Answers to comments of reviewer 1

We thank the reviewer for the comments and the time to review our paper. The reviewer’s
comments are written in black. Our answers to the comments are given in blue.
Modifications in the manuscript are additionally written in italic letters.

| don’t find this paper particularly interesting. It is long and detailed, with multiple small
panels in each figure. The results either confirm what we already knew or failed to explain
observations. The climate model setup is lacking in many details, and there is no explanation
of why ensembles were not used and the statistical significance of the results.

While our work indeed builds on existing knowledge, we emphasize that it advances the
modeling of volcanic eruptions like the 2022 Hunga eruption in several important ways that
have not been fully addressed in prior studies. In particular, we highlight the following novel
aspects of our modeling approach:

1. Resolving eruption phases: Our model distinguishes between different eruption
phases as a function of both source parameters and evolving atmospheric
conditions. This allows for a more physically grounded representation of eruption
dynamics, which is rarely done in existing model studies.

2. Volcanic water vapor's impact on ash aging and masking: The study highlights
the unique role of volcanic water vapor from the Hunga eruption in accelerating ash
aging and increasing the coating on ash particles. This was found to potentially mask
ash in observations, making it appear as spherical particles. This aspect of the study
is novel as it provides insight into how water vapor influences ash properties and
alters its detection in satellite observations, which could have significant implications
for understanding ash dynamics in volcanic plumes.

3. Aerosol aging and rapid ash loss: The study reveals that the rapid loss of ash after
the Hunga eruption, as observed by satellite instruments, cannot be fully explained
by the typical aerosol aging processes of condensation and coagulation. This
suggests that other processes, such as coagulation with sea salt, water vapor
accumulation, wet aggregation in the early plume, or aerosol activation and washout
may contribute to the enhanced particle growth and removal. This finding is novel as
it challenges conventional explanations for ash removal and points to missing
physical processes that could be vital for accurately modeling ash behavior in
volcanic plumes.

4. Warming and descent of the water vapor plume driven by aerosol-radiation
interaction (ARI): The study discusses the complex interaction between water vapor
cooling the plume and the warming effect due to aerosol radiative impacts, which
influences the descent of the water vapor plume. The comparison with observed
descent rates suggests that the warming effect from aerosols might be overestimated
in the simulations due to the absence of an ash removal process. This aspect is
novel as it introduces the interplay between cooling and warming effects in volcanic
plumes and highlights how missing processes, such as ash removal, could skew the
interpretation of plume behavior in numerical models.

While some of the broader patterns we observe are consistent with previous findings, our
goal was to examine the underlying processes in greater detail. We believe this



process-oriented perspective provides value beyond reproducing observations as it helps
explain the variability seen in past eruptions and model predictions.

There are various small English errors in the text. | corrected some of them, but the
native-English-speaker author should have edited the paper for English grammar and usage,
so as to not annoy the reviewers. And multiple acronyms were defined and never used
again. Multiple acronyms were used without defining them.

We have thoroughly revised the manuscript with special attention to grammar, sentence
structure, and overall language clarity. The revised version has also been reviewed by a
native English speaker with scientific writing experience to ensure fluency and readability.
We have also carefully reviewed all acronyms and made the required corrections.

| find the initial conditions used for the experiment very confusing. | don’t understand “about
500 Tg solid and less than 50 Tg liquid hydrometeors enter the stratosphere.” Is solid ice?
Are there any observations of this? Where do the numbers come from. And how do the
authors know how much water was injected at the surface? There are no observations of
this. Are the numbers in Table 1 based on observations? How can the MER of water vapor
be calculated from the model without data on how much water there was? How can this
model result be validated? | find the presentation of the experiment circular. What were the
observed model inputs and what were the model results? How were the model results
evaluated with separate observations?

We included further information on the coupling of ICON-ART and FPlume in the manuscript
to elucidate our methodology and questions by the reviewers (see answer to your next
question). We changed (. 169-170):

“In our simulations, about 500 Tg of solid hydrometeors (ice and snow) and less than 50 Tg
of liquid hydrometeors (cloud and rain water) are released into the stratosphere, which
subsequently fall out in the first 1-2 days.”

The numbers for the hydrometeor are the result of our coupled simulations, when we emitted
the mass eruption rate (MER) of water vapor calculated by the 1-D model into the ICON
model. We added (I. 159-160):

“This derived water vapor MER is added to ICON’s water vapor mixing ratio. The phase
partitioning between vapor, liquid and solid hydrometeors is calculated in ICON’s
microphysics scheme (Sect. 2.1.1).”

The emission occurs along a vertical profile and not at the surface. We have not claimed in
the text how much water was injected at the surface. Our assumptions in Table 1 (upper
part) are based on previous work, which has used observations (Sellitto et al., 2022, 2024,
Gupta et al., 2022) or observations together with 1D-modeling (Mastin et al., 2024), as
stated in the table caption. The different MER values are calculated online either directly with
FPlume (total MER and MER of water vapor) or through the coupling of FPlume with
ICON-ART (MER of very fine ash).

| also don’t understand what FPlume is and how it is coupled to the climate model.



The FPlume model is described in the first paragraph of Section 2.1.3. We have now further
extended the description on the coupling of FPlume to the numerical weather prediction
(NWP) model ICON-ART (l. 145-153). The whole paragraph now reads as follows:

“Volcanic emissions in ICON-ART are calculated online with the 1-D volcanic plume rise
model FPlume by Folch et al. (2016). FPlume calculates a total MER based on a given
plume height. As input parameters for the plume dynamics, FPlume requires exit
temperature, exit velocity, and exit volatile fraction as well as atmospheric profiles above the
vent for pressure, temperature, specific humidity and density (Folch et al., 2016). The
parametrization by Gouhier et al. (2019) calculates the fraction of very fine ash (particles <30
um), which is relevant for atmospheric transport, from the given height and the calculated
MER. The MER of SO, is prescribed based on observations and emitted in the same
emission phases as for ash. The vertical distribution of all emitted masses (here ash, H,0
and SO,) is calculated according to the Suzuki profiles (Suzuki, 1983). Further details on the
coupling of ICON-ART and FPlume are given in Bruckert et al. (2022). Figure A1 shows the
emission profiles as well as the vertical distribution of ash, SO2, and water vapor after the
beginning of the first emission phase.”

Furthermore, we included Figure A1 to illustrate the emission profile.
And why was that particular climate model used?

We do not use a climate model in this study. The simulations are based on the ICON model
in its numerical weather prediction (NWP) configuration, similar to the setup used
operationally by the German Weather Service (DWD) for global weather forecasts. This
configuration is continuously evaluated and refined from a meteorological point of view,
providing a robust and well-tested framework for coupling with aerosol and chemistry
modules.

Our focus is on the early development of the Hunga Tonga plume during the first seven days
following the eruption, using a global horizontal resolution of 40 km. On these short time
scales and at this spatial resolution, NWP models offer distinct advantages over climate
models, particularly in terms of representing dynamical processes and meteorological
conditions. These aspects are crucial for accurately capturing the vertical and horizontal
evolution of the eruption plume and its interaction with the environment.

Section 2.2 is missing details about the model runs. How long were the model runs? How
many ensemble members did each experiment have? On what date and time were the
simulations initialized? What did you do about the ocean? How was the climate model
initialized as to land state and ocean state?

We did not perform ensemble simulations. However, we added the following information (I.
175-178):

“For each experiment, we simulated seven days initialized on 15 January 2022 at 00:00 UTC
with analysis data provided by the German Weather Service (DWD). The analysis data
contained variables describing the atmospheric state, variables needed by the land
component, and sea surface temperatures. Due to the short time span of the simulation, sea
surface temperatures are temporally fixed throughout the simulation.”



The term “validation” is used multiple times, when | think it is more correct to use
“evaluation.” Validation is only correct if you are sure a priori that the results are correct, and
you are trying to prove that.

According to the glossary of meteorology of the American Meteorological Society
(https://glossary.ametsoc.org/wiki/Validation), the term ‘validation’ refers to the “Comparison
of a measurement from a new instrument or technique with older, established measurements
of the same property or parameter”. Given that our study adopts this definition, where we
compare outputs from our modeling approach against observations, we believe that the term
“validation” is appropriate in this context. Hence, we will retain the current wording..

You need to include this paper in your reference list and address what it has already shown:

Ukhov, A., Stenchikov, G., Osipov, S., Krotkov, N., Gorkavyi, N., Li, C., et al. (2023). Inverse
modeling of the initial stage of the 1991 Pinatubo volcanic cloud accounting for radiative
feedback of volcanic ash. Journal of Geophysical Research: Atmospheres, 128,
€2022JD038446. https://doi.org/10.1029/2022JD038446

We listed this paper as one additional example (besides Muser et al., 2019 and Stenchikov
et al., 2021) for plume lofting due to aerosol-radiation interaction.

You should also consider this paper, although to my knowledge it has not been accepted for
publication yet:

Georgiy Stenchikov, Alexander Ukhov, Sergey Osipov. Modeling the Direct Radiative Forcing
and Climate Impacts of the 2022 Hunga Volcano Explosion. ESS Open Archive. July 11,
2024. DOI:10.22541/essoar.172070583.36131358/v1

We included this very important paper in the introduction and used it for the interpretation of
the results in several sections.

And please address the 51 comments in the attached annotated manuscript.

In the following, we list the comments from the attached manuscript that needs further
discussion and have not been answered already above. Comments that are not listed, have
been corrected and do not need further discussion.

- 1.28: VEl is not the correct index to use for the size of climate-impacting volcanic
eruptions. The size depends on the sulfur injection to the stratosphere, not the
explosiveness.

The authors of the paper which we have cited in this context have used the VEI to
classify moderate-size eruptions and we will therefore keep it here, too. Furthermore,
it is not relevant for our study to discuss different indices for the size of volcanic
eruptions.

- |. 58: Why not define this acronym, too?

Himawari is not an acronym. However, the spelling in capital letters was wrong and
has been corrected.

- |. 85: Stenchikov et al. (2024) modeled the water vapor.



In this section, we explained our modeling system and our work on previous
eruptions with ICON-ART coupled to FPlume, where we only considered SO, and
ash emission. Therefore, we here only rephrased the sentence to clarify this and
added the suggested paper to the introduction part and section 3.2.

I. 147-148: What data do you have to support this assumption?

In typical large subaerial eruptions, the contribution of magmatic water vapor (~3-5%
of the total MER, e.g., Mastin, 2007) is larger than the entrained water vapor (Woods,
1993; Glaze et al., 1997). In case of the Hunga eruption, large amounts of water
vapor are originating from vaporized ocean water instead of magmatic water vapor
(Mastin et al., 2024), a water vapor source that is missing in subaerial eruptions.
Therefore, we can assume that the amount of entrained water is small compared to
the injected water vapor from the ocean.

[. 150-152: | don't understand. Why is this a problem with the model and how does
this affect the results?

As our water vapor is emitted into the ICON water vapor mixing ratio, which is also
used as input for the FPlume model and affects its plume dynamic calculations, we
used the water vapor mixing ratio from an external file, which does not include the
volcanic emission.

We provided more details on the coupling of FPlume and ICON-ART in our
manuscript in general.

I. 177: But where are observations of water vapor?

Our paper focuses on the role of aerosol dynamical processes in the Hunga plume
and a detailed investigation of the fate of water vapor is beyond the scope of this
study. Nevertheless, we found a model configuration with which we are able to
reproduce reported water vapor masses, which is relevant for the realistic
representation of the aerosol dynamical processes.

I. 177: has provided

This is a general description of the instrument. Therefore, we stay with present tense.
Figure 1: Where is the plume? Does it move horizontally and change in size?

This figure shows the total burden of different components of the volcanic plume. As
the plume is advected with the winds, it moves horizontally and also changes in size.
But these effects are not relevant for the discussion of the burden.

I.187: Why? Can't your model simulate these processes?

Indeed, ICON-ART does simulate the processes related to ARI. However, with
respect to SO, oxidation there are two opposing effects, which could not be
separated easily in the model: (1) ARI leads to a warming of the surrounding air and
a lofting of the plume to layers with larger ozone concentrations, which will increase
the production of OH and oxidation of SO,; (2) the reduction of incoming solar
radiation due to scattering by aerosols at the plume top reduces the production of
OH, which decreases the oxidation of SO,.

All comments on Figure 3 and 4: meaning of the contour lines

We revised the description of the contour lines and included labels.



Additional references used in the answers:

Glaze, L. S., S. M. Baloga, and L. Wilson (1997), Transport of atmospheric water vapor by
volcanic eruption columns, J. Geophys. Res., 102(D5), 6099-6108, doi:10.1029/96JD03125

Mastin, L. G. (2007), A user-friendly one-dimensional model for wet volcanic plumes,
Geochem. Geophys. Geosyst., 8, Q03014, doi:10.1029/2006GC001455

Woods, A. W. (1993), Moist convection and the injection of volcanic ash into the
atmosphere, J. Geophys. Res., 98(B10), 17627-17636, doi:10.1029/93JB00718



https://doi.org/10.1029/96JD03125
https://doi.org/10.1029/2006GC001455
https://doi.org/10.1029/93JB00718

Answers to comments of reviewer 2:

We thank Prof. Stenchikov for the valuable and constructive comments on our paper that
helped us improve the quality of the presentation. The reviewer’'s comments are written in
black. Our answers to the comments are given in blue. Modifications in the manuscript are
additionally written in italic letters.

This paper uses the novel ICON-ART modeling system to examine the initial one-week
evolution of water vapor (WV), SO:, SO., and ash plumes following the 2022 Hunga
eruption. The authors implement volcanic plume initiation through the 1-D plume rise model,
FPlume, which is tuned to match observed injection altitudes. This approach introduces an
innovative method for representing volcanic injections in the model. Additionally, the study
includes ash emissions, investigates ash-sulfate interactions, and compares results with
CALIOP, OMPS, and IMS/IASI observations.

The simulations suggest that a 1.2 Tg SO: emission aligns more closely with observed
plume characteristics than the 0.4 Tg estimate based on OMI/OMPS data. The findings also
indicate that ash influences the plume's descent trajectory and that WV is critical in
accelerating SO:-t0-SO. conversion. While some of these conclusions have been reported in
previous studies, using a newly developed modeling system provides a fresh perspective.
However, the presentation could be more focused.

Using a 1-D plume model for injecting volcanic materials is interesting but requires better
documentation. At a minimum, the vertical distribution of injected materials should be
discussed. Most WV is likely released in the form of solid hydrometeors (ice, snow, and
graupel), but this is not explicitly stated. The energy required for melting or sublimation could
influence atmospheric cooling, distinguishing this study from others—an aspect worth
highlighting.

We extended the description of the coupling of ICON-ART and FPlume in general in I.
148-151:

“The parametrization by Gouhier et al. (2019) calculates the fraction of very fine ash
(particles <30 um), which is relevant for atmospheric transport, from the given height and the
calculated MER. The MER of SO, is prescribed based on observations and emitted in the
same emission phases as for ash. The vertical distribution of all emitted masses (here ash,
H,O and SO,) is calculated according to the Suzuki profiles (Suzuki,1983).”

Additionally, we rephrased and extended the description on the WV emission in . 159-161:

“This derived water vapor MER is added to ICON's water vapor mixing ratio. The phase
partitioning between vapor, liquid and solid hydrometeors is calculated in ICON's
microphysics scheme (Sect. 2.2.1).”

With the setup used in this work, we cannot provide precise numbers on the energy required
for melting and sublimation, because the plume rise dynamics are not explicitly simulated in

ICON-ART. However, explicit simulation of this eruption with ICON-ART in large eddy mode

configuration is the topic of ongoing work.



The simulation duration is notably short. Is there a specific reason for this limitation?
Extending the simulations to at least a couple of months would enable a more robust
comparison with observations. Furthermore, the initial ash amount and size distribution
appear arbitrary, and the study does not clearly demonstrate ash's significance in improving
observational agreement.

The goal of our study is to investigate the early-phase processes within the volcanic plume,
particularly the interaction between the emissions and the surrounding atmospheric
conditions during the first week following the eruption. To best resolve these short-term
dynamical and microphysical processes, we use the ICON model in its numerical weather
prediction (NWP) configuration, which is specifically designed for high-resolution short-range
simulations.

The chosen horizontal resolution of 40 km allows for a detailed representation of the
evolving tracer distributions and their dependence on emission strength, injection height, and
environmental conditions. Extending the simulation period to several months would have
required a different model configuration (e.g., climate mode with coarser resolution and
different parameterizations), which is not suited to the specific objectives of this study.

We therefore intentionally limited the simulation period to seven days in order to ensure a
realistic meteorology (synoptic scales) and process-resolving representation of the plume
evolution.

We discussed the ash distribution in the comment ‘Specific concerns’ in L. 171. One aim of
this study was to understand the quick loss of ash after the eruption. Our results show that
aerosol dynamical processes do not explain this quick loss, however, we discussed that
some ash might be hidden from the observations as it is heavily coated. Understanding the
role of different ash removal processes in the Hunga plume is the topic of our ongoing work
and will be submitted soon (Chopra et al., in prep.).

The description of the radiative transfer model is missing. Including stratospheric aerosol
optical depth (SAOD) would be beneficial, as it is one of the best-constrained observational
metrics. Addressing these concerns will strengthen the study and improve its readiness for
publication.

We added a paragraph on the aerosol-radiation interaction (ARI) in ICON-ART (l. 140-143):

“The ecRad model by Hogan and Bozzo (2018) calculates the radiative fluxes in ICON. It
requires the mass extinction coefficient, the single scattering albedo, and the asymmetry
parameter to account for the radiative effects of aerosols. For all modes, these properties
were derived offline and individually based on Mie calculations and stored in look-up tables
for online calculations of ARI (Muser et al., 2020).”

Furthermore, we extended the description on the calculation of the model sulfate aerosol
optical depth (and moved it from section 2.3.3 to 2.4; |. 255-259) :



“For the comparison with the IMS/IASI SOAD, the ICON-ART SAOD was calculated offline

from the mass concentration m, in kg/m3 of the two soluble modes | and their respective

mass extinction coefficients k.. derived from Mie calculations for 1130 cm-1:
z 2
— * *
Y1130 em—1 El El m ki, 1130 cm—1 Azi

with z the model level.”

Specific concerns:
L23: “dynamical” > “microphysical”

We deliberately use the term “aerosol dynamical processes” rather than “aerosol
microphysical processes” to clearly distinguish them from cloud microphysical processes,
which are treated separately within the weather forecast model. This distinction is particularly
important given that our study focuses on weather-scale processes rather than climate-scale
effects. Using this terminology helps to avoid confusion between the two process categories
and ensures clarity in the context of our modeling framework.

L80: Are these two emissions on January 157
Done.
L136: uptake by sulfate or by ash?

Water uptake is activated for all aerosol particles in our simulation, i.e. insoluble (ash), mixed
(ash coated by soluble components) and soluble (mainly sulfate) particles. Therefore, we do
not make a distinction here.

L152: Is it a restriction?

The FPlume model considers the atmospheric state in the calculation of the plume
dynamics. For other eruptions such as the 2019 Raikoke (Bruckert et al, 2022) and 2021 La
Soufriere eruption (Bruckert et al., 2023), we used atmospheric profiles from ICON as input
to FPlume at every model time step. The advantage is that changing atmospheric conditions,
especially during long-lasting eruptions, are considered in the plume dynamics. As the two
phases of the Hunga eruption are short and close together, we consider the effect of
changing atmospheric conditions during the eruptions to be small. Reading the atmospheric
profiles from external files in case of the Hunga eruption is mainly a technical necessity. The
emitted water vapor from the eruption is added to the specific humidity, a variable needed as
input for the FPlume model.

L161-165: When did you start the run from initial conditions?

We added (l. 175-178):



“For each experiment, we simulated seven days initialized on 15 January 2022 at 00:00 UTC
with analysis data provided by the German Weather Service (DWD). The analysis data
contained variables describing the atmospheric state, variables needed by the land
component, and sea surface temperatures. Due to the short time span of the simulation, sea
surface temperatures are temporally fixed throughout the simulation.”

L171: Is it evenly distributed in number-density or volume? | doubt ash is evenly distributed.

We evenly distributed mass of very fine ash by mass, i.e. also by volume as we consider
equal density for the three ash modes. This distribution has been used for the 2019 Raikoke
eruption and was validated against observations with respect to the ash mass loading in
Muser et al. (2020). We used this distribution due to the lack of direct observations from the
Hunga eruption. Nevertheless, we agree that the composition and physical processes in the
plume in case of the Hunga eruption were clearly different from those of the Raikoke
eruption. Investigating the role of wet aggregation, its effects on the ash mass distribution as
well as on atmospheric lifetime is part of our ongoing work.

L191-195: OMPS does not see the initial stage well because of insufficient sampling.
Thanks for pointing this out. We included when interpreting the results (I. 385-386):

“Furthermore, OMPS might not have detected the SO, plume well in the first days because
of insufficient sampling.”

L276-279: What was the vertical distribution of volcanic debris soon after the injection?

We added a plot on the vertical distribution of volcanic debris soon after the injection to the
appendix (Figure A1). We do not place it in the main text, because it is rather a technical
detail than an actual result. Nevertheless, we agree that it could be helpful for a reader to
understand the concept of our emission.

Figure 4: No-ash experiment produces the most realistic results.
We included (I. 365):

“The descent rate of water vapor in the experiment noAsh is closest to the observed descent
rate of the water vapor plume by Khaykin et al. (2022).”

L341: Do you mean sulfate particles? 70% of sulfate absorption is coming from LW. WV
cooling is the most important.

We rephrase this sentence to clarify our message as (l. 357-359):

“For particles of the same composition but different size, the smaller particles interact
stronger with radiation in the visible range. This increases the warming and lofting of the
plume in the noCoag case, which also affects the mass-averaged height of the water vapor
plume.”

Subsection 4 should be first in the results section.



We chose it this way, because we first want to discuss the contribution of the different
processes to the plume development. As some processes such as ARI or coagulation have
negligible impacts on the SO, and ash mass loading as well as aerosol aging and sulfate
formation, in subsection 4, we only validated the experiments which show distinct differences
among each other.

Figure 5: Explain how the amplitude, structure, and location factors are computed.

A general description of the SAL method and its components is already given in section 2.4.
This method is a quite common method to validate simulated objects such as precipitation or
aerosol plumes on NWP scales and we do not want to repeat the equations and details of
the work by Werli et al. (2008) here.

L403: Or you injected too much ash.

We agree with this concern. However, it is indirectly addressed by the “effect of a missing
process”. The reason why we might have injected too much ash could be because we
neglected the process of wet aggregation during the plume rise. Wet aggregation in the
Hunga plume could have been stronger than in “typical” volcanic plumes leading to larger
particles and a faster sedimentation. Therefore, we might have assumed a too high fine ash
fraction in addition to the uncertain distribution into the three ash modes discussed above.

Section 5: Do you have background aerosols before the eruption?

We have not initialized background aerosols before the eruption. However, our background
aerosols are small but different from zero in order to avoid division by zero in some
subroutines.

L413: Use radius; do not switch to diameter in some places.
Done.

L415-420: Please be specific. Is it an effective radius or median radius makes a difference? |
do not believe in these very big radii. It is not consistent radiatively. The mass of aerosol will
be exaggerated. The lifetime will be shorter than it is observed. For example, Boichu et al.
(2023) measured Hunga's size distribution through AERONET through the entire depth of
the atmosphere. They could detect large cloud particles.

We agree that comparing effective radii to median radii or peak radii is not straight forward
and we mixed things up in this paragraph. We removed or rephrased sentences to avoid a
comparison of different quantities. Instead we focused on trends now.

Figure 8 is difficult to read. What are the isolines for?
We revised the description of isolines in Figures 3, 4 and 8, and included labels in the plot.
L435: How much sulfate is on the ash?

The coating of soluble compounds on ash (for volcanic aerosols mainly sulfate and water) is
shown in Figure 3. Large differences in coating between experiments mainly arise when



considering or neglecting the water vapor effect on chemistry. Therefore, we argue that
about 40-50% of the particles’ volume consists of soluble components in the region of the
main plume mass for all experiments including the effect of water vapor on chemistry. Figure

1c shows that the soluble shell on ash consists of approximately 40% water and 60 %
sulfate by mass.



