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We are very grateful to the reviewers, Daniele Visioni and Anonymous Referee #2, as
well as for Pasquale Sellitto for providing their insightful and constructive comments
on the manuscript. We appreciate input and think that the paper benefited from the
suggested changes.

Below, the answers to the reviewers’ questions and comments are provided. In order
to make the text more distinguishable, we highlighted the reviewers’ and Dr. Sellitto’s
comments in bold and authors’ answers in blue font.
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In the manuscript “Changes in stratospheric aerosol extinction coefficient after
the 2018 Ambae eruption as seen by OMPS-LP and ECHAM5-HAM” by Malinina
et al. the Ambae eruptions in 2018 are investigated using multiple (≈ 6) satellite
measurement datasets and a model simulation. The first 10 pages (Sections 2-5)
focus on the OMPS-LP extinction retrieval, data quality, and result in an OMPS-
LP extinction climatology and a section focusing on Ambae. The second part
(section 6) on the model simulation introduces four more satellite data sets, de-
rives SO2 mass injection time series for Ambae, presents the model setup and
the results. At this point I started wondering what this study was about and what
would be the key result(s). The discussion section compared the OMPS-LP and
ECHAM model results and additionally introduced an estimate of the radiative
forcing. Comparisons to previous studies on Ambae and references to studies
observing similar effects when comparing measurements and satellite observa-
tions are missing. In my opinion this study contains a lot of material that merits
publication, but the material need to be sorted, the results should be put into ref-
erence of existing knowledge from previous studies and the key message(s) and
conclusion(s)should be worked out and stated explicitly. Hence, I’d recommend
for publication after a major revision. Please find major and minor comments
below.
Major comments:
Scientific objective: To me the scientific objective of the study is not clear. It
seemed that the Ambae eruption was studied as an end in itself and certain
aspects, such as assessing the quality of the OMPS-LP extinction retrieval algo-
rithm, estimation of mass injection time series, and the radiative forcing estima-
tion were just some by-catch.

The main objective of the paper is to investigate the influence of the Ambae eruption
on the state of the tropical stratosphere and how different the perturbation of the strato-
sphere is seen by observations and the model. When presenting comparisons of the
observed and modelled data it is necessary to know the quality of the observational
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data. As no assessment of the quality of OMPS-LP retrievals at IUP Bremen was pub-
lished before, this needed to be done in the framework of the current study. In the
course of the comparisons it was found out that the model results are very sensitive to
the initialisation conditions, i.e. the amount and altitude of SO2 injected into the strato-
sphere. To make this initialization correct, a careful investigation of the injected SO2

mass and injection altitude was necessary. To ensure the traceability of the study the
description of the methods needed to be included into the paper. Finally, the radiative
forcing is an important and easily understandable and comparable measure of the im-
portance of a particular volcanic eruption for climate and it should not be omitted in
such a study. Thus, in our opinion all presented elements of the study are necessary
to make the study complete and the results reproducible.

Please make clear why did you perform the ECHAM simulations? Which new
aspects did you learn from the ECHAM simulation that the measurements did
not provide? Did you learn anything from the differences between observation
and model? Do you have recommendations for improved volcanic plume simu-
lations?

There is a large scientific community performing model runs and investigating the de-
velopment of volcanic plumes in the stratosphere as well as the implications of SO2

injections into the stratosphere on the climate. Studies comparing the observational
and modelling data for isolated small-scale eruptions are, however, quite rare. Model
intercomparison studies (e.g. Clyne et al., 2021) revealed strong differences between
the results of the evolution of the volcanic cloud of different models. Aerosol micro-
physical processes are highly non-linear and e.g. differences in transport can result in
quite different particle distribution and size. Similarly, differences in microphysical pro-
cesses between the models can have a strong impact on simulated forcing. Therefore,
comparing model results with satellite products can lead to improvements of the model
results, and in turn, model results can also help to improve satellite products.

In addition to a general scientific interest in observational and modelled data compar-
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isons for an overall assessment of the model capabilities, the usage of the ECHAM
model in our study enables us to calculate the radiative forcing resulting from the
Ambae eruption and to assess the validity of the simple approximation suggested by
Hansen et al. to estimate the radiative forcing in a limited latitude region (i.e. not
globally as originally suggested) based on the stratospheric aerosol optical depth.

There were indeed some lessons learned in course of the model simulations and com-
parisons. Namely, a high importance of accurate estimation of the injected SO2 mass
and injection altitude as well as a need for a nudging of a free running climate model
with external information on the atmospheric dynamics (ECMWF ERA 5 in our case).
We observed the Ambae aerosol plume at 20.5 km appeared several weeks earlier in
ECHAM data although ECHAM was previously considered to have too weak vertical
lifting in the not nudged version. The reasons for this behavior are currently under
investigation.

We revised our introduction to explain better the motivation for the model data inter-
comparison study and the expected benefits. We also revised our discussion and
conclusions by adding our model runs findings.

Paper structure: In section 6 four new satellite data sets (MLS, OMI, OMPS-NM
and TROPOMI) are introduced to derive the mass SO2 injection time series and
injection altitude. These data set description are scattered over all sub- and sub-
subsections and distract from following the line of arguments that should lead to
the model setup. I’d recommend to introduce all instruments and data sets at the
beginning in an own section on instruments and data sets. I assume section 6.2
should be section 6.1.2.Please also consider a methods section. E.g. in section
6.1.1 and section 6.2 the method to grid OMI/OMPS-NP and TROPOMI SO2 data
seem identical. The subsection on the radiative forcing in the discussion section
7 belongs into the main part of the paper.

We agree that the paper needs re-structuring. Based on the reviewer’s suggestion and
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on the suggestion from Daniele Visioni, we changed the manuscripts outline to
1. Introduction
2. Instruments and model
2.1 OMPS-LP
2.2 OMPS-NM
2.3 MLS
2.4 OMI
2.5 SAGE III/ISS
2.6 TROPOMI
2.7 ECHAM
3. Observational data:
3.1 Estimation of SO2 injection
3.2 Aerosol extinction from OMPS
3.2.1 Comparison to SAGE
3.2.2 Climatology
4 Ambae eruption
4.1 Aerosol extinction
4.2 Radiative forcing
5. Conclusion

It is important to note here, that the MLS SO2 profiles as well as OMI, OMPS-NM
and TROPOMI SO2 concentrations aren’t a part of a new satellite dataset we acquired
ourselves. We just used the existing products to make an assessment of a plume
height and SO2 burden. We’ve adjusted the text to make it more clear.

Discussion: A presentation of the key finding(s) and a discussion with respect
to existing knowledge from previous studies on e.g. Ambae, volcanic eruptions
into the UTLS in the tropics, and simulations of volcanic plumes is missing.
Please see suggestions in detailed comments.

We thank the reviewer for proving valuable suggestions on the improvement of the
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connection of our study to the existing knowledge. We did our best to implement the
reviewer’s suggestions. For details please see our answers to the comments below.

Detailed comments:
l31-33: Please provide a reference.

A reference to Kremser et al. (2016) was added.

l35: The reference is from 2011 and does not cover the bush fires in 2019 men-
tioned in the text.

Indeed, the paper from 2011 covers only fires in 2009. By the time of submission of
our initial manuscript to ACP, to our knowledge there were no peer-reviewed papers
available about Australian Bushfires 2019. In the mean time, this changed, thus, we
added the reference to Khaykin et al. (2020).

l37: Please add a reference for pyrocumulonimbus, e.g. Fromm et al., 2010

Added.

l46-52: Here, multiple simulation studies investigating volcanic plumes are
listed. However, the scientific questions that are addressed and the findings
are not mentioned. Investigating volcanic plumes is not an end in itself.

Indeed, each of the cited papers focuses at specific scientific questions ranging from
validation of the models, through investigations of perturbations in the atmospheric
state, to implications for stratospheric ozone and climate. However, as our paper is not
meant to be a review paper we are not able to discuss the scientific focus and findings
of each particular paper we cite. This would blow up the introduction, overload it with
a lot of details not related to the focus of our study and make the whole paper much
more difficult to read. The interested reader can check the cited publications directly.
We acknowledge the fact that the mentioned papers are just a subset of available
publications not pretending to be comprehensive. For that reason, we added "e.g."
before each citation block.
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l81: Please add a separate section for all the instruments and data sets used
through-out the paper: OMPS-LP, OMPS-NP, SAGE III, MLS, OMI, TROPOMI.

The paper is restructured as discussed above.

l100: “... from all altitudes from 290 to 1000 nm ...” Please provide the altitude
range here.

As we mention in the following sentences (lines 104-105 of the original manuscript), the
OMPS-LP altitude range varies with latitude and season; however, the altitude range
from 5 to 80 km is constantly covered. We think that providing this information at the
place suggested by the reviewer would be redundant.

l125/126: What was the highest retrieved extinction? Please add this informa-
tion. Why did you chose this thresholds? Please justify. Did you take further
measures to filter out ice clouds? What about volcanic ash? Does volcanic ash
affect the sulfate aerosol extinction retrieval?

The reviewer asks valid, interesting and relevant questions. A lot of those questions
scientists from the limb-scattering community asked themselves and each other for a
couple decades, however, fully satisfactory answers haven’t been found so far. Below,
we briefly summarize the state of the art on those topics.

The highest retrieved extinction is 4.0978×1013 km−1. However, we don’t believe that
this information would be of any interest for users. This value occurs on the 28th of
June 2017 at 08:40UTC at 26.8°N, 66.7°E at 10.5 km, which is most likely to be in a
thick convective cloud.

The threshold to reject clouds is selected empirically to keep as much as possible of the
aerosol extinction and reject as many clouds as possible. The trade-off is determined
by the potential application of the data set. For applications, where it is more important
to get rid of as many clouds as possible and single high aerosol peaks are not that
important, a rather conservative value of 0.002 km−1 is used. This value is based on
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the results from Bourassa et al. (2010), where the Ext750 after the Kasatochi eruption
were not exceeding 0.0015 km−1. We used this threshold when we previously showed
our OMPS-LP data (e.g., Malinina, 2019). For the investigation of an isolated volcanic
eruption, as, for example, the Raikoke eruption 2019 (Mauser et al, 2020) or in this
study, a higher threshold is necessary as we are interested in preserving all increased
aerosol values. As we investigated the plume propagation at rather high altitudes we
do not rate a possible contamination by clouds as a crucial issue. Thus, for the Raikoke
case the threshold was set to avoid loosing any increased extinction value above the
tropopause, which resulted in the value of 0.1 km−1. We also used this threshold for
Ambae.

We also want to apologize, as while preparing the answer to this comment, we’ve
noticed that we used the plot with the old cloud cut-off threshold (0.002 km−1) for
Figure 2 of the original manuscript. We’ve changed the Figure in this version of the
manuscript to the correct one. It resulted in a slight change of the section.

We haven’t implemented any additional measures to filter ice clouds. As the reviewer
might be aware, this has been a serious and extensively discussed issue in the limb-
scattering community, but generally no satisfactory solution has been found so far.
Different groups use different approaches, e.g. NASA OMPS-LP (Chen et al., 2016)
uses the altitude derivative of the color-ratio approach. For the latest OSIRIS v7 prod-
uct, the altitude derivative of the color-ratio as well as extinction information were used
to detect clouds. However, all those approaches aren’t perfect. They all tend to remove
high extinctions. We believe, that the cloud filtering using a threshold is as good as any
of them. Though there are still some minor artifacts and/or thin clouds present in the
product, at least the important changes in extinction connected to some events won’t
be filtered out.

A similar issue exists with respect to volcanic and/or forest fire ash/soot. Basically,
any change in stratospheric aerosol composition leads to a change in refractive index,
which in turn changes the retrieved extinction. For example, Bourassa et al. (2019)
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have done some studies on this topic. They have found that small changes (from 1.427
to 1.41) in the real component of the refractive index result in changes in the extinction
coefficient of about 30%, which is a "rule of thumb" error for most limb-scatter aerosol
products. Large scale changes result of course in larger errors. Unfortunately, there is
no established way so far to determine the aerosol composition from currently available
space borne limb-scatter measurements. Thus, for now we are forced to stick with a
fixed refractive index.

It is also an important note that, generally, ash particles are relatively large and sedi-
ment quickly out of the stratosphere usually already during the first days after an erup-
tion, although some very fine ash particles can remain in the stratosphere for longer
(Vernier et al., 2016). Thus, in general our studies assessment of the plume should not
be affected by ash.

Concluding, the reviewer’s questions are highly relevant, however, answers to most of
them are work in progress for the whole community, and each of them requires at least
an own dedicated paper to be addressed.

l131-145: Please shift to instrument and data set description section.

Done.

l139: ..is a near infrared photodiode...

Corrected.

l145: At which wavelengths are the SAGE III extinctions provided?

NASA provides Ext at 384.2, 448.5, 520.5, 601.6, 676, 756, 869.2, 1021.2 and
1543.9 nm. We added this information to the manuscript text.

l155-157: Why would the OMPS instrumental uncertainties not impact a compari-
son with SAGE III? I’d rather think that instrument uncertainties would contribute
to differences between both instruments. Please provide an explanation.
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We agree that this sentence was misleading, we’ve changed the text to "Firstly, SAGE
III is an independent data set; thus, possible OMPS instrumental issues (e.g. scattering
angle dependency) will be revealed by the comparison, which would not be the case
when using other OMPS products".

l163: Which Ångström exponent did you use? What is the larges difference
between 830-900 nm?

This must be a misunderstanding. The Ångström exponent does not need to be used
here. To avoid confusions, the sentence has been reworded as: "Another advantage
of the comparison with SAGE III is the same measurement wavelength. Both, OMPS-
LP and SAGE III provide measurements at 869 nm, so no conversion of the aerosol
extinction to any other wavelength needs to be done."

l166: Since you used SAGE III solar occultation and OMPS-LP solar scattering
measurements, what was the minimum time difference between the profiles that
were compared?

With the applied geographical criteria, the minimal time difference was 1 hour 47 min-
utes 37 seconds and the maximal difference was 22 hours 7 minutes 38 seconds. We
added this information to the text.

l177-180: It would be more interesting to know the reasons for the differences
and not only who studied it. Please add a short summary of the reasons.

It looks like our descriptions was confusing. We provide the key findings from Rieger
et al. (2018) in the next sentences. We adjusted the paragraph and changed the word
"Thus" to "According to this study" to make it more clear.

l180-181: Is this a finding by Rieger et al. (2018)?

Yes, to make it clearer in the text, we changed the word "Thus" to "According to this
study".
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Figure 1 and 170-174: Can you comment on why OMPS compared to SAGE-III
systematically overestimates the extinction in extra-tropics? Did you filter out
polar stratospheric clouds (PSCs) at high latitudes in winter time? Did both data
sets include PSCs?

There was no screening for the clouds other than filtering by 0.1 km−1, so yes, PSC
might be present in both datasets. However, it’s not the reason for the observed sys-
tematic differences. The main reasons are summarized in the lines 180-182 of the
original manuscript: "Thus, the most important sources of errors in limb retrievals arise
from the uncertainly assumed aerosol loading at the reference tangent altitude as well
as the unknown aerosol particle size distribution parameters. The latter factor mostly
affects the high latitudes where the viewing geometries are close to forward and back-
ward scattering."

l186-187: If you have to average the extinction data rather depends on what you
want to study. I.e. if you are interested in maximum plume height or detailed
transport and conversion processes you’d rather not average the data.To create
Fig. 2 actually no pre-gridding as described here is necessary. It probably even
may introduce artefacts. Which vertical bin size did you use?

We absolutely agree with the reviewer that the necessity of data averaging is deter-
mined by the study objectives. In the next sentence, we explain that we provide two
types of level 3 products. One of them (monthly averaged) aims to provide a general cli-
matology, another one (10-days averaged) is more suitable for plume studies. Because
of a relatively sparse sampling of OMPS-LP, a plume tracing with single measurements
is not feasible. The OMPS-LP repeat period is about 8 days, so in order to see global
distribution of aerosols, one needs to make some sort of average. However, since the
measurements do not occur at the same spot each day, one needs to provide some
sort of regular grid.

Of course, one can draw a time series plot simply using independent measurements
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without any binning. However, such a plot would look much noisier and possibly hiding
regular patterns. It is a rather common practice in the scientific community to show
monthly zonal mean time series when analyzing multi-year time series of atmospheric
species. We do not see why this widely used approach would be unsuitable for our
manuscript.

There is no vertical averaging needed to create OMPS-LP level 3 product as Ext is
retrieved on a constant 1-km grid (see section 2 of the original manuscript). We added
the word "regular" there to make it more clear. We also changed the ending passage
highlighted by the reviewer to: " products were binned onto a regular geographical grid
with 2.5° latitude and 5° longitude steps. Since the retrieved product is provided on the
regular 1-km grid, no vertical averaging is needed."

Figure 2: It is not clear if here an average of your level3-product is shown, or if
these are real monthly zonal 30° averages.

We show level 3 product averages everywhere except Fig. 1 of the original manuscript.
We changed the caption to "Monthly mean aerosol extinction coefficient (Ext869) dis-
tribution as a function of time and altitude. The values were obtained by binning and
zonally averaging OMPS-LP monthly level 3 Ext869."

There are reoccurring vertical white stripe patters in winter time. What is causing
these stripes?

The stripes result from the seasonal variations of the aerosol extinction coefficients
with maximum values in the winter months and much more pronounced structure in
the northern hemisphere.

Why is the data cut at 16 km? In the extra-tropics this is well above the
tropopause and missing the lower stratosphere.

We extended the altitude range in the Fig. 2 to 13.5 km for the extra tropics. We chose
13.5 km because it is an average altitude of the tropopause at 30° latitude.
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We also want to apologize, as while preparing the answer to this comment, we’ve no-
ticed that by mistake we used the plot with the old cloud cut-off threshold (0.002 km−1).
We’ve changed the Figure in the manuscript to the correct one. It resulted in minor
change in the text of the section though.

201: Please add reference to Vernier et al., 2011 for the aerosol tape recorder
effect.

The reference was added.

l205-11: I find this explanation confusing and to some extent misleading. Do
you mean the annually reoccurring white stripes in Fig. 2 here? This pattern is
visible at all altitudes at the same time in winter. This does not look like QBO to
me.

The reviewer is correct, the white stripes occur not because of QBO at all, this is the
annual oscillation which was described in the lines 208-211 of the original manuscript.
However, we see that our explanations were confusing. We reformulated the paragraph
by adding the years of the QBO occurrence. We also added the phrase about " yearly
re-occurring lighter coloured stripes" into the sentence about annual seasonality.

Please mark or zoom into the mentioned QBO pattern, because I cannot see it in
Fig. 2.

QBO manifests itself as a modulation of white stripes at high altitudes with higher
values in 2013, 2015, 2017 then in the intermediate years. It is best seen in panel
(b) of the figure with dark blue bands in the first five years. We added the years into
the manuscript.

What causes the yearly changes in stratospheric aerosol loading? Or is this
annual pattern rather an instrument artefact? Please explain.

The main driver of the seasonal oscillations is the Brewer-Dobson circulation transport-
ing aerosols from the tropics. It has its maximum strength in the winter months in the
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northern hemisphere. There might be, however, some contribution from the changing
scattering angle causing instrumental artifacts.

l219: “...averaged over longitudes..” Do you mean zonal means here? Or did you
restrict these averages to a certain longitude range?

Yes, here we mean zonal means. The text was changed accordingly.

l222-224: How large was the increase in extinction after the April eruption? Is
this increase significant? In Fig. 3 I cannot see any increase after the April
eruption. At 18.5 km a slight increase to the north of Ambae is already visible
before the eruption. Between 30-40S the extinction remains constant until June.
Please make clear which increase you mean and provide numbers/factors for/of
the extinction increase that match with what is shown in Fig. 3.

We agree with the reviewer that the increase in the first week it is rather a speculation.
We changed the text and now start discussion with the increase in May. "Already in
the first week after the eruption a small increase in Ext869 is seen around the Ambae
location, this increase cannot be, however, uniquely attributed to the Ambae eruption
and can be caused by the transport of the aerosol from preceding events."

l232: Does the plume really vanish by mid-October? Fig. 2 shows that the plume
is still there, but at higher altitudes. Please rephrase.

We think the word "vanish" was used without context. The sentence where it was used
is "By mid October 2018, the plume starts to vanish around the equator and continues
to weaken with time". So yes, reviewer is correct, the plume doesn’t vanish. We
changed the sentence to : "By mid October 2018, at 18.5 km, the plume shows a clear
reduction around the equator and continues to weaken with time. "

242,251: Why did you use MLS data to obtain vertical information of the plume?
MLS has a significantly coarser vertical resolution than e.g. CALIOP and OMPS-
LP. Why didn’t you use CALIOP and OMPS-LP to derive information on the injec-
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tion altitude?

It is true that CALIOP and OMPS-LP have a better vertical resolution in the UTLS.
However, neither of those instruments provides SO2 profiles. The only approach we
see to roughly estimate which altitude a volcanic cloud reached is through linking it to
the increase in extinction/backscatter ratio due to ash. However, ash cloud is not the
same as SO2 cloud. Additionally, using that technique, one can estimate the highest
reached altitude, but not a vertical profile. As we mention in the text, the derivation of
the SO2 injection altitude from nadir instruments is related to high uncertainties. Thus,
to our knowledge vertical profiles of SO2 from MLS, even with their disadvantages, are
the best option.

l248-250, Fig. 4b: Showing the OMI/OMPS-NP SO2 mass injection time series
for the July eruption too would provide valuable information. Comparing both
approaches would allow for an estimate of the uncertainty of this approach for
the April eruption due to the use of different instruments. Are there also spatial
gaps in OMI/OMPS-NP data after the April eruption?

We repeated the SO2 mass calculation for the July eruption using the OMI/ OMPS-NP
data set and obtained a maximum SO2 mass of 0.54 Tg (panel b in Figure 1 below).
This was surprising because it gives a higher maximum SO2 mass than the TROPOMI
estimate although the OMI/OMPS data exhibit large data gaps. Please note that the
self-defined grid for the first eruption contains latitudes up to 45°S whereas the grid for
the second eruption only reaches to 35°S in order to be comparable with the TROPOMI
analysis. Finally, there are, unfortunately, still data gaps in the OMI/OMPS data set after
April.

l253: How deep was the SO2 injected into the stratosphere? How does the injec-
tion altitude profile look like?

While preparing the original manuscript, we hesitated adding the plot with MLS profiles,
since we do not derive this product ourselves, but only use the existing data. However,
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we decided to add the MLS SO2 profiles as well as their description into the Appendix
A1 to make it more clear.

Section 6: I’d recommend to separate instrument descriptions from the method
description, the results, and their discussion. In particular the descriptions of
the grid and method (l262-272 and 284-291) seem redundant.

This comment has been addressed by a general restructuring of the paper as sug-
gested by the revier.

l258: Please describe briefly what the OMI row anomaly is.

The OMI row anomaly is a phenomenon that affects the quality of the radiance data for
all wavelengths in a specific viewing direction of the instrument. It is believed to stem
from a damage in the isolation that blocks part of the instrument’s field of view (Levelt
et al., 2018). We added the explanation to the text.

l262: When introducing a threshold to distinguish background from volcanic
signal, please provide information on the OMI sensitivity towards SO2. Please
state why you selected 0.05 g/m2 as a threshold.

The threshold should discriminate the volcanic SO2 signature from the natural SO2

background and was found empirically. Furthermore, the threshold was introduced
to filter out negative SO2 data that were referred to the manual as negative retrieval
noises: ”When estimating the SO2 loading from a volcanic plume within a given domain,
it is recommended that only OMI scenes or pixels exceeding a certain threshold (e.g., 1
DU) be included in the calculation. This helps to filter out occasional negative retrieval
noise.” [OMSO2 README File v1.3.0 Released Feb 26, 2008 Updated: June 16,
2016]. The threshold of 0.05 g/m2 that we used corresponds to 1.75 DU. According to
Krotkov et al. (2016), the OMI detection limit for SO2 is ca. 0.2 DU.

l263: Why do you convert g/m2 to g/m2? Please clarify.

Sorry, the question is unclear. The SO2 vertical column densities are provided in Dob-
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son units and have to be converted to g/m2. However, we understand that our formu-
lations cause the confusion, so we changed the order of the sentences to make the
explanations more clear.

l258,266,277-278,286: I think a little bit of explanation of the assumptions made
for the centre of the SO2 mass altitude would be helpful. This information is
distributed over the text it take some text forensics efforts to understand that
these differences introduce some uncertainty. How sensitive is the result on
the assumed mass altitude?How much would the result change if 7 km were
assumed for TROPOMI? Please add to Fig. 4.

We’ve added the results for the 7 km SO2-profile to the plot in Figure 2 here. To exclude
artifacts from TROPOMI that appeared at mid southern latitudes, we reduced the size
of the grid for the analysis of the July eruption. The new grid ends at 35°S instead of
45°S. Furthermore, we’ve changed the definition of the 24h-batch in order to keep the
grid as long as possible in the center of the area that is covered by the satellite in one
day.

We added the Figure 2 and it’s short discussion to the Appendix of the manuscript.

l275: Please provide information on much of the self-defined grid was covered
by TROPOMI before applying the threshold to provide a reference value.

TROPOMI covered the self-defined grid nearly completely. Before the threshold was
applied, 96-97% of the self-defined grid contained data that could be used for analysing
the SO2 product which assumed a TM5 model profile. An even higher coverage of
97-98% was obtained when SO2 products were used that assumed box profiles (15
km and 7 km), because a different data filtering method was applied. We added the
information about TROPOMI data coverage to the text.

l287: Why did you only consider column densities less than 1000 mol/m2?

Vertical column densities larger than 1000 mol/m2 were excluded because they were
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considered unrealistic and erroneous. We added this information to the text.

l308: Please explain, what is TM5 model?

The TM5 is a global chemical transport model that provides a daily forecast of SO2

profiles (Theys et al., 2017). We added the explanation to the text.

l311: What does MECHAM stand for? What is the difference to ECHAM?

The reviewer is right, we could have mentioned this more clearly. MA stands for the
middle atmosphere version. MAECHAM5 is an extension to a pressure level of 0.01
hPa compared to 10 hPa of the standard version of ECHAM. We changed the text
to: "The volcanic eruptions were modeled by MAECHAM5-HAM. ECHAM5 (Giorgetta
et al., 2006) is a general circulation model (GCM) which was used in the middle at-
mosphere (MA) version, a high top model version with maximum altitude at 0.01 hPa
(about 80 km)" We also checked the spelling of the model name throughout the text.

l320: ... from Sect 6.1 and 6.2, right? From which data set were the altitudes
derived?

There was a mistake in numbering in the original manuscript. The section 6.2 was
meant to be 6.1.2; thus, yes, we meant 6.1 and 6.2. The altitudes were obtained from
MLS profiles. We corrected the numbering and added the information on the MLS
profiles.

l324: Where does the OH field come from, some climatology?

For the purpose of not giving too many details, we gave only a reference to previous
papers. MAECHAM5-HAM prescribes oxidant fields of OH, NO2, and O3 on a monthly
basis, as well as photolysis rates of OCS, H2SO4, SO2, SO3, and O3. OCS concentra-
tions are prescribed at the surface and transported within the model. The climatological
data were taken from simulations which included a full gas phase chemistry.
We changed the text to: "A simple stratospheric sulfur chemistry is applied above the
tropopause (Timmreck, 2001; Hommel et al., 2011). ECHAM prescribes oxidant fields
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of OH, NO2, and O3 on a monthly basis, as well as photolysis rates of OCS, H2SO4,
SO2, SO3, and O3."

l345ff, Fig. 3: I’d suggest to add a difference plot to show the agreement and
regions of largest difference, probably due to the wild fires.

Thank you for this suggestion, however, we have to reject it. The suggested plot would
have a low information content showing very large differences in certain space-time
points and giving a false impression of a disagreement between the observations and
the model. The objective of the our study is to qualitatively assess the strength, dis-
tribution and development of the plume as seen by the space borne instruments and
the model. At a current technical level of the model no high quantitative agreement in
point-by-point comparison can be expected.

l358-359: I doubt that the plume remains at the same geographical location.
There is zonal transport. It rather remains at the same latitude band.

We agree that the wording was not optimal. We changed the text to : "While the plume
in ECHAM data stays with the time in the same latitude band mostly in the Southern
hemisphere, in the OMPS data, it has a C-shape around the equator."

l364: Please describe your internal studies on ECHAM SO2 sensitivity in more
detail. What did you investigate? Could these studies provide some kind of
uncertainty estimate?

A key issue, which improved the agreement of observations and model results, was
to nudge meteorological variables. As ECHAM tends to have too strong meridional
transport, this step keeps more aerosols within the tropics. We varied the injection
rate, following several estimates from OMI/OMPS-NP and TROPOMI, from 0.36, 0.4 to
0.5 Tg (SO2) for the main eruption in July. We further increased the vertical extension
of the injection area from one to three model levels. This increased the injection alti-
tude slightly and changed the aerosol microphysics as the injection rate per grid box
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decreased. The results of the study show the importance of a realistically simulated
transport. However, we don’t think that we can use the results to estimate uncertainties.

Figure 3 of this document shows the sulfate burden, the integrated mass, within the
tropics (20N to 20S) for April to November 2018. Simulations A to C show results with
nudged meteorological values, in simulation D only the tropical winds were nudged
until June 2018. Simulation A and B inject into three vertical levels, simulation C and D
into one level only.

We added a figure showing the extinction from ECHAM without nudging to the supple-
ment.

l368: I wouldn’t consider ERA5 a pure model product. It has a substantial amount
of measurements assimilated.

We absolutely agree with the statement. In our original text the phrase "a model prod-
uct as well" referred to the fact ERA5 reanalysis has not only observational, but also
a modelling component. However, we agree that this sentence might be misleading.
For that reason, we change the text to: "However, the nudging database, the ERA5
reanalysis, has not only observational, but also a strong model component".

Fig. 5: Here I’d also recommend to add a difference panel.

Please, refer to the answer to the comment to l345ff, Fig. 3 .

l374: Actually I think the April plume is nearly invisible. What is the OMPS-LP
extinction detection limit? Which changes can be considered significant?

We agree that the April plume is very small and it is stated in the manuscript at several
places. Considering tropical observations at 18.5 km altitude, the increase of 10−4

km−1 as seen in April produces a spectral response which is on the level of the as-
sumed noise, which can be considered as a measure of the detection limit (although
purely mathematically a detection for SNR < 1 is possible). The increase of 2 × 10−4

seen after May is well above this limit.
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l376: At 19.5 km in November the OMPS-LP maximum is about 1.5×10-3km-1
and 1.0×10-3 km-1 in the ECHAM simulation. Isn’t this a significant difference
compared to the increase from about 1.0×10-4 km-1 to 2.0×10-4 km-1 at the same
altitude for the April plume?

Indeed this difference is significant. Perhaps our phrasing was sub-optimal and re-
sulted in confusion. We changed the sentence to "The plume has the same overall
shape and is located at the same time coordinates. A disagreement is seen, however,
around the 19.5 km altitude in November, where OMPS-LP data show an increased
extinction not present in ECHAM simulations."

Section 7.1: A discussion of the results is completely missing. How well do your
results agree with e.g. Kloss et al., 2020; other estimates of Ambae/Aoba SO2

mass injections (https://so2.gsfc.nasa.gov/omi_2004_now.html)?

Kloss et al., (2020) considers the Ambae eruption from a completely different perspec-
tive putting more focus to large scale effects in both time and geographical extent. As
other instruments and a different wavelength of the OMPS-LP data set are used, there
are no values, with exception of the radiative forcing, which can be directly compared.
The only comparable feature we see is that the maximum of aerosol extinction seen
in November 2018 occurs at around 19 km. We include this information in the revised
paper text. For other results we see no goal in reproducing findings of Kloss et al.,
(2020).

Additionally, we do not know any other published peer-reviewed studies which inves-
tigated the Ambae eruption from atmospheric point of view. The source suggested
by reviewer is a NASA-GSFC website with a side note about the Ambae eruption and
doesn’t refer to any published sources. The Moussallam et al. (2019) study mentions
a paper in preparation on SO2 estimations, however it looks like this paper has not
(yet) been published. There was also a twitter post by a very reputable volcanologist,
Professor Simon Carn. However, we find ourselves uncomfortable comparing our esti-
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mations to those found in social media. If the reviewer has any papers in mind, which
we’ve overlooked, we’ll gladly consider a feasible comparison.

Did you expect that the ECHAM simulation reproduces the plume correctly? Why
did you expect that?

Our objective was to investigate the performance of the aerosol microphysical module
integrated into the ECHAM, model. As the model has already been successfully ap-
plied for the simulation of recent and past large volcanic eruptions (e.g., Niemeier et
al., 2009, 2019; Toohey et al., 2016, 2019), we certainly expected to obtain physically
reasonable values. However, it was unknown, if the shape of the plume and extinction
values will be similar. Furthermore, sensitivity of the model to plume initialization and
nudging was not investigated before.

How well did previous model studies simulate tropical UTLS injections? What
are the error sources?

Please, refer to the comment above, ECHAM participated in the Interactive Strato-
spheric Aerosol Model Intercomparison Project (ISA-MIP) (Timmreck et al., 2018). One
of the experiments deals with small to moderate eruption of the early 21st century and
will provide useful information about general behavior of global aerosol models to sim-
ulate UTLS aerols. Additionally, the lifetime of aerosols for injections into the UTLS de-
pends strongly on the representation of stratospheric dynamics in the model (Niemeier
et a, 2020), mainly ω∗ and sedimentation. The residual vertical velocity ω∗ is driven
by parameterized waves and a combination of larger-scale waves which are impacted
by numerous aspects of the model such as horizontal and vertical resolution, diffu-
sion parameterization and physics parameterizations. Sedimentation depends mainly
on particle size which is strongly determined by aerosol microphysical processes and
transport. Due to these non-linearities the error sources are manifold.

In how far does your aerosol uplift rate agree with the expected uplift rate from
the water vapour tape recorder?
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We did not perform any investigations of the uplift rate. An additional investigation of a
water vapour dataset would clearly displace the focus of the paper.

You mention that it is probably faster due to additional heating, but no evidence
is shown.

We agreed that mentioning it without an evidence is not ideal. We removed that sen-
tence from the text.

Section 7.2: The radiative forcing is presented as method description and re-
sults. In my opinion this part rather belongs into the main part of the paper.
Furthermore the analysis is not well thought through. The result is presented in
a descriptive manner. I’d recommend to condense and get to the point.

The radiative forcing calculations are partially based on the extinction coefficients thus
they should be presented after the presentation of the extinction. One of the main
objectives of the radiative forcing section is a comparison of calculations using different
approaches from measured and modeled data. With that the radiative forcing section
has to follow the model-observation comparison section. Thus, the only suitable place
for this section is the end of the paper. We, however, agree that the assignment of
this section to the "discussion" might be sub-optimal. This has been changed and
hopefully improved during the restructuring of the paper, in line with suggestions from
the reviewers.

Unfortunately the reviewer does not give us any information to understand what he/she
means saying that the analysis is not well thought through and what kind of improve-
ments he/she recommends and why. This gives us no chance to make any improve-
ments with respect to this comment. Is anything wrong in a presenting of the results in
a descriptive manner?

We believe that describing the methods of obtaining our result in a such crucial point as
radiative forcing is answering the standards of reproducibility of the results. For legal
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reasons, we can’t publish the code openly, but we believe that a description of how
we obtained the results is the second best thing. The section is already quite short
and we would need to drop some information if we condensed it. This will reduce the
readability of the paper and may result in confusion. We do not see enough justification
for shortening this section. In the section we prove the validity of the simple formula
suggested by Hansen et al. for calculating the radiative forcing in a limited latitude
range, estimated the radiative forcing from the Ambae eruption and demonstrated an
overall agreement between the modelled and observed values of the radiative forcing.

l401-408: Here, merely the figure and the line colors are described. This rather
belongs into the figure caption. Please explain the results and which conclu-
sions can be drawn from the data shown in Fig. 6.

We fully agree, this paragraph describes the lines in the plot in more details than the
figure caption does. We prefer to keep it for better clarity. The results are explained
starting from the line 409 of the original manuscript and the conclusions are presented
in the last paragraph of the section.

l418, 420: “between dashed and solid blue lines” and “panel a of Fig. 5”: Please
name the parameters represented by the colored lines or panels.

Concerning “between dashed and solid blue lines”, this notation gives a clear reference
to the plot and is much more readable than complicated names of the corresponding
parameters. We prefer to keep it as it is. With respect to "panel a of Fig. 5" the text
was changed to "in agreement with the maximum of the extinction coefficient seen in
the panel (a) of Fig. 5.

l434: Why does your result differ significantly from Kloss et al., 2020? Please
discuss.

The discussion requested by the reviewer is added to the manuscript text.

Technical:
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Please write out all abbreviations on first use.

We went through the text, and followed the suggestion.

l14: injection estimates

Corrected.

l18: Which ECMWF reanalysis, ERA-interim or ERA5?

We used ERA5 for nudging. We changed the text to: ".. as well as through nudging to
ECMWF ERA5 reanalysis data."

l24: ... climate system -is- now ...

Corrected.

l40: comma before which

Added.

l41: (UTLS); closing bracket missing

Corrected.

l59: used

Corrected.

l109: This results in the situation that the usual stratospheric aerosol extinction
wavelength 750 nm, used by e.g. SCIAMACHY and OSIRIS (Rieger et al., 2018),
is not suitable, as OMPS-LP measurements around this wavelength are affected
by the O2-A absorption band.

Corrected.

l111,115,123: used

Corrected.
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l117: for all the tangent altitudes − > for all tangent altitudes

Corrected.

l122: is − > was

Corrected.

l200: comma before because

Comma was added.

l226: “...below 20°S...” Do you mean south of 20°S?

l242: used

Corrected.

l246: do − > did

Corrected.

l261: -1E30 -> -1 × 1030

Corrected.

l279: I assume this should be 6.1.2.

Yes, thank you. This assumption was correct. The numeration has changed though
during the re-structure.

l274: ejected -> injected

Corrected.

306: “g/m22” remove 2

Corrected.

l317: 2x is -> was
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Corrected.
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Fig. 1. SO2 mass for both April and July eruption, calculated from combined OMI/OMPS-NM
data.
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Fig. 2. SO2 mass for the 7-km and the 15-km-SO2 profile.
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Fig. 3. Tropical (20◦N to 20◦S) SO4 burden in several ECHAM simulations
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