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Reviewer #1

Author Comments

We thank the reviewer for the careful reading of our manuscript and the useful feedback. Each comment
below appears as a reviewer comment (RC) followed by an author response (AR). Closed boxes show text
from the manuscript. Red text with strikethrough represents deleted text, and blue text with wavy underlining
represents new text. Section numbers refer to those as they appear in the updated manuscript.

Our responses to Comment 1, 2 and 3 consist of clarifying notes to the reviewer, as well as text modifications
in the manuscript per the reviewer feedback.

Comment 1

There is a limitation of only using a single model in this analysis. Are there any possible implications in
your results from having a slightly weaker QBO with a phase lock?

This is an important point. Yes, we do believe that there are possible implications of E3SMv2’s QBO behavior
on the results in both the tropics and midlatitudes. We attempted to discuss this as it relates to the midlatitude
results in the third paragraph of Section 6. There, we noted that the lack of a Holton-Tan effect in E3SMv?2
could be enhancing the significance of our findings with respect to previous studies. We did not, however,
discuss this as it relates the the QBO findings specifically. The most obvious need for a comment on this
matter is in the last paragraph of Sect. 6, where we say

...In other words, an Eulerian-mean upwelling impact Aw evaluated on a pressure-based vertical
coordinate will always be some combination of eddy effects and residual-circulation advection from a
TEM perspective. Our results indicate that the former can often dominate over the latter in controlling
the response of the QBO region. Given the extent of our analysis, we are unable to determine if this
conclusion is generic, or if it is particular to an easterly-to-westerly QBO transition. It also may be that
the conclusion would change for anomalies that occur closer in time to the eruption ...

It should be obvious (and we should have stated) that this conclusion may also change for a more realistic
(stronger, slower) QBO. In particular, a change to the QBO background state may well change the manner in
which the volcanic impacts manifest from a TEM perspective, if e.g. the background wave activity and/or
residual velocities in the tropics change significantly with respect to their observed impacts. In that case, it is
not clear if the stated result (that the impacts on eddy effects are more important that advective effects) would
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be maintained or not. Since we do not have enough information to speak on those possible effects, rather than
speculate we’ve added a brief note;

... In other words, an Eulerian-mean upwelling impact Aw evaluated on a pressure-based vertical
coordinate will always be some combination of eddy effects and residual-circulation advection from a
TEM perspective. Our results indicate that the former can often dominate over the latter in controlling
the response of the QBO region. Given the extent of our analysis, we are unable to determine if
this conclusion is generic;-or-i-tislt may be particular to an easterly-to-westerly QBO transition, or
to the kind of QBO that exists in E3SMv2 (which, as discussed in Sect. 4.2, is both weak and slow

compared to nature). Since the impact significance of the TEM terms are sensitive to the strength of the
background, a changing QBO amplitude could change the relative importance of each effect identified
by this analysis It also may be that the conclusion would change for anomalies that occur closer in time
to the eruption. We were not able to test these questions in our current experimental setup, and there is
room for future work to further clarify the interaction between the QBO and volcanic TEM anomalies
in E3SMV2 or other models. It would be especially useful to perform a resampling analysis on a larger
sample size to better understand the robustness of, and the importance of internal variability on the

Comment 2

L304: ‘Most of’ the declining QBO strength over the simulation can be explained by ensemble spread - so
there is a part which cannot be explained?

This was imprecise language, and we see how it could raise a question by the reader. It would be fair to
remove the words “most of" in this case. We only wrote this because we had this fact in mind; the QBO is
sufficiently weak in E3SMv2 such that it’s strength from period-to-period can vary notably within a single
simulation (see e.g. the Yu et al. (2024) paper cited in this section, their Figure 2). However, in regards to
the coherent decrease of of QBO amplitude that is observed in our ensemble mean over several cycles, it
would be fair to attribute that feature entirely to the ensemble spread. Noting that, and noting that we already
provided a citation and mentioned the deficiencies with E3SMv2’s QBO in the paragraph above the one in
question, we have adjusted the text as follows:

Following the first cycle, the QBO signal in the ensemble mean weakens further, by an additional
factor of ~2. Mest-of-thisThis weakening is explained by the increasing intra-ensemble spread, as the
members diverge from their common initial condition ...

Comment 3

L361 among other locations: This response looks insignificant to me. What do you interpret as less
significant or more significant? (also a typo in the word ’response’)

In this case, we should have said "insignificant" rather than "less significant". Indeed, our figures display the
result of a binary significance assessment (a single contour in p-value), and thus it is not possible to read the
"degree" of significance from our figures. We only meant to draw the reader’s attention to the extant (but
insignificant, by the plotted metric) positive impact in that region. In this specific case, we likely chose the
words "less significant" since there are some very small regions of significance in the vicinity of this feature
(e.g. Fig. 4(d)), though the feature as a whole does not appear robust. As the reviewer noted, there are a few
other locations in the paper where we refer to a feature in the impact distribution which exists, but is not in a
region of significance. While we occasionally found it useful to mention these features, the text should be



refined to clearly specify what is and is not significant. The text near L361 was changed (including the typo
correction) as:

We will refer to this impact as the “winter response” (WR), and we identify this response most closely
with the claims of an “accelerated vortex region" that are well-represented in the literature, as discussed

in Sect. 1. A similar (but less-significant)-repeseinsignificant) response also occurs in the southern

hemisphere near 50°S between June and October 1992.
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Reviewer #2

Author Comments

We thank the reviewer for the careful reading of our manuscript and the useful feedback. Each comment
below appears as a reviewer comment (RC) followed by an author response (AR). Closed boxes show text
from the manuscript. Red text with strikethrough represents deleted text, and blue text with wavy underlining
represents new text. Section numbers refer to those as they appear in the updated manuscript.

Our responses to Comment 1, 2 and 3 consist of clarifying notes to the reviewer, as well as text modifications
in the manuscript per the reviewer feedback.

Comment 1

Sample size. As the authors pointed out, the sample size is very important to simulate the stratospheric
dynamics response to the volcanic eruption, because of the internal variability. I like the figures 5&10,
where it clearly showed the statistics of two ensembles. I think a 15-ensemble member for the westerly
Jjet response is enough, but QBO could be more complex. I recommend adding a Monte Carlo test on the
sample size, say, by randomly picking up different sample size, to check if the response is still robust.

We appreciate the suggestion by the reviewer, and agree that a Monte Carlo analysis of the tropical impact
uncertainty would be insightful. Certainly internal variability plays a significant role in shaping the response
in this region, especially with the unstable character of the QBO in E3SMv2 as described. We have considered
the idea of implementing such a test, but ultimately decided that the robustness of our results is sufficiently
demonstrated through the existing ensemble spread and significance tests, given Figures 2 and 10.

At a few other locations in the paper, we suggest future work to better understand the tropical volcanic
response using a TEM analysis framework, since we paid more attention to the midlatitudes. We have added
a suggestion for a Monte Carlo test on a larger sample size there, which would be an important contribution.
Taken together with a comment from another reviewer, the final paragraph of Sect. 6 has been updated as

...In other words, an Eulerian-mean upwelling impact Aw evaluated on a pressure-based vertical
coordinate will always be some combination of eddy effects and residual-circulation advection from a
TEM perspective. Our results indicate that the former can often dominate over the latter in controlling
the response of the QBO region. Given the extent of our analysis, we are unable to determine if
this conclusion is generic;-or-if-itislt may be particular to an easterly-to-westerly QBO transition, or
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to the kind of QBO that exists in E3SMv2 (which, as discussed in Sect. 4.2, is both weak and slow
compared to nature), Since the impact significance of the TEM terms are sensitive to the strength of the

background, a changing QBO amplitude could change the relative importance of each effect identified
by this analysis.It also may be that the conclusion would change for anomalies that occur closer in time

to the eruption. We were not able to test these questions in our current experimental setup, and there is
room for future work to further clarify the interaction between the QBO and volcanic TEM anomalies
in E3SMv2 or other models. It would be especially useful to perform a resampling analysis on a larger
sample size to better understand the robustness of, and the importance of internal variability on the

Comment 2

In the recent eruption of the Hunga volcano, an equatorward shift of the jet is also observed, during
austral winter. It may worth mentioning in the introduction.

We thank the reviewer for this helpful suggestion. We were aware that many studies have recently been
focused on the Hunga Tonga eruption of 2022, but were not familiar with these results. After some literature
review, a remark and new citations have been added to the introduction as follows:

... This vortex-strengthening effect is correlated to an enhanced AO (see e.g. Baldwin and Dunkerton
(1999)), which itself has45 been observed by an empirical orthogonal function (EOF) analysis of sea-
level pressure data following 13 major volcanic eruptions between 1873 and 2000 (Christiansen, 2008).

More recently, enhanced wind speeds and equatorward shifts of the vortex have been identified for the
2022 eruption of Hunga Tonga-Hunga Ha’apai eruption (Wang et al., 2023; Yook et al., 2025)...

Comment 3

RC: Line 115 “vertical and horizontal”: to be more specific, meridional.

AR: The text near line 115 has been changed as:

... The primary mechanisms controlling large-scale transport of momentum in the stratosphere are
advection by the so-called residual (diabatic) circulation, as well as vertical and horizentalmeridional
wave propagation and dissipation. ...




