Dear Editor, reviewers,

We thank the reviewers for their valuable comments on our submitted manuscript. Based
on their comments, we have made a number of changes to the manuscript which we
believe improve the clarity of the presentation and provide more evidence to support the
conclusions. Below we include replies to each reviewer comment; reviewer comments are
in black, and our replies in blue.

Reviewer Comment 1

The manuscript presents stratospheric aerosol observation from the MAESTRO, with
comparison to SAGE and OSIRIS. Such comparison for MAESTRO have, to my knowledge,
not been published before. The instrument provides data at high latitudes - regions where
SAGE IlI-ISS does not cover. The manuscript is well-written and it is easy to follow the
presentation and discussions. Comparing stratospheric aerosol observations among
different instruments is important for providing more reliable data to the research
community and to compile stratospheric aerosol climatologies for simulations. | would like
to see more discussion about reasons behind the discrepancy between the datasets.

Regarding the comparison of AOD and aerosol extinction coefficients, it is not unexpected
to see large differences in data from different satellite instruments. Do you have any
estimate on the impact of patchiness in aerosol concentrations on the MAESTRO
observations? To retrieve aerosol data one must assume homogeneous conditions
throughout the entire line-of-sight, as far as | understand it.

The instrument’s line of sight (semi-horizontal) requires a transformation algorithm that
computes the conditions at the tangent point. In patchy conditions, the tangent altitude of
the retrieved aerosol ext coef. will be lower than the real altitude of aerosol layers. Do you
have an estimate on how large this displacement may be? If so, how does this relate to the
same phenomenon for the SAGE instruments? It should lead to spread in the data of your
comparisons.

Solar occultation instruments cannot quantify aerosol extinction coefficients when the
AOD in the line-of-sight is high, leading to a low bias in the data. Is this limit for MAESTRO
the same as SAGE’s, and if not, does that have an impact on discrepancies in the AOD
comparisons of the two instruments? Do they have similar challenges with missing data,
leading to similar underestimates of the AOD when sampling optically dense aerosol? Is



this why there is a factor of 2 difference between the instruments after wildfire or volcanic
events, and why it has a low bias in general?:

e L196 “...MAESTRO underestimates peak extinction values after major volcanic
eruptions and wildfires by a factor of 2 or more...”

e | 213: “...MAESTRO extinction at shorter wavelengths has a low bias of 40-80%
compared to SAGE Ill nearly everywhere in the lower stratosphere except right
above the tropical tropopause region...”

e | 248 “...corresponds to a relative underestimation of 32% by MAESTRO...”

L406: "...The difference in spectral response of MAESTRO measurements,
especially following major events may be a limiting factor in accurately
characterizing stratospheric aerosol particle size information with MAESTRO....”.

This is important to know for a user, it is important for the reader to understand during
which conditions the data may be useful, and it is important to know this when compiling
an aerosol climatology like CREST or GloSSAC.

We thank the reviewer for these valuable comments. Concerning the source of the bias
compared to other instruments, we hope that this study can provide evidence that can be
used to identify the source(s) of discrepancies, but unfortunately, at present we can only
speculate. Since MAESTRO and SAGE-III/ISS both utilize the solar occultation method, we
do not believe that “saturation” effects due to the strong extinction would preferentially
affect MAESTRO measurements, especially for the perturbations due to eruptions and
wildfires seen during the overlap period. (A loss of signal due to strong extinction was an
issue for SAGE Il in the period following the 1991 Pinatubo eruption, but that was at least
an order of magnitude larger aerosol perturbation compared to anything since.) To our
knowledge, the impact of aerosol patchiness on retrievals and inter-instrument
comparisons is not well understood. A recent study has addressed the issue somewhat by
comparing aerosol results from the limb-sounding instrument OMPS using two retrieval
techniques, a typical retrieval and one that utilizes a tomographic technique to better
resolve two-dimensional structures the aerosol field, and suggest that non-uniformity can
potentially lead to biases in the retrieved aerosol extinctions (Bourassa et al., 2023).
However, in this case, since the biases appear to persist beyond a few weeks (after which
the aerosol cloud is typically assumed to be approximately zonally symmetric), we do not
believe that aerosol inhomogeneity would be a major factor. A related issue is that
differences in sampling within monthly latitude bins can lead to biases when comparing
binned data sets (Toohey et al., 2013), however, we found that MAESTRO anomalies were
generally not correlated with observing latitude (within the latitude bins), or aspects of the



observation geometry, suggesting such sampling biases are not a significant component of
the overall biases. Similarly, since biases are not limited to the lower stratosphere, but
extend throughout the vertical extent, we believe that while cloud issues may be an
important consideration for the lowest altitudes, that there are other, more generalissues
leading to the overall systematic biases seen. Processing MAESTRO measurements is
challenging, in part due to the presence of contaminants in the instrument optical path—a
fact that we have now mentioned in the main text—which could be a reason for systematic
biases inthe MAESTRO aerosol retrievals. Pinpointing the origin of these biases is beyond
the scope of this work. However, the aim of this paper was to assess the potential
information content of the MAESTRO aerosol data, in essence to gauge whether further
investment of resources into MAESTRO measurement processing might be warranted. We
believe the work presented supports future investigation into these issues.

To address the reviewer’s comment, we have included many of the above-mentioned
points in the paper’s conclusion and discussion section.

How was bias from ice-clouds treated? Data within 2-3 km of the tropopause may be
affected by ice clouds to a large degree, suggesting the need to screen for signals from ice-
crystals within at least 2-3 km above the tropopause + some kilometer extra (depending on
instruments vertical resolution).

Cloud screening is not part of the MAESTRO data processing chain, nor is screening
explicitly applied to the MAESTRO aerosol retrievals used in this work. This pointis
included in our description of the MAESTRO aerosol data (Sec. 2.1.1), and whether or not
cloud screening is used for comparison data sets is listed in the respective descriptions.
Nonetheless, since many of our comparisons rely on median values within latitude and
month bins, it is likely that many of the retrievals strongly affected by clouds are excluded
from our analysis. This point is mentioned in Sec 2.3.

If MAESTRO data were to be used in future scientific studies, application of a cloud
screening procedure, for example similar to that described by Kovilakam et al. (2024)
should be investigated to better understand their impact.

Figure 7. Which latitudes and times are shown here? Is it latitude binned monthly mean
data? Part of the spread in data may come from periods with patchy conditions. Have you
tried excluding the first 2-4 months after volcanic eruptions or wildfires when fitting the
datato see if these effects may cause large spread in your’ comparison?



Each data point represents the median value of extinction coefficients (MAESTRO on the y-
axis and SAGE Il on the x-axis) in a ten-degree latitude bin in a single month. The figure
caption and description in the main text have been expanded to describe this more fully.
We do not see a strong impact of excluding the first 2-4 months after eruptions or wildfires.
This figure (Fig. 8 in revised manuscript) illustrates a point that we see generally within the
data, which is that the spread in the comparison between the instruments is dominated by
cases where SAGE lll values are small or moderate and MAESTRO values are elevated. In
contrast, when both SAGE Ill and MAESTRO values are elevated (after eruptions or
wildfires), we see fairly good correlation between the instruments, but a systematic offset.
This observation motivates our application of the “tuning” technique.

L302: | understand why you do not fit linearly, but why use a power law? Is it the best
possible fit to use in this case?

Linear fits to the MAESTRO vs. SAGE Il comparison plots were found to often not perform
well. The nature of the extinction data is that its distribution can be strongly skewed, with a
large number of small values and a smaller population of values orders of magnitude larger
corresponding to the elevated conditions after eruptions or wildfires. Linear ordinary least
square fits to such skewed data will tend to prioritize the fit to the larger values at the
expense of the fits to the smaller values. As a result, a correction method built on linear fits
to the data produced reasonable agreement for perturbed conditions but poor agreement
for background conditions. In contrast, a power-law fit, which is equivalent to a linear fit to
the logarithmically-scaled data, performed much better over the range of conditions
presentin the data set.

The following plot illustrates the impact of the linear vs. power-law fitting procedure in
bias-correcting the MAESTRO data compared to SAGE Illl based on collocated
measurements, comparable to Fig. 10 in the revised manuscript. This figure illustrates that
the power-law fit more successfully corrected the biases of the MAESTRO aerosol
extinction data.
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Figure R1: Coincident comparison of MAESTRO aerosol extinction measurements with
SAGE Ill. Lines show the median of differences computed as (MAESTRO - SAGE Ill). Black
lines show the median of differences for the raw data, while green lines show the same for
the data after the correction of Sec. 4.1 is applied to the MAESTRO data, and blue lines
show the same when a correction based on a linear fit to the data is applied.

Reviewer Comment 2

This manuscript is well described to the application study of ACE-MAESTRO for
stratospheric aerosol distribution. Although the analysis for stratospheric aerosol is not so
complicated, this research topic is rare. For this reason, the manuscript is valuable for this
scientific community.

However, some background and methodology parts are unclear. For detail:

1) In lines 81-84: This manuscript aims to evaluate the climatological stratospheric aerosol
studies using MAESTRO. The MAESTRO data is weel known dataset and observation record
is long. But, itis not clear that the previous studies did not use the MAESTRO data for



climate record. Could you explain the reason? In addition, do you have some additional
working for MAESTRO data to use the climate record?

Itis true that MAESTRO aerosol data has not been used much in prior studies, apart from a
handful of studies looking at specific eruptions, a point we make in the introduction. This is
likely partially due to the noisiness of the MAESTRO data product, which leads to poor
comparisons with other instruments on a profile-to-profile basis. However, as our
manuscript shows, when robust statistics like the median are used to remove the impact
of outliers, the MAESTRO data shows reasonable correlation with SAGE lll, indicating there
is useful information in the data set.

2) Section 2.1.1: For the MAESTRO algorithm, some unclear points are existed. For
example, the manuscript is not clearly explained why the MAESTRO data uses the pressure
and temperature profiles as the algorithm input. In addition, for the P and T profiles, the
ACE-FTS v3.5/3.6 is the reference data for MAESTRO in lines 103-104. Is the vertical
resolution of P and T profiles enough to get the lapse rate tropopause height?

ACE-FTS pressure and temperature data are used in the MAESTRO retrieval to estimate the
contribution of Rayleigh scattering to the measured extinction. This point has been added
to the description of the MAESTRO retrieval method.

Validating ACE-FTS against aircraft measurements in the UTLS of the NH midlatitudes has
shown that the vertical resolution of ACE-FTS data varies from about 3 km to less than 1
km (Hegglin et al., 2008). The tropopause height should be estimated with reasonable
accuracy from such data, although we acknowledge that tropopause height uncertainty
will contribute to uncertainty in the vertically integrated stratospheric aerosol optical
depth (SAOD).

In addition, the multi-wavelength of aerosol extinction coefficient was retrieved by the
MAESTRO. | wonder how this wavelength is determined.

The MAESTRO instrument is a spectrometer, measuring radiation across a broad spectral
range during solar occultations. Aerosol extinction is retrieved at particular wavelengths
where the contribution to the extinction from trace gases is relatively small. A sentence
making this pointis included in Sec. 2.1.1.

3) Section 2.1: In this study, several satellites are used, and these satellites' specifications
are quiet different. So, | suggest that the author make table for summarizing the
specification of satellites.



We appreciate the suggestion. However, the instrument descriptions in Sections 2.1.2-
2.1.4 are quite short and use a fairly parallel structure, so that a reader searching for
information should be able to identify it quickly. We believe a table would only repeat
information and take up more space, and thus prefer to notinclude a new table.

4) Section 2.2: All the satellites in this study are solar-occulation observation. Therefore,
the horizontal coverage is too wide to define the specific location. To define the reference
location of the satellite datasets, how to be define? (center of the light optical path? or the
lowest point?)

The horizontal location of a retrieval from a limb-viewing (occultation or limb-scattering)
instrument is the tangent point—the point of closest approach of the line of sight to the
Earth’s surface. Since this point will have the largest air density in the line of sight due to
the exponentially decreasing density in a spherical atmosphere, the extinction along the
line of sight will be dominated by the constituents at this location. The horizontal
resolution of limb sounding instruments is estimated to be around 500 km (McElroy et al.,
2007). This information has been added to the MAESTRO description in Sec. 2.1.1.

In lines 148, could you explain the details for the significant gaps over the extra-tropics
around winter months?

OSIRIS measures scattered sunlight, producing denser sampling compared to solar
occultation instruments but is restricted to measuring within the sunlit portion of the
atmosphere. This leads to a smaller number of measurements in the winter hemisphere.
The text has been updated to explain the OSIRIS sampling in more detail.

5) Section 2.3: Many of the detailed data explanation and variable definitions are included
in this section. So, | suggest that this section will be moved before the section 2.2.

We suggest that Sec 2.3, on the analysis methods used, works well here as it leads into the
results section, and Sec 2.2 on instrument sampling, works well coming directly after the
section introducing the instruments. We do not find any variable definitions included in
Sec 2.3 that are needed to understand Sec 2.2, Therefore we prefer to retain the present
order of the sections.

6) Section 3.2: This section is too simple. The manuscript is only explained the statistical
number and qualitative figure explanation. Could you explain more detailed explanation
inlcuding the regional characteristics of the stratopheric aerosol linked to the wildfire and
volcanic events?



The characterization of these events and their radiative forcing, aerosol spread etc. have
been well documented in prior studies (e.g, Kloss et al. 2020, Kloss et al., 2021, Khaykin et
al., 2020). We have added sentences to the introduction to point interested readers to
relevant prior studies. In Sec 3.2, our focus in the comparison is not on characterizing the
aerosol events, but rather on the differences in the data sets. This we believe is consistent
with the aim of the study and the scope of the journal.

7)Figure 6: | suggest that the manuscript has to include the detailed explanation of this
figure, such as the reason of difference between two products.

The conclusions and discussion section includes a full paragraph on the Angstrom
exponent results, which we have updated, pointing to the documented instrument
contamination issues as a likely reason for the apparent trend in the MAESTRO AE

timeseries.

8) Section 4.1 (Line 302): Please explain the detailed reason to use the 'y = ax™b' function.

Please see response to Rev 1 line 302 above.

Reviewer Comment 3

The manuscript assesses the aerosol extinction retrieval (v3.13) in the stratosphere and
related products by the MAESTRO visible spectrometer onboard SCISAT. This sounds very
valuable and interesting as the community needs more independent datasets for
monitoring of aerosol properties, providing more comprehensive instrument comparisons
and for building long-term records. The manuscript is well-written and clear. | think this
study deserves publication in AMT after the following points are clarified.

| would suggest the authors indicate in which conditions (background stratospheric
content, high aerosol loadings, seasons, etc.) and for which type of aerosol climatology
MAESTRO dataset can be useful for the community.

We thank the reviewer for this encouragement to be more specific in terms of the
implications of our work. We have added sentences to the conclusions more explicitly
addressing how MAESTRO data could be useful in future studies, and specifically highlight
that the tuned extinction values show good agreement with OSIRIS and SAGE Il for all
seasons and for both background and perturbed conditions. We also provide a
recommendation on which wavelengths of MAESTRO data might be most useful.



In section 2.1 describing the individual datasets, | would suggest to give more quantitative
information about the biases when available in the literature comparing various
spaceborne observations of stratospheric aerosol extinction in different latitudinal bands
and/or aerosol loadings (e.g. OSIRIS vs SAGEII, SAGEIIl vs OMPS). This will allow the reader
to better grasp the relevance of MAESTRO data through comparisons with more typically
used records. This may be summarized in a table.

Thank you for this suggestion. We have added statements regarding validation of other
instruments including estimations of biases when available, including for OSIRIS (Rieger et
al., 2019) and SAGE lll (Kalnajs and Deshler, 2022). We agree this helps a reader put the
MAESTRO biases discussed here in context to other work.

Also, what about including OMPS as there is a product from University of Saskatchewan of
high interest for the scientific community?

We have chosen to focus on comparing MAESTRO with SAGE lll, since both are solar
occultation instruments, and given the relative simplicity of this observation method
compared to limb scattering observations like OMPS, SAGE instruments are treated as the
“gold standard” against which to calibrate other instruments. The period of overlap
between MAESTRO and SAGE lll is shorter than that for OMPS, however there are multiple
aerosol events during the SAGE Il overlap that we are confident we are sampling a
sufficient range of extinctions to produce a useful comparison. Also, since there are
multiple versions of OMPS retrieval, we are hesitant to include a single version, and
hesitant to draw attention away from our main aims by including multiple versions of
OMPS.

To minimize the impact of the outliers and of high altitude clouds (especially in the
tropics), what about considering SAOD from tropopause altitude + 1 km?

This is of course a possibility, but prior studies have pointed to the importance of aerosol
below 15 km above the tropopause as a significant amount of the total SAOD (e.g., Ridley
et al, 2014, Andersson et al., 2016), and if we are to assess the utility of MAESTRO data for
SAOD merged product, we suggest it is important to assess the total SAOD. We find that
the total SAOD is in relatively good agreement with SAGE IIl, providing a justification for
future work.

The choice of monthly-binning is relevant to feed stratospheric aerosol databases for
climate modelling purposes. | guess you tried to bin over shorter temporal grids (e.g.



weekly) to examine whether the short-term aerosol variability is consistent in MAESTRO
data. Why and do you have an idea about the spread of SAOD and AE values at the weekly
or 2-weekly scale?

As the reviewer points out, our main focus is on the applicability of MAESTRO data to
monthly-mean, zonal mean databases for climate modelling or other uses, and so we have
not extensively explored the data on smaller temporal scales. The MAESTRO data does
exhibit considerable variability, a significant proportion of which is unlikely to be
geophysicalin origin but rather due to instrumental and retrieval limitations. For this
reason, we have utilized robust statistics including the median value of the binned data.
Such statistics require a suitable sample size in order to be reliable, and so moving to
higher temporal resolution is likely to reduce the sample size within bins and therefore lead
to a larger relative scatter in the MAESTRO medians, especially over the tropics and mid-
latitudes.

Figure 2: some gaps can be observed in MAESTRO time series during volcanic periods
especially around 2010. What is the explanation? Is it due to some saturation effect that
could depend on the amplitude of each event?

There does appear to be some periods of decreased MAESTRO aerosol extinction
observation frequency, particularly in 2009 and 2011. For example, while in most years
there are over 100 observations over the globe in the month of June, in June 2009 there are
zero retrieved profiles, and in June 2011 there are three. They do occur close in time to the
eruptions of Sarychev (17 June, 2009) and Nabro (June 12, 2011), although we point out
that the decreased retrieval frequency seems to begin before the eruptions in both cases,
and that observations are less frequent around the globe, and not particularly in the NH for
the case of the high latitude NH eruption of Sarychev. Also, we do not see a decrease in
observation frequency associated with the 2015 Calbuco or 2019 Raikoke eruptions. For
these reasons we do not believe the “gaps” are directly resulting from the eruptions and
are more likely due to other issues in data collection and processing.

Do you have any idea about the impact of spatial sampling biases in the average of
MAESTRO data? Does this vary with seasons and years? From Figure 1 it seems that the
limited spatial coverage in tropical latitudes could largely affect the robustness of zonal
means there.

Itis possible that sampling affects the binned monthly statistics shown here. We have
checked to see if MAESTRO differences with respect to SAGE Il are correlated with



aspects of the sampling including the mean sampled latitude and aspects of the
observation geometry, but have not found these things to be significant in explaining the
offsets. Still, we suggest it is possible that sampling differences may lead to random error
compared to other instruments, and have included a short discussion of this aspectin the
conclusions, with reference to papers that have explored this issue for trace gas
measurements (e.g., Toohey et al., 2013, Sofieva et a., 2014).

Figure 6: | suggest the evolution of AE between MAESTRO and SAGEIII to be plotted at 50°N
and 50°S (e.g. AE vs time) where both datasets overlap. Itis quite difficult to see the
difference with the colors used in the figure. The signal seems to remain high and quite
steady over the years following the eruption in MAESTRO whereas it shows more variability
in SAGEIIl (unless | am mistaken by the color scale). The 12-km altitude is very close to the
tropopause and | am wondering if unscreened clouds can be part of the explanation. For
SAGEIll do we have any idea about the enhancement in AE for 2020 where no particular
volcanic/fire event occurred?

While line plots of AE at certain latitudes are useful to compare the SAGE Il and MAESTRO
results quantitively, here we also want to point out that the spatial coverage of the
instruments is different and may contribute to the apparent differences in the timeseries.
For example, while the SAGE Ill AE appears to decrease immediately after the Raikoke
eruption, the MAESTRO AE increases over a latitude range that is notable further north than
that of SAGE Ill. While the comparison here is qualitative, we feel that it is a useful first step
to gauge the general characteristics of the MAESTRO AE product compared to SAGE Ill. A
more quantitative comparison follows in Fig. 11 (of revised manuscript), where, as
suggested we show a line plot of AE for MAESTRO and both SAGE Il and SAGE Ill, and we
see that the MAESTRO AE shows a long-term drift in value over the full mission of
MAESTRO. This result calls into question the reliability of the MAESTRO AE over long
periods, and dissuades us from spending too much effort quantifying differences to SAGE
Il here.

Itis possible that clouds are affecting the results in the lowest altitudes, but our aim here is
to assess the data as provided to see what potential information can be taken from it.

We speculate that the enhancement in SAGE Il AE in 2020 is related to the 2019 Raikoke
eruption. In Figure 5 (revised document), it appears that SAOD in the NH high latitudes is
still elevated from Raikoke into the summer of 2020, suggesting that aerosol from the
eruption may still be present and the size distribution affected.



Section 4.2: the correct quantification of Rayleigh scattering is apparently an important
parameter in MAESTRO data variability. Could any offline calculation of Rayleigh scattering
along MAESTRO line of sight using a raytracing model (including atmospheric refraction)
rather than incorporating measurements bt ACE-FTS be helpful to reduce the effect?

For the Rayleigh calculations included in the MAESTRO retrieval algorithm, an essential
ingredient is the profile of atmospheric density, since the extinction due to Rayleigh
scattering is directly proportional to the density. Therefore, information about density (or
equivalently, pressure and temperature) is needed for the retrieval algorithm, which
includes a radiative transfer calculation along the line of sight. The present methodology
uses pressure and temperature retrievals from the ACE-FTS instrument. This provides a
measure of robustness due to the identical optical path of the two instruments through the
atmosphere. Our goal is to assess the MAESTRO aerosol extinction results and their utility,
and hope that our results may indeed lead to future improvements in the data processing.

L21, 278: Ulawun instead of Ulawan.
fixed
L346: MAESTRO instead of MAETRO.
fixed

Some references are missing. Please check throughout the manuscript e.g. Kovilakam et
al. (2023), Malinina et al. (2018), Randall et al. (2001), Sofieva et al. (2022, 2024),
Thomason et aL. (2007).

Forinstance:

Mahesh Kovilakam, Larry Thomason, and Travis Knepp, SAGE IlI/ISS aerosol/cloud
categorization and its impact on GloSSAC, Atmos. Meas. Tech., 16, 2709-2731, 2023,
https://doi.org/10.5194/amt-16-2709-2023

Elizaveta Malinina, Alexei Rozanov, Vladimir Rozanov, Patricia Liebing, Heinrich
Bovensmann, and John P. Burrows, Aerosol particle size distribution in the stratosphere
retrieved from SCIAMACHY limb measurements, Atmos. Meas. Tech., 11, 2085-2100,
https://doi.org/10.5194/amt-11-2085-2018, 2018

Fixed

In the reference list, the Vernier et al. (2011a) is not cited in the manuscript.



Fixed
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