Replies to comments by reviewer 1

Comment: The authors present a brief study on the utility of solar occultation measurements under
heavy stratospheric aerosol loading caused by continuous injection of 30 Tg/year sulfur (i.e., as part
of geoengineering efforts). The authors employed a model to construct the theoretical atmosphere,
from which they extracted aerosol loadings, which were then used to estimate the solar transmission
through the atmosphere (i.e., simulated a solar occultation observation), followed by a retrieval of
extinction profiles. The authors then evaluated the accuracy of these extinction profiles at select
wavelengths and select latitudes. The concept of this study is very interesting, and I am excited to
see the paper in its final form. This paper, when complete, will make a substantive contribution to
AMT, and fits well within the scope of the journal. However, the paper is unfortunately incomplete
in its current form. The evaluation is presented very quickly, often with only brief statements to
figures, and lacks the presentation it deserves. Ultimately, this paper leaves the reader pondering
many questions; questions that should have been answered in the paper. After reading the paper, I
am left with the desire that the authors take more time to better present their work so I can better
understand and appreciate it. Such changes should be relatively simple additions, so my recommen-

dation is for publication after major revisions and another round of reviews.

Reply: We thank the reviewer for his/her constructive and helpful comments. We tried to answer

every comment in an appropriate way.

Comment: [ have 2 major criticisms of the current version of this paper. First, the authors must
improve the clarity of their methodology. As written, I could not reproduce this work without mak-
ing multiple key assumptions. Some of these will be highlighted in the next section. Second, the
paper lacks a deeper discussion of what their results mean. In Results and Discus sion, there are a
lot of results and little discussion. Most of what is given to us is along the lines of “we tested this
wavelength at this latitude and got Fig. X”; it boils down to a presentation of a series of figures
without meaningful discussion. I raise these concerns for 2 reasons. First, I see great value in this
fundamental study. If the authors enhance their discussion then I believe this can be a great paper.
Second, the authors undoubtedly put a lot of effort into this study as well as a great deal of thought.

Don’t deprive the reader of everything you learned through this exercise.

Reply: Thank you for pointing this out. In line with the comments of reviewer 3 we added the

following to the results and discussion section:

1. 180 (after Fig. 2): ”"The lack of good agreement can be attributed to the high AOD (0.45 at
550 nm) near the latitude of the injection, resulting in high aerosol extinction and low transmission
from the perspective of the satellite solar occultation instrument.”

1. 190: ”Consistent with expectations and the averaging kernels (panel (b) of Fig. 2) the minimum
transmission values of ~ 10~ fall below the detection threshold where measurement noise dominates
the signal, preventing the retrieval algorithm from extracting meaningful information about the

vertical profile of aerosol extinction coefficients.”



1. 198 (after Fig. 4): ”The improved retrieval performance reflects the principle that aerosol extinc-
tion decreases with increasing wavelength, confirming the generally accepted idea that, in the case of
very high emissions, the appropriate approach is to use longer wavelengths for aerosol measurements.”
1. 207: " The transmission at the minimum still remains on the order of about 107¢ — 10, while the
transmission values at the other tangent heights stay within ranges that allow useful measurement
information to be retrieved from these heights, leading to the improved retrieval performance.”

1. 214: ”The reduced aerosol loading at these latitudes allows shorter wavelengths to maintain suffi-
cient transmission from the perspective of the solar occultation instrument for the aerosol extinction
profile retrieval.”

1. 244: ”The results presented above reveal a relationship between latitude, AOD, vertical structure,
and minimum retrieval wavelength. Thereby, three factors jointly control retrieval feasibility:

First, the AOD determines the overall attenuation of the signal. With high AOD, the extinction of the
solar signal is so strong that no meaningful retrieval is possible at the corresponding altitudes. This
is accompanied by correspondingly low transmissions from the satellite solar occultation instrument’s
perspective. The latter two points depend also on the wavelength and latitude.

Second, the vertical profile of the aerosol extinction coefficients, which modulates the retrieval sen-
sitivity. For the latitudes near the Equator, aerosol extinction coefficients peak near 19km (e.g,
Fig. 4, for 5°N), creating a localized transmission minimum that can fall below detection limits at
shorter wavelengths. At higher latitudes, aerosol extinction coefficients peak over a broader altitude
range (e.g, Fig. 8 for 45° N and S), reducing peak extinction values and allowing information to be
retrieved from a larger altitude range of the vertical profile.

Third, the steady-state nature of continuous injection differs fundamentally from volcanic eruptions,
since continuous injections result in a much lower sulfate injection per time compared to a volcanic
eruption with the same injected amount.”

1. 276: "These findings, considering the assumptions made, can have direct implications for solar
occultation instrument design. Instruments intended to detect and monitor SAI deployments above
a certain size or major volcanic eruptions (or both in the hypothetical case of SAI deployments and a
simultaneous volcanic eruption) should incorporate channels extending to at least 1900 nm to ensure
coverage for the latitudes with high aerosol loading. The current SAGE III/ISS maximum aerosol
wavelength of 1543 nm would be marginally insufficient for retrievals within ~ + 15° of a 30 TgSyr—!
continuous tropical injection, though adequate for mid-to-high latitudes and lower injection rates (as
demonstrated by the 10 TgSyr~! results at 5° N).”

Furthermore, we added the following to the methodology subsection:

"In the following, monthly mean data from the quasi-steady-state phase, averaged over a three-year

period, are analysed.”

"For a latitude of 5°N and the visible spectral range (500 -— 550 nm — 520 nm), the calculated «
were small and slightly negative throughout the altitude range (~ —0.12 to —1.07), indicating nearly
wavelength-independent extinction in this narrow spectral interval (AXA = 20nm). Consequently, the

interpolation introduces a negligible change in extinction. In the near-infrared range, « increases



to values between approximately 1.2 and 6 (higher values due to very low extinction coefficients
(= 10 — 14km)). These values confirm that the Angstrém parameterisation provides a reasonable

approximation for the spectral regions considered in this study.”

"The model reaches a quasi-steady state after approximately three years, and the spin-up time is ten

years.”

"In the quasi-steady-state phase, the stratospheric sulphur burden stabilises at approximately 20.6
Tg S for the 30 TgSyr~! injection scenario, indicating that ~ 10 TgSyr~! is continuously removed

through sedimentation and deposition processes, balancing the injection rate.”

In response to the comments made by reviewer 3, we have made further additions to the manuscript.
We kindly ask you to take this into account. A complete list of all changes would be too lengthy to

be included here.
Comment: page 2, line 35: What is meant by “larger to large-scale”? Can this be quantified?

Reply: Thank you for the comment. We agree that the wording does not have a unambiguous
meaning. There is no formal threshold definition, but the authors would define it based on the
amount of sulphur injected, with large to large-scale injection defined as injection rates greater than
10Tg S/y.

We have added this information to the manuscript as follows: ”Depending on the progression of
climate change and increasing damage and costs, as well as future goals regarding the reduction
of the global mean surface temperature of the Earth, large-scale SAI applications (here defined as

injection rates > 10 TgSyr~!) might be considered.”.

Comment: page 2, lines 40-45: The discussion of SAGE II observations says the same thing 3 times.

Please condense and reword for clarity.

Reply: We have reworded the section as follows: ‘The corresponding aerosol plume caused so much
extinction of the solar signal that no retrievals were possible (e.g., Stenchikov et al., 1998). The
SAGE II dataset shows gaps in aerosol measurements for the period June — August 1991 in the
region 15° S to 20°N below 22km (e.g., Antuna et al., 2003), and during the first year after the
eruption, the instrument only provided measurements above ~ 23 km altitude at wavelengths of
1020 nm and shorter (e.g., Arfeuille et al., 2013).’

Comment: page 3, line 67: “The prognostic modal aerosol microphysical Hamburg Aerosol Model...”

This is hard to mentally digest. Can this be reworded for clarity.

Reply: We rephrased it as follows: ”"The Hamburg Aerosol Model (HAM, Stier et al., 2005), a

prognostic modal aerosol microphysics scheme, was interactively coupled to MAECHAM.”.



13

Comment: page 3, line 74: “...set to to climatological...” to “...set to climatological...”

Reply: Thank you, changed.
Comment: page 3, line 82: “wavelength” to “wavelengths”
Reply: Changed.

Comment: page 5, line 112: It is unclear what the authors mean by “in accordance with the
objective of this study.” As written, it sounds like the objective of the study was to not look at
all wavelengths. If that is the case, then how can the authors make wavelength recommendations?

Please clarify.

Reply: We agree that the sentence sounds confusing. We have rephrased it as follows: ‘Although
a larger wavelength range was analysed (compare Sect. 2.1), we focus in the following on selected

wavelengths that best illustrate the key findings.’.

Comment: Section 3: I assume the authors allowed the model to achieve steady-state conditions.

Is this correct?” How many years did the model have to run before they started their retrievals?

Reply: Yes, the data is for the quasi-steady state phase. The model reaches a quasi-steady state
after approximately three years, and the spin-up period is ten years. We added these facts to the
MAECHAMb5-HAM section.

Comment: Figure 1, panel B: While interesting, a line-of-sight (LOS) optical depth would be more
informative to occultation observations. This would also show the reader why retrieval below the
aerosol peak is problematic for certain wavelengths. Further, breaking this into a multi panel figure
that has LOS OD for all wavelengths used in the current study (LOS OD as a function of altitude
and latitude) would communicate how and why different wavelengths perform better at different
altitudes and latitudes. This figure will strengthen the authors’ arguments later in the paper so I

ask the authors to please consider making this addition.

Reply: Thank you for this idea. We added this figure to the appendix and added more information
about the corresponding LLOS OD to the manuscript:

”The transmission at the minimum still remains on the order of about 107% — 10~?, while the transmis-
sion values at the other tangent heights stay within ranges that allow useful measurement information
to be retrieved from these heights, leading to the improved retrieval performance. This is also con-
sistently shown in the corresponding line-of-sight (LOS) optical depth (panel (g) of Fig.
Al)”

"The pronounced increase in relative residuals at 12 km is primarily related to the very low transmis-



sion value at this tangent height (panel (a) of Fig. 7) and the corresponding high LOS optical
depth (panel (a) of Fig. A1).”

We have made further additions in response to the following comments from the reviewer (see below).

¢

Comment: page 8, line 161: “...is given below...” Figure positioning is relative, please provide a

definite reference to the figure you want.
Reply: Thank you, changed.

Comment: Figure 3: What does this figure add? Why would you calculate transmission from your
extinction coefficients? This seems unnecessary when the authors can use the extinction coefficients
directly to calculate percent difference, which is more meaningful (if transmission is more meaningful,

please explain how).

Reply: We believe that the illustrations of the corresponding transmissions are an essential part of
the overall concept of the paper, as they show exactly how low or high the transmission is from the
perspective of the satellite solar occultation instrument, depending on the tangent height, wavelength
and latitude, thus supporting the conclusions. Furthermore, we consider the comparison of transmis-
sions to be a logical step, as satellite solar occultation instruments do not measure aerosol extinction
coefficients directly. We believe that the illustration of the aerosol extinction coefficient profiles and
transmissions with the corresponding relative residuals are necessary for a complete understanding
of the key points of the paper. Finally, we believe that presenting the corresponding transmission

values when dealing with the ‘zero transmission’ problem makes sense.
Comment: Figure 4: Please correct the x-tick labels in panel (b) to match the other panels.
Reply: Corrected.

Comment: page 12, line 197: Why do the residuals blow up at 12 km and nowhere else? This is an
example of the authors basically reading the figures to the reader without bringing additional insight
to the discussion. Please convey to the reader why this happens and why it is significant (or not

significant).

Reply: We added the following to the text:

"The pronounced increase in relative residuals at 12km is primarily related to the very low trans-
mission value at this tangent height (panel (a)). Since the residuals are expressed relative to the true
transmission, small absolute differences between true and simulated transmission values translate
into comparatively large percentage deviations when the transmission approaches its minimum. In
addition, this altitude range corresponds to the lower flank of the aerosol extinction profile, where
extinction values are still significant but decrease rapidly with decreasing altitude and deviations

between retrieved and true aerosol extinction coefficients become more pronounced.”



Comment: Figure 8: Did you try this with shorter wavelengths? What was the result?

Reply: Thank you for the comment. In order to determine a minimum wavelength for physically
meaningful retrieval result at a specific latitude, we also performed calculations and retrievals at
shorter wavelengths. For latitudes of 45° N and 45° S, the best agreement was at 1543 nm (as illus-
trated in Fig. 8).

Comment: Figure 11: Why is the residual so high? From Fig. 1 I expected this to be better than
the southern hemisphere, but it is worse; why? Also, why the massive difference between Fig. 11

and Fig. A4 (roughly 2 orders of magnitude)? Please explain.

Reply: We thank the reviewer for pointing this out. The explanation lies in differences in the
vertical structure of the aerosol extinction profiles rather than in the total aerosol burden. As shown
in Fig. 10, the true aerosol extinction profile at 15° N (panel b, orange line) exhibits a sharper
maximum around 19 — 20 km and a more pronounced change in curvature in the 20 — 21 km
altitude range. In addition, the deviation between the retrieved and true aerosol extinction profiles
is larger in the lower part compared to 15° S. In contrast, the profile at 15° S (panel a) is smoother
and more monotonic throughout the altitude range and shows better agreement between retrieved
and true aerosol extinction.

We added the following:

”The higher relative residual (TH = 20km) at 15° N results from differences in the vertical structure
of the aerosol extinction profiles. As evident in Fig. 10, the true profile at 15° N (panel b) exhibits
a sharper maximum around 19 — 20 km and more pronounced curvature changes at 20 — 21 km com-
pared to the smoother, more monotonic profile at 15°S (panel a).”

4

Comment: page 16, line 217: “...does not mean that solar occultation measurements are entirely
useless.” Please reword for clarity. As written, this is not correct. If there is zero transmission then

there is zero signal, which makes the measurements useless.

Reply: Rephrased it here and throughout the manuscript: "However, the results demonstrate that
encountering the zero transmission problem at a given wavelength does not render solar occultation
measurements entirely impossible, rather it indicates that longer wavelengths must be used to obtain
meaningful aerosol extinction profiles.”

4

Comment: page 16: line 222: “...due to the low extinction coefficients at these altitudes...” Please
reword for clarity. I doubt low extinction is the dominant problem. It is more likely the massive
line-of-sight optical depth caused by the thick aerosol layer higher in the atmosphere, which obscures
the signal at lower altitudes. I note that a line-of-sight optical depth plots (as suggested above)

would easily communicate this.

Reply: Rephrased as follows: ”Note that the large errors at low altitudes are due to the low aerosol



extinction coefficients at these altitudes (compare, e.g., Fig. 10) and the corresponding low signal.
In addition, the high LOS optical depths at low tangent heights (compare Fig. Al) also play a role,

which likewise leads to a low signal at these altitudes.”

Comment: page 16, lines 226-227: It is unclear what this is intended to communicate or why it is

relevant to this study. Please clarify or remove.
Reply: Removed.

Comment: page 16, lines 229-230: “The present study examined which wavelengths, depending on
the latitude, are necessary for the aerosol extinction profile retrievals in the case of continuous tropi-
cal injections of 30 Tg S yr-1.” This is not correct. Most figures showed data from only 1 wavelength
at 1 latitude without evaluating performance at other wavelengths/latitudes. What can we learn
about other latitudes outside the 4 you present in the paper? What wavelengths can be used at, say,
30 N? Are there hard cutoffs, in latitude, where 520 nm suddenly fails to yield a viable product and
we must then move to 1543 nm? What about 1020 nm, or 755 (the authors were focused on SAGE
wavelengths)? Ultimately, I am left knowing very little more than I knew before reading the paper
(i.e., longer wavelengths are required to see through denser aerosol layers). In short, we are forced
to accept the authors’ conclusions without seeing the evidence. Please reinforce your conclusions by

“fleshing out” the analysis and giving us evidence for your conclusions.

Reply: Rephrased as follows: ”The present study provides representative examples illustrating how
the minimum wavelength required for a physically meaningful retrieval depends on latitude under a

continuous tropical injection scenario of 30 TgSyr—1.”

We added the following to the methodology section for clarification: ”The results of the simulations
with SCIATRAN are transmission values at 520, 1543 and 1900 nm for tangent heights of 10 to
60km, in 2km steps. Although a larger wavelength range was analysed (compare Sect. 2.1), we

focus in the following on selected wavelengths that best illustrate the key findings.”

As well as: "The selected latitudes (75° N/S, 45°N/S, 15°N/S, and 5° N) represent characteristic
regions with different aerosol loading under the simulated injection scenario (compare Fig. 1). The
transition between suitable wavelength ranges is likely gradual rather than characterised by sharp
latitudinal cut-offs. The purpose of the present study is not to define strict thresholds but to demon-
strate the general relationship between aerosol loading and wavelength requirements. In addition,

since the study also deals with the ‘zero transmission’ problem, the latitudes were chosen accordingly.”

Comment: page 17, lines 233-234: This is more of a side comment, but what the authors say here
presents the opportunity for my comment. Yes, but it is also important to know if the atmosphere
is in steady state (the authors deny us the benefit of these details!). If not, then the optical depth
will continue to change, which may make the 1543 and 1900 nm channels insufficient for the task.

Please provide better simulation details.



Reply: Thank you for the comment. As described in more detail in a reply above, the MAECHAMS5-
HAM simulations are for the quasi-steady state phase.

4

Comment: page 17, line 235: “...does not mean that solar occultation measurements are entirely
worthless.” T doubt anyone would conclude that, a priori. However, as stated above, if we are in a

true zero transmission situation then there is not signal. Please clarify your intent.

Reply: Rephrased as follows: ”The results also emphasize that encountering the zero transmission
problem at shorter wavelengths does not render solar occultation measurements impossible, it re-

quires appropriate wavelength selection based on aerosol loading. ”

Comment: page 17, lines 236-237: Please be more precise in your language. You can state specifi-

cally what wavelengths are useful at each latitude and altitude range. Please provide this information.

Reply: Rephrased it as follows: ”Depending on the latitude (see above), the already operating satel-
lite solar occultation instrument SAGE III/ISS could probably also provide aerosol measurements in
the relevant altitude range (10 — 27 km), assuming continuous emissions of 30 TgSyr~!. Specifically,
the wavelength channel of 520 nm would be sufficient at high latitudes (75° N and 75°S), while its
longest aerosol wavelength channel (1543 nm) would be necessary at mid-latitudes (45° N and 45°S).
However, at low latitudes near the injection region (5° N, 15° N, and 15°S), wavelengths longer than
SAGE III/ISS’s maximum aerosol wavelength of 1543 nm (at least 1900 nm) would be required for

physically meaningful aerosol extinction profile retrievals.”

Comment: General statement: The authors conclude that a 1900 nm channel is required to get a
viable retrieval through the most dense aerosol layers, but they fail to discuss why we wouldn’t use

solely longer wavelengths (i.e., > 1900 nm) everywhere / all the time.

Reply: We added the following to the discussion:

7 Although longer wavelengths prevent the zero transmission problem in regions of high aerosol load-
ings, they are not optimal under all conditions. Aerosol extinction decreases with increasing wave-
length, reducing measurement sensitivity and information content in regions with moderate or low
aerosol loading. At latitudes with lower aerosol loading, shorter wavelengths provide higher extinction
signal and therefore improved SNRs and retrieval sensitivity. Consequently, an ideal satellite solar oc-
cultation instrument for detecting and monitoring large-scale stratospheric aerosol injections should
include multiple wavelength channels spanning from the visible (=~ 500 nm) to the near-infrared (>

1900 nm), allowing for optimal wavelength selection based on aerosol loading and latitude.”

In addition, particle size information would be difficult to retrieve with measurements at only
1900 nm. Furthermore, for radiative forcing estimates, the AOD in the visible spectral range has

to be known and an extrapolation from 1900 nm would be highly problematic.



Comment: General statement: The authors refer to the 1991 Pinatubo eruption (20 Tg S) as a ref-
erence point for their assumed 30 Tg/year injection rate. A continuous injection is far different from
an acute injection. I would assume that the continual injection would continue to build a reservoir of
stratospheric sulfur that exceeds what we would get from a single, rapid, injection of 30 Tg. Can the
authors comment on how a continual injection of 30 Tg corresponds to a single eruption (e.g., once
steady state is achieved, what size of a volcanic eruption would be required to achieve a comparable
stratospheric aerosol load)? This may be more than the authors can offer, so if they cannot provide

this information that is fine.
Reply: Thank you for the comment. We added the following to the introduction:

”Continuous emissions lead to much lower injection amounts per time compared to a volcanic erup-
tion with the same amount injected. The relationship between injected sulphur dioxide mass and
the resulting stratospheric aerosol burden is non-linear due to aerosol microphysical processes (e.g.,

Niemeier and Timmreck, 2015).”

Comment: General statement (last one!): One aspect the authors neglected is how coincident vol-
canic eruptions may amplify the zero transmission issue. For example, how would a relatively modest
(VEI 2/3) eruption impact wavelength selection as a function of altitude? If Raikoke, Calbuco, or
Puyehue-Cordon Caulle erupted again, would the 520 nm channel still remain robust at higher lati-
tudes? Would a larger tropical eruption provide too much load for 1900 nm to remain useful in the

tropics? I see this as exciting future work and look forward to the authors’ future publications.

Reply: Thank you for the comment. That is indeed something we want to look at in the near future.
We added the following to the discussion:

”This study has focused on continuous stratospheric aerosol injections under quasi-steady-state con-
ditions without considering natural volcanic perturbations. An important aspect is how coincident
volcanic eruptions may amplify or modify the zero transmission problem and associated wavelength
requirements. A relatively modest volcanic eruption, such as the 2019 Raikoke eruption, could
temporarily increase stratospheric aerosol loading at mid-to-high latitudes. This additional aerosol
burden would be superimposed on the background SAI aerosol layer, potentially requiring longer
wavelengths than those identified here under pure SAI conditions. The temporal evolution of the
combined aerosol load—from the initial volcanic injection through the decay phase—would likely
require flexible or adaptive wavelength selection strategies. Even more challenging would be a large
tropical volcanic eruption occurring simultaneously with large-scale SAI deployments, which could
substantially increase aerosol optical depth in the tropics and potentially reduce transmission even
at near-infrared wavelengths such as 1900 nm, particularly at lower tangent heights. A quantitative
investigation of combined SAI-volcanic scenarios is beyond the scope of this study and represents an

important direction for future work.”



