov et al. (1998) (Giorgetta et al., 2013).

We use 200 ensemble members of the historical simulations (1850-2005) performed using the Max Plank Institute for
Meteorology Earth System Model 1.1 (MPI-ESM 1.1) (Giorgetta et al., 2013) as part of the Max Planck Institute Grand
Ensemble (Maher et al., 2019). Such a large ensemble also allows us to analyse the ENSO response of individual eruptions
instead of a composite of multiple eruptions as done in some previous studies that used a small number of ensembles (e.g.
Maher et al., 2015; Stevenson et al., 2016; Zuo et al., 2018). All the ensemble members are initialized from different years of
a long preindustrial control run (2000 years) after it has reached a quasi-stationarity state. The model horizontal resolution is
roughly 1.8° for the atmosphere and 1.5° for the ocean with 16 vertical levels for both the atmosphere and the ocean. The
MPI-ESM has been extensively used to inwestigate the impacts of wlcanic eruptions on climate (e.g. Bittner et al.,
2016; llling et al., 2018; Timmreck et al., 2016). In particular our model is able to reproduce the global cooling of
around 0.2 °C following the three eruptions inwestigated in this study as well as the high-latitude winter warming
(locally up to 2°C) after EI Chichén and Pinatubo in the first winter after the eruption (see Fig. A18) in agreement
with the estimates provided in the literature (e.g. Robock & Mao, 1995; Timmreck, 2012).

The anomalies calculated are the difference between the reference (3 years before the eruption and for the 200 ensembles
members that we refer to as climatology) and periods after the eruption. A Student t-test is used to estimate the significance

of the mean changes before and after the eruptions at the 95% confidence level.
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Large tropical eruptions induce a global cooling so that EI-Nifio response may be partly masked, and the La-Nifia response
amplified (Maher et al., 2015). Furthermore, some climate models overestimate the volcanically induced cooling (e.g.
Anchukaitis et al., 2012; Stoffel et al., 2015). To better highlight the dynamical changes, we remove the tropical SST mean
from the original SST, this is known as the relative sea surface temperature (RSST) (Vecchi & Soden, 2007). In this study,
we use the RSST to isolate the intrinsic ENSO signal, but the analysis using the SST are available in the appendix (Khodri et
al., 2017).

3 Results
3.1 ENSO response and its link to the ITZC-shift mechanism

The volcanic eruptions analyzed in the present study show three distinct aerosol plumes. While the aerosol distribution from
the Pinatubo eruption is symmetrical around the equator, Agung and El Chichén eruptions both created, to a large extent, a
confined distribution in the SH and the NH respectively (Fig. 1). For the Pinatubo and El Chichdn the aerosol optical depth
peaks in the winter that follows the eruptions. For the Agung this maximum is reached in the winter of the second year after
the eruption. The reasons why similar eruptions can lead to different aerosol distributions are still being investigated, but
some causes are the location of the volcanoes, the season and the strength of the eruption (Stoffel et al., 2015; Toohey etal.,
2011).

Our simulations show a relative El Nifio-like response to the El Chich6n and Pinatubo eruptions and a relative La Nifia-like
response to the Agung eruption (Figs. 2 and 3). The relative ENSO anomalies develop at the beginning of the year after the
eruption (Year 2) and then peak that boreal winter for El Chich6n and Pinatubo or in the third boreal winter for Agung. The
westerly anomalies in the trade winds are detected starting in the autumn of the eruption (Year 1). For all the eruptions, the
relative Nifio 3.4 index peaks in the winter of the year after the eruption reaching a maximum of approximately +0.3 °C for
El Chich6n and the Pinatubo and a minimum of -0.2 °C for Agung (Fig. A3). The results using the SST (Figs. A11, A12 and
A13) are qualitatively similar to the RSST (Figs. 2, 3, and A3), but the El Nifio-like anomalies are less strong since they are
partially masked by the global cooling induced by the stratospheric aerosols, which is in agreement with other studies
(Khodri et al., 2017; Maher et al., 2015).

Furthermore, the temperature anomalies following the Agung eruption are not just superficial, but extend down to 200 m
depth (Fig. A14). The warming below 100 m in the western Pacific and the cooling along the thermocline in the eastern side
of the basin are typical of an ongoing La Nifia : the pattern is indeed remarkably similar to a composite of La Nifia events
occurring in the reference periods before the three eruptions (Fig. A17). On the other hand, the temperature anomalies for the
El Chich6n and Pinatubo eruptions show opposite results as expected under El Nifio-like conditions (Figs. A15 and A16).
Moreover, the wind anomalies following Agung (see Fig. 2 and 3) are opposite compared to El Chichon, hence leading to
opposite upwelling conditions along the equator, further corroborating that the ocean temperature anomalies are mostly

dynamically driven through the Bjerknes feedback (Bjerknes, 1969). The different forcing caused by the three eruptions
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induces a different cooling of the surface temperature in the two hemispheres (Fig. 4). Although Pinatubo is the most intense
eruption and has the largest global temperature decrease (Fig. Al), El Chichon shows the strongest hemispherical cooling
(Fig. 4). The relative hemispherical cooling associated to Agung (SH) is in absolute values comparable to Pinatubo even if
Agung’s quantity of aerosols injected in the stratosphere was twice as small (Bluth et al.,, 1992; Self & Rampino, 2012).
Furthermore, while the aerosol distribution of the Pinatubo eruption is symmetric, the relative cooling is not and is
concentrated in the NH, which is likely due to uneven distribution of landmass between hemispheres (i.e. reduced heat
capacity in the NH). The maximum cooling for all three eruptions occurs in the second year and so does the temperature
difference between the two hemispheres (Figs. 4 and Al).

Precipitation anomalies (Figs. 5 and 6) show the displacement of the Hadley cell associated with the differential cooling
between the hemispheres, showing a northward shift of the ITCZ for the eruption of the Agung, and a southward shift for
both El Chichén and the Pinatubo, for the three years following the eruption. Additionally, Pinatubo’s rainfall anomaly is th e
largest even though the difference in the cooling of each hemisphere is stronger for El Chichén. This could indicate that the
ITCZ response is sensitive to the magnitude and spatial distribution of the forcing. The on-going global warming could also
amplify the rainfall anomaly following the volcanic eruptions through modulation in the ocean stratification and near-surface
winds amplifying the response as suggested in a recent study (Fasullo et al., 2017) (Fig. A9). Moreover, the precipitation
asymmetry index (PAI) (Colose et al., 2016) further highlights the ITCZ shift and weakening (Fig. 7). The expression for the
PAi is given by:

PED“N—lD"N - PlD"N—Eq

PAi =
Pagen-ggq

It represents the variation of the zonal precipitation around the average climatological mean of the ITCZ in our model, which
is roughly 10 °N. In figure 7, the positive variation of the PAI after Agung eruption corresponds to a northward shift of the
ITCZ and the negative variations of the PAi after Pinatubo and El Chich6n eruptions corresponds to a southward shift of the
ITCZ.

We find that the ITCZ displacement and associated rainfall anomalies peak the second year after the eruption, when the
differential cooling of the hemisphere is larger (Figs. 4, 5 6 and 7). The ITCZ displacement is associated with a
strengthening of the trade winds for the Agung eruption and a weakening for the El Chichdn and Pinatubo eruptions as
expected by the direction of the ITCZ movement in each case. These wind anomalies then affect the ENSO state: a change
in the strength of the trade winds along the equatorial Pacific alters the ocean upwelling in the eastern side. This leads to a
change in the east-west temperature contrast across the tropical Pacific, which is amplified by the Bjerknes feedback thus
altering the ENSO state. All our results (the evolution of the relative Nifio 3.4 index, the precipitation anomalies or the
relative temperature anomalies) show an almost perfect symmetry between the tropical/NH distribution and the SH
distribution (Figs. 2, 3, 4, 5, 6 and A2), which strongly suggests that the volcanically induced ITCZ displacement is the key
mechanism to explain the ENSO response to the volcanic forcing in agreement with others studies (Colose et al., 2016;

Pausata, et al., 2016; Stevenson et al., 2016; Pausata et al,. 2020).
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3.2 ENSO response and its link to other mechanisms

The most commonly inwked mechanism that explains the ENSO response after large tropical wolcanic eruptions is
the ODT (Clement et al., 1996) and the preferential cooling of the warm pool relative to the eastern equatorial Pacific,
leading to an H Nifio-like response (e.g. Emile-Geay et al., 2008; Mann et al., 2005). Howewer, in our simulations even
if there is a wlcanic aerosol ower the equatorial Pacific and a surface cooling for all the eruptions (Figs. 1, A3, A4 and
A5), we see a negative phase of the relative ENSO and an anomalous easterly wind stress deweloping after the Agung
eruption (Figs. 2 and 3). Should the ODT mechanism be dominant in our model, we would expect the opposite
response of both the relative SST and wind stress. This suggests that the ODT is likely not the leading mechanism in
our model, while not ruling out that it can still play a role under specific initial conditions (e.g. Predybaylo et al.,
2020). Another mechanism often used to explain the post-eruption El Nifio-like response is related to the cooling of the
Maritime Continent first proposed by Ohba et al. (2013) and also suggested in recent studies (e.g. Eddebbar et al., 2019) : the
smaller heat capacity of the land in comparison to the ocean cause a stronger land cooling that reduces the temperature
gradient between the Maritime Continent and the western Pacific Ocean. Such temperature changes lead to a weakening of
the trade winds and an eastward shift of the rainfall (El Nifio pattern). Our results show a cooling of the Maritime Continent
and a reduction of the convective activity in the three eruptions (Figs. A3, A4 and A5). Nevertheless, our model simulates
the development of a relative La Nifia-like conditions after the eruption of the Agung (Figs. 1 and 2), which is at odds with
the cooling of the Maritime Continent mechanism, where relative El Nifio-like conditions would be expected for all three
eruptions.

Khodri et al., (2017) suggested that the cooling of tropical Africa, following volcanic eruptions, may increase the likelihood
of an El Nifio events through the weakening of the West African Monsoon and changes in the Walker circulation. More
specifically, the reduction of the tropical precipitation and tropospheric cooling favours anomalous atmospheric Rossby and
Kelvin waves in autumn (SON), with a weakening of the trade winds over the western Pacific, leading to El Nino-like
conditions in the year after the eruption. Our results show a mixed response over Africa with Agung and Pinatubo both
displaying a cooling (Figs. A3 and A5) but leading to different relative ENSO responses (Figs. 1 and 2). Moreover, after El
Chichon eruption a warming of the tropical northern Africa takes place in the first year and an El Nifio-like anomaly
develops (Figs. 2, 3 and A4). Hence, in our model, the volcanically induced cooling of tropical Africa and the atmospheric
perturbations associated with the suppression of the African monsoon seem not to play a critical role in altering the ENSO
state following volcanic eruptions.

Recently, Pausata et al., 2020 proposed an additional mechanism related to the extratropical-to-tropical teleconnections that
tends to favour an El Nifio-like response for both NH and SH eruptions, hence playing in synergy (NH eruptions) or against
(SH eruptions) the ITCZ-shift mechanism. However, our qualitative analysis of the sea level pressure (SLP) anomalies does
not match the changes expected by this mechanism (cf. Fig. A10 to Fig. 4 (a-d) in Pausata et al., (2020)). In this recent study,

the volcanic aerosol alters the meridional temperature gradient of the atmosphere that eventually causes a poleward shift of
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the Pacific jet stream and a strong cyclonic surface pressure anomaly over the midlatitude to subtropical Pacific basin in both
NH and SH eruptions in the first summer following the eruptions. In our simulation, the response is opposite for the Agung
and El Chichon or Pinatubo eruptions, suggesting more that the simulated extratropical anomalies are induced by the relative
ENSO changes due to the eruption rather than affecting ENSO (Fig. A10). The reason of the disagreement could lie in the
fact that the El Nifio/La Nifia-like response following the volcanic eruptions peak in the first winter in Pausata et al., (2020)
modeling study, while in our model in the second winter (Figs. 2 and 3). The extratropical-to-tropical teleconnection could
make the El Nifio development following NH/symmetric eruptions occur faster than in our case where such a teleconnection
appears not to be present. Ad hoc sensitivity experiments are necessary to rule out the above -mentioned mechanisms in our

model.

4 Discussion and conclusions

Our study used the largest ensemble simulation (200 ensembles) currently available of the historical period performed with
the MPI-ESM model to better understand the impact of the volcanic eruptions on ENSO. Our results strongly point to the
volcanically induced ITCZ displacement as the primary driver of the ENSO response following volcanic eruptions in this
model. In our simulations, the ENSO response after the eruptions critically depends on the distribution of the aerosol plume.
When the volcanic aerosol distribution is confined to the NH or its distribution is symmetrical across the hemispheres the
ENSO state tends towards a positive phase (relative El-Nifio like conditions; Fig. 2 (d-i)), while when the aerosols are
confined to the SH the ENSO state is pushed towards a negative phase (relative La Nifia-like conditions; Figs. 2 (a-c)). The
displacement of the ITCZ following the eruptions, caused by the asymmetric cooling of the hemisphere that pushes the ITCZ
towards the hemisphere that is less cooled (Kang et al., 2008; Schneider et al., 2014). Both the eruptions with aerosol
confined to the NH and symmetrically distributed across the hemispheres preferentially cool the NH, consequently shifting
the ITCZ southwards, weakening the trade winds over the equatorial Pacific and triggering El Nifio like response through the
Bjerknes feedback (Bjerknes, 1969). The eruption with the aerosol plume confined to the SH instead cools exclusively the
SH, pushing the ITCZ northward and strengthening the trade winds, leading to La Nifia-like response (Figs. 5, 6 and 7).

The ITCZ mechanism we see at play in our model is supported by other recent studies performed with different climate
models (Pausata,et al., 2015, 2020; Stevenson et al., 2016; Colose et al., 2016). Pausata et al. (2020) through a set of
sensitivity experiments in which the volcanic aerosol forcing is confined to either the NH or the SH show the key role of the
ITCZ displacement in driving the ENSO response. They also highlighted the presence of another mechanism related to the
extratropical-to-tropical teleconnections that no matter the type of eruption (NH or SH) tends to favour an El-Nifio like
response. Hence, it plays in synergy (NH eruptions) or against (SH eruptions) the ITCZ-shift mechanism. However, the
simulated SLP changes in the extratropics in our model seemto be in response to the volcanically induced ENSO changes
rather than affecting the ENSO response (cf. Fig. A10 to Fig. 4 (a-d) in Pausata et al., (2020)).
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Our work also pointed out that the ODT (Clement et al., 1996), the cooling of the Maritime Continent (Ohba et al.,
2013) and of the tropical Africa (Khodri et al., 2017) are likely not the dominant drivers of the ENSO response in the
MPI-GE model. Discrepancies between these previous studies and our results may occur for three reasons. First,
most previous studies are based on a small number of ensemble members (e.g. 5 members for 3 eruptions for the SH
plume in Zuo et al. (2018)) or they heavily rely on statistical tools using a small sample of events (e.g. SEA in Liu et al.
(2018)). Consequently, those results may be biased by the use of a restrained number of ensemble members. Here, our
study points out the importance of a large number of ensemble members when inwestigating the ENSO response to
wlcanic eruptions. Second, different models may present different mechanisms. The fact that the above-mentioned
mechanisms are not dominant is also in qualitative agreement with the modeling experiments in Pausata et al. (2020),
who use the Norwegian Earth System Model (NorESM), suggesting that the ITCZ shift mechanism is at play in both
the NorESM and the MPI-GE Third, the role of the initial ENSO state is important for determining the ENSO
response (Pausata et al., 2016; Predybaylo et al., 2017) and consequently influencing the role of the ODT and the
other abowe-mentioned mechanisms. Our study only considers the total climate response to wlcanic forcing;
howewer, in a recent study, Predybaylo et al, (2020) separated the ENSO response to wlcanic eruptions into a
deterministic and stochastic response. They hawe shown that the deterministic response is dominant for spring and
summer eruptions, while stochastic response plays a major role for eruptions occurring in winter. Howewer, our
experimental design does not allow the separation of the total climate response into the deterministic and stochastic
component with further future experiments needed in which the wlcano and the reference no-wlcano ensemble
members start from the same initial conditions.

Finally, our results are consistent with the predominance of post-eruption El Nifio events ((Adams et al., 2003; McGregor et
al., 2020) and it can provide an explanation on why the majority of both observations and reconstructions are displaying El
Nifio events instead of La Nifia events. However, the ENSO responses discussed in this study are only tendential (El Nifio-
like or La Nifia-like response), i.e., intrinsic variability evolving toward a La Nifia at the time of the eruption would not
necessarily lead to a post-eruption El Nifio event even for a NH or symmetrical eruption, but rather to a dampening of the
ongoing La Nifia. Furthermore, our model suggests the peak in ENSO anomalies to be in the second or third winter after the
eruption similar to most modeling studies (Khodri et al.,, 2017; Lim et al., 2016; McGregor & Timmermann, 2011; Ohba et
al., 2013; Stevenson et al., 2017). This is at odds with the reconstructions and observations that see a peak in ENSO
anomalies in the first winter following the eruption (McGregor et al., 2010; 2020) and possibly extending to the second year
(Adams et al., 2003). The delayed ENSO response in our model simulations relative to reconstructions and observations may
be related to the apparent lack of extratropical-to-tropical teleconnections (Pausata et al., 2020) that could favour El Nino-

like response already on the first winter following the eruption or other biases within the climate models (e.g., double ITCZ).

In conclusion, our results provide further insights into the mechanism driving the ENSO response to volcanic eruptions,

highlighting in particular the role of the ITCZ shift. However, further coordinated efforts with specific sensitivity studies are
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necessary to delve into the other proposed mechanisms and to unravel the difference between modeling studies and
reconstructions with regards to the peak of the ENSO response. Given that ENSO is the major leading mode of tropical

climate variability, which has worldwide impacts, these types of studies are also necessary to help improve seasonal

forecasts following large volcanic eruptions.
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Figure A3. Ensemble mean of changes in surface temperature (a,b,c,d) and precipitation (e,f,g,h) between the climatology and the volcano
case for each seasons of the year after Agung eruption. Only significant anomalies are showed with an approximate 95% confidence level
325 using a Student t-test. Contour shows temperature and precipitations anomalies following the color bar scale (solid line for positive

anomalies and dashed line for negative anomalies).
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340 Figure A4. Ensemble mean of changes in surface temperature (a,b,c,d) and precipitation (e,f,g,h) between the climatology and the volcano
case for each seasons of the year after EI Chichén eruption. Only significant anomalies are showed with an approximate 95% confidence
level using a Student t-test. Contour shows temperature and precipitations anomalies following the color bar scale (solid line for positive
anomalies and dashed line for negative anomalies).
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Figure A5. Ensemble meanof changes in surface temperature (a,b,c,d) and precipitation (e,f,g,h) between the climatology and the volcano
case for each seasons of the year after Pinatubo eruption. Only significant anomalies are showed with an approximate 95% confidence
level using a Student t-test. Contour shows temperature and precipitations anomalies following the color bar scale (solid line for positive

360 anomalies and dashed line for negative anomalies).
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Figure AG6. Evolution of the aerosol optical depth and ensemble average of the difference between the cooling of the SH (AT SH) and the
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approximate 95 % confidence level using a Student t-test. Contours show the RSST anomalies following the color bar scale (solid lines for

positive anomalies and dashed lines for negative anomalies). The boxes indicate the Nifio 3.4 area.
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Figure A12. Hovmoller plot of the ensemble mean of the SST anomalies in the equatorial Pacific (averaged over -5 °N and 5 °N) and the
change in the zonal component of the 10 m winds (m/s) for the three years following each eruption. The anomalies are calculated relative

to the three years before each eruption.
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Figure A13: Ensemble mean changes in the Nifio 3.4 index after each eruption. The 3-year climatology is subtracted to calculate the
anomalies. Shading represent twice the standard error of the mean using an approximate 95% confidence interval.
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Figure Al4. Ensemble mean changes shown for a transect in the equatorial Pacific (averaged 5°N — 5°S) of the ocean temperature
(shadings) between the volcano case and the climatology for each of the following three winter season (DJF) after the Agung eruption.
Contours show the SST anomalies following the color bar scale (solid lines for positive anomalies and dashed lines lines for negative
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480 is shown for 100 ensemble members.
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Ensemble mean changes shown for a transect in the equatorial Pacific (averaged 5°N — 5°S) of the ocean temperature

(shadings) between the volcano case and the climatology for each of the following three winter season (DJF) after the Chichdn eruption.

Contours show the SST anomalies following the color bar scale (solid lines for positive anomalies and dashed lines lines for negative

anomalies, the 0 line is omitted). The bold grey line shows the climatological thermocline depth (as defined using the 20°C isotherm). This
is shown for 100 ensemble members.
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Figure A16. Ensemble mean changes shown for a transect in the equatorial Pacific (averaged 5°N — 5°S) of the ocean temperature

(shadings) between the volcano case and the climatology for each of the following three winter season (DJF) after the Pinatubo eruption.
505 Contours show the SST anomalies following the color bar scale (solid lines for positive anomalies and dashed lines lines for negative

anomalies, the 0 line is omitted). The bold grey line shows the climatological thermocline depth (as defined using the 20°C isotherm). This
is shown for 100 ensemble members.
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Figure A1l7. Temperature composite of La Nifia events (Nifi03.4 index < - 0.4°C) for a transect in the equatorial Pacific (averaged

520 between 5°Sand 5°N) in thereference period of each eruptions (4 years before each eruptions) and for the winter season (DJF). 100
ensemble members are considered, leading to a total of 1200 year as reference period and 237 La Nifia events. Contours show the SST
anomalies following the colorbar scale (solid lines for positive anomalies and dashed lines for negative anomalies, the 0 line is omitted)
The bold grey line shows the climatological thermocline depth (as defined using the 20°C isotherm).
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Model validation :

Our model simulates a global cooling around 0.2-0.4°C following the 3 major eruptions investigated in the study (Agung, El
Chichon and Pinatubo). (Robock & Mao, 1995) provided an estimate for the cooling following these large volcanic eruptions to be
of a similar magnitude as those simulated by our model. Our model also reproduces the high-latitude winter warming after El

Chichén and Pinatubo with temperature anomalies exceeding locally 2°C.
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Figure Al18: Ensemble mean of changes in sea surface temperature (SST) (shadings) between the volcano case and the
climatology for the year following the Agung (a-c), El Chichdn (d-f) and the Pinatubo (g-i) eruptions. Contours show the
SST anomalies following the color bar scale (solid lines for positive anomalies and dashed lines lines for negative

anomalies, the 0 line is omitted).
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Figure 2. Ensemble mean of changes in relative sea surface temperature (RSST) (shadings) and 10 m winds (arrows) between the volcano
705  case and the climatology for each of the following three winter season (DJF) after the Agung (a-c), El Chichén (d-f) and the Pinatubo (g-i)
eruptions. Only significant RSST changes are shaded with an approximate 95 % confidence level using a Student t-test. Contours show the
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omitted). The boxes indicate the Nifio 3.4 area.
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Figure 3. Hovmodller plot of the ensemble mean of the relative SST anomalies in the equatorial Pacific (averaged over -5 °N and 5 °N) and
the change in the zonal component of the 10 m winds (m/s) for the three years following each eruption. The anomalies are calculated
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Figure 5. Change in ensemble mean precipitation and 10 m winds (arrows) between the references years and the volcano case for the three

summer to winter seasons (June to February) following the Agung (a-c), El Chichon (d-f) and the Pinatubo (g-i) eruptions. Contours show

the precipitation anomaly following the color bar scale (solid lines for positive anomalies and dashed lines for negative anomalies, the 0
720 line is omitted). Only precipitation changes that are significant at the 95% confidence level using a Student t-test are shaded.
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