Author’s response

We thank the two anonymous reviewers and the editor for their detailed feedback on our
manuscript. Below we include point-by-point replies to the reviews. The comments from
the reviewers are written in black, our replies in orange.

1 Anonymous Referee 1

Zoéla et al. are interested in the climate impacts of effusive volcanic emissions of sulfur
via their interactions with radiation and with clouds. They ask how the effect depends
on magnitude of sulfur emission rate and on seasonal timing of the emission. The study
makes use of an atmospheric general circulation model. The study in general is well
written and of interest to the readership of Atmos. Chem. Phys.

I have two main comments and a number of specific ones.

1.1 Main comment 1

Model-dependency of the results. This is a model-only study. The qualitative results are
not very surprising, and so it is the quantitative results that matter. Most of the relevant
results (cloud response, related radiation response especially in the terrestrial spectrum,
and subsequently, temperature and sea ice extent responses) hinge on the simulated
response of cloud liquid and ice water path and cloud horizontal cover to the emitted
sulfur. The model the authors use (CAMG6) shows a strongly positive response of cloud
liquid water path and cloud cover to increasing aerosols. In the study of Malavelle et
al. (Nature 2017, cited), a number of general circulation models were evaluated for their
response to Holuhraun aerosol. The predecessor to the model this study uses, CAMS,
was one of these models. CAMb showed, erroneously, a strong positive LWP response.
The data, and some other models, showed no net response of LWP. This result has been
confirmed since then from other model studies (e.g. Haghighatnasab et al. ACP 2022).
So the authors should at least discuss how peculiarities of the model they use, especially
biases, affect the outcome.



1.2

fraction (Chen et al., 2022; Wang et al., 2024). Furthermore, analyses of both ob-

servational data (Zhao and Garrett, 2015) and satellite retrievals (Murray- Watson
and Gryspeerdt, 2022) have found a positive relationship between LWP and cloud
droplet number concentration in the Arctic, which is where our simulations show
the strongest increase in cloud LW trapping. The excessive LWP response in CAMS
reported by Malavelle et al. (2017) has since been addressed in CAM6 by modifica-
tions of the aerosol-cloud interaction processes, making the LWP less sensitive to
perturbations in the cloud droplet number concentration (Gettelman and Morrison,

2015; Danabasoglu et al., 2020).”

Main comment 2

Detection attempts. One of the simulations the authors perform (September) is starting
at the time the effusion from Holuhraun in 2014 indeed started. It would be useful if
the authors in particular discussed this simulation and discussed in particular to which
extent the outcomes they simulate might be attributable in reality.

e The effusive 2014-15 Holuhraun eruption is in fact a topic of our previous study (see

1.3

Zoéga et al., 2023, https://doi.org/10.21203 /rs.3.1s-3249183/v1), which is under
review. In that study, we analyse observational and reanalysis data, along with
performing simulations using CESM2(CAMS6), and find that the 2014-15 Holuhraun
eruption contributed to surface warming over the Greenland and Norwegian Seas in
the fall of 2014 through the same processes as described in this current manuscript.
We address this in the last sentence of the second paragraph in the Introduction
(section 1 in the main manuscript).

Minor remarks

114 — this statement depends on what is considered “high”. There are also many
small emission sources.

— “They release high amounts of gases ...” has been changed to “They release
various gaseous species ...” There is a more detailed discussion about the mag-
nitude of SO, emissions from effusive eruptions later in the introduction.

119 — this is an old-fashioned term (actually both), typically one nowadays would
talk about “radiative forcing due to aerosol-cloud interactions”. Also it is the drop
number enhancement that leads to a higher albedo (if smaller droplets are men-
tioned, one needs to say something about the cloud liquid water path)

— “Previous studies have observed the so-called first indirect aerosol effect, or the
cloud albedo effect (decreased cloud droplet size and higher cloud albedo with
increased CCN concentrations) ..."

has been changed to

“Previous studies have observed a shortwave radiative forcing due to aerosol-
cloud interactions (more numerous cloud droplets and higher cloud albedo with
increased CCN concentrations) ...”

e 123 — this is an outdated term, nowadays one would describe it as “adjustments to

aerosol-cloud interactions”. The cloud lifetime hypothesis is only one of many.



— “The second indirect aerosol effect, or the cloud lifetime effect (changes in
cloud cover and cloud liquid water path with increased CCN concentrations
and smaller cloud droplets) (Albrecht, 1989), has ...”

has been changed to

“ Adjustments to aerosol-cloud interactions (Albrecht, 1989) have ..."

e 132 — previously, the authors have described effusive emissions in contrast to erup-
tions, why is now effusion just a variant of explosion?

— One way of classifying volcanic eruptions is to place them on a scale from
effusive to explosive. In our study, we use those terms, that is, “effusive”
and “explosive”, to refer to eruptions on each end of this spectrum. A single
eruption can have both effusive and explosive characteristics. We refer to
those eruptions as “mixed effusive-explosive”. Throughout the study we use the
terms “effusive eruptions” or “effusive volcanic eruptions”. In order to clarify
the terminology, we have exchanged the first sentence in the Introduction
(“ Effusive volcanic eruptions are characterised by non-ezxplosive activity”) with
the following text:

“Volcanic eruptions vary greatly in their behaviour. Some are dominated by
explosive activity where the magma explodes and is erupted as tephra. In other
cases, explosive activity is mostly absent and the magma is mainly erupted as
lava. FEruptions falling into the latter group are referred to as effusive erup-
tions.”

e 159 — more details on the aerosol scheme are required. What types are considered,
are they internally mixed, are conversion processes simulated?

— The following text has been added to the model description in section 2.1:

“The four log-normal aerosol modes of MAM/ are Aitken, accumulation, coarse,
and primary carbon. Together they include sulfate, sea salt, primary and sec-
ondary particulate organic matter, black carbon, and soil dust, which are in-
ternally mized within each mode. The conversion of aerosol from one mode to
another is simulated through coagulation and condensation (Liu et al., 2012,

2016).”
e 164 — the CMIP6 historical forcing stops in 2014, what is the assumption for 20157

— In order to clarify which forcing data we use for the last five months of our
control run (January to May 2015), we have added the following text to section
2.2 in the manuscript:

“For the year 2015, extensions of the existing historical CMIP6 forcing fields
were used when available (van Marle et al., 2017; Hoesly et al., 2018), other-
wise the SSP2-4.5 forcing (O’Neill et al., 2016) was applied.”

e 176 — the authors earlier explained that the largest-ever eruption had 21 m? lava,
Holuhraun 1 m? So a factor of 50 seems not plausible. It may be interesting, of
course, nevertheless

— This is correct. A factor of 50 is not plausible for Icelandic effusive eruptions.
We have replaced the sentence



“In addition to the x1 scaling factor, corresponding to a Holuhraun-sized erup-
tion, we perform simulations using scaling factors of x5, x25, and x50, cov-
ering a plausible size range of Icelandic effusive eruptions.”

with

“In addition to the x1 scaling factor, corresponding to a Holuhraun-sized erup-
tion, we perform simulations using scaling factors of x5 and x25, covering
the plausible range of Icelandic effusive eruptions, and x50, extending into the
size range of the largest known flood basalts on Earth (Kasbohm and Schoene,
2018).”

e 1115 - CCN?

Indeed!

e 1146 — what is the energetic argument for the precipitation reduction? is a significant
cooling of the atmosphere seen?

Over the eastern Labrador Sea (along the south-western coast of Greenland),
where we model the strongest wintertime precipitation reduction (Fig. A3d),
we also model surface air cooling (Fig. 5f). We also model slight precipitation
decrease over the Sea of Okhotsk and the Kamchatka peninsula, accompanied
by a cooling signal. To address this, we add the following sentence to the third
paragraph of section 3.3:

14

. accompanied by a cooling signal (Fig. 5f).”

e 1155 — this can be tested, since it is model-world only. Does the model precipitate
more efficiently via ice phases?

During winter in the Arctic, the model shows an increase in the liquid to ice
water content ratio during an eruption (ice water anomalies not shown in the
manuscript). To get this better across we have replaced:

“It 1s well-established that when clouds contain more liquid and less ice, their
lifetimes increase (e.g., Storelvmo et al., 2011), hence the increased cloud cover
and LWP in the wintertime Arctic basin.”

with

“It is well-established that when the ratio of liquid to ice water content in clouds
increases, they generally precipitate less efficiently (the Wegener-Bergeron-
Findeisen process) and their lifetimes increase (e.g., Tsushima et al., 2000;
Storelvmo et al., 2011; Tan and Storelvmo, 2019), hence the increased cloud
cover and LWP in the wintertime Arctic basin. This process is represented in

CESM2(CAMG).”

e 1185 — why only “dominate” during polar night, aerosol-radiation interactions are

Z€ero

Indeed. But the polar night only covers a part of the Arctic (as defined as
the area north of the Arctic circle) part of the winter. Since there is some
sunlight, albeit very little, we would like to use non-exclusive wording. That
is, “indirect aerosol effects dominate” instead of “only indirect aerosol effects”
or “aerosol-radiation interactions are absent”.



e 1192 — is this not potentially testable? even one-fifth of this signal could be de-
tectable. Was this the case in reality?

— See reply to Main comment #2.

— Although effusive volcanic eruptions in the size range discussed in the manuscript
have been common throughout Earth’s history, the intervals between them can
be quite long. For example, the 2014-15 Holuhraun eruption was the largest
effusive eruption in Iceland since the 1783-84 Laki eruption (about ten times
larger than Holuhraun in terms of mean SO2 emission rate), more than 230
years earlier. Smaller eruptions, for example 2021 Fagradalsfjall (about a
tenth of the size of Holuhraun), are more common but, as discussed in our
manuscript, they are unlikely to result in significant surface air temperature
responses. Observational data on the climate impacts of large high-latitude,
effusive volcanic eruptions is, therefore, scarce.

e 1205 — same here, isn’t this signal large enough to be detectable in reality?
— See replies to Main comment #2 and Minor remark 1192.
e 1274 / Table 1 — the physical units for the a and b coefficients are missing

— The following has been added to the caption of Table 1:

“The unit for the fitting coefficient a is the same as the unit for the fitted
variable, and b is dimensionless.”

e Throughout: References, where multiple publications are cited for one fact, in gen-
eral should be ordered chronologically.

— This has been taken into account. Now, all references are first ordered by year
and then by the last name of the first author.



2 Anonymous Referee 2

This study investigates the aerosol-climate interactions following effusive volcanic erup-
tions that emit large amounts SO2. The study builds on previous analyses of aerosol-
cloud interactions following the 2014-15 Holuhraun eruption, but adds a novel direction
by simulating the climate impact if a similar eruption happened in different seasons or of
increased magnitude of emissions. The results show how the climate response varies with
the seasons of the eruption start — particularly there is opposing effects on temperature be-
tween summer and winter, and how the response plateaus for higher magnitude eruptions.

Overall, the study presents a nice piece of an analysis. The results are clearly presented
and the article is well laid out. This study is an interesting addition to the literature
on aerosol-climate interactions following volcanic eruptions. I recommend minor revision
prior to publication.

2.1 Comment 1

Coupled simulations can evolve differently due to the variability of the climate. This
study seems to use only use one initial condition ensemble member. How do you know
that differences in cloud cover between the eruption vs control simulations could be just
due to differences in climate variability or if the results might be different if another initial
condition ensemble member is used? I'm not sure how much impact the variability in
coupled simulations would have in the short timescale of this study but I think a bit of
discussion/acknowledgment of this is needed since most other studies on this topic have
used nudged atmosphere-only simulations.

e In our study we start with an 11 years long control run, corresponding to the model
years 2005 to 2015 (see section 2.2). On the first days of March, June, September,
and December we branch off simulations where we include volcanic emissions. This
we do for the first ten years of the control run, resulting in ten eruption simulation
for each combination of starting month and magnitude scaling. This is what we
refer to as a ten member ensemble.

For example, the ensemble of x5jun consists of ten branch simulations where the
eruption is of size x5 and starts in June of each of the model years from 2005 to
2014. Each of the different Junes has its own meteorological state, different from
the other Junes.

We then perform a pairwise comparison between an eruption simulation and the
corresponding part of the control run, isolating the impact of the volcanic eruptions
under those specific conditions. Without an eruption, the branch simulation would
be a bit-for-bit recreation of the control run. Hence the anomalies on which we
base our analysis must be due to the volcanic eruptions. In order to clarify our
experimental setup, we have divided section 2.2 into several paragraphs for better
legibility and added the following sentence to the second paragraph of the revised
manuscript:

“For each scenario considered in this study (see below), this leads to ten eruption
simulations, each of which has its own unique initial conditions.”



2.2 Comment 2

Most climate models don’t represent the entrainment processes that would lead to a
decrease in LWP for an increase in aerosol. There is no discussion on if CESM2(CAME6)
represents that process, or how the results could differ it did.

o CESM2(CAMSG6) includes a representation of the entrainment process which could
lead to decrease in LWP for an increase in aerosols through the unified turbulent
scheme Cloud Layers Unified By Binormals (CLUBB). To clarify this, we added

the following text in section 2.1:

“CESM2(CAMEG6) includes the unified cloudy turbulent scheme Cloud Layers Uni-
fied By Binormals (CLUBB) (Golaz et al., 2002). In CLUBB, cloud entrainment
processes which could lead to deceased LWP are controlled by prognostic vertical
turbulent fluzes and a tunable air parcel entrainment rate. However, both LWP and
cloud cover are relatively insensitive to variation in the CLUBB parameter repre-
senting the entrainment rate (Guo et al., 2015). In their modelling study (not using
CLUBB), Karset et al. (2020) further found that other factors, such as the sen-
sitivity of the autoconversion rate to cloud droplet number concentration, play an
even larger role in controlling the LWP than parameterized entrainment processes.”

2.3 Minor comments
e P1 L2: Untangling rather than untangle makes more sense here.
— “Untangle” has been changed to “untangling”.
e P3 L75: Is x50 emissions a plausible scenario for an effusive eruption?
— A scaling factor of x50 is indeed implausible for Icelandic effusive eruptions.
We have replaced the sentence

“In addition to the x1 scaling factor, corresponding to a Holuhraun-sized erup-
tion, we perform simulations using scaling factors of x5, x25, and x50, cov-
ering a plausible size range of Icelandic effusive eruptions.”

with

“In addition to the x1 scaling factor, corresponding to a Holuhraun-sized erup-
tion, we perform simulations using scaling factors of x5 and x25, covering

the plausible range of Icelandic effusive eruptions, and x50, extending into the

size range of the largest known flood basalts on Earth (Kasbohm and Schoene,
2018).”

e Figure 2 caption: I'm not clear what the ensemble mean refers to here if there is
1x simulation per start month and scaling as described in the methods.
— Hoping to clarify our methodology, we replaced the sentence

“This results in an ensemble of ten sets of anomalies, one for each model year

2

with



“This results in an ensemble of ten sets of anomalies for each combination of
scaling factor and start month ...”

in the first line after Equation 2 (ca. line 86).

e P11 L188: I think ‘we model’ should be replaced with the ‘model shows’ or similar
throughout as this is a result of the experiment rather than modelling a climate
response explicitly.

— We have changed “we model” to “the model shows” throughout the text.

e Figure 6: By eye it looks that there is less difference in the cloud properties and
temperature response of eruptions starting due to starting in different months, and
more that the impacts follow a seasonal cycle regardless of the start month of the
eruption.

— This is true and holds for the six months long eruptions we simulated. How-
ever, as illustrated in Figure 6f and discussed in Section 3.6, the model shows
how temperature anomalies are carried across seasons. This means, for exam-
ple, that if an eruption starting in June would continue throughout the winter,
we might not get the positive temperature anomalies modelled for an eruption
starting in December. For the six month long eruptions considered here, the
starting month seems to be a considerable modulator to the temperature re-
sponse. For eruptions lasting multiple years, the starting month is probably
less important, and we would expect the impacts to rather follow the seasonal
cycle.

e P15 LL.258: Wang et al. 2024 Hidden Large Aerosol-Driven Cloud Cover Effect Over
High-Latitude Ocean discusses an Nd threshold for cloud fraction changes — might
be of relevance here?

— We thank the reviewer for bringing our attention to Wang et al.’s study and
added a reference to it in our manuscript.
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